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FOREWORD

It is an honor for me to add my comments to a very important book by
Professor Ali Keyhani, Design of Smart Grid Renewable Energy Systems.

The restructuring of the electric power industry was a critical step for indi-
vidual stakeholders, facilitating their wide participation in the production,
delivery, and utilization of energy. The “smart grid” has further offered alterna-
tives to participants looking to enhance the reliability, sustainability, and capa-
bility for customer choices in energy systems. The smart grid has made it
possible to set up microgrids that could be operated as stand-alone islands in
critical operating conditions. Such small installations can enhance the reliabil-
ity of regional electric power systems when the larger grid is faced with major
contingencies. There are several practical examples of microgid installations
which have demonstrated that the use of smart switches in distributed power
grids could reduce the number and the duration of outages.

In addition, the smart grid allows microgrids to optimize the use of volatile
and intermittent renewable energy resources and enhance the sustainability
of regional power systems. The applications of solar photovoltaics, which
mostly follow the daily load profile for power generation, on-site or local wind
energy, along with storage devices for microgrid installations could provide an
inexpensive and sustainable means of supplying microgrid loads. The prin-
ciples of widespread utilization of energy storage can also be found in the
emerging market of plug-in electric vehicles, which would utilize wind energy
at off-peak hours. Such microgid applications could also eliminate the need
for extensive additions of high voltage lines for the transmission of renewable
energy across densely populated regions of the world.

However, the evolutions in the electric power industry that I believe will
truly revolutionize the way we deliver electricity to individual consumers are

xiii



xlv  FOREWORD

smart gnd apphcations related to real time pricing, hourly demand response,
and the expansion of customer choces for promoting energy efficiency The
use of new smart grid innovations would make 1t possible for consumers to
priontize therr energy use according to thewr daily schedules, needs, and prefer-
ences taking nto account a variable cost of electricity to save money Smart
gnid advancements would also enable automated control systems to optimize
energy use at home or for businesses, identifying the most appropriate times
for device operation to reduce the cost of electricity

Customer participation will offer a number of incentives for the optimiza-
tion of electric power operations, including lower operation costs by elimmat-
ing the commitment of costly generating umts at peak hours, mitigating
mandatory system upgrades that are required for responding to a few hundred
hours of annual peak loads, and reducmg the chance of transmussion conges
tion, which could otherwise operate the power system at a state close to its
critical point of collapse Demand response could also offer a less fluctuating
daly profile, which would make 1t possible to forecast the daily load profile
and schedule fuel and hydro consumption more comprehensively and effi-
ciently for power generation

Ibelieve the content of this book will expose readers to subjects that could
potentially alter the paradigm for energy generation, delivery, and utilization
1 the foreseeable future I would like to congratulate Professor Keyham for
s keen 1nterest 1n electric power system mnovations and thank him for hus
efforts on introducing such topics to all of us

MOHAMMAD SHAHIDEHPOUR

Bodine Charr Professor and Director
Center for Electnicaty Innovation
1hnows Insntute of Technology
Chucage, Tlinors USA

January 2011



PREFACE

Sustainable energy production and the efficient utilization of available energy
resources, thereby reducing or eliminating our carbon footprint, is one of our
greatest challenges in the 21st century. This is a particularly perplexing problem
for those of us in the discipline of electrical engineering. This book addresses
the problem of sustainable energy production as part of the design of microgrid
and smart power grid renewable energy systems.

Today the Internet offers vast resources for engmeermg students; it is our
job as teachers to provide a well-defined learning path for utilizing these
resources. We should also challenge our students with problems that attract
their imagination. This book addresses this task by providing a systems
approach to the global application of the presented concepts in sustainable
green energy production, as well as analytical tools to aid in the practical
design of renewable microgrids. In each chapter, I present a key engineering
problem, then formulate a mathematical model of the problem followed by a
simulation testbed in MATLAB, highlighting solution steps. A number of
solved examples are presented, while problems designed to challenge the
student are given at the end of each chapter. Related references are also pro-
vided at the end of each chapter.

The book provides an Instructor’s Solution Manual and PowerPoint lecture
notes with animation that can be adapted and changed as instructors deem
necessary for their presentation styles. Solutions to the homework problems
presented at the end of each chapter are also included in the Solution Manual.

The concepts presented in this book integrate three areas of electrical
engineering: power systems, power electronics, and electric energy conversion
systems. The book also addresses the fundamental design of wind and

XV



xvi  PREFACE

photovoltaic (PV) energy mucrogrids as part of smart bulk power grid systems.
A prerequisite for the book 1s a basic understanding of electric cireuts. The
book builds its foundation by introducing phasor systems, three phase systems,
transformers loads, DC/DC converters DC/AC nverters, and AC/DC recti
fiers, which are all mtegrated into the design of micrognds for renewable
energy as part of bulk interconnected power gnds

In the first chapter, 1n addition to a historical perspective of energy use, an
analysts of fossil fuel use 1s provided through a seres of calculations of our
carbon footprint m relation to an entire country’s fossil fuel consumption or
that of a single household applhiance In Chapter 2, we review the basic prin
ciples underlying power systems sinple-phase loads, three phase loads, single
and three-phase transformers, distribution systems, transmusston lines, and
power system modeling The generalized per umt system of power system
analysts 1s also introduced In Chapter 3, the topics include AC/DC rectifiers
DC/AC mverters, DC/DC converters, and pulse width modulation (PWM)
methods The focus 1s on the utilization of mverters as a three-terminal element
of power systems for the integration of wind and PV energy sources, MATLAB
simulations of PWM 1nverters are also provided In Chapter 4, the fundamen-
tal concepts in the design and operation of smart grid power grids are described
The chapter mtroduces the smart grid elements and their functrons from a
systems approach, and provides an overview of the complexity of smart power
gnd operations. Topics covered in the chapter mclude the basic system con-
cepts of sensing measurement, integrated communications and smart meters
real time pricing, cyber control of smart grids, high green energy penetration
1nto the bulk mterconnected power grids, intermuttent generation sources, and
the electricity market We are also mtroduced to the basic modeling and opera
tion of synchronous generator operations, the hmit of power flow on transmis
sion lines power flow problems, load factor calculations and their impact on
the operation of smart grids, real time pricing and microgrids These concepts
set the stage for the integration of renewable energy in electric power systems.
In Chapter 5, we study PV energy sources We learn how to compute the
energy yield of photovoltaic modules and the angle of inclnation for modules
with. tespacs. t thein gastan. t the vin, G mammum, gy YRS R
chapter also presents the modehng of PV modules, the micrognd design of PV
power plants, and the maximum power point tracking of PV systems Chapter
6 mtroduces wind power generation by describing the modeling of mduction
generators as part of a microgrid of renewable energy systems In this chapter,
we also study the utilization of doubly-fed induction generators, vaniable speed
permanent magnet generators, brushless generators and vaniable-speed wind
power converston from a system'’s perspective In Chapter 7, the modeling bus
admittance and bus impedance for power grids are presented, as well as a
power flow analysis of micrognds as part of snterconnected bulk power systems.
In Chapter 8, we study the Newton formulation of power flow, the Newton

Raphson solution of a power flow problem, and the fast decoupled solution
for power flow studies.



PREFACE xvii

This book provides the fundamental concepts of power grid and microgrid
integration using green energy sources, which is a goal of virtually all nations.
The design of microgrids is key to the modernization of our infrastructure
using green energy sources, power electronics, control and sensor technology,
computer technology, and communication systems.

ALl KEYHANI

January 2011
Sanibel Island, Florida
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CHAPTER 1

ENERGY AND CIVILIZATION

1.1 INTRODUCTION

Energy technology plays a central role in societal economic and social devel-
opment. Fossil fuel-based technologies have advanced our quality of life, but
at the same time, these advancements have come at a very high price. Fossil
fuel sources of energy are the primary cause of environmental pollution and
degradation; they have irreversibly destroyed aspects of our environment.
Global warming is a result of our fossil fuel consumption. For example, the
fish in our lakes and rivers are contaminated with mercury, a byproduct of
rapid industrialization. The processing and use of fossil fuels has escalated
public health costs: Our health care dollars have been and are being spent to
treat environmental pollution-related health problems, such as black lung
disease in coal miners. Our relentless search for and need to control these
valuable resources have promoted political strife. We are now dependent on
an energy source that is unsustainable as our energy needs grow and we
deplete our limited resources. As petroleum supplies dwindle, it will become
increasingly urgent to find energy alternatives that are sustainable as well as
safe for the environment and humanity.

1.2 FOSSIL FUEL

Itis estimated that fossil fuels—oil, natural gas, and coal—were produced 300
to 370 million years ago.! Over millions of years, the decomposition of the flora

—_
Design of Smart Power Grid Renewable Energy Systems, First Edition. Ali Keyhani.
©2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc,



2 ENERGY AND CIVILIZATION

and fauna remains that lived 1 the world’s oceans produced the first o1l As
1the oceans receded, these remains were covered by layers of sand and earth,
and were subjected to severe chmate changes the Ice Age, voleanic eruption,
and drought burying them even deeper in the earth's crust and closer to the
earth’s core From such intense heat and pressure the remains essentially were
boiled 1nto o1 If you check the word, “petroleum” 1n a dictionary, you will
find 1t means “rock o1” or “oil from the earth *

The ancient Sumerans, Assyrians, Perstans and Babylomans found oil on
the banks of the Karun and Euphrates Rivers as 1t seeped above ground
Histonically, humans have used o1l for many purposes The ancient Perstans
and Egyptians used liqud ol as a mediaine for wounds The Zoroastnians of
Iran made their fire temples on top of percolating o1l from the ground ! Native
Amencans used ol 10 seal their canoes

In fact, although our formally recorded history of humanity’s energy use 1s
himuted, we can project the impact of energy on early civilizations from artifacts
and monuments The legacy of our oldest societses and therr use of wood, wood
charcoal, wind, and water power can be seen n the pyramids of Egypt, the
Parthenon 1n Greece, the Persepolis 1n Iran, the Great Wall of China, and the
Taj Mahal n Indta?

1.3 DEPLETION OF ENERGY RESOURCES

Figure 11 depicts the time needed to develop vanious energy sources. Coal,
otl, and natural gas take mullions of years to form The o1l that was made more

Energy Production
Sofar heat/electneity Direct '
Wind Energy cms/Days
Hydro-glectro power Weeks
B \
Biomass Month/Years

ol Millions of Years

Time

;‘Igure 11 The Approxumate Time Required for the Production of Various Energy
ources.
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L3 ENERGY AND CIVILIZATION

than 2 million years ago 1s being used today® As we look at our energy use
over the ages 1t becomes clear that our new energy resources are substituting
for old resources. Our first energy source was wood Then coal replaced wood,
and a1l began to replace some of our coal usage to the point that o1l now sup
plies most of our energy needs

Since the Industrial Revolution, we have used coal Since 1800, for approxi-
mately 200 years we have used o1l However, our first energy source was wood
and wood charcoal, which we used to cook food Recorded history shows that
humanity has been using wood energy for 5000 of the 100,000 years living on
earth Similarly, we have been using oil for 200 years of the 5000 years of
recorded history In the near future, we will exhaust our ail reserves Oil 1s not
renewable we must conserve energy and save our oll—and gas as well

The Middle East provides more than 50% of the oil imported to the United
States The United States’ own ol production peaked around 197¢ Europe’s
o1l production 1s hmited except for the North Sea oil reserve, 1t depends
entirely on o1l production from other parts of world In Asta, Ciuna, India,
Japan and Korea depend on imported o1l The rapid economic expansion of
China, India and Brazil are also rapidly depleting the world o1l reserves

A closer look at Table 11 reveals that if the world reserves are used at the
same rate as we do today, o1l will run out n 40 years, our natural gas reserves
will be depleted 1n less than 60 years and our coal reserves will be exhausted
n 200 years No one can predict the future However, we can empower every

TABLE L1 Proven Energy Resources around the World.**

Petroleum Natural Gas Coal
2002 2002 2002
Preserved Proved Preserved
Resources R/P Reserves RP Reserves RiP
Region (10°bbls)  (Years) (10''SCF) (years) (10°tons) (years)
North 499 103 524 94 2578 240
America
Sryuth. & RAe a BRL ®o U R
Central
America
Europe & 975 17 21558 589 3554 306
Eurasia
Middle East 6856 92 19797 >100 7777 >500
Afrca 74 273 4181 889 553 247
Asia Pacific 387 137 4453 418 2925 126
World 1477 406 55015 607 9845 204

Note R/P = Reserves to-productian, bbls = billion barrels SCF = standard cubic foot R/P ratios
represent the length of ime that the remaining reserves would Jast 1f production were fo coptinue
at the previous year s rate R/P 1s calcutated by dividing TeMMmNg reserves at the end of the year
by the production i that year * (R d with from the BP Review of
World Energy 2009}




GLOBAL WARMING 5

energy user in a new energy economy based on renewable sources to become
an energy producer by conserving energy, reducing carbon footprints, and
installing distributed renewable energy sources.

1.4 AN ALTERNATIVE ENERGY SOURCE: NUCLEAR ENERGY

In 1789, Martin Heinrich Klaproth,” a German chemist, discovered uranium
in the mineral pitchblende. Euggne-Melchior Péligot,’ a French chemist, was
the first person to isolate the metal, but it was Antoine Becquerel,’ a French
physicist, who recognized its radioactive properties almost 100 years later. In
1934, Enrico Fermi® used the nuclear fuel to produce steam for the power
industry. Later, he participated in building the first nuclear weapon used in
World War II. The U.S. Department of Energy’ estimates worldwide uranium
resources are generally considered to be sufficient for at least several decades.

The amount of energy contained in a mass of hydrocarbon fuel such as
gasoline is substantially lower in much less mass of nuclear fuel. This higher
density of nuclear fission makes it an important source of energy; however,
the fusion process causes additional radioactive waste products. The radioac-
tive products will remain for a long time giving rise to a nuclear waste problem.
The counterbalance to a low carbon footprint of fission as an energy source
is the concern about radioactive nuclear waste accumulation and the potential
for nuclear destruction in a politically unstable world.

1.5 GLOBAL WARMING

Figure 1.4 depicts the process of solar radiation incident energy and reflected
energy from the earth’s surface and the earth atmosphere. Greenhouse gases
in the earth’s atmosphere emit and absorb radiation. This radiation is within
the thermal infrared range. Since the burning of fossil fuel and the start of the
Industrial Revolution, the carbon dioxide in the atmosphere has substantially
increased as shown in Figures 1.5 and 1.6. The greenhouse gasses are primarily
water vapor, carbon dioxide, carbon monoxide, ozone, and a number of other
gases. Within the atmosphere of earth, greenhouse gasses are trapped.

The solar radiation incident energy as depicted by circle 1 emitted from the
sun and its energy is approximated as 343 W/m?. Some of the solar radiation,
depicted by circle 2 and circle 4, is reflected from the earth’s surface and the
earth’s atmosphere. The total reflected solar radiation is approximated as
103 W per m* Approximately 240 W per m? of solar radiation, depicted by
circle 3, penetrates through the earth’s atmosphere.: About half of the solar
radiation (circle 5), approximately 168 W per m? is absorbed by the earth’s
surface. This radiation (circle 6) is converted into heat energy. This process
generates infrared radiation in the form of the emission of a long wave back
to earth. A portion of the infrared radiation is absorbed. Then, it is re-emitted
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Figure 15 The Production of CO, since 1700 (Data from the Intergovernmental
Panel on Climate Change IPCC Third Annual Report ! )

by the greenhouse molecules trapped i the earth s atmosphere Circle 7 rep
resents the nfrared radiation Finally some of the infrared radiation (circle 8)
passes through the atmosphere and into space As the use of fossil fuel 15
accelerated the carbon dioxide m the earth s atmosphere 15 also accelerated
The growth of carbon dioxide 1n our atmosphere 1s shown 1n parts per million
n Figure 15

The World Meteorological Orgamization (WMO) °15 the international body
for the momtonng of chmate change The WMO has clearly stated the poten
tial environmental and socioeconomic consequences for the world economy
1f the current trend continues. In this respect global warming 1s an engineening
problem not a moral crusade Until we take serious steps to reduce our carbon

footpnnts, pollution and the perilous detersoration of our environment will
continue
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Figure 1.6 depicts the condition of CO; in the upper atmosphere. The Y axis
represents the magnitude of response. The X axis is plotted showing the years
into future. The Y axis, showing response efforts, does not have units. The
CO, emission into the atmosphere has peaked during the last 100 years. If
concentrated efforts are made to reduce the CO, emission and it is reduced
over the next few hundred years to a lower level, the earth temperature will
still continue to rise, however, then stabilize. Figure 1.7 depicts the stabilization
of CO, over the subsequent centuries.

The reduction of CO, will reduce its impact on the earth atmosphere; nev-
ertheless, the existing CO, in the atmosphere will continue to raise the earth’s
temperature by a few tenths of a degree. The earth’s surface temperature will
stabilize over a few centuries as shown in Fig. 1.8.

The rise in the temperature due to trapped CO; in the earth’s atmosphere
will impact the thermal expansion of oceans. Consequently, the sea level will
rise due to meiting of ice sheets as shown in Fig. 1.10.

Magnitude of

& Response

g CO2 emission
‘% |PeakOto 100
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Figure 1.6 The Effect of Carbon Dioxide Concentration on Temperature and
Sea Level. (Data from the Intergovernmental Panel on Climate Change, IPCC Third
Annual Report.")
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Figure 1.7 CO, Stabilization after CO, Has Been Reduced. (Data from the
Intergovernmental Panel on Climate Change, IPCC Third Annual Report.1)
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Figure 1.9 The Sea Level Ruse after the Reduction of CO,
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Figure 110 The Sea Level Rise after the Reduction of CO; m the Atmosphere

As the 1ce sheets continue to melt due to nsing temperatures over the next
few centuries, the sea level will also continue to rise Figures 16 through 110
depict the earth’s conditions as a function of our level of response As a direct
consequence of trapped CO; in the atmosphere, with its melting of the polar
ice caps causing incteased sea levels that bring coastal flooding, our pattern of
life on earth will be changed forever
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1.6 THE AGE OF THE ELECTRIC POWER SYSTEM

Hans Christian Oersted,!? a Danish physicist and chemist, discovered electro-
magnetism in 1820. Michael Faraday,” an English chemist and physicist,
worked for many years to convert electrical force into magnetic force. In 1831,
Faraday’s many years of effort were rewarded when he discovered electro-
magnetic induction; later, he invented the first dynamo and the first generator,
a simple battery as a source of DC power simple battery. In 1801, an Italian
physicist, Antonio Anastasio Volta' invented the chemical battery. Another
important technological development was the discovery of Faraday’s law of
induction. Michael Faraday is credited with the discovery of the induction
phenomenon in 1831. However. recognition for the induction phenomenon is
also accorded to Francesco Zantedeschi,” an Italian priest and physicist in
1829, and around the 1830s to Joseph Henry,'s an American scientist.

Nikola Tesla!” was the main contributor to the technology on which electric
power is based and its use of alternating current. He is also known for his
pioneering work in the field of electromagnetism in the late 19th and early
20th centuries. Tesla put world electrification in motion. By the 1920s, electric
power production using fossil fuels to generate the electricity, had started
around the world. Since then, electric power has been used to power tools and
vehicles; to provide heat for residential, commercial, and industrial systems;
and to provide our energy needs in our everyday lives. Figure 1.11 shows the
U.S. production of electric power from 1920-1999." The International Energy
Agency (IEA) forecasts an average annual growth rate of 2.5% for world
electricity demand. At the rate around 2.5%, the world electricity demand will
double by 2030. The IEA forecasts world carbon dioxide emissions due to
power generation will increase by 75% by 2030. In 2009, the world population
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Figure 1.11 The U.S. Production of Electric Power 1920~1999.19
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Figure 112 The Smooth Average of Published Records of Surface Temperature from
1840-2000

was approximately 68 bilhon ®® The United Nations forecasts population
growth to 82 billion by 2030 Without interventions to contain population
growth another 15 bithon people will need electric power equivalent to five
umes the current US rate of electric power consumption

Figure 1 11 also shows that we can slow the growth of electric power pro-
duction from fossil fuels by replacing the fossil fuels with renewable sources
and mtegrating the green energy sources 1 electric power gnds Figure 112
shows the mean smooth recorded temperature by the Umted Nations
Environment Programme (UNEP) As more countries such as Chuna, India,
Brazil, Indonesia, and others modermze their economy, the rate of CO; pro
duction will accelerate We can only hope that we can stop the trend of global
warming as presented m Fig 112

1.7 GREEN AND RENEWABLE ENERGY SOURCES

Lo TR TN TRRNUR RS, T B MNpUTETh we DeEm 10 usk suireed th
energy that are renewable and sustainable The need for enwvironmentally
fniendly methods of transportation and stationary power 1s urgent We need
to replace traditional fossil fuel based vehicles with electric cars, and the sta

tionary power from traditional fuels, coal, gas, and o1l, with green sources for
sustainable energy fuel for the future

1.7.1 Hydrogen

Besides renewable sources, such as the wind and the sun, hydrogen (H) 1s an
important source of clean, renewable energy Hydrogen 1s abundantly avail

able 1n the umverse Hydrogen 1s found in small quantitses in the air It’s non
toxic It's colorless and odorless
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Hydrogen can be used as an energy carrier, stored, and delivered to where
it is needed. When hydrogen is used as a source of energy, it gives off only
water and heat with no carbon emissions. Hydrogen has three times as much
energy for the same quantity of oil.*'*? A hydrogen fuel cell** is fundamentally
different from a hydrogen combustion engine. In a hydrogen fuel cell, hydro-
gen atoms are divided into protons and electrons. The negatively charged
electrons from hydrogen atoms create an electrical current with water as a
byproduct (H;O). Hydrogen fuel cells are used to generate electric energy at
stationary electric power-generating stations for residential, commercial, and
industrial loads. The fuel cell can also be used to provide electric energy for
an automotive system, i.e., a hydrogen combustion engine. Hydrogen-based
energy has the potential to become a major energy source in the future, but
there are many applied technical problems that must be solved; a new infra-
structure will also be needed for this technology to take hold.

1.7.2 Solar and Photovoltaic

Solar and photovoltaic (PV) energy are also important renewable energy
sources. The sun, the earth’s primary source of energy, emits electromagnetic
waves. It has invisible infrared (heat) waves, as well as light waves. Infrared
(IR) radiation has a wavelength between 0.7 and 300 micrometers (um) or a
frequency range between approximately 1 THz (terahertz; 10 to the power of
12) to the 430 THz.” Sunlight is defined by irradiance, meaning radiant energy
of light. We define one sun as the brightness to provide an irradiance of
about 1 kilowatt (kW) per square meter (m?) at sea level and 0.8 sun about
800 W/m? One sun’s energy has 523 watts of IR light, 445 watts of visible
light, and 32 watts of ultraviolet (UV) light.

Example 1.1 Compute the area in square meters and square feet needed to
generate 5,000 kW of power. Assume the sun irradiant is equivalent to 0.8 sun
of energy.

Solution
Power capacity of PV at 0.8 sun = 0.8 kW/m?
Capacity in kW = (Sun Irradiance in kW/m?) - (Required area in m?)
Required area in m? = 5,000/0.8 = 6,250 m?®
1 m?=10.764 ft?
Required area in {t* = (6250) - (10.764) = 67,275 ft*

Plants, algae, and some species of bacteria capture light energy from the sun
and through the process of photosynthesis, they make food (sugar) from
carbon dioxide and water. As the thermal IR radiation from the sun reaches
the earth, some of the heat is absorbed by earth’s surface and some heat is
reflected back into space as it can be seen in Figure 1.4. Highly reflective
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murrors can be used to direct thermal radation from the sun to provide a
source of heat energy The heat energy from the sun—solar thermal energy—
can be used to heat water to a lugh temperature and pressurized m 2 conven
uonal manner to run a turbine generator

Solar PV sources are arrays of cells of sihcon matenals that convert solar
radiation mto direct current elecineity The cost of a crystalline silicon wafer
1s very high, but new hight absorbent materials have sigmficantly reduced the
cost The most common maternals are amorphous silicon (a S1), mamnly O for
p type St and C and the transition metals, mawly Fe Silicon 1s put mto differ
ent forms or mnto polycrystalline materials, such as cadmium tellunde (CdTe)
and copper indwm (gallum) (CIS and CIGS) The front of the PV module 1s
designed 1o allow maximum hght energy to be captured by the Sy matenals
Each cell generates approximately 05V Normally, 36 cells are connected
together 1n series to provide 2 PV module producing 12V

Example 1.2 Compute the area in square meters and square feet needed to
generate 1 000 kW of power Assume the sun rradiant 1s equivalent to 0 4 sun
of energy

Solunon
Power capacity of PV at 04 sun = 0 4 kW/m?
Capactty in kW = (Sun Irradiance in kW/m®) (Required area in m?)
Required area 1 m* = 1,000/0 4 = 2 500 m®
1 m?=10764 ft?
Requured area n ft* = (2500) (10 764) = 26,910 ft*

1.7.3 Geothermal

Renewable geothermal energy refers to the heat produced deep under the
earth’s surface It 1s found 1n hot springs and geysers that come to the earth's
surface or 1n reservors deep beneath the ground The earth’s core 15 made of
on surrounded by 2 layer of molten rocks, or magma Geothermal power
plants are built on geothermal reservoirs and the energy is primarily used to
heat homes and commercial industry in the area?

1.74 Bilomass

Bromass 1s a type of fuel that comes from organic matter hke agncultural and
forestry residue, mumeipal solid waste or industrial waste The organic matter
used may be trees, animal fat, vegetable oil, rotting waste, and sewage Biofuels,
such as biodesel fuel, are currently mixed with gasohine for fueling cars or are
used to produce heat or as fuel (wood and straw) in power stations ta produce
electric power Rotting waste and sewage generate methane gas, which 1s also
a biomass energy source  However, there are a number of controverstal 1ssues
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surrounding the use of biofuel. Producing biofuel can involve cutting down
forests, transforming the organic matter into energy can be expensive with
higher carbon footprints, and agricultural products may be redirected instead
of being used for food.

1.7.5 Ethanol

Another source of energy is ethanol, which is produced from corn and sugar
as well as other means. However, the analysis of the carbon cycle and the use
fossil fuels in the production of “agricultural” energy leaves many open ques-
tions: per year and unit area solar panels produce 100 times more electricity
than corn ethanol.”®

As we conclude this section, we need always to remember the Royal Society
of London’s 1662 motto: “Nullius in Verba” (Take Nobody’s Word).

1.8 ENERGY UNITS AND CONVERSIONS

To estimate the carbon footprint of different classes of fossil fuels, we need to
understand the energy conversion units. Because fossil fuels are supplied from
different sources, we need to convert to equivalent energy measuring units to
evaluate the use of all sources. The energy content of different fuels is mea-
sured in terms of heat that can be generated. One British thermal unit (BTU)
requires 252 calories; it is equivalent to 1055 joules. The joule (J) is named
after James Prescott Joule” (born December 24, 1818), an English physicist
and brewer, who discovered the relationship between heat and mechanical
work, which led to the fundamental theory of the conservation of energy. One
BTU of heat raises one pound of water one degree Fahrenheit (F). To measure
the large amount of energy, the term “quad” is used. One quad is equivalent
to 1015 BTU.

From your first course in Physics, you may recall that one joule in the metric
system is equal to the force of one Newton (N) acting through one meter (m).
In terms of dimensions, one joule is equal to one Newton (N) times one meter
(m) (17=1Nx1m); it is also equal to one watt times one second (sec)
(17=1W x 1 sec). Therefore, one joule is the amount of work required to
produce one watt of power for one second. Therefore, 1 watt, normally shown
as P is 3.41 BTU per hour.

Example 1.3 Compute the amount of energy in watt-sec needed to bring
100 Ib of water from 0 to 212°F.

Solution
Heat required = (100 Ib) - 212°F = 2,1200 BTU
Energy in Wh = (1055) - (21200)/3600 = 6212.77 Wh
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one watt =3 41 BTU/h or simply 3 41 BTU
P =1 BTU/hour = 0293 watts

In electrical eng ng, power 15 defined as
P=1V

where 1 represents the current through the load and V 1s the voltage across
the load and umit of power, P 15 1n watts 1f the current 1s in amperes (amp) and
voltage 1n volts Therefore, one kilowatt 1s a thousand watts The energy use 1s
expressed 1n kilowatt-hour (kWh) and one kWh 1s the energy used by a load
for one hour This can also be expressed in joules and one kilowatt hour (kWh)
1s equal to 36 muillion joules Recall from your Introduction to Chemstry
course that one calorie (cal) 1s equal to 4 184 J Therefore, 1t follows that
thousand BTU 1s equal to 0293 kWh, one MWh 1s also equal to 3 41 million
BTU Because power system generators are running on natural gas, oil, or coal,
we express the energy from these types of fuel mn terms of kilowatts per hour
For example, one thousand cubc feet of gas (Mcf) can produce 301 kWh and
one hundred thousand BTU can produce 29 3 KWh of energy

Example 1.4 Compute the amount of heat in BTU needed to generate
10 kWh

Solution
One watt = one joule sec (j sec)
1000 watts = 1000} sec
1kWh=1 60 60 1000 = 3600 k; sec
10 kWh = 36000 kilo j sec
One BTU = 1055 058 5 sec
Heat in BTU needed for 10 kWh = 36,000 000/1055 058 = 34,121 3 BTU

The energy content of coal 15 measured 1 terms of BTU produced For
example, a ton of coal can generate 25 mullion BTU equivalently, it can gener
ate 7325 kWh Furthermore, one barrel of o1l (1e, 42 gallons) can produce
1700 KWh Other units of nterest are a barrel of liqud natural gas has
1030 BTU and one cubic foot of natural gas has 1030 BTU

Example15 Compute how many kWh can be produced from 10 tons of coal

Solunon
One ton of coal = 25,000 000 BTU
10 tons of coal = 250,000,000 BTU
1 kWh = 3413 BTU
Energy used in kWh = (250 000,000)/3413 = 73,249 3 kWh
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TABLE 1.2 Carbon Footprint of Various Fossil Fuels
for Production of 1 kWh of Electric Energy.”’

CO, Footprint
Fuel Type (Ib/kWh)
Wood 3.306
Coal-fired plant 2.117
Gas-fired plant 1.915
Oil-fired plant 1.314
Combined-cycle gas 0.992

TABLE 1.3 Carbon Footprint of Green and
Renewable Sources for Production of 1 kWh of

Electric Energy.”

CO; Footprint
Fuel Type (1b’/kWh)
Hydroelectric 0.0088
PV 0.2204
Wind 0.03306

Example1.6 Compute the CO, footprint of a residential home using 100 kWh
coal for one day.

Solution
1 kWh of electric energy using a coal fire plant has 2.117 1b.

Residential home carbon footprint for 100 kWh = (100) - (2.117) =211.7 Ib
of C02

The carbon footprint can also be estimated in terms of carbon (C) rather CO,.
The molecular weight of C is 12 and CO, is 44. (Add the molecular weight of
C, 12 to the molecular weight of O,, 16 times 2 = 32, to get 44, the molecular
weight of CO,.) The emissions expressed in units of C can be converted to
emissions in CO,. The ratio of CO,/C is equal to 44/12 = 3.67. Thus, CO, = 3.67
C. Conversely, C = 0.2724 CO,.

Example 1.7 Compute the carbon footprint of 100 kWh of energy if coal is
used to produce it.

Solution
C=0.2724 CO,

C=(0.2724). 211.7 1b = Antoine Becquerel (Bq) 57.667 1b of C
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TABLE 1.4 Fossil Fuel Emission Levels i Pounds per Bilion BTU of
Energy Input?

Pollutant Natural Gas Ol Coal
Carbon dioxide (CO2) 117 000 164 000 208 000
Carbon monoxide, CO 40 33 208
Nitrogen oxides 92 448 457
Sulfer dioxide 1 1,122 2,591
Particulates 7 84 2744
Mercury 0000 0007 0016

The carbon footprints of coal is the highest among fossil fuels Therefore, coal
fired plants produce the highest output rate of CO, per kilowatt hour The use
of fossi! fuels also adds other gasses to the atmosphere per urut of heat energy
as shown 1 Table 1 4

‘We can also estimate the carbon footprnts for various electrical apphances
correspondmg to the method used to produce electrical energy For example,
one hour’s use of a color television produces 0 64 pounds (Ib) of CO; 1f coal
15 used to produce the electric power For coal, this coefficient 1s approximated
to be 23 b CO./kWh of electricaty

Example 1.8 A Iight bulb s rated 60 W If the light bulb 1s on for 24 hours
how much electric energy 15 consumed?

Solution
The energy used 1s gtven as

Energy consumed = (60 W) x (24 h) / (1000) = 1 44 kWh
Example 1.9 Estimate the CO; footprint of a 60 W bulb on far 24 hours

Solution
Carbon footprmt = (1 44 kWh) x (23 ib CO/kWh) =33 1b CO;

Large coal fired power plants are lughly economical 1f ther carbon footprints
and damage to the environment are overlooked In general, a umt cost of
electricity 15 an wverse function of the unit size For example, for a 100 kW
unit, the umt cost 15 $0 15/kAWh for a natural gas turbine and $ 30/kWh for PV
energy Therefore, if the environmental degradation 15 1gnored, the electnic
energy produced from fossil fuelis cheaper based on the present price of fossil
fuel For a large coal fired power plant the umit of electric energy 15 10 the
range of $ 04/kWh to $0 08/kWh Green energy technology needs supporting
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governmental policies to promote electricity generation from green energy
sources. Economic development in line with green energy policies will be
needed for lessening the ecologic footprint of a developing world.

After thousands of years of burning wood and wood charcoal, CO, concen-
tration was at 288 parts per million by volume (ppmv) in 1850 just at the dawn
of the Industrial Revolution. By the year of 2000, CO, had risen to 369.5 ppmv,
an increase of 37.6% over 250 years. The exponential growth of CO, is closely
related to the production of electric energy (see Figs. 1.4 and 1.6).

1.9 ESTIMATING THE COST OF ENERGY

As we discussed, the cost of electric energy is measured by the power used
over time. The power demand of any electrical appliance is inscribed on the
appliance and/or included in its documentation or in its nameplate. However,
the power consumption of an appliance is also a function of the applied
voltage and operating frequency. Therefore, the manufacturers provide on the
nameplate of an appliance, the voltage rating, the power rating, and the fre-
quency. For a light bulb, which is purely resistive, the voltage rating and power
rating are marked on the light bulb. A light bulb may be rated at 50 W and
120 V. This means that if we apply 120 volts to the light bulb, we will consume
50 watts.
Again, energy consumption can be expressed as follows:

P=V.I (1.1)
where the unit of power consumption, that is, P is in watts, The unit of V is in

volts and unit [ is in amperes.
The rate of energy consumption can be written as

dw
p=2=
dt (12)

We can then write the energy consumed by loads (i.e., electrical appliances) as

W=P-1 (1.3)

The above unit of W is in joules or watts-seconds. However, because the unit
cost of electrical energy is expressed in dollars per kilowatt-hour, we express
the electric power consumption, kilowatts-hour as

kWh = kW x hour (1.4)
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Therefore, if we let A represent the cost of electric energy m $/kWh,
Then the tatal cost can be expressed as

Energy Cost (in dollars) = kWhx A (15)

Example 1.10 Let us assume that you want to buy a computer You see two
computers brand A 1s rated as 400 W and 120 V and costs $1000, brand B 1s
rated as 100 watts and 120 volts and costs $1010 Your electric company
charges $ 09/kWh on your monthly bill You are interested 1n the total cost,
that 1s the cost of buying the computer and the operating cost 1f you use your
computer for 3 years at the rate of 8 hours a day

Solution
At 8 hours a day for 3 years, the total operating time 15

Operating Time = 8 x 365x 3 = 8760 hours
Brand A kWh energy consumptton = Operating Time x kW of brand A
=8760x400x 10 * = 3504 kWh
Brand B kWh energy consumption = Operating Time xkW of brand B
=8760x100x 107 =876 kWh
Total cost for brand A = Brand A kWh energy consumption+cost of brand A
=3504x0 09+1000 = $1315 36

Total cost for brand B = Brand B kWh energy consumption + cost of brand B
=876x009+1010 = $1088 84

Therefore, the total cost of operation and price of brand B 1s much lower than
brand A because the wattage of brand B 1s much less. Desprte the fact that
the price of brand A 15 lower, 1t 15 more economical to buy brand B because
1ts operating cost 1s far lower than that of brand A

Example 111 For Example 110, let us assume that the electnc energy 15

produced ustng coal, what 1s the amount of CO, n pounds that 1s emitted over
3 years into the environment?

What 1s your carbon footprint?
Solution

From the Table 1 4, the pounds of CO, emission per hthon BTU of energy
mput for coal 1s 208,000

1 kWh =3 41 thousand BTU
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Energy consumed for brand A over 3 years = 3504 x 3.41x10°
=11948640 BTU
11948640 x 208000

10°
=2485.32 1b

Energy consumed for brand B over 3 years = 876 x 3.41x10° = 2987160 BTU

2987160 x 208000
10°
=621.331b

Therefore, for brand A, pounds of CO, emitted =

Therefore. for brand B, pounds of CO, emitted =

Brand B has a much lower carbon footprint.

Example 1.12 Assume that you have purchased a new high-powered com-
puter with a gaming card and an old CRT (cathode ray tube) monitor. Assume
that the power consumption is 500 W and the fuel used to generate electricity
is oil. Compute the following:

i) Carbon footprints if you leave them on 24/7.
ity Carbon footprint if it is turned off 8 hours a day.

Solution
i) Hours in one year = 24x365=8760 h
Energy consumed in one year = 8760 x 500x 107 = 4380 kWh
= 4380 % 3.41x10° = 14935800 BTU

From Table 1.4, pounds of CO, emission per billion The BTU of energy input
for oil is 164,000.

14935800 x 164000
10°
=2449.47 Ib

Therefore, the carbon footprint for one year =

i) Carbon footprint in the case of 8 h/day use

= 28—4>< footprint for use in 24 h

- %x 2449.47 = 816.49 b
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1.10 CONCLUSION

In this chapter, we have studied a brief history of energy sources and thewr
utihization The development of human civilization 1s the direct consequence
of harnessing the earth’s energy sources We have used the power of the wind,
the sun, and wood for thousands of years However, as new energy sources
such as coal, otl, and gas have been discovered, we have continuously subst
tuted a new source of energy 1n place of an old source

Global warming and environmental degradation have forced us to reexam
ne our energy use and consequent carbon footprnts, a topic we also have
addressed 1n this chapter In the following chapters, we will study the basic
concept of power system operation, power system modeling, and the smart
power gnd system, as well as the design of smart microgrid rentable energy
systems

PROBLEMS

1.1 Wnting Assignment Wnite a 3000 word report summarizing the Kyoto
Protocol Compute the simple operating margin CO, factor for the year
2020 of the system load of 6000 MW 1s supplied by 50 coal units with a
capaaity of 100 MW, 10 oil fired generators with a capacity of 50 MW,
and 10 gas-fired generators with a capacity of 50 MW

1) The system load of 6000 MW supplied from only coal units
1) The system load of 6000 MW supplied equally from gas units and
wind and solar power

12 Using the data given tn Table 1 4, perform the following
1) The carbon footprmnt of 500 W 1f coal 1s used to produce the electric
power
u) The carbon footprint of a 500 W bulb 1f natural gas 15 used to
produce the electric power
)  The carbon footpnnt of 2 500 W bulb 1if wind 1s used to produce
the electric power

w) The carbon footprint of a 500 W bulb 1f PV energy 1s used to
produce the electric power

13 Compute the money saved i one month by using CFL (compact fluo-
rescent hight) bulb (18 W) mstead of using an incandescent lamp (60 W)

if the cost of electricity 1s $ 012 per A Wh Assume the Iights are used
for 10 hours a day

1.4 Compute the carbon footprint of the lamps of Problem 1 3 1f natural gas

15 used as fuel to generate electnicity How much more will the carbon
footprint be increased if the fuel used 1s coal?
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Will an electric oven rated at 240 V and 1200 W provide the same heat
if connected to a voltage of 120 V? If not, how much power will it
consume now?

If the emission factor of producing electric power by PV cells is 100 g
of CO, per kWh, by wind power is 15 g of CO, per kWh, and by coal is
1000 g of CO, per kWh, then find the ratio of CO, emission when (a)
15% of power comes from wind farms, (b) 5% from a PV source, and
(c) the rest from coal as opposed to when all power is supplied by coal-
run power stations.

Compute the operating margin of the emission factor of a power plant
with three units with the following specifications over one year:

Generation Emission Factor
Unit (MW) (Ib of CO,/MWh)
1 160 1000
2 200 950
3 210 920

If the initial cost to set up a thermal power plant of 100 MW is 2 million
dollars and that of a PV farm of the same capacity is 300 million dollars,
and the running cost of the thermal power plant is $90 per MWh and
that of PV farm is $12 per MWh then find the time in years needed for
the PV farm to become the most economical if 90% of the plant capacity
is utilized in each case.

Consider a feeder that is rated 120 V and serving five light bulbs. Loads
are rated 120 V and 120 W. All light loads are connected in parallel. If
the feeder voltage is dropped by 20%, compute the following:

i) The power consumption by the loads on the feeder in watts
ii) The percentage of reduction in illumination by the feeders

fif) The amount of carbon footprint if coal is used to produce the
energy

The same as Problem 1.9, except a refrigerator rated 120 V and 120 W
is also connected to the feeder and voltage is dropped by 30%.

i) Compute the power consumption by the loads on the feeder in
watts

if) Compute the percentage of reduction in illumination by the feeders
iii) Do you expect any of the loads on the feeder to be damaged?

iv)  Compute the amount of carbon footprint if coal is used to produce
the energy
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(Hint a 40W mcandescent light bulb produces approxmately 500
lumens of Light)

111 The same as Problem 1 9, except a refrigerator rated 120 W 1s also con
nected to the feeder and voltage 15 rmsed by 30%
1) Compute the power consumption by the loads on the feeder
watts
i) Compute the percentage of reduction i llumination by the feeders
) Do you expect any of the loads on the feeder to be damaged?
1) Compute the amount of carbon footprint 1f coal 1s used to produce
the energy

112 Compute the CO, emsssion factor i pounds of CO; per BTU for a umt
1n a plant that 1s fueled by coal, o1l, and natural gas 1f 03 nullion tons
of coal, 0 1 millron barrels of oil, and 0 8 million cubic feet of gas have
been consumed over one year The average power produced over the
peniod was 210 MW Use the following data and the data of Table 14
for computation a ton of coal has 25 milion BTU, a barrel (1e,42
gallons) of ad has 56 milion BTU, a cubic foot of natural gas has
1030 BTU
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CHAPTER 2

.

POWER GRIDS

2.1 INTRODUCTION

A power grid provides electric energy to end users, who use electstcity in therr
homes and busmesses. In power gnds, any device that consumes electuc
energy 15 called a load In residential electrical systems, examples of such
loads mclude air conditionng, hghting, television sets, refrigerators, washmg
machines, and dishwashers Industrial loads are postie loads with ind
motors forming the bulk of these loads Commeraial loads conmst largely of
hghting, office computers, copy machines, laser printers, and communication
systems. All efectrical foads are served at nominal-rated voltages. The nominal-
rated voltage of each load 1s specified by the facturer for 1ts safe opera-
tion In power gnd analysis, we study how to design the electric power gnd
network to serve the loads at their rated voltage with 2 maximum of 5% above
w S i e T vl s

In this chapter, we introduce the basic concepts behind power gnd loads,
single-phase loads, three phase loads, transformers, distribution systems,
energy transmission, and modeling of the power grid using the generalized pet
umit concept In the chapters following, we will address smart micrognds and

the ntegration of green and renewable energy sources nto mterconnected
bulk power gnds,

Design of Smart Fower Gnd Renewable Energy Systems First Edion Al Keyhant
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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2.2 ELECTRIC POWER GRIDS

2.2.1 Background

Without the planning and design of power plants, the construction of thou-
sands of miles of transmission lines, and the control of generated power to
supply the loads on a second-by-second basis, a stable and reliable electric
energy system on which we have come to rely would not exist. Our modern
industrialized world would not have been developed without the rapid elec-
trification that took place around the world in the early 1900s.!

Although we recognize Thomas Edison as a tireless inventor and the
designer of the first direct current (DC) generating power plant in 1882,%3 it
is Nicola Tesla, to whom we owe credit for the invention and design of the
power grid. Tesla developed a competing electrical system to Edison’s based
on alternating current (AC),>” which can be transformed to high voltages and
transmitted across great distances. This system is in use today.

Charles Curtis designed the first steam turbine generator in Newport,
Rhode Island in 1903.>* However, it was not until 1917, when the first long-
distance AC high-voltage transmission line was constructed and then expanded
across state lines that the electric power grid became an everyday power grid
network in the United States.

Figure 2.1 provides an overview of electric power generation in the 21st
century.

According to the U.S. Department of Energy, from 2006 to 2007, the net
generation of electric energy increased to 234,157 billion kilowatt-hours (kWh)

Other Renewables

O,
2.5% Other

0.3%

Hydroelectrnc
5.8%

Nuclear
19.4%
Coal
48.5%
Other Gases 8.5%
0.3%

| Total =4.157 Billion kWh
Natural Gas Petroleum | Electric U fility Plants = 60.2%
21.6% 16% Independent Power
) Producers & Combined
Heat and Power Plants = 39.8%

Figure 2:1 US. Electric Power Industry Net Generation, 2007.* Source: Energy
Information Administration, Electric Power Annual 2007.
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from 4 065 billion KWh This increase was mostly due to the use of coal, natural
gas, and nuclear energy In 2007, the share of coal based generation was 2 016
million megawatt hours (MWh), natural gas based generation was 897 million
MWh, and nuclear-based generation was 806 milhion MWh* The share of
renewable energy sources, such as solar energy and wind were around 25%

222 The Construction of a Power Grid System

A power system grid 15 a netw ork of transmission and distribution systems for
delivenng electric power from suppliers to consumers Power gnds use many
methods of energy generatton, transmussion, and distribution Following
the energy cnisis of the 1970s, the federal Public Utility Regulatory Policies
Act (PURPA)* of 1978 aimed at improving energy efficiency and increasing
the rehiability of electnic power supphes PURPA required open access to
the power gnd network for small, independent power producers After the
deregulation of the power mdustry, the power generation umts of many
power gnd companies began operating as separate busmness divisions.
New power generation companies entered the power market as independent
power producers (IPP) IPPs generate power that 1s purchased by electric
utihities at wholesale prices Today, power grid generating stations are owned
by 1PPs, power compames, and municipahitres. The end-use customers are
connected to the distiibution systems of power grid companies who can buy
power at a retail price

Power compames are tied together by transmission hines referred to as
interc Annterc d network 1s used for power transfer between
power compantes Interconnected networks are also used by power companies
{0 support and mcrease the rehabihity of the power gnd for stable operation
and toreduce costs If one company 1s short of power due to unforeseen events
1t can buy power from 1its neighbors through the mterconnected transmission
systems The construction of a power generating station with a hugh capacity,
say 1n the range of 500 MW may take from 5 to 10 years Before constructing
such a power generating station, a permit must be obtained from the govern
ment Stakeholders, the local power company, and TPPs will have to undertake
an economic evaluation to determine the cost of electric energy over the life
of the plan as compared with the price of power from the other producers
before deciding to bwild the plant

Under a deregulated power industry, power gnid generation and the cost of
electric power are determined by supply and demand In the Unned States
and most countries around the world, the interconnected network power gnd
15 deregulated and 15 open for all power producers The control of an intercon
nected network ts d by an independent system operator (ISO) The
ISO 1s mamly concerned with maintaining stantaneous balance of the power
gnd system load and generation to ensure that the system remams stable
The 1SO performs 1ts function by controlling and dispatching the least costly
generating umts to match power generated with system loads We will study
the operation of a power gnd in Chapter 4
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Historically, power plants are located away from heavily populated areas.
The plants are constructed where water and fuel (often supplied by coal) are
available. Large-capacity power plants are constructed to take advantage of
economies of scale. The power is generated in a voltage range of 11 kilovolts
(kV) to 20 kV and then the voltage is stepped up to a higher voltage before
connection to the interconnected bulk transmission network.

High-voltage (HV) transmission lines are constructed in the range of
138 kV to 765 kV. These lines are mostly overhead. However, in large cities,
underground cables are also used. The lines consist of copper or aluminum. A
major concern in bulk power transmission is power loss in transmission lines
that is dissipated as heat due to the resistance of the conductors. The power
capacity is expressed as voltage magnitude multiplied by the current magni-
tude. High voltages would require less current for the same amount of power
and less surface area of conductor, resulting in reduced line loss. The distribu-
tion lines are normally considered lines that are rated less than 69 k'V.

Bulk power transmission lines are like the interstate highway systems of
the energy industry, transferring bulk power along high-voltage lines that are
interconnected at strategic locations. High-voltage transmission lines in the
range of 110 kV to 132 kV are referred to as subtransmission lines. In Fig. 2.2,
the subtransmission lines supply power to factories and large industrial plants.
The gas turbine power plants supply power to the subtransmission system as
shown in Fig. 2.2.

Distribution systems are designed to carry power to the feeder lines and
end-use customers. The distribution transformers are connected to the high-
voltage side of the transmission or the subtransmission system. The distribu-
tion voltages are in the range of 120, 208, 240, 277, and 480 volts. The service
voltage of distribution systems depends on the size of service in terms of loads.
Higher commercial loads are served at 480 V.

Figure 2.3 depicts a five-bus power system. In this figure, we have two
generators that are connected to bus (node) 1 and 2. The step-up transformers
that connect the generators to the bulk power network are not shown.
Load centers are represented at bus (node) 3, 4, and 5. We use the term
bus because these points of interconnections are copper bars that connect
elements, such as the generator, loads, and lines of the power grid. All buses
(nodes) are located in a substation. In Fig. 2.3, we sce a generator and a line
connected to bus 1.

Power generators are designed to produce a three-phase alternating current
(AC). The three sinusoidal distributed windings or coils that carry the same
current in a power generator can be seen in Fig. 2.4.

_ Figure 2.4 represents the sinusoidal voltage (or current) with respect to
time. In Fig. 2.4, 0 to 360° (2x radians) is shown along the time axis. Power
Systems around the world each operate at a fixed frequency of 50 or 60 cycles
per second. Based on a universal color-code convention,® black is used for one
sv?’?hsz :rfot-lzlz three-phase syst.em; it denotes the ground as the' ref_erence phase

o-degree angle. Red is used for the second phase, which is 120° out of
phase with respect to the black phase. Blue is used for the third phase, which
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from 4,065 billion kWh This increase was mostly due to the use of coal, natural
gas, and nuclear energy In 2007, the share of coal based generation was 2,016
mllion megawatt hours (MWh), natural gas-based generation was 897 million
MWh and nuclear based generation was 806 mullion MWh * The share of
renewable energy sources, such as solar energy and wind were around 2 5%

222 The Construction of a Power Grid System

A power system grnid 1s a network of transmisston and distribution systems for
delivering electric power from suppliers to consumers Power gnds use many
methods of energy generation, transmission, and distnbution Following
the energy cnisis of the 1970s, the federal Public Utility Regulatory Policies
Act (PURPA)* of 1978 aimed at improving energy efficiency and mcreasing
the rehabiity of electric power supphes PURPA required open aceess to
the power gnd network for small, independent power producers After the
deregulation of the power industry, the power generation umts of many
power gnd companies began operating as separate business diisions.
New power generation companies entered the power market as ndependent
power producers (IPF) IPPs generate power that 1s purchased by electnc
utilities at wholesale prices Today, power gnid generating stations are owned
by IPPs, power compamies and municipalities The end use customers are
connected to the distribution systems of power grid companies who can buy
power at a retail price

Power companies are tied together by transmission hines referred to as
nterc s Annter d network1s used for power transfer between
power compantes Interconnected networks are also used by power companies
to support and increase the reliability of the power gnid for stable operation
and to reduce costs If one company 1s short of power due to unforeseen events
st can buy power from its neighbors through the interconnected transmission
systems. The construction of a power generating station with a high capacity
say mn the range of 500 MW may take from S to 10 years Before constructing
such a power generating station, a permit must be obtamed from the govern
ment Stakeholders, the local power company, and IPPs will have to undertake
an economic evalvation to determine the cost of electric energy over the life
of the plan as compared with the price of power from the other producers
before deciding to build the plant

Under a deregulated power industry, power grid generation and the cost of
electric power are determined by supply and demand In the United States
and most countries around the world, the iterconnected network power grid
1s deregulated and 1s open for all power producers The control of an intercon
nected network 1s maintaned by an independent system operator (ISO) The
180 15 mainly concerned with mamntaimng instantaneous balance of the power
gnd system load and generation to ensure that the system remamns stable
The IS0 performs 1ts functton by controlling and dispatching the least costly
generating umits to match power generated with system loads We will study
the operation of a power gnd in Chapter 4
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Historically, power plants are located away from heavily populated areas.
The plants are constructed where water and fuel (often supplied by coal) are
available. Large-capacity power plants are constructed to take advantage of
economies of scale. The power is generated in a voltage range of 11 kilovolts
(kV) to 20 kV and then the voltage is stepped up to a higher voltage before
connection to the interconnected bulk transmission network.

High-voltage (HV) transmission lines are constructed in the range of
138 kV to 765 kV. These lines are mostly overhead. However, in large cities,
underground cables are also used. The lines consist of copper or aluminum. A
major concern in bulk power transmission is power loss in transmission lines
that is dissipated as heat due to the resistance of the conductors. The power
capacity is expressed as voltage magnitude multiplied by the current magni-
tude. High voltages would require less current for the same amount of power
and less surface area of conductor, resulting in reduced line loss. The distribu-
tion lines are normally considered lines that are rated less than 69 kV.

Bulk power transmission lines are like the interstate highway systems of
the energy industry, transferring bulk power along high-voltage lines that are
interconnected at strategic locations. High-voltage transmission lines in the
range of 110 kV to 132 kV are referred to as subtransmission lines. In Fig. 2.2,
the subtransmission lines supply power to factories and large industrial plants.
The gas turbine power plants supply power to the subtransmission system as
shown in Fig. 2.2.

Distribution systems are designed to carry power to the feeder lines and
end-use customers. The distribution transformers are connected to the high-
voltage side of the transmission or the subtransmission system. The distribu-
tion voltages are in the range of 120, 208, 240, 277, and 480 volts. The service
voltage of distribution systems depends on the size of service in terms of loads.
Higher commercial loads are served at 480 V.

Figure 2.3 depicts a five-bus power system. In this figure, we have two
generators that are connected to bus (node) 1 and 2. The step-up transformers
that connect the generators to the bulk power network are not shown.
Load centers are represented at bus (node) 3, 4, and 5. We use the term
bus because these points of interconnections are copper bars that connect
elements, such as the generator, loads, and lines of the power grid. All buses
(nodes) are located in a substation. In Fig. 2.3, we see a generator and a line
connected to bus 1.

Power generators are designed to produce a three-phase alternating current
(AC). The three sinusoidal distributed windings or coils that carry the same
current in a power generator can be seen in Fig. 2.4.

' Figure _2.4 represents the sinusgidal voltage (or current) with respect to
Sysiems around the world evch operate at & ed oy e i Pover
per second. Based on a universal Eolor—cod::l cgrelve ff_ quinlfly % '50 or 00 cyetes
phase of the three-phase system; it denotes the gr nulodn’ lka 1 used for one
with zero-degree angle. Red is u;ed for th ; ccl) Il; e\ e.reffarenci: phase
phase with oy . e second phase, whlgh is 120° out of

pect to the black phase. Blue is used for the third phase, which
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15 also 120° out of phase with the black phase Figure 24 depicts this color
representation as given w each phase

23 THE BASIC CONCEPTS OF POWER GRIDS

23.1 Common Terms
First, let us define a few common terms

« The highest level of current that a conductor can carry defines its ampac
iy this value 1s a function of the cross section area of the conductor

» Power capacity of an element of power grid 1s rated 1n v olt amps (VA)
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Figure 2.3 A Five-Bus Bultk Power Grid.
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Figure 2.4 Three-Phase Generator Voltage Wave Forms.’

* One thousand VA is one kilovolt amp (kVA).
* One thousand kVA is one megavolt amp (MVA).

* Energy is the use of electric power by loads over time; it is given in
kilowatt-hours (kWh).

* One thousand kWh is one megawatt-hours (MWh).
* One thousand MWh is one gigawatt-hours (GWh).
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232 Calculating Power Consumption
The power consumption 1n a DC arcuit can be computed as

V’l
P=V [=—=IR @y

To calculate the power consumption i a single phase AC arcmt, we need to
use the complex conjugate of current and multiply 1t by voltage across the
load

S=V F =iVl £(6, -6 22

In Equation 22, V and [ are the root mean square (RMS) values of voltage
and currents The power factor (p L) 1s computed based on the phase angle
between the voltage and current where the voltage 1s the reference phase

pf =cos(6y —6)
_Wizéy
Z= 1) 26, @3

In the above equation, 8=(B, -6;), 1s also the angle of impedance The
complex power has two companents, active power consumption, P and reac
tive power consumption, 2 as shown m Equation 2 4

S =|V|{I|(cos8+jsmO) = P+ Q (24)
For complex power, the voltage across the load can also be expressed as

V=12
Therefore, we also have the following expresston for complex power

S=VI'=1ZI=(I}Z 29)
s=v 1'=V(§)'=l;—l,z @6

Let us review the basic inductive circust, R~L as gwven m Fig 25

In the arcut depicted 1n Figure 2 5, we are using the standard polanty
notation We mark the polanty of each element by a plus and a negative
These markings factlitate the application of Kirchhoff's law of voltage The
positive termnal indicates the drection of current flow 1n the crewt For
example, 1 this cireutt, the source voltage nse—from the mnus terminal to
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V=
120 sin ot \

Figure 2.5 An R-L Circuit.
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Figure 2.6 The Responses of the Voltage and Current of the Circuit Depicted in
Fig.2.5.

the positive terminal—is equal to the drop across the resistance and induc-
tance in the circuit.

If at t =0, the switch is closed, the response current is given by the differ-
ential equation below.

di
=Ri+L—
v=Ri 7 (2.7)

In Equation 2.7, v and i are instantaneous values of voltage and current. After
some time, the current reaches steady state. This condition is shown in Fig. 2.6.

At the steady state, v and i can be represented by phasor forms as V
and 1. In this book, we are interested in the design of a power grid for
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steady-state operation We can express the steady state operation of an R-1,
arcut as

120

V =V, £6) Virs = ==

Y V2
I=1mB; 6 =it +0r,

where V is the RMS value and 8y 1s the phase angle of V and 6; 1s the
phase angle of / (RMS) that 1s determined by 6y and impedance angle
8(6, =6y -8) and 61415 the mutial angle of current

I=1,, elon+810) —y ﬂ = wl,,,,,e"”""“” =0
s at I I

The above differential equation can now be presented i 1fs steady state
forms as
V=(R+wl)] (23)
Let X, =L represent the tnductor reactance
V=(R+1X) (29)
W Xz
Let Z=R+}X, =|Z|£8 6=tan (?Jﬂ)
We have 8, -6, =8
Generally we choose V as the reference voltage, then 8, =0

- Yo
VeV, I=—=l14-6

Therefore, the power supplied by a power source to an inductive load can be
expressed as

S=VI' =|V||llcos8+;V||l|smb=P+;Q (210)

As can be seen from the above definition, an inductive load will have a lagging
p f Therefore, the power source supplies reactive power to the load The reac-

uve power supphed by the source 1s consumed by the inductive load This can
also be expressed as

S=VE =(Rej X T =|If Re ) X, = P4+ 10
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Now let us look at an R—-C circuit given in Fig. 2.7 below.
If at t=0 the switch is closed, the system differential equation can be

presented as:

dv,

=RC
Y dr

+V (2.11)

In Equation 2.11 v and v, are instantaneous values. After some time, the tran-
sient response dies out and the voltage across the capacitor reaches steady
state. This is shown in Fig. 2.8,

At steady state, the source voltage V and capacitor voltage V¢, can be rep-
resented by phasor V and V. By now, you should have noticed that we are
using capital letters V and I to depict RMS values.

120
V=V, 46y Vims = —=
‘ V2
VC = VC.rmslch
dVe . ave .
— = joV, I=C—==joCV,
a0 ar J9%Te

Therefore, we have

1 1
V =I- — :I. —_
¢ (iwc) ( ! wCJ

For the R~-C circuit of Fig, 2.7, we have

w

V=(R-jXc)I

R=5Q i
o o— AAN——
+ -

+
v =
120 sinot '9 Ve ==C=0.005F

Figure 2.7 An R-C Circuit Supplied by an AC Source.
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Figure 28 The Voltage Response (V) and Capacitor Voltage Response (Ve) of the
Circutt Depicted in Fig 27

where X :Zl(,_‘ and X 1s the capacitor reactance
Let Z=R—)X.=|Z|<-8
X
Then, 8=tan ' (——9)
R
Because we choose the Joad V as reference, then set 6, to zero (8, =0) and
we have Gy -6, =~-6

vavieo, I =§=11|49

Therefore, for a capacttor load, the current through the capacitor leads the
voltage The power supplied by the AC source can be expressed as

S=VI' =[V|{ljcosb -, V| {flsn@ = P10 @12

The capacitive loads will supply reactive power to the source We can also write
the complex power as

S=VI =(R—j XM I' ={If R—)If Xc=P~JQ 213
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The p.f. is computed based on the angle between the voltage and current
where the voltage is in reference phase, and p.f. = cos(6y — 6, ) with designation
of leading or lagging. That is, for inductive loads, the load current lags the
voltage and for the capacitive load, the load current will lead the voltage.
Because the impedance is the ratio of voltage over the current flowing through
impedance, the impedance of inductive loads has a positive-phase angle and
the impedance of capacitive loads has a negative-phase angle.

In a renewable residential system such as a photovoltaic system that is des-
ignated as PV, we will have a small amount of electric energy production in the
range of 5 kVA to 10 kVA. Therefore, we can use a single-phase system to dis-
tribute the power to the loads. However, when we are distributing power from
PV systems in the MW range, we will need to use three-phase AC systems.

The three-phase AC system can be considered as three single-phase circuits.
The first AC generators were single phase. However, it was recognized
that the three-phase generators can produce three times as much power. However,
the higher phase generators will not produce proportionally more power.?

Consider the three-phase four-wire system given in Fig. 2.9.

The balanced three-phase voltages are depicted in Fig. 2.10. In general,
three-phase systems® ' are designed as balanced systems. Therefore, we use
the same structure for generators, distribution lines, and loads. Therefore, we
have the following balanced system.

Xe=Xp =X =X,
Ly =2y =Zc =Zjjye
Zys =Zyy =Ziye = Zynq
Saa =Sep =See =PL+j QL (2.14)

Zya

Zyc

j*a Zaa

Epn Zyb T

Zb

Figure 2.9 The Three-Phase Four-Wire Distribution System.
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Ecn

e
P Ean

Ebn

Figure 2,10 The Balanced Three Phase System

For balanced generators, we have

E,.=E /0
Ep =E Z£-120=E £240
E,=EZ120=F £-240 215)

Therefore, a2 balanced three-phase system conststs of balanced three-phase
generators, transmission lines, and loads as shown m Fig 211

Suppose the loads are pure resistors 1e, Zy= R, or §; =Py, and the
transmusston hne mmpedance 1s lumped with generator impedance, Zyye =
Rypet) Xpe + Rgent + ) Xgen Then, we can write the following equations

Eon=1(Zme + Ry)

Epy =1(Z1e +Ry) (216)
Eo=1(Zin+Ry)

et te Bl 1Bl
Ul =l == e = el em

where

Z=Rype+] Xpne + R =(R+] X)=|Z| 26

8=tan"(%) where  R=R,, +Rand X = X,
E E E

L=—4~8andl, = £~120-0and ], = = £120-0 (218
1zi "1z 7] @9
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L )
. Ziine
Zgen=Rgen 1) X gen
+ Rp Ry
— —

Ry

Ziine

Figure 211 A Balanced Three-Phase System.

Therefore, for a balanced three-phase system, the currents are also balanced.
We should note that the three-phase voltages are in a plane and they are out
of phase by 120° from each other. Therefore, we have:

E,+E,+E,=00or EZL0+E £-120+FE £120=0
E+jO+E (-0.5-j 0.866)+ E (-0.5+; 0.866)=0 (2.19)

Similarly, the three-phase currents are in a plane and they are out of phase by
120° from each other. Therefore, we have:

Ia+Ib+Ic=In (220)

However, for a balanced three-phase load, the sum of I, + I, + I, = 0, therefore
I,=0.

In this case, the neutral conductor does not carry any current so we can
omit the neutral conductor. Figure 2.12 shows a three-phase three-wire distri-
bution system.

Consider the three-phase balanced system of Fig. 2.13.

Let us designate the phase voltages and phase currents as shown in
Fig.2.13 by

E4ny Epny Ecn = line-to-neutral voltages = phase voltages

I, I, I. =line currents or phase currents

Let us write a Kirchhoff’s voltage law (KVL) for a closed path around the
buses a, b, and n for the three-phase system of Fig. 2.14. We have:

Eab = Ean - Ebn (2.21)
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Zgen =Rgen +/Xgen

Enm . Zgen "Reen HXgen

Ew

Zgen=Rygen 1 Xpen

Zine I, —»
Lo o

Figure 213 A Balanced Three-Phase System

Figure 214 Phase Voltages and Line-Line Voltages
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Therefore, for line-line voltages, we have:

E,=E/L0-E £-120=E~E (-1-j~3)/2
E, =V3 E(J3+j1)/2=~3 E £30 volts
E, =E, ~En=E £-120-E £120=3 E £-90 (2.22)

Therefore, we have:

Ept+Ep+E,=0 (223)
Ep+Ey+E, = 0 (224)

Let us assume that we have a balanced three-phase system with balanced
loads; therefore, we have:

Ia = Ean /ZY, Ib = Ebn /ZY, Ic = Em /ZY (2.25)

Because the source voltages are balanced and the loads are balanced, the
resulting currents are also balanced and we have:

Li+I,+1 =0 (2.26)

Let us consider the balanced three-phase A loads as given in Fig. 2.15.
We have the following phase currents (A currents).

Lyp = Eab 1Z,

Ipc = Ep. 1 Zy (2.27)

[CA = Eca /ZA
L, —»

B Ica—» Za
cn Ean Ic — C A
n
Inc\ Za Z ’/IAB
Epn B

Ty~

Figure 2.15 A Balanced A Load System.
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Figure 236 A Balanced Three Phase System

Recall that the voltages are balanced, therefore

E,=EZD
E,, =E £-120
E,=EZ120

or

Ep =3 E,, 230°=+3 E £30°
Eye =3 Ep, Z(30-120P =3 E Z-90°
E, =3 E., Z(30+120° = 3 B £150° 228)

We designate the phases as shown n Fig 2 16 as posiive sequence voltages
That 15 we select phase a as a reference voltage, and 1t 1s followed by phase b
with 120° out of phase and phase ¢ with 240° out of phase from phase a
The phase currents I4p Igc. and Iq are also balanced because the loads are
balanced as shown by Equation 2 29

Lo =3 E £30°/ 2,
Isc =V3E £-90°/2, (229)
I =V3 E £150°1 2,

Let us assume the following data for the system depicted in Fig 215

E=10V,Z, =5430°Q,
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Then, we have:

Lig =3 (2) £0° =3.464 £0° A
Inc =3 (2) £-120°=3.464 £-120° A
Ica =3 (2) £120°=3.464 £120° A
The line currents can be determined by using Kirchhoff’s current law at each
node of the A load.
I, =145 ~1Icy =3.464 £0°-3.464 £120° = V3 (3.464 £ -30°)
I, = Ipc — I g = 3.464 £ —120°—3.464 £0° =3 (3.464 £ ~150°)
I, =Ica —Ipc =3.464 £120°-3.464 £-120°= V3 (3.464 £90°)
Note that the A currents, Ip, Ica, Ipc are balanced and the line currents, I, I,
and I are also balanced. Therefore, 45 + Ics + Igc = 0 and the neutral current
(I, + I, + I. = 0) is always zero for a A-connected load.

For a balanced A load supplied by a balanced positive sequence source, we
have:

I, =31, £-30°
Ib ='\/§IBC é“'30°
I =31 £-30°

\lime| = (¥31,) Line currents lag the A load currents by 30°.

We can change a A-connected load to its Y-equivalent loads as shown in
Fig. 2.18.

Assume balanced voltages are applied to two loads so that the line currents
are equal.

b Ic

lca

Isc

Figure 2.17 'The Line and Phase Currents in a A-Connected Load.
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Ia

Figure 2.18 A C d Loads and Equivatent Y C d Loads

Zgen=Rgen + JXgen Ziine

Ean Zgen=Rgen + Xgen Zie
pacy e
-  —

Figure 219 A Three Phase System with Two Loads

For a A-connected load, we have
Li=V31, £-30°=3E,; £-30°/2, 230
For a Y-connected load, we have
In= EpyiZy =Epp £-30°(3 Zy, Note Eay=Enp/~3  (231)
Since 3 Epp £-30°1Z, =E,p Z£-30°13 Zy, then we have
3Zy=ZyandZ, =2,/3

The three-phase system with tts three-phase loads can be represented by a
one-line diagram For example, Fig 2 19 depicts a balanced three-phase system
with Y- and A-connected loads.

‘We can represent the system depicted 1n Fig 2 19 with a one-line diagram
(Fig 220)

In a single-line diagram, the voltages are given as lme to-line voltage and
power consumpiion 1s specfied for all three phases. We can represent the one
phase equivalent circwt with line to neutral and power consumption per phase
Figure 2 21 depicts the one-phase equivalent circust of Figs. 2 19 and 220
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Zy

Ia

L4

Y Connected Load A Connected Load

Figure 2.20 A One-Line Diagram of Fig. 2.19.

hL—>

L
Ziine

Ean Zy

Figure 2.21 One-Phase Equivalent Circuit of Fig. 2.19.

Zy
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If we closely study the three-phase systems, we recognize that the three-
phase systems are three single-phase systems. Therefore, the three-phase
systems can distribute three times as much as power as a single-phase

system.

(2.32)

However, because the phase voltage is equal to the line-to-neutral voltage and

line-to-line voltage is computed as
Vi =3V, _y =3V,
Therefore, the three-phase power can be expressed as
S3p = 3V, I} = Py +j Oy
For three-phase Y-connected systems, we have

P3¢ = \/-3—VL—LIL cosf
Q3¢ = “/_3-VL—~LIL sin@

(2.33)

(2.34)

(2.35)
(2.36)
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Also, we can write complex power as

Sy = (P +0) (237)
Py =Sy, c080 (238)
Qs = S3o 510168 (239)

and the pf 1s expressed as p f =cos#, lagging or leading (240

We always need to define the p £ with its designation of leading or lagging
When we express the pf as a lagging p{, we are stating that the current of
the load lags the voltage with load voltage as the reference voltage It also
follows that the p f can be expressed as

pf =cosf= & leading or lagging 241)

For a laggmg p f. the reactive power, Q, 1s posittve Therefore, the load con
sumes reactive power and the phase angle, 815 positive Similarly, for a leading
pf. the reactive power, Q,1s negative Therefore the load generates reactive
power and the load 1s a capacitive load and the angle, 6 1s negative In the
following examples we need to use complex number operations Refer to
Appendix A on complex algebra operations

Example 21 Consider a three phase 480V, 300 kVA load with pf =09
lagging what 15 the active, reactive, and complex power of the load?

Solution
We have the following known data

15| =300kVA
pf =cos8=09 lagging

In this example, we like to compute P, Q, from S
We know that Sy, and the p £, hence, we can compute By,

Py =[S3p[cos8=300x09=270 kW
Qs =I5, /5100 = 300%0 4359 = 130 77 KVAr

Q > 0because pf 1s lagging

§=270+y13077 =300 Lcos™(0 9) kVA
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Example 2.2 Consider a three-phase 480V, 240 kW load with p.f.=0.8
lagging, what is the active, reactive, and complex power of the load?

Solution
We have the following known data:

P =240 kW
pf.=cos6=038 lagging

We can compute Q and S from P.

S| = P/cos6 =240/0.8 =300 kVA
Qs =|S34|sin @ =300x 0.6 = 180 kVAr

Q > 0 because p.f. is lagging.
S =240+ 180 =300 ZLcos™(0.8) kVA

Example 2.3 Consider a three-phase 480V, 180 kVA load with p.f.=0.0
leading, what is the active, reactive, and complex power of the load?

Solution
We have the following data:

|S]=180 kVA
p.f.=cos8=0.0 leading

To compute: P, Q, from S, we can compute P;, as

Py, =|Ss,|cos6=180x0.0 =0
Oso =|Sso|sin 6 = 180 x (1) = ~180 kVAr

Q <0 because the p.f. is leading,

§=0-;180=180 £-90°kVAr

24 LOAD MODELS

We can represent an inductive load by its impedance as shown in Fig, 2.22.
. The. load impedance, Z; is an inductive load. Most power system loads are
inductive. The majority of industrial, commercial, and residential motors are
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1 |
|

Figure 222 The Inductive Impedance Load Model

N LD

L

Figure 223 The Load Voltage and [ts Lagging Load Current for Inductive Load
Depicted 1 Fig 222

of the wnduction type In Fig 222, the load voltage, V, 15 a line-to neutral
voltage and I, 1s the phase current supplying the load

Z, =R +joL=R+; X, =|Z,| 2P (242)
|2 =JRE+ X1, 0 =tan '(%)

The mductive Joad power representation 1s expressed by active and reactive
power consumption of the Joad

V40

= W
pAYA’]

=nz-81, —I—E—lz—a @4

13
1)

With the load voltage as the reference (1e V, =|V,|£0), the load current lags
the voltage as shown n Fig 223
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The complex power absorbed by a load can be expressed as

S, =V, =V, (I,.£=0) =|Vi||L|cosO+jIV,||.|sin6  (2.44)
Su =V VA

P=|V, || |cos6 W

Q=|V.||I.|sin6 VAr

And the complex power is expressed as

S =P+jQ,where 8=tan™ % and p.f. = cos 6, lagging

An inductive load model power representation is shown in Fig. 2.24.

Figure 2.24 depicts inductive load consumption of both active and reactive
power.

Figure 2.25 depicts the capacitive impedance load model. Here, again, the
load voltage is line-to-neutral and the reference and load current is the phase
current supplied to the load.

ZL =R—ch =|ZL|£‘—9 (2.45)
1Z,] = R2+X3,9=tan'1()1(;)

V.20 V.|
I = =1,246,|I,|=1-E 20
L=gz—g - e<OIl=Z]

With the load voltage as the reference (i.e., V; =|V.|£0), the load current
leads the voltage as shown in Fig. 2.26.

Local
Utility
P
Q e
_>

e
4

P+Q
Figure 2.24 The Inductive Load-Power Representation.
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I |
@i Vi o

| ]
|

Figure 225 The Capacitive Impedance Load Model

ViL0
Figure 226 The Load Voltage and Current of a Capacitive Load

Locat
Utity
P
Vi
LN
* I

P4Q
Figure 2.27 The Power Model for a Capacitive Load
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The complex power absorbed by the load is

SL = VLIz =VVL(1L£9)* = VI_ILA—-B:IVLI lILICOSO—j IVL| IIL|Sin9
S=P-jQ,0=tan™ (%) and power factor p.f. = cos 9, leading (2.46)

Therefore, the load model can be represented as Figure 2.27

Therefore, the active power is consumed by the load and reactive power is
supplied by the capacitive load to the local power network. Recently, more
variable-speed drive systems are controlled by power converters, which control
many types of motors. In addition, more power electronic loads have pene-
trated the power systems. These types of loads act as nonlinear loads and can
act both as inductive and capacitive loads during their transient and steady
state operations. The p.f. correction and voltage control and stability are active
areas of research.

Example 2.4 For a single-phase inductive load, given below in Fig. 2.28,
compute the line current.

Solution
kVA =|V||I,|x 103
[I.]=40x10%/220=181.8
I, =181.84-25.8°A

Example 2.5 For a three-phase inductive load given in Fig. 2.29, compute the
line current.

Solution

kVA3¢ = 2000 VL-—L = 20 kV
kVA =\3V,_,I,

Vs

o~}

—_—

—p 40 kVA
Vioad =220 V
P.f= 0.9 Lagging

4

Figure 2.28 The Power Model for Example 2.4,




50 POWER GRIDS

V$
Vi
— —
Fsp 2000 KVA
Qs Vioad = 20 KV
P1=09 Lagang

4

Figure 229 The Power Model for Example 25

V40
Vo

Utility
System

Frgure 230 A Generator Operating with a Lagging Power Factor

Vo V40
1 gy T I

Pg
Pgaptd
Q@ 39+ 3 Qaze

Bigore 231 The Carewit for the ple 26

{.)=2000/V3x20=578 A [, =5784-258°
Py, =hW =LVA cos6 =2000x0 9 =1800 kW
Qs =kVar = kVA sin 6 = 2000 x sin(25 8°) = 870 46 kVAr
Example 2.6 Consider the generator m Fig 230 that 1s operatmg with 2
lagging power factor Compute the active and reactive power supplted to the
system

Figure 2 31 depicts the equivalent circurt model of Fig 2 30, Fig 2 32 pres-
ents the generator voltage and the generator current

830 =3Vol5 = Posy+ 7 Qose
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:VG

Ig
Figure 2.32 The Phasor Relationship of V; and I¢.

2,5 TRANSFORMERS IN ELECTRIC POWER GRIDS

Two facts are clear by now. The transmitted power is the product of the voltage
and the current. Losses in a transmission line are the square of current through
the lines multiplied by the line resistance. Therefore, the transmission of a large
amount of power at low voltages would have a very large power loss. For high
power transmission, we need to raise the voltage and to lower the current. This
problem was solved with the invention of transformers.

2.5.1 A Short History of Transformers

In the “War of Currents”® in the late 1880s, George Westinghouse! (1846-1914)
and Thomas Edison (1847-1931) were at odds over Edison’s promotion of
direct current (DC) for electric power distribution and Westinghouse’s advo-
cacy of alternating current (AC), which was also Tesla’s choice.’> Because
Edison’s design was based on low-voltage DC, power losses in the distribution
network were too high. Lucien Gaulard of France and John Gibbs of England!
demonstrated the first AC power transformer in 1881 in London.! This inven-
tion attracted the interest of Westinghouse, who then used Gaulard-Gibbs
transformers and a Siemens AC generator in his design of an AC network
in Pittsburgh. Westinghouse understood that transformers are essential for
electric power transmission because they ensure acceptable power losses. By
stepping up the voltage and reducing the current, power transmission losses
are lessened. Ultimately, Westinghouse established that AC power was more
economical for bulk power transmission and started the Westinghouse
Company to manufacture AC power equipment.

25.2 Transmission Voltage

In early 1890, the power transmission voltage was at 3.3 kV. By 1970, power
transmission voltage had reached a level of 765 kV. The standard operating,
voltages in the secondary distribution system are a low voltage range of 120
t0240'V for single-phase and 208 to 600 V for three-phase. The primary power
distribution voltage has a range of 2.4 kV to 20 kV. The subtransmission
voltage has a range of 23 kV up to 69 kV. The high-voltage transmission has
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PV Power VOO LVVAC HVVAC LVVAC HVVAC
| «— 2 miles —»l e | Locat
ple Uty
AN
Uity >
Pi+1Q1 P2+3Q2 Transformer PtiQa

Figure 233 A Photovoltaic Power Source Feeding a Radial Distribution System

arange of 115 kV to 765 kV The generatung voltages are in the range of 32 kV
to 22 kV The generating voltage 1s stepped-up to the high voltage for bulk
power transmission, then stepped down to subtransmisston voltage as the
power system approaches the load centers of major metropolitan areas The
distribution system 18 used to distribute the power within the cittes. The rest
dential commercal, and industnal loads are served at 120-600 V voltage
levels !

Figure 2 33 depicts a typical PV power source feeding 2 local distnibuted
generation system The PV panels are like batteries and are the source of DC
power They are connected 1n seres and 1n parallel The maximum operating
DC voltage 15 600 V With the current DC technology of distribution, mega
watts of power distribution are very expensive If we distribute high DC power
of a renewable source such as PV systems at low voltages, power losses through
the distribution Imes are quite high We can step-up by using DC/DC convert
ers (1¢, boost converters) However, the costs of associated DC/DC convert
ers and for the protection of a DC system are quite high In the design of the
system shown 1n Fig 2 33, the DC power 1s converted to AC using a DC/AC
nverter We will study the sizing of power converters and the design of a PV
system 1n the next chapter

In Fig 233, the PV source 15 1n a range of 3 to 5 kVA 1t 1s connected to 2
120V residential system feeding the house loads We have stepped up the
voltage before transferring the extra power to the local power grid company

2.5.3 Transformers

A transformer 1s an element of a power grd that transfers electric power from
one voltage level to another through mductively coupled windings For a
single phase transformer, each winding 1s wound around a single core The two
windings are magnetically coupled using the same core structure As 1n anideal
transformer, the device mput power 1s the same as its output power This
means that the input current multiplied by the mput voltage 1s equal to the
product of the output voltage and output current One of the windings 1s
excited by an AC source The time-varying magnetic field induces a voltage in
the second winding by Faraday’s fundamental law of mduction

In a transformer, the volt per turn on the secondary winding 1s the same as
i the primary winding We can select the ratio of turns, to step up the voltage
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or to step it down. For high-voltage power transmission, transformers are
needed to step up the voltage and therefore to step down the current and
reduce the transmission line power losses. Figure 2.34 depicts an ideal trans-
former. An ideal transformer is assumed to have zero power losses in its core
and winding.

N L=N; 1, Ampere ~Turn (2.47)
h_ % Volt / Turn (2.48)
Ny N,

In Fig. 2.34, ¢,, depicts the mutual flux linkage and ¢,; and ¢y, the leakage flux
on either side of the transformer. The mutual flux linkage will result in the
mutual inductance and the leakage flux will result in leakage inductance.

The schematic of an ideal transformer is depicted in Fig. 2.35. Because the
power losses in an ideal transformer are assumed to be zero, the input power
and output power are the same.

$=Vili=8=V1 (2.49)

A real transformer has both core and winding losses as shown in Fig. 2.36.
These losses are represented by R, and R,. Here, in this representation, R,
represents the primary-side ohmic loss and R, denotes the secondary-side
ohmic loss.

Om

2.
!

N \ i /.
\% 1¢ M )
o\ _I7 <3 /o Load

Figure 2.34 An Ideal Single-Phase Transformer.

I I

Vi Vs

Figure 2.35 The Schematic of an Ideal Transformer.
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Ry I

vy Load

N2
Figure 2.36  The Schematic of a Real Transformer

Tt 1s customary to denote the side that 1s connected to the source as primary
and the side connected to the load as secondary For simphicity, we will number
each side or call each side by thetr voltage levels, 1e, one side of the trans
former 1s the high voltage side and the other side 15 the low-voltage side

Ig=1,+1c
Xn=wLn (250
Nili=Nal, (2.51)

The current I 1s referred to as the excitation current This current has two
components [, and Ic The current [,,1s referred to as the magnetizing current
and I,, as the core current In Equation 2 50, L,, denotes the magnetizing
nductance This inductance 1s computed from the mutual inductance and the
tnductance of each cotl

V.=V, cosar (252)
s _V,
Ve=—220
2
V200V,
In=—T—=_2-00° 253
Xn  Xn @)

In AC power distibution, the source voltage can be presented by Equation
252 The magnetzing current 1s computed as presented by Equation 253
Figure 2 37 depicts the complete transformer model In this model, we have
shown both sides of the transformer primary resistance and pnimary leakage
reactance and on the secondary side, we have shown the secondary side
leakage reactance and winding resistance The core losses and magnetizing
T are repr d by the Rcand the reactance X, and they
are shown on the primary side

X, =Ly, X, = @.Ly and X, =5,
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Rp+jXp Rs+j X
W_
W -
Vp Re I Xm Vs
Np Ns

Figure 2.37 The Complete Schematic of a Real Transformer.

I

Ry X1 R2 X2 I
] g/\/\mﬁ:
N Na

Figure 2.38 The Equivalent Model of a Transformer for Voltage Analysis.

where Ly, L, and L,, are referred to as leakage inductance of primary winding,
leakage inductance of secondary winding, and the mutual inductance of the
transformer, respectively. Because the transformers are designed to have very
small exciting current—in the range of 2 to 5% of the load current, the mag-
netizing shunt elements of transformers are assumed to have very high imped-
ance; therefore, the shunt elements are eliminated in the voltage calculation
of transformers. Figure 2.38 depicts the transformer model used in voltage
analysis,

In Fig. 2.38, the resistance, R;, denotes the winding resistance of winding

number one and Xj; denotes the leakage reactance of the same winding,
Similarly, R, and X, denote the resistance and leakage reactance of the
winding number 2. In this representation, designation of primary winding and
secondary winding are omitted because in general, either side can be con-
nected to the load or source.
_ Figure 2.39 depicts the equivalent transformer model of Fig, 2.38, where the
Impedance of both windings is referred to side 1. Let us assume side 1 of a
transformer connected to the high voltage side and the side 2 to the low
voltage side. Then, Fig. 2.39 can be relabeled as:
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Inv Rs 1 X5 Ly

Nuv Nuv
Figure 239 The Equivalent Model of a Transformer

The above equivalent circwit model can be described by the following
equations

Viv _ Vv

v Ly, Volt per Turn 254)

NHV NLV p (
Nuv Iy =Npy Iy Ampere - Turn (255)

The terms R, and X,, are referred to the short circut resistance and the short
cireunt reactance of the transformer These two terms are computed from the
short circuit tests on the transformer The short circuat test 15 performed by
shorting one side of the transformer and applying a voltage m the range of 5
to 10% of the rated voltage and measuring the short circit current The
applied voltage 15 adjusted such that the measured short circuit current 15
equal to the rated load current We can think of the short circuit test as a load
test because the test reflects the rated load condition

Zye =R+ ) X (258)

Re=Ri+d R, (257

Xee=Xy+a* Xy (258)
Vin _Nuv
where a=——=—"
VLV NLV

26 MODELING A MICROGRID SYSTEM

As part of our objective 1n thus chapter, we will now develop a model repre
senting a microgrid system (Fig 2 40)

In Fig 240(b) we have presented the PV system and DC/AC mvert by PV
power source We will discuss the modeling of a PV system and the inverter
1n later sections.
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PV System  VDC VAC  VAC 440 VAC
C Je—2mies—| > | I Local
DC/AC C S | tiity
Th —l T

2
_ , Utili —> Pin+jQi
Py+jQr Pat+jQe Transfo?’mer K 3

(@)
T T

Pin+j Qmn

(b)

Figure2.40 (a) One-Line Diagram of a Radial Distribution Feeder. (p) The Impedance
Model Diagram for a Radial Microgrid Distribution Feeder.

50 w
120V

¥ S ey e VAL o ]

Figure 2.41 The Rated Values of a Light Bulb.

Calculating the voltage at the load using the model shown in Fig. 2.40(b)
requires a number of calculations because of the many transformers involved
and the need to be aware of which sides of the transformers we are analyzing.
First, we need to eliminate the transformers from the above model. To do this,
we will normalize the system base on a common base voltage and current. To
understand this normalizing method, we present the per unit system.

26.1 The Per Unit System

Before we present the concept of the per unit system (p.u), we introduce
the concept of the rated values or nominal values®® To understand the
rated values, let us think of a light bulb. For example, consider a 50 W light

bulb. The power and voltage ratings are stamped on the light bulb as shown
in Fig. 2.41.
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The manufacturer of the Light bulb s telling us that if we apply 120 volis
across the light bulb, we wilt consume 50 watts From the above values, we can
calculate the impedance of the hight bulb

Ry sup === = = 2 5= = 2880

We also know that if we apply 480 volts to the light bulb, which 1s four times
the rated value, then we will have a bright glow and possibly the Iight bulb
will explode Therefore, the rated values tell us the safe operating condition
of an electrical device

Let us set the following values

Prase =50 W = Py
Voase =120V =V,

Now let us use these vafues and normalize the operating condition of the light
bulb

ot
N= 2
P, P 259)
Va
Vou= v:f' (260)

Therefore, for our light bulb we have

50
E,, =—5-6=10qu

120
V,u—Ea—lﬁpuV

Therefore, one per unit represents the full load or rated load Let’s assume
that we apply 480 V across the light bulb

480
V==
=120 40puvVv

The per unit {pu) voltage applied 10 the Joad 15 4 pu or 4 times the rated
voltage

When we say a device 1s loaded at half load, the per umt load 505 pu If
\\eI say the applied voltage 1s 10% above the rated voltage, we mean 110 pu
volts,
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In general the per unit system, the voltages, currents, powers, impedances,
and other electrical quantities are expressed on a per unit basis.

Actual Value
Base Value of Quantity

Quantity per unit = (2.61)

It is customary to select two base quantities to define a given per unit system.
We normally select voltage and power as base quantities.
Let us assume

Vb = I/m!cd (2~62)
Sb = Smled (2.63)

Then, base values are computed for currents and impedances:

I, =— .
b= 7 (2.64)
VvV, V?
Zy =—=— 2.65
v=7 77, (2.65)

And the per unit system values are

Vou = Y-‘%ﬂ (2.66)
I =11—b’ 2.67)
Spu = %:ﬂL (2.68)
Zpu= Z"Z;:ml (2.69)
Z%=2Z,,x100%  Percent of base Z (2.70)

Example 2.7 An electrical lamp is rated 120 volts, 500 watts. Compute

tl_le per unit and percent impedance of the lamp. Give the p.u equivalent
circuit. .

Solution

We compute lamp resistance from the rate power consumption and rated
voltage as
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V,—140p0® Z=1L0pu

Figure 2.42 The Equivalent Circuit of Example 27

pf=10 Z=288400Q

Select base quantities as

S, =500 VA
V, =120V
Compute base impedance
(120
Z W ==—=288Q
*Ts, 500
The per umit impedance 1s
Z 28820
Zy= o =———— =140
A Taa

Percent impedance
v Z%=100%
Per unnt equn{qlen! crcurt 1s given m Fig 242

Example 2.8 An electrical lamp 15 rated 120 volts, 500 watts If the voltage
apphied across the lamp 1s twice the rated value, compute the current that flows
through the lamp Use the per unit method
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Solution
V, =120V
vV 24020
V u =——=""""""=2/0pu
P =Y =100 P
Z,,=1£0pu

The per unit equivalent circuit (see Fig. 2.43) is as follows:

v 2£0

Lo=22t=20 5 /0puA
=z T 120 P
S, 500
L=2t=2"_4167A
TV, 120

Licwar =1puIy =2£0x4.167 = 8.334£0 A.
The per unit system for a one-phase circuit is as follows:
Sy =810 =Vs 1y
where

V¢ = Vine-to-neutral

I 6= Line-current
For transformers, we select the bases as

Vv = V¢LV Vv = V¢HV

Vs=240p.u @ Z=1Z0p.u

Figure 2.43 The Per Unit Equivalent Circuit of Example 2.8.

61

(2.71)

(2.72)
(2.73)

(2.74)
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S
VDLV

Ty =

The base impedances on the two sides of transformer are

VbLV

Zypy =BV

BLY Ibly
|7

Zyy =Y

Lyy

Spu=o=
(4 Sb
P

Py =
? Sb

Q,,u=3Q—-=V”I,,,,sme

b

o =3~ 27)

= QBSL:—)Z @1
= %;:_), em
Voulp 2m)
Vyulpucos8 @79)
(280)

‘When we have two or more transformers, we need to normalize the impedance
model to a common base We will make the selections as follows

Selection 1
Sp1=Sa Va=Va
Then,
Vi Z
Zyp=—L Z ==L
51 s put 2o
Selection 2
Sz =83 Ve =Vg
Then
Zyy = _5_22 and Zow = ﬁ'—
Sz P Zn
Zyw I 2y Zy Su VR
Va Y (S
Zya =2, (AJ x(_n_) 81
T\, St @8
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In general, the values that are given as nominal values (rated values)
are referred to as “old” values and new selection as common base as “new.”
Using this notation, the transformation between old and new bases can be
written as:

2
Zp.u.new = Zp.u.old [ Vb‘old ) X(Sb.ncw ) (282)
Vb.ne‘w Sb'o[d

We can use the p.u concept and define the p.u model of a transformer. Consider
the equivalent circuit of transformer model referred to LV side and HV side
as shown in Fig. 2.44 below.
We make the following selection for the transformer bases.
Vi1 = Viviraea (2.83)

S b= Smled (2- 84)

Then, we can compute the base voltage for the new common base.

V 1

‘/bZ = Y Vbl =—Vb1
LV a

Vi Via

Doy = —— Lin = —=
b1 Sb b2 Sb

Zn VA _ VA 2

— =

Rs + sz
Rs +jXs a? a’
VLv Vav Vv Vmy
N Ny Define a:ﬁi:ﬂ_<1
Vv N
S
(1) Referred to LV side. (2) Referred to HV side.

Figure 2.44 The Equivalent Circuit of a One-Phase Transformer.
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Per umt impedances are

R+ X
Z,ux=—r7;_x
R X R, X
z =;1_+ja_’=a2+]n2 =Rx+]XJ
e Zy; Zyy Zy

a2

From the above, we can see that the pu impedance of the transformer is
rdentical

Zyn=Zpun

The per phase equivalent of a transformer 1s given i Fig 2 45, where R, and
X, represents the parameters of a transformer referred to on the low-
voltage side a=Viy/Viy =N, /N, <1

The per umt equivalent transformer 1s depicted n Fig 2 46

Rs+1Xs s
Zb
Ny N2
Viv Vhy
Vil Vo2

Figure 245 The Equwvalent Circust of a Ty

Sb

11
Figure 246 The Per Umit Equivalent Cirewit of Fig 2 45
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Example 2.9 A single-phase transformer rated 200 kVA,200/400 V, and 10%
short-circuit reactance. Compute the voltage regulation when the transformer
is fully loaded at unity p.f. and rated voltage 400 V.

Solution
Let

Vi =400 V
Sy =200 kVA

Then, we have

Sload,p.u = 140 p.u kVA
X pu=j01pu

The per unit equivalent model is given in Fig. 2.47.
Rated Voltage:

Vioad,pu =1£0pu 'V

Slaad .u i ( 140 ).
Dovapu = L = =1£0pu A
foad:. (‘/Iond,p.u ) 140 p .

Vvource,p.u = I/Ioad,p.u + Ip.qu,p,u
=1.0£0+1.0£0x% jO.1
=1+j0.1=1.001457pu 'V

The p.u load voltage under load is given as

Vpu.ﬁdl-—[and = Wond,p.u =1£0 p.u Vv
AY Vv
Lv j0.1 v
' Xs l
—— Vsource —T Vioud

+
@ Sioad

Sp =200 kVA
Figure 2.47 Per Unit Equivalent Circuit of Example 2.9.
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When we remove the load (no load) and set the source voltage at 1001457
pu, the no load voltage 1s given as

Viuno toat =Vppu =1001£57° puV
Therefore, the voltage regulation (VR) by definttion 1s given as

VR = [Vouno teaa] =[Viu st ’”dIXIOO%
Ve pit tood]

And we calculate

_1001-10
10

VR x100%=01%

In the following, we extend the concepts of per unit system to the three phase
system The extension 1s very simple We will ook at the three-phase system
as three single-phase circuits that are connected as a three phase system

For three phase systems we select the S, and V, the same way as before
except the base values represent the three-phase power and the voltage base
1s equal to the line to line voltage

St = Sitree phase = 3S1phase (285)
S, =3V, (286)

Where the phase voltage 15 given by

Vigre

Vo = Vine sommeura = % (287)
Therefore, we have
v,=2 and [, =7, =7 (288)
L ‘/'3‘ ?® {ne current L
From Equations 2 86 and 2 88, we have
S,=3YL1, = vl (289)
J§ L iy

For three phase transformers, we select the voltage bases for high voltage
{HV) and low voltage (LV) as
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Viry = VL(LV) Venv = VL(HV) (2-90)

Therefore, the base power for the three-phase system can be expressed:
Sp = Jng(LV)Ib(LV) = \/§Vb(HV)Ib(HV) (2-91)

The current base for the low voltage (V) and the current base for the high
volt (HV) are given as:

Sp Sp

Ly =~=——  Lyyv =——— 2.92
bLY Jng(LV) bHV ‘/§Vb(HV) (2.92)

As before, we define the Z, per phase for the three-phase system. Therefore,
we have

V¢LV

ZbLV = (2.93)
I¢LV
and
VbLV Sb
Viyry = ——=— Iypy =—=—""—
oLV J§ bLV Jng(LV)
From the above, we have
Viry _ N3V
Zyv = \b/l:;:/ X“‘—SbL—V
b
and finally,
Vi
Zogy = Vo) (2.94)
Sp
V 2
Zgy = Worv)” (2.95)
Sh

The per unit power is defined as the power of the three-phase system divided
by S; as given

S3g _ \/§VLIZ

S~u=_—— =VuI‘u
12 Sb \/gnlb b, D. (2.96)
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Agan, we restate the base impedance as

By subshtuting for the phase voltage in term of line to-line voltage, we
have

(VBL—L
BB) Vi Y.
Sop 3850 Shas

Zy 297

2.7 MODELING THREE-PHASE TRANSFORMERS

The 1mpedance diagram of a three-phase transformer 1s the same as three
single-phase transformers Let us first discuss how the three-phase transform-
ers are constructed *

The three-phase transformers can be constructed from the three single-
phase transformers

Figure 248 depicts the description of a three-phase transformer that
consists of three single phase transformers

In Fig 2 48, each single-phase transformer 1s rated at 240 V /120 V, 100 kVA
with short-circuit reactance of 5% based on the rated transformer voltages

|—
S

T KVA Vis

5%
120

100 KVA

5%
| SR

100 KVA SL1=75kVA Slp=24kVA

3% P1=09 P1=09
lagging leading

Figure 248 The Three Single Phase Transformers Connected as Three-Phase Y=Y
Transformer Bank
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and power rating. The three single-phase transformers are connected as Y-Y
and makes a bank of three-phase transformers with rated line-to-line voltages
of V3% 240V and 3 %120V, 300 kVA and the short-circuit reactance of 5%.
The one-line diagram given in Fig. 2.48 and depicted in Fig. 2.49, where the
line-to-line voltages are calculated as

V,p =240x3=4152V
Vs =120xv3 =207.6 V

Figure 2.50 depicts the one-phase equivalent circuit for Fig. 2.48. In this figure,
the short-circuit reactance is given in actual value in ohms (Q) on the high-
voltage side.

Figure 2.51 depicts the equivalent p.u model of Fig. 2.50. In this figure, the
power and voltage bases are given as shown.

Another important type of three-phase transformers is a Y-A connection
with grounded neutral. Figure 2.52 depicts a Y-A connection. The figure shows
the coupling windings. For example the winding depicted with N, is coupled
with the winding N;; and similarly Ny, with N and N3 with Ng.

Figure 2.53 depicts the phase shift in Y-A transformers. Because of the
phase shift in Y-A transformers, they cannot be connected in parallel unless
they have proper phase sequence. Therefore, before connecting two Y-A
transformers, students are urged to study the IEEE standard on transformer

o3¢

300 kVA
415/207.6
5%
v-Y St Stz

Figure 2.49 One-Line Diagram of Fig. 2.48.

(G0.05) Zynv

Sie S20

240V 120V
100 kKVA

Figure 2.50 One-Phase Equivalent Circuit Model of Fig. 2.48.
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Vo= 240 V= 120
° 1005
.
St Sz
Sp=100 KVA

Figure 2.51 The Per Unit Equivalent of Fig 248

Figure 2,52 A Three-Phase Y-A Connection

¢
v, Veu
g &
v ¥
HY Van LV Vap

Lv
Figure 2.53 A 30° Phase Shift in Y-A Transformers.
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paralleling or follow industry practice.”” The large dot in Fig. 2.52 identifies
the relative positive terminal of each winding. Students are urged to review
the dot notation from their circuit course.

2.8 TAP CHANGING TRANSFORMERS

Figure 2.54 presents a three-phase tap changing transformer. Load tap chang-
ing transformers (LTC) are of two types. If the taps are changed under loads,
the load tap changing transformer is referred to as tap changing under load
(TCUL) or on-load tap changing (OLTC). In off-load tap changing transform-
ers the taps are changed when the loads are not connected.

A tap changing transformer is constructed such that after a few turns a
connection point is brought out. The taps can be on one of the windings or
both. These types of transformer facilitate voltage regulation.

Voltage stability of a power system is a function of load types. An inductive
load draws a lagging current that causes the load voltage to drop. A capacitive
load draws a leading current and causes the load voltage to increase. Voltage
control elements such as capacitors, reactors, and under load tap changing
(ULTC) transformers are used to regulate the power grid bus voltages. If a
tap changer is used, tap points are usually made on the high voltage where
the current is low because it minimizes the current handling requirements
of the contacts. However, a transformer may include a tap changer on both
windings.

In distribution networks, step-down transformers have an off-load tap
changer on the primary winding and an on-load tap changer on the secondary
winding. Normally, the high-voltage tap is controlled and adjusted to match
the subtransmission voltage.

We need to define a few terms for LTC transformers. A nominal turns ratio
is defined as the condition when all turns of both the primary and secondary

windings are carrying currents.
l Ns Ns
Np &

Tap Tap

Tap

Figure2.54 A Schematic of a Three-Phase Y-Y Connected Tap ChangingTransformer.
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Vi _Viv o Viw Nw _,

Nyv Ny Viy Nw

The off nomunal turns ratio refers to when parts of the turns of one or both
windings are not carrying currents.
When nomunal turns ratio 1s used, the base voltages are selected as

VHV
Vigy = ——x Vs
bHY V’_y LV

VLV
Viry =—5—xV;
sLY VHV bHV

Example 2,10 A smgle phase tap changing transformer has 2000 turns on
the primary side, and a variable number of turns on the secondary side
(Nyee mar = 7300, N, min = 5300) as shown m Fig 255 Compute the mimmum
and maximum voltage that can be mantamed on the secondary voltage
Assume the maximum primary voltage 1s equal to 36 4 kV

Solution
2:),50 =36—;0)<0;—03=182V/T
2:)/—'60= sz =182 =7%°, Viee = 13286 &V
2:1,60 - N‘:m, =182=5‘;*0}J, Vi, =96 46 kV

Thus, secandary valtage can. he changed hetwesrn, 96 46 and 13286 kV

Primary Secondary

Np=2000 3

Niec max = 7300
Nsec min = 5300

Figure2.55 A SchematicofaThree Phase Y~Y Connected Tap Changing Transformer



MODELING TRANSMISSION LINES 73
2.9 MODELING TRANSMISSION LINES

A$ we know, electric power is mostly transmitted through three-phase
systems.>™ The conductor used in each phase has resistance, inductance, and
capacitance. In modeling a transmission system, we need to develop a model
for the distributed resistance, inductance, and capacitance expressed in miles
or kilometers (km) as a lumped model that can be used in the analysis of
power grids. A transmission line is designed to carry current and a given
designed voltage. The voltage of the transmission line is based on the amount
of power, normally in MVA that lines must carry. The current rating is based
on the size of the conductor and its thermal rating. Normally, a conductor is
sized based on its circular mil area (CM), which is a unit denoting the cross-
sectional size of a conductor. The circular mil, CM is defined as

CM = d? (2.98)

where d is the diameter of the conductor. Therefore, 1 mil is equal to 0.001 inch
and reversely, 1 inch = 1000 mil and the area A of the conductor is given as:

A=d? cmil

The CM is also used as a designation for different classes of wires and cables
by manufacturers.

The inductance and capacitance of transmission lines are the results of
magnetic and electric fields generated from the current and voltage of the
conductors. The shunt conductance (G =1/R) is generally very small because
the leakage current due to leakage flux that may couple with the ground con-
ductor or an other metallic element around conductors is very small. This
conductance is normally ignored. The parameters R, L, and C are needed to
construct the transmission line models. The inductance of the line is computed
from the flux lines due the current flowing through the conductor. The capaci-
tance of the line is computed from the voltage distribution along conductors.

The inductance of a solid cylindrical conductor has both internal and exter-
nal inductance.>!°

_ Figure 2.56 depicts a two-wire transmission line. The total inductance is
given as

L=4107 In-?, Him (2.99)

where: = r* = re"1'4 = 0.7788r

The term r’ is defined as the geometric mean radius (GMR) of a
conductor.
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Conductor 1 Conductor 2

O O

| ———D —» |
! !
Figure 2.56  Two Wire Transmusston Line

Cond 1

= Ci J‘—‘
Cond 2
= 1

1
T Cra
Earth

Figure 2,57 Capacitance between Two Conductors and Ground

—

As we know when two charged conductors are at different voltages they
act as a charged capaator The capacstance can be caleulated from the charge
on conductors per unit potentral difference between two conductors and earth
The neutral conductor 1s grounded to the earth However, normally, by ground
g the neutral conductor to ground, the earth conductor does not cary
current unless a fault occurs such as when a high voltage conductor 1s acci
dently grounded From a basic electromagnetic calcufation,? we can compute
the capacitance between two conductors as shown in Fig 257

_Do3ss
2 In=
v

Cn

pF/mile (2100)

where D 1s the distance between the two conductors, yF/mile 1s F times 107,
and r1s the radws of the conductor

Cia= 00% #Fimle (2101)

In=
[3

where Cy;1s the capacrtance between the two conductors and Cya 15 the capacr-
tance of one conductor to neutral In transnusston line modeling we are
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interested in equivalent capacitive reactance, X.. The capacitive reactance in
ohms per mile (Q/mi) to neutral conductor is given as

Xc 1 _410 x10°. log(D) Q/mi to neutral (2.102)

2n-f-C  f r
where fis the frequency and C is capacitance in F.

Figure 2.58 depicts the inductance of a three-phase line with equilateral
spacing.

Figure 2.58 presents a three-phase transmission line. The inductance of the
three-phase transmission line is given as

L, =2x%107-1n (2) H/m (2.103)
r
D .
L,=0.7411-log (—,) mH/mile (2.104)
-

due to the symmetry of spacing between the conductors, L, = Ly, = L..

A three-phase transmission line with bundled conductor lines is used to
carry high MVA power using high-voltage lines as depicted in Fig, 2.59.

For bundled conductors, we use equivalent spacing, D.,. Therefore, the
inductance L, is given as

D,
L=2x107"x 1n—5g—H/m (2.105)
where
D,, =3d, xd; x2d; =d, 32 (2.106)

S

D D

{ \
Same

gigur_e 2.58 The Inductance of a Three-Phase Transmission Line with Equilateral
pacing,
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Inductances
Phase “A" Phase ‘B” Phase*C*
D e e
1
0. 0. O O O-, O«
e————— dt b d; 1
| i i
Figure 259 Three Phase T Line with Bundled Cond Lines
and
D¢=4D, D Dis Das @21
D,=D,, =07788r (2108)

The term D, defines the GMR of a bundle of conductors for a phase of 2
three phase lme

Normally n the bundled conductors the spacing between the conductor of
a phase 1s designated as D,, = D, The value of D 1s given 1 a tabular form
by many manufacturers

Di=4D, D, d d=+D, d (2109)

In the above, D, defines the GMR of a bundle of conductors 1 a group of
bundles 1 the three phase line

The capacitance of the three phase transmssion lines can be calculated 1n
the same way

C positive sequence = Cy, = (2110)
In D,
Dt
D, =¥d xd,x2d, =d,¥2 @111)
D =rd 2112)

Due to the cost of having equal spacing of the conductors between transms
ston towers, the transmisston lines are constructed with unsymmetrical spacing
between the conductors. However, to create approximate spacing between
phases, the phases are transposed This means the position of phases are
changed between towers or every few miles in a few towers Figure 2 60 depicts
a transposed three phase transmisston e
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< b Pos. 1
c a Pos. 3

Figure 2.60 The Transposed Three-Phase Transmission Line.

Because the spacing between the phases of the transposed lines is approxi-
mately the same, we consider such a three-phase line to have equal resistance,
inductance, and capacitance.

D, .
L,=L,=L. =2x10" xlog—LmH/mile (2.113)
-
-7 Deq
L=2x107 xIn—> 6 H/m (2.114)
Deq = '\)3 DIZ XD23 XD31 (2.115)
X, =2rn-f-L (2.116)

The capacitance to neutral for a three-phase line is
2me- €,
m(&)
D
where € is the permittivity of free space, £ =8.85%107, and ¢, is the relative

permittivity of air which is equal to one.
The X, at 60 hertz (Hz) is given as

C,= F/m to neutral (2.117)

D
X, =29.7xIn| =~
3

s

) kQ/mi to neutral (2.118)

In the calculation of capacitance, D; is the outside radius of the conductor.

Historically, the transmission line parameters are computed by conductor
manufacturers and listed in tabular form for designers to use. However, now
software packages are also available to calculate the transmission line param-
eters for different spacing and design of the lines. Here, we present how we
can use a table to select a line parameter reactance and line charging capaci-
tive reactance for design problems in the book.

Generally, most manufacturers use values of GMR for calculating the line

Parameters in feet and miles or meters and kilometers. The inductive reactance
can be calculated as

X, =2.02fx1073 ln(g

s

) Q/mi (2.119)
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where D,,1s the distance between conductors The GMR of tables are the same
as D,.

Some conductor manufacturers list the hine data in terms of standard
spacing of one and spacing of D as given below

1
GMR

X,_=202f><10’ln( )+202fx103InDQ/m1 (2120)

Naturally both GMR and D must be 1n feet and f1n cycle per second 1n this
formulation However because 1 mule 1s equal to 1 6 km we can compute the
inductive reactance 1t can easily be converted to metric system notatton
In the above equation the first term 1s the inductive reactance for 1 foot and
the second term 1s the inductive reactance for the spacing factor

As can be expected the inductance and capacitance are distnibuted along
the line Therefore we can assume a distributed model as shown 1 Fig 261

in a distibuted model of transmission lines we can define the following

z= R+ joL Q/m series impedance unit length
y =G+ )oC shunt admttance per unit length
Z2=27Q {=lne length 1 meters
Y=ylQ!

Figure 2 62 depicts the lumped model of a transmussion line The parameters
of this model can be computed from transmission line data provided by con
ductor manufacturers

It should be noted that our discussion here 1s limited to overhead lines We
have presented very basic concepts related to the selection of overhead con
ductors and transmrssion line data for power gnid analysis and design Although
this presentation 15 very brief students can learn to design a micrognd by
recogmizing that the design of a micrognd 1s based on the selection of gnd

4 ¥ 4 14

/7/////7//////4:///7////////

Figure 261 A Distributed Model of Transmission Lines
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Is 1 7 2 Ir
—_— —_—
—
| S|
Vs Vr

Y2 T T Y2

[171777777777 7 /7777777777

Figure 2.62 A General Model of a Transmission Line.

elements, and then analysis to obtain the desired performance. We will visit
this concept in design throughout the book.

Finally, we must note that if we select insulated cables, the selection is more
complex. In insulated cables, the heat generated within insulation is a major
issue: the cable must be selected based not only on the load current it must
carry, it also must be able to operate safely when there is a high transient or
fault current due to accidental shorts. This topic will not be addressed further,
but students may want to consult other sources.'

Appendix B presents typical data for overhead lines. It is important to
recognize that the current-carrying capacity is a thermal rating for the conduc-
tors. The power that can be transferred is based on the voltage rating of the
lines. The voltage rating of the line is determined based on the insulation’s
requirement and how the spacing between the conductors is designed.
Therefore, we need to select the voltage and then compute the power-carrying
capacity of the line.

The current flow in the line is given by

I = S
t ‘\/§XVL—L Xp.f.

where S is the power flow, V,_; is the line-to-line voltage and p.f. is the power
factor.

. The conductor selection is first based on the carrying capacity of the selected
line; then we need to address the voltage drop and losses of the line. Therefore,
depending on the design requirement, we may select a conductor that may
have higher current-carrying capacity.

Example 2.11 A three-phase generator is supplying one MW load operating
at 0.9 lagging power factor to a power grid. The generating station is 15 miles
from the local power grid. The overhead line data for an aluminum steel con-
ductor reinforced (ASCR) is given in Appendix B.
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Perform the following

1) 1If the power 1s transferred at 460 V, select an overhead ASCR condue
tor to transfer the power What 1s the generator voltage 1if the load
voltage 1s specified at 460 V AC?

1) 1f the power 1s transferred at 33KV, select an overhead ASCR
conductor to transfer the power What 1s the generator voltage if the
Ioad voltage 1s specified at 33 kV AC?

w) If the power 1s transferred at 113 kV, select an overhead ASCR
conductor to transfer the power What 1s the generator voltage if the
foad voltage 1s specified at 11 3 kV AC?

w) Compute active and reactive power losses for each design, put your
results 1n a table, and discuss the results

Solunion
The single phase equivalent diagram of the system 1s shown n Fig 263
The load current 1s given by

S
VaIxv, L xpf

Tt =

where § 1s the power flow, V7. ; 1s the line-to line voltage of the load and pf
1s the power factor of the load

1} The load current at a load voltage of 460 1s

1x10°
Toud = —————=1,394 A
et Bxas0x09
Because the conductor s carrying 1 39 XA we select the conductor with CM
of 1590 kCrmul from row 1 of Table B2 (Appendix B) This conductor has a
resistance of s 005N Qlmut at 25°C as seen from column 4 of Table B2
(Appendix B}

Vgen - e %, Vioad
Iml J Icz lILmd
=Y'72 =y
Load
I Permite IY‘/2 =1/1Xc

Figurc 263 Single Phase Equivalent Diagram of the System in Example 2 11
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The series reactance of the conductor is given in column 6 and row 1 of
Table B.2 (Appendix B). The reactance is 0.359 Q/mi. The capacitive reactance
from column 7 and row 1 is 0.0814 MQ/mi. The half of the above value is used
in the equivalent pie model of the transmission lines and is represented with
their admittance as Y’'/2=1/jX, in Fig. 2.63. Therefore,

_ 0.0814

Xc = 0.0407 MQ/mi

The line charging current as shown in Fig. 2.63 is given by

Y;"d x distance = _0%—2—06'/;:—)/;—%6? X 15=97.81.82£90° mA
Xc e

Icy =

It can be seen that the line charging current is in the milli-amp range and is
negligible compared to the load current. Therefore, the single-phase equiva-
lent circuit of Fig. 2.63 is reduced as shown in Fig. 2.64. We neglect the line-
charging reactances as they are very large compared to the load impedance,
It can be seen from Fig. 2.64 that the line current I, is equal to the load
current I; .4

Iiine = I100a
In the single-phase equivalent circuit, all the quantities are represented per

phase. Wye-connected generator and load is assumed and their phase voltage
is found from:

Vph = VL—L /‘\/—5

where Vi is the phase voltage (line-to-neutral) and V., is the line-to-line
voltage.

Vlgen R ILine J XL Vioad
1 /W\,_('YW\

I l ILoad

© Loas

Per mile

Figure 2.64 Simplified Diagram of Fig. 2.63 by Ignoring the Line-Charging
Capacitances.
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From Kirchhoff's voltage law and Fig 2 64, the generator phase voltage 1s
gwen as

Vien = Visaa + Ine (R+1X1)
- 1%9+13944_cos 109x15x( 05914+ 70 359)

=7767£5321°V

The generator hine voltage 1s V (line to line) = ~/5V,.,, =3x7763=134kV
The power 1055 1s given by i, =31 Z =3x%13947 x15%( 0591+ ;0 359)

Sioss = Pogs + 1 Qross =(5 16+ 31 41)x 10°

Therefore, the active power loss, P =516 MW

And the reactive power Oy, =31 41 MVAT

As 1t can be seen from the above analysis the power losses are quite high
Next, we select line voltage of 3 3 kV to transfer the power to the load

) The load current at a load voltage of 33 kV

1x10°

— =194 A
V3x33x10°%09

Toa =

Because the conductor 1s carrying 194 A, we select the conductor with CM of
266 8 kCrmil from the last row of Table B2 (Appendix B) This conductor has
a resistance of 1s 0 350 Q/mn at 25°C as seen from column 4 of Table B2 The
series reactarnce of the conductor 1s given 1n column 6 and the last row of Table
B2 The reactance 1s 0 465 {/m1 The capacitive reactance from column 7 and
the last row 1s 0 1074 MQ/mu
Half of the above value 15 used n the equivalent pie maodel of the trans

musston lines and 1s represented with their admittance as Y’/2=1/;Xc m
Fig 2 63 Therefore,

Xc

= 0‘—275 =00537 MQ/m:

The line charging current as shown in Fig 2 63 1s given by

Vioa
Iy =—==xdistance
' 1Xe

_33x10x/43

= 00537 x10° x15=053182290° A
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We can safely neglect the line charging current because it is very small
as compared to the load. Applying Kirchhoff’s voltage law to the circuit in
Fig. 2.64, the generator phase voltage is given as

‘/gcn = VLand + ILinc (R + ] XI.)

=30 L 194/ cos 0.9%15%(0.350+ j 0.465)

NE]
=3.5£5321°kV

The generator line voltage is
Vir =3V, =3x3.5=6.06 kV
The power loss is given as

Siss =313+ Z = 3% 1942 x 15X (0.350 + j 0.465)
=(0.57+; 0.78)x 10°

Sloss = PIo:s +j Qlos:

Therefore, the active power loss P, =0.57 MW and the reactive power loss
Qloss =(.78 MVAT.
As we can see by increasing the transmission line, we have reduced the

power losses. Next, we evaluate the power losses if the line voltage is selected
at 11.3 kV.

iif) 'The load current at a load voltage of 11.3 kV,

1x10° s
V3x11.3%10%%0.9

I Load =

The same conductor is selected as in part ii. The resistance of the line from
Table B2 (Appendix B) for 57 A is 0.350 Q/mi. The series reactance of
the line from Table B.2 is 0.465 £/mi. The capacitive reactance from column 7

and the last row is 0.1074 MQ/mi.
Therefore,

Xc

- 0'1274 = 0.0537 MS/mi

The line charging current as shown in Fig. 2.63 is given by Ic; =V, /jXc %
113x10° /43x15
0.0537 x 105

distance =

=1.82£90° A
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In this case the hine charging current 1s of comparable magnitude to that
of the load current Hence we do not neglect the line charging reactance
Applying Kirchhoff's current law 1 Fig 2 63, the line current 1s given by

Ipne =l +ica
=574£~cos '09+182290°=562£-242° A
The generator phase voltage 1s given as
Veen = Vioat +Ipne (R+ ] X1)
11300

=2 456 2£-242°x15%(0 350+ 7 0 465
5 ( ] )

=6964195° kV
The generator line voltage 1s given as
Vi =V3V =V3x696=121kV
The power loss 1s given by

See =317 Z=3%x5622 x15%(0 350+ 5 0 465)
Stoss = Puoss + ] Qioss = (49 8+ 7 66)x 10*

Therefore the active power loss £, =49 8 kW and the reactive power loss
Qross =66 0 KVAT

With line voltage of 113 kV the power losses are quite low

w) The active and reactive power loss for each voltage level is shown in
Table 21

From Table 2 1 1t can be seen that the transmission hne losses can be reduced
substantially by increasing the transmission voltage

Example 212 If the generator of Example 2 11 15 a PV farm and we want to

operate the PV bus at umty power factor how much reactive power will we
need to place on the PV bus or load bus if the power 1s transferred at 3 3kV”?

TABLE 21 Active and Reactive Power Losses at Different Line Voltage Levels

Voltage (kV) Active Power Loss (MW) Reactive Power Loss (MVAI)
0460 516 341
33 057 078

13 0050 0066
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Solution
In Example 2.11, the load is 1 MW at 0.9 power factor lagging.

Therefore, the power factor angle is cos™ 0.9 =25.84°
The MVA rating of the load is given as

—£—=-——=1.11 MVA
p.f. 0.9

St ¢
Therefore, the reactive power consumption of the load is given as
Q0 =1.115in0.9=0.48 MVAr
From Table 2.1, the reactive power loss of transmission line is
0=0.78 MVAr
Therefore, the total reactive power consumed

Qconsumed = 0.78+0.48 =1.26 MV Ar

The line charging capacitances will supply some reactive power to the system.

The reactive power supplied by the line charging reactance is given by (see
Fig. 2.63):

(6.06x10°)* +(3.3x10%)°
0.0537x10¢

Vzen Vl? d
Qpraduced = § + —=2e X diStance = X 15

Xc Xc
=13.3kVAr

The net reactive power supplied by the generator is Qper = Oconsumed ~Qproduced
=1.26-0.013=1.25 MVAr
Therefore, a reactive power of 1.25 MVAr must be supplied by the PV bus.
{)n other words, a capacitive load of 1.25 MVAr must be connected to the PV
us.

. In' this chapter, we have learned how to extend the basic knowledge of
circuit theory to power system analysis. We have studied the meaning
of impedance loads, a power consumption model for loads, the rated values of
electrical devices, and the modeling of single- and three-phase transformers.
We have also explored the basic concept of the per unit system and have
learned how to develop a per unit model—a three-phase systems distribution
feeder that can be fed from a renewable energy source.

In the next chapter, we will study the concept of a smart grid system and
the design of smart microgrid renewable energy systems.
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PROBLEMS

21 Assume a =120+ 100, b =100+ 150 and ¢ = 50+ 80 Compute the

following complex numbers
1) (axb)lc

w) (alb)xc
w) (a-b)(c-a)

22 Assume V =120cos(377t+5°) If a voltmeter 15 used to measure this
voltage, what value should the voltmeter read? Express ths voltage in
polar form

2.3 The operation of AC machines (in particular, transformers and induc
tion machines) can be studied with the aid of the T cireuit shown 1
Fig 2 65 below
Assume the frequency ts 60 Hz The circuit elements are given in the
table below

R Ly R, Ln R, L, Ry Ly Vi Vi I' LI
11 001 000 8 1 001 Open 480 0 2 1 0
2 1 o0a 1000 1 oot 200 0 480 2 7 1 "
3 002 000265  Open [ a Open 17 20
4 002 005  Open [ [ 1 [ PO B
5 002 000265  Open [} 0 0707 1875x10° » 1 7 7 °
6 0 0 100 01 001 106%10% 1 [ 1 02
7 0 0 10 ot 001 106x10° 1414 375x10° 1 2 7 7
8 03 133x10° Open 345x107 015 056x10° 735 0 127 7 1 " 1
9 10 52x167 Open © o 200 04 0 00 0 2 71
10 015 254x10° Open 157 624x10° 985 0178 © 240 0 7 17
11 03 0003 1 425x10% 02 0003 1 e 40 0 2 7 1
12 03 0003 0 425x10? 02 0003 1 0 ®’ » 71 ?

Z Zy
R, JoLy Ry J0Ls

: T

— —_— +

I Ir l l I 1 Ry

Ry . .
v f Joln | Zo z vy
joly’
- [V -
T

Figure 265 Equivalent Crreuit for Problem 23
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Use the polar form for all complex numbers and solve set 1 through
set 12. Show your calculations separately.

Assume a balanced three-phase load. Each phase load is rated 120 Q
with a phase angle of 10° lagging and the load is connected as a 'Y bank.
A three-phase balance source rated 240 V is applied to this three-phase
load. Perform the following:

i) Give the three-phase circuit of this load.
ii) Compute the active and reactive power consumed by this load.

Assume a single-phase load has inductance of 10 millihenry (mH) and
resistance 3.77 Q and it is connected to a 60 Hz source at 120 V. Compute
the active and reactive power consumed or generated by the load.

Assume a single-phase load has a capacitance of 10 millifarad (mF)
and resistance of 2.0 Q and it is connected to a 60 Hz source at 120 V.
Compute active and reactive power consumed or generated by the
loads.

A single-phase load consumes 10 kW at 0.9 power factor, p.f. lagging at
220 V. What is the magnitude and phase angle of current drawn from
the source? If another single-phase load rated at 10 kW and 0.8 leading
power factor is connected in parallel to the same sources, what is the
magnitude of current drawn? What is the current drawn from the
source? Give your answer in polar form.

A single-phase transformer is rated 200 kVA, 120/220 V, 5% reactance.
Compute the reactance of the transformer from the high-voltage side.
Give the single-phase equivalent circuit.

Compute the per unit model of Problem 2.7 based on 400 kVA and a
base voltage of 440 V.

Three single-phase transformers are each rated 460 V/13.2 kV 400 kVA,
5% short-circuit reactance. The three single-phase transformers are
connected as a three-phase Y-Y transformer. Perform the following;

i) Compute the line-line voltage of three-phase Y=Y transformer from
high-voltage-side and low-voltage-side voltage and kVA ratings.

ii) Compute the per unit model of the three-phase transformer.

A bank of three-phase Y-connected resistive load of 30 Q is connected
to the low-voltage side of the transformer of Problem 2.10 using a feeder
with resistance of 1 + j10 Q. Perform the following:

i) Give the three-phase equivalent model.
i) Give a one-line diagram.
iii) Compute the per unit model based on the transformer rating.
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Three single transformers are each rated 460 V/ 13 2 kV 400 kVA, 5%

short arcut teactance The three single phase transformers are con-

nected as a three phase Y-A transformer Perform the following

1) Compute the Ime-hne voltage of three phase Y-A transformer from
ugh-voltage-side and low voltage-side voltage and kVA ratings

1) Compute the per umt model of the three-phase transformer

A bank of three phase Y-connected resistive load of 30 Q 1s connected
1o the low voltage side of the transformer of Problem 2 12 using a feedes
with resistance of 1 + 310 Q Perform the following

1) Give the three phase equivalent model

1) Guve the one phase of a Y-connected equivalent circuat
w) Give 2 one-hne diagram
) Compute the per umt model based on the transformer rating

Three single-phase transformers are each rated 460 V/13 2 kV 400 kVA
5% short circuit reactance The three single-phase transformers are con
nected as a three phase A-A transformer Perform the followng

¢} Compute the line hine voltage three-phase A-A transformer from

high voltage side and low voltage side voltage and kVA ratings.

1) Guve the three phase equivalent model
w) Give the one-phase of a Y connected equivalent circust
w) Compute the per umt model based on the transformer rating

A bank of three phase A connected resistive load of 30 £ 1s connected
to the low-voltage side of the transformer of Problem 2 14 using a feeder
with resistance of 1 + ;10 Q Perform the following

1) Give the three phase equivalent model
1) Guve the one phase of a Y-connected equivalent ciremt
mw) Guive a one line diagram
) Compute the per unit model based on the transtormer raung

A balanced three-phase three wire feeder has three balanced loads as
shown 1n Fig 2 66

Each lamp 1s rated at 100 W and 120 V The hne-to line voltage on the
feeder 1s 240 V and remains constant under the loads. Find the source
current 1n the feeder limes and the power delivered by the source

i) Compute the “a,” line current 1n phase a

1) Compute active and reactive power supplied by the sources.

Consider a three phase distribution feeder as shown 1n Fig 2 67

For the three-phase system, all voltages are given line-to line and the
complex power 15 given as three phase power
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Source a
b
n
c
Load
A
Lamp[# GJR R[|[R  |j209Aj209
——
R=100Q j20Q -j20Q

Figure 2.66 The Three-Phase Diagram of Problem 2.16.

Vs j100Q
Source Bus Load #3 kVA = 133.34
VR p.f = 0.0 Leading

Load #1 kVA =100 Load #2100 KW Load #4 kVA = 100
p.f=0.6 Leading p.f = 0.6 Lagging p.f = 0.0 Lagging

Figure 2.67 The One-Line Diagram of Problem 2.17.

Compute the following:

i) The source voltage Vs, if Vy is to be maintained at 4.4 kV
(Vr =44 kV V line value)

ity 'The source current and the power factor at the source
iif) The total complex power supplied by the source

iv) How much reactive power should be connected to the source bus
to obtain a unity power factor at the source bus?

218 Assume a three-phase transformer is Y-grounded on the low-voltage
side and A-connected winding on the high-voltage side as shown in Fig.
2.68. Each winding of tap-changing winding has 2000 turns on the low-
voltage side, and a variable number of turns on the high-voltage winding
side. Assume the high-voltage winding side has a maximum number of
turns equal to 7300 turns and a minimum number of turns equal to 5300.
Compute the minimum and maximum line-to-line voltage that can be
maintained on the high-voltage side. Assume the winding voltage across
the low-voltage side is set equal to 36.4 kV.

219 Write a term paper on the capital cost of a one megawatt solar system
and its payback over 25 years. Assume the cost of a coal-fired power
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Figure 2 68 Figure for Problem 218

plant 15 $ 10 per kWh and PV to generate electricity the cost 1s about
$0 25-0 40 per kWh

220 A three phase generator rated 480 V and 400 kVA connected to a three
phase transformer rated 3 2 kV/480 V, 200 kVA with reactance of 10%
15 used to serve a load over a line of 1+320Q At the load site, the
voltage 15 stepped down to 220 V from 3 2 kV using a three phase trans
former rated 150 kVA wath reactance of 7% The voltage at the load 1s
to be mamntained at 220 V Perform the following

1) Give a one-line diagram

1) Compute a per unit equivalent circurt based at 200 kVA and 480 V
w) Compute the required generator voltage Is this design viable?
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CHAPTER 3

MODELING CONVERTERS
IN MICROGRID POWER SYSTEMS

3.1 INTRODUCTION

A DC/AC mverter converts direct current (DC) power generated by a DC
power source to sinusordal alternating currents (AC) The photovoltarc cells
(PV) are sources of DC power The high speed microturbine generators are
sources of high-frequency AC power Because these generators are designed
for tugh speed operation, they are hghtweight and low volume They use
natural gas and together with their fuel cells are considered a green energy
source because they have a mimmal carbon footprint Vanable wind-speed
generators have the same operatmg prninciple as microturbine generators,
except they run at vanable speed and generate vaniable AC power To utilize
the vanable frequency AC power sources, the generated power 1s rectified to
DC power using an AC/DC rectifier, DC/AC nverters are used to convert the
generator DC power output to AC power at the system operating frequency
Thus type of wind power 1s depicted m Fig 31

In the previous chapter, we studied single phase loads, three-phase loads,
transformers, and modeling of the distributed generation system using the
generalized per umt concept In this chapter, we will study DC/AC mverters,
DC/DC converters, rectifiers and their functions in the mucrognd of dstrl-
buted generation We will also study the modeling of green and renewable
energy sources for the design of micrognds as part of an mterconnected bulk
power gnd

Design of Smart Power Grid Renewable Energy Systems, First Ediion Al Keyhani
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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Figure 3.1 A Variable-Speed Permanent Magnet Wind Generator System.!
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Figure 3.2 A Radial Photovoltaic Microgrid Distributed Generation System.!

3.2 SINGLE-PHASE DC/AC INVERTERS WITH TWO SWITCHES

Figure 3.3 depicts a single-phase converter with two switches. In the integra-
tion of renewable energy into a power grid, the function of inverters is to
convert power from DC to AC at the system frequency of operation. The two-
switch single-phase inverter is used for low-power applications and is also
referred to as a single-phase half-bridge inverter. The pulse width modulation
(PWM) technique is used to achieve an AC voltage with a fundamental fre-
quency of 60 or 50 Hz of the power grid. The two power switches of the single-
phase inverter are sequentially turned on and off with antiparalle]l diodes
connected between the DC-link. By turning on the power switches, we can
obtain a time-varying voltage at the node a of Fig. 3.3. If the switch SW; is on,
the potential at point a is the same as that of the positive DC bus. On the other
hand, if the switch SW;™ is on, the potential of node a is that of the negative
DC bus. To explain the operation of the inverter, let us measure the potential
of node a with respect to the point n on the negative DC bus. The potential
of .the positive DC bus with respect to the point n is +Vj,. Therefore, if the
switch SW' is on, the voltage V,, is +Vi, and when SWy is on, V,, is zero. To
generate a time-varying voltage at point a, a sine wave with the desired fre-
quency is compared with a triangular wave to determine the switching policy.
The objective is to sample the DC voltage such that the sample pulse voltage
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PV

Digital Controlter

Figure 3.3 A Smgle Phase DC/AC Inverter with Two Swatches

will have the same fundamental frequency of the sine wave The turn on and
off sequence of the two switches 1s decided by the relanve value of the sine
wave witfl respect 1o the trniangular wave

Figure 3 4 shows the waveforms of sme-PWM two waves are being com
pared One 15 a sie wave, V., that is designated as controlled voltage The
second wave 1s a triangular wave, Vy, with amplitude and frequency hugher

than the sime wave The sampling time of time 1s defined as 7; —_-—l« where f, 15

s
the frequency of the tnangular wave To sample the DC bus voltage such that
a pulse-width generated voltage will have the same frequency as the control
reference sine wave, the switching policy 1s based on comparing Vy with Ve
Therefore, by turning on the switch SW;* when V, 15 greater than Vr with V..
equal to V., and by turning on the switch SWi when V, 1s smaller than Vr
with V,, equal to zero, the voltage V,, 1s 110t a pure stusord, but 1t has a DC
component, a fundamental AC voltage at the same frequency as the control
reference voltage and the harmonic voltages,
Therefore, the switching policy for two power switches 1s

1) IEV.>Ve SWeis on, SW s off, and V,, = V. and
uy UV.<Vr SWis on, SWiis off and V, =0

As the magmtude of the sine wave 15 varied relative to the tnangular wave,
the fundamental component of V. vanes n direct proportion with the relative
amplitude of the trtangular wave and sine wave Figure 3 5 shows the wave-
form when the amphitude of the reference sine wave 15 reduced The funda
mental component of V,, has the same frequency as that of a triangular wave

The magmtude of the fundamental of AC output voltage 15 directly
praportional to the ratio of the peaks of V. and Vy This satio ts defined as the
amphtude modulation index, M,
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Figure 3.4 A Pulse Width Modulation (PWM) Voltage Waveform of a Single-Phase
DC/AC Inverter with Two Switches.

VC (max)
M, =——= 3.1
VT(max) ( )

The peak of fundamental component of the output voltage is

I/uic

Vvan,lr' ) M, (32)

The instantaneous value of the output voltage will be

Vin = V'Z‘“ + —‘{'Z"—CMG -sin,t + harmonics (3.3)
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Figure 3.5 A Pulse Width Modulation (PWM) Voltage Waveform of a Stngle Phase
DC/AC Inverter with Two Swilches When the Sine Wave Has Reduced Amplitude

where the @, =27 £, 15 the frequency of the sine wave in radan per second
and f, 1s the frequency of the sine wave 1n Hz

The output voltage has a DC component of value V,,, /2 and a fundamental
with an amplitude of M, Vi, /2 and harmomes. M, varies from 0 to 1, The
presence of DC components would cause any inductive load to get magnett-
cally saturated Hence, an inductive load cannot be connected between nodes
aand n However, we can eltmnate the DC voltage 1n the output by connect-
ng loads across the terminal V,,

Figure 3 6 shows the topology of the nverter having two capaciiors with
available center tap. The load is connected between node a and the center tap
pomt 0. The tno capacitors C and C are of equa) capacitance. Therefore, each
has a voltage of Vi /2 across it. The potential of the pomnt o 1s +Vi. /2 with
respect to point n.
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Figure 3.6 A Single-Phase Inverter with Two Switches and Load Connected to the
Center Tap Position.

Two capacitors used in this topology with the center tap point o make both
the positive and negative voltages available. When SW;* is on, SW;™ is off, the
voltage V., is equal to V... Because V,, is +V,/2: therefore, V,, (= Vi, — V,,)
is +V4/2. Similarly, when SWy is on and SWy* is off, then V,, is zero and V,, is
equal to —V,,/2. If the capacitors are sufficiently large, they maintain a constant
voltage of V4/2 across them irrespective of the load.

With the center tap point available, the voltage across the load is between
positive and negative values of V,4/2. The DC component of the output voltage
is zero and output voltage V,, can be considered alternating in nature. The
logic involved in switching is the same in the previous case. The resulting
output voltage is shown in Fig. 3.7.

Figure 3.7(a) depicts the control voltage (V) and the triangular wave, (V)
that samples the control voltage V.. The sampling of V, at the sampling fre-
quency of Vr produces the waveform of Fig. 3.7(b) where V,, is output PWM
Wwave voltage and the fundamental of the PWM voltage is shown on Fig. 3.7(b).

The switching policy for two power switches is

) IfV.>V; SWis on; SWr is off, and V,, = Vie/2
i) IV.<Vp SWyis on; SWi is off, and V,, = ~V,./2

Again, the fundamental component of the output voltage can be varied by
controlling the amplitude of the sine wave. Figure 3.8 gives the voltage wave-
forn?s for a reduced peak value of a sine wave.

Figure 3.8(a) depicts the control voltage (V) and the triangular wave, (Vp)
that samples the control voltage V.. However, the amplitude of control voltage
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T
i

15 half of the control voltage of Fig 37 The sampling of V, at the sampling
frequency of Vy produces the waveform of Fig 3 8(b) where V,, 15 output
PWM wave voltage and the fundamental of the PWM voliage 15 shown @
Fig 3 8(b) The output PWM voltage 1s also half of Fig 3 7(b)

The output voltage in this case has no DC component The output voltage
15 PWM voltage with the fundamental frequency of the reference control
voltage and harmomes The output voltage 1s given by

\7
Vo= —;"— M, smo,t+harmonics (34)

where the @, =2 f, 1s the frequency of the sine wave in radians per second
and £, 1s the frequency of the sine wave in Hz When 0< M, €1, the amphtude
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of the fundamental varies linearly with the amplitude modulation index. When
M, is greater that one, it enters the nonlinear region and as it is increased
further, the fundamental output voltage saturates at 4 Yie and does not
increase with M, T 2

The fundamental frequency of the output voltage is the same as the
frequency of the sine voltage. Thus, by adjusting the peak of the sine wave,
the amplitude of the output voltage can be varied. Similarly, by changing the
frequency of the sine wave, the output frequency is varied,

From the point of view of the voltage quality, the output of the inverter
should be as close to the sine wave as possible. The harmonic contents in the
voltage should be minimized. To achieve low harmonic distortion the fre-
quency of the triangular wave is increased as much as possible relative to
the frequency of the sine wave. To measure the effect of higher switching
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TABLE 31 The Harmontc Content of the Qutput Voltage for a Different M,
with M, Fixed at 0 6.

Qrder of M;=3 M=5 M=7 M;=9
Harmonic (%) (%) {%) (%)
1 100 100 100 100

3 163 22 042 005
5 61 168 22 038
7 3 25 168 3

9 37 62 22 168

frequency, the frequency modulation mndex 1s increased The frequency of
modulation index, My 1s defined as

;=L 69

where f; 1s the frequency of the triangular wave and f, 1s the frequency of
the sine wave

The amount of harmonics in the output voltage 15 determined by the fre
quency modulation mdex The amount of harmonics relative to the fundamen
tal for amplitude modulation index of 06 and for different frequency
modulation indices 1s tabulated mn Table 3 1

The first column of the Table 3 1 hists the order of the harmonics The power
frequency in the United States 1s 60 Hz Therefore, the fundamental will have
a frequency of 60 Hz The third harmonic will have three umes the frequency
of the fundamental, which 1s 180 Hz Stmularly, the fifth, seventh, and ninth
harmonics will have a frequency of 300 Hz, 420 Hz, and 540 Hz, respectively
The last four columns of Table 3 1, give the harmonic content as a percentage
of the fundamental The order of the harmonic present in the output voltage
15 a direct consequence of M; The third harmomc content when Mj1s 315 163%
of the fundamental Again, the fifth, seventh, and minth harmonics are also
more than 100% when M, 1s 5,7, and 9, respectively When M;1s 9, the third
and the fifth harmonics are practically absent (0 05% and 0 38%), while the
seventh and minth harmonics are considerable As M;1s mcreased, the order
of the harmonics, which are a high percentage of the fundamental, also
wncreases The load on an mverter 1s usually inductive, which acts like a low
pass filter Therefore, the higher order harmonucs are easily filtered out But
the low-order harmonics are not So if the M;1s high, the low order harmom¢
content of the voltage will be very small and the ligh arder harmonics will be
filtered out giving near sinusoidal currents. M, should be made as hugh as
possible 1o reduce the harmomc content of the load current Another
consideration 1s the igh switching frequency that increases the switching loss.



SINGLE-PHASE DC/AC INVERTERS WITH TWO SWITCHES 101

A
v

SeEAA
iy

—<

L
Ii=— (@
S
Fundamental PWM Modulated
N Value of Vgo Output Voltage
Vol im0 nonn /_—A—
/]
L V.
L1 I~ Lide
A iy
< N
/] N Z >
0 \\ // t
N % Ve
L 1L >
L U U L L U Lt g Je et owd Y
H -
Ve<Vr Ve Vr
(SW; On and ——j L——————(SW; On and
i3] SWy Ofi)

(b)

Figure 3.9 The Waveforms of a Single-Phase Inverter with Two Switches with
an M; of 13.

Thus, a tradeoff has to be reached between the switching loss, audible noise,
and the harmonic distortion.

Figure 3.9 shows the waveform of the single-phase inverter with two
§witches when the M is increased to 13. The frequency of the triangular wave
1s 780 Hz, which is 13 times the power frequency. It can be seen from the figure
that the switches are turned off and on as shown in Fig.3.9 in a particular cycle.
_The higher switching frequency affects the efficiency of the inverter by
Increasing the switching losses.

.Figure 3.10 shows the details of the output voltage and the flow of currents
w1t1% different switches on when the load is inductive in nature (current lags
behind the voltage). The flow of current through the switches depends on the
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Figure 3.10 (a-d) The Equivalent Circuit of the Single-Phase Inverter with Two
Switches for Various Operating Conditions.

direction of current and which switch is on or off. When V., is greater than V',
SWi is turned on by a gate pulse sent to its base. However, the switch SW)
cannot carry current in a negative direction. At this time, the diode Df is
forward biased and conducts the current [see Fig. 3.10(a)]. Now, the potential
at point a is that of the positive DC bus. This will reverse bias the diode Dy.
This condition persists in region 1 as shown in Fig. 3.10(a). After a while, if V¢
is still greater than Vo, the current becomes positive, and SWy' is still on, the
SWi* conducts current as shown in Fig. 3.10(b). At this stage, the small ohmic
voltage drop across SW;* will keep Dy reverse biased and off, while Dy is reverse
biased by the positive DC bus voltage at point a. This condition exists in region
2 as shown in Fig. 3.10(b). The switch SW;" carries current in a positive direc-
tion, while the diode Df carries current in negative direction. Therefore, the
switch as a whole carries current in both directions. However, which compo-
nent of the switch is carrying current depends of the biased pulse control
signals direction of current. Now, when V, becomes smaller than V, SW; is
turned on. At this stage, if the current is still positive the current flows through
Dr. The potential at point a is that of the negative DC bus voltage. The diode
Df is reverse biased by this voltage. This condition is shown in Fig, 3.10(c) in
region 3. The last region is the region where the output current is negative,
while V¢ is smaller than V7. Now, both voltage and current are negative. This
condition is shown in Figure 3.10(d) in region 4. In this region, the current
C_onducts through SW; and the potential at the point a is the same as the nega-
tive DC bus. The flow of current through SW; causes a small voltage ohmic
drop .in which it keeps Dy reverse biased. Df is kept reverse biased by the
hegative DC bus potential at node a. The path of current for different direc-
tions of current is shown in Fig. 3.10(a~d).
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Example 31 A half bndge single-phase 1nverter with load connected to
the center tap pomt of the capacitors, 15 to provide 60 Hz at ns AC
output termnal and 1t 1s supphed from a PV source with 380 VDC. Assume
the switching frequency of 420 Hz (A 1s 7) and amphtude modulation,
M, of 09 Wnte a MATLAB M file code to present the waveforms of
the inverter Include the sine wave, tnangular wave and the output wave
Vior

Solution
Steps followed to wnite the program are

-

Input DC value (V) and the peak values of V(f) and Vi (Vi and
Viema: TESpECtIVely) are assigned

The frequencies of Vi{(z) and Vc are assigned (fr and fc, respectively)
T,, the penod of Vi, 1s calculated as the mverse of fr

“For loop” 1s now used to plot Vr V¢, and V, by varying & from 0 to
2/60 {two power cycles) in steps of T, /500

Vr1s defined by equations of line

Here, after plotting the wave for one period, it 1s shifted through inte-
gral periods to plot 1t for the entire time range

Vr 1s plotted 1 black color plot (k, Vy, “k”), where “k” mdicates
black

Ve 1s plotted 1n red color plot (k, Vi “r”"), where “r” indicates red (Vr
and V are plotted on the same axis)

Value of V; 1s decided by considerng whether Vo> Vyor Ve s Vr
Ve>Vr

then Vo, = Vui2

else V,, = =Vyd2

V..1s plotted with offset ~500 and w._bhie calar dicated by “B”

plot (&, 500 + V,,_new, “5”)

11 The pomts where V7 and V. mtersect are the pomts of discontinuity
for Vo Here the solid hines and dotted lines are plotted using loops,

keeping the x axis constant and varying the y-axis and using appropriate
colors and linuts.

ENERENY
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~
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©

—
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The MATLAB coding results are as depteted in Fig 311

With single-phase inverters with two switches, two capacitors are needed
tomake the center-tap pomt avarlable This makes the inverter bulky Moreover,
the switches are subjected to a voltage equal to the DC link voltage, but the
output of the load can be a maximum of half that value Therefore, the switches
are underutilze®\We can use four switches and nerease the voltage across
the load This topology will be presented next -
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Figure 3.11 The Pulse Width Modulation (PWM) Waveforms of a Single-Phase with
Voltage Switching for a Half-Bridge Inverter from MATLAB Coding,

3.3 SINGLE-PHASE DC/AC INVERTERS WITH A FOUR-SWITCH
BIPOLAR SWITCHING METHOD

This DC/AC converter topology has two legs. Each leg has two controllable
switches and each switch can be turned on by sending a pulse to its base. The
operation of each leg is as described before for the half-bridge single-phase
converters. For the converter of Fig. 3.12, the SW;" and SW; and SW; and SWy
are switched as pairs. This topology allows the load voltage to vary between
+V. and -V, which is double the variation available in inverters with two
switches. This results in higher voltage and allows more power handling capa-
bility of these inverters. When SW;* and SW; are on, the effective voltage
across the load terminals is the difference in the voltages at nodes a and b and
in this case the voltage is +V,. Again, when SW;" and SW;™ are on, load voltage
is —V,... When sine PWM as shown in Fig. 3.13 is applied, the peak of the fun-
damental output voltage is given by

Voi=ViueM, (3.6)

Similar logic is followed for an inverter with two switches. If V.>Vr then
the switches SW;* and SW; are on and other switches are off, results V,, at V,,
and V, at zero resulting in an output voltage Vy, (= V,,, — V},) of +V,;.. When
Ve< V7 and the switches SW; and SW;* are on, we have Van at zero voltage

and Vi, at Vi voltage giving an output voltage V,, (= V,, — Vi) of V..
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Figure 3.12 A Single Phase DC/AC Converter with Four Switches.

Therefore, the output voltage varies between the +V ;4. and -V, as shown n
Fig 313 This modulation technique s known as bipolar sine PWM as the
output voltage jumps between positive and negative values.

Therefore, for bipolar output voltage waveform we have the following
switching policy

IEV, > Vr SW* and SW; are on, other switches are off and V, = Vi
£V, <« Vr §W; and SWy are on, other switches are off and V,, =~V

The seq of tung operations are shown in Big 3 14 with the detads
of the direction of flow of current and the output voltage when different com
binations of switches are on

The output voltage in this case 15 given by

Vo =VgM, simw,t+harmonics (€X)]

where the @, =2 f, 1s the frequency of the sme wave in radian per second
and £, 1s the frequency of the sine wave m Hz

The peak of the fundamental component 1s V,, M, with 0 M, 1 When
0= M, <1,the amplitude of the fundamental varies hnearly with the amphtude
modulation index When M, 1s greater that one, 1t enters the noplinear region
and as 1t 1s increased further, the fundamental output voltage saturates at
= Vi and does not mcrease with M,

The switching scheme given above results in an output voltage that jumps
back and forth between positie and negative DC hnk voltage because the
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Figure 3.13 Waveforms Showing Sine Pulse Width Modulation (PWM) for Single-
Phase Inverter Bipolar Switching.

transition always takes place from positive value to negative value directly,
this scheme is called bipolar sine PWM.

‘The harmonic content of the output voltage in this scheme is the same as
that of an inverter with two switches (see Table 3.1). The only difference is
that the DC offset voltage in this case is zero.

Like the inverter with two switches, the amplitude of the fundamental
component is decided by the sine wave by varying the amplitude modulation
index (M, = Vo) | Vraraey)- The harmonic content can be reduced by increas-
ing the frequency modulation index (M; = fs/£.).""*
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3.3.1 Pulse Width Modulation with Unipolar Voltage Switching
for a Single-Phase Full-Bridge Inverter

In the bipolar PWM scheme, the output PWM voltage jumps between +Vig
and -Vis.. Therefore, the load is subjected to high-voltage fluctuations. The
insulations on the load get subject to high stress for this reason. The unipolar
PWM method allows the output voltage to jump between +V; and 0 or ~Vi,
and 0, The switching logic is the same as that for single-phase inverters with
two switches, but here there are two legs switched independently with two sine
waves. The upper switch of a leg is on when the V, for that leg is having a
greater magnitude than V7. The same logic is followed for the other leg with
its own sine wave, which is 180° apart from the sine wave of the first leg. This
results in voltage waveforms shown in Fig. 3.15.
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Fi_g“l'e 315 Waveforms for the Unipolar Switching Scheme of a Single-Phase Inverter
with Four Switches and a Frequency Modulation Index of 5.
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The umpolar switching policy can be stated as

If V. > Vrand -V, < Vr SW and SW; are on, other switches are off and
Ve = Ve

If V.< Vyand -V, < V¢ SW; and SW, are on, other switches are off and
V=0

1f V.< Vrand =V, > Vr SWy and SWy are on, other switches are off and
Vo = Vi

If V. > Vrand -V, > V; SW; and SW; are on, other switches are off and
V=0

The output voltage 1s given by
Vo = ViaeM, s1n@,t + harmonics 38

where the @, =27 £, 1s the frequency of the sine wave 1n radians per second
and £, 1s the frequency of the sine wave 1n Hz Therefore, the peak of the fun
damental component has a peak of V..M, with 0< M, <1 When 0<M, <1,
the amplitude of the fundamental varies linearly with the amphtude modula-
tion mndex When M, 15 greater that one, 1t enters the nonlinear region and as
1t 15 increased further, the fundamental output voltage saturates at (4/7) Viee
and does not increase with M,

Simular to the other PWM schemes, here too the frequency and the magnt-
tude of the output voltage 1s controlled by the reference sine wave and the
harmomc content of the output voltage 15 determmned by the frequency
modulation index

Example 32 Consider a PV source of 60 V A single phase mverter with four
switches 1s used to convert DC to 50 Hz AC using a umipolar scheme Assume
M, 01 U5 and M, 017 Deveiop a MATLAT program 1o generate the wave-
forms of the inverter showg the control voltage and the output voltage

Solution
The following plots were obtamed

Similar to Table 3 1, Table 3 2 tabulates the harmonic content of the output
voltage Here, 1t tabulates the output voltage of the unipolar switching scheme
It can be seen from the table that for a frequency modulation index higher
than 5, the lower order harmonics are practically absent The higher order
harmonics in the voltage are not usually a matter of concern because they are
filtered out by the low pass charactenstics of the mductive loads. The umpolar
switching, therefore, has the advantage of reduced harmomcs and reduced
voltage fluctuations in the load The number of tumes a particular switch turns
on and off 1s the same as bipolar switching *
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Figure 3.16 A MATLAB Plot of a Unipolar Switching Scheme for a Single-Phase
Inverter with Four Switches

TABLE 3.2 The Harmonic Content of the Output Voltage for a Different M with
M, Fixed at 0.6 for a Unipolar Switching Scheme,

Order of M;=3 M,=5 M;=17 M;=9
Harmonic (%) (%) (%) (%)
1 100 100 100 100

3 12 001 0.01 0.01
5 61 0.55 0.01 003
7 67 12 003 0.02
9 33 62 0.58 001

3.4 THREE-PHASE DC/AC INVERTERS

A three-phase inverter has three legs, one for each phase, as shown in Fig.3.17.
Each mverter leg operates as a single-phase inverter.*? The output voltage of
each leg V,,, V},, V., where n refers to negative DC bus voltage 1s computed
from the input voltage, V., and the switch positions. The inverter has three
termunals, two 1nputs, and one output. The mverter input is DC power that can
be supplied from a storage battery system, a PV power source, a fuel cell, or
a green energy DC power source such as high-speed generators or variable
speed wind generators. The sine wave signal is supplied to a digital signal
processor (DSP) controller to control the output AC voltage, power, and fre-
quency. The DSP controller sends a sequence of switching signals to control
the six power switches to produce the desired output AC power."
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35 PULSE WIDTH MODULATION METHODS

351 The Triangular Method

The triangular wave can be modeled by equations of lines.
A Ime can be expressed as

Y=mx+b 39

where b 15 the Y intercept and nt1s the slope In Fig 3 18, the Y-intercept s ¢
The slope can be calculated as shown below

i _ Vi =0 (310)
x~x 025L,-0

Thus, for 0<x S{i, we have

yo Yo X G11)
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Here x represents time and Y is amplitude. This process can be repeated for

each line segment.

o=y 0=V for Zi<x_£

x,—% 05T, -025T,’ 4 2

m=

The slope m, can be expressed as

m=“_VT&£&r_
0.25-T,
b=Y —m-x, and therefore, b = Vypo, -(“VT&) -0.25T.
0.25-Ts
—Vrrtar [ ( Visax ) ]
= — M | Vipgar —| ——2_ 1.0.25T,
025-T, | ™ 0.25-Ts s

T s
For, 5 <X < 3: , the slope m, can be expressed as

m= —VTMax -0 = _VTMnx
0.75-T,-0.5-T, 0.25-T,

_VTMax ] VTM
b=0-| =M |\ 5T, = LIMar
[O.ZS-T, 025.T, L

_VTMax VTMux
Y = ——24, . iMax
025-T, x+[o.25-7; 057,

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
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for, —4——< x <7, the slope m, can be expressed as

m= 0-(-Vrva) =
T,-0751T, 0257,

(319)

TMax
= Vo ~ y 757,
And b e 257, (757, (320)

And the Ime equanon for this time segment can be expressed as

TMax ( TMax )]
=___l Vi — V 075
Y 0257',“[ o~ 5T, 0 T G2

The equations above would result m one full period of a triangle wave at the
desired frequency, f, These equations can now be coded mto MATLAB to
output the waveform The MATLAB codes, each period are

t,=0 Stepsize 7,/4 (322)
1y =T, /4+Step size Step size T,/2 323)
t; =T, /2+8Step size Stepsize 37T,/4 (324)
t; =3 T,/4+Step size Step size 7T, (325)

The step size 15 user defined However, 1t should be reasonably smail To
show the operation of a single phase mverter it a MATLAB simulation we
will put the above 1nto a matrix of one row by multiple columns as shown
below

Time=[t, 1, t; 1,]
Lina aquations. 2am than R A/ i VAT AR, i mitets S/ B v

below One period of the triangular wave can be broken into four regions as
mentioned m Equations 3 22-3 25

Vive 1y
Tsl4

Ve 8 [ ( Vi, T_;)
Luwte 2 === Vi =)~ 25
! Ts/4 ™ Ts14 4 ]

Line 1

Vivas 5, Veva Ts
L e
med ~=rle T4 2

Max t‘ Max 31
__"+ Vg ~| —rtax, 218 }
Line 4 T./ Téax 7o/ )



PULSE WIDTH MODULATION METHODS 115
We can write a MATLAB code as
FullLine = [Linel Line2 Line3 Line4]
Then, the triangular wave can be plotted using the MATLAB code as
plot (Time, Full Line)

The above MATLAB codes can only create one period, which cannot show
the operation of the inverter. This can be remedied by restarting the wave back
at t = 0. After a full period has been completed, this is just a reference wave
and remains constant.”

Example 3.3 Assume a single-phase full-bridge inverter is to provide 120V,
60 Hz,2 kW at its AC output terminal, and is supplied from a PV source under
600 VDC. In practice, the sampling frequency is generally in the range of 5 kHz
or above 20 kHz out of the sensitive audio frequency range. However, here it
has been selected to be much lower than that so that the waveforms can be
seen clearly. Assume the switching frequency of 420 Hz and amplitude modu-
lation, M, of 0.9. Define the simulation steps and develop a MATLAB program
using the triangular method.
The steps are

1. Input the DC value (V,.) and assign the peak values of V{(r) and V
(Vistar @04 Vg, respectively).

2. The sampling frequency of V(¢) is designated as f; and the sampling
frequency of V¢ is designated as are assigned sampling f.

3. T,, the period of V7, is calculated as the inverse of f5.

4. “For Joop” is now used to plot Vz, V¢, and V, by varying & from 0 to
2/60 (two power cycles) in steps of T,/500

5. Vris defined by equations of line for triangular method:

remainder of (k/T;)
Ve =Viptae
T Ts /4
for 0 <remainder of (—]&) < Is
T 4
v remainder of (k/Ts)~0.5-Tg
= YTMax *
Ts/4

for 25 < remainder of (—k—) 3T
4 T 4

remainder of (k/Ts)— T
T /4

=~Vrptar -
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6 Here, after plotting the wave for one period, 1t 1s shifted through inte
gral periods to plot it for the entire time range

7 Vr s plotted 1n black color plot (&, Vy “k”), where “k” indicates
black

8 Vs plotted i red color plot (k, Vr“r™), where “s" mdicates red (V;
and V¢ are plotted on the same axs)

9 The value of V, 1s decided by considering whether Ve > Vyor Vo< Vy

IfVe> Vi
then V, =V,
else V=~V

10 V,1s plotted with offset ~500, and m blue color indhcated by “b’

plot (k, =500 + V,,_new,“4”),

The points where Vzand Ve intersect are the points of discontmuty for
Vo Here the solid Itnes and dotted lines are plotted using loops to keep
the x-axis constant and by varying the y-axis and using appropriate
colors and hmts

1

-

MATLAB Program

VCMax=120*sqrt (2}, gmaximum value of VC
VTMax=VCMax/0 9, fmaximum value of VT
Vde=VIMax, %input dc value

fC=60, %frequency of VC

£T=420, $frequency of VT

Ts=1/£T %time period of VT
Vo_new=0,

for k=0 Ts/50Q 2/60 % to plot from O to O 04 sec

in steps of Ts/500
plot (k,0,%)

plot (k,-500,'"), % the 2 time-axes are plotted
at different offsets
1 (remlk,Ts)<Ts/4) % VT 1s defined using

equations of line
VT=-VTMax*rem(k, Ts)/C 25/Ts,
elseif (remik,Ts)>=Ts/& && remlk,Ts)<3*Ts/4d)
VT=VTMax* (rem(k,Ts}-0 5*Ts} /0 25/Ts,

else
VT=-VTMax* (rem(k, Ts}-Ts})/0.25/Ts,
end %VT 15 defined using

identity mapping
VC=VCMax*sin{2*p1*£C*k), % VC 1s defined

plot (k,VvT,’k), %VT 1s plotted in black (k)
hold on
plot (k,vC,r’}, %YC 1s plotted in red {'z’)

on the same axis as VT
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hold on
$ploting Von
if (VC>VT) %Vo is decided depending on VC>VT and
value assigned in Vo_new
Vo_old=Vo_new;
Vo_new=Vdc;
else
Vo_old=Vo_new;
Vo_new=-Vdc;

end
plot (k,-500+Vo_new,’db’); $Van is plotted in
blue (‘b’) with offset
of -500
hold on
if (Vo_new ~= Vo_old) %The points of
discontinuity in Van
are found out
for j = -500-Vdc:30:VTMax %$dotted lines plotted
plot (k,3);
hold on
end
for j = -500-Vdc:.2:-500+Vdc $%continuous lines
plotted between the
upper & lower lines
$of V=V, - Vyp
plot (k,3);
hold on
end
end
end

Figure 3.19 depicts the results of the simulation of Method 1.

3.5.2 The Identity Method

This method uses identity mapping by assigning a number x to the same
number x. If y (x) is equal to x, then if

x=1theny=1,
x=2then y=2, etc. (3.26)

The function that accomplishes this for a triangle wave can be expressed as

F(x)=sin"(sinx) (3.27)
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700 L I I S Lt U u !
0 0005 001 0015 002 0025 003 0035
time (sec)

Figure 319 Plot of Vx(s) and Ve(r) and V, for Example 3 3 Using the Equation of
Line of Tnangular Method

Substituting 1 any numbers for x 1t will result F(x) =x Thus as the sme
wave propagates the arcsine will cause F(x) to look like a triangular wave not
a stne wave Because MATLAB works 1n radians this equation needs to be
multiplied by 2/r Then when the sme wave hits its max of /2 and —1/2 1t will
become

F(x)=A % sin !(six) (328)

Example 34 Repeat Example 33 by plotting the trangular wave using

identity mapping

Salution

The same procedure 15 followed as i the trangular method The only

difference 1s that the Vr1s defined differently Vr = Vi, 2 asm(sn(2r f, 1)
T

The result obtatned 1s the same as that obtamed in the triangular method

36 ANALYSIS OF DC/AC THREE-PHASE INVERTERS

The three phase inverters have six switches and six diodes as shown i
Fig 320 A switch 1s formed by the pawr SW,and D (=g b ¢) which can
conduct current 1n both directions, The three phase inverter conststs of three
Jimbs that he between the DC Iinks, with each limb having two switches. By
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Load

-

Digital Controller

Figure 3.20 Three-Phase Inverter Topology.

turning on the upper switch, the output node (a, b, or ¢) acquires a voltage of
the upper DC line. Conversely, when the lower switch of a limb is on, the
output node of that limb attains a voltage of the lower DC line. By alternately
turning on the upper and lower switch, the node voltage oscillates between
the upper and lower DC line voltages.

VL—L,rms = Ma ’ g : ‘/ldc

S (3.29)

The above can be approximated as
VL—L,rms =0.612 ‘/m’c . Ma

where V;_; ., denotes the root mean square (RMS) value of the fundamental
of output line voltage.

Therefore, as was stated for single-phase inverters, the switching frequency
is decided by the triangular wave, V7 and the output voltage is decided by the
reference control voltage V¢, modulating wave. The modulated output voltage
of each leg has the same waveform of a single-phase converter. The frequency
modulation index determines the harmonic content in the output voltage
waveform. The standard frequency is 60 Hz for the United States and 50 Hz
in most other countries. It is generally desirable that the frequency of the
triangular wave be very high to make a high-frequency modulation index that
will result in low harmonics in output voltage and the load currents, However,
with an increase of the triangular frequency, the switching frequency increases
and the high switching frequency results in high switching losses.

Several other factors affect the selection of switching frequency; it is also
desirable to use high switching frequency due to the relative ease of filtering
hafmonic voltages. In addition, if the switching frequency is too high, the
switches may fail to turn on and off properly; this may result in a short-circuit
of the DC link buses and damage the switches. In a residential and commercial
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system, the swatching frequency selected has to be out of the audible frequency
range to reduce the high pitch audible noise Therefore, for most applications
the switching frequency 1s selected to be below 6 kHz or above 20 kHz For
most applications 1n a restdential system, the switching frequency 1s selected
below 6 kHz

To develop a simulation model for the above converter operation, we need
to express the above waveforms by mathematical expressions.

Let us assume that V¢ (Phase a) can be expressed as

Vew =M, sm(o.1) (3:30)
where o, ——2—1 T, -1 and f; 1s the frequency of desired controlled voltage
and T f

M, = Vc(mx)
VT(mu)

The expression for the triangular waveform 1s given by
T, T,
u==1+=r for 0<t<2
' 20 P 2
Expressing the umt of time 1 1n radian and recathing f, = M,f.
The above can be rewritten as

n=—1+—zﬂﬂ a¢  far ogm,z<f"{i @331

where N =123 andsoon In this formulation, Mycan be selected as a vanable
of the simulation
We can rewnte the above as

x(h)= —1+~ ot for 0SS, < (332)
M,
Similarly,
2M 2
f)=3-2—L Z <
x(t) 7o for & ? <ant< W, (333)

The triangular waveform Vi(z) can be modeled by Equations 3 32 and 333
To develop a simulation testbed, let us express Ve (for Phase a), Ve (for
Phase b), and V¢ (for Phase ¢) as
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Ve(a)y=M,sinw,t (3.34)

Ve(b)=Masin( w27 (335)
. 4

Vele)=M, sm(wet~—3—) (3.36)

And the triangular wave of Vr(t) as

.t n
q(t)=-1+2N—= f 0w, t<— 3.37
20 2 for 0Sea<y (337)
w,t T 2
x()=3-2N - for ]—V-cht<—]§,— (3.38)

Therefore, the algorithm PWM voltage generation steps are as follows.

If V.(a) 2 x,(t) or x,(z), then V,, =V, (3.39)
Similarly,

If ‘/c(b) 2 X1 (t) or x2(t)9 then Vbn = ‘/tdc (340)

If V,(c) 2 x;(t) or x,(¢), then V,, =V, (3.41)

Otherwise, V,, =0; V;,,=0and V,, =0 (3.42)

The i,4 can be computed as:
fge =1 XSWi + 1, x SWoF +i. x SW5 (3.43)

As discussed in the operation of a single-phase converter, one switch is on in
each leg of the three-phase converter. A sequence of switching operation for
one cycle of inverter operation is shown in Fig. 3.22. For example, in phase a,
Var with respect to the negative DC bus depends on V4 and the switch status
SWi* and SW;. This is depicted by Fig. 3.22a.

The control objective is the same as discussed for a single-phase converter,
that is the PWM seeks to control the modulated output voltage of each phase
such that the magnitude and frequency of the fundamental inverter output
voltage is the same as the control voltage. The PWM samples the DC bus
voltage and the sampled voltage is the inverter output voltage.

Example 3.5 Compute the minimum DC input voltage if the switching fre-

quency is set at 5 kHz. Assume the inverter is rated 207.6 V AC, 60 Hz
100 kVA. ’
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Modulated Qutput
Voltage of phase a

Van
l_] H H H vme
0 t
Meodulated Output
Von ) Voltage of phase b
] t
Vab = Van=Viq
V,» Fundamental
Voltage
it an
0 t

Figure32l A Pulse Width Modulation (FWM) Operation of aThree Phase Converter
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pE1c swre]  Difs swf' D+t +l Dng

_ 2 P ¢
+1 0 - - -
c- SWj D] ¢ SWy SW3i ¢ Di7¢
¢ *
Load
T" R 7
bi.
a

(@) Vans Von=Vide, Ven=0. 1o, Ip> 0, 1. <0, SW* on, SWz on, SW3~

‘
I

feg,
m'c _LC+ SW; +u Dite SW,t 4 D2+‘ T SW3+1 Tl
2 a I a ¢ [ p L [ c °
Vide (0] J
Vd c SW1 ° Dy"e SWo e Dy"e SW3 e D;7e
fac ® b
2 T I T T Load
- n }b 1 ¢
b V"A
a
(b) Vam Vbn = Vida Vcn= 0. Ia>0; [b, Ic < 0, SW1+ on, D2+ on, SW3— on
1xdc
Ve _LC" swite  Dité SW,* ¢ l Dy*  swi* 'l Ds* 4
"~ e 4 ° L b ® eV ¢ ¢
dec + (8] SW- -] a * _ _ * _
Vie 1C e l Di"e SWye D¢ SWi e Di"e
. L
2 —T > — T T J T Load
a 1 *b c—¢f
b
a

(©) Var=0, Vin = Ven = Vige, 1,< 0, Iy, I,> 0, SW;” on, SW>" on, SW3" on

Solution

Viawea =207.6 V, KkVAr =100 kVA, f =60 Hz
The AC-side voltage of the inverter is given as
Voear SIN(2- 7 f 1) = 207.63/2 - sin(2-7-60-1) =293.59sin(2- 7 60-¢)

Here, V., = 293.59 vV
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Tide
e,
v dC swrd Dt swyr IS ESEES
— b [
Ve T ? '
e 40 _ B _ R R B
o SWp Dy SWi Db swy Ds
Vide l
2_ 1 ! 1 T loas
- n <
2 }b ©
b ,\i

4

(d) ¥an=0, Vo = Ven = Videy Ja, 1< 0, Iy > 0, SW,™ on, S73" on, D3" on

™
—
Vm:- 1€ swy i Dy Swz’r sz SWat l Dy*
viZ- Fo 3 b g
,d:/,dct_c- SwWy J Dy~ SW2™ lLDz‘ SW;3™ lDJ'
2 ! I ! T toa
R R T
2l v.\"”\

() Vor= Ven=Yute, Vo =0, 1o 1> 0, 15 < 0, SW," on, SW5 on, W3 on

LY
Ve LC SW swr DY switl] Dy
b
= c
Vet st 0 _ ~ T
Vs AC swy SWy l J Dy SWi~ JD;
LI - hl ! Load

b A
4

(6} Var=Ven= ¥ide, Vin =0, I, 1, < 0, 1> 0, D* on, SW3~ on, SWy* on
Figure 3.22 (af) Operation of the Switching Sequence of a Three-Phase Inverter

For the three-phase mve{}er using sine PWM, the line-Iine peak voltage 1s
gnenas Vi =M, V3 —21‘-
Therefore,

Ven2 VLo

Vi oM,
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For the inverter to operate at maximum value of M, is 1, the minimum DC
voltage is given as

2 Virpe: 2 29359 o500y

chin=""" = 7=
@@ ‘\/5 Mn,mav \/§ 1

Therefore, the minimum V,, = 339.01 V

Example 3.6 Consider the three-phase radial PV distribution system given
below.

Assume Load 1 is a three-phase load of 5 kW at a power factor of 0.85
leading and Load 2 is a three-phase load of 10 kW at a power factor of 0.9
lagging at rated voltage of 110 volts with a 10% voltage variation. Assume
a PV source voltage is rated 120 V DC. Compute the transformer ratings.
Assume an ideal transformer.

If the amplitude modulation index, M,, can be controlled from 0.7 to 0.9 in
steps of 0.05, compute the following:

i) The transformer low-voltage-side rating (LV)
ii) 'The transformer high-voltage-side rating (HV)

iif) 'The PV system per unit model if the transformer ratings are selected
as the base values

iv) The per unit model of this PV system

Solution
For the DC/AC inverter:

V3 Va
V,_ . __—-__.Ma.__.i.
L-L,rms f—2 )

Let us vary the modulation index from 0.7 to 0.9 to find the suitable voltage.

vDC LV VAC HV VAC

AY ’

3 —ro]

l | T I P1+jQ

P2+jQa
Figure 3.23 A Microgrid Stand-Alone Photovoltaic System.

PV Module

DC/AC
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TABLE 3.3 Vanation of AC Bus Voltage with Modulation Index

Vy =120V

Modulation Index AC Bus Valtage AC-Bus Voltage
M, (Low Voltage Side) (High Voltage Side)
070 514V 110V

075 551V 110V

080 588V 110V

08s 625V 110v

090 661V 110V

From the Table 3 3 we see that the modulation index of 0 9 1s most suitable
Therefore

Vi Ve V3 120

Vi 1me = \/« _—J— x09x% —-—6613V
kW, 5
VA for Load 1= =~ ="~ =583kV.
kVA for Loat Pfi 08 583kVA

pf angle=cos !0 85=3178" leadmg

kW, 10
kVAforLoad2=—2=_"=1 V.
or Loa pF. 09 111kVA

pf angle =cos '09=2584° lagging
Let an 1deal transformer be selected 1t 1s rated at 70/110 The kVA of the

transformer should be greater than or equal to the total load it supplies A
20 kVA has adequate capacity

kVA, 588
therefore the p uvalue ofload 1=5,,, =———-=2""=(029.31 78°
P ° " W 20
kVA. 1111
therefore the p uvalue of load 2=5,,; = ——2- == =0556£—~2584°
P P A 20 00

Now for the DC/AC nverter

DC siudevolinge

The base value of the DC side 15 = ——— "5~ AC sude
AC side voltage X base voltage of
120

—mxm 12702V
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Vp=127.02V V=70V Vp=110V

Ideal
DC/AC
inverter TraZr;s(gcigrger ‘ ‘ Spud gl:! Spu.2

Sp =20 kVA
Figure 3.24 Per Unit Model of Fig. 3.23.

PV Module  VDC LVVAC HVVAC LVVAC HVVAC
t«— 2 miles —p
DC/AC ¢ miles 3¢ I ll:J(tJ'cl:'al
T; _} T2 ! l\ ity
P] +j Ql P, +j QZ Uti"ty <> Pn+jQp
Transformer

Figure 3.25 A Radial Microgrid Photovoltaic System Operating in Parallel with the
Local Utility.

120

. he DC side of i ter =
Therefore, the p.u value of the side of inverter 7.0

=0.94 p.u

Therefore, the p.u value of the AC side of inverter = =0

=0.94 p.u

Example 3.7 Consider the three-phase radial microgrid PV given in
Figure 3.25.

Assume a PV is providing power to two submersible pumps on a farm. The
Load 1 is rated at 5 kVA at 120 V AC and Load 2 is rated at 7 kVA at 240 V
AC. Assume a load voltage variation of 10%, and an amplitude modulation
index of 0.9. The distribution line has impedance of 0.04 Q and reactance of
0.8 Q per mile. Assume a utility voltage of 460 V.

Compute the following:

i) The transformer T, rating at the (LV) voltage side
ii) The transformer T, rating at the high (HV) voltage side

iii) The PV system per unit model with the transformer T, ratings selected
as the base values and assuming the transformers have an impedance
of 10% based on selected ratings

Solution

The transformer T, is selected as base with voltage of 240/460 V. Tt must supply
the loads on the low-voltage side and must have a kVA rating greater
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than the loads connected to 1t We choose a transformer of rating 15 kVA
(>5+ 7= 12) and select this rating as the base

The base on the transmission Iine side 1s 240 V and 15 kVA

The mmpedance of the transmisston line 15 equal to ats length times the
mpedance per umt length

Zie <2%(004+)08)=008+,1 60

The base dance for the tr lme 15

P

Viese 2407
Zypu = =2 =38
B Y e 15%10° 8

The p u value of the transmussion line 15 equal to

=L (D016 004 j0a2pn0

Sz=—————0467pukVA

Let us select a transformer T, of 120/240 V, 15 kVA The base on the low-
voltage side of T; 1s 120 V 120
Therefore, the p u value of the AC side of inverter = % 1puV

and the p u value of Load 1 15 given as

kVA,

Si=
' K VA.

5
=55=033pukva

The transformer impedances are as given J0 10 pu Q
For the DC/AC nverter

VLW-T M= V"‘

Let us select a modulation index of 0 9

22y,
Vs f MLM_§ 2;1920_2177‘,

The base value of the DCside 15= M‘Exbme voltage of AC side
AC side voltage
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Vp=217.7V V=120V V=240V V=240V  Vp=460V

Sp= 15 kVA
Figure 3.26 Per Unit Model of Fig. 3.25.

217.7
Vv DCside=
base side 120

x120=217.7V

Therefore the p.u value of the DC side of inverter = i;; =lpuV

3.7 MICROGRID OF RENEWABLE ENERGY SYSTEMS

Figure 3.27 depicts a community microgrid system operating in parallel
with the local utility system. The transformer T, voltage is in the range of 240
VAC/ 600 VAC and the transformer T, that connects the PV system to the
utility bus system is rated to step-up the voltage to the utility local AC bus
substation.

Example 3.8 Consider a microgrid that is fed from a PV generating station
with AC bus volitage of 120 V as shown in Fig. 3.28.

The modulation index for the inverter is 0.9.

Compute the following:

i) The per unit value of line impedance
ity 'The per unit impedance of transformers T; and T,
iif) The per unit model of the load

iv) The per unit equivalent impedance and give the impedance diagram.
Assume the base voltage, V), of 240 V in the load circuit and the S, of
500 kVA.

Solution

We select the voltage base and power base as specified. For the utility side,
we have

V, =240V S, =500kVA
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PV array
0C Bus T AC
PV Module f( . Bus
Step up
DC/AC
converter  Transformer
PV Module oA T2
4 | Loca
Utity
DCAC Step-up
Step-up
converter  Transformer Transformer

Roof Top
PV DC/AC

PV Module Bus converter

Step-up
Buck/Boost Transformer
Converter

Figure 3.27 One-Line Diagram for a2 Commumty Micrognd Distribution System
Connected to a Local Utility Power Grid

120V
PV Module Z=12+)120
DCIAC 1Sroaa
%%%v‘f\r,t:r pf= 0 e lagg\rvg

220/132kv 32 kV/240 v
500 kVA 500 kVA

R=002pu R=003pu
=005pu X=008pu

Figure 328 The Micrognd of Example 38
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The p.uload, S, u(roaty = %L —-cos0.8=0.8£36.87° p.ukVA

The p.u impedance of T, will remain the same as its rated value of
0.03 +j 0.08.
The base impedance of the transmission line can be computed as

V2 (32000

b2 _2048Q
S, 500x10° 0.48

Zb_3200 =

The per unit transmission line impedance can be computed as

Z 1.2+j12 ,
Zovans tine.pu = —oracuel =0.058+ j0.586 p.u Q
s nepn = oy 2048 JE=S5P

The p.u impedance of T, is at its rated value also will remain the same as
0.02 + 0.05.
For the inverter:

v =3 4 Vae
J2 2
Vi =2 2V N2 2X120 5107,
V3 M, 3 09
The base value of the DC value is= Dc s’_de voltage x base voltage of AC side
AC side voltage
= AT 120=217.07V
120
Therefore, the p.u value of the DC side of inverter = ;i;f; =1p.u

The per unit impedance diagram is given as

Vp=21717V V=120V V,=13.2kV Vp=13.2kV  Vp=230V

Inverter = Zpu(T1) Zp y (Trans )

Sp =500 kVA
Figure 3.29 The Per Unit Model of Fig. 3.28.
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38 THE DC/DC CONVERTERS IN GREEN ENERGY SYSTEMS

The block dhagram of a DC/DC converter 1s depicted by Fig 3 30 The DC/DC
converter s a three terminal device The input voltage 1s converted to a higher
or lower output voltage as the switching frequency s controlled Therefore,a
DC/DC converter 1s an electronic transformer simtlar to tap changing trans
formers. The Duty Cycle D defines the relattonships between the mput voltage
and output voltage A switching signal (See Fig, 3 30) provides the command
to the switch of converter, which can be used to vary the value of Duty Cycle
D Depending on whether the output voltage 1s lower or higher than the mput
value the converter 1s called a buck or boost or buck-boost converter

The components of DC/DC converters are an inductor L, a capacitor C, a
controllable semiconductor switch §, a diode D, and load resistance R The
power electronic switches are the key element for stepping up the input DC
voltage to a lngher level of DC voltage 1n the case of a boost converter and
to step down the voltage for a buck converter The exchange of energy between
an inductor and a capacttor 1s used for designing DC/DC converters* The
current slew rate through a power switch 1s hmited by an mnductor The mdue
tor stores the magnetic energy for the next cycle of iransfernng the energy o
the capacitor The slew rate 1s defined to describe how quickly a curcuit vanable
changes with respect to ime The high transient switching current ss damped
by the switching resistance due to switching losses The stored energy 18
expressed in Joules as a function of the current by Equation 3 44

Energy stored 1n mductor = -21-L i
Energy stored 1n capacitor = %C vi (344)
where #; 1s the inductor current and v, 1s the voltage across the capacitor

The stored energy in an inductor 1s recovered by a capacitor The capacitor
provides a new level of controlled output DC voltage

¥ [+
Va Converter Vo
D
Switching signal

Figure 330 Block Diagram of a DC/DC Converter
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The fundamental voltage and current equations are

diy,
=L— 3.45
Vi dt ( )
. dVC
=C—= 3.46
ic=C t ( )

The power switch is used to charge the inductor upon closing the switch.
However, because the current and voltage are related by Equations 3.45 and
3.46, the energy stored in the inductor is transferred to the capacitor in the
discharge phase of the switching cycle. The basic elements of the circuit topol-
ogy can be reconfigured to reduce the output voltage or to increase the output
voltage.

3.8.1 The Step-Up Converter

A PV module is a variable DC power source. Its output increases as the sun
rises and it has its maximum output at noon when the maximum solar energy
can be captured by the solar module. The same is true for a variable-speed
wind energy source. When the wind speed is low, a limited mechanical energy
is converted to variable frequency electrical power; in turn, the rectified vari-
able AC power provides a low-voltage DC power source. A DC/DC boost
converter allows capturing a wider range of DC power by boosting the DC
voltage. The higher DC voltage will be in a range that can be converted to AC
power at a system operating frequency by DC/AC inverters.

A step-up converter is called a boost converter; it consists of an inductor
L, capacitor C, controllable semiconductor switch S, diode D, and load resis-
tance R as depicted by Fig. 3.31.

The inductor draws energy from the source and stores it as a magnetic field
when the switch S is on. When the switch is turned off that energy is transferred
to the capacitor. When steady state is reached, the output voltage will be higher
than the input voltage and the magnitude depends on the duty ratio of the
switch.

To explain how the boost converter operates, let us assume that the inductor
is charged in the previous cycle of operation and the converter is at steady-
state operation. Let us start the cycle with the power switch S open. This condi-
tion is depicted in Fig. 3.32(a). Because the inductor is fully charged in the

VL
< D
—e Y Y Y\ o N
1

{1
=

Vo

Vin - __s_l:l C =

Figure 3.31 A Boost Converter Circuit.
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Figure 332 The Equivalent Ciromt of Boost Converter When the Switch § s (2}
QOpen and (b) Closed
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Figure 3.33 Charging Phase When the Switch Is Closed the Current Remps Up
through the Inductor

previous cycle, it will continue to force its current through the diode D to the
output circuit and charge the capacitor Let us assume that 1n the next cycle
the power switch § 1s closed Now, the diode will be reverse biased by the
capacitor voltage hence, 1t will act as open The equvalent circuit 1s shown m
Fig 332(b) Now the voltage across the mductor is equal the nput voltage
+V,, Therefore by Equation 3 45, the current in the inductor starts to rise from
1ts mmitial value with a slope V,, /L The output voltage now 13 supplied by the
charged capacitor alone The inductor current 1., 1s shown 1n Fig 333

Let us look at the next cycle, when the power switch § 15 open again. Now,
the energy stored in the snductor 1s transferred to the capacitor The equivalent
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circuit is given in Fig. 3.32(a). At the instant when the switch is opened, the
inductor has an existing current of I ., as shown in Fig. 3.33. This current
was flowing through the switch S before it was opened. When the switch is
opened, the inductor, which acts like a current source, tries to maintain its
current, but the path through the switch is no longer available. Therefore, the
inductor forces its current through the diode D and the diode starts conduct-
ing, boosting the voltage up across the capacitor. The equivalent circuit of
Fig. 3.32(a) shows that the voltage across the inductor is now the difference
of input and output voltages. Because the output voltage is more than the input
voltage, the inductor voltage is negative. From Equation 3.45, the inductor
current now starts to decrease with a slope (V,, —V,)/L starting from I, .
During steady state, the inductor current must go back to its value, which it
had, at the beginning of the switching cycle (/ ,;;) when the switching cycle
ends. The current waveform when the switch S is opened is shown in Fig. 3.34.

Figure 3.35 shows the steady-state current and voltage waveforms of the
inductor for a few cycles of operation. In steady state, the average inductor

? IL,mzxx
ﬂzvin‘vo
dt L
I i
iL IL,min L,min
S ON - S OFF -
[
n' s >
time

Figure 3.34 Discharging Phase: When the Switch Opens, Current Ramps Down
through the Inductor.

i It e 0 R

IL,min

-—  —— time

Ton | Torr
Ts

D.Ts (1-D).Tg Vo-Vin

Figure 3.35 The Steady-State Voltage and Current Waveform of a Boost Converter.
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voltage 1s zero Therefore,in the steady state operation, as expected, the mduc
tor current )s constant If the average voltage of the inductor had not been
zero, the average value of the winductor current would have continued to rise
or fall depending on the polanty of the inductor voltage For this case, the
inductor current would not have returned to the value 1t started from, when
the cycle began, at the end of the switching period according to Equation 345

The waveforms of a boost converter 1n steady state are shown 1n Fig 335

1f the 1mitial voltage of the cap 18 zero, the md current slowly
charges up the capacitor over several cycles The output voltage across the
capacitor fises over each cycle until a steady state 1s reached

Let us analyze the operation of boost converter depicted by Fig 331 The
varsable D 1n Fig 3 35 1s defined as a duty ratto of the swatch and 1, and v, are
the mductor voltage and current with direction and polanty as indicated 1n
Figs 331 and 3 32 The current flows from the DC source through the mduc
tor L when the switch S 1s on Then, the current flows through the switch §
and back to the source In Frg 332(b) the diode 1s reverse biased by the
output voltage across the capacitor As shown in Fig 3 35, duning the time
D T energy 1s stored in the inductor and the voltage across the inductor has
a value of V,, When the switch 1s turned off, the inductor forces the current
through the diode and charges the capacitor and builds the output voltage
through the diode during the time (1 - D) T, the voltage across the mductor
15 —(Vo ~ Vi), which 1s negative because V,, > V,, At the end of time Ty, the
capacitor 1s fully charged and the energy of inductor 1s transferred to the
capacitor

For steady state operation, the average voltage across the inductor 1s zero
Equating the average voltage of the inductor to zero, that 1s, V' = 0, we have

L v pT-(vo-v.) 1-D) 1) =0
T

or V, =1‘:LD (347)

where f, 1s switching frequency and Ty 1s defined as Ts = 1/fyand Ts =T, + Ty
(see Fig 3 35) 15 defined as the switching period The duty ratio 1s defined as

T, 7,
D=t o __ton 48,
Ty Tn+Ty o8

Again,
Ty =Ts ~Ton = (1~ Tn I T5)Ts = (1= D)Ts (349)
We know that the value of D 1s less than one Therefore, the output voltage 1

always more than the input voltage With the expression of the output voltage
derned, the expression of the mput current can be obtamed from power
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balance. Because the input and output power must be balanced for a lossless
system, we can calculate the output current.

I/m'Im =XIO'IO (350)

where I, and I, are the average input and output currents, respectively, we
can compute:

Yo
Io
1-D

In=I,=—1Ip (3.51)

Im = (3'52)

Here, I, is the average value of inductor current. As can be seen from Fig. 3.31,
the input current and the inductor current are the same.

The ripple in the inductor current, Ay, is the difference in its maximum
and minimum values in steady state. It can be derived from Equation 3.45,
knowing how much time the inductor is exposed to what voltage. From the
Fig.3.32(b), it is seen that the inductor voltage is +V,, for a time D- Ts. Therefore,
from Equation 3.45 and Fig. 3.35,

Vin
Al =1 L.Max — I LMn = —L_ : DTS- (3-53)

The maximum and minimum values of the inductor current can determined
from its average values and the ripple as shown in Equation 3.67.

AlL

Al
It pax =11 +T, Iy =11 -—=

> (3.54)
It will take several cycles to reach the steady state. Initially, the capacitor
voltage will be zero—and it remains zero when the switch is first closed. The
inductor current flows through the switch S and the capacitor remains cutoff
from the input for time T,, [see an equivalent circuit in Fig. 3.32(b)]. The
capacitor will start receiving a charge only when the switch S is open at the
end of time 7,,.. The equivalent circuit is shown in Fig. 3.32(a). Using Kirchhoff’s
voltage law, we have

o di
Vin = L—c'i?‘*‘ Ve (3.55)

The capacitor current is given by Equation 3.46. In the circuit of Fig. 3.32(a),
the capacitor and inductor currents are the same for no load. By putting i

. = i
in Equation 3.46 and using it in Equation 3.55 we get: -
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Frgure 336 No-Load Output Voltage Build Up of a Boost Converter with a Supply
Voltage of 40 V and & Duty Ratio of 50%

d*ve
dr

Vu=LC X 4y, (356)
Puttingl/ LC = »f i Equanion 3 56 and solving the differential equations with
an imihial condition we have

‘c(l)=‘gﬂi;‘5mwa(!-'7}n)—Vmcos%(r-—n,)-fl/,,, @357

At the end of the switching peniod, T, the capacitor voltage will be given by
putting £ =T 1n Equation 357 By using T, =Ty - T, we get

Jron 0T~ Vi cosyTog + Vi 358)
Cay

ve(Ty)=

Agamn at the end of one switching penod T, the switch S 15 the cutoff from
the output side and uts voltage remains constant at the above value In the next
cycle when switch § 1s turned off agamn, the capacitor voltage starts to rise
agamn Ideally, at no load, the voltage across the capacitor will contmnug to rise
without reaching the steady state However, 1n practice the ressstance 1n the
snubber circuits of the diode and the switch will cause the voltage of the
capacitor to settle down at a particular vajue The time taken by the capacitor
voitage to reach the steady state increases as the value of the capaciiance 15
mereased Figure 3 36 shows the nise of the capacitor voltage for a boost ton-
verter supplied by a source of 40 V with an mductance of 1 mH and a capac
tance of 100 yF, operating at a 50% duty ratio

Example 3.9 Consider the micrognd of Fig 337 Assume the PV generating
station can produce 175 kW of power, transformer T, 1s rated 5% mmpedance,
240 V120V and 75 kVA, and transformer T, 15 rated at 10% mpedance,
240 V/60'V, and 1S0kVA Assume the power base of 1000 kVA and the
voltage base of 460 V in transformer T; Assume the ihree-phase mverier has
a modulation index of 08 and the boost converter has a duty ratio of 0 6
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AC Bus 120V
izzZa . DCBus DC Bus 2 Commercial 50 kKVA
- Loads  pF=0.9
1

T Lagging
Inverter 3¢ ‘/Local
Converter 3t |\U\tility

240V T2 4a0v

Figure 3.37 One-Line Diagram of Example 3.9.

Compute the following:

i) The per unit value of transformers T; and T, and per unit model of
the load

ity The per unit equivalent impedance and give the impedance diagram

Solution
The power base is selected as 1000 kVA and voltage base on the utility side
is selected as 460 V.
We have
Vinew =460V Sy =1000 KVA

Therefore, the new impedance base on the 460 V is given as

2 2
Zysgov = E‘ = ——-———(460) =0.2116 Q

For the new base, the transformer T,, we have

2
Z _ Vb__ald Sb_new
pu_new = Lpu_old X

Vbef:W Sb__old
460Y? 1000
Zou nowr2 =0.1x| — | x=—==0.67p.
pu_new=T2 X(460) XTap ~O07PuQ

The old values of the transformer T, are given on its nameplate rating. We
recalculate the new per unit impedance of T, based on the new selected bases.
For the transformer T, we have

240 1000
Zou newtt1 = 0.05%| == | x——=0.67 p.
pu_new-T1 (240) X 7 0.67 p.uQ

The base voltage on the low side of the T, transformer is given by the ratio

of the old base voltage to the new base voltage (i.e., both on the LV side or
HV side).
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Vo aewqaiy
Vi new(LV) = —"M_'i"b old(LV}
Vs oty

Using the transformer Ty, nameplate ratings and the new base voltage on the
transmussion can be computed as

240
Vs newizv) =(m](120) =120V
The per umt load can be calculated as

S, uttont =I%A—cos 1092005225 84° pukVA

For the mverter
v A
Lmu—J— a
A 2
V2 2, V2 2x240
Vies— Sotm= =5 =4899V
“B M, V308

The base value of the DC side 1s D€ side voltage x base voltage of AC side

AC side voltage
4899
>0 x240=4899V
4899
Therefore the p u value of the DC side of the inverter = 705 =1puV

Now for the DC/DC converter
L/ S
* " 1-duty rano
Vir = (1= duty ratio)x V, = (1-0 6)x4899=19596V
The base value of the low voltage side 1s given as

V base on DC side = Jow voltage side
high voltage side

19596
4899

x base voltage of high volrage side

V base on DCside =

X4899=19595

Therefore the p u value of the DC side of the mverter = ;gz gg: ipuV



THE DC/DC CONVERTERS IN GREEN ENERGY SYSTEMS

Vp=195.96 V
Vp=489.9V

= | ~
DC/DC  DC/AC
converter inverter

Vp =240V
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Vp =120V

Zpu(Tl) Vp =460V

Zpu(12)

Sp.u(local
utility)

Sp.u(Commercial
Load)

Sp=1000kVA

Figure 3.38 The Per Unit Model of Fig. 3.37.

Example 3.10 Write a MATLAB code to generate the voltage and current
waveform of the boost converter with an input of 120 V and operating at the
duty ratio of 0.75. The capacitance value used is 100 uF. Plot the inductor
voltage and current waveforms in steady state.

Solution

% Boost Converter
clc; clear all;
Vin=120;

D=0.75;

I=le-3;

R=20;

f=5e3;

T=1/%;

Vo=Vin/(1-D);
Io=Vo/R;
Iin=TIo/(1-D);
I_Lavg=Iin;
dI_L=Vin/L*D*T;
I_Imin=I Lavg-dI_L/2;
I_Lmax=I_Lavg+dI_L/2;
V_1=0;

V_Lp=Vin;
V_Ln=Vin-Vo;

for k=0:T7/500:5*T
plot (k,0,k");
V_L_old=V_L;

if (rem(k, T)<D*T)

V_L=V_Lp;
else

%$input dc value
$duty ratio

$inductor value
%load resistance

$switching frequency

$switching time period
$output voltage is defined

%$inductor ripple current

gminimum inductor
gmaximum inductor

$positive voltage
$negative voltage

current
current

of inductor
of inductor

% to plot from 0 to 0.04 sec in

steps of Ts/500

% V_L is defined using equations

of line
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V_L=V_ln,
end
1f {rem(k, T)<D*T) % I_L is defined using eguations
of line
I_L=T_Lmint (I_Lmax-T_Lmin)/D/T*rem(k,T),
else

I_L=T_Lmax- (I_Lmax-I_Lman)/(1-D}/T*(rem(k,T)-D*T),
end

plot {k,V_L,'%"), %V_L 15 plotted in black (k)
hold on,
%the points of discontinuaties are jcained by a
vertical line

if V_L_old~= V. L

for j= V_In 1 v Ip

plot(k 3.k")

end

end

pletik,I_L,t, %I_L 1s plotted in black ‘r’
hold on,
end
grid on
xlabel {‘time (sec)’),
ylabel (‘Inductor voltage (V) and curreant (Amp}’),
title(’Steady state voltage and current plot’),

Steady state voltage and current plot

-100 1

200

~200 g [ i i ‘

L I A A O

-400

ndugtor voltage (V) and current (Amp)

61 02 03 04 05 06 07 0B 00 1
tme (sec) x10%

Figure 3.39  Inductor Voltage and Current for Example 3 10



THE DC/DC CONVERTERS IN GREEN ENERGY SYSTEMS 143

3.8.2 The Step-Down Converter

The buck and boost converters are used in a green energy microgrid to lJower
DC bus voltage or step up the DC bus voltage. To charge a battery, the DC
bus voltage is stepped down to battery bus voltage. To use the DC power
stored in storage system, the storage system DC bus voltage is stepped up
using a boost DC/DC converter.

At present, the storage battery in residential and commercial systems is
rated at 6 V and 12 V DC. Three 12 V DC batteries can be used in series to
create a 36 V DC bus voltage for a community storage system. To obtain
higher kilowatts of storage, a number of 36 V DC bus systems can be con-
nected in parallel. The storage systems with high kilowatts and DC voltage are
used as community storage systems that are placed in substations of utilities.

A step-down converter is a basic converter and is known as a buck con-
verter. As inferred from its name, the main function of this converter is to
convert the input DC voltage level to another and lower voltage level. The
main components in a buck converter are a semiconductor switch §, diode D,
inductor filter L, and capacitor filter C as shown in Fig. 3.40.

The operating cycle of the converter can be explained starting from the
closing of the switch S. During this time, the diode D is reverse biased by the
input voltage and is open. The equivalent circuit is shown in Fig. 3.41.

As can be seen in Fig. 3.41, the voltage across the inductor is Vi, — V..
Because the input voltage is more than the output voltage, the voltage across
the inductor is positive and the inductor is being charged. The current in the
inductor can determined from Equation 3.45. Because v, is positive, di; /dt is
positive and the current rises from its initial value. This phase of the operation
takes place as long as the switch S is on, during the time 7,, as shown in

Vi
b —
+ 1 L L — +
S | i
Vin AN b c RS vg

: 1§

Figure 3.40 A Buck Converter Circuit.

Vi

+<———>_

~0—0— fWY—\» x
SOROT

Figure 341 The Equivalent Circuit of a Step-Down Converter When the Switch
S Is Closed.
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Ton

tme
Figuce 342 The Chargiag Phase of the laductar far a Buck Converter

VL
—
Y
+ s L—> +
i
Vin D c== Re|v,

Figure 343 The Equivalent Circut When S Acts a5 Open and D Acts as a Closed
Switch

Fig 342 Here the inductor continues to be charged and stores energy i 1t as
magnetic field energy, which 1s released in the next phase of operation to the
capacitor

At the end of ime T, the switch S 15 opened and the next phase of opera
tion starts, The inductor current needs to masntain self The only path for that
occurs when the switch 1s off and the inductor forces the diode nto conduc
ton In the next phase of operation, the switch § 1s opened and the diode D
starts to conduet The equivalent crreunt 1s shown in Fig 3 43

The voltage across the inductor 1s now -V, as shown in Fig 343 In this
phase the current 1n the inductor decreases obeying Equation 3 58 Because
the voliage across 1t 1s negative, the value of diz / d 1s negative and the current
decreases from sts imtsal value Now the inductor is cutoff from the source and
1t delivers its energy to the output capacitor C and the load This phase con
tinues untid the switch §1s closed at the end of switching period The current
waveform for this phase 1s shown n Fig. 3 44

Therefore, we see that the inductor plays the role of energy transfer from
the 1nput 10 the output crrcwt When the switch 1s closed (see Fig 341) the
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Figure 3.44 The Discharging Phase of the Inductor for a Buck Converter.

1 V-V iL vL
Iy ,min
time
Ton TorrF
Ts
- v

D.Ts (1-D).Ts
Figure 3.45 The Voltage and Current Waveform of the Buck Converter.

inductor is charged from the source, then when the switch is open (see Fig.
3.43), it delivers that energy to the output capacitor and load. When the con-
verter reaches steady state at the end of the cycle, the current in the inductor
must return to the value it started from at the beginning of the cycle. The
steady-state operation of a buck converter is shown in Fig. 3.45.

To derive the input-output voltage relationship, a continuous conduction
mode is assumed. The average voltage across the inductor must be zero over
a switching period at steady state. Therefore, we have

Vi = Vo)X DXxTs -V, x(1-D)xT.
o Vo)X DXT: Vo x(1=D)Ts 6559
S

or Va =D- ‘/m (3.60)
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where D 1s the duty ratio, f; 1s the switching frequency, and Ts 1t defined as
Ts = 1ifs, the switching period The duty ratio 1s defined as

T, T,
D=2 and 1-D=L,
T an T

@361

Because the wput and output power must be balanced for a lossless system,
we can calculate the mput current

Ve 1n=Vo Ip

where, 7,, and [, are the average mput and output currents, respectively We
can compute

\Z
I,==2 =
w =y I,=DI, (362)

Similar to the boost converter, the ripple n the inductor current Al 1s
the difference 1n its maximum and mimmum values in steady state From
Equation 3 45,

T A L 1)
Al Al
IL)I&I=1L+'—2£"ILAIH=IL"—2—L‘ (364)

where 1, 15 the average value of mductor current The average capacitor
current 1s zero at steady state, therefore the inductor current 1s equal to the
ouwtput current

Iu=1o (365)

Example 3.11 Assume a PV system with DC bus voltage of 120V DC A
DC/DC buck converter, which has a duty ratio of the swnch of 075 with a
switching frequency of 5 kHz, 15 supplied by the PV system DC bus. If the
value of the inductor L 15 1 mH, the capacitor C 1s 100 pF and the battery
system 1s assumed to act as a load resistance of 4

Compute the following

i} The output voltage
i) The mintmunt and maximum inductor current
1) The rating of the switch § and diode D
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Solution
i) The output voltage is given as

Vo =D'Vvux
V,=0.75x120=90V

ii) 'The output current is

[=Ye-2_254
R 4

The average inductor current can be computed as

IL=I =225=225A

V 1 90 1
= -D)— = —-0.75)x——=45A
Al = (1 ~D)Ts = (1 D) 7= 0.001 x(1 )X =300
The maximum inductor current is
Al 45

It =11+ 2L = 22.5+—2— =2475 A

The minimum inductor current is

It pin =IL—é:2{l;—22 5—%—2025A
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iii) The switch S is being subjected to the input voltage when it is off.
Therefore, the voltage rating of the switch should be more than 120 V.
The maximum current flowing through the switch is I p,, = 24.75.

Hence, the current rating should be 25 A.

Similarly, the diode is also subjected to a maximum voltage equal to input
voltage and maximum current of inductor maximum current. Hence, the diode

should also have a rating of 120 V and 25 A.

Example 3.12 Write a MATLAB code to generate the voltage and current

waveform of the buck converter in Example 3.11.

The MATLAB code;
% Buck Converter
clc; clear all;

Vin=120; %$input dec value
D=0.75; $duty ratio

L=le-3; $inductor value
R=4; %load resistance

f=5e3; %switching frequency
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T=1/f, %$switching time period
Vo=D*Vin; fout put voltage is defined
Io=Vo/R,

I_Lavg=Io,

dI_L=Vo/L*{1-D}*T, $anductor ripple current

I_Lmin=I_Lavg~dI_L/2, $minimum inductor current
I_Lmax=I_Lavg+dI_L/2, %maximum inductor current

v_1=0,

V_Lp=Vin-Vo, ¥positive voltage of inductor
V_Ln=-Vo, %negative voltage of inductor
for k= 0 T/500 5*T % to plot from 0 to 0 04 sec in

steps of Ts/500
plot (k,0,%’},
V_L_old=V_L,

1f (rem(k, T)<D*T) % V_L 1s defined using equationsg
cf line
V_L=V_Lp,
else
V_L=V_Ln,
end
1f(rem(k, T}<D*T) % I_L 1s defined using equations
of line

I_L=~I_Lmint (T_Lmax-I_Loan} /D/T*rem(k, T,
else
I_L=I_Lmax-(I_Lmax-I_Lmin)/{1-D)}/T*{rem(k,T)-D*T},
end

plot (k,V_L,’k"), $V_I 1s plotted in black (‘X))
hold on,

%the points of discontinuities are joined by a vertical
line
1f V_L_old~= V_L
for 3= V_ln 1 v.aip
plotik,3,%")
end
end

plot (k,I_L,’r"); %I_L is plotted in black r’
hold on,
end
grad on,
xlabel(’time (sec)’).
ylabel (‘Inductor voltage (V) and current (Amp)’),
title('Steady state voltage and current plot’),
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Steady state voltage and current plot
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Figure 3.46 The Inductor Voltage and Current for Example 3.12.

Just like a boost converter, the buck converter will also take several cycles to
reach the steady state. The capacitor voltage is initially zero and as the inductor
transfers its energy to the capacitor over several cycles, the capacitor voltage
picks up and attains a steady value depending on the duty ratio D. If the con-
verter is not loaded—in other words, the output terminal is open instead of
having a resistance connected—the capacitor voltage stays at its state value
determined by the duty ratio.

3.8.3 The Buck-Boost Converter

A buck-boost converter, which consists of input voltage V,,,inductor L, capaci-
tor C,load R, and controllable switch S, is shown in the Fig. 3.47.

The operation of the buck-boost converter is explained starting from the
closing of the switch S. When the switch S is closed, the diode D is reverse
biased both by the input and output voltages (the voltage at the upper output
DC bus is negative), and the input voltage is impressed across the inductor.
The equivalent circuit is shown in Fig. 3.48. The inductor voltage being positive,
the current in the inductor starts to rise from its initial value following Equation
3.45. During this time, the inductor starts to increase its stored energy.

The inductor current wave is shown in Fig. 3.49. The inductor current rises
with a slope of V;, /L as long as the switch S is closed.

At the end of the duty period, the switch is turned off; the diode is forced

to conduct the inductor current and it becomes on. The equivalent circuit is
shown in Fig. 3.50.
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Figure 3.51 The Inductor Current When the Switch Is Open.
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Figure 3.52 The Voltage and Current Waveform of the Buck-Boost Converter.

Now, the stored energy in the inductor is transferred to the capacitor C. The
current waveform of the inductor is shown in Fig. 3.51.

At steady state, the inductor current must return to the value it started from
at the end of the cycle. The steady-state waveforms are shown in Fig. 3.52.

Like other converters, we equate the average value of inductor voltage to
zero:

Vi DT =Vo '(1—D)‘Ts _
T -

0 (3.66)

From this equation, it is found that the transfer ratio for the input-output
relation will be
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DV,

v,
°"1-D

(367)

where f; 1s smitching frequency and T 1t defined as Ts= 1/fs, the switching
period
The duty ratio 15 defined as

Ton

T.
p=lo _fo
Ts Ta+Ty

(368)

‘The value of the output voltage depends on the duty ratio of the switch If D
1s less than half, the converter steps the voltage down, and if 1t 15 more than
half, 1t boosts the voltage

From an mput-output energy balance,

Vi In=Vo Io (369)

where I, and I, are the average mput and output currents, respectively We
can compute

Vo DI,
1,=2],=
v, ° 1-D

(370)

Now, from Fig 3 53 assuming that the average mnput current 1s (area of the
trapezium divided by the time)

1 ILMu+IL.Mn) Testa + I 0
Ip=e | 22 b = “LMax T L Ma 1
n Ts( 3 Ts=D > @31

Agam xom Tig 353, %8 werage wdnaher Dumsent B

1 Ime*'ILMm) T vas 1y
1, =L a n o
A ’G[( . DT5+( : 1-D)Ty

372
=IL.»m+ILvn @7
2
From Equations 371 and 3 72,
orl =D I, 373)

The nipple n the mductor current, Aly, 1s the difference 1 1ts maximum and
nummum values in steady state
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Figure 3.53 The Input Current Waveform of a Buck-Boost Converter.

Vin
Al =1y pax =L pin = T DT (3.74)

IL,Mar=IL+‘A—ZI£,IL,Mm=IL—%£ (3.75)

For all three converters, we have assumed that the output voltage is constant
and stiff. However, in practice, the capacitor voltage has a small ripple on top
of the average value. The quality of the output voltage is determined by the
amount of ripple in it. The smaller the ripples the better the quality of the
output voltage is. The ripples in the output voltage can be reduced by increasing
the capacitance C or by increasing the switching frequency f,. But increasing
the capacitance increases the size of the capacitor, which increases the cost and
size of the converter. Again, by increasing the switching frequency, the switch-
ing losses would increase, decreasing the efficiency of the converter. Hence, a
tradeoff is reached between the quality of output voltage and the size of capaci-
tor and switching frequency. The inductor current should be maintained at a
positive value. A minimum value of inductance is needed for this purpose.
Moreover, if the ripple in inductor current is high, the maximum current in the
switches will increase, increasing their rating and cost. However, to limit the
ripple in the inductor current, the inductance should be as high as possible;
however, the size and cost of the converter increases with higher size inductor.
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So a tradeoff must be reached between the size of the inductor, capacitor,
switching frequency, and the cost and size of the converter and 1ts effictency

Evxample 3.13 Design a buck boost converter that 1s suppled from a PV
source whose voltage varies from 80 V to 140 V—depending on the available
sun rrradiant energy—and supplies a load of 10 kW at fixed 120 VDC Gue
the range of duty ratio needed to supply the load at the rated voltage

Soluton
The output voltage 1s given as

Vv, =120V
The power rating 1s specified as
P=10kW
Therefore, the output current rating can be computed as

10x10°

L=

=8333A

The maximum average input current rating 15

10x10°

=125
80 4

Loe=ln=

The duty ratio for an input voltage of 80 V can be computed as

V +V “80+120

The duty ratio for an input voltage 140 V can be computed as

Vot V “Ta0+120 -

Therefore, 0465 D<06

39 RECTIFIERS

A rectifier 15 a power converter that converts AC voltage into DC*? A three

phase diode bndge rectifier consists of six diodes arranged 1n three branches
as shown i Fig 354 The input voliage to the rectfier 1s three phase AC
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Figure 3.54 A Three-Phase Rectifier.

voltage and the output is DC voltage. The instantaneous output voltage of the
rectifier is the same as the input line voltage. When the incoming AC voltage
is positive, a diode in each branch is self-commuted, which is forward biased,
and the input AC is rectified into DC voltage. This process of commutation is
called line commutation. When the incoming AC voltage is negative, the diode
will be reverse biased and act as an open circuit device.

Let us assume the following voltages are supplied to the three-phase
rectifier of Fig. 3.54.

V, =2V sin(2xnf 1)

Vy =2V -sin(2nf-t-27/3)

V. =2V -sin(2xnf -t—~4rn/3) (3.76)
where V is the RMS voltage of each phase in volt F is the frequency of the

voltage in Hertz, and ¢ is the time in seconds.
The line line-to-line voltages as shown Fig. 3.55 can be expressed as

Vs =Va =V,
Vie=Vy -V,
Va=V.-Va
Ve ==V
Vo ==V
Vae=~Va

The input line-to-line voltages to the rectifier and its output voltage are
shown in Fig. 3.55. The input voltage consists of three alternating voltages at
60 Hz, which is rectified by the rectifier to give a unipolar voltage at the
output terminals. The input voltages and the diodes that conduct during
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Input and Qutput Voltages of a Rectfier
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with the d Shown

each instant are marked on the figure At any given moment two drodes
will be conducting one from a branch at the upper side and the other from
another branch at the lower side Which of the two diodes conducts depends
on which of the avatlable Iine voltages has the highest positive value at that
wmstant

"io expiain Tne operauon ot the rectiher,Iet us start from the ume r=0
At this ume, 1t 1s seen from Fig 3 55, that V, has the maximum positive value
Therefore the diodes that conduct are Ds and Dy (see Fig 3 55) Because the
frequency of the input voltage 1s 60 Hz, the penod of input voliage 15
16 667 ms (T = 1/f) Therefore, for 138 ms later, the voltage V,, has the
maximum positive value The diode D, comes 1nto conduction due to forward
buas by V.. (as 1t becomes positive and 1s applied across D; and Ds) At this
ume, Dy 1s reverse brased and Ds ts turned off D, and D¢ continue to conduct
as long as V,, has the maximum positive value After a one sixth cycle at
416 ms, the voltage V. becomes more posiuve than V,, D, 1s forward biased
by voltage V,,, which becomes positive at that instant At the same time, D
1s reverse biased (see Fig 3 55) and turned off. The output voltage becomes
Ve (D; and D, conduct) The same thing 1s repeated a sixth of a cycle later
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when D; is turned off and D, comes into conduction with an output voltage
of V,.. Then sequentially, the output voltage is Vi, Via, Veas Ve, and Vi With
diodes D; D,, D3 D4, Ds D, Ds D, and D, Dg conducting in each case, respec-
tively (see Fig. 3.55).

When the diodes are forward biased, the output voltage of the rectifier is
shown in Fig. 3.55. When the rectifier is simulated, the output voltage can be
recorded during these intervals.

From Fig. 3.55, we see that the output voltage is a pulsating DC wave with
ripples. The average value of the output DC voltage can be computed as

Vidc = g’f_zvab,nns (377)

This is the output voltage that appears across the output terminals of
the rectifier when the switch S as shown in Fig. 3.54 is open (no load).
This voltage has a DC component and ripple superimposed on it. To smooth
out the ripple at the load terminal, a capacitor C is connected across
the load terminals. This capacitor filters out the ripples and makes the voltage
uniform. If the switch S is closed and there is no load connected across
the output terminals, the voltage across the terminals is the peak of the
line-to-line voltage (V,-dc=x/-2- -Vanms). The average value of this voltage
reduces with the load and depends on the nature and magnitude of the load
current.

Example 3.14 Write a MATLAB testbed for a diode-bridge three-phase
rectifier. In your MATLAB simulation testbed, assume the input AC voltage
of 120 V RMS (line to neutral), perform the following:

i) Plot the input line voltages
i) Plot the output DC voltage

iif) Show that the instantaneous output voltage is same as the maximum
of the input voltages

Solution
The steps to write the codes:

1. The input phase voltages are defined.
2. From the input phase voltages, the line voltages are defined.
3. The three-line voltages and their negatives are plotted.

4. The instantaneous output voltage is the maximum positive value among
the input line voltages at that instant.

5. The output voltage is plotted.
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The MATLAB program testbed codes are

% Rectafication

cle;

£=60;

v=124; % rms value of input line-
to-neutral voltage

t=0 0 0001 40Qe-3,

Va=V*sqrt (2} *

sin(2*pa*f*t), % 1instantaneous 1input voltages defined

Vb=V*sgrt (2} *sin(2*p1*£¥ (£-1/£*2/3)),

Ve=V*sqrt (2) *san(2*p1*£* (£-1/£*4/3)),

Vab=Va-Vb, % the line-to-line voltages found out

Vbe=vb-Vec,

Vea=vc-Va,

Vba=-Vab,

Veb=-Vbe,

Vac=-Vca,

subploti{2,1,1) % i1pput voltages are plotted

plot{t,Vab,t,Vbe,t,Vea,t,Vha,t,Veb,t,Vac),

grad on,

xlabel('time (in sec)’),

ylabel (‘input line wvoltages (V)'),

title{’Input and Output Voltages of a Rectifier’)

Vxl=max(Vab,Vbc), % the maximum i1nstantaneous voltage
1s found out

Vx2=max (Vxl,Vca},

Vx3=max (Vx2,Vba},

Vx4=max (Vx3,Vcb},

Vx5=max (Vx4,Vac),

Vrmax=Vx5,

vde=Vmax,

subplot(2,1,2)

plot(t,vdc), % the output voltage 1s plotted

grad on,

arist{I0 40e-3 0 3501)

xlabel{‘tame (in sec)’),

ylabel{‘ouput voltage (V})’},

The result 1s given a Fig 356

The diode bridge rectifier can anly carry current from the posiive DC bus
to the negative DC bus. Thus power only flows from the AC side to the DC
side making 1t a umidirectional converter In rectifiers with controllable
switches where the switches can be turned on at any destred moment, the
rectifiers can be made to feed back power from the DC side to the AC side,
making them brdirectional
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{nput and Output Volitages of a Redtifier

__ 400
>
2 200 XXX A K K X I O R A<
R
2 ool OO
= 200 \
3 X LXK X X X
_4000 0.005 0.01 0.015 0.02 0025 003 0.085 0.04
time {in sec)
1 f
300 : :
ST IV VIVVVVVVVIVVVV VY
% 200
g
'g'_ 100
3

0
0 0.005 0.1 0015 002 0025 0.03 0035 0.04
time (in sec)

Figure 3.56 The Result of the Simulation.

3.10 PULSE WIDTH MODULATION RECTIFIERS

PWM rectifiers are widely used in three-phase AC/DC/AC systems due to
their capability in DC voltage boost and regulation, input power factor cor-
rection, and input current harmonic control. In general, the DC link voltage
contains a significant second-order harmonic component, which affects the
voltage loop of the rectifier controller, especially when the control gain is high.
Three-phase AC/DC/AC voltage stiff systems consisting of a front-end recti-
fier, a DC link with a capacitor, and an inverter are widely used in motor
driven, on-line uninterruptible power supplies (UPS), and distributed genera-
tion systems. The rectifier controllers have two feedback loops: an outer
voltage loop and an inner current loop, where the voltage regulator generates
current command, which regulates current and power factor control. Under
normal operating conditions, as a source of DC power in the distributed gen-
eration, steady-state DC bus voltage needs to be kept within its rating plus an
acceptable variation as supported by the DC bus storage system. However,
once the inverter output power changes in response to the load cycle variation
or not balanced, the output power is no longer a constant, which leads to
fluctuation of the DC link voltage. Two control problems must be addressed.
The first problem is the storage system must keep the DC bus voltage within
an acceptable range. The second problem is to control the inverter to provide
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Figure 3.57 The Control Dragram of DC Bus Voltage Regulation Using a Rectifier
System

active and reactive power to the power gnd Figure 3 57 depicts the block
dragram of rectifier control of DC bus voltage

The first control goal 1s to mimmize the DC link voltage The second control
goal 1s to tmprove mstantaneous power balance between the nput and output
of a rectifier wverter system and mintmizing the DC coupling capacitance to
reduce the cost A lower DC coupling capacitance provides a better mstanta
neous power balance However this 1s only desirable under a balanced load
Once the inverter load 15 unbalanced 1t 1s apparent that the steady state
mverter output power 1s no jonger a constant and neither 1s the mverter mnput
DC power Due to the existence of the DC hink capacitor the rectifier side
steady state power can be decoupled from the mverter side and controlled to
within a range without betng affected by the power fluctuation on the inverter
stde which will lead to balanced front end three phase input currents

A micrognid distnbution generation (DGY) system 1s depicted m Fig 358
In this DG system 1t 1s assumed that the vaniable frequency power 1s generated
by a wind farm or a high speed microturbine The resulting AC power 1s rectt
fied and stored 1 a lugh power density capacitor or a storage device

The DG control abjective 1s to eliminate the effects of an unbalanced three
phase 1nverter load on the front end tnput current and still guarantee umty
power factor and fast DC bus vaoltage regulation agamst load disturbances

311 A THREE-PHASE VOLTAGE SOURCE RECTIFIER UTILIZING
SINUSOIDAL PWM SWITCHING

The analysis of the rectifier mode of operation 15 presented on a per phase
basis, The fundamental frequency component of Veyy, 1s shown m Fig 3 59
The AC/DC converter operates 1 a rectifier mode if the converter voltage
Vewy o 1s made to lag the supply voltage Vay by an angle of § This causes the
power to flow from the AC side to the DC side as shown 1n the stmplified
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Figure 3.59 A One Leg Model of a Three Phase Pulse Width Modulation (PWM)
Rectifier

Van VewMa

Figure 360 The Steady State Per Phase Equivalent Circuit at Steady State for
Fundamental Frequency Voltage

equvalent circmt 1n Fig 3 60, which allows the use of a simple AC power-
transfer formula

p=Yan Vewne, ;”‘”’” siné (378)

where the symbol V denotes the RMS value of the fundamental frequency
voltage The control of power angle § 15 achieved by controlling the phase
d of the cc d sinusoidal waveforms For example, when the
reference voltage 15 set to lag the AC source voltage by the fundamental com-
ponent of Vpwy. 1t will lag the source voltage by the same angle Equation
378 states the condition for transfer of power to the DC bus from the AC
source The magmtude of Vewy, ts controllable by controlling the amphtude
modulation index

The phasor diagram shown 1n Fig 3 61 describes the rectifier mode of
operation The control of the input power factor angle 0 of the rectifier can
also be controlled by the angle § To achieve a umity power factor, the angle &
should be controlled such that the phase current 1s 1n phase with the mnput
voltage Vv as shown in Figure 3 62

The AC supply voltage and the supply current are shown mn Fig 3 63 The
supply current 1s magmfied 10 times tn the figure Figure 3 64 depicts the DC
output voltage and Fig 3 65 depicts one leg to nentral, Vpy.y .. the PWM voltage

In Fig 3 63 the input current 15 1n phase with the voltage In this mode of
operation, the rectifier operates at unity power factor
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Figure 3.61 A Phasor Diagram for a Fundamental Frequency Rectifier Operation
Mode.
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Figure 3.62 A Rectifier Mode for a Fundamental Frequency at a Unity Input Power
Factor.
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Figure 3.63 The AC Input Fundamental Voltage and Current Waveforms for the
Rectifier (Waveforms of Example 3.15).
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Figure 364 The DC Output Voltage
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Figure 365 One Leg to Neutral Pulse Width Modulation (PWM) Voltage (Vewara)

The value of Vpyp,, the Rms value of the fundamental component of the
voltage at the AC terminal of the rectifier depends on the value of Vi, the
AC supply voltage, and the current drawn from 1t as well as the value of
the reactance, X present between them The relationship between Vo) and
Vavis given by

Vewwa =Vay =L, X (379)
For a given AC input voltage, current, power factor, and reactance, the value

of Vpuway can be determined The value of the DC link voltage 15 determmed
by the modulation index and Vpu vy, For a three-phase rectifier, 1t 1s gnven by
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TABLE 3.4 The Values of M,, V., and the AC Voltage
at the Rectifier Input Terminal.
Vdc VPWM,a,l M a
604V 128.2 V RMS 0.6

TABLE 3.5 Data for Example 3.15.
Van h P X p.L M,
120V RMS 60 Hz 720 W 11Q 1 0.8

_2V2 - Viyutapon

(3.80)
Ma

Vdc

Example 3.15 Consider a rectifier mode of operation for the following
system data of a three-phase rectifier. Assume the data presented in Table 3.5.
Find the angle 6 and the DC link voltage neglecting the harmonics.

Solution
The three-phase power is given by

P =3'VAN 'Ia -cos@
Therefore, the phase current,

P T0 _
3-Vay-cosf 3x120x1

I, 2Z0A

The PWM voltage of the rectifier input is given by

VPWMa = VAN -1 aX
Viwme =120-2£0x11£90=1222-1039 V

Hence, the angle 6 =10.39 degrees.
The line to neutral voltage of the input of the rectifier is given by

M, Vy
VL—N,rms = 7—5 2('1

Hence, the rectified voltage is

_ 282 Vowsa _ 242 x122

Vie
¢ M, 0.8

=4313V
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3,12 THE SIZING OF AN INVERTER FOR MICROGRID OPERATION

As stated before for sinusoidal-triangle PWM, we can control the magnitude
of the output valtage, by controling the amplitude modulation index

In a microgrid system, three-phase mverters are used The mput of the
verter 1s a DC source that can be obtamed from a PV source, a fuel celt or
varable frequency AC voltage from a vanable-speed wind generator, which
1s rectified into DC The DC voltage 1s typically converted into AC by employ-
g sine PWM The output AC voltage 15 obtaned by comparing a triangular
wave and a sine wave The magmtude of the fundamental component of the
output AC voltage depends on the amplitude modulation ndex, M, that 15
defined as the ratio of the amplitude of the reference sine wave and the tn-
angular wave The frequency of the output voltage 1s the same as the reference
sine wave The harmonic content 1s decided by the frequency modulation index
Mj that 1s defined as the ratio of the frequencies of the tnangular wave and
the reference sine wave The harmonic content of the voltage should be as low
as possible To reduce the harmoncs, the frequency modulation index should
be hugh The value of the fundamental component of the output AC line-to line
voltage 15 given by

VB Vi

3
Vewstap = 2 —=M, 381
FWM ab ﬁ 2 ( )

Table 36 illustrates the vanation of amphtude modulation idex required
to generate a fixed amphtude AC voltage from the DC bus voltage The
switches of the taverter should be tated at the voltage of the DC link and
should be able to carry current for the rated condition The frequency modula-
tion 1ndex should be chosen from the commutation charactenstcs of the
switches used

Although the amphitude modulation mdex decides the magmtude of the
output voltage, the frequency modulation index decides the harmonic content.
The amphtude modulation mdex plays a minor role m the harmonic content
Table 3 7 gives the harmonic content in terms of per umi of the fundamental

TABLE 36 The Values of Modulation Index Required
to Keep the AC Voltage (Line-to-Line) Fixed for a
Three-Phase Inverter.

Vo= 120V
Voc (V) M,
200 098
250 078

300 065




THE SIZING OF AN INVERTER FOR MICROGRID OPERATION 167

TABLE 3.7 The Per Unit Harmonic Content of the Output-Phase Voltage.

Order of

Harmonic M,=1 M,=0.9 M,=038 M, =07 M, =06
1 1.000 1.000 1.000 1.000 1.000
1-Mp12 0.318 0.298 0.275 0.248 0.218
2-M; %1 0.181 0.283 0.393 0.506 0.617

The second column of the table shows that if the fundamental of the voltage
wave has a magnitude of 1, for M, = 1, then the magnitude of the harmonic of
order 1- M2 is 0.318 or 31.8% of the fundamental (M, is the frequency
modulation index). For example, if the frequency modulation index is chosen
as 50 (switching frequency of 3 kHz with a power frequency of 60 Hz), then
from 1- M, +2, the order of the harmonics that will be significant are 48 and
52.In other words, harmonics of 48 x 60 = 2.88 kHz and 52 x 60 = 3.12 kHz will
have magnitudes comparable to the fundamental. Similarly, the harmonic of
order 2- M +1is 18.1% of the fundamental. Which means the 99" and 101
harmonics will have significant amplitudes. These harmonics will have frequen-
cies 99 and 101 times the fundamental frequency, respectively (5.94 kHz and
6.06 kHz). Next, the third column gives the harmonic contents as a fraction of
the fundamental if the amplitude modulation index is 0.9. This means that if
M, is 0.9, then the 48" and 52™ harmonics will be 29.8% of the fundamental.
The subsequent columns show the harmonic content for different amplitude
modulation indices.

In general, the orders of the harmonics that are significant or comparable
to the fundamental are N- M, £+ M where N and M are integers such that their
sum results in an odd integer. Most electrical circuits consist of R-L structures.
The impedance of the inductance is directly proportional to the frequency
(Xp1=L-2-m-f). As the order of the harmonic voltage increases, its
frequency also increases. The harmonic impedance offered by the inductor
becomes X, ,=L-2-7m-n- f =n- X, ;. In other words, the harmonic impedance
becomes the order of the harmonic times the fundamental impedance.
Therefore, the higher the order of the harmonic the more is the harmonic
impedance and less is the current. Therefore, with a higher M r the more is the
order of harmonic and less is the harmonic current. If the harmonic content
of the current is less, the closer is the current to the desired sinusoidal wave.
Hence, it is always desired to have a higher frequency modulation index.
However, there is some practical constraint to it. If the sampling frequency is
high, then the number of turn on and offs of the switch per second increases
and the switching losses increase. Moreover, if the sampling frequency is too
high, the switches may fail to turn on and off properly. Therefore, a tradeoff
is reached between harmonic content and the switching loss to determine the

sampling frequency. Furthermore, the sampling frequency is selected out of
audio range.
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3.13 THE SIZING OF A RECTIFIER FOR MICROGRID OPERATION

For a diode bridge rectifier, the open circuit DC voltage 1s directly propor-
uonal to the nput AC voltage These rectifiers are used only when the fre-
quency at the AC side 15 not important and when no control 1s required for
the DC voltage The DC voltage 1s directly proportional to the AC put
voltage A capacitor may be connected across the DC link to stabihize the DC
voltage The open circuit voltage with no capacitor 1s given by

36 Verwe
z

Vae (382

In applications where the frequency of the AC side 1s to be maintained at a
particular value, PWM rectifiers are employed The DC output voltage of the
three phase sine-triangle PWM rectifier 1s deternuned not only by amplitude
modulation mdex, but also the power angle § discussed before The rectifier 1s
usually supplied from an AC source with a reactance between the rectifier and
the AC source The current drawn by the rectifier causes a voltage drop, as a
result, the AC voltage at the rectifier terminal 1s different from that of the AC
source The rectified voltage V¢ 15 directly proportional to the AC voltage at
the rectifier terminal and 15 mversely proportional to the modulation mdex

Vi, =————2‘{/E§ Tro G83)

The switches of the rectifier should be rated at least at the DC link voltage
and the frequency modulation index 1s determined from the commutation time
of the switches Symilar to the mverter, the harmonic content of the current 15
less 1f the sampling frequency 1s lugh However, a higher sampling frequency
results in higher switching losses and may cause commutation of the switches
ton Hence, 2 tradecfi e hed hr stk R8s 27 e harmans
content to decide upon the sampliag frequency

3.14 THE SIZING OF DC/DC CONVERTERS FOR
MICROGRID OPERATION

The DC/DC converters are used to connect the battery to the micrognd The
type of converter is chosen based on the application a boost converter to step
the voltage up, a buck converter to step 1t down, whereas a buck-boost
comverter 1s used for both stepping up and down The output of the converters
1s gnven 1n Equation 384 As, seen from the equatron the output voltage
depends on the duty ratio of the switch The switch should have a rating equal
to that of the high voltage side for buck converter and boost converter For a
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buck-boost converter, the switch should be rated to a voltage level higher than
the sum of the input and output voltages. The current rating of the converter
should be such that the converter is able to charge and discharge the battery
with required current.

vo Y

1-D
V, =D-V,, : buck converter (3.84)
V, = -?——%1 : buck-boost converter

: boost converter

The output voltage of the DC/DC converter is not constant in the strictest
sense of the word. It has small ripples about an average value. Ideally, for a
stiff voltage source, the ripple should be zero. Practically, there is some ripple
present in the output voltage depending on the load, the output capacitance,
and the switching frequency. A higher value of capacitor and a higher switch-
ing frequency is required to keep the ripple small for a given load. Like an
inverter, the switching frequency is decided by considering the switching losses
and the turn-on and turn-off time of the switch used. A tradeoff is reached
between the ripple in the output voltage and the switching loss. Again, the size
and cost of the converter increases with the size of the inductor and the capaci-
tor. So, a tradeoff is reached between the ripple of the output voltage and the
inductor current and the size and cost of the converter while designing it.

PROBLEMS

31 Consider the microgrid of Figure 3.66. A three-phase transformer,
T1, is rated 500 kVA, 220 Y grounded/440 V A, transformer with the
reactance of 3.5%.The microgrid is supplied from an AC bus of a PV
generating station with its DC bus rated at 540 V. The distribution line
is 10 miles long and has a series impedance of 0.1 +; 1.0 Q per mile
and local load of 100 kVA at 440 V. The microgrid is connected to the
local power grid using a three-phase transformer T2, rated at 40V Y

ﬁ DC Bus AC Bus , E ﬂ—::g;
L-w . £
/PV Generating W
"\ Station Zline Local
T1 —} %’(Power
Grid
T2

Figure 3.66 A One-Line Diagram for Problem 3.1.
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— DC Bus AC Bus
EEANN
Load 1
T
Stat

33

34

Boost
Converter

Load 2
Figure 367 A One Line Dragram of Problem 32

grounded/13 2 kV A, 500 kVA with the reactance of 8% Compute the
per unit impedance dragram of the micrognid system Assume the voltage
base of 132 KV on the local power gnd side and kVA base of 500

Consider the microgrnid of Figure 3 67 Assume the mverter AC bus

voltage of 240 V and transformer T1 15 rated 5% impedance, 240 V/120 V

and 150 kVA The transformer T2 1s rated at 10% impedance,

240 V32 kV and 500 kVA The local loads are rated at 100 kVA and a

power factor of 09 lagging The inverter modulation index 15 09

Compute the followmng

1) The DC bus voltage and mverter rating

i) The boost converter PV bus input voltage and mput current ratings
for the required DC bus voltage of the iverter

) The size of the microgrid PV generating station

w) The per umit model of the mcrognd

For Problem 3 2 depicted in Figure 3 67, assume the DC bus voltage of
mverter 1s equal to 800 V DC The transformer T1 1s rated 9% waped
ance, 400 V A/220 V'Y grounded and 250 kVA The transformer T2 1s
rated at 10% mmpedance, 400 V Y grounded/132 kV A and 500 kVA
The Load 115 rated at 150 kVA with a power factor of 0 85 lagging The
Load 2 15 rated at 270 kVA with a power factor of 95 leading
Compute the following

1) The modulation index and inverter rating

1) The boost converter PV bus voltage and mput current for the

required DC bus voltage of the inverter

ui) The mimmum size of the microgrid PV station

For Problem 3 3 depicted in Figure 3 67, assume transformer T1 15 rated
at 5% mpedance, 440 V/120V and 150 kVA The transformer T2 1s
rated at 10% wnpedance, 440 V/3 2 kV and 500 A\VA The tnverter mod
uiation index 15 09 Select the power base of 500 kVA and the voltage
base of 600 V The local power gnid nternal reactance 1s 0 2 per unit base
on 10 MVA and 32 kV Assume the micrognid ss not loaded Assume
PV has 50% short circurt resistance based on 1ts own rating
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3.6

37

PV Generating
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DC Bus AC Bus Local
Loads

250 kVA

3 W Local

Station trans
Inverter - an _3 E—KPower
} 440 V/3:2 kV 32KV L. 132Ky O
500 kVA T2
3.5% 3.2 kV/13.2kV

ROOKVA A%
Figure 3.68 A One-Line Diagram of Problem 3.5.

Compute the following:
i) The per unit equivalent impedance model

iy ‘The fault current if a balance three-phase fault occurs on the
inverter bus

Consider the microgrid of Figure 3.68. A three-phase 500 kVA, 440 Y
grounded/3.2 kV A transformer with the per unit reactance of 3.5%
feeds from an AC source of a PV generating station. The distribution
line is 10 miles long and has a series impedance of 0.01 +j 0.09 Q per
mile. The local load is 250 kVA. Balance of power can be injected into
the local utility using a 500 kVA, 3.2 kV Y grounded/13.2 kV A trans-
former and with the per unit reactance of 8%. Assume the voltage base
of 13.8 kV on the local power grid side, kVA base of 500, and the DC
bus voltage of 800 V.

Compute the following:

i) The inverter and the PV generating station ratings
if) The per unit impedance diagram of the microgrid

Consider the microgrid of Figure 3.68 and the data of Problem 3.5. The
local power grid net input reactance can be approximated as 9% based
on the voltage base of 13.2 kV and 500 kVA base. Assume DC bus
voltage of 880 V.

Compute the following:

i) ‘The inverter modulation index and inverter rating

iy The short-circuit current of AC bus if a three-phase short-circuit
occurs on the AC bus of the inverter; ignore the PV station fault
current contribution

iif) The same as part (ii), except assume that the internal resistance of
PV generating station and its inverter can be approximated as 1
per unit based on inverter rating

Consider a three-phase DC/AC inverter with a DC bus voltage rate
at 600 V. Assume the DC bus voltage can drop during a discharge cycle

to 350 V DC. Determine the AC bus voltage range for a modulation
index of 0.9.
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TABLE 38 Data for Problem 3.8.

Vav S P X pt M,
120 V RMS 60 Hz 1500 W 15Q 1 085
3.8 Consider a rectifier mode of operation for the following system data of

3.9

31

by

a three phase rechifier Assume the data given 1n Table 38
Perform the followmng
1) Find the angle § and the DC hnk voltage Ignore the resulting

harmonics

i) Wnte a MATLAB program to simulate the rectifier operation to
plot the current ], and the voltage Vay considering Ve, and 3 are
known and have values same as the result of Part 1) Assume the
PWM voltage 1s calculated from the incoming AC power Ignore
the resulting harmonics.

A three phase rectifier with the supply-phase voltage of 120 V and the
reactance between the AC source and the rectifier 1s 11 Q@ Wnte a
MATLARB program to plot the modulation mndex necessary to keep the
Vpcconstant at 1200 V when the mput power factor angle 1s varied from
—-60° to 60° Assume that the active power supplied by the system
remains fixed at 5 5 kW

0 Develop a MATLAB testbed and compute the trrangular wave Vyusing
the Fourer series. Assume the following speaifications peak 48 V, fre-
quency 1 kHz, and order of harmontcs <30 Plot the waveform
Hint V(1) can be constructed using the Founer senes of a triangutat
wave An advantage to this method 1s that you can create the waveform
over a long pertod The equation and solution of a Fourer seres can be
found on many sites anline It should be quickly noticed that the triangle
waveform has an odd symmetry, thus @, = 0 and a; = 0

The Fourter equation becomes

F(!)=an+zak cos(k wr)+ b, sk of)
k=1

F(r)=2bk sk wr)

ket

15 2l that needs 10 be solved for, The tnangle function can then be spltt nto

sections, somewhat like the first method, to find b,.

The equatton to form a triangular wave has been discussed in section 351

_-8 (-1 n
b= s sm(k -2~)
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Now, we will substitute b, and we will obtain the equations for the triangle
wave as shown by equation:

F()=A- Z ik ( 1) sm(k ;)-sin(k-a)t)

k=1,3,5

where A is amplitude. This equation can then be put into a MATLAB
simulation.

We can use this equation to describe the operation of a converter in a
MATLAB simulation.
For example, let us define the frequency, sampling time, and amplitude as

f: =5000; T, =1/ f; Visax =48

To see the full waveform, the step size should be at least half of T, and a power
of 10 smaller to create enough points.

t=0:7;/20:10

the above MATLAB codes will create a waveform 10 seconds long. We can
use a loop to iterate the equation constantly adding it to itself as needed by a

series | &4 ..

311 Develop a MATLAB testbed and compute the triangular wave for
PWM using the identity mapping method. Assume a peak value of 48
and a frequency of 1 kHz. Plot the wave form.

312 Develop a MATLAB testbed for the DC/AC inverter given below.
Assume V4 is equal to 560 V (DC), V¢ (may is equal to 220 V, f, is equal
to 60 Hz and modulation index of 0.5 < M, < 1.0, and change M, from 2
to 20.

Digital Controtler

Figure 3.69 The Linear and Overmodulated Operation of a Three-Phase Converter.
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Perform the following:
1) The rato of the fundamental-frequency of the line-line (RMS) to
the mput DC voltage, Vi, (Vanme rarsy | Vide)
1) Plotthe Vi, ume rass)f Vi as a function of M, for My =2 and M;=20
3.3 Consider a PV source of 60 V. A single-phase inverter with four switches
15 used to convert DC to SO Hz AC using a umpolar scheme. Select the
following modulation ndices
a M,=05and M,=7
b. M,=05and M;=10
¢ M,=09and M;=4
Wnite 3 MATLAB program to generate the waveforms of the mverter
showing V,, voltages. Make tables and discuss your results
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CHAPTER 4

SMART POWER GRID SYSTEMS

4.1 INTRODUCTION

Initially designed in the early 1900s, today’s power grid has evolved to become
alarge interconnected network that connects thousands of generating stations
and load centers through a system of power transmission lines.” A power
grid system is designed based on the long-term load forecast of the power grid
load centers that are developed according to the anticipated needs of the com-
munity it serves. Then, an analytical model of the system is developed to
project the grid’s real-time operation. In a smart power grid system, a large
number of microgrids operate as part of an interconnected power grid. For
example, a photovoltaic- (PV-) based residential system with its local storage
system and load would be one of the smallest microgrids in the smart power
grid system.* To understand the new paradigm of tomorrow’s smart power grid
design and operation, we need to understand today’s electric power grid
operation and costs of design.*>

In this chapter, we introduce the basic system concepts of sensing, measure-
ment, integrated communications, smart meters, and high green energy pen-
etration of intermittent generation sources. We also introduce the basic
concepts of generator operation, power flow, the limit of power flow on trans-
mission lines, and load factor calculation and its impact on the operation of a
smart grid and microgrids. A basic understanding of a power grid’s operation
will facilitate how to design a microgrid to operate as a standalone System
when it is separated from its local power grid. These concepts set the stage for

Design of Smart Power Grid Renewable Energy Systems, First Edition. Ali Keyhani,
©2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc,
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the design of green energy microgrids that will be presented 1n the chapters
that follow

42 POWER GRID OPERATION

The operational objectives of a power grid are to provide continuous quahty
service at an acceptable voltage and frequency with adequate secunty, relt
ability, and an acceptable impact upon the environment—without damage to
the power grid equip —all at a cost ¥4

In Fig 41, the direction of the arrows indicates the priority i which the
objectives are mmplemented Quality service that 1s environmentally accept-
able secure, and rehiable and entails mumimum cost 1s the main objective 1n
power grid system operations However, during emergency conditions, the
system may be operated without regard for economy and environmental
restriction such as the use of a high polluting energy source, instead concen
trating on the security and reliability of the service for energy users, while
maintaining power grid stability

The term continuous service means “secure and reliable service * The term
secure, as 1t 1s used here, means that upon occurrence of a contingency, the
power gnd could recover to its onginal state and supply the same quality
electric energy as before

For example, 1f 1 the power gnd of Fig 4 2, the line connecting bus 2 and
bus 4 1s out of service, the power grid 1s secure 1if 1t still can serve all loads.
However, the power grid 1s reliable 1f 1t has adequate reserves to face increased
load demands In addition, the power gnid of Fig 4 2 1s rehable 1if when it 1s
subjected to scheduled or unscheduled energy source outages, 1t 1s still able to
supply quality electric energy to the users

To ensure secunity and reliability, power plant facilities and resources must
first be planned then managed effectively A large power grid 1s comprised of
many elements including generating unuts, transmission lines, transformers
and circuit breakers As new green energy sources are adopted mto the power
gnd and a smart power grid 1s put in place, additional equipment such as DC/
DC converters and DC/ AC converiers must be integrated and scheduled for
power grid operation In addition, market structure and real time pricing™ of
energy need to be evaluated

Quality of
Service
—
Secunty ar To
y ? >—») [Environment >—3 DJ Energy Users

(V] @ )
Figure 41 'The Interrelated Objectives of Operation of a Power System
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20 kv

Figure 4.2 A Five-Bus Power System.

At the outset, we need to schedule power generation to supply the system
loads for every second of the system’s operation.®® The energy resources of a
large power system consist of hydro and nuclear energy, fossil fuel, renewable
energy sources such as wind and solar energy, as well as green energy sources
such as fuel cells, combined heat and power (CHP; also known as cogenera-
tion), and microturbines. These resources must be managed and synchronized
to satisfy the load demand of the power grid. The load demand of a power
grid is cyclic in nature and has a daily peak demand over a week, a weekly
peak demand over a month, and a monthly peak demand over a year. Energy
resources must be optimized to satisfy the peak demand of each load cycle,
such that the total cost of production and distribution of electric energy is
minimized.

Figure 4.3 depicts a 24-hour load variation sampled every 5 minutes, From
Fig.4.3,it can be seen that peak demand is twice the minimum power demand.
Figure 4.4 shows that the peak power demand occurs on Monday and the
minimum power demand occurs on Sunday. The power system operator must
plan the power grid energy resources and facilities to satisfy the varying load
conditions.

Operations planning is divided into three tasks—long-, medium-, and short-
term operations—as shown in Fig. 4.5. Operations control deals with control-
ling the system as it is operated minute by minute. An operations accounting
System records the events occurring on a grid system and by analyzing recorded
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data attempts to account for various events that affected the gnd Operattons
accounting data 15 also used in the planning of future power gnds.

The decision time tnvolved 1n operations planning and control of the power
grid 1s depicted in Fig 46 The vertical axis of Fig 4 6 shows the dectsion time
for implementing a function The honzontal axis ndicates where the control
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Operation Operation »  Operation Ogg:lat:':ln
Planning Planning Planning

Operations

Review

Accounting and

Figure 4.5 The Interrelated Tasks of Planned Scheduling Operation.”
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Figure 4.6 Energy Management System and Its Functions versus Decision Time.
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of a function takes place These functions are programmed into the computer
software The hardware for implementing these functions includes two com
puters, one operating 1 real-time 1n charge of the gnd, the second 1s on line
as a backup if the first computer encounters problems The computer system
1s referred to as an energy management system (EMS) or the energy control
center

The Supervisory Control and Data Acquisition (SCADA) system consists
of data acquisttion and control hardware and software, man-machine and
mterface software systems, and dual computer systems with real-time operat
g systems. Therefore the EMS consists of a SCADA system plus the applica
tion functions used to operate and control the power grid The pnimary
functions of SCADA are (1) to collect information throughout the power grid,
(2) to send the collected data through the power gnd communication system
to the control center, and (3) to display the data m the control center for power
grid operators to use for decision making and 1 the determination of the
application function for grid operation As part of the smart power grid design,
additional data concerming the enesgy resources such as wind solar, PV energy
sources and real-time pricing from the power market must be incorporated
nto the SCADA system Distributed over a wide area, the smart power gnd
must be optimized for 1ts efficient and stable operation—yet another task for
the SCADA system

The problems of operations planning can be broken down nto four differ-
ent tasks. The first task 1s (1) to schedule all resources and facilities yearly, (2)
on a monthly basis for satisfying the forecasted monthly peak load, (3) then
utihizing the weekly results to produce a daily schedule, and (4) finally using
the daily schedule to prepare a feasible and secure hourly schedule

‘The long term operation planning consists of two functions a monthly load
forecasting program and a maintenance scheduling program based on esti-
mates of the peak load demand of every month The maintenance scheduling
program schedules units for according to many criteria, e g, the
manufacturer’s mantenance recommendattons, experience with particular
equipment such as generators, transtormers, transmssion lines, etc , such that
the peak load demand of every month 1s satisfied within a reasonable nisk

The scheduling of resources and faciltties on a weekly basis 15 accomphished
through medium term operation planming This task consists of two functions
a weekly load forecasting program and a hydrothermal coordination program
The weekly load forecasting program estimates the peak demand of every
week over a month The hydrothermal coordination program deterrmnes the
best schedule of operation of the hydro and thermal units such that the
amount of fuel consumed in the thermal units 1s mininized, and the weekly
load demand of the system 1s sausfied As renewable energy sources are
mcreasingly used in the power grid, the operation planmung will become highly
complex due to the intermittent nature of renewable energy sources.
Furthermore, asreal time pricing s put into effect® the task of operation plan
ming will become more complex as energy users react to darly hourly pricing.
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These problems are being addressed 1n the planned operation of a smart
power grid

The weekly scheduling of facilittes and resources on a daily basis 1s per
formed by short-term operation planmng which consists of a short-term load
forecasting program, a secunity analysis simulations program, and a umit
commitment program The short-term load forecasting esttmates the hourly
load demands of the next 168 hours. The unit commitment or economic gen
eration scheduling which 1s also referred to as the ordering method or predis-
patching determmes the generating umits to be commatted to system operation
based on the availability of different umts as speaified by long- and medium
term operation planmng so that the hourly forecasted load for the next 24 to
168 hours 1s satisfied In addition, the umt commitment function makes a
sequence of decisions leading to the starting and stopping of thermal units to
assure an adequate but not excessive amount of generating capacity 1s avail-
able to meet the hourly forecasted grid load It should be mentioned that due
to uncertainty in the load forecast, 1t 1s customary to plan for additional capac-
1ty exther synchromized or ready to be synchromzed within a short period This
excess capacity 1s called the operating reserve, which we will discuss later The
secunty analysis simulation function 1s a set of dispatcher-oriented, interactive
programs that are used to compute the system bus load voltages. The last
activity of short term operation planning s a security analysis sumulatton func-
tion The security analysis simulation function computes the system bus volt
ages based on the hourly generation schedule from the umt commitment
program and an hourly bus-load forecast If for the expected hourly loading,
generation scheduling and the expected or scheduled system configuration,
the resulting operation condition 1s not acceptable, then changes 1n the system
configuration (e g changing the tap setting of the transformers or the sched
uled generation) will be made and the computation will be repeated Once a
feasible economical hourly schedule of generation 1s determined, the planned
operation of the system will be passed to operations control, which will attempt
to satisfy the minute-to minute demands of the system as was described in the
preceding section Bus load voltage calculation 1s important m power gnd
planning and operation 1t 1s called power flow or load flow We will discuss
this function i Chapter 7

In the deregulated power market, many contracts are executed between
buyers and sellers in advance For example, the day-ahead market 1s developed
based on the forecasted load demands of the system to supply electrical power
at least 24 hours before delivery to buyers and end users **°

4.3 THE VERTICALLY AND MARKET-STRUCTURED UTILITY

Figure 48 depicts a vertically integrated power gnd, which dates back to
Thomas Edson '? It 1s essentially a network structure, with a large power
station located where coal or hydropower were available The electric energy
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Figure 4.8 A Vertically Integrated Power Grid.

users were first served at large cities and then through a radial distribution
system to the rural areas. In today’s power grid, energy flows one way—
essentially, from power stations to the residential, commercial, and industrial
users. Because most power stations are remotely located where coal resources
and hydropower sources are available, the power must be transmitted through
high-voltage transmission systems and subtransmission systems to end users.
The power losses to the load during transmission can be estimated by studying
the power flow through the system. For the United States, in 2004, the losses
were estimated to be approximately over 265,180,000,000 million kWh.?

If a power grid is subject to a sudden outage at a power generating station
or the loss of a critical line carrying large megawatts of power from generating
stations to the load centers, such a loss creates a sudden deficiency of generat-
ing power. With the result that system operators cannot match energy produc-
tion to energy demand; hence, the power grid is subject to power oscillation.
If the system operators are not able to match energy production to energy
consumption, the power grid becomes unstable, and protective relays remove
the equipment from service prompting a blackout.

Figure 4.9 depicts a market-operated power grid. In this structure, the inde-
pendent system operator (ISO) is in charge of power grid operation. ISO
energy-management computer systems compute the operating reserve that is
necessary to maintain reliable interconnected power grid operation.” The
IS0 operators operate the power grid based on the North American Electric
Reliability Council (NERC)** Policy 1 generation control and performance
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standard This document specifies the operating reserves requirements.
According to NERC “Each control area shall operate 1ts power resources 10
provide for a level of operating reserve sufficient to account for such factors
as errors mn forecasting generation and transmisston equipment unavatlability
number and size of generating units, system equipment forced outage rates
maintenance schedules, reguiating requirements and regional and system load
dwersity ' ” Followng loss of resources or loads the ISO operator takes appro

priate steps to stabilize the power grid The additional generation 1s 1n the form
of a spinning reserve ™ The spinming reserve 1s defined as synchronized power
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that is ready to be dispatched by the system operator. The spinning reserve is
normally from a 5- to 10-minute reserve. The reserve power can also be in the
form of standby off-line reserves, and contracted customer-interrupted loads.

A close look at the operation of a power grid makes it apparent that the
end-energy users are collectively controlling the system load. When we, as
customers turn on or turn off power devices, we are impacting the system.
When a load is turned on, the system generators are loaded and the speed of
the system generators drop. The drop in system speed reduces the system
frequency. When a load is turned off, the speed of the system increases and in
turn, the system frequency increases. The system operator controls the system
frequency and system voltage. This control action is referred to as load follow-
ing. To elaborate further, we can say that the system operator reacts to the
changing loads by monitoring the system frequency. This control action takes
place under load-frequency control (LFC).!

In a market-structured power grid system, the ISO has the responsibility of
controlling the power grid. All stakeholders, power grid companies, indepen-
dent power producers, municipal power companies and so on, are operating
under power market rules; still, all stakeholders must study the system load
profile and expected demand to position themselves for maximum profit.
However, the ISO still operates the power grid such that its stability is assured,
while it provides efficient utilization of power in the power market.

In this book, we will only present the functions that are important for the
understanding of a smart power grid consisting of many microgrids where
every bus (node) of the system has both load and generation. To understand
this concept, we need to understand the operation control of a power grid in
more detail.

44 POWER GRID OPERATIONS CONTROL

The primary functions of operations control are satisfying the instantaneous
load on a second-to-second and minute-to-minute basis.*®* Some of these func-
tions are

. Load frequency control (LFC)

. Automatic-generation control (AGC)

- Network topology determination (NTD)

. State estimation (SE)

. On-line load flow and contingency studies
. Schedule of transactions (ST)

. Economic dispatch calculation (EDC)

. Operating reserve calculation (ORC)

. Load management system (LMS)

O 001N AW N
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The decision ime of operations control 1s from dynamic response 1n a fraction
of a cycle in LFC, to 1-10 seconds for automatic-generation control, 1o 5-10
minutes for economic dispatch calculations, and from a second up to 30

for aload system *1° However, with the implementation
of a smart grd system with a high penetration of renewable green energy
sources and a smart metermg system, we will have a more-complex power
system In the following sections, we will study the function of LFC and
automatic-generation control Later in the book, we will study network topol
ogy determmation and power flow (load flow) studies in detail Other func
tions are left for students to study on their own using the reference section at
the end of this chapter and Internet resources ™

45 LOAD-FREQUENCY CONTROL

LFC 15 also referred to as the governor response control loop as shown m
Fig 410 As the load demand of the power system increases, the speed of the
generators decreases and this reduces the system frequency Similarly, as the
system load demand decreases, the speed of the system generators increase
and this increases the system frequency The power system frequency control
must be maintained for the power grid to remain stable

In the AC power grids, all generating sources are operating n parallel and
all (inject) supply power to the power gnd This means that all power sources
are operating at the same system frequency The system operating frequency
m the Umited States 1s 60 Hz and at 50 Hz in the rest of the world The genera
tors are operating at the system frequency, they are all synchromzed and

Govermnor

Turbine
Valve

-
7\

Figure 410 The Governor Control System
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operating at the same synchronized speed: all are supplying (injecting) power
to the power grid. The synchronized speed can be computed as

O =%ws (4.1)

where @, =2xf, and f; is the system frequency. In revolutions per minute
(rpm), we have

207,

Hyn 1 > rev/ min—rpm (4.2)

In the above equation, P is the number of poles and f; is the generator fre-
quency. Therefore, for a two-pole machine, operating at 60 Hz (f = 60 Hz), the
shaft of the machine is rotating at 3600 rpm. If the prime mover power has a
slower speed, such as the hydropower unit, the generator has more poles. For
example, if P = 12, the prime mover speed is 600 rpm and still the unit operates
at 60 Hz.

Synchronized operation means that all generators of the power grid are
operating at the same frequency and all generating sources are operating in
parallel. This also means that all generating units are operating at the system
frequency regardless of the speed of each prime mover. In AC systems, the
energy cannot be stored; it can only be exchanged between inductors and
capacitors of the system and is consumed by loads. Therefore, for an AC system
to operate at a stable frequency, the power generated by AC sources must be
equal to the system loads. However, the loads on the system are controlled by
the energy users, i.e., when we turn off a light, we reduce the system load; when
we turn on a light on, we increase the system load. In response to load changes,
the energy is supplied from the inertia energy stored in the massive mass of a
rotor. However, at every instant, the balance between energy supplied to the
grid and the energy consumed by loads plus losses are maintained. This concept
can be expressed as

1

2 PG’ = i PL, + PIusse: (43)
1=1 =1

where Py is the power generated by generator I, P, is the power consumed by
load i and the n, is the number of the system generators and n, is the number
of the system loads. The transmission line losses are designated by By,

As can be expected, as the system load demand at time ¢ increases, we
should expect that the system frequency decreases because the power system
at that instant has more loads than at the instant t — k where k is the time step.
In fact, this is precisely what happens at first. However, the system has a feed-
back loop that is called the load-speed control and as the system frequency
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drops,1 e, the prime mover shaft speed decreases, the feedback loop increases
the input power to match the system generation with the system load Thisis
called governing system control the governor opens the turbine valves to
mcrease the input power that n turn speeds up the shaft of the generator
However, with an increase m the system loads, the additional power generated
matches the system generation to the system load and the system will operate
at the system synchronized speed

The governor control keeps the turbine shaft speed constant at the desired
synchronized speed to generate power at a synchromzed system frequency To
ensure the safety of the botler and turbine, the boiler control system controls
the condition of steam that 15 expressed by steam pressure and steam tem
perature The boiler control system controls the turbine valve 1n the desired
posttion such that the steam pressure and temperature are wrthimn their spect
fied range Figure 4 11 depicts the boiler control system The governor control
feedback controls the turbime shaft speed—as the system load changes, the
governor feedback opens or closes the turbine valves However, the opening
and closing turbine valves are dependent on steam conditions The turbine
valves can be opened or closed as long as the boiler steam conditions are
within the desired range

To match the system generation to the system load, two control methods
are implemented These methods are turbine-following control and boiler
follow-up control In the turbine following control, the turbine generator 1s
assigned the responsibibity of throttle pressure The turbine valves are con
trolled within a specified range that ensures that steam conditions steam
pressure, and temperature are within the safe range The MW load demand
corresponds to steam flow demand and 1t 35 controlied by the botler When the
step ncrease 1n load contro! command 1s issued, the control command 1s sent
to the boiler The boiler control system then mcreases the fuel rate, feed water,
and awrflow, which increases the throttle pressure The change m the throttle
pressure 15 measured by the turbine control system The turbine valves are
controlled by the turbine control system The turbine valves are opened to
increase the steam flow and MW output of the generator Note that when the
steam flow 1ncreases due to the opening of the turbime valves, the turbine shaft



LOAD-FREQUENCY CONTROL 189

accelerates. However, because the generator is synchronized to the power grid
and the system load has increased, then the MW power generated is injected
into the power system and a new balance between the system load and genera-
tion is established. Therefore, the system frequency is maintained and all con-
nected generator operate at a synchronized speed.

In boiler follow-up control," the boiler is assigned the responsibility of
throttle pressure. The MW load demand is controlled by the turbine genera-
tor. In this mode of operation, a step increase in generation due to a step
change in load demand goes directly to the turbine valves. The load demand
increases, the turbine valves open, and hence the steam flow and MW output
of the generator increases. However, the boiler is controlling the throttle pres-
sure, and if the pressure drops out of the range assigned to the boiler, the
boiler control system overrules the turbine control action to maintain the
pressure. Both the proposed control systems can provide satisfactory control.
The boiler follow-up control has a faster response and is widely used.
The turbine control system has a slower response; however, it protects the
boiler and ensures that steam is conditioned before energy is extracted from
the boiler.

For the stable operation of a power system, in addition to frequency control,
we must also control the terminal voltages of generators and power factors.
Figure 4.12 depicts the voltage regulator for a steam turbine-generator. As we
indicated, the governor controls the main steam valves of the turbine and
controls the steam flow to the turbine. The steam flow to the turbine is the
primary mechanical power on the shaft of the generator. In Fig. 4.12, we have
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Steam —» !
Generator : Generator
Governor | Dref i l — o
® +‘
Steam j L :
urbine ’} Exciter Efd '———°:>Pe
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Regulator| filter Transformer
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Figure 4.12 Voltage Regulator and Turbine-Governor Controls for a Steam
Turbine-Generator.
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also shown the generator excitation system that 1s located on the rotor of the
machme The generator’s terminal voltage 1s controlled by the voltage regula
tor The field voltage 1s applied to the generator excitation winding based on
the regulator set pomnt (Vi)

By applymg the mechanical power to the rotor winding that 1s supphed with
DC cusrent a time-varying field 1s established 1n the air gap of the machie
Based on Faraday’s law of induction the voltage 15 included on the stator
windings. Again, because the generator 1s synchromized to the power gnd, the
power 1s mmjected into the system Figure 4 13 depicts the mam concepts that
we must understand from the operation of a steam power plant A power
generator 1s a three terminal device We set the field current of the generator
to set the generator’s terminal voltage

E=K I, o “44

The open-circurt-induced voltage, E 15 a function of the machine dimensions
that are gtven by the constant K and field current, I; and shaft speed, &

By adjusting the field current, a generator can operate at leading or lagging
power factor We will study this concept later mn this chapter However, the
reactive power, Qg generated by machines must be equal to the total reactive
loads and transmission hnes’ reactive losses

i Qo = 2 Qri + Qlosses 45)

= =]

where Q¢ 1s the reactive power generated, O, 15 the reactive power of load
Quoses 15 the reactive power loss

Let vs formally introduce two important analysis studies in power system
planming design and operation

1 Ruwer Piow Srudires. Grven ne scnedule system generation, system load,
and schedule system elements such as transmission hnes and transform
ers, etc., we compute the system bus voltages and pawer flow on transmis-
sion Iines These conditions are expressed by Equations 43 and 45 We
often refer to bus voltages as system states that represent the voltage
magmtude and phase angle at each bus For power flow studies, we are
interested in the system injection model we do not include the generator
impedance 11 the power grid injection model that describes the mjected
power at the terminal of the generator into the network model of the
transmussion system

Short-Circunt Studies Given the system model, the bus voltages, and load,
we compute balanced and unbalanced fault currents that can flow on the
system 1f a fault happens. Based on this study, we calculate the short-
circuit currents that the breakers may expertence upon occurrence of 2

r
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fault. This study also provides the level of fault current throughout the
system for setting relays of the protection system. In the short-circuit
studies, the internal input impedance of generating sources must be
included because they limit the fault current as it happens upon occur-
rence of a fault. Without internal input impedance of generating sources,
the fault current would be infinite; this is unrealistic because the source
would catch fire before an extremely high current is reached.

Let us return to the operation of a generator. In the second terminal of Fig.
4.13, we supply the mechanical power to the generator shaft, and in turn, we
set up a time-varying flux in the air gap of the generator that will couple the
windings located on the stator of the generator and produces the terminal
voltage. The output power of the generator is injected into the power system
network. The injected power and its power factor are controlled by controlling
the field current and the terminal voltage. We will discuss this point later in
this chapter.

The dynamic range of a power system operation starts from start up—
a transient condition to the steady-state operation. The dynamic duration of
a power grid can be from a few cycles to several minutes. The generator
excitation-control system can be subjected to dynamic perturbation from a
few cycles to a few seconds as the field current of the generator is changed to

Generator Terminal

Voltage
EXCITATION Generator
CONTROL + Reference Voltage

TERMINAL
VOLTAGE
CONTROL

OQUTPUT
POWER

Generator

Valve Ref P Controlled by Governor

Turbine Valve Ref. P Controlled by
Boiler (master} AGC (Slave)

Figure 4.13 A Generator as a Three-Terminal Device.
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a new voltage setting When a power grid 1s subjected to an outage from the
loss of a generator, the power gnd will be subjected to the dynamic stability
problem that can be stabilized if the power grid can provide the power needed
to balance the system generation to the system load For example, for a gen-
erator outage, the governors of all units within the power grid will react to a
defictency 1 needed power (that 1s a drop 1n the system frequency) and will
inject additonal power into the grid to match the generation to the system
toad We can identify different dynamic problems that can affect a power gnd

1 Electrical dynamics and excitation controls may have a duration of
several cycles to a few seconds

2 Goverming and LFC may have a dynamic duration of several seconds to
a few minutes

3 A pnime mover and an energy supply control system may have a dynamic
duration of several minutes A prime-mover 1s a steam-generating power
system

4.6 AUTOMATIC GENERATION CONTROL

In the preceding sections we defined the function of a boiler and a governor
n the LFC As we pointed out, as the load changes, the supply of power to the
system must be adjusted such that at all ttmes the system-generated power
balances the system loads and losses to keep the system operating at rated
voltages and rated frequency

The system load has a general pattern of increasing slowly during the day
and then decreasing at night The cost of generated power 1s not the same for
all generating umits Therefore, more power generation 1s assigned to the least
costly units. In addition, a few hines connect one power grid to another neigh-
bormg power gnd These hines are referred to as tie ines Tie lines are con
trolled to import or export power according to set agreed contracts When
PR B EXpOYed TrUTh W pUWeT System 1o a neigiboring power system Througn
the tie lines, the exported power 1s considered as load conversely when
mmported 1t 1s considered as power generation The control of the power flow
through these lines 1s prespecified on agreed schedules and they are based on
secure operation and economic transactions To control both the power flow

through transmussion tie lines and the system frequency, the concept of area
control errar (ACE) 1s defined as

ACE =AP; - BAf (46)
where

AP = Pooy ~ Prrnaat
Af = fs = facna (47



AUTOMATIC GENERATION CONTROL 193

P: The scheduled power flow between two power networks
P The actual power flow between two power networks

f:  The reference frequency, i.e., the rated frequency

fowa: The actual measured system frequency

B:  The frequency bias

The AGC software control is designed to accomplish the following objectives:

1. Match area generation to area load, i.e., match the tie-line interchanges
with the schedules and control the system frequency.

2. Distribute the changing loads among generators to minimize the operat-
ing costs.

The above condition is also subject to additional constraints that might be
introduced by power grid security considerations such as loss of a line or a
generating station.

The first objective involves the supplementary controller and the concept
of tie-line bias. The term f is defined as bias and it is a tuning factor that is set
when AGC is implemented. A small change in the system load produces pro-
portional changes in the system frequency. Hence, the area control error
(ACE = AP;;, — BAf) provides each area with approximate knowledge of the
load change and directs the supplementary controller for the area to manipu-
late the turbine valves of the regulating units. To obtain a meaningful regula-
tion (i.e., reducing the ACE to zero), the load demands of the system are
sampled every few seconds. The second objective is met by sampling the load
every few minutes (1-5 minutes) and allocating the changing load among dif-
ferent units to minimize the operating costs. This assumes the load demand
remains constant during each period of economic dispatch. To implement the
above objectives, nearly all AGC software is based on unit control. For unit i,
the desired generation at time instant K is normally sampled every 2 or 4
seconds and is given by Equation 4.8,

Ph(K)= Ps(K)+ Pi(K)+ Pis(K) (4.8)

where Pi(K), Pi(K),and Pi4(K) are the economic, regulating, and emer-
gency assist components of desired generation for unit i at time instant X,
respectively.

Figure 4.15(b) depicts the concept of stored inertia energy and the energy
management time scale of power grid control. The stored inertia energy in the
Totor of generating units provides energy to the high-frequency load changes.
The high-frequency loads are shown in Fig. 4.3. Simply, when an energy user
turns off a light, the load drop creates a high-frequency load fluctuation. Of
course, when a large number of energy users turn their lights off, they create
high- and low-frequency load fluctuations. The low-frequency load fluctuation
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has a clear load r1se or a load drop trend This change of load 1s controlled by
AGC as shown 1n Fig 4 15(c) The AGC and the system operator follow the
gnid load However, the AGC controls the input energy into the power gnid m
response to load changes

The AGC also controls the connected micrognids 1n a large interconnected
power gnd The micrognd concept assumes a cluster of loads and 1ts micro
sources such as photovoltaic, wind, and combined heat and power (CHP) are
operating as a single controllable power gnd To the local power gnd this
cluster becomes a single dispatchable load When a micrognd power gnd 1s
connected to a power grid, the microgrid bus voltage 1s controlled by the local
power gnid Furthermore, the power grid frequency 1s controlled by the power
grid operator The micrognd cannot change the power grid bus voltage and
the power gnid frequency Therefore, when a micrognid 1s connected to a local
power gnd, it becomes part of the power grid network, and 1s subject to power
gnid disturbances To understand why this 1s the case, we need to understand
the control system that 1s used by power gnid operators Figure 4 15(a) depicts
the prime mover, energy supply (steam or gas turbine), and governor (speed
load control) system These systems are located in the power-generating
station The supplementary controls and AGC are part of the EMS of the local
power grid The LFC system 15 designed to follow the system Joad fluctuation
As stated before, when the Joad changes let’s say as the load increases in the
mucrognids connected to the local power grid, then the inertia energy stored
n the system supphes the deficiency n energy, to balance the load to genera
tion This energy 1s supplied by prime movers (stored energy m rotors) as
depicted by Fig 4 15(b) The balance between load and generauion must be
mamtained for the local power gnd to remaimn stable When the balance
between generation and load 15 disturbed, the dynamics of the generators and
loads can cause the system frequency and/or voltages to vary, and if this oscil
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lation persists, it will lead to system collapse of the local power grid and con-
nected microgrids. If the load increases rapidly and the power grid frequency
drops, then steam units open the steam valves and hydro unit control loops
will open the hydro gates, to supply energy to stabilize the system frequency.
This action takes place regardless of the cost of energy from generating units.
All units that are under LFC participate in the regulation of the power system
frequency. This is called the governor speed control, as shown in Fig. 4.15(c).
Every 1 to 2 minutes, the supplementary control loop, under AGC, will eco-
nomically dispatch all units to match load to generation, and at the same time,
minimize the total operating cost. Therefore, the AGC will change the set
points of the generators under its control. This timing of the cycle can fall
within one to several minutes. In Fig. 4.15(c), the dotted line section encom-
passes the AGC, which is located at the local power grid energy-control center.
However, when a microgrid is disconnected from the local power grid, the
microgrid must be designed to control its voltage and frequency.

A smart grid system and smart metering will facilitate load control. We will
discuss the basic concepts of a smart power grid design and operation in later
chapters.

4.7 OPERATING RESERVE CALCULATION

As discussed, the power grid operation remains stable as long as a balance
exists between the system loads and system generation. The operating reserve
decision is made based on the security and the necessary reliability. A stable
frequency response is essential to stabilize the operation of an interconnected
system upon the loss of load or generation outage.>

The spinning reserve is the amount of additional power that is distributed
in the form of a few megawatts among many generators operating in the power
grid. These units are under AGC control and can dispatch power to ensure the
balance of system loads and system generation. The cost of additional power
will add to the cost of proving electric energy services. The real-time pricing
and smart meters will empower many energy end users to participate in
proving the spinning reserves in the future operation of power systems, increas-
ing overall efficiency, and reducing the cost of operation of power grids.

4.8 THE BASIC CONCEPTS OF A SMART POWER GRID

In a classical power grid, a fixed price is charged to energy users. However, the
cost of energy is highest during the daily peak load operation.’*® The classical
power system operation has no control over the loads except in an emergency
situation when a portion of the loads can be dropped as needed to balance
the power grid generation with its loads. Therefore, much equipment is used

for. a short time during the peak power demand but it remains idle during
daily operations.
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For an efficrent smart power grd system design and operation substantial
wfrastructure 1nvestment i the form of a commumication system cyber
network sensors and smart meters must be installed to curtail the system peak
1oads when the cost of electnic energy 15 nghest The smart power gnd intro
duces a sensing montoring and control system that provides end users with
the cost of energy at any moment through real time pricing In addition the
advanced control systems of smart metering provide the energy users with the
ability to respond to real time pricing Furthermore the smart power gnd sup
phees the platform for the use of renewable green energy sources and adequate
emergency power for major metropohitan load centers It safeguards agamst a
complete blackout of the interconnected power grids due to man made events
or environmental calamuty It also allows for the break up of the mtercon
nected power gnd into smaller regional clusters In addition the smart power
gnd enables every energy user to become an energy producer by giving the
user the choice of PV or wind energy fuel cells and combined heat and power
(CHP) energy sources and to participate tn the energy market by buying or
selling energy through the smart meter connection

The bulk power gnd of the Umted States and many other countries are
already operating as a large mterconnected network The mission of the North
American Electric Reltability Corporation (NERC)Y 15 to ensure the reliability
and secunty of the America s bulk power grnd Figure 4 16 depicts the North
Amernican electric reliability centers

Figure 416 North American Electric Rehabihity Centers (NERC) ERCOT Electric
Rehabiity Council of Texas FRCC, Florida Reliability Coordinating Council MRO
Midwest Rehability Organization NPCC, Northeast Power Coordmating Counctl Inc
RFC Rehability First Corporation SERC SERC Rehability Corporation SPP
Southwest Power Pool Inc WECC, Western Electnicity Coordmating Council ' ?
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Figure 4.17 A Cyber-Controlled Smart Grid.

Similarly, it is natural to expect that future cyber-controlled smart grid
systems will be developed for the NERC-mandated reliability centers of the
US. grid. A future cyber controlled system is depicted in Fig. 4.17.

The cyber-fusion point (CFP) represents a node of the smart grid system
where the renewable green energy system is connected to large-scale intercon-
nected systems. The U.S. interconnected system has eight regional reliability
centers as shown in Fig. 4.16. It is expected that renewable microgrids will be
connections of regional reliability centers such as Reliability First Corporation
(RFC) transmission systems. The CFP is the node in the system that receives
data from upstream, i.e., from the interconnected network, and downstream,
ie.,from the microgrid renewable green energy (MRG) system and its associ-
ated smart metering systems. The CFP node is the smart node of the system
Wwhere the status of the network is evaluated and controlled, and where eco-
nomic decisions are made as to how to operate the local MRG system. A CFP
also evaluates whether its MRG system should be operated as an independent
grid system or as a grid system separate from the large interconnected system.
A cyber system is the backbone of the communication system for the collec-
tion of data on the status of the interconnected network system. The security
of the cyber network is essential for the security of the grid. Figure 4.17 illus-
trates such a future cyber-instrumented power grid.

Two-way communication is a key characteristic of the smart power grid
énergy system. It enables end users to adjust the time of their energy usage
for nonessential activities based on the expected real-time price of energy. The
knowledge gained from smart meters permits the power grid operators to spot
power outages more quickly and smooth demand in response to real-time
pricing as the cost of power varies during the day.’*?
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The cyber control of a smart grid 1s the subject of research by many diset
phnes 1n electrical and computer engineerng It requires a control system that
analyzes the performance of the power grid using distributed autonomous,
and intelligent controllers The cyber system will learn on line from the sensors,
the smart grid and micrognd states The control system analyzes the system
for possible impeding falure By sensor measurements and monitoring the
cyber control system governs grid behavior based on real time data n the face
of ever changing operating conditions and new equipment The system uses
electronic switches that control multiple MRG systems with varying costs of
generation and rehability

As a tesult a cyber controlled smart grid Tequires consumers to pay the
real ime price of produced electric pawer Table 4 1 presents the cost of elec
tric energy as of 2009 from different sources*

Figure 4 18 shows that the feeder maximum load and mumimum load 15
changing by a factor of 2 over 24 hours As we have learned i the previous
chapter the local power company must use many types of electric power
sonrces to match the system generation to the system load

The power flow nto this load center 15 supplied by 345 kV and 138kV
transmussion systems The area load demands are satisfied by the secondary
and tertiary windings of transformers rated at 138/69/12 Industral loads are
sexrved at 138/69/23 kV The bus load 15 the power flowing wmto the primary
windings of the transformers connected to 23 kV The power flows from higher
voltage systems to lower voltage systems Therefore the bus load can be
defined as 138 XV and/ or 345 kV transformer loads

TABLE 41 The Cost of Electnic Energy mn 2009 %

Cost per Typical
Kilowatt Installation
Energy Source Hour (Cents) Typweal Uses Size
Solar energy 2040 Base load power source 1-10000 kW
(photaoltaics)
Mucroturbines 10-15 Can be used 1n base load 30-300 kW
peakng or cogeneration
applications
Fuel cells 10-15 Rural (off gnid) power 1-200 kW
Transportation appropriate
for base load applications
Wind turbines 5-10 5-10 MW
Internal 1535 Well established long hustory 50 kW-5 MW
combustian as bk up or in pealung
engines applications
Central power 17-37 Base load/peaking electnicity S

00~
generation generation 3000 MW
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Figure 4.18 The Hourly Loads of a Distribution Feeder of a Midwestern Power
Company.’

An important factor affecting the load demands and real-time pricing is the
effect of weather and its ensuing rapid increase in load demands. To separate
weather-induced bus load, we use the average bus load when weather condi-
tions are normal and subtract when weather conditions are above normal. In
Fig. 4.19, a composite hourly load sequence was generated by a midwestern
power grid company.’® The recursive mean and variance of {Y(.)} can be com-
puted based on Equations 4.9 and 4.10.

Y(K+1)-Y(K)
K+1

[Y(K+1)-V(K+D]?
K

Y(K+1)=Y(K)+

(4.9)

oy (K+1)= K—IiIGyZ(K )+ (4.10)

The weather effect on the load sequence, holidays, and unforeseen conditions,
which cause the load demand sequence to be higher or lower than a given
nominal mean load profile, is subtracted from the recorded data. By removing
the component of {Yr(.)}, weather-induced load demand due to the weather
effect, we generate a new sequence designated as the nominal load sequence
{YM(.)}. The effect of weather conditions on the load depends on temperature,
humidity, wind speed, and illumination. However, to demonstrate the basic
concept, only the weighted average, maximum and minimum temperature that
were recorded, were used. Therefore, the effect of weather condition on the
load is expressed in terms of temperature. A weather-sensitive load is present
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when the daily temperature, T,1s outside of the comfort range of Ty < T < Tra
where Ty and T, are the lower and upper humts of the comfort range. This
suggests that the nomnal nonweather sensitive load sequence {¥x( ) s
assumed 10 be equal to the sequence {Yx( )} when the temperature 1s within
the comfort range, and sudden load changes due to outages or special events
have not occurred

Figure 4 19(a-d) shows the plots of [Ya( )} and {Y( )} load sequences for
week 10, 11,12, and 13 bus loads It can be seen that the general weekly profile
of weather-sensitive Yoad sequence |Yz()} and nominal Joad (nonweather-

Load Demand of {Yaf )} and {Yn()}
Sequences for week 10 In MW
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Figure 419 (a-d) Plot of {Yx(.)} and {Yy(.)} for Weeks 10, 11, 12, and 13.16

sensitive) sequence {¥x(.)} are essentially the same when the daily tempera-
ture is normal. However, when the daily temperature is high, a weather-induced
load is superimposed on the {¥x(.)} sequence.

The procedure is based on computing an average relationship between the
temperature and the pure weather-induced component of the load, which is
designated as Y. The sequence {Ypw(.)} is generated where each member of
{Yry(.)} is 2 mean value of the pure weather-sensitive component of the load
at a given temperature.
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Figure 420 The Mean and Standard Deviation of a Pure Weather Sensitive Load
versus Temperature

Figure 4 20 shows the mean and standard deviation (¥26,w) of the pure
weather induced component of the load at different temperatures

Figure 4.20 also deptcts the pure weather sensitive component of the load
The weather sensitive load sequence has saturated at 80°-82°, 84°-87°, and
above 93° Fahrenheit

Histonieally power grid companies have operated the power system as a
public service They have provided relrable electric power at a constant price
regardless of changing conditons Their systems used additional spining
reserve umits to serve the unexpected loadmg and outages due to the loss of
equipment However 1n an age of global chmate change, this kind of service
cannot be provided without severe environmental degradation *

A power gnd operator has to schedule generation sources based on the cost
of energy However the weather sensttive load component adds substantal
uncertainties 1n planming load-generation balance As can be expected, the
least costly umts are scheduled to satisfy the base loads The more costly umts
are scheduled 1o satisfy the ime-changing loads Therefore the price of electric
energy 1s conttnuously changing as load demands are changing If real ime
pricing 1s implemented the variable electric rates must be used for the privi
lege of rehable electrical service during high demand condihons

49 THE LOAD FACTOR

The load factor 1s one of the key factors that determunes the pnice of electricity
The {oad factor 1s the ratia of a customer’s average power demand tots peak
demand As has been abserved, the daily load demands have a daily variation



THE LOAD FAGTOR 205

The cost of peak power demand is substantially higher than the average power
demand. Therefore, the cost of power demand changes with the time of day.
The term “real-time pricing” refers to the minute-by-minute price of electric
power as the energy control center commits the scheduled generators to the
production of electric power. The load factor as defined below defines the price
of power in an electric power grid.

Average Power
Peak Power

Load factor (%) = %100 (4.11)

The average power is defined as the amount of power consumption during a
period. The peak power is defined as the amount of maximum power consump-
tion during the same period. The load factor can be calculated based on daily,
monthly, or yearly cycle. For system planning, the load factor is calculated on
a monthly or annual basis. The facility investments must be made so that the
system can handle the maximum demand. Therefore, it is desirable to have a
low maximum demand. On the other hand, because revenues are generated
in proportion to the average demand, it is desirable to have a high average
demand. Therefore, a desirable load factor is close to one, so that peak demand
and average demand are close to each other.

We should understand the difference between “power factor” and “load
factor.” As we know, the load power factor determines the active and reactive
power consumption of the load. However, induction motors that are widely
used in a power grid have lagging power factors. The load factor is power
consumption in kW divided by the worst-case consumption over a period.
Therefore, the load factor defines the cost to the supplier per unit of energy
delivered in that period. In other words, the load factor indicates how effi-
ciently the power grid is operating.

Example 4.1 An industrial site has a constant power demand of 100 kW over
a year of energy consumption. Compute the customer load factor over one
year of providing energy to this site.

Solution

Total energy = 8760 h/yr x100 kW = 876,000 kWh/yr

Because the power demand is constant the average and peak is the same.
Therefore, the load factor of this customer is 100%.

Example 4.2 A commercial site has peak demand of 200 kW during 12 hours
a day and an average demand of 50 kW demand the rest of a day. Compute
the customer load factor over one year of providing energy to this site. Explain

the associated cost of providing energy to the industrial site (Example 4.1)
and the commercial site.
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Figure 4.22 The Load for 24 Hours for Example 4.2

Solution

Zpawer, xXtme,  200x12+50x12

The average power =
2 time, 12+12

=125kW

Load factor = SXee8e power 125 10 o 5o
peak power 200

When the load factor 1s close to unity (100%), the generating plant 1s effi-
ciently used The cost of supplying power to the load 15 more when the load
factor 1s low

At a commercial site with a low load factor, say in the range of 50%,
the power grid would need twice as much installed equipment and resources
to serve the site The lower load factor means that the price must be adjusted
to recuperate the extra costs. Because the industnial site and commercral site
use the same amount of kW, the same price 1s charged the two sites However,
the smart meter, In conjunction with real time pricing can provide an incentive
for efficiency and load demand control The users as stakeholders would
be encouraged to control the loads during peak power demands by shifting
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the usage at times when prices are favorable. Furthermore, the end users have
a high incentive to participate by installing local green energy sources such
as wind and PV.

4.9.1 The Load Factor and Real-Time Pricing

Real-time pricing was introduced by F. Schweppes® in July 1978 during an
energy crisis. A simple analysis of the cost to the supplier per unit of energy
delivered explains the relationship between cost and plant utilization. The
real-time price of electricity is a function of load factor, load demand, and
unexpected events. The first cost is the utilization of a power plant and its
operating costs. To build a large plant, many issues must be addressed. In a
regulated market, large plants take years to build and are located far away
from load centers; electric power is transferred by long transmission lines.
Normally, coal-fired power plants are built close to a coal mine. From an
operational viewpoint, the sudden loss of a large plant creates instant real-time
price change in the power market because the allocated real-time reserve is
limited due to cost. Small power plants are normally gas-fired; they are built
over a short time and their construction costs can be accurately estimated.
Gas-fired plants can be placed close to load centers because these plants need
limited space. Furthermore, when plants are close to load centers and their
power does not need to be shipped over long-distance transmission lines, these
plants have lower system losses. These plants also tend to have good system
security and are generally more reliable and have fewer adverse consequences
when they are subjected to sudden outage. Combined cycle units are highly
desirable because of their high efficiency. Cogeneration facilities are also
attractive because they typically have lower ratings. Plants fueled by renew-
able energy sources are attractive as well because of their low operating cost.
Due to many sources of power and their associated cost, the cost of real-time
power is a variable and needs to be determined as sources of electric energy
to supply the system load changes.

Example 4.3 Suppose a PV plant of 1000 kW capacity is constructed for $500
per kW. Compute the cost of energy per kWh to the end users for one year
of operation at full capacity if the total cost on investment is to be recovered
in 2 years when the PV plant operates 6 hours a day on the average for 2 years
and the cost of production is negligible.

Solution

The energy consumed in 1 year = power capacity x time in hours
=1000x%365%6=2,190 MWh

Let the price of 1 kWh of energy be =$ x per kWh
The investment cost = capacity X cost per unit capacity =1000x 500 = 500,000
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Therefore, the energy consumed for 2 years 2,190x2 = 4,380 MWh
4,380 10° x x = 500,000

500,000

—m=$0 1142 kWh

Let us mtroduce the cost of fuel, labor, and mamntenance mn a load factor
calculation

amortized fixed cost
LF

EUC=VC+ (412

In Equation 4 12 the term VC defines variable cost associated with fuel and
other cost of plant operation and EUC represents the energy unit cost in cents
per kWh

Example 4.4 Suppose a natural gas plant of 1000 kW capacity 1s constructed
for $300 per kW Assume the vanable cost, VC, 1s 2 cents per kWh
Perform the following

i) Compute the cost of electric energy to end users if the 100% of
mstalled capacity 1s used 24 hours a day over 5 years

u) Compute the cost of electric energy to end users 1if the 100% of
installed capacity 1s used 12 hours and 50% of installed capacity s used
for the rest of a day over 5 years

i) Plot the energy unit cost versus the load factor, LF from 0 to 1

Solution

The WVEStEDLCASh = CUVIRIIY YRR, PRY W UL
=1000x300 = $300,000
Energy consumed over a peniod of 5 years at ful] capacity = 1000 x24x 365%$

=43,800 MWh
1€ this cost 1s distributed over 5 years the amortized fixed cost
300,000 _
= 80010 007

1) Load factor=1

FUC = v + #Mortzed fixed cost
L
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EUC=0.02+ 0.007 =$0.027/kWh
if) Z power, X time,
The average power = = —<————m—
z time,
_ 1000x1x12+1000x0.5x12 — 750 KW
12+12
Load factor = 22er@gepower _ 750 100 =75%

peak power 1000

EUC=0.02+ %970?7 = $0.029 kWh

iify To compute the energy unit cost versus the load factor, LF from 0 to
1,a MATLAB M-file is developed as presented below:

$ PLOT OF EUC
cle; clear all;

LF = 0.01:.01:1; % defining the range of
load factor

VvC = 0.02; % variable cost

A_FC = 0.007; % amortized fixed cost

EUC = VC + A_FC./LF; % defining EUC in $/kWh

EUC = EUC*100; % converting into
cents/kWh

plot (LF, EUC)

grid on; % labeling the axes
xlabel (‘Load Factor’);

viabel (*EUC (in cent/kWh) *);

title(‘EUC vs Load Factor’);

Plot:

From the solution and plot, it can be seen that the EUC increases rapidly as
the load factor is decreased. This is because the capacity of the plant is under-
utilized when the load factor is small. The real-timing pricing takes into account
the power grid load factors and the cost of spinning reserve that are sitting
on-line to keep the system operating at stable operating conditions if the
System is subjected to contingencies.

410 A CYBER-CONTROLLED SMART GRID

A cyber-controlled smart grid consists of many distributed generation stations
In the form of microgrids. The microgrids incorporate intelligent load control
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Figure 423 The Cost in Cents per kWh as a Function of Load Factor

equipment 1n 1ts design, operation, and communication ** This enables the
energy end users and the micrognds serving them to better control energy
usage Smart apphances such as refrigerators, washing mach dishwash
and microwaves can be turned off 1f the energy end user elects to reduce
energy use This is done by connecting the smart apphances to the energy
management systems tn smart buildings This technology will enable the energy
end users 10 control their energy costs Advanced communications capabshties
1n conjunction with smart meters and smart appliances enable the energy end
users with the tools to take advantage of real-time electricity pricing and
incentive-based load control Furthermore, the emergency load reduction can
be aclueved by turming off nillions of air condttioners on a rotation basts for
a few minutes With real-time pricing, the energy end users would have a very
high incentive to become energy producers and mstall green energy sources.
As real-ime prices take hold, commercial and mdustry units are expected 1o
generate their own energy and sell their extra power back to the power gnd
Cyber-controlled smart grid technology has three important elements
sensing and measurement tools, a smart transducer, and an ntegrated com-
munication system.™* These elements monttor the state of the power system
by measuring line flows, bus voltages, magmitude, and phase angle using phasor
measurement technology'™** and state estimation.” The technology 15 based
on advanced digial technology such as microcontrollers/digital signal proces:
sors. The digital technology facil wide-area ng systems, real-tme
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line rating, and temperature monitoring combined with real-time thermal
rating systems.

Transducers are sensors and actuators play a central role in automatic
computerized data acquisition and monitoring of smart grid power systems. A
smart transducer is a device that combines a digital sensor, a processing unit,
and a communication interface. The smart/controller transducer accepts stan-
dardized commands and issues control signals, The smart transducer/controller
is also able to locally implement the control action based on feedback at the
transducer interface. The utilization of low-cost smart transducers is rapidly
increasing in embedded control systems in smart grid monitoring and control.

Real-time, two-way communication is enabling a new paradigm in the
smart grid system. It enables the end users to install green energy sources and
to sell energy back to the grid through net metering. The customers can sign
up for different classes of service. Smart meters facilitate the communication
between the customers by providing the real-price by the supplier. The cus-
tomers can track energy use via Internet accounts, where the expected price
of energy can be announced a day ahead for planning purposes and the real-
time price of energy can be provided to end users so they may be aware of
the savings that can be realized by curtailing their energy use when the energy
system is under stress.!s"

A smart meter allows the system operator to control the system loads. Load
control ultimately provides new markets for local generation in the form of
renewable green energy sources. With the installation of smart meters (i.e., a
net metering system), end users can produce their own electric power from
renewable sources and sell their extra power to their local power grid.

As more customers use a net metering system, a substantial change in
energy demand will result. Residential, commercial, and industrial concerns
will install PV systems, use wind farm and micro-generation technologies and
store energy as independent power producers.”® The energy management
systems of smart buildings with their own renewable power sources and CHP
islikely the trend of the future. With the installation of an advanced net meter-
ing system, every node of the system will be able to buy and sell electric power.
The use of real-time prices will facilitate the control of frequency and tie-line
deviations in a smart grid electric power system. Under the grid emergency
operation, the real-time pricing will provide a feedback signal as the basis of
an economic load/shedding policy to assist the direct stabilizing control for a
smart grid. Real-time pricing can be integrated with demand response to
match the system load demand and generation in real-time. This will facilitate
coordinating demand to flatten a sudden change in energy use. If the sudden
surge in demand is not satisfied, it will result in the cascading collapse of the
power grid. In demand response control, these spikes can be eliminated
without the cost of adding spinning reserve generators. It will also reduce
maintenance and extend the life of equipment. Energy users can reduce their
energy bills by using their smart meters to program and operate their low-
priority household appliances only when energy is at its cheapest.
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Figure 424 The Above Map Represents Smart Meter Deployments, Planned
Deployments, and Proposed Deployments by Investor Owned Utihties and Some
Public Power Utihities (http.fiwww edisonfoundation net/IEE, as of thus writing approx
imately 60 million customers have been equipped with a smart meter’) The gray area
dicates that deployment s for more than 50% of end users. The dotted area indicates
that deployment 1s for less than 50% of end users

Figure 424 shows the state of smart metering installation 1n the Umted
States as of April 2009

Figure 4 17 depicts the MRG system The MRG system’s energy manage-
ment system (EMS) communicates with mdividual smart meters located at
residential commercial, and industrial customer sites Smart meters control
loads, such as aw-conditioming systems, electric ranges, electric water heaters,
electric space heaters, refrigerators, washers and dryers using Ethernet TCP/
1P sensors transd and 1on protocol, as shown mn Fig 423

The intellgence module of the EMS of the MRG system receives informa-
tion on the status of connected loads from local smart meters The EMS of the
MRG system controls various customer loads based on real-time pricing
signals and normal, alert, or emergency grid signals. In general, the EMS takes
information from the power gnd and the open access same time nformatton
system (OASIS) ™ Based on real time pricing, smart meters are programmed
to coutrol loads on the customer’s sites. The EMS’s control of loads depends
on input signals from its EMS and the customer’s preestablished contract
critena The EMS of the MRG micrognids has the capabthty to shed customer
load and respond to local power grid operating conditions,
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Figure 4.25 Ethernet TCP/IP Sensors, Transducers, and Communication Protocol for
Load Control.

Smart microgrid systems are comprised of renewable green energy sources
with their associated power converters, efficient transformers, and storage
systems,'®

4.11 SMART GRID DEVELOPMENT

Global warming and the environmental impact of coal-based power genera-
tion are changing the design and operation of the power grid. The industry is
experiencing a gradual transformation that will have a long-term effect on the
development of the infrastructure for generating, transmitting, and distribut-
ing power. This fundamental change will incorporate renewable green energy
sources in a new distributed generation program based on increased levels of
distributed monitoring, automation, and control as well as new sensors. Power
grid control will rely on data and information collected on each microgrid
for decentralized control. In return, the microgrids and interconnected power
grid will be able to operate as a more reliable, efficient, and secure energy
supplier.

The technology of the power grid and microgrids has a number of key ele-
ments. Adaptive and autonomous decentralized controls respond to changing
conditions. Predictive algorithms capture the power grid state (phasor mea-
surements)" for a wide area and are able to identify potential outages. The
System also provides market structure for real-time pricing and interaction
between customers, grid networks, and power markets. Furthermore, the smart
grid provides a platform to maximize reliability, availability, efficiency, eco-

nomic performance, and higher security from attack and naturally occurring
power disruptions.
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TABLE 42 A Companson of the Current Gnd and the Smart Gnd

Current Gnd Smart Gnd
System Limuted to power Expanded real time
100!

Interaction with Limited to large energy Extensive two way

energy users users communications
Operation & Manual and dispatching Distributed monitoring and

matntenance dhagnosucs, predictive
Generation Centralized Centralized and distributed

substanhal renewable
TESOUICES, eNeTRy Stosage

Power flow control  Limited More extensive

Reliability Based on statc off line Proactive real tume predtctions,
models and simulations more actual system data

Restoration Manual Decentrahzed control

Topology Manly radial Network

The implementation of an advanced metering wfrastructure provides real
time pricing to the energy end users In parallel the penetration of renewable
energy sources 1s providing a platform for autonomous control or local control
of connected mucrognds to the local power grid A distributed autonomous
contrat will provide rehiability through fault detection 1solation and restora
uon The autonomous control and real me pricing also delvers efficiency m
feeder voltage to muninuze feeder losses and to reduce feeder peak demand
of plug n electric vehtcles, The matuning storage technology will provide com
munity energy storage which becomes yet another important element for
micrognd control and allows the energy user to become an energy producer
These interrelated technologres require a coordmated modeling, simulation
and analyss system to achieve the benefits of a smart power gnid

412 SMART MICROGRID RENEWABLE GREEN ENERGY SYSTEMS

Figures 4 26 and 4 27 present the DC and AC architectures of MRG systems.
The MRG systems will also tnclude cyber communication systems consisting
of smart sensors for monitoring controlling and tracking the normal alert
emergency and restorative states of systems
The smart meters of a MRG system are connected to a large interconnected
pm\‘l;*r gnd (see Fig 417) The MRG system 1s also designed to provide an
gnd of that would allow control of vanous
customer lo1ds based on pricing signals and grid stress Smart meters control
devices at the customer s location by changing therr use of power Smart
meters have the abiity to shed customer load and allow distributed generation
to come on line when the price of power 1s above a specified level The EMS
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Figure 426 The DC Architecture of a Microgrid Renewable Green Energy (MRG)
Distributed Generation (DG) System.

has two-way communication with the smart meters under its control. The EMS
of a microgrid receives status and power signals from all of the modules (loads
and generating sources). The EMS is able to control power flow into and out
of the microgrid system from its host local power grid based on variables
such as weather forecasts, load forecasts, unit availability, and power sales
transactions.

The MRG systems provide a new paradigm for defining the operation of
distributed generation (DG). MRG systems are designed as clusters of loads
and microsources, operating as a single controllable system. To the local power
grid, this cluster becomes a single dispatchable load, which can respond in
seconds. The point of interconnection in the smart microgrid is represented by
anode where the microgrid is connected to the local power grid, as shown in
Figs. 4.26 and 4.27. This node is referred to as the locational marginal pricing
(LMP)>¢ where the node price (cost) represents the locational value of
energy. Power grids (energy serving entities) try to provide reliable supplies
of electric energy to their energy users. Maximum benefits require low cost,
sufficient supply, and stable operation. The architectures shown in Figs. 4.26
and 4.27 are of interest to smart grid technology because they facilitate “plug
and play” capabilities. In these architectures, green energy sources, such as fuel
cells, microturbines, or renewable sources, such as PV-generating stations
and wind farms, can be connected to a DC bus or an AC bus, using uniform
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Distibuted Generation (DG) System

mterchangeable converters. The MRG systems must be able to operate 1 tw0
modes of operation (1) in synchromized operation with the local power grid
system, and (2) mn the 1sland mode of operation, upon the loss of the power
gnid system In the 1sland mode of operation the MRG operates as an autono
mous mucrognd controlling 1ts frequency and bus voltage When a MRG
system s connected to a power gnd the MRG system operates using a master
and slave control technology The master referred to 1s the EMS of the local
power gnd and the slave 15 the MRG micrognd 1If the MRG system 1s sud
denly separated from 1ts local power grid and MRG stability 1s maintamed
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then the slave controller takes over LFC and voltage control. For MRG
systems with high power capacity, there is a purchasing agreement between
the power grid and MRG systems, regarding active and reactive power trans-
fer. The MRG system can control its loads and accept a “price signal” and/or
an “emergency operation signal” from its local power grid to adjust its active
and reactive power generation. The MRG system has hardware in place to
shed loads in response to a price signal, and it can rotate nonessential loads
to keep on critical loads. However, because disturbances in a local power grid
cannot be predicted with current technology, it is quite possible upon the loss
of the local power grid that an MRG system would not be rapidly discon-
nected from the local power grid; hence, the stability of the MRG systems
would not be maintained. Future research in cyber-monitoring and control
MRG systems is being conducted to provide predictive models to track states
in the system and to provide distributed intelligence control technology.

In Figs. 4.26 and 4.27, the EMS controls the infinite bus voltage and the
system frequency. The slave controller controls the AC bus voltage of the
inverter and the inverter current. Therefore, the slave controller of the MRG
system inverter must be able to control active and reactive power, at leading
or lagging power factor, or operate at the unity power factor. In small, renew-
able energy systems, the inverter is controlled at the unity power factor, and
it leaves the voltage control, that is, the reactive power (VArs) control, to the
EMS of the local power grid.

The MRG system of Fig. 4.26 and Fig. 4.27 has a number of distribution
generation sources such as wind-generating stations and PV-generating sta-
tions. The power capacity of such a system is in a range of 1-10 MW. We are
using step-up transformers to step up the AC voltage to reduce the power
losses. Depending on the size of distributed generators (DGs), we will step up
the voltage to a range of 34.5 kV-69 kV, before injecting the power into the
local power grid network. As shown in Fig. 4.28, the storage system facilitates
storing the renewable energy. The stored energy can be used as load demand
fluctnates during the daily load cycle of 24 hours. Because the investment in
developing a power grid is quite high and its construction takes many years,
the power system is planned years in advance. However, if renewable green
energy sources are installed in the distribution system, the lead-time is from
a few months to a few years depending on the size of facilities to be installed.

The residential MRG system depicted in Fig. 4.28 consists of rooftop pho-
tovoltaics with a capacity in the range of 5-25 kVA depending on the available
roof surface area. A DC/DC boost converter is used to boost the voltage of
the DC bus. The maximum power point tracking (MPPT) system is designed
to track and operate the PV power generator at the maximum power point.
'.l’he DC/AC inverter converts the DC bus voltage to AC voltage at the operat-
ing frequency and rated residential voltage. The MRG system of Fig. 4.28 is
connected to the local power grid by stepping up the voltage to the local dis-
tribution voltage. The MRG system can also store DC power during the day
for use during the night.
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Figure 427 depicts the injection of electric energy mto the network at all
voltage levels in interconnected power grid systems. These 1njection nodes are
part of an MRG system of a cyber-controlled smart grid as shown 1n Fig 417
The loads are under the control of smart meters Therefore, every node mn the
cyber-controlled power grid 1s price sensitive

The high penetration of renewable energy sources can be placed at all
voltage levels as shown i Fig 429 Many states have mandated the use of
renewable energy It requires that nvestor owned utilities obtain 25% of their
electnaity from renewable and advanced energy sources by 2025 In some
states, a 0 5% set aside has been put n for solar PV energy sources There are
penalties of $450 per MWh for noncompliance with solar benchmarks and $45
per MWh for noncomphiance with other benchmarks that began 1n 2009. These
benchmarks can be met by purchasing renewable energy credits (REC) each
equal to 1 MWh of renewable energy Purchasers of the product could sell
RECs into the REC market As of this wnting, therr current value 1s around
$37 5(‘)S It 1s expected that solar RECs will probably sell at much higher
rates.”™

There are a number of advantages to smart MRG systems It empowers the
individual to provide his or her own energy needs. This participation by energy
end users has been called the “democratization of energy” This allows match-
tng the charactenistics’ of loads to their generators This makes these types of
mucrogrids independent {rom the inter d gnd power failures Smart
MRG technologies have the ability to identify a potential stability problem
Real-time information enables MRG systems to separate themselves from the
interconnected grid and operate as an “island » Duning normal synchmmzed
operation, the mnterconnected smart grid with sts smart momtoring of power
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Figure 429 A Smart Grid with High Penetration of Renewable Energy Sources.

grids can control and manage the interconnected power grid to control the
system loads and avoid system-wide blackout.

When a smart microgrid DG is connected to a power grid, then the smart
microgrid DG generating station should operate using a master- and slave-
control technology. The master is the EMS of the power grid system. The EMS
controls the infinite bus voltage located at the connection node of one microgrid
toits local power grid. In Fig. 4.27 the smart grid DG is connected to the power
grid system by a transformer. The slave controller controls the AC bus voltage
of the microgrid inverter {bus voltage magnitude and phase angle) and the
inverter current. Therefore, the slave controller of the mlcrogrld DG inverter
also controls active and reactive power. The microgrid inverter is designed to
Operate as a unity power factor and to leave the voltage control, that is, the
Teactive power (VArs) control, to the EMS of the power grid system. Or, the
inverter of DG operates with a leading power factor, a lagging power factor. If
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the smart gnd 1s suddenly separated from ts local power grid and system stabil
1ty 1s mamtamed, then the slave controller takes over LFC and voltage control

The word “smart” refers to the requrement that a microgrid controls its
loads and that 1t accepts the “price signal” and/or the “emergency operation
signal” from its local power grid to ad)ust its active and reactive power genera-
tion Other designs are also possible such as a net smart metering communica
tion between the EMS of the local power grid and the EMS of the micrognd
system Smart micrognds should have hardware in place to shed loads,
In response to the price signal, or to rotate nonessential loads and to supply
power critical loads, However, because disturbances 1n a power gnd system
cannot be predicted the DG microgrid system should be designed to rapidly
disconnect from its power grid system to maintain the stability of the nucrognd
DG systems To ensure stable operation, the storage system of the micrognd,
with 1ts inverter, has to be able to participate i the ancillary market * The
architecture of Fig 427 15 of interest to distnbuted generation technology
because 1t facihitates plug and play capabilities, In this architecture, green
energy sources such as fuel cells, microturbines, or renewable sources, such as
PV generating stations and wind farms, can be connected to a DC bus usimg
umform nterchangeable converters. The architecture of Fig 4 27 satsfies the
‘ Renewable Portfolio” laws that have been mandated by many states This
architecture allows for the selhing of and buying of energy to and from local
utihties. Note that the micrognd can offer real-time pricing or a tanff based
contract by facilitating load control through a cyber-controlled smart meter or
net metering 1f a customer has local generation at the customer site to control
loads. The smart meter and 1its cyber control are also shown n Fig 427
In addition, the micrognd can partictpate 1n system control at a bulk power
leve! through 1ts own smart metering that 15 mterfaced with 1ts local power
grid EMS

The mucrognd DG system 15 designed so that upon separation from the
Yocal power gnid the microgrid DG system 1s restored by shedding noncntical
loads 1f there has been a generation deficiency, so the local micrognd 1s able
to return to normal operation This problem of stability 1s a function of how
strongly a micrognid DG system 15 connected to a power gnd system This
problem must be addressed as system parameters are defined, and as the level
of connecting a microgrid DG system to a local power gnid 15 defined It also
requires the micrognd DG system to have other green energy sources, such
as CHP and microturbines, to ensure quality and stable service 1f some power
sources have forced outage

As presented in Chapter 2, the classical interconnected power network 1S
designed for one way flow of power However, when the subtransmussion and
distribution and residential systems have the ability to generate more electrnc
power that can reverse the flow of power from low voltages to higher voltages
and create reverse power flow, 1t can rase safety and reliability 15sues These
protection problems of a smart gnd are another important topic of current
rescarch
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The design of a power grid requires major investment. However, a smart grid
can minimize costs of operations and maintenance by the rational pricing of
electric power. The optimized generation and transmission lines planning facili-
tate efficient power flows that will reduce power losses and promote the efficient
use of lowest-cost generators. Currently, the interconnected power networks
have a number of communication systems within control systems for their gen-
erating plants, transmission lines, substations, and major load centers. The
energy flow is directed from generators to the load centers. The power system
operators, through metering of power flows and measurement of bus voltages
and frequency, monitor the system. The system demands are met through load
frequency and AGC. When the system demands are not met, the system fre-
quency drops and a brownout, a rolling blackout, or an uncontrolled blackout
may occur. The total amount of power demand by the users can vary widely as
a function of environmental conditions, The spinning reserve at spare generat-
ing plants is kept in standby mode on-line to respond to the fluctuating power
demands. The smart grid with its independent MRG system eliminates the cost
of a spinning reserve because its operating system is based on real-time pricing.

4.13 A POWER GRID STEAM GENERATOR

We have presented the basic system concept of a smart grid and microgrids
of MRG systems. However, there are a few basic analysis concepts that are
needed in both the interconnected smart grid and microgrids of MRG systems:
the modeling of power generators, the limit of stable power transfer in trans-
mission systems, and the modeling of the smart grid and power flow.

A three-phase synchronous generator depicted by Fig. 4.30 is a three-
terminal device.!®?° The mechanical power is input from a prime energy source
such as hydropower or mechanical power from a thermal unit that drives the
shaft of the generator. The field winding of the generator is located on the
rotor of the machine. The field winding is energized by DC current through
the excitation system of the generator through a slip ring or by placing the
excitation on the rotor of machines. The three-phase balanced windings are
located on the stator of the machine. As the names stator and rotor imply, the
stator is stationary and rotor is the rotating element of the machine. The space
between the stator and rotor is referred to as the air gap of the machine. The
air gap length is in millimeters and the rotor is supported by a well-designed
bearing system to keep the air gap as small as possible yet keep the rotor from
hav-ing contact with the stator (i.e., rubbing). Because the air gap length is
designed to be as small as possible, the maximum flux lines cross the air gap
and link to the stator of the machine. By rotating the field winding in the air
8ap of the machine, the time varying flux is generated. The time-changing flux
lines link the three-phase winding located on the stator of the machine. Two
types of time-changing flux are produced. One is the linking flux that crosses
the air gap of the machine and the second flux is the leakage flux that leaks
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Armature windings are located on the stator
Field windings are located on the rotor

Figure 4.30 A Three Phase Synchronous Generator

through the air The linkage flux gives rise to the magnetizing tmductance and
to leakage inductance Because the mnduced voltage and current 1s produced
on the stator windings the stator windings are referred to as armature
windings

The operatng frequency of the generator 1s a function of shaft speed as
described below

A8 _ P dBpecn

dt 2 at (#13)
P
Bepee = Eﬂ),m:. 414
2foe = £ O @19)
2

Onean =1 (416}
P n2x_Pn,

S LR g 417

22760 120 @1

where n,,, =(120f/P) Hz

P1s the number of poles 6, and 8,,.., represent the electrical and mechanical
angle i radians. @q. and o, , represent electrical and mechanical speed
n radian per second Finally 115 revolution per minute (rpm), f1s cycle per
second and n,,, 15 the synchromized speed 1n pm

E=K 1, 0 (418)
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Figure 431 (a) One-Machine Generator Connected to the Local Power Grid Bus.
(b) A One-Phase Equivalent Circuit Model of a Three-Phase Generator.

The open-circuit induced voltage, E is a function of machine dimensions, which
is given by constant K and field current, I; and shaft speed, . Figure 4.31(a)
depicts the one-line diagram of a generator connected to a local power grid.
Figure 4.31(b) depicts the circuit model of a three-phase generator where the
induced voltage is represented by E and the generator terminal voltage is
shown by V7. The magnetizing inductance of the machine is not shown in the
above circuit model. The generator is designed to draw a small amount of
current to be magnetized. The leakage inductance is shown by X; as synchro-
nized reactance because it is computed using the steady-state synchronized
operation. The power supplied by the generator is shown as active and reactive
power P and Q.

There are a number of commonly used exciters. In the DC generator com-
mutator exciter, the excitation energy is derived from a DC generator. The
exciter includes a DC generator with its commutator and brushes to inject DC
field current into the field winding of the generator. It is exclusive of input
control elements. This exciter may be driven by a motor, prime mover, or the
shaft of the synchronous machine. The generator rectifier exciter derives its
energy from an generator and is converted to DC by a rectifier system. This
type of exciter includes a generator and power rectifiers that may be either
noncontrolled or controlled. The generator may be driven by a motor, prime
mover, or the shaft of the synchronous machine. The rectifier may be stationary
Or rotating with the generator shaft. A compound rectifier exciter derives its
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Figure 433 The Operation of the Generator mt Parallel with the Power System
(a) One Line Diagram (b) One Phase Equivalent Circuit Model

electric power from the terminals of the synchronous machine and then 1t 1s
comverted to DC by rectifier systems 2

Let us study the operation of a generator 1n parallel with an interconnected
power network as shown 1n Fig 4 32

For synchronous operation, the following conditions are necessary

1 The electrical speed of the synchronous generator should be equal to the
electrical speed of the power system generators

2 The terminal voltage of the generator should be equal to the V. bus and
they must be 1n the same a-b-c sequence

When the above conditions are satisfied, the circuit breaker can be closed
Synchronous operation means the parallel operation of synchronous genera
tors. The notation, V_ bus, has a special meaning We call a bus voltage as an
nfimte bus to sigmify that its voltage 1s constant and cannot be changed by
external events. This means that an infinite bus acts as an 1deal voltage source

Let us now study the operation of a synchronous generator when 1t 1s syn-
chromzed with an interconnected power system as shown wn Fig 433(a)
Because the power system has many power sources, we can constder the power
system bus that we will connect the generator as an “infimte bus.”

Let us assume that all power losses in the operation of the generator are
neglected and we have the reference phase angles that are given below

Vepn =V£0,
Enpn =Ez28 (419)
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We can use the equivalent circuit of Fig. 4.33(b) to calculate the current sup-
plied to the load.

_ EL.E—V and I = Eé—.E—V

I
- ]Xs _]Xs

(4.20)

The complex power generated and supplied to the load (per phase), i.e.,
injected into the power system, can be computed as

_jEz,,éO_ ,EAVcos<5+ E,Vsiné

S =P+j
T Tx, TR, x, etio
E .V . Ei E.V
P, = )?s sind and Q,= X/: - }?s cosd (4.21)

Because we have assumed that losses are neglected, then the mechanical
power supplied to the generator shaft can be expressed as

Poogy =3P, =3 ZaumVetety o 5 BawnVouosy g5 (409

5 s

To understand how a generator can be operated with leading or lagging power
factors, we need to study the relationship between phase angle 8 and the exci-
tation voltage, E,.

Consider a synchronous generator of Fig. 4.34:

Let us assume the mechanical power supplied to the generator shaft is
constant and losses are ignored. Therefore, the mechanical power supplied,
P is equal to the electrical power injected into the local power grid as
expressed by Equation 4.22.

If we adjust, the field current to a value as I, =1y, then the excitation
voltage will be equal to E4 = E ,£6,, where designation of subscript “0” signi-
fies this condition. E.V

These conditions can be expressed as Py, = 3 =4

sind when E, = E,Z&;;

I =1 1o
E Veo
eV
~ Y'Yy Local
| Nower Grid
Tem(Pem) S P 'Q
= P30 +)Q30

T, mech(P mech)

Figure 4.34 The Operation of a Generator Injecting Power into a Local Power Grid.
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Figure 4 35 depicts the power angle as a function of excitation voltage, E4 If
we reduce I, to a new value of [}, then E, reduces to a new value of E}
However, if we continue to keep P constant and continue to reduce I, we
can still generate the same amount of electrical power, therefore, as the value
of E, decreases to a new value of E, the angle, 8, keeps increasing to generate
the same amount of electrical power, until 1t § reaches 90°

EL V.

Petee =3 SIN90° = Py 424

Thus 1s maximum power generated and 1s called pull out power If we continue
to reduce Iy further, P, decreases and 8 increases The machine loses synchro
nization when 8> 90° This means power cannot be injected, and the local
power system will drive the machine as a motor The angle, 5 1s called the
power angle or torque angle 2

Consider a generator supplyng power at a lagging power factor 10 a jocal
power gnid As we discussed before, the AGC will ensure that the balance of
generation and loads will be mantained This condition 1s shown m Fig 4.36

.
> P =i Prut Poes (425

-1 =t
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Figure 4.36 The Operation of a Generator Injecting Power with a Lagging Power
Factor into a Local Power Grid.

E Vo
| AR |
I — |

IL
;n%# Ea Po + jQo (Inductive load)

Figure 4.37 The Equivalent Circuit Model of a Generator Injecting Power with a
Lagging Power Factor into a Local Power Grid.

6

i O, = Z Ori + Oosses (426)
=1 =1

Consider the equivalent circuit model of Fig. 4.37. Let us neglect power losses
and assume that V.,_yy =V £0, Eaq-n) = EZS and the following operating
conditions: P,,,., = const,|E 4| = const (i.e., @, = const, I; = const). However, the
field current, I; is adjusted such that [E,|> V..

E =jx,1,+V,
P =3BaenVeun o 5 PacVeun oo s

5 s

Prei =Py = 35-":‘5”—-));/“—'”—’sin 8 =3V.1mILcos6 (4.27)

s

Fig_ure 4.38 depicts the operation of a generator with a lagging power factor.
This operating condition is designated as an overexcited generator when the
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Figure 438 The Phasor Diagram of a Generator Injecting Power with a Lagging
Power Factor 1nto a Local Power Gnid

magmitude of excitation voltage 1s greater than the magmitude of terminal
voltage (1€,[E {>W.)

To change the power factor of the generator, we keep the supplied mecham-
cal power constant P, =const and the shaft speed 1s also constant, 1e,
W, =const

By reducing the field current from a value of J; to a new lower value of
I}, the excitahon voltage, E,, reduces to a new lower value of E}, However,
because the supplied mechanical power rematns constant, the electric power
generated by the generator must also remain constant Therefore, the angle,§
increases to a gher value of 8 This condition can be expressed as

Pn=3P,=3 E“‘";V"“'”’ ng=3 E‘“"}V—“'N’ & @n
Prnect = Prp =3 Vi cos8=3 Vi yyIf cosd’ 429)

The balance of power 1s mantained and |1, reduces to a new lower value of
|21}, and @ reduces to new lower value §

However, because J; cosB=1; cos@’, the acive power generated remans
the same

Qs =3 Vol sm8 Q4 =3 Vopmlismg’ (430)

We can conclude that by reducing 1, the reactive power generated by the
synchronous generator 1s reduced However, the active power generated by
the generator rematns the same and we can have a new operating condition
where Oy, <5, and at the same time the balance of generations and load 18
maintatned

ich=ipu+Pmm (3

el in
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Z QG: = 2 QL: + Qlosses (432)
1=1 1=]

Suppose we decide to operate the generator at unity power factor. To obtain
the unity power factor, we can reduce the field current, I; such that the power
factor angle, 0 (i.e., the angle between V and I) reduces to zero.

n _ "/°° a .
Rnech = })30 = 35%—('{‘“1\,_)5111 0" = 3Vo=(L—N)Il’,' COS(B” = 0) (4.33)

s

Figure 4.39 depicts the operation of a generator with unity power factor. We
conclude that by reducing I, we can operate the machine with unity power
factor while generating the same active power. However, the reactive power
generated by the machine is reduced to zero.

Suppose we continue to reduce the field current, Iy such that 8> 0, i.e., I,
would lead V... This operating condition is depicted by Fig. 4.40.

Prct = Py = ﬁfﬂ;z‘éﬂsin 57 =3V [Ve0s6”  (4.34)

s

Oso = -3V I{'sin 6" (4.35)

Now, the generator is operating with a leading power factor as shown by
Fig. 4.40.

5”
I”L Vm

Figure 439 The Phasor Diagram of a Generator Injecting Only Active Power (i.e.,
A Unity Power Factor) into a Local Power Grid.
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Il:igure 440 The Phasor Diagram of a Generator Operating with a Leading Power
actor.
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Example 4.5 For a 440 V generator with a synchronous reactance of 08 Q2
and supplying a load of 2 kW at umty power factor, find

1) The field current 1f k =025 V secirad/A (E; =4 o, I)
i) The field current if the power factor of the load 15 0 85 lagging Assume
the machine has four poles.

Solution

2000
n t=1,= =2 _o6a
) Thephase current = =75 V,_ cos6  V3x440x1

The electromagnetic field (emf) excrtation 1s given as

emf=E,;=V, ,,+l,,,X—$40+262£0x08490 254042047V

=2r = 2f =2 nx"jﬁo—lSSSrad/sec
E, 25404
The field t=lj=—l o _=539A
e field current = I, %o, 025%1885 53
P 2000
The phase current=J; = o ——=— — —=308A
) © phase crrent =t V3V, cos8 V3x440x 85
The exatationemf=E; =V, + 1, X,
= %Ozou 08£(~cos 1 085)x 0 8.£90 =255 342047
The field current =1, =21 = 2534545 5

ko DISx18RS

It can be seen that the field current needs to be increased to supply laggmg
power factor load (overexcitation)

Example 46 For the generator of Example 45 the field current 1s reduced
to 5093 A without disturbing the mechanical energy input to the generator
Find the power factor angle of the load

Soluion
Because the mechamical iput remams the same the value of active power 1s
unaltered

The exaitationemf=E; =k o, I; =025x1885x5093=240V
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P=3~|Ef|-le,,|-sin5
|X
4 Px - 2000%0.8
= d=sin"!| ————— l=5in 1( ):0.50"
(3-|E;I-|Vph|) 3x240%x 440/~/3
Ef=Vp],+IP;,'XX
440
= 240£0.5= —J—§-40+ 1, £6x0.8£90
=],/0= 1 (240405—§—4940)—177448151"A
o 0.8.290 RN Y : '

Example 4.6 illustrates that a reduction of field current from that for the unity
power factor (underexcitation) results in the leading power factor.

We conclude that by reducing the field current, I, the supplied current
would lead the voltage and we can operate the generator with the leading
power factor while generating the same active power.

As we can see from the above presentation, a generator of a smart grid is
a three-terminal device. The mechanical power is supplied to the generator;
the excitation voltage is controlled by the voltage regulator—the field current
is set for the power factor of the generator. These conditions determine the
active and reactive power supplied by the generator. We should also keep in
mind that we can reset the power supplied by the generators during the opera-
tion because the AGC maintains the balance of loads and generation as given
by Equations 4.36 and 4.37 and depicted by Fig. 4.41.

iPGx = i Pp, + Brogses (4.36)
=1 1=1
6 6
> 0= Ori+Qusss (4.37)
1=1 =1

>

Governor l
Prime _j
Mover %

Energy Generator - Network ___,@

Source
EXC. AVR

Figure 4.41 A Generator Operation as Part of an Interconnected Power Network.!!
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Let us review the fundamental objectives of the design of a smart gnd
system (1) To provide quahity power at a munumum price, and (2) to ensure
the continuity of service by keeping the power gnd stable The 1ssue of stabil
1ty of the power grd 1s complex and we need to study how to construct
dynamie models for each element of the power grid and then to define the
time duration of study However, we have discussed some aspects of
steady-state stabihty through the AGC and LFC. The power system transient
stability studies require more 1n depth modeling of a power system by rep
resenting the dynamics of energy sources The design of a smart grd for
studying how to provide rated voltage to loads of the system requires the
steady state model of power systems using the balanced system model
However so far, we have studied how to develop a per umt model for trans
formers, loads, and generators, We will use these models to construct the
system model

414 POWER GRID MODELING

To construct a smart power gnd, we need to represent the elements of 2
power grid mn a per umt system ** Every element of a grid has 1ts own voltage,
power, and tmpedance ratings. The ratings give the users information on the
safe utihization of that element Then, we need to select a common system
power base and convert all elements of the power grd to the same common
base 19-20

The power grnid models are needed for two fundamental engtneenng
design problems These design problems are power flow studies and short
arcuit studies. For power flow studies, all energy sources are scheduled to
inject electric power 1nto the power grid network to satisfy the scheduled
system loads The objective of power flow studies 1s to compute the bus volt
ages For short-circuit stuches we have already solved the power flow problem
and the bus voltages are known The hus lnads are replaced by thear Joad
impedance models. The objective of short circuit studies 1s to study the “if
then condition” for calculating the fault currents and circut-breaker short
circuit current capacity for a fault anywhere 1 the power gnd system The
scheduled generation may be supplied from conventional power plants and
renewable energy sources such as wind or solar sources or green energy
sources such as fuel cells biomass or microturbines. For power flow studies,
the power sources are represented as power mjection points The tnternal
impedance of the energy source 1s not used tn voltage computation There are
a number of generator models that are used 1n power flow studies The basic
models are (1) A constant P and Qg, and (2) a constant P and V model In
the constant P and @ model the injected power mto the power network 18
given and the bus voltage magmtude and phase angle are computed We
will discuss the modeling of a power gnid network for power flow studtes 1t
Chapter 7
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Figure 4.42 depicts an eight-bus power grid system. As can be seen the
transformers of PV and wind generators are grounded through a grounding
reactance. The grounding reactance function is to limit ground current if a
single line to ground fault happens to occur in the system and to detect ground
current. The A-Y transformers are used to step up the voltage to the voltage
level of transmission lines. The circuit breakers are located to isolate one
section of the system during maintenance and unforeseen faults. The A-Y
transformers, T, and T,, are also providing isolation and limit the ground
current flow in the system. The transformer A-Y, T, provides lower voltage as
the power is transferred to the loads. In addition, the transformer, T; is
grounded A-Y to provide a grounded system on the load side.

The impedance diagram for the power grid system of Fig. 4.42 is shown by
Fig.4.43.This impedance diagram depicts the balanced operation of the system.
Because the system is balanced, the sum of the voltages at the neutral point
is zero and no ground current will flow in this system. However, if there is a
single line to ground fault on the system, we need to model the unbalanced
system. The modeling of unbalanced system will be addressed in Chapter 8.

For short-circuit studies, we use the bus voltage and the bus load active and
reactive power consumption to calculate the load current. The load impedance
model is given by the ratio of bus voltage and bus load current shown by
Equation 4.38:

S=v.r
I1=(S/VY
ZLgad =V/I (4.38)

The impedance diagram of Fig. 4.43 cannot be used for power flow studies
because the bus voltages are unknown and the load impedance cannot be
computed. However, for short-circuit studies, we are interested in the compu-
tation of fault currents. The internal impedance of generators, motors, and
loads should be included in the power grid model because the internal imped-
ance limits the fault current flow. For power flow studies, we need to represent
the generators and load as injection power models.

Example 4.7 Consider the microgrid given in Fig. 4.44.
The impedances of the transmission line are given in Fig. 4.44.
The system data are:

PV generating station: 2 MW, 460 V DC, 7% reactance
Gas turbine generating station: 10 MVA, 3.2 kV, 10% reactance
Transformer Ty: 10 MVA, 460 V/13.2 kV, 7% reactance
Transformer T,: 25 MVA, 13.2 kV/69 kV, 9% reactance
Transformer Ty: 20 MVA, 13.2 kV/3.2 kV, 8% reactance
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Figure 4.44 One-Line Diagram for Example 4.7.

Load S;: 4 MW at 0.9 lagging power factor
Load Ss: 8 MW at 0.9 lagging power factor
Load S¢: 10 MW at 0.9 leading power factor
Load Ss: 5 MW at 0.85 lagging power factor

Assume the local power internal reactance is equal to 10 Q and negligible
internal resistance. Select the transformer T, rating as base.
Develop the following:
i) Per unit impedance model for power flow studies

i) Per unit impedance model for short-circuit studies
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Solution
Selecting the rating of transformer T; as base, the power base 15

S, =25SMVA
The voltage base on the PV generator side V, =460 V Therefore, the voltage

base on the transmssion Yine side 15 V3 =132kV
The base impedance 15 gven by

1) The per umt impedance at a new base 1s given by

2
Sonew o ( Voo
Zpupen = Zpu oa X2 X | ==
o Sbyold ‘/b new

Hence, the new per umt impedance of transformer T, 1s

25 (132
=X, =007x2
2= X5 =10 XIOX(BZ)

=;0175puQ

Because the ratings of transformer T; 1s chosen as base, 1ts p u impedance
““mains at

2,=,009puQ
s.ence, the new p u impedance of transformer T 1s
B (Y
5= 1 X = JO08X 2%
Zos= 1= 0083 35x( 357
=,01puQ

Table 4 3 gives the values of per unit impedances of the transformers

TABLE 4.3 Per Unit Impedance of the Transformers.

Transformer Impedance Per Unit Impedance
1 2y, 10175
2 Ziy 1009

3 Zs 401




POWER GRID MODELING 237

TABLE 4.4 Per Unit Impedance of the
Transmission Lines.

Line Impedance (Q) Per Unit Impedance
4-5 Zs=05+j5 0.072 +j0.717
4-6 Z, 6=1+j10 0.143 +j1.434
5-6 Zs.6=03+j6 0.043 + j0.861

TABLE 4.5 Per Unit Loads,

Bus Load (MVA) Per Unit Load
4 Sy =-4-j1.94 -0.16-;0.078
5 Ss =-8-j3.87 -0.32-0.155
6 Ss =-10+j4.84 ~0.40+j0.194
7 §;=-5-73.10 -0.20-j0.124

The per unit values of the line impedances is given by

z
Zn=5

Table 4.4 gives the values of per unit impedances of the transmission line.
The per unit loads of the system are given by

S

Spu = E’;

Table 4.5 gives the values of per unit loads.

Figure 4.45 gives the per unit model of the system of Example 4.7 for power
flow studies.

if) For short-circuit studies, the internal impedances of the generators are
also included in the model.

The p.u impedance of PV station at the new base is

2
Byy= X = ,-o.o7x?_§x(1_3:3)

2 "\132
=j0.875puQ
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Figure 445 Model for Power Flow Studies.

TABLE 46 Per Uit Values of the Internal Impedance of the Generators.

Generator Impedance Per Unit Impedance
Local power gnd 2, N4

Gas wurbine 232 025

PV p- J0875

The new p u impedance of the gas turbine generator 1s

25 (132Y

= X =10 Ix x| 22

2 2=l lxlox(lsz)
=j025puQ

The new puimpedance of the local power gnd 1s

AT

Table 4 6 gives the values of p u internal mmpedances of the generators.

The pu model for short circunt studies 1s given n Fig 447 The p u mped
ance of transformers and the transnussion lines are as given in Tables 4 3 and
44 respectively

In this chapter, we have learned about the fundamental operation of a
power grid and how 1o model the power gnid for the analysis and design of @
smart grnid We hase also presented the important elements of a smart gnd and
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Figure 4.46 Model for Short-Circuit Studies.

load dynamics including how load variation during daily operation affects the
price of electric energy. The importance of generator and motor internal
impedance for limiting fault current power grid network was emphasized.
Finally, the problems of power flow studies and short-circuit studies for design
of a power grid were presented. In the following chapter, we will study the
design of smart microgrid renewable energy systems.

PROBLEMS

41 A three-phase generator rated 440V, 20 kVA is connected through a
cable with impedance of 4 + j15 Q to two loads:
a. A three-phase, Y-connected motor load rated 440 V, 8 kVA, p.f. of
0.9 lagging

b. A three-phase, A-connected motor load rated 440 V, 6 kVA, p.f. of
0.85 lagging

If the motor load voltage is to be 440V, find the required generator
voltage.

42 A generator is rated at 100 MVA, 20 kV, 60 Hz, 0.8 p.f. lagging and
reactance of 10%. Compute the following:

{) The generator per unit model if it is loaded at 50%
if) The generator per unit model if it is loaded at 100%

iff) The number of poles in the generators if the shaft power is supplied
at 1200 rpm
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Develop a table showing the speed of magnetic field rotation i AC
machines with two, four, and six poles operating at frequencies 50 60
and 400 Hz

A 20 MVA machne-rated 20 kV, three phase, 60 Hz generator 1s sup

plymg power to the local power gnd at rated machine voltage The

machine 1s delivering the rate power to the local power grid The machine

synchronous reactance 15 equal to 8 Q with negligible resistance

Compute the followmng

1) The machimne excitation voltage when the machine 1s operating at

0 85 lagging power factor

i) The machine excitation voltage when the machine 1s operating at
085 leading power factor

m) The machine excitation voltage when the machine 1s operating at
unty power factor

) The power the machine can deliver for ¢, 21, and

For Problem 4 4,assume the load 1s equal to 5000 W at umty p £ Compute
the p u equivalent circuit Assume S, = 100 MV A, V, =345 kV

A two pole, Y connected generator rated at 13 8 kV, 20 MVA, 08p{
leading 1s runming at 1800 rpm The generator has a synchronous reac
tance of 8 Q per phase (at 60 Hz) and a neghgible armature resistance
per phase The generator 1s operated in paraltlel with an interconnected
power network

1) What s the torque angle of the generator at rated conditions?

1) What 1s the power possible out of this generator?

A three-phase, eight pole, 220 MVA, 13 2 kV, 0 9 leading power factor,
Y-connected synchronous generator 1s runming at 1200 rpm Its synchro

nous reactance 1s 0 8  per phase at 60 Hz The generator 1s fully loaded
and supplies power 10 a network at rated voltage Compute the genera

tor voltage regulation

The one-line diagram of a power grid 15 depicted by Fig 4 47 The data
for the system are as follows

1 Tt

110Q

& E h
4
Load
Figure 447 The System for Problem 48
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Transmission line between bus 2 and bus 3 is j10 Q and between bus 3
and bus 5 is j6 Q
G1 wind generating system 25 MVA, 13.2 kV, and reactance of 0.20
per unit
G2 gas turbine generating 50 MVA, 20 kV, and reactance 0.20 per
system unit

Transformer T, 100 MVA, 220 Y/13.8 AkV, and reactance
of 10%

Transformer T, 200 MVA, 220/20 kV, and reactance of
10%

Transformer T, 100 MVA,220 Y/22Y kV, and reactance of
10%

Develop the following:
i) Per unit impedance model for short-circuit studies
if) Per unit impedance model for power flow studies

The one-line diagram of a power grid is depicted by Fig. 4.48. The data

for the grid are given in the figure.

Assume an MVA base of 100 and base voltage of 13.2 kV;also assume the

input reactance of local power grid is 10% based on the transformer T;.

Theinputreactance of all the sources is 7% with abase same as theirrating.
The system data are

Transformer Ty: 20 MVA, 33 /13.2 kV, and 10% reactance
Transformer T,: 20 MVA, 13.2 / 3.3 kV, and 12% reactance
Transformer Ts: 5 MVA, 3.3 /460 V, and 6.5% reactance
Transformer T,, Ts, and Tg: 2 MVA, 3.3 / 460 V, and 6.5% reactance
Transformer T;: 5 MVA, 3.3 / 460 V, and 6% reactance
Transmission line impedance is given in Table 4.7.

The local loads are 1 MVA at 0.85 power factor lagging.

Develop the following:
i) Per unit model for power flow studies
ii) Per unit model for short-circuit studies

TABLE 4.7 Transmission Line Data for Problem 4.9.

Line

8-9
9-10
911
11-12
11-13
13-14
14-15

Resistance (Q) Series Reactance (Q)
0.05 0.5
0.04 04
0.04 0.51
0.04 0.5
0.01 0.12
0.03 032

0.04 045




242  SMART POWER GRID SYSTEMS

Infinte
Bus HV Bus
Locat
Uty
132/33KV
20MVA
Yo 12%
45MW
Ly EMS 22MVAr 10

12MwW

005405

099 MW 004405 051 MVAr
054 Mvar
o - - -— - - - . eee .-
s - - -
et Gas turb ne
b4 8Sync Gen

18 MVA

004 +1045
09MW
048 MVAr

106 MW
056 VAT

o Local rv"V\T Local m'qr Local '
Vanabla Speed Loads { !4 Lloads ~{. 'S Loads 5
™

in
ey _ s
& ston
1MW

Muero power grid

Figure 448 The System for Problem 49

410 Consider the microgrid given in Fig, 4 49
Assume the following data

a Transformers connected to the PV generating station are rated at
460V Y grounded/132kV A have 10% reactance and 10 MVA

capacity The transformer connected to the power gnd 15 132/
638V 10 MVA 10% reactance



PROBLEMS 243

PV Generating B3 kV

Station 1 3 Infinite
@ Bus
Yq A
Local

2 D5 +iQs

Utility
13.2kV 132KV
Ps+jQ4
@ 13.2kV —nde
Wi a l
r:? Ayt Ps+jQs Y Pg+iQs
ss0v] ()

DC/AC PV Generating
& Station 2

Figure 4.49 Photovoltaic (PV) Microgrid of Problem 4.10.

R X
AAA—YN

~Y’/2 %Y’Q Load

l Per mile IY’/2 =jXc¢
Figure 4.50 A Transmission Line Pie Model.

b.  Assume the load on bus 4 is 1.5 MW at a power factor of 0.9 lagging,
on bus 5 is 2.5 MW at a power factor of 0.9 lagging, on bus 6 is
1.0 MW at a power factor of 0.95 lagging, on bus 7 is 2 MW at a
power factor of 0.95 leading, and on bus 8 is 1.0 MW and a power
factor of 0.9 lagging.

¢. Transmission line has a resistance of 0.0685 Q/mile, reactance of
0.40 Q/mile and half of line charging admittance (Y’/2) of
11x107% Q' /mile. The line 4-7 is 5 miles, 5-6 is 3 miles, 5-7 is 2
miles, 6-7 is 2 miles, and 6-8 is 4 miles long. The transmission line
model is given by Fig. 4.50.
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Figure 451 A One-Line Diagram of Problem 4 11

d Assume a PVgenerating staton 1 1s rated at 075 MW and
PV-generating station 2 15 rated at 3 MW Assume PV-generating
stations are operatmg at unity power factors.

e Assume Sy 0f 10 MVA and a voltage base of 460 V 1n PV genera
tor Assume the local power grid bus voltage has 5% tolerance

Deselop the following
1) Per umt model for power flow studies
1) Per unmit model for short-circmt studies

Consider the PV power gnid given by Fig 4 51 below The PV, has an
internal resistance of 0 8 p u and 1njects one per unit power nto the grd
PV, has an internal resistance of 04 pu and injects 03 pu power 1nto
the grid The load 1s one p u active and one p u reactive power
Develop the following

1y Per umt model for short circwt studies

1) Per umt model for power flow studies

Compute the load factor for a feeder assuming that the maximum Toad'
15 8 MW and the average power 1s 6 MW

Compute the load factor for a feeder for darly operation for one month
assuming the same danly profile Assume the average power 1s 170 MW
and the peak s 240 MW

If the feeder of Example 413 is supplied from a wind source rated
80 MW and central power generating station rated 500 MW, assume the
capital cost of wind power 15 $500 per KW and the central station $100
per KW Compute the EUCf the matntenance cost for the wind source
15 free, except mamntenance 1s 1 cent per kWh and the central power
generating station fuel and maintenance cost 15 3 2 cents per kWh Gise
a figure for EUC from zero load factors to umty over 5 years
utilization
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415 If the feeder of Example 4.13 is supplied from 10 fuel cell sources rated

for a total of 2 MW and 20 microturbines rated for 6 MW, assume the
capital cost of fuel cell is $1000 per kW and a microturbine is $200 per
kW. Compute the fuel source EUC if the variable cost for the fuel cell
is 15 cents per kWh and the microturbine is 2.2 cents per kWh, assume
5 years of operation. Show EUC from zero load factors to unity in a
figure.
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CHAPTER 5

MICROGRID SOLAR ENERGY SYSTEMS

5.1 INTRODUCTION

From the beginning of recorded hustory, humans have worshipped the sun
The first king of Egypt was Ra, the sun god The sun god of justice for
Mesopotamia was Shamash In Hinduism, the sun god, Surya, 1s believed to
be the progenitor of mankind Apollo and Helios were the two sun divinitics
of Anctent Greece The sun also figured pronunently in the rehigious tradinons
of Zoroastniamsm (Iran) and Buddhism (Asia), as well as i the Aztec (Mexico)
and Inca (Peru) cultures.!

The sun’s energy 1s the pnimary source of energy for life on our planet
‘When the sun disappears from our umwverse, we will cease to exist Solar
energy 15 a readily available renewable energy, it reaches earth 1n the form
of electcamagnene waves {radtation) Many factors affect the amauat of
rachation recerved at a given locatton on earth These factors iclude location,
season, hurmdity temperature air mass and the hour of day Insolation
refers to exposure to the rays of the sun, 1e, the word insolation has been
used to denote the solar radiation energy recerved at a given Jocation at a
given time The phrase wcident solar radiation 1s also used, it expresses the
average irradiance (n watts per square meter (W/m?) or kilowait per square
meter (kW/m®)

The surface of the earth is coordinated with imaginary lines of lantude and
longitude as shown in Fig 51(a) Latitudes on the surface of the earth are

Design of Smart Power Grid Renenable Energy Systems First Edition Al Keyham
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imaginary parallel lines measured in degrees. The lines subtend to the plane
of the equator. The latitudes vary from 90° south (S) and 90° north (N). The
longitudes are imaginary lines that vary from 180° east (E) to 180° west (W).
The longitudes converge at the poles (90° north and 90° south). The radiation
of the sun on the earth varies with the location based on the latitudes.
Approximately, the region between 30° S and 30° N has the highest irradiance
as depicted in Fig. 5.1. The latitude on which the sun shines directly overhead
between these two latitudes depends on the time of the year. If the sun lies
directly above the northern hemisphere, it is summer in the north and winter
in the southern hemisphere. If it is above the southern hemisphere, it is
summer in the southern hemisphere and winter in the north.

Figure 5.1(b) is a plot showing the irradiance at different locations on the
earth marked by its latitude and longitude. The latitude varies from -90° to
90°, which is 90° N and 90° S, respectively. Similarly, the longitudes vary from
-180° to 180°, which is 180° W and 180° E, respectively. The z-axis of the plot
gives the irradiance in kWh/m? The points on the z-axis convey the amount
of irradiance. The colors on the plot represent the intensity of the irradiance
as given in Fig. 5.1(b).

The sun’s position as seen from earth between latitudes 15°N and 35°N
is the region with the most solar energy. This semiarid region, as shown in
Fig. 5.1(b) and Fig. 5.1(c), is mostly located in Africa, the Western United
States, the Middle East, and India. These locations have over 3,000 hours of
intense sunlight radiation per year. The region with the second largest amount
of solar energy radiation lies between 15°N latitude and the equator and has
approximately 2,500 hours of solar energy per year. The belt between latitude
35°N and 45°N has limited solar energy. However, typical sunlight radiation
is roughly about the same as the other two regions, although there are
clear seasonal differences in both solar intensity and daily hours. As winter
approaches, the solar radiation decreases; by midwinter, it is at its lowest level.
The 45°N latitude and the region beyond experience approximately half
of the solar radiation as diffused radiation. The energy of sunlight received
by the earth can be approximated to equal 10,000 times the world’s energy
requirements.?

The sun’s radiation is in the form of ultraviolet, visible, and infrared energy
as depicted in Fig. 5.2, The majority of the energy is in the form of a short
wave that is used in the planet’s heat cycle, weather cycle, wind, and waves. A
small fraction of the energy is utilized for photosynthesis in plants and the rest
of the solar energy is emitted back into space.

The solar energy reaching the atmosphere is constant; hence the term solar
Constant. The solar constant is computed to be in the range of 1.4 kW/m?
or 2.0 cal/cm¥min. Sunlight’s shorter wavelengths scatter over a wider area
than the longer wavelengths of light. The scattering may be due to gas mole-
cules, pollution, and haze. The blue and violet light have the maximum atmo-

Sph;aric scattering at sunrise and sunset without affecting the red rays of
Sunlight,
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Figure 5.1 (a) The Global Irradiation Values for the World (kWh/m?).>* (b) The
Average Northern Hemisphere Global Irradiation Source by Longitude and Latitude.*’
(¢) The Average Southern Hemisphere Global Irradiation Source by Longitude and
Latitude. (d) The Average World Global Irradiation Source by Regions.*’ Region 1:
Argentina, Chile; Region 2: Argentina, Chile; Region 3: Brazil, South Africa, Peru,
Australia, Mozambique; Region 4: Indonesia, Brazil, Nigeria, Columbia, Kenya,
Malaysia; Region 5: India, Pakistan, Bangladesh, Mexico, Egypt, Turkey, Iran, Algeria,
Iraq, Saudi Arabia; Region 6: China, United States, Japan, Germany, France, United
Kingdom, South Korea; Region 7: Russia, Canada, Sweden, Norway.
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5.2 THE SOLAR ENERGY CONVERSION PROCESS:
THERMAL POWER PLANTS

Auguste Mouchout constructed a parabohc mrror to channel the sun’s energy
to power a steam engine 1n 1866 ° Todays’ thermal solar electric power plant
also uses the sun's heat energy to generate steam power for running the
turbines,

Concentrating solar power (CSP) systems have locating lenses designed for
concentraung the sunlight into the receiver, which acts as a boiler to generate
steam The system uses a tracking control system for maximum efficiency A
number of concentrating technologies exists, a parabolic mirror that uses
materials that are silver based or of polished aluminum 1s often used Figure
53 depicts the CSP system located m the Mojave Desert in Califorma, which
uses a parabohe mirror

Solar power towers (see Fig 5 4) generate steam power by creating intense
concentrated solar energy that 1s directed via a tower heat processing system :
The system uses a large number of sun-tracking murrors, or parabohic reflectors.
The number of murrors depends on the system capacity Another type of mror
used 1s calied a heliostat (from Helos, the Greek word for sun) Earlier power
towers used water/steam as the heat-transfer fluid More recent advanced
designs have used molten nitrate salt

A French physicist, Augustin Jean Fresnel (1788-1827),7 developed the
Fresnellens, which has a large aperture and short focal length Its construction
tequires less matenal than a conventional lens, and 1t allows for more hght 10
pass through

The compact inear Fresnel reflector (CLFR) 15 used 1n solar power plants.
The CLFR system uses Fresnel lens and reflectors that are located on a single
axis to concentrate the solar energy to generate steam The CLFR uses 2
number of thin mirrar strips to focus high intensity sunlight nto a heat-
processing system Flat murrors are much cheaper to produce than parabolic
ones and they facihtate a greater number of reflectors for use 1n steam genera
tion Figure 5§ depicts a CLFR power generating station
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Figure 5.3 The Concentrated Parabohc Trough Solar Power System.® (Photo courtesy
of the California Energy Commission)
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Figure 54 A Steam Solar Power Generating Station.!

Another type of solar heat engine is the Stirling engine.! It operates by
cyclic compression with expansion of the working fluid such as air or other
gas It uses two different temperature levels in its thermodynamic process
converting heat energy into mechanical work. The Stirling solar dish engine
System 1s an active area of research.’
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of the ¢ S cells produces approsmmately 05 V When 36 cells are connected
in senies it creates an 18 volt module In the thun film solar cell the crystatine
silicon wafer has a very high cost Other common matenals are amorphous
sihicon (a St) and cadmum tellunide and gallum which are another class of
polycrystalline matenals® The thin film solar cell technology uses a Stand a
p1nsmgle sequence layer where p s for postive and o for negatine and
1 for the mterface of a corresponding p and n type semuconductor ** Thin
film solar cells are constructed using lamuination techmques which promote
therr use under harsh weather conditions they are environmentally robust
modules. Due to the basic properties of ¢ &1 devices they may stay as the
domnant PV technology for years to come However thin film technologies
are makmng rapid progress and a new maternal or process may replace the use
of ¢ S cells®
Here we briefly ntroduce PV techinology as 1t exists today But as an evolv
1ng technology students and engineers should recognize that these advances
will come from basic research 1in matenal engmeenng and read the [EEE
Spectrum to keep up with the developments in PV technology Below we
continue our discusston on how to develop models to study the mtegration of
PV sources into the smart power gnd system

55 PHOTOVOLTAIC CHARACTERISTICS

As sun yrradiance energy 1s captured by a PV module the open cireunt
voltage of the module increases '* This point 1s shown m Fig §8 by Ve with

e v — —
fwrpg gt -
at

Module current (A}
N

05
o
2 4 1 8 1012 14 16 18 2022
Module voltage (v)  Vwer Voo
Figure 58 The Op Ch of a Pj Itaic Module
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TABLE 5.1 Voltage and Current Characteristics of Typical Photovoltaic Modules.

Module Type 1 Type 2 Type 3 Type 4
Power (Max), W 190 200 170 87
Voltage at maximum power 54.8 26.3 28.7 174
point (MPP), V
Current at MPP, A 3.47 7.6 5.93 5.02
Voc (open-circuit voltage), V 67.5 32.9 35.8 21.7
Isc (short-circuit current), A 3.75 8.1 6.62 5.34
Efficiency 16.40% 13.10% 16.80% >16%
Cost $870.00 $695.00 $550.00 $397.00
Width 34.6" 38.6” 38.3” 257"
Length 51.9” 58.5" 63.8” 39.6”
Thickness 1.8” 1.4” 1.56” 2.3”
Weight 33.07 Ibs 39 Ibs 40.7 1bs 18.3 Ibs

TABLE 5.2 Cell Teniperature Characteristics of a Typical Photovoltaic Module.

Typical Cell Temperature Coefficient

Power Tw(P;) —0.47%/°C
Open-circuit voltage Ti(Voe) ~-0.38%/°C
Short-circuit current Ty (L) 0.1%/°C

TABLE 5.3 Maximum Operating Characteristics of
a Typical Photovoltaic Module.

Limits

Maximum system voltage 600V DC

Operating module temperature  —40°C to 90°C
Equivalent wind resistance Wind speed: 120 mph

zero-input current. If the module is short-circuited, the maximum short-circuit
current can be measured. This point is shown in Fig. 5.8 by Isc with zero-
output voltage. The point on the I versus V characteristic where maximum
power (Pypp) can be extracted lies at a current Iypp and the corresponding
voltage point, Vypp Typical data for a number of PV modules are given in
Table 5.1. This information is used to design PV strings and PV-generating
power sources.

PV module selection criteria are based on a number of factors': (1) the
performance warranty, (2) module replacement ease, and (3) compliance with
Datural electrical and building codes. A typical silicon module has a power of
300 W with 2.43 m? surface area; a typical thin film has a power of 69.3 W with
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Figure 59 Photavoltaic Module Fill Factor

an area of 0 72 m* Hence the Jand required by a silicon module 15 almost 35%
less, Typical electrical data apply to standard test considerations (STC) For
example, under STC the irradiance 1s defined for a module with a typical value
such as 1000 W/m? spectrum air mass (AM) 15, and a cell temperature of
25°C.

The PV fill factor (FF), as shown mn Fig § 9, 1s defined as a measure of how
much solar energy 15 captured This term s defined by PV module open arcut
voltage (V) and PV module short circut current (Z,.)

FF= VMH'IMPP (5 1)
VocIsc
And
Frox =FF Vockse = Vurelurr (52

As seen in Fig 59 the maximum value for FF 1s unmity However, this value
can never be attamned Some PV modules have a tugh fill factor In the destgn
of PV system a PV module with a lugh FF would be used For high quality PV
modules FFs can be over 085 For typical commercial PV modules the value
lies around 060 Figure 510 depicts a three dimensional display of a typrcal
PV module and the fixed srradiance energy received by the module Asshown
a yypical PV module charactenstic 1s not only a function of irradiance energy
but 1t 15 also a function of temperature
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5.6 PHOTOVOLTAIC EFFICIENCY

The PV module efficiency, 1 is defined as:

_ VurrLuipp

n 2

(5.3)

where Vypplypp is the maximum power out’i)ut, P,y and Py is the surface area
of the module. The PV efficiency can be al§o defined as:

n — FF . VOC"ISC

[ P@3y-an (54)

where P(A) is the solar power density at wavelength A.

Figure 5.11 depicts a PV module consisting of 36 PV cells. If each cell is
rated at 1.5 V, the module rated voltage is 54 V.

A string is designed by connecting a number of PV modules in series. A
number of strings connected in parallel make an array. Two general designs of
PV systems can be envisioned. Figure 5.13 depicts a PV design based on a
central inverter. Figure 5.14 depicts the utilization of multiple inverters.
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Figure 5.12 Basic Configuration Showing Modules, Strings, and an Array.
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Figure 5,13 Central Inverter for a Large-Scale Photovoltaic Power Configuration.
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Figure 514 General Structure of Photovoltaic Arrays with Inverters.
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Basteally, to provide a lugher DC operating voliage, modules are connected
in series To provide a mgher operating current, the modules are connected n
paraliel

V (series connected) = ZV,,n number of series connected panels  (5.5)
A

For parallel connected panels

1 (parallel connected):Zl,, m number of parallel connected panels  (56)
=

In a PV system consisting of a number of arrays all arrays must have equal
exposure to sunhight the design should place the modules of a PV system suck
that some of them will not be shaded Otherwise, unequal voltages will result
1n some strings with unequal circulating current and internal heating produc
ing power loss and lower efficiency Bypass diodes are usually used between
modules to avoid damage Most new modules have bypass dtodes i them as
shown 1 Fig § 15 to ensure longer life However, 1t 1s very difficult to replace
built 1n diodes if a diode fails m a panel

‘The photovoltaic (PV) industry the International Society for Tesung and
Matenals (ASTM)® and the US Department of Energy have established 2
standard for terrestnial solar spectral irradiance distribution The irradiance of
a location 1s measured by an instrument called a pyranometer °* Figure 516
depicts rradiance 1n W/m? per nanometer (nm) as a function of wavelength
n nanometers (nm})

The solar spectrum 15 the plot of the trradiance from the sun recesved at
a particular location at a given temperature and air mass flow The intensity
(W/m?nm) of the radiation 1s plotted as a function of wavelength (nm) The

* By-pass d ode
$ Blocking d ode

Figure 5§15 Bivpass md Blocking Diodes in a Photovoltaic Array
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Power (kW / m2)

Temperature {°C) 100 ¢ Wavelenght (nm)

Figure 5.16 Spectra for Photovoltaic Performance Evaluation.'**

photovoltaic modules convert the radiation energy to electrical energy. The
amount of energy produced by the PV module is directly proportional to
the area of the module. The kW/m? /nm of the PV module is plotted as a func-
tion of wavelength and estimated temperature from the solar spectrum. The
above curve is plotted with an air mass of 1.5.

The PV modules are tested under a nominal temperature (NT), The NT
is used to estimate the cell temperature based on the ambient temperature
as shown below.

(5.7)

Tc =Ta+(£__c_29).s

The cell temperature, T, and the ambient temperature, 7, are in degrees cen-
tigrade. The operating nominal temperature, NT designates the cell tempera-
ture as tested by manufacturers; S is the solar insolation (kW/m?). Kc is a
constant empirically computed from test data; it is in the range of 0.7 to 0.8.

5.7 THE DESIGN OF PHOTOVOLTAIC SYSTEMS

The design of engineering systems is based on trial and error. Nevertheless,
the design must demonstrate a clear understanding of the scientific and
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engineenng principles behind the proposed destgn In this sense, “tral and
error”1s for fine-tuning the final design However, all engineering systems must
be based on the underlying physical process.

In concrete terms if we are designing a PV-generating system, we are using
manufactured PV modules that have certain charactenistics However, 1n defin
ing the overall objective of the PV systems we are putting nto place, then
some PV modules may satisfy those objectives and some may not Therefore
we need to test avatlable PV modules agamst our design specifications.

For a PV-generating system, the fisst speaification 1s the power requirement
1 kW or MW that we mtend to produce If the PV system 1s to operate as
an independent power generating station, the rated load voltage 1s specified
For example, for a residential PV system, we may nstall from a few kilowatts
of power to serve the residential loads at a nonunal voltage of 120 V and
2078 V If the ressdentral PV 15 connected to the ocal utility, then the inter
connection voltage must be specified for the design of such a system Other
design restrictions may also apply to a particular design Again, consider the
case of designing a residential PV system We already know that a PV module
generates a DC voltage source and DC power How high a DC voltage 1
safe 1n a residentsal system 1s determined by the electnic codes of a particular
locality In pnnciple, we may want to design the residential PV system at
a lower DC voltage and lngher PV DC voltage for more mvolved power
systems at commerctal and industrial sites Another design consideration
for residential users may be the weight and surface area needed for a PV
system Finally, 1t 1s understood that the PV designer always seeks to designa
PV system to satisfy site constramnts at the lowest installed and operating costs

Table 5 4 defines a few terms that we have discussed 1n this chapter We will
use these terms to introduce the design of PV systems

We know that all PV-generating stations are designed based on connecting
PV modules to generate the required power (the terms PV module and PV
panel are used tnterchangeably) One PV module has a limited power rating
therefore, 1o design a hugher power rating we construct a string by connecting
a number of PV modules 1n seres.

SV = NMxVye (58)

where SV defines the string voltage and V,, 1s the open circwt voltage of 2
module

As an example. if the number of modules 1s five and the open-circuit voltage
of the module 15 S0V, we have

SV =5x50=250V DC

This may be a high voltage n a residential PV system We can think of a PV
cell, a module or an array as a charged capacitor The amount of charge of 8
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TABLE 5.4 Photovoltaic Design Terms.

Terms Abbreviations Descriptions

String voltage SV String voltage for series-connected
modules

Power of a module PM Power produced by a module

String power SP Power that can be generated
in one string

Number of strings NS Number of strings per array

Number of arrays NA Number of arrays in a design

Surface area of a module SM Surface area of a module

Total surface area TS Total surface area

Array power AP Array power is generated

by connecting a number of
strings in parallel

Number of modules NM Number of modules per string
Total number of modules TNM Total number of modules in
all arrays put together
Array voltage for Vamer The operating voltage for
maximum power point maximum power point
tracking tracking of an array
Array current for Tamep The operating current for
maximum power point maximum power point tracking
tracking of an array
Array maximum power Pamer The maximum operating power of
point an array
Number of converters NC Total number of DC/DC converters
Number of rectifiers NR Total number of AC/DC rectifiers
Number of inverters NI Total number of inverters

PV system is a function of sun irradiance. At full sun, the highest amount of
charge is stored that will generate the highest open-circuit voltage for a PV
system. In general, the open-circuit voltage of a PV panel for a residential
system might be set at a voltage lower than 250 V DC, The rated open-circuit
voltage is governed by local electric codes. In general, the open-circuit string
voltage is less than 600 V DC for a commercial and industrial system at this
time. However, higher DC voltage designs of PV systems are considered for
higher power PV sites.
The string power, SP, is the power that can be produced by one string.

SP=NMxPM (5.9)

where NM is the number of modules and PM is the power produced by
a module,



266 MICROGRID SOLAR ENERGY SYSTEMS

For example, if a design uses four PV modules, each rated 50 W, then the
total power produced by the string 1s given as

SP=4x50=200 W

As we discussed, for producing higher rated power from a PV-generating
station, we can increase the string voltage In addition, we can connect a
number of strings 1n parallel and create an array Therefore, the array power,
AP 15 equal the number of string times the string power

AP=NSxSP (510)
If the number of strmngs 15 10 and each string 1s producing 200 W, we have
AP=10x200=2000 W

The DC power produced by an array 1s the function of the sun’s posttion and
irradiance energy received by the array An array can be located on roofs or
free standing structures The array power1s processed by a converter to extract
maximum power from the sun’s irradiance energy Because the transfer of DC
power over a cable at low voltages results in high power losses, the array power
1s exther converted to AC power by using a DC/AC inverter or 1 some applh
cations the array power 1s converted to a higher DC voltage power to produce
tugher AC voltage and to process ligher rated power

To obtamn the maximum power out of an array, the maximum power poiat
{MPP) tracking method 1s used The MPP tracking method locates the pomnt on
the trajectory of power produced by an array where the array voltage and array
current are at its maximum point and the maximum power output for the array

The array MPP 1s defined as

Purp = Varpe X Laupe (51

where Vaype 1s the array voltage at MPP tracking and Lapp1s the array current
at 1ts maximum power point tracking (MPPT)

An array 1s connected to either an mverter or a boost converter and the
control system operates the array at 1ts MPP tracking

The final design of a PV system 1s based on the MPP operation of a PV
array gencrating station Keeping 1n mund however, the converter control
system s designed to locate the maximum operating pont based on generated
array soltage and array current, thus accommodating the changing irradiance
energy recened by an array as the sun’s position changes during the day

The 1nverter output voltage 1s controlled by controliing the nverter amplt
tude modulation index To process the maximum power by an inverter the
amplitude modulation index M, should be set at maximum value without
producing the unwanted harmonic distortion The value of M, s set less than
one and 1 the range of 095 to produce the highest AC output voltage
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Example 5.1 Design a PV system to process 10 kW of power at 230V, 60 Hz
single-phase AC. Determine the following:

i) Number of modules in a string and number of strings in an array
ii) Inverter specification and one-line diagram

The PV module data is given below.

Solution

The load voltage is specified as 230 V single-phase AC. To acquire maximum
power from the PV array, we select a modulation index of M, =0.9. The
inverter input voltage is given by

‘ftdc = sz::c
M,
V.dc=£0x929=361,4v (512)

The inverter is designed to operate at the MPPT of PV array. Therefore, the
number of modules to be connected in series in a string is given by

Vi
NM =
VMPP

(5.13)

where Vypp is the voltage at the MPP of PV of the module.

The string voltage is given as
SV = NM X Vypp (5.14)
Using this module, string voltage (see Table 5.5) for this design is
SV =7%x50.6=3542V
i) The power generated by one string is given by:
SP = NM X Pypp

where Pypp is the nominal power generated at the MPP tracking.



268  MICROGRID SOLAR ENERGY SYSTEMS

TABLE 5.5 The Voltage and Current Charactenstics
of a Typtcal Photoveltaic Module,

Power {max) 300W

Maximum voltage Pypp

Voltage at maximum power pomt 06V

(MPP) Vigr

Current at MPP, Ivee 59A

V, {open tircunt voltage) 632V

1. (short circuit current) 65A
TABLE 56 Photavolt: i for 16 kW G
Modules per Strings per Number of String Voltage
String Array Arrays [\%]
7 5 1 3542

The power generated by a string for thrs design 1s gtven as
kW per string = 7x 300 =2100 W

To calculate the number of sirings for a 10 kW PV system, we dvide the PV
power rating by power per string

NS=22 (515)

where NS 1s the number of strings and AP 1s the array power and SP 1s the
string power For this design we have

3
_10x10 -5

NS =
2100

Thersefore, we have five strings and one array to generate 10 kW of power

u) Inthe final design, the inverter should be rated such that it is able t0
process generation of 10 kW and supply the load at 230 V AC from
us array at its MPPT Based on the PV module of Table 5 4, the stnag
voltage 1s specified as

Ve =352V
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TABLE 5.7 Inverter Specifications.

Amplitude Frequency
Input Voltage ~ Power Rating  Output Voltage, Vac  Modulation  Modulation

Vie (V) (kW) (V) Index, Ma Index, ]\/[f
354.2 10 230 0.92 100
________ - =1
i ON
| I
| ]!
! : Amplitude
: @ I DPCBus modulation AC Bus
I ] 1 index = 0.92
|
: .
! 4 : Inverter 1? k\éV
: ® | 8542V 230V oa
I J I
I ]
| ]
Lo e |
PV array:
5 string,

7 modules per string

Figure 5,17 The One-Line Diagram of Example 5.1.

and the modulation index is given as follows:

o, = Y2Ves
I/xdc
= M =0.92
354.2

I.,et us select a switching frequency of 6 kHz. Therefore, the frequency modula-
tion index is given by

fs 6000
=25 222 100
M, £ 60

The one-line diagram is given in Fig. 5.17.
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Example 52 Design a PV system to process 500 kW of power at 460 V,
60 Hz, three-phase AC, and using PV data of Example S1 Determine the
following

1) Number of modules 1n a string and number of strings 1n an array
1) Inverter and boost specification
ur) The output voltage as a function and total harmonic distortion
) The one line diagram of thus system

Solution

The load 1s 500 kW rated at 460 V AC Based on the voltage of the load and
an amplitude modulation index of 0 9, we have the following input DCvoltage
for a three phase nverter

242V,
J3M,

_2¥2x460

T J3x09

Ve =
=835V (516)

We will imat the maximum string voltage to 600 V DC Therefore, we can use
a boost converter to boost the string voltage to 835V
If we select an approximate string voltage of 550 V, we have
#) The number of modules 1 a string 1s given by

Varne _ 550

——=11
Vipp 506

where Vpp is the voltage of a module at MPPT
The string power, SP can be computed as

SP = NM X Pupp

Using a module rated at 300 W, we have
S$P=11x300= 3300 W

The stning voltage 1s given as

SV = NMXVyer
Therefore, the stning voltage, SV, for this design 15

SV =11x506=556 6V
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TABLE 5.8 Photovoltaic Specifications.

Modules per Strings per Number of String Voitage
String Array Arrays V)
11 6 25 556.6

If we design each array to generate a power of 20 kW, then the number of
strings, NS, in an array is given by:

N = Zower of one array
power of one string
20

NS=—=6
33

The number of array, NA, for total power generation is

PV generation
power of one array

NA=

(5.17)

500-kW _

Therefore, NA = =
20-kW

25

ii) The inverters should be rated to withstand the output voltage of a
boost converter and should be able to supply the required power. The
inverter is rated at 100 kW with input voltage of 835 V DC and the
amplitude modulation index of 0.9. The output voltage of inverter
is 460 V AC.

The number of inverters, NI, needed to process a generation of 500 kW is
given by

PV generation
power of one inverter

NI =

(5.18)

Therefore, NI = 200 5
100

Hence, we need to connect five inverters in parallel to supply the load of
500 kW, if a switching frequency is set at 5.04 kHz.

Therefore, the frequency modulation index, Mj, is given by

_ s 3040

84
T7F 7 60
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TABLE 59 Imverter Speaifications.

Power Amphtude  Frequency
Nomber of Input Valtage Ratng  OQutput Voltage, Modulatton  Modulation
Imverters Vi (V) (kW) Vac (V) Index,M,  Index,M,
5 835 100 460 090 84
TABLE 510 Boost C rter Speaif fora G font of 500 kKW,

Number of Boost  Input Valtage, Power Rating  Output Voltage, Duty Ratio,
Converters V.(V) (kW) Vo (V) D

25 556 6 2 835 033

TABLE 5.11 Harmonjc Content of Line-to-Neutral Voltage Relative
to the Fundamental.

3" Harmontc 5% Harmonic 7% Harmonic 9* Harmonie
001% 002% Q 003%

The number of boost converters needed 1s the same as the number of arrays,
which 35 25, and the power rating of each boost converter 1s 20 kW
The boost converter mput voltage 1s equal to the string voltage

V,=5566V
The autput valtage of the boast canverter 1s equal 10 the mverter tput voltage
Ve =V, =835V
The duty ratio of the boost converter 15 given by

v,
D—I—E

5566
D=1-"H=

o5 =033

wi) Witha frequency modulation of 84, the harmonic content of the output
voltage was computed from a simulation testbed using a fast Foune?
method, 1 15 tabulated below
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DC BUSCD Dutyratio  DC Bus AC Bus
__ [m]m— T —, T =0.33 Amplitude
! . DC/DC modulation
! * 1 index = 0.9

L e e e e — — - Boost
_______ — | @ -DC/AC '
l
DC/DC 3 phase
3 —+——>{DO/DC |——» P

L e —- - - ! Boost

N

———————— | @ 500 kW
| [

Inverter

L m ==~ Boost 3 phase
s Py ama2 5V somw 885V eds 460V
arrays: each 100 kW
6 string each

11 modules per string

Figure 5.18 The One-Line Diagram of Example 5.2.

The output line-to-neutral voltage as a function of time is

46032 0.01 46082

Vie =——=—+$in (2760 1)+ ——= X —=—-5in (27 X 3% 60
5 sin(2760-t) 160> 7 sin(27 )
+%X463§J§-Sin(Z”XSXGO't)"‘Ig—O—x4635J§'Sin(ZHX7x6O-t)
+%§*X%-sin(2nx9x60-t)

=3765sin(2760- )+ 0.037sin(6760- )+ 0.075sin (10760 - £)
+0.113sin (18760 -£)

The total harmonic distortion is given by

THD = ||y (%harmonic)* =0.01” +0.022 + 07 +0.03 = 0.04%

iv) 'The one-line diagram is given in Fig. 5.18

Example 5.3 Design a PV system to process 1000 kW of power at 460 V,

60 Hz three-phase AC using the PV data given in Table 5.12. Determine the
following;

i) Number of modules in a string, number of strings in an array, number
of arrays, surface area for PV, weight of PV, and cost
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TABLE 5,12 Photovoltaic Data for Example 5.3.

Module Type 1
Powver (Max), W 190
Voltage at MPR.V 548
Current at MPR A 347
Voc (open circuit voltage), V 675

Isc (short-cireust current) A 375
Efficiency 16 40%
Cost $870 00
Width 346"
Length 5197
Thickness 18"
Weight 3307 1bs

u) DC/AC Inverter and boost converter specifications and the one-line
dragram of the system

Solunion

The load 1s 1000 kW rated at 460 V AC Based on the voltage of the load and
an amphitude modulation index of 0 85, the input DC voltage for a three-phase
mverter 1§

_2V2V, _ 2V2 %460
“TJBM,  J3x085

=884V

We will hmut the maximum voltage that a string 1s allowed to have to 600 V
Therefore, we use a boost converter to boost the string voltage to 884V

1) I we select sting approximate voltage of 550 V, the number of
modules in a stning, NM, 1s given as

_ Vi 550 _
Vuer 548

10

where Ve 1s the voltage at MPP of the PV module
SP=NMxPypp

where Pypp 1s the power generated by a PV module at MPP

SP=10%190=1900 W
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And the string voltage, SV, is
SV = NM X Viypp
Therefore, the string voltage, SV, for this design is
SV =10x54.8=548V

If each array is to have a rating of 20 kW, the number of strings, NS, in an
array is

AP

NS=22
SP

ns=22 11
1.9

The number of arrays, NA, for this design is

PV generation

NA =
power of one array
Na=100_s
20

The total number of PV modules, TNM, is given by the product of the number

of modules per string, the number of strings per array, and the number of
arrays:

TNM = NM x NSxNA
TNM =10x11x50=5,500 (5.19)

The surface area of one module, SM, is given by the product of its length and
width.

_34.6x51.9
T 144

SM =12.5 fi?

The total surface area, TS, is therefore given by the total number of modules
and the surface area of each module.

68,750

TS =5500x12.5=68,750 fi* =
200 U 43,560

=1.57 acre
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The total cost of PV modules 1s given by the product of the number of PV
modules and the cost of one module

The total cost = 5500 x 870 = $4 78 mullion

The total werght of PV modules 1s given by the product of the number of PV
modules and the weight of one module

The total weight = 5500x 33 07 =181 885/

u) The mnverters should be rated to withstand the output voltage of the
boost converter and should be able to supply the required power
Selecting an inverter rated at 250 kW we have the number of mverters,
NI needed to process the generation of 1000 kW as given by

PV generation
power of one mnverter
1000

Nli=——=
250 4

Hence we need to connect four inverters in parallel to supply the load of
1000 KW

Selecung a switching frequency of 540 kHz the frequency modulation
index 1s given by

=2 ==90
f 60
TABLE 513 Photovoltaic Specifi for 1000 AW G
String Total
Modules per  Strines per  Number of Voliage Total Area Werght Total Cost
String Array Arrays W) () (Ibs)  (million $)
10 11 50 548 68 750 181885 478

TABLE 514 Imerter Speaifications.

Power Output Amphtude  Frequency
Number of  Input Voltage  Rating  Voltage Vae  Modulation  Modulaton
Imverters Vi (V) (kW) ) Index M, Index Mt

4 834 250 460 085 9%
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TABLE 5.15 Boost Converter Specifications.

Output
Number of Boost Input Voltage Power Rating Voltage, V, Duty Ratio,
Converters V., (V) (kW) %) D
50 548 20 884 0.38

The number of boost converters needed is the same as the number of arrays,
which is 50. Selecting a boost converter rating of 20 kW and the boost con-
verter input voltage to be equal to the string voltage:

V=548V

The output voltage of the boost converter is equal to the inverter input
voltage:

Ve =V, =884V

The duty ratio of the boost converter is given by

D= 1—ZL
D=1—21§=0.38
884

The one-line diagram is given in Fig. 5.19.

5.8 THE MODELING OF A PHOTOVOLTAIC MODULE

As we discussed, a commercial PV module is constructed from a number of
PV cells. A PV cell is constructed from a p-n homojunction material. This is
when a p-type doped semiconductor is joined with an n-type doped semicon-
ductor, and a p-n junction is formed. If the p-and the n-type semiconductors
have the same bandgap energy, a homojunction is formed. The homojunction
Is a semiconductor interface, a phenomenon that takes place between layers
of similar semiconductor material. These types of semiconductors have equal
band gaps and they normally have different doping. The absorption of photons
of energy generates DC power.

A PV cell is shown in Fig. 5.20. As irradiance energy of sun is received by
the module, it is charged with electric energy. The model of a PV cell is similar
to that of a diode and can be expressed by the well-known Shockley-Read
€quation.

_ The PV module can be modeled by a single exponential model. The model
18 presented in Fig. 5.21. The current is expressed in terms of voltage, current,
and temperature as shown in Equation 5.20.
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Figure 520 The Modeling of a Photovoltarc Module
R 1,
S AVAV.
+
ng.] lmlSF lehl Ry v
Flgure 521 The Single Exg Model of a Photovoltaic Module
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In the above model, the PV module is represented by a current source I,
in parallel with the shunt resistance Ry,. The current flowing through the shunt
resistance is designated as Iy The output DC voltage, V is in series with the
internal resistance Rs. The PV model shown in Fig. 5.21 also depicts the power
loss through current, I, circulating through the diode. The single exponential
model is given by Equation 5.20.

q(V+IRS)]_1}_V+IRS

I =I”"_I°{exP[ nAKT R,

(5.20)

Other parameters are the diode quality factor (A), n. is the number of cells in
the module, Boltzmann’s constant (k), 1.38 x 1072 J/K; the electronic charge
(9),1.6 x 107 C, and the ambient temperature (7) in Kelvin.

Equation 5.20 is nonlinear and its parameters I, I,, R, Ry, and A are func-
tions of temperature, irradiance and manufacturing tolerance. We can use
numerical methods and curve fitting to estimate the parameters from test data
provided by manufacturers. The estimation of a PV array model is quite
involved. We will present the formulation of this problem at the end of this
chapter.

59 THE MEASUREMENT OF PHOTOVOLTAIC PERFORMANCE

A PV module at a maximum constant level of irradiance can produce 1000 W/m?,
1000 W/m? is also termed as one sun. The power output of the PV module is
calibrated in relation to exposure to the sun. Table 5.16 depicts the irradiance
in W/m?,

The sun irradiance energy is calibrated for a PV array system based on the
angle of incident. This data is used to operate the PV array at its MPP. In the
next section, we will discuss how the power converters use digital controllers
to operate a PV-generating station at its MPP.

TABLE 5.16 Sun Performance versus Incident

Irradiance.

Sun Performance Incident Irradiance
One Sun 1000 W/m?

0.8 Sun 800 W/m?

0.6 Sun 600 W/m?

04 Sun 400 W/m?

0.2 Sun 200 W/m?
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510 THE MAXIMUM POWER POINT OF A PHOTOVOLTAIC ARRAY

First, let us review the maximum power transfer 1n a resistive circurt Consider
the circunt of Fig 523 Assume a voltage source with an mput resistance, R,
Thus source 1s connected to a load resistance, Ry

The current supplied to the load 1s

\4
J=——— 521
R,+R; 62
The power delivered to the load Ry 1s
P=IR, 2
R
P=yi—"t_ 523
R +RLY 6=
Differentiating with respect to Ry,
dR d(R,+R.)
R, +R ) k- R Skl
ﬁzvi( AT )
dRy (Ra+ Ry )‘
AP _ Ro~R: 524

dR. (R.+R.)

Setting the above to zero we can calculate the operating pomt for the maximum
power The MPP can be delivered to the load when, R; =R,,

A PV module output power 1s the function of irradiance solar energy
Figure 5 22 depicts the output power i W/m? at various radances as a func
tion of module current and output voltage

The PV system should be operated to extract the maxumum power fromits
PV array as the environmental conditions change in relation to the position
of the sun, cloud cover, and daily temperature variations. The equivalent circtit
model of 2 PV array depicted in Fig 521 can be presented duning 1ts power
transfer mode to a load R, as shown i Fig 524

Figure 524 presents the circmt model for a PV source by a current sousce
that has a shunt resistance, R,, and series resistance, R, The shunt resistance
has a large value and senes resistance 1s very small The load resistance 1S
represented by Ry In Fig 524, Ry 15 the reflected load because m practice the
load 1s connected to the converter side if the PV operates as a standalone
When the PV 1s connected to the power gnd, the load 1s based on the injected
power to the power grid The cquivalent voltage source circuit model of
current source model 1s depicied by Fig 525
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Figure 522 (a)The PV Output Current versus Output Voltage and Output Power

as a Function of Temperture Variation. (b) The Output power in W/m? at Various
Irradiances as a Function of Module Current and Output Voltage.®

As can be seen in Fig. 5.22, the characteristics of a PV module are highly
nonlinear. The input impedance of a PV array is affected by irradiance varia-
tion and temperature. The corresponding output power is also shown in
Fig. 5.22.

Figure 5.26 depicts the PV energy processing system using a boost converter
to step up the voltage and an inverter to convert the DC power to AC. To
achieve maximum power transfer from the PV array, the input impedance of
the PV generator must match the load. The MPPT control algorithm seeks to
Operate the boost converter at a point on the PV array current and voltage
characteristics where the maximum output power can be obtained. For a PV
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Figure 525 A Simple Voltage Source Equivalent Circutt Mode! of a Photovoltac
Array

power generating station the control algorithm computes the dP/dV > 0 and
dP/dV < 0 to1denufy if the pick power has been obtarned Figure 5 27 depicts
the control algonthm If the PV $ystem 15 to supply power to DC loads, then
a DC/AC mnerter 1s not needed

Depending on application a number of designs of a PV system can be
proposed When the PV system 15 to charge a battery storage system the PV
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Figure 526 A Photovoltaic Energy Processing Using a Boost Converter to Step Up
the Voltage and an Inverter.
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Figure 5.27 A Maximum Power Point Tracking Control Algorithm.

system can be designed as depicted by Fig. 5.28 using a boost converter or as
in Fig. 5.29 using a buck converter. In this design again, the MPPT is accom-
plished using an MPPT control algorithm depicted by Fig. 5.27.

Figure 5.30 depicts the design of a PV-generating system and MPPT using
an inverter when the PV-generating station is connected to a local utility.
Again, the digital controller tracks the PV station output voltage and current
and computes the MPPT point according to the control algorithm of Fig. 5.27.
The control algorithm issues the PWM switching policy to control inverter
current such that the PV station operates at its MPP. However, the resulting
control algorithm may not result in minimum total harmonic distortion. The
design presented by Fig. 5.27 has two control loops. The first control loop is
designed to control DC/DC converter and the second control loop can control
the total harmonic distortion and output voltage.

~When the MPPT control is performed as part of the inverter as shown in
Fig. 530, the tracking of MPPT may not be optimum. In this type of MPPT
the current to the inverter flows though all modules in the string. However,
the I-V curves may not be the same and some strings will not operate at their
MPPT. Therefore, the resulting energy capture may not be as high and some
energy will be lost in such systems.
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Figure 5.31 depicts a PV-generating station with a battery storage system
when the PV system is connected to the local utility. The DC/DC converter
and its MPPT are referred to a charger controller. The charger controllers have
a number of functions. Some charger controllers are used to detect the varia-
tions in the current-voltage characteristics of a PV array. MPPT controllers
are necessary for a PV system to operate at voltage close to MPP to draw
maximum available power as shown in Fig. 5.27. The charger controllers also
perform battery power management. For normal operation, the controllers
control the battery voltage, which varies between the acceptable maximum
and minimum values. When the battery voltage reaches a critical value, the
charge controller function is to charge the battery and protect the battery from
an overcharge. This control is accomplished by two different voltage thresh-
olds, namely, battery voltage and PV module voltage.

At lower voltage, typically 11.5 V, a controller switches the load off and
charges the battery storage system. At higher voltage, usually 12.5 V for a
12 V battery storage system charge, a controller switches the load to the
battery. The control algorithm adjusts the two voltage thresholds depending
on the battery storage system.

DC/DC MPPT PV charger controllers facilitate standardization of integra-
tion of PV system for use in a local storage system. The system of Fig. 5.31
also can be used as a standalone microgrid that can deliver high-quality power
for an uninterruptible power supply (UPS).

Example 54 Design a microgrid of PV system rated at 50 kW of power
at 220 V, 60 Hz single-phase AC using a boost converter and single-phase
DC/AC inverter. Use the data given in Table 5.17 for your design.

Determine the following:

i) Number of modules in a string for each PV type, number of strings in
an array for each PV type, number of arrays and surface area, weight
and cost for each PV type

if) Boost converter and inverter specifications and the one-line diagram
of this system

Solution

The lpad is 50 kW rated at 220 V AC. Based on the voltage of the load and an
amplitude modulation index of 0.9, the input DC voltage for the inverter is

2V, N2x220

Vide
T M, 0.9

=345V

i) If we select string voltage, SV of 250 V, the number of modules is

NM = string voltage

VM PP
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TABLE 5.17 Typical Photovoltaic Modules.

Module Type 1 Type 2 Type 3 Type 4
Power (Max), W 190 200 170 87
Voltage at max. power point 54.8 26.3 28.7 17.4
(MPP),V
Current at MPP, A 3.47 7.6 5.93 5.02
Voc (open-circuit voltage), V 67.5 32.9 35.8 217
Isc (short-circuit current), A 3.75 8.1 6.62 5.34
Efficiency 16.40% 13.10% 16.80% >16%
Cost $870.00 $695.00 $550.00 $397.00
Width 34.6” 38.6” 38.3” 25.7”
Length 51.9” 58.5” 63.8” 39.6”
Thickness 1.8” 1.4” 1.56” 23"
Weight 33.07 Ibs 39 ibs 40.7 1bs 18.4 1bs

TABLE 5.18 Single-Phase Inverter Data.

Inverter Type 1 Type 2 Type 3 Type 3
Power 500 W 5kwW 15 kW 4.7 kW
Input 500V 500 V max 500V 500V
voltage
DC
Output 230 VAC/60 Hz 230 VAC/ 60 Hz 220 VAC/ 60 Hz@ 230 VAC/ 60 Hz
voltage @217 A @27 A 68 A @174 A
AC
Efficiency Min. 78% @ 97.60% >94% 96%
full load
Length 15.5” 315 mm 625 mm 550 mm
Width 5” 540 mm 340 mm 300 mm
Height 53" 191 mm 720 mm 130 mm
Weight 9 Ibs 23 Ibs 170 kg 21 kg
TABLE 519 Typical Boost Converters.
Input Voltage Output Voltage Power
(V) V) (kW)
24-46 26-48 9.2
24-61 26-63 12.2
24-78 26-80 11.23
24-78 26-80 13.1
24-98 26-100 12.5
80-158 82-160 15.2
80-198 82-200 14.2
80-298 82-300 9.5
200~600 700-1000 200
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where Vigy 15 the voltage at MPP of the PV module

250

NM=m=5 type 1
=22—2(;—=10 for type 2
=%=9 for type 3
=%5%= 15 fortype 4

The string voltage, SV 15 given as
SV =NMxVipp
Therefore the string voltage, SV for this design 1s

SV=5x548=274V  fortypel
=10%x263=263V fortyype
=9x287=2583V fortype3
=15x174=261V fortyped

Selecting the 152 kW boost converter from Table 5 19, the number of boost
comverters, NC 1s

_ PV generation
boost converter power rating

Therefore, the design should have four arrays each with its boost converter
The array power, AP 1s

P= PV generation
number of arrays

AP=50/4=125 kW

String power, SP 15 given as

SP = NMx Pyyp
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where Pypp is the power generated by the PV module at MPP.

SP=5%190=0.95kW  for type 1
=10%200=2.0kW for type?2
=9x170=1.53kW  for type 3
=15x87=1305kW for type 4

The number of strings, NS is given by

_ power per array

NS -
power per string
NS = —(% =14 fortypel
= %51 =17 for type 2
= % =9 for type 3
12.5
=——=10 fortype4
1.305 orpe

The total number of modules, TNM is given by:

TNM = NM x NSxNA

TNM =5x14x4=280 fortypel
=10x7x4=280 for type 2
=9x9%x4 =324 for type 3
=15%x10x4=600 {for type 4

The surface area, TS needed by each PV type is given by the product of
the total number of modules, and the length and the width of one PV
module:

_ 280x34.6x51.9
- 144
_ 280x38.6x58.5
- 144
_ NAXIBIRG3
- 144
_ 600x25.7x39.6
- 144

TS =3492 sq ft for type 1

=4391sq ft for type 2

=5498 sq ft for type 3

=4241sq ft for type 4
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TABLE 520 The Photovoltarc Specifications for Each Photovoltaic Type

Total Total Total

Number of Number String  Areaof Weight of Cost of
PV Modules  of Strings  Number of Voltage the PV the PV the PV
Type perString  per Array  Arrays V) (3] (Iby [}
1 5 14 4 274 349 9260 243600
2 10 7 4 263 4391 10920 194600
3 9 9 4 2583 5498 13187 178200
4 15 10 4 261 4241 11040 238200

The total weight needed for each PV type 15 the product of the number of
modules and the weight of one module

The total weight =280x3307=9260{b fortypel
=280%3900=109201b fortype2
=324x4070=131871b fortype3
=600x1840=11040/b fortype 4

The total cost for each PV type 15 the product of the number of modules and
the cost of one module

The total cost =280 x 870 =$243,600 for type 1
=280x695=$194,600 for type 2
=324x550=$178,200 fortype3
=600x%397=$238 200 fortype4

u) The boost converter rating ts

PV generation

The boost conserter power rating = —————————
number af converters

The boost converter rating = —549 =125kW

Selecting the boost converter output voltage of V,,, =V, =345V and mput
voltage equal to string voltage

Vi=274V fortype 1, V=263 V for type 2, V, =258 3 V for type 3 and
V, =261V fortype 4
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TABLE 5.21 Boost Converter Specifications.

Number of Output
Boost Input Voltage Power Voitage,V, Duty Ratio,
PV Type Converters Vi (V) Rating (kW) V) D
1 4 274 12.5 345 0.205
2 4 263 12.5 345 0.237
3 4 258.3 12.5 345 0.251
4 4 261 12.5 345 0.243

The duty ratio of the boost converter is given by

V.
D=1-2t
|1

D= 1—221 =0.205 fortype 1PV
345

=1- 263 _ 0.237  for type 2 PV
345

=1- 2?5553- =0.251 fortype 3PV

= 1—2—61 =0.243 for type 2PV
345

The inverters should be rated to withstand the output voltage of the boost
converter and should be able to supply the required power. Let each inverter
have a rating of 10 kW.

The input voltage of the inverter is V4 =345V with an amplitude modula-
tion index of 0.90. The output voltage of the inverter is at 220 V AC

The number of inverters, NI, to process a generation of 50 kW is given by

PV generation

NI = -
power of one inverter
NI = 0
10

Hence, we need to connect five inverters in parallel to supply the load of
50 kW. Of course, we can also use one inverter with a higher rating to convert
the DC power to AC. Naturally, many other designs are also possible.

Selecting a switching frequency of 5.1 kHz, the frequency modulation index
will be given as

_ fs 5100 _

= 85
T~ £ 60
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TABLE 522 Imverter Specifications.
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Figure §32  The One Line Diagram of Example 54

Students can compute the total harmonic distortion

The one line diagram of the system 1s shown 1n Fig 532

The sehecvon of the wype of PY sysiemn may e based on the wagst
and cost of the system For residential and commercial systems with existng
roof structures the PV modules that have mummum weight are normally
selected

The sefection of the boost converter 15 based on the power rating of the
boost converter and its output voltage The boost converter must be rated at
the mimmum output voltage of the PV system and the required DC 1nput
voltage of the wnverter The amphitude modulation index 1s selected to be less
1han one but close to one for processing the maximum power of the DC souice
to the AC power The freq modulation 1ndex selected 15 based on the
highest pling time recc ded by the facturer of the merter 10
Tt the total harmonic distortion The number of strings and the number of
modules m the string 1s bosed on the rating of the input voltage of the boost
conserter The number of boost comerters and snverters 1s based on the
required output power of the PV generating station
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511 A BATTERY STORAGE SYSTEM

The capacity of a battery is rated in ampere-hours (Ah). The Ah measures
the capacity of a battery to hold energy: 1 Ah means that a battery can
deliver one amp for 1 hour. Based on the same concept, a 110 Ah battery has
a capacity to deliver 10 amps for 11 hours. However, after a battery is dis-
charged for an hour, the battery will need to be charged longer than one hour.
It is estimated it will take 1.25 Ah to restore the battery to the same state
of charge. Battery performance also varies with temperature, battery type,
and age. Lead-acid battery technology is well established and is a widely
adopted energy source for various power industries.

Recent advances in the design of the deep-cycle lead-acid battery have
promoted the use of battery storage systems when rapid discharge and charg-
ing are required. For example, if the load requires a 900 Ah bank, a number
of battery storage systems can be designed. As a first design, three parallel
strings of deep-cycle batteries rated 300 Ah can be implemented. The second
design can be based on two strings of deep-cycle 450 Ah batteries. Finally, the
design can be based on a single large industrial battery. Lead-acid batteries
are designed to have approximately 2.14 V per cell. For an off-the-shelf 12 V
battery the voltage rating is about 12.6 to 12.8 V.

The fundamental problem is that if a single cell in a string fails, the entire
storage bank will rapidly discharge beyond the required discharge level; this
will permanently destroy the bank.

It is industry practice not to install more than three parallel battery strings.

Each string is monitored to ensure equal charging and discharging rates. If a
storage bank loses its equalization, it will result in accelerated failure of any
weak cells and the entire storage bank. The battery characteristics change with
age and charging and discharging rates. It is industry practice not to enlarge
an old battery bank by adding new battery strings. As the battery ages, the
aging is not uniform for all cells. Some cells will establish current flow to the
surrounding cells and this current will be difficult to detect. If one cell fails,
changing the resistance in one battery string, the life of the entire string can
be reduced substantially. Therefore, the storage system will fail. By paralleling
several strings, the chances of unequal voltages across the strings increases;
therefore, for optimized battery storage systems, the system should be designed
using a single series of cells that are sized for their loads.
_ The battery capacity can be estimated for a given time duration by multiply-
Ing the rated load power consumption in watts by the number of hours that
the load is scheduled to operate. This results in energy consumption in watt
hours (or kilowatt hours [kWh)]), stated as

kWh=kV-Ah (5.25)

For example, a 60-W light bulb operating for one hour uses 60 watt-hours.
However, if the same light bulb is supplied by a 12-V battery, the light it will
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TABLE 523 Typical Battery Storage Systems,

Class 1 34-40 Ah 12v
Class 2 70-85 Ah 12V
Class 3 85-105 Ah 12v
Class 4 95-125 Ah nv
Class 5 180-215 Ah 12V
Class 6 225-255 Ah 12v
Class 7 180-225 Ah 8V
Class 8 340415 Ah 6V

consume 5 amp hours. Therefore to compute Ah storage required for a given
load the average daily usage in W should be divided by the battery vollage
As another example 1f a load consumes 5 kWh per day from a 48 V battery
storage system we can determine the required Ah by dividing the watt hours
by the battery voltage For tius example, we will need 105 Ah However
because we do not want to discharge the battery more than 50%, the battery
storage needed should be 210 Ah If this load has to operate for 4 days the
required capacity 15 840 Ah If the battery cabling 1s not properly msulated
from earth the capacitive coupling from the DC system with earth can cause
stray current flow from the DC system to underground metallic facilities,
which will corrode the underground metallic structure

Battery energy storage 1s still expensive for large scale stationary power
applications under the current electne energy rate However, the battery
storage system 1s an important technology for the efficient utihzation of an
intermittent renewable energy system such as wind or PV 1n the integration
of the renewable energy 1 electric power systems Utility companies are
wmterested n the large scale mtegration of a battery storage system in their
substations as community storage to capture the high penetration of solar
energy and wind in therr distribution system The community storage system
with the ramping capability of at least an hour can be utilized tn power system
contro! This 15 an important consideration for utility companies because the
installed energy storage system can be used as spinning reserve

The storage system must be effecively and efficently scheduled for the
charging discharging and rest time of each string Therefore, the battery
Storage system requires extensive momtoring and control These issues are
currently beng studied 11

512 A STORAGE SYSTEM BASED ON A SINGLE-CELL BATTERY

The rapid electnfication of the automotve industry has a large impact on
storage technology and 1ts use in stationary power At present nickel metal
hydnde (NiMH) battenes are used 1n most electric and hybrd electric vehcles
avatlable to the public Lithium 105 battenes have the best performance of the
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available batteries. The cost of energy storage for grid-level renewable energy
storage at present is approximately around $300-$500 per kWh. The price is
rapidly decreasing as more companies are developing new technologies.

The large battery storage system is constructed from single-cell batteries
and is considered a multicell storage system. The performance of multicell
storage is a function of output voltage, internal resistance, cell connections, the
discharge current rate, and cell aging.*™

Single-cell battery technology is rapidly making new advances, e.g., a new
lithium-ion battery is being developed. The price of a single-cell battery
has also been dropping dramatically. In comparison to the regular lead-acid
battery where 12 cells are internally connected in a 12-V battery, the single-cell
batteries can be individually connected and reconfigured. Also, because the
individual single-cell’s rate of charging and discharging can be monitored, the
health and performance of all cells in a string can be evaluated. Figure 5.33
depicts three single cells in a string.

Figure 5.34 depicts a battery storage system consisting of two strings of
three single cells that are connected in parallel making an array.

Table 5.24 presents the energy densities and power density of two single-cell
batteries.

Table 5.25 presents the energy density and the cost of a storage system of
lead-acid batteries as compared with single-cell batteries. In all batteries, the

| cell# _ Cell# Call #
1 2 3

13-15

Load

Figure 533 Three Single Cells in a String.

. Cell # . Cell# Cell #
2 3
Cell# [ . cens Cell #
5 6

$

G‘ Load {-l_-)

Figure 534 Two Strings of Three Single Cells Connected in Parallel.
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TABLE 524 Companson of Battery Energy Density and Power Density.*

Application/ Energy Density Energy Stored Fraction of Usable Energy
o

Battery Type (Whikg) (+Wh) (%)
NiMH hydnde 65 40-50 80
Lathium 1on 130 40-50 80

TABLE 525 The Energy Density and the Cost of a Storage System.

Type Whikg Wh Weght Kg (1) $fkeg  $KWh KW
Standard 25 1875 75 25 100 935
Thin film 20 1000 50 40 200 100
NiIMH hydnde 45 1800 40 25 500 450
Lithium 10n 65 1170 18 45 700 410

performance will change with repeated charging at the discharge current rates.
As expected, the ligher the discharge current rate 15 the lower will be the
remamung capacity and cutput voltage and the tugher the internal resistance
However, the reduced capacity as the result of a lugher discharge current rate
will be recovered after the battery system 15 allowed to rest before the next
discharge cycle

Therefore, the design and optimization of a multicell storage system
require an understanding of the storage system’s discharge performance under
vartous operatton conditions. Furthermore, if the battery storage system 15 to
be used as a community storage system m a power grid distribution system
dynamic models of the battery systems are needed The dynamic model of

a storage system will facilitate dispatching power from sntermuttent green
energy sources.

Example 55 Design a micrognd with the load of 1000 kW rated at 460 V
AC and connected to the local power grid at 13 2 kV using a transformer rated
2 MVA, 460 V/13 2 kV and 10% reactance To support the emergency loads,
the micrognd needs a 200 KWh storage system to be used for 8 hours a day
Data for a three-phase nverter 1s given 1n Table 526 The data for the PV
system s given 1 Example 54

Determune the followmng

t} The ratings of PV arrays converters, inverters, storage systems and a
single-line diagram of this design based on the minimum surface area
Also, compute the cost, weight, and square feet area of each PV type
and give the results in a table

i) Per umit model for the design



A STORAGE SYSTEM BASED ON A SINGLE-CELL BATTERY 299

TABLE 526 Three-Phase Inverter Data.

Inverter Type 1 Type 2 Type 3 Type 3
Power 100 kW 250 kW 500 kW 1MW
Input voltage %00V 900 V max 900V 900V
DC
Output 660 VAC/ 660 VAC/ 480 VAC/ 480 VAC/
voltage AC 60 Hz 60 Hz 60 Hz 60 Hz
Efficiency Peak efficiency Peak efficiency Peak efficiency Peak efficiency
96.7% 97.0% 97.6% 96.0%
Depth 30.84” 382" 43.1” 71.3”
Width 57" 115.17 138.8” 138.6”
Height 80” 89.2" 92.6” 92.5"
Weight 2350 Ibs 2350 Ibs 5900 Ibs 12000 Ibs

TABLE 5.27 Inverter Specifications.

Input Output Amplitude Frequency
Number of Voltage Power Rating Voltage, Vo Modulation  Modulation
Inverters Vie. (V) (kW) V) Index, M, Index, M;
4 835 250 460 0.90 84

Solution
i) The load is 1000 kW rated at 460 V AC. Based on the voltage of the

load and an amplitude modulation index of 0.9, we have the following
input DC voltage for the inverter:

22V, 242 x460

mc— -
©T M, 3x09

=835V

Selecting an inverter rated 250 kW, the total number of inverters, NI, for the
processing of 1000 kW is given as

NI = PV generation
rating of inverters
_ 1000 _ 4
250

NI

Fgr tl}is design, four inverters should be connected in parallel. If we select
a switching frequency of 5.04 kHz, the frequency modulation index is

_Js 5040 _

= 84
T F 760
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TABLE 528 A Photoyoltaic System Design Based on Photovoltaic Type.

Surface Area of Power Rating Area per Unat
PV Type One Module (ft?) (W) Power (iAW)
1 1247 190 0066
2 1568 200 0078
3 1697 170 0100
4 707 87 008t

Students should recognize that other designs are also possible The input DC
voltage of PV speaifies the output AC voliage of inverters Table 5 28 gives the
data for each PV type

As noted m Table 5 28 the PV module of type 1 requires mmunum surface
area Selecting PV type 1 and string open circut voltage of 550 V DC, the
number of modules, NM 15

NM = string voltage
VMPP

where Vypp 1s the voltage at MPP of the PV module from the PV data

550
NM=Z2=10 fortype 1 PV

The string voltage, SV, under load 1s given as

SV =NMx Vipp
SV =10x548=548V

The string power, SP,1s given as
SP=NMXPypr
where Pypp1s the power generated by the PV module at MPP
SP=10x190=19AW for type 1

If we design each array to generate a power of 20 kW, then the number of
strings, NS, 1s ginen by

NS Poner of onearray
power of one string
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The number of arrays, NA, is given by

PV generation

NA =
power of one array
NA= 1000 _ 50
20

The total number of PV modules, TNM, in an array is given by
TNM = NM x NS x NA

where NM is number of modules in a string, NS is the number of strings, and
NA is the number of arrays in a PV station.

NA=10x11x50=5500 for PV module of type 1
The total surface area needed, TS for type 1 PV module is as

_ 5500x34.6x51.9
B 144

N

=68,586 fi* =1.57 acre

The total weight, TW, needed for a type 1 PV module is the product of the
number of modules and the weight of each module.

TW =5500%33.07 =181,885 /b

The total cost for a PV module is the product of the number of modules and
the cost of each module.

Total cost = 5500 x 870 = $4.78 million for PV module type 1

TABLE 529 The Photovoltaic Specifications.

Total Total
Number of Number of String Areaof Weight of Total Cost

gv Modules  Strings per Number of Voltage the PV the PV of the PV
YPe  per String Array Arrays ) (ft%) (Ib) (Million $)

1

10 11 50 548 68,586 181,885 478
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TABLE 530 Boost Comerter Specifications.

Number of Boost Input Voltage Power Rating Qutput Voltage, V, Duty Ratio,
Converters V. (V) V) D

50 548 20 835 034

The output voltage of the boost converter, V,,, 1s the same as the mput voltage,
of the mverter, Vs

Vo=V =835V

The boost input voltage V,,1s same as the string voltage, SV =V, =548V
The duty ratio of the boost converter 1s given by

v,
D=1-2-

]
For this design, 1t 1s,

548
D=1-22-034
155703

We need one boost converter for each array Therefore, the number of boost
converters 1s 50 and each 1s rated 20 kW

Table $ 23 presents a number of batteries for storing 200 kWh of energy In
storage design, we need to hout the number of batteries n a string and hmit
the number of arrays to three These imitations are imposed on lead-acid-type
battenes to extend the life of the storage system We select the Class 6 batteries
that are rated 21 255 Ah at 12V In this design, three battenes per stnng and
three strings in each array are used The string voltage, SV, of the storage
system 1s

SV =3%x12=36V

The string energy stored, SES, 1n each battery 1s given by the product of the
Ah and the battery voltage

SES =255x12=306 kWi

Each array has nine batteres. Therefore, the array energy stored, AES. 1
given as

AES=9x306=27 54 k\Wh
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TABLE 5.31 Battery Array Specifications.

Number of Number of Energy Stored
Battery ~ Batteries Strings per  Number  String Voltage per Array
Class per String Array of Arrays %) (kWh)
6 3 3 8 36 27.54

The number of arrays, NA, needed to store 200 kWh is given by

_ total energy
energy in each array

_ 200
27.54

NA 8

Because we have eight storage arrays, we use one buck-boost converter
for each array storage system. We need a total of eight buck-boost converters.
The buck-boost converters are used to charge-discharge the battery storage
system.

In this design, the buck-boost converter input is 835 V of the DC bus and
its output must be 36 V DC to charge the battery storage system. If the storage
systems are to be used for 8 hours, they can be discharged to 50% of their
capacity. Therefore, they can be used to supply 100 kWh. The power, P, sup-
plied by the storage system is given by

_kWh
hour

P=:—1%=12.5kW

P

The array power, AP, rating is given by

_ power
number of arrays

AP=-1—%—5-=1.56 kW

L.et us select a buck-boost converter rated at 1.56 kW. The duty ratio is
given by
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TABLE 532 Buch-Boost Converter Specifications.

Number of Output
Buck Boost Input Voltage Power Rating Voltage, V, Duty Ratio
Converters v, (V) (W) ™) D
8 835 156 36 004
36
=e——=004
835436

Figure 5 35 depicts the one-line diagram of the PV system

u) To compute the per umt system, we let the base volt ampere be
5, =1 MVA The base values for the system of Fig § 35 are
The base value of watt-hours 1s therefore, Ey =1 MWh
The base voltage on the utihty side 1s 132 kV
The base voltage on the low voltage side of the transformer 15 460 V
The new p u reactance of the transformer on the new 1-MVA base 15
given by

2
Senewy . [ Vorouts
X p urransinen) = Xpulmm(old) x Ly

Sb(ald) Vb(nm)

1 (132Y

Xy uronstnen) = Xl =
p urransnew) OIXZX(IBZJ 005pu

The per umit power, P,,, rating of the mverters s given by

P o Pawer rang

puETTT o
S»

250x10°
1x10°

By ovvermer =

=025pu

And, the per umt power rating of the boost converters

20x10°
1x10°

Frusoon =

=0020pu

The base voltage of the DC side of the inverter 1s 835 V Therefore, the p¥
voltage of the DC side, V pu, of the inverter 1s

835
Vs o=
T g3s tpu
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Because the base voltage of the low-voltage side of the boost converter is the
same as the rated voltage, the per umt value 15 1 pu The same 1s true for the
storage system

Simlarly, the per unit power for the buck-boost and the energy storage
system can be computed

156x%10°

Py ubuck baom = IXi0° =0001pu
3
Energy stored = LIS:IT)—:O =0027 pu

The p u model of the system 1s shown m Fig 536

Example 5.6 Design a micrognd of PV system using the data m Table 517,
assume the total load 1s 500 kW at 460 V, 60 Hz three-phase AC,
For each type of PV system, determme the following

t} The number of modules 1n a string, number of strings 1 an array
number of arrays weight, and surface area

u) The boost converter and imnverter specifications, and the one line
diagram

Solution

The toad 1s 500 kW rated at 460 V AC Based on the voltage of the load and
an amphtude modulation index of 09, the mput DC voltage for the three
phase mverter from Equation 5 16 1s

22 x460
=835V
J3x09

1) Limting the maximum valtage for a string to 600 V DC, a boost con
verter has to be used to boost the string voltage

If we select string voltage SV, to 550 V, the number of modules, NM
from Equation 513 15

NM —5—= 10 fortypel

550
—m"ZI for type 2

-2—87=20 fortype 3

=]7—4~32 fortype d
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The string voltage, SV, from Equation 5 14 1s

SV =10x548=548V fortypel
=21%263=552V fortype2
=20%287=574V fortype3
=32x174=557V fortype 4

Stung power from Equation 59

SP=10x190=194W fortypel
=21x200=42kW fortype2
=20x170=34kW fortype3
=32x87=2784kW fortype4

1f we design each array to generate power of 20kW, then the number of strings,
NS, from Equation 51535

NS=%=11 for type 1
=‘—‘2%=5 for type 2
=§2%=6 for type 3
=E%=8 for type 4

The number of arrays NA, 1s given by Equation 517

NA:S_UO=25
20

The total number of PV modules, TNM as given by Equation 519

TNM =10x11x25=2750 fortypel
=21x5%25=2625 fortype2
=20%x6x25=3000 fortype3
=32x8x25=6400 fortype4d

The total surface area, TS needed by each PV type can be computed from the
number of modules and each module’s area n square feet



A STORAGE SYSTEM BASED ON A SINGLE-CELL BATTERY 309

_ 2750%x34.6x51.9

TS 2 =34,294 f* =0.787 acre for type 1
_ 2625 i’if X383 _ 41,164 fi =0.944 acre for type 2
_ 3000)(32;13 X638 _ 50,007 2 =1.169 acre for type 3
_ 6400 isw:] x39.6 _ 45,232 ft* =1.038 acre for type 4

The total weight is

Total weight =2750x33.07=90,943/b  for type 1
=2625x39.00=102,3751b for type 2
=3000x40.70=122,100Ib for type 3
=6400%18.40=117,7601b for type 4

The total cost for each design is

Total cost = 2750 x 870 = $2.39 million for type 1
=2625x695 = $1.82 million for type 2
= 3000 x 550 = $1.65 million for type 3
= 6400 x 397 = $2.54 million for type 4

if) We need to use one boost converter for each array. The total number
of converters is 25—each can be selected with 20 kW rating. The
nominal output voltage of the boost converter is the same as the input
of the inverter.

Ve =V, =835V

TABLE 533 The Photovoltaic Specifications for Each Photovoltaic Type.

Total Total

Number of Number of String Area of Weight of Total Cost
Py Modules  Strings per Number of Voltage the PV the PV of the PV
Tpe perString  Array Arrays %) (%) (Ib)  (Million $)
; 10 11 25 548 34,294 90,943 2.39
3 21 5 25 552 41,164 102,375 1.82
i 20 6 25 574 50,907 122,100 1.65

32 8 25 557 45,232 117,760 2.54
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The mput voliage, V,, of the boost converter 1s equal to the string voltage

V, =548V fortypel
V,=552V fortype2
V, =574V fortype3
V, =557V fortyped

The duty ratio of the boost converter 15 given by

p-1-%4

)

548
=1-—== 1PV
D s 034 fortypelP

=1-==034 fortype 2PV

=1->=—=031 fortype3 PV

=1-2222033 fortype 2PV

The inverters should be rated to withstand the output voltage of the boost
converter and should be able to supply the required power We can select
each inverter having a rating of 100 kW, the input voltage of the mverter to
be Vig =835V with amphitude modulation index of 0 9 and output voltage of

the inverter at 460 V AC

The number of inverters, NI, from Equation 5 18, needed to process a gen

eration of 500 kW 1s given by

Nl=——==3
100

TABLE 534 DBoost Comerter Speafications.

Number of Output
Boost Input Voltage, Power Rating  Voltage V,  Duty Ratio
PV Type Comverters V. (V) (kW) V) D
1 25 548 20 835
2 25 552 20 835
3 25 574 20 B35
4 pA] 557 20 83§

034
034
031
033
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__ _DeBw DC Bus AC Bus
i_ B [—mﬂ:m__, '@ @ Amplitude

. | ———» DC/DC > modulation
] . { index = 0.90
e — — — — - - @ Boost @
- o =TT | DC/AC >
: m. |__|———» DC/DC @ > 3 phase

Invert
I__.._:..__._I Boost nverter
@
o
" @
®
Boost DC/AC * 00 kW

_—————— — — 00S
! I @ @ 3 phase
| ° DC/DC > Inverter

[ ]
b= —— ! Boost 122;‘]’\/

PV 20 kW 835 V 460 V

array each

Figure 5.37 The One-Line Diagram of Example 5.6.

TABLE 5,35 Inverter Specifications.

Input Power Output Amplitude Frequency
Number of Voltage, Rating Voltage, Vac Modulation Modulation
Inverters Vige (V) kW) V) Index, M, Index, M;
3 835 100 460 0.90 166.67

Hence, we need to connect five inverters in parallel to supply the load of
500 kW

Selecting a switching frequency of 10 kHz to limit the total harmonic distor-
tion, the frequency modulation index is given by

_ Js 10000 _,c667

P77 60
The one-line diagram of the system is shown in Fig. 5.37.

Example 5.7 Assume a residential house total load is 7.5 kW from 11 P.M.~
8 AM. and 15 kW for the remaining 24 hours. Determine the following;

i) Plot load cycle for 24 hours
if) Total kWh energy consumption for 24 hours

ifi) If the sun irradiance is 0.5 sun for 8 hours daily, what is the roof space
needed to generate adequate kWh for 24 hours operation?
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+ L

3 5] 9 12 15 18 21 24
Time (in hrs)

Figure §38 Plot of the Daily Load Cycle for Example 57

Power (in kW)
B

) Assume the maumum kWh to be used during the night 15 40% of the
total daily Ioad Search the Internet to select a battery storage system
and give your design data

Solution
t) Theload s 75 kW for 9 hours (1100 P M to 800 A M ) and 15 kW for
15 hours (8 00 A M~11 00 pM ) The load cycle 1s as given i Fig 538
1) The total kWh energy consumption for 24 hours 1s the area under the
curve of the daily load cycle and 15 given by kWh = kW x hours
Therefore, the energy consumption =7 5x9+15x15=2925AWh

w) The type 1 PV s selected because 1t needs the mimmum area per umt
power produced

The amount of power produced by type 1 PV (See Table 5 17) 15 equal to 190
W per module for 1 Sun Therefore, the energy produced for 05 sun for 8
hours 15 given by 05x190x8=076 A Wi

The number of modules, NM needed 1s given by

_ lotal energy demand
energy of one panel

2N5
NM=""Z=
076 385

NM

The surface area, SM, of one module 15 gven by width x length
SM=346x519/144=1247 fi*

The total area, TS, for 292 5 kWh 1s gnen by the product of the number of
modules and the area of one module

TS5 =385x1247=4801 11 fi*
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iv) The energy used during the night is 40% of the total energy. Therefore,
the energy demand for one night =0.4 x292.5=117 kWh.

From Table 5.23, a Class 6 battery storage system is chosen to store the kWh
needed for the night. For battery storage conservation, the batteries should
not be discharged more than 50% of their capacity.

The energy stored per battery is given by amp-hours X voltage (Ah x V).
Therefore, the energy stored in one battery = 255x12 = 3.06 kWh. The number
of batteries, NB, needed is given by

NB = 2 X energy demand
energy stored per battery
NB = 2x117 —77
3.06

We can use three batteries in a string; the maximum number of strings in
an array is three. Therefore, the maximum number of batteries in the array
is 3x3=09.

The number of arrays of battery is given by

total number of batteries

NA = -

number of batteries per array
NA = 7. 8

9

Example 5.8 Consider a microgrid with 2 MW. The system operates as part
of a microgrid connected to the local utility at 13.2 KV.
The local utility uses the following design data:

a) The transformer specifications are 13.2 kV/460 V, 2 MVA, and 10%
reactance; 460 V/220 V, 20 kVA, and 5% reactance.

b) The data for the PV system are given in Table 5.17.
Determine the following:

1) The number of modules in a string, number of strings, number of arrays,
surface area, weight, and cost

if) The inverter specification and the one-line diagram

Solution

A three-phase inverter rated at AC voltage 220 V can process approximately
20 kW, Based on 20 kW three-phase inverter and 220 volts AC output and the
modulation index of 0.9, the input DC voltage is as given by Equation 5.16.
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TABLE 536 Weight Per Umit Power.

Surface Area of Power Rating Weight per Uit
PV Type One Module (ft?) (W) Power (Ib per W}
1 3307 190 0174
2 3900 200 0195
3 4070 170 0239
4 1830 87 0210

242x220
Vige = ————=399V
T JBx09

i) Table 5 36, tabulates the data for each of the four types of PV modules.

Table 536 shows the PV module type 1 has the mimmum werght per unt
power, hence, our choice The string voltage, SV of the PV system should be
close to the rated mverter input voltage, V,q.

Using string voltage, SV of 400, from Equation 5 13, we have

399
NM=ZnT

Using seven modules, string voltage, SV, as given by Equation S 1415
SV =7Tx548=384V

The string power, SP, from Equation 59 15
SP=7x190=133kW

Designing an array to generate 20 kW, the number of strings, NS, 1n an array
1s as given by Equation 515

20

NS=-"—F=
133

15

The number of arrays NA, needed for this design 1s gnven by Equation 517

Na=Z000 oo

20

And, the total number of PV modules from Equation 519, TNM =7x15
% 100=10,500
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TABLE 5.37 The Photovoltaic Specifications for 2000 kW.

Number Power  Total Total
Number of of Strings String per  Areaof Weight of Total Cost
aY Modules per Number of Voltage String the PV the PV of the PV
Type per String  Array Arrays V) (kW) (ft?) (Ib) (million $)
1 7 15 100 384 1.33 130,940 3477235 9.14

The total surface area, TS, needed by the type 1 PV module is computed
from the area of one module and the total the number of modules.

_ 10,500 34.6x51.9
144

TS =130,940 ft* =3 acre

The total weight, TW, for the type 1 PV module can be computed in a similar
manner as

TW =10,500x33.07 = 347,235 b

The total cost for the type 1 PV module is the product of the number of
modules and the cost of each module as given below.

Total cost of PV modules = 10,500 x 870 = $9.14 million

ii) We will use one inverter for each array. Hence, the rating of each
inverter will also be 20 kW.
The number of inverters, NI, needed for a generation of 2000 kW
as from Equation 5.18

2000
NI =——=100
20

For 2000 kW PV-generating station, we need 100 inverters to operate in paral-
lel. Other designs using higher rating inverters are also possible. For this

design, the final input DC voltage of the inverter is specified by the string
voltage as

‘/xdc = ‘/:trmg = 384 |4

With nominal DC input, the voltage of the inverter is selected, the amplitude
modulation index, M, is given as

242 220

=T 093V
V3 %384
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If the switching frequency 1s selected at 10 kHz, the frequency modulation
mdex, My 1s gnen as

The one lmne diagram of the systen 1s given 1n Fig 539 We will use 100 trans
formers of 20 AVA and 5% reactance, which are connected to the mverters to
step the voltage up from 220 V to 460 V Finally, one transformer of 460 /132
kV and 10% reactance of 2 MVA 15 used to connect the system to the local
povwer grid

Again, students should recognize that many designs are possible Each
design specification has its own hmttation that must be taken into account The
above analysis can be altered as needed 1o satisfy any design requirements.

TABLE 538 Inverter Speaifications.

Input Output Amplitude  Frequency
Number of  Voltage FPower Rating  Voltage Voc  Modulation  Modulation
Inverters Ve (V) (kW) V) Index, M, Index, M;
100 384 20 220 093 16667
Amplitude
DG Bus modufation AC Bus
== o= = = =y index=093
| DCIAC %—»
3phase  papuepy utt
384V inverter 20 KVA ki
® 5% reactance
° 460V/132kV 132kV
® 2MVA
® 10% reactance
o
®
e adedederiiadig - AC Bus
U Ty O
| 3 DC/AG E—-»
| S t Iphase o0y 2000 kKW
100 PV arrays Inverter
7 modules per string 20 kW 460V
15 stangs each

Figure 539 The One Line Diagram of the System of Example 58
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Example 5.9 Design a microgrid of a PV system of 1000 kW that is connected
to the local utility bus at 13.2 kV by a 220V/13.2kV, 500 kVA, 5% reactance
transformer. A local load of 500 kW is supplied at 220 V. A battery storage
system of 100 kWh is fed from an AC bus of a PV system using a bidirectional
rectifier that is used 8 hours a day.

Solution

Figure 5.40 depicts the microgrid of Example 5.9. We can select a type 1 PV
module that has the most minimum weight among the four PV types as shown
in Table 5.36. The number of modules can be specified, based on the selection
of string voltage, SV, as given by Equation 5.13.

If the NM is equal to 7, then, the SV, from Equation 5.14 is
SV =7x548=384V

The string power, SP, from Equation 5.9 is
SP=7x190=1.33kW

If we design based on 20 kW in an array, then the number of strings, NS, in an
array from Equation 5.15 is

We can compute the number of arrays, NA, from Equation 5.17 as

Na=1000_
20

The total number of PV modules, the TNM from Equation 5.19 is
TNM =7x15%50=5,250
The surface area, TS for type 1 PV modules is

_5,250x34.6x51.9
B 144

TS

= 65,470 sq ft =1.50 acre

In a similar manner, we can compute the total weight and total cost.
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TABLE 5.39 The Photovoltaic Specifications for 1000 kW.

Number of Number String  Total Area Total Weight Total Cost
PV Modules  of Strings Number Voltage ofthe PV ofthe PV of the PV
Type per String per Array of Arrays V) (ft?) (Ib) (Million $)
1 7 15 50 384 65,470 173,618 4.56
TABLE 5.40 Inverter Specifications.
Input Output Amplitude Frequency
Number of Voltage, Power Rating Voltage, Vac Modulation Modulation
Inverters Vie. (V) (kW) V) Index, M, Index, M;
50 384 20 220 0.93 84

Total weight =5,250x33.07 =173,618 Ib
Total cost = 5,250 x 870 = $4.56 million

The rating of each inverter should be the same as the power generated by each
array—?20 kW. Because the input DC of the inverter is 384 V DC and output
AC voltage of the inverter is 220 V AC, the amplitude modulation index, M,
of the inverter is given by

- 24/2 %220 093
J3x384

The number of inverters, NI, for a 1000 kW PV system from Equation 5.18 is

1000
NI =——=
20 50

Therefore, we need to connect 50 inverters, one for each array for generation
of 1000 kW.

Let us select a switching frequency of 5.04 kHz. Therefore, the frequency
modulation index is given by

M, =12.3040 _g,
fe 60

One design choice for storing 100 kWh of energy is to use Class 6 batteries
from Table 5.23.
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TABLE 541 The Battery Storage Array Specification for 100 k¥h,

Number of Number of Energy
Battery  Battenies Strings Number of  String Voltage  Stored per
Class perString  per Array Arrays (82} Array (kWh)
6 3 3 4 36 2754

These battenies are rated at 255 Ah at 12V Using three batteries per string
and three strings i each array, we will have a battery storage system consisting
of nmne battenes in an array

The string voltage, SV, for the battery storage system 1s given below

SV =3x12=36V
The energy stored, ES,1s

ES = Amp hoursxVoltage
ES=255%12=3 06 kWh

The energy stored 1 an array, ESA, 1s given by

ESA = number of batteries xkWh of one battery
ESA=9x306=2754 kWh

The number of arrays, NA, needed to store 100 kWh 1s given by

_ total energy
energy in each array

100

NA=—r=
4 2754

4

If the battery storage system 1s to supply PV loads for 8 hours, the battery
storage system should be designed 1o discharge 10 50% of capaaity Therefore,
the power supplied by the battery storage sysiem 1 50% of the storage system
capacity For this design, using 50 kWh

Storage kW = —55(1 =625kW

And each array needs to supply one fourth of the total kW or 1 56 kW



THE ENERGY YIELD OF A PHOTOVOLTAIC MODULE AND THE ANGLE OF INCIDENCE 321

TABLE 5.42 Bidirectional Rectifier Specifications for Charging
the Storage System.

Number of Input Output Amplitude
Bidirectional Voltage (V) Power Rating Voltage (V) Modulation
Rectifiers AC kW) DC Index

4 20 1.56 36 0.9

A bidirectional rectifier can be used to charge and discharge the stored
energy system from the AC bus of a PV-generating station (see Example 5.9).
One bidirectional rectifier is used for each array of the battery storage system.

A bidirectional rectifier with an amplitude modulation index of 0.9 with
the output DC voltage equal to that of the battery array is selected. The AC
input of the rectifier for an output of 36 V, with a modulation index of 0.9 is
given by

«./gxM,,me
22

_/3%0.9%36

22

VL~L =

=20V AC

One rectifier is connected to each of the battery arrays and each rectifier is
designed to be rated at the same power rating of the battery array.

The total power rating of all the rectifiers together is =4x1.56 =6.24 kW.

The bus voltage at the inverter output terminals is 220 V. One transformer
of 220/20 V, 3% reactance, 2 kVA is used to step down the voltage from 220
V to 20 V for each of the bidirectional rectifiers.

A 500 kVA, 220 V/13.2 kV, 5% reactance transformer is used to connect
the system with the local power grid.

5.13 THE ENERGY YIELD OF A PHOTOVOLTAIC MODULE
AND THE ANGLE OF INCIDENCE

To estimate the energy yield of a photovoltaic module, the angle of inclination
for a module with respect to the position of the sun must be determined. The
angle of inclination is defined as the position that a magnetic needle makes
with the horizontal plane at any specific location. The magnetic inclination is
0° at the magnetic equator and 90° at each of the magnetic poles. The irradi-
ance is defined as the density of radiation incident on a given surface expressed
in W/m? or W/ft®. When the earth rotates, the angle at which the rays of sun
reach a PV module change. The PV energy yield at a location as a function
the PV module inclination angle is given in Appendix C.
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5.14 THE STATE OF PHOTOVOLTAIC GENERATION TECHNOLOGY

In recent years the shift towards the development and nstallation of PV
sources of energy has resulted 1n an explosion of growth m the research,
development, and manufacture of PV systems Speaifically, as of 2008,134GW
of PV capacity has been mstalled m Western countries, which 15 an annual
growth rate of 71%, with Germany leading m terms of installed capacity
followed by Spain Importantly, in recent years, this growth has been fueled
by an increase m grid connected systems. Today, 35% of the share of gnd
connected cumulative installed capacity 1s comprised of grid PV connected
centralized applications This further lighhights the growing relevance of PV
systems m fulfilling the ever-increasing energy demands of the 21" century

The current PV modules have about 12-16% efficiency However, there are
modules in production with 36% efficency that wonld change the panels from
300'W to 500 W 1n the same footprint Research into the development of more
efficient PV modules 1s ongomg worldwide The theoretical it for a PV
module constructed from multilayered cells 1s 60% In the future, we can
expect PV panes rated 1,500 W, concentrated solar PV has the potential to go
up to 200 suns today

The technology of high power inverters 1s reaching into the 2 MW class
Solar panels are being designed at 600 V bus voltage In Italy, the Rende mstal
fation uses one MW mverter and produces 14 GWh per year * This design
uses 180 W panels Five or 10 years from now, we can enviston a scalable design
of a rooftop solar PV system that can produce 2 MW It won’t take much to
get there from the PV side Students are urged to search the Internet for
up to-date developments in PV systems ¢

5.5 THE ESTIMATION OF PHOTOVOLTAIC MODULE
MODEL PARAMETERS

Recall the equivalent cireurt of a single diode model of a PV cell

The model of Figure 5 41 presents the current voltage characteristics fora
single cell of 2 PV module " © The mode] of a module consisting of a number
of cells, 7. can be presented as

VIR,
I=1, _ID(ETV“,])_M (526)
Ra

In Equation 5 26, V., the junction thermal voltage, 18 given as

V= AkTee 62
q
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Ry i
AN—

[p h CD D Rspy

Irsh

Figure 5.41 The Single Exponential Model of a PV Module."”

TABLE 5.43 The Photovoltaic Module Parameters of

a Single Diode Model.

Ipn Photo-generated current at STC
I, Dark saturation current at STC
R, Panel series resistance

Ry, Panel parallel (shunt) resistance
n, Number of cells in the panel connected in series
Vi Junction thermal voltage

A Diode quality (ideality) factor

k Boltzmann’s constant

T Temperature at STC in Kelvin

q Charge of the clectron

It is helpful to express the equations in terms of V, rather than A.The value
of A can be determined easily if V; is found, by simply rearranging the terms
of Equation 5.27, we have:

qVi
A=
KT (5.28)

Table 5.43 features a description of the variables used in modeling a module
presented by Equation 5.26.

The term STC denotes the standard conditions used to measure the nominal
output power of photovoltaic cells. The cell junction temperature at STC is
25°C, the irradiance level is 1000 W/m?, and the reference air mass is 1.5 solar
spectral irradiance distributions. In Equation 5.26, the term “-1” is much
smaller than the exponential term and it is generally ignored.

The problem of estimating the model parameters is to determine the five
parameters, I, I,, R;, Ry, and A from the data sheet provided by the manu-
facturer of the PV module measured under STC. Because A can be expressed
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TABLE 544 The Measured Data Used m
Model Esttmation

I Short circuit current at STC

Voc Open arcutt voltage at STC

Vmp Voltage at the maxmum power pont (MFF)
at STC

. Current at the MPP at STC

easily in terms of V,, g, k, and T, of which only the former 1s unknown, the
approach will be to first obtamn V,, and then solve Equation 527 for A

The V I characteristic will be employed to estumate the model parameters
These charactenstics are the short circuit current, the open circuited voltage,
and the MPP Table 5 44 summarizes the measured data at STC used for model
development

The model of Equation 5 26 1s evaluated at the measured data ponts as
defined 1 Table 5 44

1R,

L=l =Le™ -2 (529
Vupp+imeeRy
sl £ IyrrRs
Lypp = Ipp~Le "% —LP;JJ—”— (530)
sh
Vo
L =0=1,—1Le" Yo (531

sk

Because the MPP corresponds to the point where the power 1s maximum on
the V-I characteristic, we have

dP

vl (532)

5 Vier
T Lurn

We are estimating five parameters, therefore, a fifth equatton 1s still needed
The denivative of the current with the voltage at short circmt 1s given as the
negative of the reciprocal of Ry,

dr 1
al "
avl, "R 63

Hence, five equations with five vanables have been established The detailed
denivation of five parameters from five equations are given 1n references
17-19
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In this chapter, we studied solar energy systems, specifically the develop-
ment and design of a PV system with PV microgrid modeling. We also learned
how to estimate the energy yield of a photovoltaic module based on the angle
of inclination for a PV string with respect to the position of the sun. The irradi-
ance was defined as the density of radiation incident on a given surface
expressed in W/m? or W/ft>. Finally, we developed an estimation method to
construct a model for a PV module.

PROBLEMS

5.1 Search the Internet and specify four PV modules. Give a table as shown
below (Table 5.45) and compare the rated voltage, cost, width, length,
and weight.

5.2 Search the Internet to find the voltage-current characteristic of four PV
modules. Make a table of input impedances as current varies for each
operating temperature. Develop a plot of input impedance as a function
of PV load current for each operating temperature.

5.3 Design a microgrid of PV rated at 100 kW of power at 230 V AC using
a PV module with the following voltage and current characteristics.
Determine the following:

i) Number of modules in a string for each PV type

i) Number of strings in an array for each PV type
iii)y Number of arrays

iv) Inverter specifications

v) One-line diagram of this system

5.4 Design a microgrid of a PV system rated at 600 kW of power at 460 V
AC using a PV module with the data given in Table 5.46.

TABLE 545 Voltage and Current Characteristics of a Typical PV Module.

Power (max)

Voltage at maximum power point (MPP)
Current at MPP

Ve (open-circuit voltage)

I (short-circuit current)

Efficiency

Cost

List five operating temperatures for V,, vs. I,;
Width

Length

Height

Weight
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57
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TABLE 546 Photovoltaic Module Data for

Problem 5.3

Power (max) 400W
Voltage at Maximum Power Pomnt (MPP) 526V
Current at MPP 61A
Vi (open cireunt voltage) 632V
1. (short circuit current) T0A

Determine the following
1) Number of modules 1n a string for each PV type
i) Number of strings m an array for each PV type
w) Number of arrays
w) Inverter spectfications
v} One line diagram of this system
Search the Internet for four single phase mverters and summarize the
operating conditions 1n a table and discuss the results
Search the Internet for DC/DC baaost converters and DC/AC 1nverters
and create a table summarizing the operating conditions of four DC/DC
boost converters and DC/AC mverters and discuss the results and
operations
Design a micrognd of 50 kW, rated at 230 V AC Use the PV module of
Problem 53 and the converters of Problem 55 The design should use
the least number of converters and mverters Determine the following
1) Number of modules 1 a string for each PV type
1) Number of strings 1n an array for each PV type
wt) Number of arrays
w) Converter and inverter specifications
v) One lne diagram of this system
Design a micrognd of 600 kW of power rated at 230 V AC. Use the PV
module of Problem S 3 The design should use the least number of con
verters and mverters Determune the following
) Number of modules 1 a string for each PV type
u) Number of strings n an array for each PV type
) Number of arrays
w) Converter and nverter specifications
v) One line diagram of this system
Design a mucrognd of a PV system rated at 2 MW and connected
through a smart net metenng to the local utihity at 132 kV The local
loads consists of 100 kW of highting loads rated at 120 V and 500 kW
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TABLE 5.47 Photovoltaic Module Data,

Panel Type 1 Type 2 Type 3 Type 4
Power (Max), W 190 200 170 87
Voltage at max. power point 54.8 26.3 28.7 17.4
(MPP), V
Current at MPP, A 347 7.6 5.93 5.02
Voc (open-circuit voltage), V 67.5 329 35.8 217
Isc (short-circuit current, A 3.75 8.1 6.62 5.34
Efficiency 16.40% 13.10% 16.80% >16%
Cost $870.00 $695.00 $550.00 $397.00
Width 34.6” 38.6” 38.3” 25.77
Length 51.9” 58.5" 63.8" 39.6”
Thickness 1.8” 14" 1.56” 2.3
Weight 33.07 lbs 39 Ibs 40.7 1bs 18.3 lbs

510

of AC load rated at 220 V. The system has a 700 kWh storage
system. Local transformer specifications are 13.2 kV/460 V, 2 MVA,
and 10% reactance; 460 V/230 V, 250 kVA, and 7% reactance; and
460 V/120 V, 150 kVA, and 5% reactance. The data for this problem are
given in Table 5.47.

i)

v)

Search the Internet for four DC/DC boost converters, rectifier, and
inverters and create a table. Summarize the operating conditions
in a table and discuss the results and operations as they relate to
this design problem. Develop a MATLAB testbed to perform the
following:

Select a boost converter, bidirectional rectifier, and inverters for the
design of a microgrid from commercially available converters. If
commercial converters are not available, specify the data for a new
design of a boost converter, bidirectional rectifier, and inverters.

Give the one-line diagram of your design. Make tables and give
the number of modules in a string for each PV type, number of
strings in an array for each PV type, number of arrays, converters,
weight and surface area required for each PV module type.

Design a 700 kWh storage system. Search online and select a
deep-cycle battery storage system. Give the step in your design and
include the dimension and weight of the storage system.

Develop a per unit model of the PV microgrid system

Design a PV microgrid system operating at voltage of 400 V DC serving
a load of 50 kW and at 220 V AC. Use the data sets given in Tables
5.48-5.51. Perform the following:

i) Select a deep-cycle battery to store 100 kWh
if) Select a boost converter, bidirectional rectifier, and inverters for

the design of a microgrid from commercially available converters



201
0z1
9zt

6L
€9
139
134
8¢

ey
Hoz1

86
91l
a«l

9L
9
£5

LE

sy
HzL

$6
(419
8
06
€L
09
149
24
9t

ey

68

¥l £6
801 L6
8 bL
69 09
9 (14
34 34
fa4 9
e 0¢

ey ey

H8 Htz Hs

o
$8
88
89
159
o
U4
re
8z

ey
HY

8
98

€5
154
6¢
€€
Lz

ey
H?T

aey
H1

sinoy azadwy Apoeder

(z82) 79
(00¢£) 99
®1£) 0L
652) L5
e 1s
(z8D) op
oo
Ger)oe
iz

(322)968 (cLD)sLo (aze) o5 L z L1068 XAd
(tee) 68 (L) 229 (908) so T L0K0I XAd
‘%68 (st (se)osz1 71 10801 XAd
(te)eos (9D 099 (9D zzo1 7 L0v8 XAd
(Le)e6s (D099 (W) zzo1 71 L1069 XAd
Wz ess GEDsvs (scde6s 71 1098 XAd
(e ess (Dsvs G668 1 106--XAd
(M02) 08 (ceD)8IS O61) 1LL 21 L0Zt-XAd
(LD ess (eDsls Qo) iLL 21 L0Fe XAd

(@)
Sqnm
nupn

(wuw) (wur) {ww) BIY asquiny
wSayy o y18ua] g
-

SUOISUDWI(] |[EI2AQ)

Beq Laneg opsD daaqt (KL gy s 7 TuvL

328



TABLE 549 Boost Converters.
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Input Voltage (V) Output Voltage (V) Power (kW)
24-46 26-48 9.2
24-61 26-63 12.2
24-78 26-80 11.23
24-78 26-80 11.23
24-78 26-80 13.1
24-98 26-100 12.5
80-158 82-160 152
80-198 82-200 14.2
80-298 82-300 9.5
TABLE 5.50 Single-Phase Inverter Data.
Inverter Type 1 Type 2 Type 3 Type 3
Power 500 W SkW 15 kW 4.7 kW
Input 500V 500 V max 500V 500V
Voltage
DC
Output 230 VAC/60 Hz 230 VAC/ 60 Hz 220 VAC/60Hz 230 VAC/ 60 Hz
Voltage @217A @27A @68 A @174 A
AC
Efficiency Min. 78% @ 97.60% > 94% 96%
full load
Length 15.5” 315 mm 625 mm 550 mm
Width 5" 540 mm 340 mm 300 mm
Height 5.3” 191 mm 720 mm 130 mm
Weight 9 1bs 23 Ibs 170 kg 20 Tbs

(see data in Tables 5.48-5.51). If commercial converters are not
available, specify the data for the new design of a boost converter,

bidirectional rectifier, and inverters.

iii) Give the one-line diagram of your design. Make tables and give
the number of modules in a string for each PV type; number of
strings in an array for each PV type; number of arrays, converters,
weight, and surface area required for each PV module type.

511

Write a MATLAB testbed for the design of a PV system with minimum

weight and minimum number of inverters using the data of Tables

5.47-5.51.
Perform the following:

i) PV system for 5000 kW at 3.2 kV AC: Specify the inverter operat-

ing condition
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TABLE 5,51 Three-Phase Inverter Data.

Inverter Type 1 Type 2 Type 3 Type 3
Power 100 kW 250 kW 500 kW 1 MW
Input vohiage 900V 900 V max 00V PLLAY
DC
Output 660 VAC/60 Hz 660 VAC/60Hz 480 VAC/60Hz 480 VAC/60Hz
voltage AC
Effictency Peak eff Peak Peak ef! Peak effi
96 7% 970% 97 6% 96 0%
Depth 3084”7 382" 4317 73
Width 57" 1151”7 138 8" 1386”
Height 80" 892" 926" 925"
Weight 2350 Ibs 2350 Ibs 5900 1bs 12000 Ibs

Frgure 542 Figure for Problem 512

u) PV system for 500 kW at 460 V AC Specify the mverter operating
condition

w) PV system for 50 kW at 120 V AC Specify the mverter operating
condition

512 Consider the residential home of Fig 542 Pesform the following
1) Estimate the load consumption of the house

u) Plot the daily load cycle operation of the house’s loads over 24

hours and calculate the total energy consumption
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5.14

515

5.16

5.17

5.18
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iti) Search the Internet and select a PV module and design the PV
array for the house. Compute cost, weight of PV array, and roof
areas needed for the PV system. Search the Internet and select an
inverter, battery storage, and bidirectional converter.

For Problem 5.11, if only 25% of the load is operated during the night,
use the data of Problem 5.10 and specify a battery storage system
to store the required energy for operating 25% of the load during the
night.

If the price of kWh from a utility company is $0.3 for buying or selling
energy, estimate the net operating cost or revenue for the house of
Problem 5.12,

Design a PV system rated 50 kW using a boost converter and a DC/AC
inverter. The system operates as a standalone and supports a water
pumping system with a rated load voltage of 120 V AC. Use the data
given in Problem 5.10.

Design a residential PV system. The load cycle is 10 kW from 11 p.m.
to 8 AM. and 14 kW for the remaining 24 hours. Determine the
following:
i) Total kWh energy consumption for 24 hours
if) 'What is the roof space needed to generate adequate kWh for 24
hours operation?

iii) Assume the maximum kWh to be used during the night is 40% of
the total daily load. Search the Internet to select a battery storage
system and compute the required energy for nightly operation.
Give your design data.

Design a microgrid for a PV system rated one MW of power at 220 V,
60 Hz with all the PV strings connected to the same DC bus. The trans-
former data are 220/460,V 250 kVA, and 5% reactance;and 460V /13.2
kV of 1 MVA, and 10% reactance. Use the data given in Tables 5.47
through 5.51.

Determine the following:

i) Number of modules in a string for each PV type, number of strings
in an array for each PV type, number of arrays and surface area,
weight and cost for each PV type.

i) Boostconverter and inverter specifications and the one-line diagram
of this system

Assume a sample value for the global daily irradiation, G = [1900, 2690,
4070, 5050, 6240, 7040, 6840, 6040, 5270, 3730, 2410, 1800] for 12 months
of the year. Assume a reflectivity of 0.25. Perform the following;
i) Write a MATLAB M-file program to (a) compute the irradiation
on different inclination angles, (b) tabulate the irradiance for
each month at different inclination angles, (c) tabulate the overall
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rradiance per year for different mchination angles, and (d) find the
optimum inchnation angle for each month and a year

u) 1f the sun irrachance 15 O 4 sun for 8 hours daly for this location
what 1s the roof space needed to capture 20 kW at an optimal
angle?

) If the sun wradiance 15 03 sun on the average over a year for §
hours daily for this location what total kW can be captured over
1500 square feet at the optimum inclmation angle?

Assume the global daily irradiation {G) for the city of Columbus solar

wrradhation data, G, on the honzontal surface 1s as {ollows

G =[1800, 2500, 3500, 4600, 5500, 6000, 5900, 5300, 4300, 3100, 1500

1500] for 12 months of the year The latitudinal location of Columbus 1s

40 degrees Assume a reflectvity of 025 Perform the following

1) Wnte a MATLAB M file to (a) compute the irradiation on differ

ent inclination angles, (b) tabulate the trradiance for each month
at different inchnation angles (c) tabulate the overall irradiance
per year for different inclination angles, and (d) find the optimum
mclination angle for each month and a year

) If the sun irradiance 1s 04 sun for 8 hours daily for this location
what 15 the roof space needed to capture 50 kW at an optimum
inchnation angle?

ui) If the sun irradiance 15 03 sun on the average over a year for §
hours daily for this location what total kWh that can be captured
over 1500 square feet at the optrmum inchnation angle?

For your city, search the Internet for solar wrradiation data, G, on the
horizontal surface and its latitudinal location Perform the following
1) Write a MATLAB M-file to (a) compute the wrradiation on differ

ent inclination angles, (b) tabulate the irradiance for each month
at different mclination angles, (c) tabulate the overall irradiance
per year for different incltnation angles and (d) find the optimum
inchnation angle for each month and a year

i) 1 the sun irradiance 15 03 sun on the average over a year for 5
hours daily for this location what 1s total KW that can be captured
aver 1500 square feet at the optimum inclination angle?

TABLE 5.52  Data for Problem 521

ay (Isc) 387TA
a (Voc) 21v
a; (VMPP) 337V
a; (IMPP) 356 A

as (nc) 7
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521 For a PV module given below (Table 5.52), write a MATLAB simulation

testbed using Gauss-Seidel iterative approximation and estimate the
module parameters (use Internet resources and learn about Gauss—
Seidel iterative approximation).
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CHAPTER 6

MICROGRID WIND ENERGY SYSTEMS

6.1 INTRODUCTION

Historans estimate that wind energy has been utihzed to sail ships since about
3200 BC'® The first windmulls were developed in Iran (Persia) for pumping
water and grinding gram * Denmark developed the first wind turbine for elec-
tricity generation 1n 1891 % Today over 20% of Denmark’s electricity comes
from wmd energy and Denmark’s wind energy industry has a 27% share of
the global market

Wind energy 1s cap d from the h ! power of wind and converted
to electric power using the classical process of Faraday’s law of induction?

Figure 6 1 depicts the distributian of energy consumption by energy source
from 2004 to 2009 as determined by the US Department of Energy (DOE}*

Although renewable energy production 1s small, the renewable electricity
production in the United States (excluding hydropower) has nearly tripled
stnce 2000 In 2009, about 10% of US electricity was generated from renew-
able sources (http //www e1a doe gov/energyexplained/index cfm?page=renew
able_home)

The National Renewable Energy Laboratory (NREL) of the Department
of Energy (DOEY)’ of the United States 1s dedicated to the research, develop-
ment, commerciahization, and deployment of renewable energy sources. The
NREL provides wind data by US location, students are encouraged to visit
the NREL Web site to obtain data for wind power in their geographic area

Design of Smart Power Gnd Renewable Energy Systems First Edition Alt Keyham
© 2011 John Wiley & Sons, Inc. Pubhished 2011 by John Wiley & Sons, Inc.
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U.S. Energy Consumption by Energy Source, 2009
Total = 94.578 Quadrillion Btu Total = 7.744 Quadrillion Btu

- Solar 1%

— Geothermal 5%

— Biomass waste 6%
‘|Wind 9%

Petroleum
Biofuels 20%

Renewable
Energy

B Wood 24%

y Nuclear
Electric Power
9%

Hydropower 35%

Note: Sum of components may not equal 100% due to independent rounding
Source: U.S. Energy information Administraton, Annual Energy Review 2009, Table 1.3, Primary
Energy Consumption by Energy Source, 1949-2009 (August 2010)

Figure 6.1 Energy Consumption in the United States by Energy Source,
2004-2009.

350,000,
300,000+
5
; 250,000 _-lomass
4
< 200,000
2 —
E 150,000
100,001
50,000+ | Solar ]

2000 2001 2002 2003 2004 2005 2006 2007 2008

Figure 6.2 Worldwide Electricity Generation for Wind, Biomass, Geothermal, and
Solar Resources, Years 2000-2008.*

6.2 WIND POWER

Wind energy,”" as one of our most abundant resources, is the fastest growing
renewable energy technology worldwide as shown in Fig. 6.2. Improved turbine
and power converter designs have promoted a significant drop in wind energy
generation cost making it the least-expensive source of electricity—from
37 cents/kWh in 1980 down to 4 cents/kWh in 2008. In 2008, wind energy
systems worldwide generated 331,600 million kWh, which is 1.6% of total
electricity generation—making wind the second highest resource after hydro-

electric power (16.6%), while the photovoltaic (PV) technology contribution
was only 0.1%.
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The Unuted States alone possesses more than 8 000 GW of land based wind
resources suitable for harnessing and an extra 2 000 GW of shallow offshore
resources. With US total electricity generating capacity at 1 109 GW 1n 2008
the untapped wind sources i United States 1s almost 8 times as large

Global wind movement 1s predicated on the earth s rotation and regional
and seasonal vanianons of sun irradiance and heating Local effects on wind
nclude the differentiat heating of the land and the sea and topography such
as mountains and valleys We always describe wind by its speed and direction
The speed of the wind 15 determined by an anemometer which measures the
angular speed of rotation and translates 1t 1nto 1ts corresponding inear wind
speed in meters per second or miles per hour The average wind speed deter
rmunes the wind energy potential at a particular site Wind speed measurements
are recorded for a 1 year period and then compared to a nearby site with
available long term data to forecast wind speed and the location s potential
to supply wind energy

A wind energy resource map for the contiguous United States from the
NREL 1s shown in Fig. 6.3(a) * This map ts based on a location s annual average
wind speed and wmnd power density (in W/m?) at 60 m (164 ft) tower height
1t can be used for inttial site assessment The coastal areas have high wind
energy potential nevertheless 90% of the US usable wind resources lie in the
wind belt spanning the 11 Great Plains states”

As of September 30 2009 36698 MW of wind power have been installed
across the United States (http /iwww windpowenngamenca gov/pdfsiwind
maps/nstalled_capacity_current pdf}) A honizontal axts wind turbine 1s made
of the following subsystems

-

Blades Two or three blades are attached to the hub of the shaft (rotor)
of the wind generator they are made of lugh density epoxy or fiberglass
composites Wind exerts a drag force perpendicular to the blades and
produces hift forces on the blades that cause the rotor to turn The
blades cross section 1s designed to mmimize drag forces and boost it
forces to increase turbine output power at vanious speeds

Rotor The rotor transfers the mechanical power of wind and acts to
power the generator

Pitch control uses an electric motor or hydraulic mechanism It 1s used
to turn (or pitch) the blades to maximize the power capture of the
turbine or to reduce the rotor s rotational speed 1n high winds.

A rotor brake system 1s used to stop the rotor for mamtenance Some
advanced turbines use hydraulic brakes for the cut 1n and the cut out
wind speeds when turbine power output 1s either too low or too high

Low speed shafts are d d to transfer t | power of the
rotor at a speed of 30-60 rpm to the gearbox

A gearbox 15 used to couple low speed and high speed shafts and
steps up the rotational speed to 1200-1600 rpm switable for electric
generators. Gearboxes have disadvantages such as nose hgh cost

~

w

S

v

>
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frictional losses, and maintenance requirements, which preclude their
use in some turbine designs.

7. Induction and permanent magnet generators are used for wind
turbines.

8. Wind controllers are used to regulate and control the turbine’s electri-
cal and mechanical operation.

9. An anemometer is used to measure the wind speed and sends the
measurements to the controller.

10. A weather vane is an instrument for showing the direction of the wind.
The vane is used to determine wind direction and sends it to the con-
troller, which in turn commands the yaw drive to aim the turbine nose
cone in the proper orientation as the wind direction changes.

11. A nacelle is used as a weatherproof streamlined enclosure for housing
shafts, a generator, a controller, and rotor brakes.

12. A high-speed shaft is used that mechanically couples the gearbox and
rotor of the electric generator.

13. A yaw drive is used to orient the nacelle and the rotor using the yaw
motor or hydraulic mechanism.

14. A yaw motor is used to move the nacelle with its components.

15. A tower is used to raise the turbine and hold the rotor blades and the
nacelle. Turbine towers are tubular with heights approximately equal to
the rotor diameter; however, a minimum height is 26 meters to avoid
turbulence.

Appendix D gives a summary of estimating the mechanical power of wind.

6.3 WIND TURBINE GENERATORS

Wind turbine generators (WTG) are rapidly advancing in both technology and
installed capacity.® Conventional geared wind generator systems have domi-
nated the wind market for many years. Wind turbine technologies are classified
based on their speed characteristics. They are either at fixed or variable speed.
The speed of a wind turbine is usually low. The classical WTGs are of two
types: (1) wound rotor winding, and (2) squirrel-cage induction. These systems
use multistage gear systems coupled to a fixed-speed squirrel cage induction
generator (SCIG), which are directly connected to the power grid.

Figure 6.5(a) depicts the distribution of stator and rotor windings. The
concentrated representations of stator and rotor windings are represented
in Fig, 6.5(a). However, in practice, the windings of a stator and rotor are
approximately distributed sinusoidal windings. The axes of these windings
are displaced by 120°. The sinusoidal distribution of stator windings are mea-
sured with angle ¢, and sinusoidal distribution of rotor windings are measured

vs{ith angle ¢,. The angle 6, represents the rotor angle as it rotates around the
air gap.
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Figure 6.4 A Wind Turbine System {Photo from the Nattonal Renewable Energy
Laboratory) 7®

When the stator windings are excited with balanced three phase sinusordal
currents each phase winding produces a pulsating sinusoidal vector field along
the winding axis and pointing to where the field 1s maxtmum positive as shown
n Fig 6 5(a) The effect of the three phase winding vector field distribution 1s
equivalent to having a single smusoidal distrtbuted vector field For a two pole
machine 1f the stator winding are excited by a 60 Hz source the synchronous
speed of the two pole vector field 1s 3600 rpm

An electronmic switch 1s used to provide a soft start to smooth the connection
and disconnection of the generator to the gnd by imiting the unwanted inrush
current to about 16 times the nominal current The circut breaker can be
automatically controlled by a microcontroller or manually controlled A zero
crossing 1s the mstantaneous pomnt at which there 1s no voltage (current)
present In an AC alternating wave this normally occurs twice during each
cycle as shown 1n Fig 67 Assuming the system operates at a lagging power
factor for example at 2 lagging power factor of 086 the current then lags the
voltage as shown in Fig 67

The soft switch circwit breaker 15 controlled by a rmerocontroller or a digital
signal processor The soft switch airemt breaker 1s closed at a zero crossing of
voltage and 1t 15 open at zero crossing of current The soft swiich 15 also
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Cunaway view of Squirrel Cage
induction Motor

Figure 65 Tnduction Machine Types (a) Wound Machine Stator and Rotar Windtngs.
(b) Equivalent Circust (c) A View of Wound Rotor Winding (d) A Cutaway View of
a Squirrel Cage Induction Generator (SCIG) (e) A View of a Squirrel Cage Induction
Generator 1 Figures 6.5(c)-(e) are courtesy of ABB (http.//www abb com/product/
us/9AAC133417 aspx)

protecting the mechanical parts of the turbimnes such as a gearbox and shaft
aganst fugh forces The soft switch uses controliable thyristors to connect
the generator to the induction generator at zero crossing of the smusoidal
valtage of the generator 2 seconds after the induction machine operates above
the synchranous speed
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Figure 6.6 The Schematic of a Squirrel Cage Induction Generator (SCIG) System
Microgrid.
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Figure 6.7 The Zero Crossing of an AC Source Supplying Power at 0.86 Power Factor
Lagging.

6.4 THE MODELING OF INDUCTION MACHINES

In the three-phase round induction machines with wound windings on the
rotor, the stator windings consist of three-phase windings. The rotor winding
also consists of three-phase wound windings. For a squirrel cage induction
machine, the rotor of the machine does not have winding; instead it has a cage
that is normally constructed from aluminum.
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For mathematical modeling of the machme’s steady-state model,” 1t 15
assumed that the stator and rotor windings are balanced In the case of a
squirrel cage induction machune, 1t 1s assurned the rotor 1s represented by an
equivalent winding Each phase of the stator winding 1s designed using the
same wire size and occupies the same space on the stator of the machine The
same 1s true for rotor winding To understand the basic relationship between
the current flowing 1n the windings and the resulting field distribution, we need
to recall the relationship of field distribution 1n the machine stator and rotor
and machme arr gap Let us first review the fundamentals of field distribution
1n a rectangular structure of an mductor depicted 1n Fig 6 8 These discussions
facilitate our understanding of the basic concept of inductance and mduction
which 1s used later 1n this chapter

According to the fund als of electrt 1cs, the field intensity can
be expressed as the product of H 1n A/m, times the mean length of the mag
netic core 15 equal to number of turns, N times the current, I flowing i the
winding as given below

Hi=NI (61)

From the fundamental relationship the field intensity, H and flux denstty, Bin
weber per square meter (Wb/m?), and the permeability t of the core matenal
are related as

B
H=2 62
m (62)

where p= g, i, ft,=4rx 107 (H / m), and 4, 1s relative permeability For
example, the relative permeability 1s equal to one for air For 1ron, the relative
permeability 1s m the range of 26,000 to 360,000 Therefore, i 1s the slope of
the B = pH and H 1s the field winding, The flux hnes distribution n the rect
anglar structire of Fig, A8 can. ha computad by maliiplyng, tha fidld densty
by cross sectional area of core, A expressed as

@=BA 63

| A

Figure 68  An Inductor Winding
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The flux linkage @ represents the flux lines that link the winding; they are
expressed in weber. The flux leakage, @l represents the flux lines that are
leaked in the surrounding medium and do not remain in the core structure.

If we assume the leakage flux lines are zero, then we can express the product
of field intensity, H, and the mean length of the core to be equal to magneto-
motive force, mmf, as shown by Equation 6.4.

Hl =mmf (6.4)

Therefore, the magnetomotive force is the force of the number of turn times
of the current flowing through the winding, NI, which creates the force that
produces the magnetic flux that is the result of the field intensity H.

By substituting for H in Equation 6.4, we obtain the flux flow in the stator
structure, rotor structure, and the air gap as:

. u.LA = mmf 6.5)
!

The Equation 6.6 is defined as reluctance. The reluctance is analogous to
resistance. It is a function of the dimension of the medium through which the
flux flows.

@R = mmf (6.7)

The reluctance is inversely proportional to inductance, which is directly pro-
portional to the square of the number of turns. The inductance, L, represents
the inductance of the inductor of Fig. 6.8

N? N2A
l,:— Z =
® TR

(6.8)

To understand the permeability, 4, we need to understand the hysteresis phe-
nomena. A hysteresis loop shows the magnetic characterics of a ferromagnetic
material under test. The relationship shows the relationship between the
voltage applied to a winding with a core structure made from a ferromagnetic
material and resulting current flow in the winding. The induced magnetic flux
giensity (B) is calculated from the applied voltage and the magnetizing field
Intensity (H) from the current flow through the winding. It is often referred
to as the B-H loop. An example of a hysteresis loop is shown in Fig. 6.9. The
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Figure 69 A Schematic of a Hysterests Loop *

1oop 15 produced by measuring the magnetic fiux of a ferromagnetic matersat
whle the apphed voltage 1s changed

A ferromagnetic core that has not been previously magnetized will follow
the dashed line as the applied voltage 1s mcreased, resulting m higher current
and tugher magnetic intensity, H 1s increased The greater the applied excita-
tion current to produce H+, the stronger 1s the magnetic field deusity, B+ For
a Pomnt a depending on the type of magnetic matenal, however, a higher
applied voltage will not produce an mcreased value m magnetic flux At the
pont of magnetic saturation the process ts changed 1n the opposite direction
as shown in Fig 6 9 and recorded voltage and current representing flux density
and field mtensity move from Point a to Pomnt b At this point, some restdual
flux rematns in the matenal even after the apphed voltage 1s reduced to zero
Thss point 15 called retentvity on the hysteresis loop and shows the residual
magnetism {remanence) mn the material As the applied voltage direction 15
changed the recorded flux density and field mtensity moves to Point ¢. At this
pomt the flux 1s reduced to zero This is called the point of coercivity on the
hysterests loop When the voltage 1s applied 1n a negative directton, the mate
r1al 1s saturated magnetically in the opposite direction and reaches Point d As
the applied voltage 1s increased 1 positive direction, again H crosses zero at
some value of the applied voltage and the hysteresis loop reaches the Pomt e
As the applied soltage 1s increased further, H 1s increased back in the positive
direction, the flux density, B returns to zero If the applied voltage repeats
the same cycle, the process 1s repeated If the process 1s reversed, the loop does
not return to oniginal position Some force 15 required to remove the residual
magnetism and to demagnenze the material ¥
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Figure 6.10 A Family of Hysteresis Loops as Applied Voltage to the Winding Is
Varied."

Figure 6.11 The Normalized Magnetization Curve.

Figure 6.10 shows the traces of a family of hysteresis loops as applied
voltage to the winding is varied. When the tips of the hysteresis loops, A, B, C,
and D are connected, the result is a normalized magnetizing curve.

Because B =uH, therefore, the permeability, y is the slope of hysteresis
as expressed by Equation 6.9.

(6.9)

=2
H
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1{or H)

Frgure 6.12  Schematic of Inductance as a Core Structure Saturated

In the Imear region of magnetization curve, the mductance 1s inear as given
by Equation 6 8 Figure 6 12 shows the change 1n mductance of the rectangular
core as the core 1s saturated

Figure 68 represents a stmple rectangular structure However, a three
phase mduction machie has three windngs on the stator and three windings
on the rotor as shown i Fig 65(b) The three windings on the stator are
placed on the crcumference of the stators at 120° apart The three-phase
rotor windings are also located on the aircumference of the rotor at 120°
apart As a motor operation, the stator 1s supphed from the three-phase
AC voltage source The time-varymg AC source would magnenze the stator
structure and give rise to time-varying flux density and time varying induc
tance for each phase of the stator Although the cylindrical structure 15 more
complex to calculate these mductances, we can use an advanced finite element
calculation and make discrete elements of the stator structure to calculate the
flux 1n these elements. However, finite element calculation 15 an advanced
topic that 1s not a subject mn this book From our study of the inductor, we can
conclude that the inductances of the stator are a function of the diameter,
number of turns, permeability of the stator matenial and cross sectional area
and excitation current Therefore, we recogmze that the flux density vartation
sn winding a a’ when 1t 15 energized from the AC alternating source can be
expressed as

B,(6,,6)=B(t) r:os(—g—e,) (610)

where B (1) 1s ttme-varying flux density produced by the phase a applied
voltage, v,(f)

B(t)= By coso,t 611)
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In Equation 6.11, the @, =2xf is the source frequency and 6, is the angle
around the circumference of the stator; P is number of poles; D is diameter

and %6, angle in radians.

For example, B,(x,t) = Bn.x when 6, =0.

And 6, = @FIZ, the Equation 6.10 can be expressed,

P 2nD
B,(x,t)=B ———— | = Bpax 6.12
(1) = B@cos| S22 612

Substituting Equation 6.12 in Equation 6.10, we can obtain Equation 6.13.
~ P
B,(x,t)= Bcos a)stcos(—D- 9,) (6.13)

Using the cosine identity in Equation 6.13, we can obtain Equation 6.14.

cosacosff= %[cos o—B)+cos(a+ B)]
B,(x,0)= gCOS(PDO, - cost)+ gcos(Pg’ + a)st) (6.14)

We can obtain the same expression for windings b-b” and c-c’ as expressed by
Equations 6.15 and 6.16.

. 2 P6, 2
By(x,t) = Bcos(a):t——;-) cos(?——g) (6.15)
A 4z P6, 4n
B.(x,t) = Bcos| ot —— ——— .
(x,0) cos( 3 )cos( D3 ) (6.16)

Recall that the flux density is a vector quantity, we can add flux density
generated by phase a, phase b, and phase ¢, and we can obtain the total flux
generated as expressed by Equation 6.17.

Bioi(%,8) = Ba(6,,1) + By (6,,1) + Bc (6, 1) (6.17)

34 Pe,
B,,,,(x,t) =5BCOS(?—COJJ (618)
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The peak value of flux density crossing the air gap of the machine 1s given by
Equation 6 19

3.
Bou=>
e =2 B (619)

The rotor windings are distributed on the rotor structure The total time-
varying flux density of stator windings crossing the air gap links the rotor
windings and induces voltage 1n the rotor windings. Let us analyze the rotor
induced voltage assuming two conditions (1) the rotor 1s at standstil, and (2)
the rotor 1s free to rotate

1 The rotor 1s at standstill

B, (6, 1) 1s the total flux distribution 1n the machme and the frequency of flux
wave 15 expressed as

o, =2% f, (620)
£, =stator frequency

Thus flux distribution can be regarded as a flux wave that is distnibuted 1 the
air gap machine with the mechanical equivalent speed as

@y {€qUIVELENL) =% @, (621)

The mechanical speed expressed by Equation 6 21 1s also called the synchro
nous speed

om=2 0, )

Let us assume that we short the rotor windings and also assume that the
rotor 1s restramned and remarms at standstill The stator flux wave distribution
of the stator crosses the machine air gap and links the rotor windings and
wduces the valtage m phases a, b, and ¢ of the rotor windings The resulting
current flow 1n rotor windings gives nise to the rotor flux of rotor windings
Adding flux waves produced by phases a, b, and ¢ of rotor windings, we can
obtain,

Bp(x,1)= Boglx,0)+ Bon{x,0)+ Boplx 1)
= %fi‘cos[%—mﬂm,r) (623)
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Because the rotor is at standstill, and shaft speed is zero, the rotor frequency
is the same as stator frequency. In fact, the induction machine is acting like a
three-phase transformer; however, in a cylindrical structure with the rotor
supported on a bearing system that separates the stator from the rotor with a
very small air gap, the stator and rotor windings are coupled.

2. The rotor is free to rotate.

Suppose the rotor is free to rotate. Let us assume the rotor is rotating at
a speed of w,, then the rotor total flux wave distribution, Br(x,f) has the
mechanical speed as expressed by Equation 6.24.

o,(mech) = Wy, — O, (6.24)

o,(mech) is the rotor mechanical speed that is the difference between
the synchronous speed and the shaft speed because the shaft is free to
rotate. The electrical speed of the rotor flux wave is expressed as given by
Equation 6.25.

W, = —Izia),(mech) = g(wsyn ~ 0y, (6.25)

o, =2nf,

fr = frequency of induced voltage (current) in the rotor

The total flux distribution of stator flux, B (6,,?) has the equivalent mechan-
ical speed of @y, This flux distribution for a two-pole machine has two poles
as shown in Fig. 6.13. The total flux distribution of the rotor, Bz(6,,t) of the
rotor rotates at @, — @, for a two-pole machine with respect to the rotor
structure and Bg(6,,t) of the rotor structure rotates at @, (mechanical speed)
with respect to the stator.

The two flux waves are distributed in the machine at an angle as shown in
Fig. 6.13. Motor action @, and ®, are rotating in the same direction and

Oy > Wy

6.4.1 Calculation of Slip

P
o, = '5 (wsyn - wm) (6.26)

Let us multiply and divide by @, (stator electrical speed):

(Dsyn — Wy
@, = _T—_' a):yn (6.27)

F wsyn
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Tom
Figure 6,13 'The Schematic Flux Distributions for Two Pole Machines.

Let us define

P Lial RN (628)
(‘)lyn
@, =50,, or f, =sf (629)

where @, rad/sec ©, radfsec The shp can be calculated as presented m
Equation 630

s= R Zlm (630)
Royn
120f,
= 631
o =g (631)

where n,y, 15 the synchronous speed sn rpm and n,, 1s the rotor speed m rpm

642 The Equivalent Circuit of an Induction Machine

Figure 614 deprcts a three phase Y connected stator and rotor windings As
a motor operation, the stator is fed from a three phase AC source or through
a PWM inverter with a vanable frequency The rotor is short circunted of
connected to an external resistance As a motor, the machine operates at 3
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Figure 6.14 The Equivalent Circuit of a Wound Rotor Induction Machine with
External Resistance, R, Inserted in the Rotor Circuit.

shaft speed below the synchronous frequency and supports a mechanical load.
As a wind generator, the mechanical wind power is supplied and the generator
operates above the synchronous speed. To describe how the machine operates,
we need to develop an equivalent circuit model for the machine. In Fig. 6.16,
we refer to stator winding with a subscript “1” and rotor as a subscript “2.” We
look at two operating conditions: (1) The rotor is at standstill, and (2) the rotor
is free to rotate.

1. The rotor is at standstill.

Suppose the rotor is at standstill and the shaft speed is zero (@, = 0). Using
the approach used in modeling the coupled winding, the equivalent circuit for
one phase to ground can be depicted by Fig. 6.15.

The machine is designed to use a small amount of current to magnetize it.
Normally, the magnetizing current is less than 5% of the rated load current.
This requires that magnetizing reactance, Xy, and resistance, R,,, which is net
magnetizing impedance, acts as high impedance. Therefore, we can ignore the
shunt elements. With this assumption, we can obtain the following:

Li=1 (6.32)
Vgnd = fl(Rl +jo,L)+ E (6.33)
E, =L(Ry + R + joo, L) (6.34)

2. The rotor is free to rotate.

Suppose rotor speed is running at ®,,. Let us express R, = Ry ,o0r + R

ext
Vgnd =1 (Ri+jX,)+ E, (6.35)
E,=L(R, +jo,L,) (6.36)

}Nhere. R, is stator resistance/phase and X, = w; L, is stator reactance/phase, I;
18 stator current (line) and E, is induced emf/phase.
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Figure 6.15 The Equivalent Circuit Model of an Induction Machine at Standstill
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Figure 616 The Equivalent Crrcuit Model of an Inductton Machine when the Rotor
Is Free to Rotate

Let us define
N
=M 3
a=gp 637
L=t (638)
a

Based on Faraday’s law of induction, the following expression defines the
nduced voltage, e; and e,

&= L2 < N0 cos(or+0) ©3)
e =N, %‘; = 5Ny, cos{@t+6;) (640)

Then, the RMS values E, and E; can be expressed as

E'sLjfn_andE’=-‘M_;;£ (641)
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The ratio of E; and E, can be computed as

E, =sN, Zi= B (6.42)
N1 a
And the L, and I; can be expressed as
i2 = [lil (6.43)

Using the above relationship, we can compute the equivalent model of an
induction machine from the stator side by referring the rotor variables to the
stator sides.

Ez = jz (R, +jo, L) (6.44)

| s% = al\(R, + jo L) (6.45)

The Equation 6.45 can be recomputed by multiplying by a and dividing by s.
sE, = I,(a*R, + jsa*X;) (6.46)

E =1, (az %+ jazij (6.47)

Equation 6.47 represents the rotor variables from the stator side. The one-
phase stator variables are given by Equation 6.48

Vgna’ = il (Rl + ]Xl) -+ E] (6.48)
Combining Equation 6.47 with Equation 6.48, we obtain the following:

. . . - R,
Viria =L (Ry +]X1)+Il(a2 TZ"']azXz) (6.49)

We can rewrite Equation 6.49 as defined by Equation 6.50:

Rz, = asz Xz, = azXz (6.50)

. . R\
Vo= R+ ) s 29)| (6:51)

The induction motor equivalent circuit from the stator side is given in Figs.
6.17 and 6.18.
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Figure 617 The Equivalent Circuit Model of an Indi Machine with M:
Inductance Represented on the Stator Side
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Figure 618 The Equivalent Circurt Model of an Induction Machme with Rotor
Vanables Referred to the Stator Side

65 POWER FLOW ANALYSIS OF AN INDUCTION MACHINE

The mput power can be calculated from the input voltage and current drawn
by the machine as given by Equation 6 52

P =3Re{ViI1} (652)
The power crossing the air gap of the machine (see Figs 617 or 6 28) can be

caicuiated Dy subracung stator wire resistance 1osses and core1osses as given
by Equation 6 53

Py =3R-3(FR+B)=3|Lp & ©53)
5

where P, 1s the core loss shown by equivalent resistance R, m Fig 618
As per Equation 653, the arr gap power can also be computed by the

square of rotor current, /; and &
K

‘When the machine 1s operating as a motor, the power delivered to the shaft
can be calculated by accountmng for rotor losses.

Pon = Pag =313 R; (654)
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By substituting for the air gap power in Equation 6.54, we can obtain
Equation 6.55.

P,, =3I 5;—% -3I*R; = 312'2(1§2 - Rz’) (6.55)

P = Pem = 312’2R2,('1_;s') (656)

Therefore, the electromagnetic power delivered to the machine shaft can be
expressed as a function of air gap power by Equation 6.57.

Pon =315 22 (1-5) = Pao(1-9) (657)

The flow of power from the stator to the machine shaft is depicted by the
power flow as shown in Fig. 6.19. The power flow is given from input power
P, the air gap power, P,g, electromagnetic power, P,,, and output power, P,
to the shaft of the machine.

An induction machine has three regions of operations. It can operate as a
motor, as a generator, or as a brake. To describe these regions of operation,
we need to study the machine torque as a function of speed.

Using Equation 6.58 and the machine model as shown in Fig. 6.15, we first
need to calculate the machine torque as a function of input voltage.

Pe'n = ema)'n (6-58)
| Pi—| l PAG=P|-P:| rpem=PAG(1_s) J Lpeﬂ _
Y Y Y .
- 2_ - 2' ’ :
| Pa=l?Rs | [ Pre=l2Ry | R?ét;tslgr;al

Figure 6.19 The Power Flow in Induction Machines.
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Figure 6.20 The Equivalent Circuit Model of an Induction Machine Operating as
a Motor from Stator Terminals Omitting the Magnetizing Elements.
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In Equation 6 58, @,, 1s the shaft speed and T.. 1s torque driving the shaft and
P, 1s the power supplied to the machine We can calculate F,, by calculating
the current supphed to the machine from the grid Because the magnetizing
element 1s 1gnored, the current, 1, 1s equal to I

Vena = L{(Ry + Ry )+ 1 (X1 + X1)} (6 59)

From the above equation, we can calculate the current /; as expressed by
Equation 6 60

T —
R} 2 (660)
Ri+=2| +(Xi+X3)
5
The torque supphed to the rotor 1s expressed by Equation 6 61
T, =i(1_'i] RiLP (661)
W\ s
The shaft speed can also be expressed as given by Equation 6 62
Dy = Opre(1-5) (662)

By substituting Equations 6 61 and 6 62, we can express the shaft torque as a
function of mput voltage as given by Equation 6 63

3 R [Verdl

o %3
Onre 3 (Rm%—) (X + X1)

(6 63)

It 15 instructive to study the machine performance for various values of exter
nal resistance for a constant mput voltage From careful examination of
Equation 6 63, we can conclude the following

a When the slip 1s zero, the shaft speed, @, 1s equal the synchronous speed
@,y and the produced electromagnetic torque 1s zero

b When the ship, s 1s equal to one, 1 e, the shaft speed 1s zera (starting), the
standstill torque (starting torque) can be obtamed

¢ As the external resistance 15 changed using a controller, the value of
maxnmum 1orque occurs at different values of the shaft speed

The control of shaft speed over a wide range would provide the capability
1o operate the machine at various speeds. When the machine 15 used as an
induction generator, we can capture the wind power and mject the generated
power into the local grid
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Figure 6.21 An Induction Machine’s Various Regions of Operation.

There are three distinct points in an induction machine torque versus speed
curve: (1) the starting torque when the shaft speed is zero; (2) when the shaft
speed is equal the synchronous speed of the flux waves, the generated torque
is zero (see Fig. 6.21); and (3) the point of maximum torque production. To
calculate the maximum torque, we compute the derivative of torque expres-
sion as given by Equation 6.63, with respect to slip and set it to zero.

T, _,
ds

The maximum slip point is given by Equation 6.65.

Smax = £ R
\/Rf +(X, + X3)

The resulting maximum torque is given by Equation 6.66.

Tmax =% 3 IVgrid ’2

2005y [Rl + R + (X, + X3)?

. (6.64)

(6.65)

(6.66)

Eguation 6.65 shows that the slip at which the maximum torque occurs is
directly proportional to the rotor resistance. Equation 6.66 shows that the
Maximum torque is independent of the rotor resistance. However, it is directly

Proportional with the square of input voltage.
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66 THE OPERATION OF AN INDUCTION GENERATOR

Wound rotor imduction machines have stators hike the squirrel cage machine
However their rotors” winding termunals are brought out via slip rings and
brushes for torque and speed control For torque control no power is applied
to the shp nings. External resistances are placed in senies with the rotor
windings during starting to himit the starting current Without the external
resistances the starting currents are many times the rated currents. Depending
on the size of the machine, 1t can draw 300% to over 300% of full load current
The resistances are shorted out once a motor 15 started The external resis

tances are also used to control the machine speed and 1ts starting torque The
negatnve slip operation of an mduction machime indicates that the machine 1s
operating as a generator and power 1s injected 1nto the local power gnd®
Induction generators required reactive power for magnetizing the rotor, and
this power 1s supplied by the following different methods

1 The machme 1s magnetized and started as an mduction Then, the wind
turbine 15 ged to supply h I power and shaft speed 15
increased above synchronous speed As a standalone, we can use any
induction machine and by adding capacitors in paralle] with the machine
termunals, then drwving 1t above synchronaous speed, the machine would
operate as an mduction generator The capacitance helps to induce cur
rents mto the rotor conductors and AC current 1s produced The loads
can be connected to the capacitor leads because the capacitors are 1
paraliel This method of starting a standalone machine 15 assured, if the
residual magnetism 1n the rotor exits However, the machine can be
magnetized by using a direct current source such as a 12 V battery for a
very short ime

Rotor resistance of the induction generator 1s varted nstantly using a
fast power electronics controller Vartable rotor speed (consequently
vanable ship) provides the capability to increase the power captured
from the wind at different wind speeds. This can be achieved 1if rotor
winding termminals can be accessed by changing shp via external resistors
connected to the generator rotor winding The external resistors will only
be connected to produce the desired shp when the load on the wmd
turbine becomes high

0~

The relationshtps between the variation of external resistance and the location
of maximum and standstill torques can be studied by varying the external
resistance 1 the rotor circut We can study thus relationship by wrniting 2
MATLAB M file as described 1 Example 6 1

The power from the rotation of the wind turbine rotor 1s transferred to the
induction generator through a transmussion trawm consisting of the marn turbune
shaft the gearbox, and the high speed generator shaft The normal range of
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Figure 6.22 (a) Equivalent Circuit of an Induction Generator. (b) Equivalent Circuit
of an Induction Generator with All Quantities Referred to the Stator Side. (c)
Equivalent Circuit of an Induction Generator Referred to the Stator Neglecting
Magnetizing and Loss Components.

wind speed is not high and changes during the day and with the seasons. For
example, a three-phase generator with two poles directly connected to a local
power grid operating at 60 Hz is running at 3600 rpm. We can reduce the speed
of the generator rotor, if the generator has a higher number of poles. For
example, if the number of poles is four, six, or eight, the shaft speed reduces
to 1800, 1200, and 900 rpm, respectively. A power grid supplied by a wind
generator requires much higher wind speed in the range of 900-3600 rpm. To
reduce the speed of the generator rotor, we can increase the number of poles.
However, designing a generator with a very high number of poles requires a
large diameter and will result in high volume and weight. We can increase the
low speed and high torque of the wind turbine to low torque and high speed
using gear systems. Before discussing the gear concepts, we need to understand
how to convert linear velocity to rotational velocity.
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From fundamental physics, we know the linear velocity and rotational
velocity can be expressed as

V=reo {667)

where V 1s the linear velocity in meters per second r s the radius 1n meter,
and rotational velocity, @ 1s i radians per second
‘We can convert the rotational velocity, @ to revolutions per mmute as

2
=N
=%

In the above, N 15 1n revolutions per minute Equation 6 67 can be restated as

V=NZZr (668)

where V1s iz meters per second, N 1s tn rotations per minute, and r 1s in meters.
Conversely, we can rewrtte the above as

60

N=V
2z r

(6 69)

In Equation 6 69, V 1s 1n meters per second, r 1s meters, and N 1s m rotations
per minute Conversely, the unit in Equation 6 69 can be in feet per second for
V, rin feet, and N 1s in rotations per minute

If we want to express the velocity mn mules per hour (mph), we rewnte
Equation 6 69 as

5280, nr N

Xy 670
3600 30 €70

where V 1s 1n miles per hour, r 1s in feet, and N 1s in rotations per minute In
Equation 670 we have substituted the value of 5280 feet for one mule and
3600 seconds for an hour Equation 6 70 can be restated as

_1401V
r

N 671)

The wind speed n the range of 10 mules per hour (14 67 ft/sec) will result 1
124 2 rotations per minute

‘The wind generators are designed to capture the wind power mn the range
of less than 120 rpm using a gear box transnussion system The gear box oper
ates hke a transformer The gearbox provides speed and torque conversions

TopOinpur = Tow puaOouspue (672)
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4 1o 1 gear ratio

4 turns 1 turn
rotates 24 rotates 24
teeth teeth

Figure 6.23 A Schematic of a Gear Mechanism.

where Tiypu and Toupe are torque in newton-meter and @y, and @y, in radian
per second. To provide torque speed conversion, a gearbox transmission is
used. A gearbox is designed with a number of teeth.

input number of teeth _ Ty
output number of teeth T,y

Gear ratio =

(6.73)

The gearbox converts low speed and high torque powers of a wind turbine
rotor to low torque power and the high speed of the generator rotor. The

gear ratio is in the range of 1 to 100 for a wind generator in the range of
600 kW to 1.5 MW.

Example 6.1 Consider a three-phase Y wound rotor-connected induction
machine operating as a generator in parallel with a local power grid. The
machine is rated at 220 V, 60 Hz, and 14 kW, with eight poles and the following
parameters:

Stator resistance (R;) of 0.2 ohms per phase (Q/phase) and reactance of
(X)) of 0.8 Q/phase

Rotor resistance R; of 0.13 Q/phase and reactance (X;) of 0.8 Q/phase.

Ignore magnetizing reactance and core losses.
Perform the following:
i) Develop a one-line diagram and one-phase equivalent model.

i) If the prime mover speed is 1000 rpm, determine the active and reac-
tive power between the local grid and wind generator. How much
capacitor must be placed at the machine stator terminal for unity
power factor operation?

iii) Plot the torque speed characteristics of the machine at different values
of external resistances.
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Solunon
The synchronous speed, N, = 5 - 8 900 rpm

The rotor speed, N, = 1000 rpm
N,~-N, _900-1000
=t =011
The slip, , 500 1

Wniting, Kirchhoff's voltage law (KVL) for the circuit of Fig 6 24(b), the
current 1 motor convention,

7
R1+RZ/S+I(X1+X2)

20/43 .
02-013/0111+;(08+08) =67882-12122
For motor operation, the power flows from the grid to the induction machine
For generator operation, the direction of active power 1s reversed Using motor
convention and caleulating the current, the angle of the current 1s greater than
90° This means that the direction of current is appostte to the direction as
shown by generator convention 1n Fig 6 26(b)
‘With current following the generator convention and flowing from induc-
tton generator to the gnd, the current I; = 67 88.£180~121 22° = 67 88458 77°

Figure 624 (a) A One-Lie Diagram (b) A One Phase Equivalent Circuit of an
Induction Generator
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Figure 6.25 A Squirrel Cage Induction Generator with Reactive Power Supplied
Locally by a Capacitor Bank.
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Figure 6.26 The Schematic Presentation of Torque as a Function of Various External
Resistances with Generator Convention.

The induced voltage is given as

Vi =1—;5R5-IG

= 1—_(:9—11—1) %x0.13x67.884£58.77° = 88.25£58.77°
-0.111

Neglecting the mechanical losses, the electrical power generated from the
supplied wind mechanical power is given as S,,q =3V,,q - I = 3% 88.25£58.77°
X 67.88£~58.77°=17.93+ jO kVA

From S§,,4, it is seen that the induction generator produces active power.
prever, it does not produce any reactive power. The reactive power is sup-
plied by the grid.

The power produced by the induction generator is injected to the local grid
and some power is lost in stator and rotor resistance.
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The complex power mjected to the grid 1s given by

Spra =Wt I = 3><2j_—;)40°x67 884£-58T77°=1341-)22 12kVA

The mduction generator feeds 13 41 kW of active power to the gnd but con
sumes 22 12 kVAr of reactive power from the grid

Let a three phase Y connected capacitor bank be connected at the term
nals of the induction generator For umty power factor operation the capacitor
bank must supply the reactive power demand of the mduction generator

Q n12x10°
Cr= - =12mF
" 2nf Wis 2mx60x3x(201V3)

Let us assume that the value of external resistance 1s vanied from zero to
075 1n steps of 025 and the speed of the machine 1s varied from zero to the
synchronous speed In the followmng MATLAB testbed a plot 15 made for
the different values of R,

$TORQUE vs SPEED
clc clear all
v1=220/sqrt(3)
£=60
P=8
ri=0 2
®1=0 8
r2d=0 13
x24=0 8 % The electrical
quantities are defined
ws=120%£/P
Tmax= {3/2/ws)}*v1”2/ (rl+sqrt (r1+2+(x1+x2d)~2))
Tmax_gen=-{3/2/ws) *v1°2/ (ri~-sqrt(r1*2+{x1+x2d)°2))
w=0 1 2*ws
for r_ext=0 0 25 0 75 % the value of external
resistance 1s varied
Tstart=-(3/ws)* ((r2d+r_ext) /1) *v1~2/ ((r1+(r2d+r_ext)/
1) 72+ (x14+x2d) ~2)
smax={r2d+r_ext)/sqrt (r1”2+(x1+x2d) "2}
for 3 = 1 length(w)
s(1}={ws-w(31})/ws
Tem(3)==(3/ws)* ((r2d&+r_ext)/s{3)) *v1i~2/ ({rl+{r2d+
r_ext)/s(3)) 24 (x1+x2d) ~2)
end
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TABLE 6.1 The Results of Example 6.1.

External Resistance Starting Torque Slip at Maximum Maximum Torque
Q) (N-m) Torque (N-m) (N-m)

0.00 -2.62 0.08

0.25 -7.06 0.24 ~14.84 (Motor)
0.50 -10.43 0.39 19.04 (Generator)
0.75 -12.70 0.55

plot (w,Tem,’k’,’linewidth’, 2)
hold on;

end

grid on;

xlabel (’ Speed’)

ylabel ("Electromagnetic Torque’)

axis ([0 2*ws 1.l1*Tmax_gen 1.1*Tmax])
gtext ('R_e_x_t=0")

gtext ('R_e_x_t~,=0.25")

gtext ('R_e_x_t",”,=0.5")

gtext ('R_e_x_t~,”,",=0.75")

The results are tabulated in Table 6.1.

The operation of an induction generator is the same as an induction
motor except the direction of power flow is from wind power driving the shaft
of the machine. Therefore, an induction generator injects or supplies power
to the local power grid. For motor convention, the positive current flows from
the source to the motor. For generator convention, the positive current
flows from the motor terminal voltage to the local power grid. This means the

sign of the current with motor convention will be negative for generator
operation.

Example 6.2 For the machine of Example 6.1 with the same supply voltage
connected to the local utility, plot the torque-slip characteristics in the speed

range of 1000 rpm to 2000 rpm with motor convention. Write a MATLAB
M-file testbed and plot.

Solution
The MATLAB M-file testbed for Example 6.2 is given below.

3TORQUE vs SPEED
cle; clear all;
v1=220/sqrt (3);
£=60;

P=8;
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ri=g 2,

x1=0 8,

r2d=0 13,

x2d=0 8, % The electrical quantities
are defined

ws=120*£/P

w=-1000 0 2 2000

for 3 = 1 length(w)
s{1)=(ws-w(]))}/ws
Tem(3)=(3/ws)*{r2d/s{3))*v1l"2/({xl+r2d/s (7)) "2+ {x1+
x2d)~2}

end

plot (w Tem,’k” ‘linewidth’ 2)

hold on,

grid on

xlabel( Speed’}

ylabel ('Electromagnetic Torque’)

The following observations can be made from the above examples

When @,, and e, are rotating in the same direction and @, ts rotating
faster than @, this condition describes the normal operation of the mduction
machine as a motor

In this region the slp as gwven by Equation 6 70 1s positive because both
are rotating m the same direction

@y = On
Osyn

s (674)

%)

=3

&

L
3

Electromagnetic Torgue

A
o
T

_20 1 . i L
~1000 500 1] 500 1000 1500 2000 Speed
21 1556 1 04s4 O -~0667 12228k

Figure 627 The Plot of Torque versus Speed of the Induction Machine of
Example 62
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Figure 6.28 The Operation of an Induction Machine as a Generator.

R, =1"Sg (6.75)
A

When @y, and o, are rotating in the same direction and @, is rotating slower
than w,, this operating condition describes the operation of a machine in
generator mode. In this region, w,,, and o, are rotating in the same direction.
However a,, is rotating slower than a,. Therefore, in this region, mechanical
power supplied to the shaft by an external source and @, is greater than i,
and slip is negative (s < 0). This region (s < 0) corresponds to the generator
operation. For this region, the equivalent effective resistance as given by
Equation 6.71 of the rotor is negative (see Fig. 6.22) and the corresponding
power (torque) is also negative. This means that the mechanical power is
driving the machine and the machine in turn delivers electric power at its
stator terminals to the source. The generator operation can be summarized
as follows:

1 @, > oy,

2. @, and w,,, are rotating in the same direction.
3. Generator action: Electrical power is supplied to the network via stator

terminals.
4. 5=Lon " Dm _,
wsyn

The negative slip indicates generator action.

When a,, and @, are rotating in opposite directions, the machine is operat-
ing in the brake region. The brake mode of operation can be implemented
when an induction motor is operating under normal conditions at some value
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of positive slip 1n a stable region (0 < s < 5,..,), then we mterchange any two
termunals of the stator This operation reverses the direction of the stator rotat
1ng field The rotor speed m,, may now be constdered as negative with respect
to that of the stator field For this case, s > 1 and power loss 1s negative, indi
cating that mechanical energy 1s being converted to electric energy The power
fed from the stator and the power fed from the rotor are both lost as heat in
the rotor resistance This region 1s called the braking regton

Example 6.3 The air gap power of an eight pole 60 Hz induction machne,
runnmg at 1000 rpm 15 3 kW What are the rotor copper losses?

Solution
The ar-gap power 1s

;
P(Input power to rotor) = Pyg, = 3| B
5
The rotor copper loss 1s given by
Brotortons = 3|12|ZR5

Therefore,

Puartes __ ULIPRE

SRS

Proorin =

The rotor power 108, Foross , 15 shp times the air gap power
Frotortoss = SPac

For motor convention, P > 0indicates power 1s being consumed by the machine

Solution

Figure 629 A Single Phase Equivalent Circuit of an Induction Generator
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For generator convention, P > 0 indicates power is being generated by the
machine.

Synchronous speed is given by N, = 120 f = 120—5— =900 rpm

Nsyn - Nm _ 900 — 1000
Ny 900
The machine is operating as an induction generator.

Therefore, following generator convention, reversing the direction of air-
gap power, the rotor power loss is given by

=-0.11

Slip is given by s =

Prororlass = -SPAG = 0.111 X 3000 = 333 kW

Example 6.4 A three-phase, six-pole, Y-connected induction generator rated
at 400 V, 60 Hz is running at 1500 rpm supplying a current of 60 A at a power
factor of 0.866 leading. It is operating in parallel with a local power grid. The
stator copper losses are 2700 W, rotational losses are 3600 W.

Perform the following:

i) Determine the active and reactive power flow between induction gen-
erator and the power grid

iiy Determine how much reactive power must be supplied at the induc-
tion generator to operate the induction generator at unity power
factor.

iif) Calculate the efficiency of the generator

Solution:

Tem

Figure 6.30 The Single-Phase Equivalent Circuit of Induction Generator.

Pagrid || Pac=Pa—Pro —| I Pa=Pag(1-s) l

Y
(ien] (] [ e ]

Figure 6.31 A Power Flow Diagram for the Generator Mode of the Operation of an
Induction Machine.
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w) Find the value of stator resistance, rotor resistance, and the sum of the
stator and rotor reactances
v) Compute the electromechamcal power developed by the rotor

Solution
Synchronous speed 1s gven by N, = 120 ! = 120 =1200rpm
Shp 1s given by

Nyw =N _ 12001500
sl A I =02
T N 1200 025

The active power at the stator termnals s given by

Pra=3V, » I, cosf= 3x%xmxom 36,000 W

The reactive power at the stator termrnals 1s given by

Qs = 3Ve, v I, sin(cos '6)= 3xi‘/0—§0—x60><sm(cos 10 866) = 20,786 VAr
For unity power factor operation, the reacttve power that needs to be supplied
locally 15 the same as Qg = 20,786 VAr

Stator copper loss, Py =2700 W

The air-gap power 15

Pag = Py g+ Py = 36000+ 2700 = 38700 W (39)

The fixed 1055 Prownonatiose = 3600 W
The mechanical power aput,
Let Pg 1s the electromechanical power developed 1n the rotor

Frneen = Po + Prowsnonat ={1=5Y Pac + Proanonat
={1-(~025))38700+ 3600 = 51,975 W

36,000
fi Stk Sl o 9
The efficiency, n= = 31.975 06276 =69 26%
P 2700
The stator resistance 15 given by By = =8l 220 Q
8 Y 37 T 3xe? 0%

Following generator convention,
Rotor copper loss 18 given by Pr; = —sPyg = —(-025)x 38700 = 9675 W
Pps 9675
The rotor resistance 1s given by Ry =2 = 200
€ 10! 8 Y R 0%0Q
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The sum of reactances of the rotor and the stator is given by

Opria_ 20,786
312~ 3x60°

X=X+X;= =1.92Q

The electromechanical power developed by the rotor

1-s

s

x 0.9 =48,600 W

6.7 DYNAMIC PERFORMANCE

In the previous sections, we analyzed the steady state of induction machines.
For a dynamic analysis, we must model the machines by a set of differential
equations. For stator windings, we have three coupled windings that are sinu-
soidally distributed around the stator. When these coupled windings are rep-
resented in terms of self-inductances and mutual inductances, they give rise to
aset of three time-varying differential equations. Similarly, we can obtain three
time-varying differential equations for the rotor windings. The electromagnetic
torque can be expressed by a nonlinear algebraic equation and the rotor s
dynamic can be represented by a differential equation expressing the rota-
tional speed of the motor. Therefore, the induction machine dynamic perfor-
mance can be expressed by seven differential equations and one algebraic
equation. The dynamic modeling of an induction machine is an advanced
concept that students need to study with additional coursework.'® Here it is
instructive to study the results of a dynamic analysis as depicted in Figs 6.32
through 6.34.

Figure 6.32 depicts the start-up condition of an induction machine. As
expected, the machine stator current has many cycles of transient oscillation

120 T T T T T T T T T

100 .
80 N
60+ 4
40+ .
20 4

Stator Phase (a) Current

0 } 1 ' ' I 1 3 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time (Second)

Figure 6.32 The Induction Machine Stator Current for a No Load Start-Up.
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Figure 633 Induction Machine Shaft Speed for No Load Start Up

duction Motor in C {Stator Ret Frame}

14
—t t —t t t i
0 02 04 06 [} 1 12 14
Time (s)
Figures 6.34 The Dynamc Per ofan Mach

before 1t reaches the steady state current The steady state current supplied
by the source magnetizes the machine and 1s lost as heat because the machine
15 operating at no load

Figure 6 33 depicts the machine shaft speed from rest (start up) to no load
speed that 1s just below the synchronous speed

Figure 6 34 deprcts the transient oscillations of a machine As can be seen
from the Fig 6.34, the machine poes through 04 seconds of oscillatrons and
reaches 1t maximum torque The normal reglon of the induction maching
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Figure 6.35 A Microgrid of an Induction Machine Controlled as an Induction
Generator Supplying Power to the Local Power Grid.

operation is below maximum speed. In Fig. 6.34, the motor operation of the
machine is presented. Because the machine is simulated at no load from rest,
the machine develops enough torque to support the machine resistive and
rotational losses.

The schematic of a microgrid of an induction machine controlled as a gen-
erator is presented in Fig. 6.35.

Example 6.5 Consider the microgrid given by Fig. 6.36 with the following
data:

1. Transformer rated at 440 V/11 kV, with reactance of 0.16 Q and resis-
tance of (.02 Q, and rated 60 kVA

2. The induction machine rated at 440 V, 60 Hz, three-phase, eight-pole;
50 KVA, 440 V, 60 Hz; stator resistance of 0.2 Q/phase; rotor referred
resistance in the stator side of 0.2 Q/phase, stator reactance of 1.6 Q/
phase; rotor referred reactance of 0.8 Q/phase. The generator speed is
1200 rpm. Perform the following:

i) Give the per unit (p.u) model of the system

ii) Compute the power delivered to local power grid
ifi) Compute the reactive power flow between grid and induction

generator. Assume base values equal to the rating of the induction
machine.
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11 KV (nfinte bus)

Transformer

Figure 636 The Micrognd Connected to a Local Power Gnd for Example 6 §

Solution 50
X Ron #——»R1 X K2 1%
-—
P s In v (N, =9
Vend md -

Tem

Figure 6 37 One Phase Per Unit Equivalent Circust for Example 65
Solution
) Selecting the nduction machine’s rating as base,

S5, =50 KVA
V=440V

The base impedance of the system
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The p.u value of transformer reactance

X 0.16
Xiran,pu = = ——=0.04
TR Zy 3872
The p.u value of stator resistance
Rp=22- 02 _g0s5
Z, 3.872

The p.u value of rotor resistance referred to primary

R, 02

R, =—F=—-=0.052
M Z, 3.872
The p.u value of stator reactance
X pu X 16 0.413
' Z, 3.872

The p.u value of rotor resistance referred to primary

X! = X/ = 08 =0.207
' Z, 3.872

ii) Synchronous speed, N;,

_120f 120x60

N,
P 8

=900 rpm

Slip, s is

s =N _ 9001200
N, 900

=-0.333

where N is the motor shaft (rotor) speed in rpm.
The rotor voltage frequency

fr=s5F
f,=0.333x60=20 Hz

The supply voltage is 440 V =1 p.u
The base current

VA _50x10°
"7 BV, Bx440

=65.61 A

379
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p u ympedance

Zpa = N(Rs g+ Roon put R 15) + (X i+ Xown pu+ XL )
={(0052+0 005005270 333 +(0 413+0 04+ 0 207)" =0 667

The power factor angle
tan [ Xyt Xompu + Xy 5, )
Ropu* Ruon pu+ Ry pu 15
- tan ,( 0413+004+0207
- 0052+0005-0052/0333

Z,, =Z,| £0= 0667298 547

)= 98 54°

The p u stator current 1 motor convention 1

Lo=dio 1 _1499/-985¢
2, 0GGTL9854°

The actual value of current 1n motor convention,
L,=1,x1I,,=6561x1499=9835£-98 54°A4

Therefore, I =98 35£-9854°4

Because thus angle 1s more than 90°, the power flow 1s from the induction
generator to the local power gnd

Using generator convention the direcuon of current s reversed to repre-
sent [ as m Fig 638

Therefore, the current 1o generator conpvention,

I =98 35218098 54° = 98 35481 46°A

The active power mput to the gnd,

Fp = V3 Viea I cosf= V3 x 44098 35X c0s81 46 = 11,130 W
Active power lostinthe transformer Py, = 33 R m =398 352 x0 02 =S80 W
Therefore, the active power mjected by the induction generator to the
transformer,
P =P+ B, =11,130+580= 11,710 W

The reactive power mput to the gnd,

Qs =V3 Vs o sin0=3x440x98 35xsin81 46 = 74121 W
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Figure 6.38 Power versus Speed of a Variable Pole Induction Generator for Various
Rotor Speeds.

Reactive power lost in the transformer Qi = 313X ans = 3% 98.35
x0.15=4355W

Therefore, the reactive power consumed by the induction generator is
given by

Q = Qgrld - Qloss =74121-4355= 69, 766 W

Example 6.6 Consider a three-phase Y wound rotor-connected induction
generator rated 220 V, 60 Hz, and 16 hp; the poles of the machine can be

changed from 2 to 12 to control the wind speed. The machine has the following
parameters:

R; = 0.2 Q/phase and X; = 0.4 Q/phase
R; =0.13Q/phase and X, = 0.4 Q/phase

Plot the power versus speed curve of the machine controlling the wind speed
by changing the number of poles.

The following MATLAB M-file testbed depicts the operation of the
machine.

¥POWER vs SPEED

clec;
v1=220/sqrt(3);
£=60;

P=2;

rl=0.2;

X1=0.4;
r2d=0.13;
xX2d=0.4;

% The electrical
quantities are defined
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for P=2 2 12 % The no of poles 1s
varied from 2 to 12
ws=120*£/P
w=0 2 7200 % The value of speed

15 varied till
synchronous speed
for 1=1 length(w)
s{1)=(ws w(1))/ws
Tem(2)=(3/ws)*(r2d/s (1)) *v1~2/ ((rl+r2d/s (1)) "2+
(x1+x2d) ~2)
Po{1)= Tem(1)*w({1}/1000 % Power 1in kW
end
plot{w Po)
hold on
end
axis({0 7200 Q0 S01)
grid on
set{gca XDir reverse }
xlabel{ Speed (rpm) )
vlabel{ Power (kW) )}

Figure 6 38 depicts the power versus speed of a variable pole mnduction genera
tor for vanous rotor speeds

68 THE DOUBLY-FED INDUCTION GENERATOR

Electric machines are classified based on the number of windmgs n the con
version of mechanical power 1o electric power A singly fed machme has one
winding The SCIG type machtnes have one winding which contributes to the
energy couverston process Doubly fed machines have two windings that like
wise are instrumental in energy converston The wound rotor doubly fed
snduction generator (DFIG)® 1s the only electric machine that can operate
with rated torque to twice synchronous speed for a given frequency of opera
tion In a DFIG the current flowming m the magnetizing branch and torque
current are orthogonal vectors. It 1s not desirable to design machines that are

magnetized from the rotor b ation® sy supporting sbp
nings and brushes are needed to nject current 1nto the rotor windmg These
types of hi have ligh main costs. However 1n these machnes

the stators cn have a unity power factor The frequency and the magmtude
of the rotor voltage are proportional to the shp as expressed by Equation 6 30
In principle the DFIG 15 a transformer at standstill

1f the DFIG 1s producing torque and operating as a motor the rotor 18
P power At dstilf all power fed tnto the stator 1s consumed as
heat in the stator and the rotor Therefore at low speeds the efficiency of the
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DFIG is very low because the supplied current is mainly used to produce
magnetizing current and the power conversion processes as a function of a
motor or a generator do not take place. If the DFIG is operating at above the
synchronous speed, the mechanical power is fed in both through the stator
and rotor. Therefore, the machine has higher efficiency and the machine can
produce twice the power as a singly-fed electric machine.

With the DFIG at below synchronous speeds, the stator winding is produc-
ing electric power and part of its power is fed back to the rotor. At speeds
above synchronous speeds, the rotor winding and stator winding are supplying
electric power to the grid. However, DFIGs do not produce higher torque per
volume than singly-fed machines. The higher power rating can be obtained
because of the higher speed and without weakening the magnetic flux.

A DFIG configuration system is depicted in Fig. 6.38. This DFIG is a wound
rotor induction generator (WRIG) with the stator windings directly connected
to the power grid. The DFIG has two parallel AC/DC converter units. Although
these converters act together, they are not necessarily fully identical with
regard to their power rating.

The rotor windings connected to an AC/DC power convert on the grid side
and a DC/AC power converter on the rotor side. The back-to-back converter
operates as a bidirectional power converter with a common DC-bus. The
transformer in Fig. 6.39 has two secondary windings; one winding connecting
the stator and the other connecting the rotor. The converter on the rotor side
makes it possible to operate the rotor excitation at a lower DC bus voltage.
This DFIG provides reactive power control through its power converter
because it decouples active and reactive power control by independently con-
trolling the rotor excitation current. A DFIG can supply (absorb) reactive
power to and from the power grid. The control method is based on the
variable speed/variable pitch wind. Two hierarchical control levels are used.
These controllers are designed to track the wind turbine operation point, to
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Figure 6.39 A Microgrid of a Doubly-Fed Wound Induction Generator.
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Iymit the turbine operation in the case of ligh wind speeds In addition, the
controller controls the reactive power injected into the power gnid and the
reactive power consutmed by the wind turbine generator The power superv;
sory controller controls the pitch angle to keep the wind turbine operating at
the rated power At the same tume, the speed controller controls the shaft
speed of the generator to ensure that 1t remains withun safe range However,
at low wind speeds the speed controlier attempts to maximize the generated
power and generator efficiency Therefore, the change 1n generator speed
follows the slow change i wind speed

As an inherent part of DFIG systems, the generator stator feeds up to 70%
of the generated power directly mto the grd, usually at low voltage, using a
step up transformer A well established disadvantage of DFIG systems 1s the
occurrence of mternal stray currents in the generator These currents acceler
ate generator bearmg farlure Protective counter-methods include the design
of special generator bearings and/or seals that shield the bearings agamst the
negatwe mmpact of stray currents.

A wound rotor DFIG has several advantages over a conventional mduction
generator Because the rotor winding 1s actively controlled by a power con
verter, the mduction generator can generate and consume reactive power
Therefore, the DFIG can support the power system stability during severe
voltage disturbances by providing reactive power support As an mherent part
of DFIG systems the generator stator feeds the remaming 70-76% of total
power directly mto the gnd, usually for up to 690 V The wind mucrognd s
connected to the local grid using a step up transformer The DFIG systems
are designed for both a 60 Hz and S0-Hz system, but each gnd situation
requires a generator operation adapted to the specific operational circum
stances However, the control of DC/AC converters is an advanced topsc that
1s ot the subject of this book Students who are interested 1n the control of
converters m green energy systems should refer to reference 23 Squirrel cage
induction generators have a lower cost of manufacturing than wound rotor
saduction generators and are relatively simple to design, they are robust, cost
effpngave, and wiledy srd . wonid mernegmds,

6.9 BRUSHLESS DOUBLY-FED INDUCTION GENERATOR SYSTEMS

Brushless DFIG systems™ are designed by placing two multiphase winding
sets with a different number of pole-pairs on the stator structure One of the
stator winding sets 1s designated as power winding and 1s connected to the
power gnid The second winding control 1s supphed from a converter and con

trols the energy conversion process The generator 1s controlled by varying the
frequency of the winding connected to the power converter Because the pole

pairs of two windings are not identical, the low-frequency magnetic induction
ts created m the winding that connects to the power grid over a speed range
that the rotor supplites by wind power Brushless DFIGs do not utilize the
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magnetic core efficiently. The dual winding set stator area is physically larger
than that of other electric machines of comparable power rating.

6.10 VARIABLE-SPEED PERMANENT MAGNET GENERATORS

These types of wind generators operate with variable wind speed.?? They use
a“full” AC/DC and DC/AC power converter. The DC power is inverted using
a DC/AC inverter and is connected to a step-up transformer, and then con-
nected to the local power grid as shown in Fig. 6.41.

The variable-speed permanent magnet generator of Fig. 6.41 produces a
variable AC voltage with a variable frequency. Because the power generated
is not at the frequency of the local power grid, the output power of the vari-
able frequency generator cannot be injected into local power grid as we have
discussed in Chapter 4 (see section on automatic generation control). Therefore,
the variable AC frequency voltage is rectified by the AC/DC rectifier (see
Fig. 6.41). The DC bus of Fig. 6.40 can be used to charge a storage system
using a boost-buck converter. Figure 6.42 depicts a variable-speed generator.
This type of generator is studied in Chapter 4. The field winding of the
generator of Fig. 6.42 is supplied from DC power using a AC/DC rectifier from
an AC bus of the microgrid. Because the supplied wind mechanical power
has a varjable speed, the generator output power would also contain variable
frequency. The DC/AC inverter is used to convert the DC power to AC
power at the local power grid frequency and voltage as shown in Fig, 6.41 and
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Figure 6.40 A Microgrid of Brushless Doubly-Fed Induction Generator.
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Figure 6 42 A Micrognd of a Multipole Synchronous Generator

Fig 642 The mcrogrid of wind power can be connected to the local power
gnd of an AC bus because 1t 1s operating at the frequency of the local power
gnd However, the coordinated control of converters of Fig 6 41and Fig 642
1s an advanced topic that 1s not addressed n this book Students who are
interested in the control of converters in green energy systems should refer to
reference 23

611 A VARIABLE-SPEED SYNCHRONOUS GENERATOR
‘The rotor of a synchronous generator rotates at synchronous speed °* Fora

synchronous generator, the frequency of the voltage induced i the stator
windings 1s given by the expression below
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Figure 6.43 A Variable-Speed Synchronous Generator.

If P =2, then w,, = o,
And the frequency of induced voltage is given by

;=27 f,

If the wind speed is variable, the induced voltage will also be time varying, and
it will be of multiple frequencies. Figure 6.43 depicts such a wind-based
microgrid. However, before connecting the generator to the local power grid,
we must operate the generator at the synchronous speed. Depending on the
expected wind speed for a given location, the generator can be designed with
a gear system. The gear ratio is adjusted such that the speed of the rotor of
the generator is at synchronous speed. Therefore, the induced voltage of the
stator of the generator is at the same frequency as the local power grid.

6.12 A VARIABLE-SPEED GENERATOR WITH A CONVERTER
ISOLATED FROM THE GRID

Another type of wind turbine generator system consists of an electrical exciter
machine together with a DFIG. In comparison to a normal DFIG system, this
wind generator has one converter. By including the excitation machine, it is
possible to isolate the power converter so it is not directly connected to the
grid. That is, the stator is the only grid-connected output. This is a solution that
is different from a normal DFIG grid-connection, in which the generator rotor
power is fed into the grid via a power converter.

Figure 6.44 depicts a variable-speed wind turbine generator with a con-
verter isolated from the grid. The first converter is a DC/AC inverter that feeds
the rotor of DGIF. However, in this topology, the second converter unit is an
AC/DC rectifier, which is supplied from the exciter machine (see Fig. 6.44).

Furthermore, in contrast to both synchronous and asynchronous generators,
DFIGs are inherently incapable of acting as electric brakes for the sudden
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Local Utilty

Figure 644 A Micrognd of Vanable Speed Wind Turbine Generator wath the
Converter Isofated from the Gnd

separation of a wind turbine from the grid or a sudden high wind speed
However, in the above topology, the exciter machine power can be used to
dnive an electric brake The electric brake may also be used together with
aerodynamic braking, mummzing peak torque loads

These wind turbines are characterized by lower mertia than classical power
plants, therefore, they cannot partictpate in power system load-frequency
regulation When the wind generators are equipped with a storage system
they can participate n load-frequency control The varsable speed turbines
are designed based on the use of back-to back power electronic converters
The intermediate DC voltage bus creates an electrical decouphng between the
machine and the gnd Such decouphng creates a new opportunity to use these
types of wind generating systems for load-frequency control

Example 6,7 Select AC/DC rectifiers and DC/AC mverters for a 600 kW

varable-speed wind generator operating at 690 V AC The utiity side voltage
15 1000V

Solution
The peak value of the instantaneous line to line as voltage

Vit peat =VZ Vit ms = V2 %690 =9758 V

Therefore, the DC-side voltage rating of the rectifier 15 2976 8 V

Let the voltage rating of the rectfier be 1000 V on the DC side and 690V
on the AC stde The inverter also can be selected with a ratrng of 1000 V on
the AC side Both the rectifier and the nverter should be rated 600 kW
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In this chapter, we have studied the modeling of induction machines and
their operation as motors and generators. The use of induction generators as
a source of power in microgrids requires an excitation current for generator
operation to be provided from local microgrids. If the wind-based microgrids
are connected to the local power grids, the power grids will provide the excita-
tion currents (VAr). Therefore, the local power grids must be planned to
provide the reactive power (VAr) requirements of the wind microgrids.

We have also reviewed doubly-fed induction generators, variable-speed
induction generators, and variable-speed permanent magnet generators.®?
The coordinated control of converter is an advanced topic that is not the
subject of this book. Students who are interested in control of converters in
green energy systems should refer to reference 23.

PROBLEMS

6.1 Consider a wind microgrid given in Fig. 6.45. The system has a local load

rated 100 kVA at a power factor rated 0.8 lagging.
The three-phase transformer is rated 11 kV/0.44 kV; 300 kVA; X = 0.06
p.u. The induction generator is rated as 440 V, 60 Hz, three-phase, eight-
pole; stator resistance of 0.08 Q/phase; rotor referred resistance in the
stator side of 0.07 Q/phase, stator reactance of 0.2 Q/phase; rotor referred
reactance of X, 0.1 Q/phase. Compute the following:

i) The p.u equivalent model based on a kVA base of 300 kVA and

440V
ii) The shaft mechanical power if the shaft speed is at 1200 rpm
iif) ‘'The amount of power injected into the local utility

\ / 11 KV (infinite bus)

AVAVA
Load Transformer
A

Lv

TL

T
Figure 6.45 The Schematic of Problem 6.1.
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Local power gnd
11kV

Load Transformer

T
Figure 646  System of Problem 62

w)  The flow of reactive power between gnd and local microgaid

v) How much reactive power must be placed at the local gnd to have
umty power factor at the local power gnd

The mucrognd of Figure 646 15 supplied by an induction generator
The system has a local load rated 100 kVA at power factor rated 08
lagging The three phase transformer 1s rated 11 kV/0 44 kV, 300 kVA
and reactance of 6% The induction machine rated at 440 V, 60 hz, three
phase eight pole, 500 kVA, 440 V, 60 Hz, stator resistance of 0 1 €¥/phase,
rotor referred resistance m the stator side of 01 Q/phase, stator reac
tance of 08 Q/phase rotor referred reactance of 04 Q/phase Compute
the following
1) Compute the per umt power flow model and short circuit model
based on a base of 500 kVA and 440 V
u) If the speed of the induction generator 15 1000 RPM what 1s the
rotor frequency?
) The flow of active and reactive power between micrognd and the
locat power grid

A six pole wound rotor induction machine 1s rated at 60 Hz 380 V
160 KVA The wnduction machine has a stator and referred rotor
resistance of 08 ohms per phase and stator and rotor reactance of 06
ohms per phase The generator shaft speed 1s at 1500 rpm Determine
how much resistance the rotor circut must have to operate the generator
at 1800 rpm

A 400V, three phase Y connected mduction generator has the following
data
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Z, =(0.6+j1.2)Q/ phase
Z; =(0.5+j1.3)Q/ phase

The generator is connected to a local power grid. Perform the
following:
i) 'The maximum active power that generator can supply.

ii) The reactive power flow between the induction generator and local
power grid.

Design a 15 kW wind power generator that is supplied from a variable
wind speed. The designed system must provide 220 V,, single-phase AC
power. Compute the DC bus voltage.

The same as problem 6.5, except the wind generating system must
provide three-phase AC nominal voltage of 210 Vac. Compute the DC
bus voltage.

Design a 2 MW wind system using a variable speed system. The DC bus
voltage is to be at nominal value of 600 Vpc. The generators are located
at 5 miles from the local utility. The utility voltage is three-phase AC rated
at 34.5 kV.

The data for the transmission line is given by Table 6.2. The data for
transformers are given as: 460 V/13.2 kV 250 kVA 10% impedance and
13.2 KV to 34.5 kV, 1 MVA 8.5% impedance.

Perform the following:
i) Give the one-line diagram

iif) Per unit model based on rated wind generator

A wound rotor six-pole 60 Hz induction generator has stator resistance
of 1.1 ohmis per phase and rotor resistance of 0.8 ohms and runs at 1350
rpm. The prime mover torque remains constant at all speeds. How much
resistance must be inserted in the rotor circuit to change the speed to
1800 rpm. Neglect the motor leakage reactance, X; and X,.

Consider a three-phase Y-wound rotor connected induction generator
rated 220 V, 60 Hz, 16 hp, eight pole with the following parameters:

R, =1 Q/phase and X, = 1.6 Q/phase

TABLE 6.2 13.2-132 kV Class One Phase-Neutral Return Line Model.

DC Resistance Inductance Susceptance
Conductor (S/km) (Q/km) X, (S/km) Y¢ Current Ratings
Magpie 1.646 j 0.755 j 1.45€-7 100 Amp
Squirrel 1.3677 j0.78 j 6.9e-7 130 Amp

Gopher 1.0933 j 0711 j7.7e7 150 Amp
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R} =036 /phase and X;=18 Qphase

The generator 15 connected to the local power gnd

Write a MATLAB simulation testbed to plot ship and speed as a function

of machine torque and various external inserted resistance 1n the rotor eircuit
Make the plot for a value of external resistance of 00 04,08,and12Q
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CHAPTER 7

LOAD FLOW ANALYSIS OF POWER
GRIDS AND MICROGRIDS

7.1 INTRODUCTION

‘We have established that the main objectives of electric energy distribution
are to provide rated voltage and rated frequency at specified loads In Chapter
4 we discussed load frequency control here we will focus on voltage control
To ensure the rated voltage at each bus in a power grid, the system must be
modeled 1n steady state Hence the integration of renewable energy sources
as part of a microgrid that 1s connected to the local power grid 1s also examned
as well as the asynchronous operation of a microgrid The calculation of bus
load voltage 1s formulated as a power flow problem Once the load voltages
are estabhished—this includes the bus voltage magmiude and phase angle—
the power flow on Imes can be computed from Imne impedance and voliages
on the two ends of a kne This takes us to the use of power flow analysis as an
engineering tool In the formulation of the power flow problem, we will study
how 1nterconnected transmussion systems are modeled Both the bus
admittance matrix and bus impedance matrix models are presented 1n this
chapter At the end of the chapter, we will review three methods for solving
power flow problems the Gauss-Seidel Newton~Raphson,and fast decoupled
load flow solutions. Several solved examples and homework problems are
provided to further students’ understanding of microgrid design

Desien of Smart Power Grid Renewable Energy Systems First Editton Al Keyhant
© 2011 John Wiley & Sors, Inc. Published 2011 by John Wiley & Sons, Inc.
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7.2 VOLTAGE CALCULATION IN POWER GRID ANALYSIS

In a circuit problem, the impedance of loads and the source voltage are given,
and the problem is to find the current flow in the circuit and calculate the
voltage across each load. In voltage calculation in a power problem, the loads
are given in terms of active and reactive power consumption. We can study
this problem via two methods: (1) assume the voltage across the load and
calculate the source voltage, and (2) assume the source voltage and compute
the bus load voltage (this is known as a power flow or load flow problem).
Example 7.1 illustrates the first method.

Example 7.1 A three-phase feeder is connected through two cables with
equal impedance of 4 + j15 Q in series to 2 three-phase loads. The first load is
aY-connected load rated 440 V,8 KVA, p.f. = 0.9 (lagging) and the second load
is a A-connected motor load rated 440 V, 6 KVA, p.f. = 0.85 (lagging). The
motor requires a load voltage of 440 V at the end of the line on the
A-connected loads. Perform the following:

i) Give the one-line diagram
ii) Find the required feeder voltage

Solution
The line voltage at bus 3 is equal to 440 V.
The rated current drawn by a motor on bus 3 is

kVA,; _ 6000

= = £—cos10.85=7.87/-31.77° A
V3.V, 3%440

I3

The voltage at bus 2 is given by

Vo = Vi + 25 3% I, = 440 /3 + (4 + j15)x 7.87.£ - 31.77 = 353.04£13.7° V

Solution

Figure 7.1 The One-Line Diagram of Example 7.1.
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The rated current drawn by a load on bus 2 1s

KVA, 8000 .
VA B0 197552258404
R TR o T T T R

The supply current of the generator 1s given by
L=L+1,=755£-2584+787£~3177=1539£-2887° A
The generator phase voltage 15 given by
Vi =V + 2 px1; =353 044137 +{4+ )15)x15 304 -28 87 = 56921 £26 73°V
The line voltage of the generator 1s given by
Vi3 =569 21x/3 = 98590 V

Example 71 1s not a practical problem The generator voltage 1s controlled
by 1ts excitation system In practice, the field current is set to obtamn the
rated generator voltage If the generator has two poles and the generator 1s
operating at synchronous speed, that 1s for a 60-Hz system, it operates at 3600
rpm

Therefore, m a practical problem, we need to compute the voltage at
load buses given the generator voltage and load power consumption The
solution to this latter problem—known as the power flow problem—s more
complex

Example 7.2 Consider a distributed feeder presented 1n Fig 72
Assume the following

a Feeder Iine impedances, that 1s 2, , and Z, 5, are known

o The active and reactive power consumed, fhat 1s 5, and S,, by Joadls are
known

¢ The local power grd bus voltage V; 15 known and all data are n per
umt

Sz
Figure 7.2 A Distnbution Feeder
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Solution

Let us write the Kirchhoff’s current law for each node (bus) of Fig. 7.2 and
assume that the sum of the currents away from the bus is equal to zero. That
is, for buses 1-3, we have

(vi~=n)y =1 =0,
(Vz —V1)J’1z +(V2 —Vg)yp_g, +Iz =0 (7.1)
(V3 “'Vz)y23 +I3 =O

where yp =1/ Zi, and y3 =1/ 2,5

Sl * 52 * S3 *
I = —=1, I = —£ d I = — 7.2
: (V) : (V) and b (V) 72)

We can rewrite Equation 7.1 as

YV —ynv2 =1
=y (Y2 + Y3 ) V2 —yusvs =—1,

—YuVa + Yaavs =—I;
The above can be written as;

Yo Yo O] [W I
Yu Yo Yy |V2|=|-L (7.3)
0 Yy Yu [Vsl |-

where Yy = y15, Yip = =y12, Yor = =¥12, Yo = Yio + Y3, Vo3 = =¥, Yy = =23, Y33 = ys
The matrix Equation 7.3 represents the bus admittance matrix; it is also the
Y. model for Example 7.2.
The Yg,, matrix is described as

I Bus = YBu: : VBus (74)

If the system has n buses, I, is a vector of nx1 current injection, Vi, is a
voltage vector of nx1, and Yp, is a matrix of nxn.

For Example 7.2, we have three buses. Therefore, the Y, matrix is 3x3 as
shown in Equation 7.3 or Equation 7.4.

Let us continue our discussion for a general case of a power grid with n
buses. For each bus, k, we have

Se=Vil, k=12,...n (7.5)

And I is the current injection into the power grid at bus k. Therefore, from k
Tow of Yp,, matrix, we have



398 LOAD FLOW ANALYSIS OF POWER GRIDS AND MICROGRIDS
.
L=Y YV, 16)
IR

Substituting Equation 7 6 1n Equation 7 5, we have

sk=w[§_“n,v,] k=12, n an
PR

For each bus k we have a complex equatton of the form given by Equation
77 Therefore we have n nonlinear complex equations

B =Re{wZY;,V;}
3L

& e 78
Q. =Im{szYk]V) } (78)
=
B =V, ) V,(Gy,cos8,, + B, 5106, }
" a9
=V ZV, (G stnéy, — By, cosfy, )
51

where
Yy =Gy + By, 6y =6 -6,
V, =V,{cos6, + ysin6,)
Vi =V (cosb, +ysinb,)

For Example 72 n=3 we have six nonhnear equations However, because
the power gnid bus voltage magmtude 1s given and used as a reference with 2
phase angle of zero we have four nonlinear equations

In Example 72 we are given the feeder impedances (Z; ; and Z;3) and
loads (S; and S;) To find the bus load voltages, we need to solve the four
nonlinear equations for V, Vi, 6, and 8, After calculating the bus voltages
we can calculate the complex power (S, = P, + j0;) njected by the local power
feeder The four nonlinear equations are

P =VzZV,(Gz, cos;, + By, 5n8,,)

mt

P =V; "V, (G, cosdy, + By, sinby)
=1
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Qz = szm (sz Sinezj _‘le Cosezj)
j=1

Q3 =V32‘/j(G3j Sin93] "‘B3] C0593j)

j=1

The above expressions present the basic concepts of bus active and reactive
power injections of a power grid. If we know the bus-injected power, then we
can solve for the load bus voltages. Voltage calculation is an important step in
the design of a power grid network.

We should understand that Example 7.2 is not the same as Example 7.1.
Example 7.1 is not a realistic problem because we cannot expect the local
power grid to provide the voltage at the point of interconnection of a microgrid
or a feeder. However, in Example 7.2 we know the local power grid bus voltage
and our objective is the design of a feeder to provide the rated voltage to its
loads.

7.3 THE POWER FLOW PROBLEM

In the design of a power grid, a fundamental problem is the power flow
analysis."® The solution of the power fiow ensures that the designed power
grid can deliver adequate electric energy to the power grid loads at acceptable
voltage and frequency (acceptable voltage is defined as the rated load voltage).
For example, for a light bulb rated at 50 W and 120V, the voltage provided
across the load should be 120, with deviation of no more than 5% under
normal operating conditions and 10% under emergency operating conditions.
In per unit (p.u) value, we seek to provide 1 p.u voltage to the loads within
the range of 0.95 and 1.05 p.u. That is, once we have specified the schedule of
generation to satisfy the system load demand, the solution for bus voltages
must be 1 p.u + 5%.

The acceptable frequency can be ensured if a balance between the system
loads and generation is maintained on a second-by-second basis as controlled
by load and frequency control and automatic generation control. In terms of
loads, the frequency deviation from the rated frequency—60 Hz in the United
States and 50 Hz in the rest of the world—affects the machinery loads such
as that of the induction motors and pumps. If the frequency drops, the speed
of the induction motors will drop and result in excessive heating and failure
of the induction motors. For example, consider a power system supported by
a few diesel generators. If the operating frequency drops due to heavy load
demands on the system, the pumps of a diesel generating station slow down;
as aresult, the diesel generators are not cooled enough. The overheated diesel
engi{les are then removed from service by the system’s override control system,
causing a cascade failure of that power system. Therefore, to maintain stable
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operation system bus load voltages are mamtamed at 1 p u with a deviation
of no more than 10% 1n emergency operating condittons

The terms power flow studies and load flow studies are used interchangeably
to refer to the flow of power from the generating units to the loads To solve
a power flow problem the questionis Given the system model and the sched
ule of generation and loads find the voltage of the load buses

74 LOAD FLOW STUDY AS A POWER
SYSTEM ENGINEERING TOOL

As we discussed 1n the preceding section the power grid must be designed to
provide rated voltage to the gnd s loads We need to calculate bus voltages
from the scheduled tr on system scheduled generation system and
scheduled bus loads In power grid system planning the gnd 1s planned based
on projected future loads The man objective of a power flow study 1s to
determine whether a specific system design with a lower cost can produce bus
voltages withm an acceptable nit In general power gnid planning entails
many stuches addressing (1) power generation plannmg (2) transmisston
system plannmng and (3) reactive power supply planmng The objectives of
planning studies are to ensure that all power grids are operating within their
operatng hmits and bus load voltages are within acceptable limts

In the operation of a power gnd the following questions are addressed
Over the next 24 hours for all scheduled busloads transmssion systems trans
formers and generation will the bus voltages be within the limits of therr rated
values? If a transformer has o1l leaks can the transformer be taken out of
service without affecting load voltages? In the sudden loss of a ine can the
power gnd load demand be satisfied without any lines being overloaded?

Load flow studtes mn power gnid and operational planning outage control
as well as power system optimization and stability studies are performed to
provide the needed answers In the following section we present the power
A prddean farmdenan oy fiscntavdiuemy 'ves ypes m w powea g

75 BUS TYPES

In a power flow problem several bus types are defined The three most impor
tant types are a load bus a generator bus and a swing bus Figure 73 deprcts
a load bus.

A power system bus has four vaniables These vanables are (1) the achve
power at the bus, (2) the reactive power at the bus {3) the voltage magmtude
and {4) the phase angle For a load bus the active and reactive power consump
tions are given as a scheduled load for a given time The time can be speaified
as the day ahead forecasted peak load Jf the system 15 being planned for 10
years ahead then the forecasted peak load 15 used at the bus
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Figure 7.5 A Constant Pg — Qg Bus.

Figure 7.4 depicts a generator bus. This type of bus is referred to as a con-
stant P-V bus,

A P-V (voltage-controlled) bus models a generator bus. For this bus type,
the power injected into the bus by the connected generator is given in addition
to the magnitude of bus voltage. The reactive power injected into the network
and phase angle must be computed from the solution of the power flow
problem. However, the reactive power must be within the limit (minimum and
maximum) of what the P-V bus can provide.

Figure 7.5 depicts a constant Pg — Qg bus. This bus type represents a gen-
erator with known active and reactive power injection into the power system.
However, the generator magnitude of the voltage and the phase angle must
be computed from the solution of power flow problems.

Figure 7.6 defines a swing bus or slack bus. The swing bus is identical to a
P-V bus except the bus voltage is set to 1 p.u and its phase angle to zero. For
aswing bus, the net injected active power and reactive power into the network
are not known. The generator connected to the swing bus is called a swing
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Figure 7.7 A Photovoltarc or Wind Generating Station Bus Model

generator or slack generator The function of a swing bus 1s to balance power
consumption and power loss with net-injected generated power The swing bus
can also be considered as an mfinite bus 1¢, 1t can theoretically provide an
nfinite amount of power Hence, the swing bus 1s considered an 1deal voltage
source it can provide an mfinite amount of power and its voltage remams
constant Note that all the above defimtions are identical and are used
terchangeably

Let us consider the bus type for nucrognds of photovoltaic (PV) or wind
generating stations Because the energy captured from the sun or wind source
1s Iree, these types of generating untts are operated to produce active power
This means that a PV or wind bus 1s operating at unity power factor Therefore,
the PV or wind bus can be modeled as given 1 Fig 77

Figure 77 depicts the modeling of a PV or wind generating station con
nected to a bus when a mucrognd 1s connected to the local power grid In this
model, for the voltage analysis of the mucrognd, the PV or wind bus active
power generation 1s given and the reactive power generation 1s assumed to be
zero The bus voltage and phase angle i1s computed from the solution of the
power flow problem subject to a mimmum and maximum limitation as specl
fied by the modulation index setting of a PV generating station Therefore,
we can summanize the PV generating bus model for bus & as Pex and
Vin < Vi < Vg @s specified At the same time, the reactive power ta be pro
vided by a PV or wind generator must be within the himuts (munmum and
maximum) of the generatng station

Let us now consider the case when a microgrid 1s separated from the local
power grid In this case, the local miwcrognd must contro} its own frequency
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Figure 7.8 A Photovoltaic or Wind Generating Bus Model.

and bus voltages. When the microgrid of a PV and wind generating system is
separated from the local power grid, the PV or wind generating bus can be
modeled as given in Fig, 7.8.

In the above model, the magnitude of bus voltage is specified with a
minimum and maximum as defined by the modulation index of the inverter;
active power generation and reactive powers are also specified. The phase
angle and voltage magnitude are to be computed from the power flow solution.
However, a PV generating station without a storage system has very limited
control over reactive power. To control an inverter power factor, a storage
system is essential. To make an inverter with its supporting storage system
operate like a steam unit and be able to provide active and reactive power is
the subject of ongoing research on modeling and inverter control modeling.
In case a wind generating station is connected to the microgrid directly, the
reactive power injection control is limited within the acceptable voltage range
of a connected wind bus.

For an isolated microgrid to operate at a stable frequency and voltage, it
must be able to balance its loads and generation at all times. Because the load
variation is continuous and renewable energy sources are intermittent, it is
essential that a storage system and/or a fast-acting generating source such as
high-speed microturbines, and/or a combined heat and power generating
station be part of the generation mix of the microgrid.

Students are urged to read Chapter 4 again and study the factors that must
be considered for the stable operation of a power grid.

In a load flow problem, all buses within the network have a designation. In
general, the load buses are modeled as a constant P and Q model where the
active power, P and reactive power, Q are given and bus voltages are to be
calculated. It is assumed that power flowing toward loads is represented as a
negative injection into the power system network. The generator buses can be
modeled as a constant P and Qg or as PV bus type. The generators inject
algebraically positive active and reactive power into the power system network.
For formulation of the power flow problem, we are interested in injected
power into the power system network; the internal impedance of generators
is not included in the power system model. However, for short-circuit studies,
the internal impedance of the generators is included in the system model. The
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nternal impedance limats the fault current flow from the generators For viable
power flow, the balance of the system loads and generation must be mam.
tamned at all imes This balance can be expressed as

“zpak = HZPU( + Plosses (710
=

k=1

where FPg, 1s the active power generated by generator &, Ppx1s the active power
consumed by the load k, 1, 15 the number of the system generators, and n,15
the number of the system loads Simlarly,

E:st = iQu. + Qiosses 1)
=

k=1

where Qg 1s the reactive power generated by generator bus &, Qy; 1s the reac-
tive power consumed by load &, n, 15 the number of system generators, and n,
1s the number of system loads

Let us consider the system depicted 1n Fig 79

In the system given m Fig 79, we peed 10 balance the three bus power
system loads and generation

Transmission $

System
4 DC/AC

Va

Sy S4
Y 4

Tigure 7.9 The Schematic Presentation of a Three Bus Micrognd System
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FPo1+ Foy = Pra+ Pra+ By

Po1+ Poz = Pra— Pr3 = Plygees =0
Qc1+ Q2 = OLs + Q13 + Olosses
Q1+ Q62 = Qs =013 — Qlosses =0

(7.12)
(7.13)

In the above formulation, we assume inductive loads consume reactive power
Qe > 0 and capacitive loads supply reactive power Qc,, < 0.

To ensure the balance between load and generation, we must calculate the
active and reactive power losses. However, to calculate power losses, we need
the bus voltages. The bus voltages are the unknown values to be calculated
from the power flow formulation. This problem is resolved by defining a bus
of the power grid—a swing bus and the generator behind it as a swing genera-
tor as defined earlier. By definition, the swing bus is an ideal voltage source.
As an ideal voltage source, it provides both active and reactive power while
the bus voltage remains constant. Therefore, a swing generator is a source of
infinite active and reactive power in a power flow problem formulation. The
swing bus voltage is set to 1 p.u and its phase angle as the reference angle set
tozero degree, V; = 1 £0. With this assignment, the generator behind the swing
bus can provide the required power to the loads of the power grid and its
voltage will not be subject to fluctuations. Of course, in practice, such a con-
stant voltage source with an infinite power source does not exist. However, if
the connected loads are much smaller than the power behind a bus then it can
be approximated as an ideal voltage source. The swing bus allows balancing
the system loads plus system losses to the system’s supply generation; thus, the
balance of energy in the network is ensured.

76 GENERAL FORMULATION OF THE POWER FLOW PROBLEM

Let us now formulate the same problem, for a network of a power grid. We
should keep in mind the following assumptions.

a. The generators are supplying balanced three-phase voltages.
b. The transmission lines are balanced.
¢. The loads are assumed to be balanced.

d. The PV or wind generating stations are presented by a PV bus with the
bus voltage having a minimum and maximum limit.

Consider the injection model of a power grid given in Fig, 7.10.

In Fig. 7.10, the current injections at each bus are presented based on the
known power injection and the bus voltage that is calculated from the math-
ematical model of the system.
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Transmissiorn
System

V2

Figure 710 A Current Injection Model for Power Flow Studies

In Fig 710 the following definitions are imphed

- The bus voltages are actual bus to ground voltages m per umt

+ The bus currents are net injected currents 1n per unt flowwng nto the
transnussion system from generators and loads

* All currents are assigned a positive direction into thewr respective buses.
This means that all generators nject positive currents and ali loads mject
negative currents.

* The Z, 15 the one phase primutive impedance also called the positive
sequence impedance between bus : and ; We will study sequence
impedances 1n the next chapter However the positive sequence imped

ance 1s the same balanced line impedance that we have been using i
this book

The y} 15 the half of the shunt admittance between bus ¢ and 7

Representing the series primitive impedance at the lines by thetr corre
sponding primutrve admuttance form where

=2 yu=UZ, 3usUZ, yu=U2Z, yu=UZ, (1)

the power system shown in Fig. 7 10 can be redrawn as Fig. 7 11
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Figure 7.11 The Current Injection Model Using the Admittance Representation.

where

* ¥1=Y1 + ¥is + yis: Total shunt admittance connected to bus 1.
* ¥ = Y12+ ya2s: Total shunt admittance connected to bus 2.
* ¥3 =3+ V3 Total shunt admittance connected to bus 3.
* Y4 =Yis + Y2 + Via: Total shunt admittance connected to bus 4.

Assuming the ground bus as the reference bus, Kirchhoff’s current law for
each bus (node) gives:

Li=Viy+(Vi=Vo)yu +(Vi = Va)yis + (Vi = Vi) yua
L=Vyy, + (Vo =V1) yu + (Vo = Vi) yu
I =Viys + (Vs =V1) yis + (Vs = Vi) ya
L =Vays + (Vo = V) yu + (Vi =V2) yau + (Vs = V3) y34

(7.15)

The above equations can be written as

I =Vi(y1 + Y2 + yia + y10) + Vo (=y12) + Va(=y13) + Vi (=y14)
L =Vi(=y0) + V2 (32 + Y1z + Y2 ) + V3(0) + Vi (=y24)
I3 =Vi(=y13) + V2 (0) + V3 (ys + 13 + Y34) + Va(=3a)
L =Vi(=y1a) + Vo (=924) + Vs (=y34) + Va (D + Y1a + Yos + y34)

(7.16)
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In matrix form

I Yo Yo Yy YV
Ll | Ya Ya %V am
I Yn Yo Ys Yaul||Vs

IA Yu YQ Kﬁl YM VA
where

Yu=y+ynt+yn+ye Yo=—yu Yu=-pu, Yu=-yu
Yy = Yig, Yu=ya+ yutyu, Yn=0, You=-ya,

Yay =Y, Y= Y3, Y =p3+ 5+ ¥, Y=y

Yo =Yis, Y= Yas, Yo=Y Yo=Y+ yrs+ yautys

77 THE BUS ADMITTANCE MODEL

We can formahize the formulation of 2 bus admittance matrix This formulation
15 known as an “algonthm ”** An algonthm 1s used to solve a problem using
a finite sequence of steps In 825 AD, Al Khwarizmi, a Persian astronomer and
mathematician wrote On Calculation wiuh Hindu Numerals His work was
translated into Latin as Algoriti de Numero Indorum 1n the 12th century The
words algebra and algorithm are denived from Al-Khwarzmi's treatise
Later, Omar Khayyam (1048-1122)" the renowned poet, mathematician and
astronomer wrote Demonstrations of Problems of Algebra (1070), which lad
down the pninaiples of algebra He also developed algonthms for the oot
extraction of arburanly mgh-degree polynomals.”® Smce 825 AD, the word
algonthm has been used by mathematicians to formulate and solve complex
problems Here we formulate an algorithm for the determination of the Yas
matrix and solve a power flow problem

The elements of Yg, matrix can be calculated from the following
algorithm

Stepl Ife=), ¥y =Xy, 1¢,theY of admittances connected to bus
Step 2 1f1# 5, and bus 1s not connected to busy then the element ¥, =0
Step 3 Ifs# 4, and bus ¢ 1s connected to bus j through the admuttance vy,
then the elementis ¥, =~y,
(718)

‘The abose algonthm can be easily programmed for the solution of a power
flow problem encompassing an eastern US power grid

In a more compact form, we can express the bus current injection vector
nto a power grid in terms of a bus admittance matnix and a bus voltage vectar
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[IBuS] = [YBuS ] [VBuS]

Iy Bus injected current vector
Ys.: Bus admittance matrix
V. Bus voltage profile vector

The Yz, matrix model of the power grid is a symmetric, complex, and sparse
matrix. The row sum (or column sum) corresponding to each bus, is equal to
the admittance to the reference bus. If there is no connection to a reference
bus every row sum is zero. For this case, the Yg,, matrix is singular and det
[Y3.] =0, and such a Yg, matrix cannot be inverted.

At this time, we should recall that if we formulate the Yy, matrix model
for short-circuit studies, we will include the internal impedance of generators
and motors. However, for power flow studies, we represent the power grid with
injection models. We should also note that in general, a power grid is normally
grounded through the capacitance of transmission lines.

7.8 THE BUS IMPEDANCE MATRIX MODEL

From Fig. 7.11, it can be seen that the bus current injections are related to bus
voltages by the bus admittance matrix as given below:

(s} = [Vus ) [Vipus ]
[VBuS] =[Zpus] [IBM]
[Zs]=[Yaus]” (7.20)

(7.19)

Therefore, the Zg,, matrix is the inverse of the Y, matrix. Now the bus voltage
vector is expressed in terms of Zg,, which is the bus impedance matrix and
Ipy is the bus injected current vector.

For the system of Fig. 7.11, the impedance matrix of Equation 7.20 can be
expressed as

Vi Iy Zp Zyn Zu||lhL
V. Zy Zy Zy Z I

2| |4 22 23 24 || L2 (7.21)
Vi Zy Zyn Zy Zu||ls

Vi Zy Zyp Zyg Zulls

Example 7.3 For the power grid given below, compute the bus admittance
and bus impedance models.



410 LOAD FLOW ANALYSIS OF POWER GRIDS AND MICROGRIDS

Figure 7.12  The Power Grid for Example 73

Solution
The admittance matrix 1s calculated according to Equation 7 16

Yu=y+yatie=qr ! (;1 %—300 Yo = m——oil-—mo
Yii==yu =—%I=—100, Yo =~yn =——1—=—100,

Y2 = Y+ Yo+ s = m ;2 <5 =200, Yn__yu“_%bm,
Yie=-yu *'35*_50 Yo=-ys -—0L2=—50"
Y33=y31+y34=~612—+-0%=8333,Y,4=—yu=—0i3=_3333,

o=y =—%l-=—100. Yo=-yu= -;‘—2 =50, Y =-yse =__"€_ 333,
yu=}41+)42+}u—-61- (;2 33-"18333

The admuttance matrix elements are zero if there are no direct connections

between the buses.

Yu Yu Yo Y 300 -100 0 -100
Yu Yo Yn Yu| [-100 200 -SO  -50
Yn Y Yo Yul | 0 50 8333 -3333
Yu Yo Yo Yol [-100 -50 -3333 18333

You =
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0.010 0.010 0.010 0.010
_]0.010 0.017 0.015 0.013
~10.010 0.015 0.027 0.015

0.010 0.013 0.015 0.017

Zss is the bus impedance model for the power grid of Example 7.3.

7.9 FORMULATION OF THE LOAD FLOW PROBLEM

Consider the power grid presented by Fig. 7.11. The power flow problem can
mathematically be stated as given by a bus admittance matrix.

[IBus ] = [YBu: ] [VBus ] (722)

The vector of the current injection represents the net injection where the
injected current is algebraically a positive injection for power generation and
a negative injection for loads. Therefore, if the generation at a bus is larger
than the load connected to the bus, then there is a positive net injection into
the power grid. Otherwise, it will be negative if there are more loads connected
to the bus than generating power. Therefore, for each bus k we have

Se=WVili  k=12,...n (7.23)

and I, is the current injection into the power grid at bus k. Therefore, from
row k of Yy, matrix, we have

L= YV, (7.24)
J=1

Substituting Equation 7.24 in 7.23, we have

*

Sk =Vi [Zyk,vk J k=12,....n (7.25)

J=1

For each bus k we have a complex equation of the form given by Equation
7.25. Therefore, we have » nonlinear complex equations

Yk] - Gk] +jBkl’ ij = 9k —9,
V, =V,(cos8, + jsin6,)
Vi = Vi (cosf, + jsin6,)
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i =(S—] _(BH0) B0
Vi Vi Vi £-6,

where # 1s the total number of buses 1n the power gnd network

From the Yag,, model, we have the relattonstup of tnjected current imnto the
power gnid as 1t relates to the network admittance model, as well as how the
power will flow 1 the transmission system based on the bus voltages Therefore,
for each bus k based on the bus admittance model we have the following
CXPressions.

5—;7{9=x1w +YaVs+YaVs + YV 729)

e AR AR AR AT o
2

Bl s Vbl + Yoy + Vs 2%

Bt vVt Yaby + YoV 4 YV (7%9)
4

‘We can rewnite the Equations 7 26 through 7 29 and express them as

P =0 =YV + YoV, + YW Vs + Yu WiV,
B—1Q =V V; + YW + YaVi Vs + YoV Vi
LR IOED ANED AN R ACEINAA
Pa= Q0= YoV Vi + Yoo Vi + Y ViVe + Y Vil

(730)

The above systems of equations are complex and nonlinear As we stated, one
bus of the system 1s selected as a swing bus and its voltage magmtude 15 set 10
1 pu,its phase angle 18 set to zero as the reference phasor The swing bus will
ensure the balance of power between the system loads and the system genera
tions In a power flow problem, the load bus voltages are the unknown vart
ables and all the njected powers are known varables. Here, there are three
nonlinear complex equations to be solved for bus load voltages

In general, as we discussed before for each bus & a complex equation can
be wnitten as two equations in terms of real numbers Using the above expres
stons 1n general formulation, we have

”
P =Vk2V, (Giycosby + B, s1nb,,)
'Kl

O =Vi Y V;(Gyy sy, - Byycosé,)
=1
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where,
I’ki =Gk]‘ +jBkj, Oki =6k —9]'
Vi = Vi (cosb, + jsin 6, )
V; =V;(cos6; + jsinb;)

oS J B JQi _ P jO
v Ve Vi Z—6,

If the system has n bus, the above equations can be expressed as 2n
equations:

AVt e ViisBrverrereserssennn 6,)=0
AWV ViisBt eveeeereresinerennn8,)=0
FoVa oo Vi B eeererererees i 8,) =0 (7.31)
FonVi v Vi, 81 oo erre e 8,) =0

The above 2n equations can be expressed as

[ fi(x)
f(x)

F(x)=| . (7.32)

| fan (%)

where the elements of vector X represent the magnitude of voltage and phase
angle. In Equation 7.32, we have 2n nonlinear equations to be solved and
vector X can be presented as

[XT =[Viyeeeroir Vi, Breeeeeee e 6,]

=00, eee e veees Xy Xt eemvneeeevnnienens X2p]

710 THE GAUSS-SEIDEL Ygys ALGORITHM

The Gauss-Seidel algorithm is an iterative process. In this method, the objec-
tive is to satisfy the set of nonlinear equations by repeated approximation. The
solution is reached when all nonlinear equations are satisfied at an acceptable
accuracy level. In the case of power flow problems, the solution is reached
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when all bus voltages are converging to around 1 pu within 5% of the rated
voltage and all nonhnear equations are satisfied at an acceptable tolerance,
Let us now restate the mawn equations of power flow problems

V=140 (71)
Tpus =Yous Vius (734)
S =V I} (735)

where k= 1,2 3, n

Equation 7 33 1s the model for the swing bus (also called a slack bus) that
creates balance between the system loads and system generation by praviding
the system transmusston losses When a micrognd is connected to a local power
gnd, the power gad bus 1s selected as the swing bus, this ensures that the
balance between loads and local generation and losses are mamtained If
the mucragnd has deficiencies i generation, the balance 1s mamntamed by the
power grid bus If the micrognd has excess generation, the balance 1s injected
1nto the local power gnid Equation 7 34 descnibes the current flow or power
flow through transmussion lines for 2 set of bus voltages. Equation 7 35 pres
ents the net njected power at each bus of the system

The Gauss-Seidel Yy, algonthm 1s as depicted in Fig 713

In the Gauss-Sewde]l method, we rep dly solve the fund al load flow
equation expressed by Equation 7 31

Start
4

N =1£0

Calculate
P 1

n
Y 4
+
Next Bus Unnl Last
1
aby=To!

APy = Py (Scheduotedy ~ Pi(Cateutored) S Cp
—Stop
A0k = Ok (scheduatedy ~ Dk (Cateutatedy S €

Figure 7.13  The Gauss-Seidel Al hm for A

S, k=1, n
L
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P —jOr N
ThTIXE N YLV
Vi ]Zl AN

Vi = Jek k=2,...n
Yir

(7.36)

Equation 7.36 represents the load bus voltages with the power grid depicted
by the bus admittance matrix. The diagonal element for a bus for which a
voltage approximation is being computed appears in the denominator. Because
the diagonal elements of the bus admittance matrix are never zero, an approxi-
mation of bus voltages is assured. If the power grid is correctly designed, the
convergence can be obtained.

In Equation 7.37, we check to see if the original nonlinear load flow equa-
tions are satisfied with the last approximated bus voltages.

APy = Py(scheduated) — Pr(Cateutatedy S Cp
(7.37)
AQy = Ox(scheduated) — Dr(Catcutaredy < Co

Example 7.4 For the system depicted in Fig. 7.14, use the Gauss—Seidel Yg,
method and solve for the bus voltages.

For the example depicted in Fig. 7.14, bus 1 is the swing bus and its voltage
is V=1 £0. The scheduled power at bus 2 is 1.2 p.u. The load at bus 3 is
1.5 p.u. Compute the bus 2 and bus 3 voltages.

Solution
To solve the above problem, we need to formulate the bus admittance matrix.

14 -4 -10
Yps=| -4 9 5
-10 -5 15
1 2

P2(scheduled) = 1.2

0.1 0.2

1.5
Figure 7.14 The One-Line Diagram of Example 7.4.
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The power flow models are

V=140
Tpus = Vs Yous

For a DC system, we only have active power flow

L=, V=V,
Si=Ve L=V.I, =PF,and Q, =0

Therefore, for bus 2 we have

12=V,1,
For bus 3, we have

-15=WV1;

‘We can start the iterative approximation for ; = 0 iteratron by assuming bus 2
and bus 3 voltages are equal to 1 pu

1
v =[1]
For bus 2 we have
3
DY, = YaVi + YaVs =(=4)(1)+(-5)(D)
f
Next, we update V;

-0 - 3
AR

Va= Y"’ =1, i
2

Ve[ B 045}

The updated bus 2 voltage 1s given as

1
i =—9-[-11—2+4+5]=1 1333pu
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We continue the iterative process and update bus 3 voltage.

3
PRAZDAEIAZ

=1
=

We update the bus 3 voltage, V3

1
Vs = ——| —=—[Yy V4 + Y3,V
3= Y33[V [311 32 2]:l
1
Vs = —| —=—{(-10)(1)+(-5)(1.1333
3 15[10 {(-10)(1)+(=5)( )}]
ViD= 11-5-[—1.5 +10+5.666] = 141060 _ 09444 pu

417

We continue the approximation by calculating the mismatch at bus 2 and bus 3.

The mismatch at bus 2 is

3
P, 2(Calculated) = 2 Vo1, 7

=0
J#2

Pycaicutaredy = Valoo + Vol + Vol

v, -V, V, -V
Pycatcutarey = 0+1.1333| =—L |+1.333| 22—
Gl ( 0.25 ) ( 02

1.1333-—1.0j 1.1333-0.944

P2(calculaled) =0+ 11333( 0.2

+1.1333(

AP, =P, 2(Scheduled) ~— PZ(CnIculmed) =1.2-1.6769
AP, =-0.4769 p.u

The mismatch at bus 3 is

3
P3(Calcu1ated) = 2 V3131

=0
7#3

PB(CaIculaled) =Valy + Vil + Vi,

Py Cateutaredy = 0+ 0-944( V30 1Vl )+ 0'944( VBO ZV2 )

Ps(CalcuImed) = 0.944(2-9:%1—;—1'—0)+ 0.944(%6_—%&ﬁ ) =-1.4221

AP; = Ps(Scheduzed) - Pa(CaIculazed) =-1.5- (“1'4221)
AP, =—0.0779 pu

]= 1.6769



418 LOAD FLOW ANALYSIS OF POWER GRIDS AND MICROGRIDS

TABLE 7.1 Example 7.4 Resulfs.

Bus puVoltage pu Power Mismatch
2 1078 063x10™
3 0917 (28x10™

The process 1s continued until error reduces to a satisfactory value The result
1s obtammed after seven 1terations with ¢, of 1310~ The results are given m
Table 71

The power supplied by bus 1, the swing bus is equal to the total Joad minus
total generation by all other buses plus the losses

3
P =V =V, ¥V, =V (YuVi+YaVs + ¥h3)
11

The bus voltage of swing bus 15 140 and the pu power injected by bus
13 A=052pu
The 1otal power loss of the transmisston hnes s 0223 pu

7.11 THE GAUSS-SEIDEL Zgys ALGORITHM

In the Gauss-Seidel Zg,, algorithm method,® the power problem can be
expressed as
Vi =1 £0 defines the swing bus voltage

Vous = Zpulpus
The Zy. defines the power flow through the transmission system
8=V, I

The Zg,, defines the mjection modet
The Gauss-Seidel Zp,, algorithm 1s given 1n Fig 715

Example 7.5 Consider the system shown tn Fig 716 Find the bus voltages
using the Gauss-Serdel Zg,, algortthm

Bus 115 the swing bus and 1ts voltage s set to V; =1 £0

Without the fictitious Iine to ground, the Zg,, 1s not defined The swing bus
1s grounded and power drawn by this bus will be accounted for when the
problem 15 solved The tie to ground 1s selected in the same order as the hne
ympedances. The injected power 1s S5, = -4, §;=-1, and S, =-4% All data 1§
expressed 1n per unit
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Gauss
A
Vi=1£0
\ n
"-2x2y,1;
Calculate I= =2 Update 11
Z11
Calculate n + Updates of
V2= E; 2R/ Vjand |;
J interleaved
‘& *
. & "[ VZJ
l
N V3= Zl Z3 j Ij
=
d
(53}
L ‘( V3)
L—— Next bus until last
d
AV =< Tol k=1,2,...n stopping criteria
\—— AP = Py (Schedualed) — Pk (Calculated) < Cp

—Stop
AQL= Ok (Schedualed) ~ Ok (Calculated) S )

Figure 7.15 The Gauss-Seidel Zg,, Algorithm.

©

Fictitious § 0.01
Te =

V4

//f/////////i//////////////

Figure 7.16 The One-Line Diagram of Example 7.5.

419
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Solution
The Zg,, with respect to the ground bus 1s

001 001 0601 001
_loor 00186 00157 00114
“loot 00157 00271 00143

001 00114 00143 00186

Zsus

The power flow problem can be expressed as
Vi=140
Vi = Zguelp s
For a DC system, we will only have active power flow
S =V L=Vily=F, Q=0
The busload and generation can be expressed as
-05=V,1,
~10=V;5
L5=Vilx

The first step 1s to compute the gauss zero iteration (0) values for bus voltages
and current as given below

1 0

Q

Vid= o =g
) 0

For the first row of Vi = Zp,s I, we have the following
Update I,

Update V;

Vo= iz; 1y = (0 01)(100)+ (0 0186)(0) +(0 0157)(0) +(0 0114)(8) =1
=1
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ST

Update I,

Update V;

V, = 223,@ = (0.01)(100)+ (0.0157)(=0.5) + (0.0271)(0) + (0.0143)(0)

1=l

=1-0.0078 = 0.9922

L=[32)=[—L_)=-1.0079
V, |\ 0.9922

Update I

Update V,

V. =Z""z4,1, = (0.01)(100) +(0.0114)(-0.5) + (0.0143)(~1.0079) + (0.0186) (0)

=1

=1-0.0057-0.0144 =0.9799

1, =[5¢ ) =05\ _os102
v. "l 09799

From the above calculation, we have

Update I

1 100
w_| 1 w _| 05
Bus 710.9922 " 75 | -1.0079

0.9799 -0.5102

Update I,

1, = 1=(0.01)(-0.5)- (0.01)(<1.0079) - (0.01)(-0.5102) _ 1.02019

=102.019
0.01 0.01

Update V,

V2 =(0.01)(102.019) + (0.0186)(=0.5) + (0.0157)(~1.0079) +(0.0114)(~0.5102)
=0.9892
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Update I

Update Vs

V, =(0 01)(102 019+ (0 0157)(~0 5055) + (0 0271)(~1 0079)+ (0 0143)(-0.5102)
=09776

Update I

S, -1
P T s ) P Q25
b [VJ) (09776)

Update V,

V=Y Zyl,
f=1

=(0 01)(102 019) +(0 0114)(—0 5055)+ (0 0243)(~1 023) + (0 0186)(-0 5102)
=09903

Update I,
S -05
I == |=| —== |=-05049
! (1& ] (o 9903]
The mismatch at each bus & 15 given as

PlCalcula ed)k = Vi Ik
AP = P(Szhtduled)k "ch‘almh ed)k

For bus 2

Prcarutaey = V2 Iz
AR =P 2scheduted) = PrCotentanedy

For bus 3

Pycatcuturedy = Valy

AR = Pstmrmm - Pj(c‘alzulaled)
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TABLE 7.2 Example 7.5 Results.

Bus p-u Voltage p-u Power Mismatch
2 0.99 0.1306x107°
3 0.98 0.2465x107°
4 0.99 0.6635x10™
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The process is continued until error reduces to a satisfactory value. The results
are obtained after four iterations with ¢, of 1x107. The results are provided

in Table 7.2.

If the error is more than that for satisfactory performance, the next iteration

is followed.

The MATLAB simulation testbed for the above problem is given below:

$Power Flow: Gauss-Seidel method

clc; clear all;
tolerance= le-4;

N=4; % no. of buses

Y=[ 1/.01+1/.01+1/.01 -1/.01 0 ~1/.01;
-1/.01 1/.01+1/.02 -1/.02 0;
0 -1/.02 1/.024+1/.03 -1/.03;
~-1/.01 0 -1/.03 1/.01+1/.031;

Z=inv (Y)

P_sch=[1 -.5 -1 -.5]’

’

7

V=

.

I

I=[0 0 0 O
{1 0 0 01

iteration=0;

while (iteration <= 999)
iteration=iteration+l;
VZ=0;
for n=2:N
VZ=VZ+Z(1,n) *I(n);
end
I(L)=(v(1)-vzZ)/2(1,1);
for m=2:N
V(m)=z(m, :) *I;
I(m)=P_sch(m)/V(m);
end

P_calc = v.*(Y*V);

mismatch=[P_sch(2 :N)-P_calc(2:N)1];
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1f (norm{mismatch ‘inf’} < tolerance)
break
end
end
P_calc{l)=pP_calc{1)-V{1)A2/ 01 % Subtracting the power
of the fictitious branch
1teration
for 1 = 1N
fprintf(l Bus %d \n’ 1)
fprintf(l ’ Voltage = %f p u\n’ V{1))
fprintf(l ’ 1Injected P = %f p u\n P_calc(a}}
end

The power supplied by bus 1 the swing bus 1s equal to the total load mmnus
total generation by all other buses plus the losses.

5
P=Vili =V, 3 YV, = Vi(YuV) + YV + YisV)

e

The bus voltage of the swing bus 1s 120 and the p u power 1s K =102033

2
The power loss n the fictitious line 15 = S 100pu
Zpanous e Q0L
Therefore the actual power injected by bus 11s P, =102 033-100=2033pu

The total power loss of the transmussion kines1s 0033 pu

712 COMPARISON OF THE Yays AND Zzys POWER
FLOW SOLUTION METHODS

For a power grid with » number of buses there are » nonlinear complex equa

tions. The complete complex Yg,, matrix or Zp,, matrix has about 2n* elements.
1f all elements were to be stored for a system with 500 buses the core require

ments would be 500 000 words. However because both Yg,, and Zg,, are sym

metric matrices, the upper triangle 1s stored Therefore the storage requirement
for a 500 bus system 1s 250 000 words. The Zj,, matrix model 1s full because the
elements of Zy,, matrix are generally non zero The computation and storage
requirement 1s astrononmcal for very large problems On the other hand the
Ys. matn 1s a sparse matnx because each element Y, will be non zero only
of there 15 a direct connection that 15 a transmission line or a transformer 15
located between buses A and ; The zero elements are not stored Therefore for
large power system problems by exploiting this natural sparsity the storage
and computation tune are reduced substantially The Y, should possess strict
diagenal domimance This condition may not be satisfied for some practcal
power grids. The power gnd with long distance extra high voltage (EHV) lines
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series and shunt compensation, an abnormally high impedance, or very low
series impedances, and cable circuits with high charging capacitances may need
a large number of iterations. These systems have a Yy, with weak diagonal
elements. For a power flow solution, because the swing bus voltage is known,
the corresponding row and column are deleted from Y&, For power grids with
the least diagonally dominant Yg,,, the swing bus can be located on that bus
thus ensuring convergence. The Zg, matrix method is not usually sensitive to
the choice of a swing bus. The disadvantage of the Zg,, matrix method is the
need to obtain, store, and iterate the non-sparse Zg,.. The advantage of the Y,
matrix method is that both the storage requirements for the network and the
computation per iteration are small and roughly proportional to the number
of buses. However, the disadvantages of the Y, matrix are a slow convergence
property and that at times it may not converge. On the other hand, the Zg,
method has a fast convergence property and always will converge.

713 THE SYNCHRONOUS AND ASYNCHRONOUS
OPERATION OF MICROGRIDS

Figure 7.17 depicts a typical microgrid connected to a local power grid.
Depending on the size of the microgrid generation sources, the local network
can be designed to operate in a 480 V to 20 kV voltage class. It is clear that in

% PV Generating
Station 1

DC, —3 Infinite
. (DL Bus
460 V .
Ps +iQs P, +Qy Local
Utility
13.2kV

Pg +jQs

PV Generating
% Station 2

Figure 7.17 Microgrid of Distributed Generation as Part of the Local Power Grid.
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this microgrid, bus 1 must be designated as a swing bus because the amount
of power avatlable at the local power grid 1s many tumes larger than the PV
micrognd system of Fig 717

The operation of the mcrogrid of Fig 717 can take two forms (1) The
microgrtd can operate as part of the interconnectedsystem,and (2) the microgrd
can operate as a standalone once 1t 1s separated from the local network When
the microgrid 1s operating as part of the local power gnid, the Joad and frequency
control and voltage control are the responsibility of the local power-gnd control
center As we discussed m Chapter 4, when a micrognd of PV or wind 1s con
nected to the local power gnd, the entire system operates at a single frequency
The voltage of the power grid bus 1s also controlled by the local control center
However, the micrognd load buses can still have low voltages if adequate VAr
support 1s not provided However, the microgntd of PV or wind can be designed
to operate asynchronously Figure 7 18 depicts such a design

The mucrogud distributed generation system of Figure 7 18 1s designed to
operate both as a synchronous and asynchronous system This distributed
generation system has a vanable speed wind doubly-fed induction generator
{DFIG) and a pas turbme synchronous generator When ths micrognd 1
operating as part of the local power gnd the frequency control and voltage
control are the responsibility of the local power grid control center The local
power grid operator monitors and controls the system frequency as discussed
in Chapter 4 The system operator also controls the local power gnd bus
voltages

The gas turbme generator can be operated as a P V bus the bus voltage
and active power yected mnto the micrognd are fixed and the reactive power
and phase angle are computed m a load flow analysis The DFIG generating
station is modeled asa P V bus that is injecting only active power at a constant
voltage

When the distnibuted generation section of a micrognd 1s separated from
the local power gnd, the gas turbine umt 15 responsible for both voltage controt
and load frequency control In this case, the gas turbine unit should be modeled
as a swing bus for power flow analysis To ensure stable operation, the Jocal
load control of the distributed generation system 1s essential If the load
controhs also provided, this independent microgrid 1s termed a smart micrognd
because 1t can remarn stable with control over 1its loads

7.14 AN ADVANCED POWER FLOW SOLUTION METHOD*
THE NEWTON-RAPHSON ALGORITHM

To formulate the Newton-Raphsonalgorithm,® the main equations of a power
flow problem are restated as below

V=120 (738)
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0.01 +j0.12

Infinite
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33/13.2kV
20 MVA
Utility EMS Xi=10%

1.2 MW
7 0.62 MVAr™ (CB]

0.9 MW
0.48 MVAF
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20 MVA
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Figure 7.18 The Synchronous and Asynchronous Operation of a Microgrid.
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The matnix bus aduuttance describes the flow of net injected current through
the transmussion systems as given below

T = YpusVbus (739)
The bus mmection 1s described as
Se=V; I (740)
where S 1s the net injected complex power at bus k, V15 the complex voltage
of bus k and I, 1s the net ijected corrent at the bus k

We can substitute for bus net injected current from Equation 739 n
Equation 7 40 to obtam the residue form of the equation for each bus k as

Sk-Vk/:ZIY[,Vf=0 k=1, n (741)
For k=1, we have
S-VE ¥V =0 fx)=0 qa)
=y
Andk=2 s,-wi&*;,v,‘:o £(X)=0 143
i1
Andk=n s,-miz',v;:o £(X)=0 (749

el
The above can be expressed n a compact form as

(7]
filx)

Flx)= =0 745

fa®)

where

XY =fxvux Xa

In the above equation, the vanable vector X represents the bus voltage vector
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Expanding row 1 of F(x) = 0 in a Taylor series, about a guess solution X©),
we have

) )
fl(X) =fila,xz.0x,) = fl(xl(o)’x£0) . -'xr(zo)) + ilX(‘)) Axy + "fl—lX(O) Ax,
axl ax7_
of .
Feinens 3 | 4«0 +higher order terms. (7.46)
Equation 7.46 can be expressed in compact form as
o 9
A@) = £xO)+ Y D) ax, =0 (7.47)
' ox,
fz(X)=fz(X‘°’)+iai|Xm>Ax =0 (7.48)
 ox, !
ﬁ.(X)=ﬁ,(X‘°’)+Z":aﬁ‘l 0 Ax, =0 (7.49)
= ox, *

where Ax, =x, —x{”. In compact matrix notation, we have

[ ofi fr o |
e >, Ax,
o of o | A%
F(X)=F(X"Y+|9x, ox, ox, . =0 (7.50)
fn fn I | Ax, |
| 3 o 2, o

The matrix of Equation 7.50 is referred to as the Jacobian matrix. The above
equation can be rewritten as

F(X®)+[J]yo [AX]=0 (7.51)

R(X)=Sc-V Y YV and [X°]=[V{0 ... VO ... VO] (7.52)

J=1

}Vhere Sy is the scheduled net injected (generator bus or load) complex power
Into bus k (positive for generation). Therefore, the term F(X®) represents the
Power mismatch at each bus. When the term F(X®) is very small the power
flow solution has been obtained.

Sk(CalcuIared) = Vk 2 1’;; ‘/; (753)

1=1
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Eq 753

the other buses j
Equation 7 51 can be solved for AX

(ax}=~[/ 0 F(X®)
F(X°)=AS; = AP + JAQ: = Siischesuted) = Sk(Cotcutatedy
APy = Pe(seneduted) ~ PrCatcutaned)
AQk = QI( (Scheduled) — QI((CEICHIH ed)

7.14.1 The Newton-Raphson Algorithm
The solution steps are as follows
1 Wnte load flow equattons in residual form F(X) =0

2 Guess a solutton vector, 1€, X% and evaluate F(X®)
3 Calculate J at X@

% %
B3y Ox; o,
hap %
Jya =| 0x, 0, ax, =J(X®)
9y, 9%, % JxO(0r i general X))

The AX 1s computed from the equation below
Imtial computation Use an tmitral guess for X

Step 1 [AX]:—[I]x'm F(x®)

Step 2 Update XV = X £ AX
Step 3 Calculate F(X) ar X4

P the calculated power flowing away from bus k to alt

(754
(7.55)

(756)

Step 4 Checkf F(X'"V) <107, then the solution has converged Store the

solution vector X**Y
Step § Updatertor+1

Hnot,goto Step 1

Example 7.6 Consider the three bus power system given 1n Fig 719 The

system data are as follows
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O —©

P2(scheduted) = 1.2

0.1 0.2

1.5
Figure 7.19 The One-Line Diagram of Example 7.6.

a. Bus1is a swing bus with V; =1 Z0.
b. Scheduled injected power at bus 2 is 1.2 p.u.
c. Scheduled load (negative injection) at bus 3 is 1.5 p.u.

The bus admittance matrix of the system in Example 7.6 is

14 -4 -10
Ypus =| —4 9 -5
-10 -5 15

The bus powers can be expressed as nonlinear functions of bus voltages in
residue form as

PV, V2, V3)=-Vi(¥uV1 + Y1 V2 +Y15V5) =0

PB(V1, V3, V3) = Vo (Y Vi + Yo Vo + Y23 V3) =0

B(V1, V2, V3) = Vs (Y5 Vi + Y3, V2 + Y53V3) =0

g(st})ng a Taylor series expansion about a guess solution, i.e., Vi%, V%, and
=10
1

on p o ]

AP, oV; oV, aV; AV,

ap|=o| 23R OB 1|y

AP, aV, oV, dVs AV,
oP; OP; oP;
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1n compact notation, we have
[aV]=-[J]'x{AP]
where
Pyeuutoeay = VO (FarVE + Yo Vi) + ¥ Vi)
AP = ﬂqs:hzduled) - Pz(mkmmm) =0
9
Py coteutareay = V_am (stvxm +Yssz( ) +Y33V:4m))

APy = Py(soneanteay = Pricatenta ey = 0

since V; =1 Z0 (slack bus) Therefore AV =06 Hence, only bus 2 and bus 3
voltages are to be calcnlated The Jacobran matrix 1s 2 2 x 2 matrix as shown
betow

non

[APZ] _| vz oV; [AVz
almon | av
oV, 3V, v

From the above equation, we can calculate AV, and AV,

—

The above solution can be restated as

AV, = V}(new) - Vz(nm)
BY; =Vinew = Vo

AR , [APZ
[Vs]m_[vs]auﬂ”vm AR

‘The elements of the Jacobian matnx are

oF;
a—V’2=an, +2aVa+Yuls

op
¥, Yl
ap

W;=}’J!VS
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op;
Vs

=YuVi + Y5V, +2Y5V,

Assuming that V{® =1, V{ =1, the elements of the Jacobian matrix are

9P o 442%9-5=9
v;

oP

=-10-5+2%x15=15
A

Therefore, the Jacobian matrix is given below as

7] =[-95 Iﬂ

=5l o)

The mismatch power at each bus & is

And, the [J]7 is

Pycatataedy = V3" (Yo Vi + Y Vi + Y Vi)
Pycoteutaredy = 1.0(=4.(1)+9.(1) = 5.(1)) =0
AP, = Pyseheduted) = Pa(Catcutarea)
AP, =12-0=1.2
Py catcutatedy = V:;(O) (Y31V1(0) + Yssz(o) + Y33V3(o))
Pscatcutareay =1.0(-10.(1) - 5.(1)+15.(1)) =0

AP = P3(Scheduled) - PB(CaIcuInred)

o o]
4

1.095
0.932

Il
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This new value is now used 1n the next iteration The iteration is continued
untl error does not go below the satisfactory level. The MATLAB simulation
testbed for solving the above problem 1s given below

%Power Flow: Newton Raphson
cle; clear all;
mis_match=0 0001;

Y _bas=[ 1/.25+1/.1 -17.25% =140
-1/ 25 1/.25+1/.2 -1/.2,
-1/ 1 ~1/.2 1/.241/.21;

P_sch = (1, 1 2; -1.5];
N = 3; % no. of buses

% allocate storage for Jaccbian
J = zeros(N-1,N-1});

% 1nitial maispatch
v = (111V,

P_calc = V *(Y_bus*V);
mismatch = [P_sch(2:N}-P_calc(2:N)];

1teration=0;

% Newton-Raphson iteration
while ({iteration<i0)
iteration=iteration+l,

% calculate Jacobian

for 1 = 2:N

for 1 = 2N
1f (1 = 73)
J{2-1,3-1)=Y _bus{x, :)*V+Y_bus(x,1)*V(1},
else
J{1-1,3-1)=Y_bus(z,3)*V(1);
end

end

end

% calculate correction
correction =1inv{J)*rmismatch;
Vi{2:N) = V{2:N)+correctron{l:(N-1));

% calculate mismatch and stop iterating
% 1f the solution has converged

p.cale = V.*{Y _bus*V};

mismatch = [P_sch(2:N)-P_calc(2:N}};
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TABLE 7.3 Example 7.6 Results.

Bus p-u Voltage p-u Power Mismatch
2 1.08 0.3036x10°
3 0.92 0.6994 %107

if (norm(mismatch,’inf’) < mis_match)
break;
end
end
iteration
% output solution data
for i = 1:N
fprintf (1, ‘Bus %d:\n’, i);
fprintf(l, ’ Voltage = %f p.u\n’, abs(V(i)));
fprintf(l, ' Injected P = %f p.u \n’, P_calc(i));
end

Results
The result is obtained after three iterations for c, = 1x10™.

The power supplied by bus 1, the swing bus is equal to the total load minus
total generation by all other bus plus the losses.

The bus voltage of swing bus is 1£0 and the p.u power is P, =0.522.
The total power loss of the transmission lines is 0.223 p.u.

7.14.2 General Formulation of the Newton-Raphson Algorithm

In the above discussions, we presented the basic concepts of the Newton-
Raphson algorithm. In the following, we present a general formulation of the
Newton-Raphson method in calculating the element of the Jacobian matrix.’?
Let us start from a basic equation again.

I Bus = YBusVBus
For each bus k, I, = ZY"J'V/" where n is the number of buses and Yj, is the

j=1
element of Yp,, matrix. For each bus k, we can also write:

P +jOr =Vi Iy

where Py, and Q, are real and the reactive power is entering node k (" is a
complex conjugate and j=+v—1).
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Let,
P+10=Vi Y YV, as
1=l
=V e% =80 fi.6 =‘an’£—k (758)
k
— L T = 1Bk/
Yy =Y, ¢ =Gy +) By, o =tan rn (759)

(4

Using Equations 7.58 and 7 59 10 7 57 we have

Pt Qe = Ve 3 Yige MiVie /1 (760)
IR

Using the Taylor-Senes expanston express the power flow problem as

% &L, AV,
AP = ;Hk,ae, +]§;Nk, 7,' 60
AQ: _ij,Ae +ZL” (762)

1=l

And 1n compact form as

ap ap
[AP]= % W’ 23 76
ao)"|oe e, 1A

% av ItV

The basic load flow nonbinear equation w a complex domarn s given by
Equation 7 60 Students can take the denvative of Equation 7 60 and caleulate
for = k using the following diagonal elements of the Jacobian matrix

oP,
Hu = # =—Qi ~ViBu

Ju =3% P ~ViGy
769
Nkk— ETA Vk—Ppi—VkGu

Lux ='§VA =0, ~ViBy
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So far, we have calculated (general equations) the diagonal elements of the
Jacobian matrix. To calculate the off-diagonal elements of the Jacobian matrix,
we first calculate the following:

I =a,+jb,=Y,-, (7.65)
Yy, 'V, =(Gy +j-By).(e +j-f))
Yy, -V, =(Gy e, ~ By f;)+j(Bye, +Gyf;) (7.66)

Yy, -V, =a,+jb,

where a, =Gy, -e, — By f, and b, = Bye, + Gy f,
For j # k, we have the following off-diagonal elements for the Jacobian
matrix:

dP,
H, =—a?"=a,fk ~b,ex
]
)
Ty = 8% =-ae, b, fr
' 7.67
aPk ( )
N/‘J =—a—‘—/—V, =ae +b1ﬁ<
J
3
Ly, Z—B%VJ =a,fi —bex
J
A8
AP] [HN
= : 7.68
ol 7] &y (7:68

Power flow program software incorporates the following steps:
1. Renumber the system buses by creating an internal bus numbering
system by bus types.
2. A swing bus is selected as bus 1 and followed by all P-V bus types.
3. Sparsity programming is used to eliminate storage requirements.

4. The Jacobian matrix is factored into upper and lower triangular
matrices.

5. The diagonal and off-diagonal elements are computed as summarized
below.

For j = k, the diagonal elements of the Jacobian matrix are

Hi =—0Qy — B Vi
Lix = QO —BuVi
N = P +Gu Vi
Jue = P —~Gu Vi

For j=k (7.69)
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For j # k, the off diagonal elements

Hy =Ly =a,fe -byec }
#k 770
Ny =Ty, =g +b,f)’ am)
6 The Picarcutored) A0 Quicarcutareay for each bus k are computed
Prcctatassy = (€4 (8, = ;B )+ fule, By + Gl an

1=t

Qkcorutatedy = Z[fk (exGy - By ) —e(e,By + f,Gy)] (772
1=t

where Vi =e, +) fu Yo =Gy ~) By, Vi =ei=) fi
7 The power msmatch for active and reactive powers are calculated

() = pl) )
AP = P lscheduteay = B k(‘(&lculalcd) <Cp (173)

) - @)
AQY = O\ snesateay— O leatutmesy < €0 774)

‘The Jacobian matnx 1s evaluated at each rterative approximation at the last
computed solution

V=V"andg=6"
AV — plen _yiky
AYE = gtk gt}

The power musmatch at each bus is calculated based on B (sohedutety and
O (scheauteay and the calculated power flow at the bus, B (cacutmedss Ok cateulaneds
The calculated active and reactive powers are based an the voltage profile of
the network and Yr., model using V and 67 computed bus voltages

For P-V buses, the AV, 1s set equal to zero Notwce that for a P-V bus
the reactive power generation has to be calculated and checked for violauon
of @ hmuts. In case of it violations, the bus type has to be switched
from P V to PQ type to maintain the reactive generation within the specified
Irmts.

7143 The Decoupled Newton-Raphson Algorithm

Numerical studies of many systems clearly indicate that the change n voltage
magmitudes has hitle effect on actine power flows. In addition, the changes 11
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voltage angles have little effect on reactive power flows. These observations
may not be true for cables and short lines. However, for bulk power flows they
are generally true. Using the above assumptions facilitate a substantial reduc-
tion in the amount of computer memory required for a large-scale power grid
load flow analysis.

We can restate the above assumptions as

1. The partial of 3—‘1; is assumed to be zero.

0Q

2. The partial of >0 is assumed to be zero.

With the above assumptions, we can decouple the AP—A6 equations and
AQ-AV equations of the load flow problems.

oP
I:AP:'._ 7 0 A6 s
sl 29, |5 .
oV

Therefore, Equation 7.75 will become two decoupled and independent
equations.

(4P)=| £ la6]
(7.76)
_[22y AV
[AQ]_[aV V}[ 4 J
Therefore, Equation 7.75 can be rewritten as:
AP] [H 07|48 -
[AQHO L}ﬂ 770
14
oP o0
h = | o=
where [H] [86] and [L] _[BV V}

Equation 7.77 presents the decoupled Newton-Raphson method.

715 THE FAST DECOUPLED LOAD FLOW ALGORITHM

The fast decoupled load flow (FDLF) algorithm is a modified version of the
Newton—Ra‘phson algorithm. The FDLF algorithm® takes advantage of the
Weak coupling between the real and reactive powers and uses two constant
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matrices to approximate and decouple the Jacobian matrix * We rewnte the H
matrix as

(aP)=[H](a6]
=[] -
[AP)=[V)IBIIV)I46)

Dividing both sides by V we have
AP
— [=[B1V]{a8
[4F]-tsrviian

To obtain a constant linear approximation with constant coeffictent, we set the
V 1n the above equation to 1 and we obtarn

[é‘fi] =[5] (48] am

Simularly we can observe that the L matrix in the decoupled Newton-Raphson
can be written as

(agi~121[47]
-[% ]= .
w1=[3v]-vizvi
Then we divide both sides by V and setung the second V to 1 pu, we have
1225 9
|52 )=tz 11 am

Equations 7 78 and 7 79 present the FDLF algorithm ¥ The matrix B 1s the
imagmnary part of the Y matrix and B’ 1s the same as B” except for the hne
T and shunt el that are neglected The FDLF method reduces
the memory requirement and converges 1n most problems to an acceptable
solution However the number of iterations increases. When the power gnd
has short cables and has phase shifting transformers, the FDLF can fail 10
converge However, we should observe that even when the FDLF 1s con
structed from approximation of the Jacobian matrix, the convergence of the
power flow problem s sull cheched based on the origmal power flow mismatch
of active and reactive power Therefore, 1f FDLF converges, then the solution
15 as accurate as the full Newton-Raphson method
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7.16 ANALYSIS OF A POWER FLOW PROBLEM

Let us consider the case of the decoupled Newton-Raphson method and
analyze the injection model of Fig. 7.20.

We will use the data in Tables 7.4 and 7.5 to show the linearized relationship
of known variables in terms of the unknown variables. Bus 1, bus 2, and bus
3 voltages are specified at a fixed value; therefore, for these buses the change
in voltage is zero and these voltages are not listed as unknowns in Table 7.5.

PV generating .
station 1 , P1+jQq Local
P Infinite Utility
2 ® Bus
Ps+iQs Pr+iQr @D pajay

Y1-4

® |

Ya
L Ye-8
Y36 + ﬁ
Y6 _ \Z
@ Vp=13.2kV Pg+Qs T
460 V Sp =10 MVA
PV Generating
Station 2

Figure 7.20 A One-Line Injection Model of a Microgrid.

TABLE 74 Active Power Injection as
a Function of Bus Angle.

Knowns Unknowns
P 2 9?.
P 3 93
P, 0,
P S 95
P 6 96
P 7 97

Pg 98
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TABLE 7.5 Reactite Power Injectron as a Function of

Bus Voltage,

Knowns Unknowns
o] Vi

Qs Vs

3 Vs

Q7 V7

Qs Vs

The same 1s true for the phase angle of bus 1

AR = ElE —=A6; +8P; AGs

36, 2% 38,
APy = SI;’ A83+g§’ Al
AR = gg‘ A6‘+g§‘ 26,
APy = ae B pp, +§:’ A6 +3P5 26, +§—§Ae, )
AP, = g};‘ A6,+g§ Aes+g§5 Af, +g€iA67 +g§” A8y
AR = %”-Ae, i g’;’ a6,+50 3’;’ A6 +—g—§iA67
AR =%Asé +g’;‘ 26,

If you carefully evaluate the sets of equations given within Equation 7 80.
you will observe that an injected power at each bus 1s only the function of
the bus under constderation and the buses they are connected to m the
network For example, bus 4 1s connected to bus 1 and bus 7 The mjectton
at bus 4 changes the flow between bus 1 and bus 7 However, the bus 1 change
m angle 15 zero because bus 1 15 the swing bus As we know, the swing bus
injection 1s computed Jast when bus voltages are computed and the power
flow problem has converged Agam, the same condition 1s true for all hnes
connecting buses in the network For example, bus 7 1s connected to buses 4
5, and 6 and corresponding terms are given 1n the bus 7 injection model As
we have stated before, each active power mismatch 15 computed based on
wyected power and calculated active power based on the system Yy, and bus
voltages.
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R B R B K P B

"oP, 3P, -
L g o B 5 g
26, 90,
0o B 5 o B 4
_M— 893 866 'AGZ‘
ARl | 0 0 g% 0 0 g% 0 ||ae,
AP, ¢ ' A6,
AR =98 o o 9B 9B OB 4o (781)
APS 96, 065 96s 96, AGS
“\ 1o o , 2 2 m on||4%
AR, 30 90, 00, 020, 06, | |2
i P R B N
30, 005 00, 06,
3P, 3R,
0o o o % o %
_O 06, 06; |

Equation 7.81 presents the matrix formulation of Equation 7.80. As we
described above, the elements of the Jacobian matrix are computed by taking
the partial derivative of the general load flow equation. For each iteration, we
use the voltages computed from the last iteration to compute the matrix H of
Equation 7.82.

B B B B K B B

AR [Hy, 0 0 Hyx 0 0 0 7[A6
AP, 0 Hy 0 0 Hy 0 0 []|A6
AP, 0 0 Hy, 0 0 Hgz 0 ||a6 (7.82)
AP |=|H;, 0 0 Hs Hss Hs; 0 || A8
APG 0 H63 O H65 H66 H67 H68 Aeé
AP, 0 0 Hy Hy Hyi Hp 0 ||A6
[AB;] | 0 0 0 0 Hg 0 Hgl|A8]
[AP]=[H][A6] (7.83)

The linearized AQ—AV equations are written using Table 7.5 and Fig. 7.20.
Again, we recognize that the bus voltage is a function of the reactive power
from other buses. For example, the voltage at bus 4 is a function of reactive
Power at bus 4 and bus 7 only because bus 1 voltage is fixed.
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Qs 05 Os
20
[aw Vi 0 1]
AQs 0 g%vs —g—g—iVa
AQS 5 []
3 2
sals| o S2n D
AQs
90y, 3y, 9O
Azl Iy Y
90
L 0 0 E’st6
O Qs O
AQ, Ly 0O 0
AQ | | 0 Ls L
2|7 0 Ls L
A | | Lo Lis Lu
s Lo o L
te@1-121[47

o
aa—?,:—w
2—87"/,
3—%\4
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Ly, O
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Ln 0
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Os
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0

3
v

0

e}
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Vi

[avi
2
AV,
Vs
av;
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AV,
2

Example 7.7 Consider the micrognid given 1 Fig 721

Assume the following data

A

v,
AV,
V
AVs

AV
Vi
av,

(739

(78s)

a  Transformers connected to the PV generating station are rated at 460
V Y-grounded/13 2 kV A, have 10% reactance and 10 MVA capacity
The transformer connected to the power gryd 1s 132 /63 kV, 10 MVA

10% reactance

b Assumethe loadonbus41s15MW,09 pf laggng on bus 51525 MW,
09 pf lagging, on bus 615 1 0 MW, 095 p{. lapging, on bus 7 15 2 MW,
095 pf.leading and on bus 81s 1 0 MW, 09 p£ lagging

¢ The transmussion lime has a resistance of 00685 Q/mile, reactance of
040 S/mile, and half of line charging admttance (Y*/2) of 11x10° Q"
mle The line 4~7 1s 5 mules, 5-6 15 3 mules, 5-7 15 2 mules, 6-7 1s 2 miles,

and 6-8 15 4 miles long
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PV Generating 63 kv

Station 1
ation % @ Infinite

Bus
\ﬁl- A
Local
Utility
13.2kV
P4+jQq
l Ps+Qs Y ot
PV Generating
Station 2

Figure 7.21 The Photovoltaic Microgrid of Example 7.7.

R jJXL

Y'/2 —|"Y’/2
| 1

| Per mile lY'/Z =jXc
Figure 7.22 The Transmission-Line Pie Model.

Load

d. Assume the PV generating station 1 is rated at 0.75 MW and PV gen-
erating station 2 is rated at 3 MW. Assume PV generating stations are
operating at unity power factors.

Perform the following;

i) Assume an Sy, of 10 MVA and a voltage base of 460V in PV genera-
tor #1 and compute the p.u model.

if)  Compute the Y bus model

iii) Compute the load bus voltages using the Newtown-Raphson and
Gauss—Seidel methods

iv)  Compute the bus voltages and power flow of the microgrid.

v) How much green power is imported or exported to the local power
grid?
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Solunion
The base value of the volt amp 1s designated as §, =10 MVA the voltage base
on the PV generator side 15 specified as 460 V, and the voltage base on the
transmussion hine side 1s specified as V, =132kV

The base impedance 15

The base admttance 1s given by

11
Y, s—=——=005
'TZ, 17424 057

The current injection madel of the PV system 1s shown i Fig 723

From transmussion line data the primitive tmpedance and admittance are
calculated

2 uu:Zz 5 vu:&47n=10]
1
yl4pu=y25pu=y36pll=m=_]10
2,7 =5{00685+,04)/Z, =0020+ ;0115

Yorpu =145-,846puQ

1
T 0020+,0115
244 =3(0 0685+ 0 4)/ Z, =0 012+ ;0 069

Ysspu= =242-71411puQ (786)

1
0012+ ,0 069
Zyo= 2 7=2(00685+,04)/Z, =0008+,0046puQ

351 =Yerpu = =362~;2116

1

0008+ ;0046

Z, ¢ =4(00685+ 0 4)/Z, =0016+,0092 puQ
1

Yo = Gotg+,000 - L 871057

’
The line charging admittance 1s the same as the XZ— as shown 1n Fig 722 The

line charging admuttances 1 per unit are as follows

,;,=5X“L;‘}Q_ 19 SBXI0™ 3%, =3x ﬂ;i 1575%10
b

"
V=3 =2x%ﬂ—=/3 83x107, 15 =4x—/1];—w—=ﬂ67x10"
1

b
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PV Generating Infinite
Station 1 Bus
I2 ls
@ @ Local
Utility
Y14 ® l I
Q Y4
A

I3t 460V
PV Generating
Station 2

Vp=13.2kV
Sp =10 MVA

Figure 7.23 The Current Injection Model of Example 7.7.

The p.u admittance matrix, Yp, is calculated using Equation 7.18,

—j10 0 0

0 -j10 0
0 0 -f10

10 0 0

0 j10 0

YBu: -

0 0 j10

0 0 it

0 0 0

j10
0
0
1.45-
j18.46

-1.45+
j8.46

0
710
0

6.04—
j45.26
242+
j14.11
-3.62+
j21.16

0
0
j10
0

—2.42+
jl4.11
7.85—
j55.84
-3.62+
j21.16

-1.81+
710.58

0
0
0
-1.45+
j8.46
-3.62+
j21.16
-3.62+
j21.16
8.69-
750.78

0

~1.81+
j10.58

0

1.81-

j10.58 |

447

A MATLAB program was written to perform the load flow analysis. The PV
generator buses are treated as PV buses in the load flow problem. The voltage
at the PV generator buses are fixed at 1 p.u. Table 7.6 provides the scheduled

powers of each bus.
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For this load flow problem the tolerance of error chosen was 1x10 * The
{oad flow problem was solved using the Newton-Raphson and Gauss-Seidel
methods. Table 7 7 gives the results using the Newton-Raphson method which
converges tn three iterations The Gauss-Seidel converges i 392 iterations
(Table 78)

To masntamn PV bus 2 and PV bus 3 at 1 pu the required reactive power
atbus 215 0094 pu and at bus 315 0 085 pu The active power flow from the
local power gnid 15 0427 pu The reactive power flow from the local power
gndis0065pu

It can be seen from Tables 77 and 7 8 that the reactive power of 0034 pu
and 0085 pu s needed from the PV generating station’s connected buses 2
and 3 to maintam a voliage of 1 p u at these buses. If the PV system has a local
storage system the control of the inverter can be set to provide the reactive
power The reactive power can also be provided by placing the required VAr
support at the AC side of the PV generating stations The scheduled reacuve
VAr support at bus 2 15 0094 pu and at bus 3 1s 0085 pu The power flow
problem was solved with scheduled VAr support reactive power injected mio
the PV generating station buses. The results are shown in Table 79 The
program converged 1n three 1terations

TABLE 76 The Scheduled Achive and Reactive Pover of Each Bus

Bus 2 3 4 H [ 7 8
Prnedued 0075 03 -0150 ~0250 -0100 0200 0100
Quneau ea —~ — ~0073 -0121 -0033 0066 ~0048

TABLE 77(a) The Voltages and Power of Each Bus Using the Newton—
Raphson Method

5 =10MVA V, =132kV

Gereration Load

Volts Angle MW MVAr MW MVAr
Bus# (pw) () (pv) (puw) (puw) (pu) AP aQ
1 1000 00 0427 0065 0 0 0 0
2 1000 41 0075 0094 0 0 0005x10° 0
3 1000 -25 0300 0085 © 0 oo2ix1w0® 0
4 0994 25 0 0 0150 0073 0189x10" 0424x10°
5 0991 46 Q250 0121 0127x10% 0002x10"
6 4992 43 Q100 0033 0079x10"® 007Ix107"
7
8

0 0
0 Q

0992 ~43 0 [} 0200 0066 0233x10° 0110x10"
] 0

0986 ~48 0100 0048 0074x10® 0009x10 "
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TABLE 7.7(b) The Power Flow through Transmission Lines and Transformers
Using the Newton-Raphson Method.

Pioss (p.1) = 0.002, Quoss (pu1) = 0.035

From Bus # To Bus # MW Flow (p.u) MVATr Flow (p.u)
1 4 0.427 0.065
2 5 0.075 0.094
3 6 0.300 0.085
4 7 0.277 -0.025
5 6 -0.079 -0.006
5 7 -0.097 -0.021
6 7 0.021 -0.012
6 8 0.100 0.049

TABLE 7.8(a) The Voltages and Power of Each Bus Using
the Gauss-Seidel Method.

S, =10 MVA, V, =132kV

Generation Load

Volts Angle MW MVAr MW MVAr

Bus# (pu) () (pw) (v (pw (pu) AP AQ

1 1000 0.0 0427 0065 O 0 0 0

2 1.000 -41 0075 009 0 0 0.179x10° 0

3 1000 -2.5 0300 0085 O 0 0.181x10° 0

4 099 25 0 0 0150 0.073 0.141x10° 0.018x10°
5 0991 —46 O 0 0250 0121 0.783x10° 0.100x10°
6 0992 43 0 0 0.100 0.033 0.979x10° 0.132x10°
7 0992 -43 0 0 0200 -0.066 0.822x10° 0.137x107
8 098 -48 0 0 0.100 0.048 0.188x10° 0.031x107

TABLE 7.8(b) The Power Flow through Transmission Lines and Transformers
Using the Gauss-Seidel Method.

Pios. (p-) = 0.002, Qioss (p-u) = 0.035

From Bus # To Bus # MW Flow (p.u) MVAr Flow (p.u)
1 4 0.427 0.065
2 5 0.075 0.094
3 6 0.300 0.085
4 7 0.277 -0.025
5 6 -0.079 ~0.006
S 7 —0.097 -0.021
6 7 0.021 -0.012
6 8 0.100 0.049
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‘With the reactive power tnjected into the PV generator buses the voltage
of these buses 1s mantamned at 1 pu From Table 79, we see that the actne
power supplied by bus 1 1s posttive 0427 pu This means the power 1s being
imported (bought) from the local power gnd

The base volt amp1s I0MVA (S, =10 MVA) therefore the powerimported
from the local power grid 15 B =0427x5, =427 MW The power generated
by the PV generator 1 connected to bus 2 1s P, =0075x5, =075 MW

The power gencrated by the PV generator 2 connected to bus 3 15

=0300xS5, =300 MW

TABLE 79¢a) The Voltage and Power of Each Bus with Reactive Power
for the PV G Buses.

Sy =10MVA V, =132kV

Generation Load
Volis Angle MW MVAr MW MVAr
Bus# (pu) ()  (pw) (pu) (puw) (puw) AP AQ
1 1000 00 0427 0065 O 0 0 0
2 1000 41 0075 009 0 0 0049x10®  0003x10°
3 1000 -25 0300 0085 0 0 0196x10°  0081x10°*
4 0994 -25 0 0 0150 0073 0064x10°  0086x10*
5 0991 46 0 0250 0121 0230x10° 0016x10%
6 0992 43 0 0 0100 0033 0131x10° 0148x107
7 0992 43 0 0 0200 0066 0131x10® 0042x107
8 098 48 0 0 0100 0048 0146x10° 0007x10°
TABLE 79(b) The Power through the Ti ion Lines and T
with Reactive Power C for the PV G Buses
Pioy (pu) 2 0002 Qu,, (pu) =0035
From Bus # To Bus # MW Flow {pu) MVAr Flow (p¥)
1 4 0427 0065
2 5 0075 0094
3 6 0300 0085
4 7 027 -0025
s 6 0079 -0 006
s 7 0097 -002t
6 7 0021 -0012
6 8 0100 0049
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Example 7.8 For Example 7.7, perform the following:

i) Compute the matrix of B" and matrix B' of FDLE

ii) Compute the load bus voltages and the mismatch using the FDLF
method

Solution
i) From Example 7.7, the bus 1 is the swing bus and buses 2 and 3 are
PV buses. Hence, out of eight buses, there are five PQ buses. The matrix
B" is,5%5 and is equal to the imaginary part of the last five rows and
columns of the Yg, matrix:

(—18.46 0 0 8.46 0 7
0 -4526 1411 21.16 0
B'=| 0 1411 -55.84 21.16 10.58
846 21.16 2116 -50.78 0

0 0 10.58 0 -10.18

To calculate B',the resistance and shunt elements are neglected. The B* matrix
is a 7x7 matrix. The diagonal elements of B":
By, =—j10, B3y, =—j10, By p =—j10—j8.71=—j18.71,
Bss, =~j10-j14.52 - j21.78 =—j46.30, B =—j10—j14.52 - j21.78 — j10.89 = —j57.19,
B}, =—j8.71-j21.78 — j21.78 =—j52.27, By =—j10.89

The off-diagonal elements of B':

1
V=
Bkj =—
xkj,p.u

where x;; . is the per unit series reactance between bus k and j
The matrix is symmetric. The upper triangular elements are as follows:

\ 1 1 1 1 1
By=Bj =— = =~ /10 By = - = j21.78
’ * x25,p.u x36,p.u ]O' ] ’ o x57,p.u ]0'0459 g ’
L1 1 1 1
By = =— =j8.71 B = =— =j14.52
Xopa | jO1148 150 T sspn | JO0689 T4
L1 1 1 1
By = =— = j10.89 By = = =j21.78
Xospu  jO09I8 T O Xerpn 00459 7

The elements of the matrix are the imaginary part of the above,
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2 3 4 S 6
-10 0 0 10 0
g -~10 0 g 10
0 0 -187 0 0
PLU 0 -4630 1452
0 10 0 1452 5719
0 0 871 2178 2178
[V ] 0 0 1089

7 8
0 0 72
Y o 13
871 0 14
2178 0 5
2178 1089 |6
-5227 0 7
0 ~1089]8

1) The problem was sotved using the FDLF method with the tolerance
of error chosen as 1x10 ¥ The solution converged in six sterations. The
results are gwven 1 Table 710

TABLE 710(a) The Voltages and Posver of Each Bus Using
the Fast Decoupled Method

8§ =10MVA V, =132kV

Generanon Load
Volts Angle MW MVAr MW MVAr

Bus# (pu) (0 (pw) (puw) (pw) (pv) AP AQ

1 1000 00 0427 0065 O 0 0 0

2 1000 —41 0075 0094 O 0 0002x10* 0

3 1000 -25 0300 0085 O© 0 0002x10* 0

4 0994 23 0 0 0150 0073 0052x10° 0086x10°
N 0991 46 0 0 0250 0121 0063x10° 0129x10°
6 0992 43 0 0 0100 0033 0388x10° 0295x10°
7 0992 43 0 o 0200 -0066 0301x10°  0504x10°
8 098 48 0 0 0100 0048 01950x10* 002xI0°

TABLE 710{b) The Power Fiow through Transmission Lines and Transformers
Using the Fast Decoupled Methad

Pio (P 1) = 0002 Q. (pu) = 0035

From Bus # To Bus # MW Flow (pu) MVAT Flow (pt)
1 4 0427 0065
2 5 0075 0094
3 6 0300 0085
4 7 0277 0025
5 6 ~-0079 0006
5 7 ~0097 -0021
6 7 0021 -0012
6 8 0100 0049
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In this chapter, we have used the bus admittance matrix and bus impedance
matrix to formulate the power flow in power grids. Power flow problems must
be solved during the system planning of large, interconnected power grids
using the forecasted bus loads to ensure that planned generation and transmis-
sion systems are at acceptable bus load voltages so that the system lines,
transformers, etc., are not overloaded. Power flow problems must also be
solved during daily operations and for a PV or wind generating microgrid
operating as an isolated system using the forecasted bus loads also to ensure
that the microgrid can support its loads at acceptable bus load voltages and
that cables, lines, transformers, etc., are not overloaded.

PROBLEMS
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1.2

1.3

A three-phase generator rated 440 V, 20 kVA is connected by one cable
with impedance of 1 + j0.012 Q to a motor load rated 440 V, 15 kVA, 0.9
p.f lagging. Assume the load voltage to be set at 5% above its rated
value. Perform the following:

i) Give the three-phase circuit if the load is Y connected
iiy Give the three-phase circuit if the load is A connected
iif) Give a one-line diagram
iv) Compute the generator voltage

A three-phase generator rated 440 V, 20 kVA is connected through one
cable with impedance of 1 +j.012 Q to a A-connected motor load rated
440 V, 10 kVA, 0.9 p.f. lagging. Assume the generator voltage is to be
controlled at its rated voltage and its phase angle is used as the reference
angle. Perform the following:

i) What is the number of unknown variables?

ii) How many equations are needed to solve for bus voltage? Give
the expressions.

iii) Compute the load bus voltage

The radial feeder of Fig. 7.24 is connected to a local power grid rated at
113 kV distribution. Assume power base of 10 kVA and a voltage base
of 11.3 kV. Perform the following:

i) Compute the per unit model

ii) Write the number of equations that are needed to solve for the bus
load voltages

iii) Use the Gauss-Seidel method and compute the bus voltages

iv) Compute the power at bus 1. Assume the power mismatch of
0.00001 per unit.

v) Compute the total active and reactive power losses
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1 2 3
¥ ,=4415) %, 374415

lafioute

Motar 2

6 KVA
09 pf (lagging) 085pf (lagging)
Figure 7.24 The Radial Feeder for Problem 7.3

Figure 7.25 The Power Gnd for Probiem 75

The 1achal feeder of Fig 7 2415 connected 1o a Iocal power gnd rated at
11 3kV distnbution Assume the base voltage of 15kVA and 2 voltage
base of 11 3 kV Perform the following

1) Compute the per unit model

u) Wnite the number of equations that are needed to solve for the
bus load voltages

w) Compute the Y bus matrx
n) Compute the matrix B’ and B~

+) Compute the bus voltages Assume the power mismatch of 0 00001
per unit

vt} Compute the power at bus 1
1) Compute the total active and reactive power losses

For the power grid of Figure 7 25, perform the following
1) Compute the bus admuttance and bus impedance model for power
flow studies
u) Add a parallel Iine between bus 1 and bus 2 with the same imped
ance and compute the bus impedance mode!
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PV Generating 63 kV
Station 1 .
—} Infinite
@ Bus
\i A
Local
Utility
l 13.2kV
Pat+jQa
| 13.2 KV ———p——
LLJ A l
™M "’]\i .
1 P6+JQ6 {V P +.Q
460V @ grle

DC/AC PV Generating
$ Station 2

iif)

iv)

Figure 7.26 The System for Problem 7.6.

What is the driving point impedance of bus 1 before and after
adding the line?

Remove the shunt element to ground and compute the bus admit-
tance and bus impedance model

Consider the power grid depicted in Fig. 7.26.
Assume the following data:

a.

The transformers connected to the PV generating station are rated
at 460 V Y-grounded/13.2 kV A, have 10% reactance and 8 MVA
capacity. The transformer connected to the power grid is 13.2 / 63
kV, 8 MVA, 10% reactance.

Assume the bus 5 load is 1.5 MW, 0.85 p.f lagging, the bus 6 load is
1.2 MW, 0.9 p.f. lagging, the bus 7 load is 2.4 MW, 0.9 p.f. leading, the
bus 4 load is 1.5 MW, 0.85 p.f lagging, and the bus 8 load is 1.3 MW,
0.95 p.f lagging.

Assume PV generating station 1 is rated at 0.95 MW and PV gen-
erating station 2 is rated at 3.5 MW.

Transmission line has a resistance of 0.0685 Q/mile, reactance of 0.40
Q/mile and half of line charging admittance (Y’/2) of 11x107% QY
mile. The line 4-7 is 4 miles, 4-8 is 2 miles, 5-6 is 4 miles, 5-7 is 1
mile, 6-7 is 3 miles, and 6-8 is 5 miles long.
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Perform the followmng
7) Find the per umt Yy, matrix
1) Wnte a MATLAB program and compute the load bus voltages
ustng FDLF
) If e 6-7 15 out of service compute the power flow through each
transformer
w) If 500 kW 15 added to bus 5, compute the bus load voltages

7.7 Consider a power grid where the system 1s modeled as Ipu = Ypus Voo

For each bus k we have I =2Y,(,,.V,,, and where m 15 the number of

m 3

buses and Y,,1s the element of Yj,, matnx For each bus %, we can also
write

P+ 10 =Vikx
where P, and Q; are real and reactive power 1s entering node k (* 1s a complex

conjugate and y =+-1)
Let

P+iQ =V, ) YoV

m=1
= 9% = = 1ﬁl
Vi=Vie!™ =e 4 f;, 6, =tan '
€

B,
Yim = Yo €% =G+ B g =120} =
Gy

Using the above in P, + )0 = szm',,.V,,'.

mal
and obtamn B +JQ, = V,e/* XY,,,,e 1@y g Jon

m=l

Then using Taylor—Senes expansion express the power flow problem
as

88 =Y Hind0, 43 i A
n

m=t =l

80 =3 1,48, +):Lh, AVVA
mul ”

mal
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And in compact form as

"aP] [H NT|4°
lap)7ly L)AL
[ 0P OP
- p1 | =— —V |[ A8
AP 106 vl o
a0]” |20 20, 15+
Ld6 oV
Show that for m = k, we have
0P,
Hy =—=-0,-V?B
kk aek Qk k Pkk

0
T =22 _p _viG,

457

78  For the system given in Problem 7.7 show that for m = k, we have the

following expressions
oP,
Ny =—3V{ Vi = P + VG

00k 2
==k = -VsB,
Ly v, Vie = Ok — Vi By

79  Consider the Problem 7.7, first let
I,=a,+jb, =YimVn
and Ykam = (ka + jBkm)(em + ]fm)
Ykam = (kaem - Bkmfm ) + j(Bkmem + kafm)
then using the following:

am = Gin - m — Bkmfm
bm = Bkm *€m +kafm

derive the following expressions:

ob;
Hkm = ae’: =amfk _bmek
ka = an = —Q,,€ _bmfk

96,
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7.10 For Problem 7 7 show that for m # k, we have the following off dragonal
elements for the Jacobian matnx

2P,
Nm=-37:Vm=amek+b,,,ﬂ

Ly = Vi = Qufi ~bméx

Loy
v,

711 For Problem 77 show that the off diagonal elements of the Jacobian
matrix for m # k are
Hym = Lim =0, fr = bty

Off - Diagonal Elements of Jacobian Matnx
Niw = =i = G +bmfk} - Duag d

And the diagonal elements of the Jacobian matnix for m = k are

Hy =0 = BuV?
Ly = Qi - BuVi#
N = P +GuVi
Tu=F “Gquz

Duagonal Elements of Jacobian Matrix

7.12  For Problem 7 7, compute the Picuuts ey 208 Gi(catcutmeay f0T £ach bus k
as expressed below

P = Y [e(6nGam = fnBin) + fi(€nBim + foGin)]

m=1

Q= i[ﬁ (esGim — fnBim) = €ic(€n Bim +fmGAm)]

m=1
where Vi =€, + i, Y = G ~ ) Bims Vi =€ ~ 1S

713 Assume that the power balance equation for a power system network
can be written as

S=P+jo=vI(I']=v]{vv]

where § 15 the complex power wnjection vector, P 1s the real power injection
vector, (15 the reactive power injection vector, /15 the current 1njection vector
Vs the bus voltage vector, and Yy = Gy +] By 1s the system adnuttance matrix

Assume that 1 polar coordinate system, the complex voltage can be
written as

Vi =Vi(cos 6, +jsiné,)
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Show that the calculated real and reactive powers can be expressed as

n
Pr(cateutareay = Vi 2 V,(Gy, cos6y + By, sin6,)

j=1

n
Qk(Calcularcd) =V 2 ‘/] (GL, sin 9[\} - B’\l cos 9,])

=1

where 6, = 6, - 6,
And in the Cartesian coordinate system the calculated real and reactive
powers can be expressed as

Pk(CaIcuIared) = € z (ij e] - Bkjf] ) + fk Z (ijﬁ + B,ke,)
J=1

J=1

n n

Oh (Cateutatedy = fr 2 (Gye, — By f,)—ex 2 (Gyf, +Bye,)

J=1 J=1
where the bus voltage is given by

Vk =€ +jfk

714 Consider the feeder given in Fig. 7.27.

System data: V; =140, Z,s=5+j 10 Q, Z3%=2+j 8 Q, Z3 =541+
i334Q,8,=3 MVA, p.f. = 0.75 lagging; S; = 3 MVA, p.f. = 0.8 lagging;
Si=4 MVA, p.f. = 0.9 lagging; Ss =2 MVA, p.f. = 0.9 lagging; T;; 63/20
kV,10% reactance, 20 MVA; T, is the same as T;

T .
~ 3 : Ros +j Xa3 Rag +j X34
Infinite g
Bus 3 4
- 3 S3=Pa+jQa S4=Pa+iQs

! T, 17 2 Ros +j Xa5

S2=P2+jQ 5
S5 = Ps+jQs
Figure 7.27 The Feeder of Problem 7.14.
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Perform the following
1) Calculate the per-umit equivalent cirewt model Use S, equal to the

MVA rating of transformer T,

u) LetVy=V,40,Vg= Vg +) Vi, K =2,3,4,5 Develop an equation
m a Cartesian coordinate for Vex =f (Vax, Vix), APy and AQg
K =2,3,4 5 for each bus Use an rterative Gauss—Seidel approxi
mation technique and compute bus voltages and system losses. Use
five iterations and assume 1mtial voltages are Vg = 1£0,K=1,2,3,
4,5 Put your results 1n a table

w) Compute the Y, B and B” matrices and use the fast decoupled

load flow techmque to compute bus voltages Make a table and

compare your results with (1) above Use five iterations

Use the FDLF load flow techmique and compute bus voltages after

correcting the power factor of each bus to unity Make a table and

compare your results with (i) above

1335

=

7.5 Consider the five bus system depicted 1n Fig 728
Perform the following

1) Calculate Yp. = Y, + Y, (internal Y bus),1 ¢, compute the ¥; and
Y, matrices

) Compute the Jacobian matnx {H, N, J, L]

Bus4 Bus2 001+)01 Bus3 Bus§
Q02+402¢ 003 +0 33
o1 _,1 F o1
Bus 1

Figure 728 The System for Probiem 7 15

TABLE 7.11  Bus Data for a Five-Bus System,

Bus Bus Vi v Ps I Q.
# Type (kV)  {pu)  (rad) (MW) (MW)  (MVAD)
Bus1 PQ 138 - - -_— 160 80
Bus2 PQ 138 —_ — —_ 200 100
Bus3 PO 138 - - — 370 130
Bus4 PV 1 105 — 500 — —

Bus 5 Swing 4 105 00 — - —
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iii) Compute AP and AQ
iv) Solve the Newton—-Raphson power flow for the five-bus system of
Fig. 7.28

7.16 Consider the power grid given in Fig. 7.29.
a. Bus 1 is swing bus V; =140
b. Bus 2is P~V bus |V, = 1.05 and Pjschequieay = 0.9 p.u
c. Bus2 Q,is assumed to be -1 <@, <2,

Compute:
i) The bus voltages using the decoupled Newton-Raphson method.

0.08+j0.3p.uQ
© ©

j0.045 p.u E{
0.03 +j0.18

4
i iY =j0.02 p.u

0.8 +]0.4 p.u

Figure 7.29 The System for Problem 7.16.

0.08 +j 0.24

0.02 + 0.06

All Values in per Unit

Figure 7.30 The Power Grid for Problem 7.17.
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717 Consider the power gnd given n Frg 730

718

Consider bus 1 as a swing bus with 1 0540, bus 2 as P~ Vwth P=020
and [Vl =096
Caompute
1) The B/, B”, and Yp, matrices
1) One steration of a fast decoupled load flow Assume the following
starting voltages Vy=1020, V,=0942°, V3=0924-12° System
losses are based on the computed voltages after the first iteration

Consider the power system given in Fig 731 Assume that bus 1 hasa
gas turbine generator It has a load of 1 pu, the bus voltage 1 fixed at
1 pu and 15 the swing bus. Bus 2 has a number of PV generators with
total injected power of 15 pu wto the bus The transmussion data 18
gtven i per umt as specified Bus 3 has a number of loads with a total
connected load of 20 p u Perform the following by wnting a MATLAB
stmulation testbed The maximum mismatch tolerance 15 0 001 Perform
the followmng
1) Compute the system Yy
1) Use the Gauss-Seidel Yy, method and compute the bus 2 and 3
voltages
w) Use the Gauss-Serdel Zy,, method and compute the bus 2 and 3
voltages
w) Use the Newton-Raphson method and compute the bus 2 and 3
voltages
+) Make a table and compare the above methods
vi) Determne the power provided by a swing generator
vi)  Determme the total power losses

Vi =120° 2
1

P(scheduled) = 15

035

* Afl Vatues
in per unit

2
Figure 731 The One Line Dragram of Problem 7 18
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j0.28 2

& @
|

|

j0.12 j0.40 Load # 2
Load #1

é l |
Load #3

Figure 7.32 The Power Grid for Problem 7.19.

Consider the power system given in Fig. 7.32.
Assume V) =1£0° p.u (Swing Bus). Also, assume transmission line
impedances are given in per unit on 440 V,100 MVA base (S, =100 MVA
for the entire system)

Assume the generation and load schedules are as follows:

a. Bus 1: Load #1: 4 MVA, p.f. = 0.85 lagging
b. Bus 2: G2:2 MW, p.f. = 0.95 lagging

Load #2: 4 MVA, p.f. = 0.90 leading
c. Bus3:G3:1 MW, pf. = 0.95 leading

Load #3:2 MVA, p.f. = 0.90 leading

Compute:

i) The bus voltages using the decoupled Newton-Raphson and
Gauss-Seidel methods

Consider the system of Fig. 7.33.
Assume that generators internal reactance in p.u are 0.8. Assuming the
load voltage is one p.u, compute the following:

i) The Y, model for short-circuit studies.
i) The Zg, model for short-circuit studies

For the radial power system given below, compute the following;
i) For the load of 500 W, which bus should be considered as an infinite
bus?

i) Assume the load voltage is to be maintained at its rated value.
Which bus should be considered as an infinite bus?
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045+)045

®

008+)024

All Values in pu

900l+200

Figure 7.33  The System for Problem 720

Ve Vs V2 \Z
U“"%__} S‘Fﬁ *_‘J__’ 'HT
20V

345132 kv 132/13 2kv 13 2k/2: P,
10% 10% 5% 00w
100MVA S0MVA 10MVA hghtning
T T2 T3 Load rated at

220V

Figure 7.34 The System for Problem 721

1028

1012 Load#2

Load # 1

Load#3
Figure 7.35 The System for Problem 722 All Values Are 1n Per Unit

722 Consider the microgrid power system givenn Fig 735
The transnussion Iine impedances are gven n per umt on 100 MVA
base (S, 100 MVA for the entire system ) The generation and load
schedules are as follows
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a. Bus 1: Load #1: 4 MVA, p.f. = 0.85 lagging

b. Bus 2: G2: 2 MW, p.f. = 0.95 lagging, X = 10%
Load #2: 4 MVA, p.f. = 0.90 leading

c. Bus3:G3:1 MW, p.f. =0.95 leading, X = 25%
Load #3: 2 MVA, p.f. = 0.90 leading

Compute the following:
i) Compute bus load voltages using the FDLF power flow method.
iiy Compute the load impedance of each load.
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CHAPTER 8

POWER GRID AND MICROGRID
FAULT STUDIES

8.1 INTRODUCTION

A fault in a power grid is any condition that results in abnormal operation.
When energized parts of the system are accidently connected to the ground,
two phase conductors are connected together, or a conductor is broken, the
result is a faulted power grid. As an example, when a transmission line is acci-
dentally grounded due to weather conditions, such as lightening from an
electrical storm, the result is a flashover of the insulation and a flow of high
fault currents.

When a fault or short-circuit occurs in a power grid, all synchronous gene-
rators contribute current directly to that fault until protective equipment acts
to isolate the fault as quickly as possible. If the fault current is not isolated,
the protective system of the power grid will trip (switch-off) the generators,
and as a result, the balance between system loads and power generation is lost
and the power grid is unstable. Most blackouts are the consequence of an
unstable power grid. The power grid must be designed to operate successfully
for the isolation of faults at the highest levels of current that can be anticipated
for power grid operation. If the fault current exceeds the ability of breakers
to extinguish the high fault current and to protect the grid, the result could
be a Catastrophic failure, fire, and permanent damage to significant portions
of the power grid infrastructure. Therefore, before microgrids of distributed

\
Design of Smart Power Grid Renewable Energy Systems, First Edition. Ali Keyhani.
©2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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generation are connected to a local power grid, the fault current contribution
must be calculated and mrtigating measures must be taken pror to
connection

In fault studies of power gnds, 1t 1s assumed that the power grids remam
balanced except for the faulted pomnt Therefore, when a fault occurs, the
power gnid must remain balanced As soon as a fault oceurs, the faulted part
of the power grid must be quickly 1solated and removed from service Therefore,
1n fault studies of power grids, we are workmg with an “if-then condition” if
a pont 1n a power grid 1s faulted, then we want to calculate the fault current
and protect the power gnd's equipment by 1solating the faulted part of the
system '’

The study of a faulted power grid 5s the topic of this chapter In fault studres,
we learn how a balanced three-phase network can be modeled as posiie,
negative, and zero sequence networks

Most faults are a single line to ground or double lines that are faulted and
then grounded For any unbalanced fault current calculation that involves a
ground, we use positive, negative, and zero seq networks Bal d
three-phase faults are also used to size the circint breakers For balanced faults,
we use the positive sequence network

Solved examples and homework problems for symmetrical components,
positive, negative, and zero sequence networks, and modeling balanced three
phase faults single line, double-line-to-ground faults, and double-lne-to line
faults are given at the end of the chapter

8.2 POWER GRID FAULT CURRENT CALCULATION

Figure 81 depicts a power gnd and its circust breakers The elements of 2
power gnd include generators, transformers, transmussion lines, etc—all of
which must be protected so that 1if a fault occurs the fault currents can be
ssolated by the cirewit breakers For example. f a fanli acenrs because of a
storm, e g, & line between bus 3 and bus 4 are faulted, both circtt breakers
will open by a control action issued from a ground relay fault current detectton
system The main objective of the short-circutt study 1s to determine the power
interruption capability of a crrcuit breaker at each switchng location To deter
mine the required interrupting capability of breakers, a three-phase fault 1s
assumed at each bus to calculate the maximum fault current All breakers
connected to the bus must be able to interrupt the fault current For a protec-
tive relay system to issue control commands, the voltages and currents for
balanced and unbalanced faults at many Jocations 1n the power gnid must be
determined

To compute the short-circuit current flow through a power gnd due 10
three-phase balanced and unbalanced faults, the power grid system must be
modeled to reflect the mntended study The types of fauits are a three-phase
balanced fault and an unbalanced fault Figure §2 depicts a balanced fault at



MISYE

'S19¥eaIg 1INDIL) PIJRIdOSSY S YHM PLID) JoMoJ V

MSYe

'8 2and1y

Normn_

[89] AMZEL
vol+vd

ol o

Q)
[890]
== mioe

[89][a5] Mizel

|Hﬂ ®

(89 ]

469



470 POWER GRID AND MICROGRID FAULT STUDIES

Inpiukinis

Figure 8.2 A Balanced Three-Phase Fault

a bus of a power gnd where the three phases, a, b, and ¢ are shown We know
that 1n a balanced power grid, the sum of phase a, phase b, and phase c cur
rents adds up to zero Therefore, the neutral current 1s zero and

L=L+L,+1

1s noted as I, If the system 1s unbalanced, the neutral current will flow through
the neutral conductor However, 1f a balanced fault occurs n a balanced power
gnid, the neutral pont where three phases are connected 1s at zero potenhial
and neutral current will not flow

1,=0

The dashed lines marked by “w” in Figure 8 2 delineate the section of a three-
phase system that has a fault

Figure 83 depicts a single line to ground fault For an 1f-then study of
a single hine to ground fault, the phase designation 1s arbitrary In single hne
10 ground fault studies, 1t 1s customary to designate the faulted phase at phase
a, with the two other phases operating as normal The dashed hnes marked
by “w” depicted m Figure 83 delineate the faulted phase Because phase
a1s faulted, the pround current flow is equal to the fault current of phase

Figure 8 4 depicts a double Line to ground fault For an if-then study of a
double Iine to ground fault, agam, the phase designation 1s arbitrary In double
line to ground fault studtes, 1t 1s customary to designate the faulted phases as
phases b and c, with phase a operating as normal The dashed lines marked by

w” in Figure 8 4 dehineate the section and the phases with faults in a three-

phase system Because phases b and c are faulted to ground, the ground
current flow 1s equal to the sum of the fault currents of phases b and c.

Figure 8 5 depicts faulted double hines. For an 1f-then study of double lines,
again, the phase designation 1s arbitrary In double-line fault studies, 1t 18
customary to designate the faulted phases on phases b and ¢, with phase 2
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Figure 8.3 An Unbalanced Fauit: One Line to Ground.
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Figure 8.4 An Unbalanced Fault: Two Lines to Ground.
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Figure 8.5 An Unbalanced Fault: Line to Line.
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operating as normal The dashed hnes marked by “w” m Figure 8 5 delineate
the section and the phases with faults in a three-phase system Because phase
a and the faulted phases are not connected to ground, the ground current wil]
not flow The fault current 1s equal to phase b current The phase ¢ current s
the negative of phase b To calculate fault currents, we must model the system
using symmetrical components. We will study this topic next

8.3 SYMMETRICAL COMPONENTS

In 1918, Charles Legeyt Fortescue® described how a set of three unbalanced
phasors could be expressed as the sum of three symmetnical sets of balanced
phasors These three sets are defined as a positive sequence, a negative

q and a Zero seq! In Fortescue’s method converts three
unbalanced phases into three independent balanced sets Although 1n practice
power gnds are not completely balanced, a balanced approximation 1s an
acceptable engeerng solution

In a balanced system, it 1s assumed that every element of the power gnd 1s
balanced Generators are designed to generate a balanced set of voltages all
phase voltages have the same magmitude and are 120 degrees apart Similarly,
the three phase tr on lines are bal d each hine has the same imped
ance and admittance However, 1n practice, the spacing of the lines may not
be the same, hence, unbalanced inductances and therefore Iine 1mpedances
will result However, the lines are transposed as they are hung on transmission
line towers or poles, 1 ¢, the positions of phases a, b, and ¢ are changed every
few miles, This results 1 approximately balanced spacing and balanced induc
tance per mile Three-phase transformers and loads are also balanced The
transposition of three-phase tr on hines was d i 1n Chapter 2

The loads mn secondary distribution systems are not balanced However, s
a first approximation, we can assume the loads are also balanced because
power gnds are designed as balanced systems. Therefore, as we discussed 18
the previous chapter, the balanced three phase system can be analyzed by
analyzing phase a with respect to ground However, if 2 line 1n the system has
been damaged during a storm and falls on the ground, the system will become

1 d The unbal dsy are analyzed using the symmetrecal com

ponents of the power grid For example, on line to grouad faults, we comptite
the ground current and then set the protection system to isolate the faults by
opemng the circuit breakers on both ends of the line However, we need to
1solate the faulted line 1n a very short tme—within a few cycles—to prevent
damage to any of the power gnd equipment This requirement dictates that
the system must remain balanced during the faults, only the unbalanced part
of the power gnd 1s the faulted segment This 1s a key concept 1 the calcula
tion of fault current First, we need to develop an impedance mode! of a bal-
anced system and model the different fault types. Once that 15 done, we will
better understand how to construct a model of faulted systems.
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a,b,c

Va|=Vl )

Vs

1

Figure 8.6 Three-Phase Voltage Presented in Terms of Positive Sequence Quantities.

The basic concepts of symmetrical components can be introduced by pre-
senting the three-phase systems in terms of positive, negative, and zero
sequences.”” Normally, the designation of “1” or “+” is used to present the
positive sequence variables of voltage, current, and impedance. The balanced
three-phase voltages can be expressed as shown in Figure 8.6.

Figure 8.6 depicts a positive sequence voltage with phase a as the reference
followed by phase b and then phase c. The phase voltages, a, b, and ¢ are given
by equations

V, =V, =V£0°=V,£0° (8.1)
V, =V, = V1£240° (8.2)
V. =V, =V,£120° (8.3)

Let a=1£120° and a? =1.£240°, then we have

Va=Vi  Vy=aVy V,=aV (8.4)

Rearranging the above in matrix form, we have

Va 1
Ve |=|a* Vi (8.5)
Ve

The negative sequence voltage is presented by designating “2” or a negative

iign (“-") as a subscript or superscript. The negative sequence is depicted in
1gure 8.7.

From Figure 8.7, we can write the following:
Vaz = V2 (8.6)
Vb2 =aV, (87)
V, =ad*'V, (8.8)
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ach

Vuieha )

Figure 8.7 Three Phase Voltage Presented m Terms of Negative Sequence Quantities.

e,

When the above 1s expressed in matrix form, we have

V..l [1
Vo {=la (v, @®9
V.l &

The zero sequence voltages are presented by a set of voltages that are n
phase The zero sequence voltages are designated by “0 " The zero sequence
voltages are

v, =V, (810)
Vi, =V, (811)
V,=V, (812}

Using the above presentation, a set of three-phase voltages can be expressed
m terms of its sequence voltages. In general, a set of unbalanced voltages Va
V4 V. can’oe written as

VizV, 4V +V. =V, =V, +V +V, (813)
Vi=Vy, +Vy + Vi, >V, =V, 4V, +aV,; (814)
V.=V, +V, +V, =V, =V, +a V,+a*V, (815)

The above equations can be expressed i compact matnix form as

V., 11 17y,
Vol=i{1 &* a |\W (816}
V. 1 a v

We can designate the matrix transformation by T and present as
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1
T=|{1 & a (8.17)
a a

Therefore, the three-phase voltages can be expressed in terms of their sequence
variables as given below:

[Vase ] = [T1[Var2] (8.18)
We can multiply the above by the inverse of matrix 7.

[TT [Vaee ) = [T [T ][ Vare]
[sz] = [T]—1 [Vabc]

11 1 (8.19)
77 = % 1 a a
1 & a

Therefore the sequence voltages are
V, = YV +V, +V.)
Vi = Y (V. +aV, +a?V.) (8.20)
V, = A(V,, +a?V, +aV,)

Similarly, we can compute the symmetrical components of current in terms of
three-phase currents:

[Lape = [T] [1012]

(8.21)
[1012] = [T]—1 [Iabc]

Example 8.1 Consider a balanced, Y-connected, 460 V generator. Compute
the positive, negative, and zero sequence voltages.

460V

n

Figure 8.8 The Three-Phase Generator of Example 8.1.
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Solution
Let us assume that phase a 15 selected as the reference phase The phase a, b,
and c voltages are

460

V,, =2 £0° = 265 9£0°
V3

V,, =2659£240°=2659a?

Ve, =2659£120°=2659a

The sequence voltages can be computed as

v, 11 17V,
vil=¥lt a (v, 822)
\ 1 o a (v,
V, = 14(265 9+ 265 94* +265 9)
2659

3 (1+a+a?)=0=V,=0

Since (1+a+a®}=0
Vi = 14(265 9+ 265 94+ 265 9a°)
Stnce @’ =1£0° therefore V; =2659.£0°

Since a* =a=1£120°, therefore, for the negative sequence voltages we
have

Vy = V(265 9+265 92 +26594*)
Vi = Y4[2659(1+a+4?)]=0
‘We can conclude that for three-phase balanced voltages, the positive voltage
sequence 1s the only source of power to the grid
The transformation of the three phase system to a symmetrical component

can be used to show the relationship between the two systems The three
phase power expressed i terms of phase a, phase b, and phase ¢ can be

expressed as
Si =(Vull+ Vil +V.I(] (823)

In matrnix notation, we have

Sso =[Vase ] [Tuse ]
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We can use the symmetrical transformation for both voltage and current and
obtain the power in a symmetrical system,

S3p = [Vorz ]T[T]T[T]*[IOIZT

. . i (8.24)
S3p = 3[Volo +WiL; +Vzlz] =3[So12 ]

8.4 SEQUENCE NETWORKS FOR POWER GENERATORS

Figure 8.9 depicts an impedance model of a synchronous generator. The
impedance, Z,, is the grounding impedance. Its function is to limit the ground
current fault if a ground fault occurs in the generator. The model depicts the
steady-state operation of the generator. In this model, the shaft speed, @,, and
the field current I; are constant. The generator supplies balanced three-phase
voltages. Using the equivalent model depicted in Figure 8.9, we can write the
following:

E,=(R+jX;+Z ), +(jX+Z ), + (X +Z,) . +V,
Ey=R,+jX;+Z) Ly +(jX o+ Z) ], +(jX o+ Z,) I, +V, (8.25)
E. =(R,,+jXS+Z,,)IC+(ij+Z,,)Ia+(jX,,,+Z,,)Ib +V,

Let us assume that the generator is supplying balanced three-phase
voltages as depicted in Figure 8.10. The supply voltage of each phase can be
expressed as

E,=E
E, =a’E (8.26)
E, =aE

Iy
B
>
) I,
Ve,
|
e Va
)
- —_ Vb
ﬁ X X5 Ra I ﬁvc
1

<=
Zn In=L. I+,

Figure 8.9 A Synchronous Generator Reactance Model.
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Figure 810 A Balanced Three Phase Generator

We can rewnte the Z, and Z,, as

Z, =R, +]X,+Z,
Zp=3Xn+Z,

Then the set of equations given by Equation 8 25 can be written as

EY [Z Z. zZ.[L] [V
E =z, 2z z. L |+\V 829
El| |Zn Zn Z. |1} V.

The set of equations presented by Equation 8 27 can be expressed 1n a matrx
form

[Ease ) =1Zase W one ]+ [ Vs ) (828)

Substututing [ £ ]= {7, 1{Zo2] m Equation 828 and then pre multiplyng by
[7.]' we have

(7] (Bl =[] (Zao T3 L }+{T.) [V ) 629
Recall the transformation from abc to 012 as given below

L] (Eac]=(R]" [T] [Ean)
[Eo]=1T5) " [Ease]

1 11 1
[T:]l=3 16 &
1 a a

Because the generator 1s supplying balanced three phase voltages the right
hand side of Equation 8 29, can be written as the generator sequence voltages
as gien by Equation 830
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E, . 11 1TE E 0
Ey|=3|1 a a* || AE =3131=| E (8.30)
E, 1 &> allaE 0

We can rewrite the expression [T [ Z,e [[T]=[Zo: ] as expressed by Equation
8.31

Z, 0 0
[T [Zae [T)=[Zo2]=| O 2 O (8.31)
0 0 Z

where Zy = Zy goy +3Z, and Zygen = R, + j (X, +2X,,) and

Zy=R,+j(X,+2X,)+3Z,
Zy=Z,=Zp =Ry +j(X, - X,) (8.32)
Z2 =22, =Ra+j(Xs _Xm)

Now Equation 8.29 can be written as

0 ZO 0 0 IO VO
0 0 0 Z |\ L V2

Iy
Zq
+
Vi
E

Ip
f
Z9,Gen iy

¢

I
Z

+

Va2

Figure 8.11 The Positive, Zero, and Negative Sequences of a Generator.
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The above system of equations will result i the followng sequence of zero
posttrve, and negative networks.

Zoly+Vy =0
ZhL+Vi=E
ZL+Vy =0

Therefore when the three phase generator supplies balanced three phase
voltages, only the positive sequence network 1s excited by positive sequence
voltage, that 15 the same as phase a of the three-phase system

85 THE MODELING OF A PHOTOVOLTAIC GENERATING STATION

In Chapter 5, we studied the modeling of photovoltaic (PV-) gencrating
modules We learned that the PV-module mnput impedance 1s purely resistve
1t 1s a function of the nput irradiance and temperature of the module In
Chapter 3, we studied the operation of DC/AC nverters. We modeled mvert-
ers using 1deal power switches Because inverters are operatmg at zero fre-
quency on the DC side and at the power grid frequency on the AC side, the
disturbance on the AC side has a mited propagation to the DC side In fact
the DC/AC mverters block the propagation of disturbance At the same time,
because there 1s no nertia energy and the stored energy m PV arrays 1s
Iimited to 1rradiance energy, the fault current contribution of PV 1s quite low
Therefore the input impedance of PV generating stations 1s high Figures 812
and 8 13 depict PV generating stations For estimating the fault current con-
tributions of PV-generating stations, we need to model the mput impedance
of PV-generating stations from measured operating data The modeling of
PV-generating stauions 15 currently bemg nvestigated Students can find
updated models for PV and wind-penerannon. systems from. the Natjonal
Renewable Energy Laboratory (NREL) website, www nrel gov However, we
can safely use a high impedance model using the model developed tn Chapter

Central inverter

rﬂﬂﬂﬂ[}{lﬁﬁ}ms e s
|

Local
| r"." DC/AC fee vy
SHH R kS

Figure 8.12 A Central DCAC Inverter for a Large Scale Photovoltac Power
Configuration
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AC Bus
Ds ln?/g;tAe?1
Inverter 2
Inverter 3
Inverter 4
Inverter 5 \ﬁA Uity
[ Array 6 HCEH Inverter 6
Array 7 nverter 7
[ Array 8 He8H Inverter 8

Figure 813 The General Structure of Photovoltaic Arrays with Inverters.

5 for the PV module operating at maximum PV-generating station voltage
and current.

8.6 SEQUENCE NETWORKS FOR BALANCED
THREE-PHASE TRANSMISSION LINES

Eigure 8.14 depicts the balanced three-phase network model of a transmission
line. The voltage equations expressing the voltage drop across the lines can be
expressed as given by Equation 8.34.

V= jX 0, +jX Ly + j Xl + V!
Vo = jX Iy + jXmls + jX ol + VY (8.34)
Ve=jX I +jX, 1, +jX.1,+V/

The set of equation can be expressed in a compact matrix as given below.

Vol [V X, X Xn|[lL

Vit~V l|=j| Xn X5 Xnl|lIs (8.35)
V. V! X, X». X, ||I

[Vase |- [Vioe 1 =[Zase [ Lunc ] (8.36)

[Vabe] = T3 ][ Vorz] (8.37)

[ape | = [T ][ Lor2] (8.38)
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=
ﬁ]xm ﬂ X L
HJXM U Ty
D
L
Vo llve [ive vall Vel va
LR,
<=
Ground
Figure 814 A Bal d Three Phase T R Model

Replace Vi with Equation 8 37 and 1, with Equation 8 38 to obtan
[T Vou - (L 1Vée = Zoe T M 202 ] (839)
Multplying Equation 8 39 by [T,]

(L)L) Vel = (R L Va ] = [T [ Zuge WU o]
Since [Ts] '[75]= Identity Matrix

we obtain
[Vou]—[Vo'lz]=[Zou][Ia|z] (840)
[Zoe} =1} '[ 2.0 (T
11 1 17X, X, XaJ1 11 )
Zm=§1 a @iX, X, X1 & a
1 & all|lXe Xo X. {1 a &

Equation 8 40 simplifies as

X, +2X, X, +2X, X, +2Xn 11 1
zou-'-‘é X=X aX,+(1+a)X,, X, +(l+a)X.|[1 a* a
X,-Xp @X,+(l4a)X, aX,+(1+02)Xn[l1 a &

After further simplification, we obtan
X, 42X, 0 ]

Zy =y 0 X =Xn
0 0 X, ~Xm

<@

(842)
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Therefore, the symmetrical sequence network model of a transmission line
can be expressed as

V.1 [V¢1 [X.+2X, O VA
vil-lvil=il o x-x, o | (8.43)
V2 Vzl O 0 Xs - Xm IZ

And zero, positive, and negative sequence model networks are

Zy = Zero Sequence Impedance = j( X, +2X,,) (8.44)
Z, = Positive Sequence Impedance = j(X; - X,,) (8.45)
Z, = Negative Sequence Impedance = j{X, - X,,) (8.46)

Figure 8.15 depicts the sequence networks for a transmission line’s zero,
positive, and negative circuit models.

Iy
=
T "
Vo Vo
(a)
I
+ Z +
Vi Vi
(b)
I
+ Z2 +
Vs \'Z]

(©

Figure 8.15 The Sequence Networks for a Transmission Line’s (a) Zero, (b) Positive,
and (c) Negative Circuit Models.
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8.7 GROUND CURRENT FLOW IN BALANCED
THREE-PHASE TRANSFORMERS

The neutral pomt of a power grd ts often connected to earth ground Qften
ground and neutral are the same electrical pomt if there ts no ground imped
ance between neutral and the earth ground pomnt The conductor that connects
the power grid’s neutral point and ground will not carry load current, its func
tion 15 to detect the ground fault current If a power grid 1s faulted and the
faulted bus 1s connected to ground, then the first question of mnterest 1s how
ground current fault will flow through the power grid

The transformers’ high and low voltage stdes are not electrically connected
The voltages induced n either side of the transformers are due to magnetc
couphing of respective windings Consider a Y-Y-connected transformer
depicted 1 Fig 816 Let us assume the three phase voltages supphed to the
three phase transformers are not balanced

Let us also assume that the transformer 15 grounded on the high voltage
side and 1t 1s not grounded on the low voltage side as shown n Fig 816 The
question 1s whether ground current can flow 1n the transformer when 1t 1s
grounded on the generator side (high voltage side) and 1ts low voliage stde 1s
not grounded To answer this question, we need to remember that in transform
ers, voltage 1s induced 1n the low voltage side by magnetic induction and result
ing currents that are flowing must obey the Kirchhoff current law This means
the current must return to1ts generating source Therefore, the ground current
cannot flow 1n esther the high voltage side or the low voltage side If the ground
current flows in the low voltage side, 1t must return to neutral on the low voltage
side However, if the low voltage stde 1s not grounded, 1t cannot complete the
flow path Therefore, if there 1s no flow path for the ground current, then the
low voltage side neutral will be at 2 value that will satisfy the following

For HV sude

For LV side

Ground

Figwre 816 The V-Y Connected Transformer with High Voliage Side Grounded
and Low Voltage Stde Not Grounded
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oS ~mB z Ty
i i
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zg1§ §zn
§ZN >4
1
' I I In
Ino For HV side N n For LV side
-— -~
e e S e S

Ground

Figure 8,17 The Y-Y-Connected Transformer with the High Voitage Side and the
Low Voltage Side Grounded.

Vn = ‘/an + Vbn + chn (847)

By the same reasoning, the ground current cannot flow on the high voltage
side. If there is ground current flowing on the high voltage side, the magnetic
coupling must induce the three-phase voltages on the low side and have the
low-side phase current flowing, which will add up and result in ground current
flow on the low voltage side. However, the low voltage side is not grounded;
therefore, the low-side voltages will add up as given in Equation 8.47.

Now consider a case where both high and low voltage sides are grounded,
and ground current can flow on both sides as shown in Fig. 8.17.

8.8 ZERO SEQUENCE NETWORK

8.8.1 Transformers

We have concluded that for a Y-Y transformer with grounded neutral on
one side and ungrounded neutral on the other side, the ground current cannot
ﬂf)w because there is no ground path on the ungrounded side as shown in
Fig. 8.18(a). We have also stated that ground current can flow if the neutral
pOint of both sides of a Y-Y-connected transformer is grounded as shown
n Fig, 8.18(b). The arrows in Fig. 8.18(b) show the direction of the current flow
and resulting ground current, I, Figure 8.18(b) displays a transformer that has
been supplied with unbalanced voltages on one side that results in the current
_In because for the unbalanced three-phase currents, I, = I, + I, +I.. As shown
In Fig. 8.18(b), the ground current 1, flows through the ground conductor;
ﬂ}e arrow is pointing downward. On the other side of the transformer in
Hg, 8.18(b), the unbalanced voltages result in a ground current flowing out of
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Zero Sequence
Symbols Connection Diagrams Equivalent Circurts

a el
——
= Reference bus

Reference bus

_{

Reference bus

]
Z
—_
Reference bus
{d)

the ground so that 1, = 1, + 7, +1, Of course, the relationship of ground cur
Tents on both sides of the transformer Is governed by the turn rato of the
transformer

Figure 8 18(c) depicts a grounded Y A transformer In this case the ground
current flows on the grounded Y side because we have a circulating current
on the A side of the transformer Again, we should remember that 1f unbal
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— ™
(e Ve valiln

()
Figure 8.18 Zero-Sequence Equivalent Circuits of Three-Phase (a) Y-Y-Connected
Transformer Banks with One Side Grounded, (b) Y-Y-Connected Transformer Banks
with Both Sides Grounded, (¢) Grounded Y-A-Connected Transformer Banks, (d)
Ungrounded Y-A-Connected Transformer Banks, and (e) A-A-Connected Transformer
Banks.

anced three-phase voltages are applied to the grounded Y side, we have
created a ground path for ground current to flow as shown in Fig. 8.18(c).
Figures 8.18(d) and 8.18(e) depict the conditions of an ungrounded Y-A con-
nection and A-A connection.

Ground current flows if a path is established for it to flow; however, in a
transformer, we must keep in mind Faraday’s law of induction, the Kirchhoff
current law, and the current laws for ground current flow.

8.8.2 Load Connections

Figure 8.19(a) depicts the zero sequence of a Y-connected load when the load
is not grounded. As seen from the zero sequence of the ungrounded load, no
ground current flows.

In Fig, 8.19(c), three times the value of the ground impedance Z, appears
in the zero sequence network for the grounded load because I, = 3 . Finally,
Fig. 8.19(d) depicts the A-connected load. In this case, the zero sequence
current circulates as shown in Fig, 8.19(d).

8.8.3 Power Grid

{\s we have discussed in this chapter, when a fault occurs in a power grid that
lflvolves the ground, the ground current will flow. The ground current is three
tfmes the zero sequence current. Again, we must remember that in the calcula-
tion of fault current, it is assumed the power grid remains balanced, except for
the faulted part. Finally, we study the if-then condition to calculate the faulted
currents and set the protective relay to open the associated circuit breakers
to isolate the fault before the power grid becomes unbalanced. Power grids
are always designed and operated as balanced three-phase systems.To compute
the ground fault current, we need to use a zero sequence network. In the
Preceding sections, we presented each element of a power grid zero sequence
Network. Now, we need to learn how to construct a zero sequence network for
POwer grids to compute the unbalanced fault currents.
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Zy e VOV
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(a) Reference bus
Z N
Zy
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Reference bus
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Reference bus
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©
Zy
Zy Zo
X
(@
Ii:igu!;e 819 Zero Sequence Equivalent Circurt (a) for a Y Connected Ungrounded
0

(b) for a Grounded Y Connected Load (c) for a Y Connected Load with
Grounding Impedance and (d) for a A Connected Load

Reference bus

Figure 820 depicts a one line diagram of a power mrcrogrid with the des
1gnation of how the transformers 1n the power grid are connected As we can
sce in Fig 8 20 the generator connected tobus 615 a £as turbine unit 1ts neutral
point 15 grounded through impedance Zs Bus 6 15 connected through an
ungrounded Y A transformer to bus 5

Figure 8 21 depicts the zero sequence network of Fig 820 In Fig 821 we
have replaced the gas turbine generator with its zero sequence 1mpedance of
gas turbine generator Zg,. However we haye placed Zg, 1 series with three
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Figure 8.20 A Balanced Three-Phase Microgrid.
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ZoT3

3zpy

Ground
Figure 8.21 The Zero Sequence Network of Fig. 8.20.
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umes the Zg because the ground current flowing tnta the ground reference 15
equal to three times the zero sequence current

The transformer T, 15 Y A connected and the Y side 1s not grounded
Therefore this transformer 1s not connected to ground through its neutral
pomnt and breaks the ground connection mn the Y A transformer Therefore this
transformer 1s shown as an open circunt 1o the zero sequence network depicted
m Fig 821

The three bus power gnd transnussion network 1s connected to a PV
generating station and 1ts local power grid The zero sequence network of the
transmussion system 1s shown m Fig 8 21 Through bus 2 the transformer Ty 1s
connected to bus 1 and then to the local power grid bus The transformer T,
1s a grounded Y A Because grounded Y A 1s connected to the ground on the
Y side bus 2 1s connected to the ground reference through 1ts zero sequence
impedance as shown n Fig 821

Transformer T; connects bus 3 to bus 4 through a grounded A Y transformer
to a PV generating statton Ground impedance Zpy Is 1nserted 1n seres from
the neutral pomt of the Y side of the transformer to ground Agamn because
the grounded Y 1s connected to bus 4 bus 4 1s connected to the ground refer
ence as shown 1n Fig 8 21 However bus 3 1s shown as an open circut On the
Astde of the transformer T; the zero sequence current (ground current) does
not flow and an open circuit refiects this condition as shown mn Fig 821

As another illustration the one line diagram 1s given n Fig 822 Figure
823 depacts the zero sequence network of the muerognd given 1n Fig 822

To construct zero sequence networks correctly close observation of ground
connections 15 essential In addition close attention should be paid to how
the transformers are connected Basically ungrounded transformers break
the ground current path as shown by the transformer connections in Figs §22

@ Zvo

Figure 822 A Balanced Three Phase Wind Power Micrognd
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5 4 3 2
T Zy, 3.4 T 1
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3Zpy 8
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Figure 8.23 The Zero Sequence Network of Fig. 8.22.

and 8.23. However, particular attention should be paid to grounded Y-Y trans-
formers. In these transformers, the path of zero sequence currents is main-
tained as can be seen in Fig. 8.18(b).

8.9 FAULT STUDIES

For a balanced three-phase fault, only the positive sequence network is excited.
For unbalanced faults, all three sequence networks may be excited. If a fault
involves a connection to ground, the ground current will flow. The back emf
voltage behind the generator reactance is assumed equal in magnitude and
phase angle; normally, it is assumed to be equal to 1 per unit.

For a faults study, normally, all shunt elements including loads and line
charging are neglected. Loads may be represented with constant load imped-
ance models. All tap changing transformers are assumed to be at their nominal
tap settings and balanced transmission lines are assumed. The negative and
Positive sequence networks are assumed equal; coupling between adjacent
circuits only is taken into account in a zero sequence network.

Power grid generators are maintained by a constant voltage behind the
transient reactance. Normally, three reactances are used depending on when
the faults are cleared. The subtransient reactance, X”, of a generator is esti-
Mated from tests performed on the generator and from recordings of the
generator current response. The subtransient reactance is estimated from the
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slope of the current response durimng the first quarter cycle After the subtran
stent reactance, the transient reactance, X’ 1s esttmated from the slope of
current response from the first half cycle and synchronous reactance, X, 1s
estimated from the steady-state current The value of X” < X’ < X" The lower
value of reactance results 1n higher short-crrewit current The selection of
reactance 15 a function of circutt breakers’ timing If the breakers are fast
acting and can mterrupt higher fault current, then the lower value of reac-
tances 15 used 1n the fault calculation

The study of unbalanced faults requires the modehng of the power gnd
using the symmetrical analysis of a power grid Therefore, we nse the sequence
network of generators, transformers, transmission lines, and loads Based on
the type of unbalanced faults, one line to ground, two lines to ground, line to
line faults, ete, the symmetrical models of the power grid are constructed
These sequence network models are used to construct the unbalanced fault
models of the power grid

The objectives of balanced fault studies are to determine the required
circunt breaker short capacity in kKVA or MVA The objectives of unbalanced
fault studies are to determine how to set the protective relay systems It 1s
important that close attention be paid to the representation of large motors
1n fault studies. The back em{ of the motors can contribute substantially to the
fault currents Although the short-circuit capacity (SCC) of breakers i power
grids are computed based on balanced faults, in some system single Iine to
ground faults, the fault currents may be higher than balanced three-phase
faults. Finally, a fault can happen anywhere 1n a power grid For example, faults
may occur 1n the middle of a transmission line For these cases, we place a bus
at that location 1n the 1f then condition of the fault current calculations

Example 8.2 Consider the power grid given below
Assume the generator positive, negative, and zero sequence umpedances are
Zients Zgenz, 300 Zyeno, the generator 1s grounded through the ground 1mped-
ance Z, Also, assume the transmission Iine model as depicted 1n Fig 825
Perform the following

1) If the supply generator 1s unbalanced and supplies three-phase unbal-
anced voltages, determine the positive, negative, and zero sequence
networks for the one-line diagram 1n Fig 824

1 2
R+)3X

— 1
{}ZL 2
Zn Zy

Figure 8.24 A One Line Diagram of Example 82
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iXs
—

R ]
b

L1 U
. jXm
jXm jXs {}
i [
1T

Figure 8.25 The Balanced Three-Phase Transmission Line of Fig. 8.24.

“_79 ‘6+’Y “0”
Zy =j(Xs-Xm) Z; = j(Xs-Xm) Zo =j(Xs+2Xm)

Figure 8.26 The Negative, Positive, and Zero Sequence Model of the Transmission
Line of Example 8.2.

- L —> 1 Z; 2
i e |
5 5 g 5 —
oo | |
Y’/2 Y/2
=% == ¢ = ¢ T ¢

TTTITT T TT7ITTTT T7T7TTI 7777 T 2777777777777

(@ (b)

Figure 8.27 (a) The distributed model of the transmission line, and (b) the lumped
model of the transmission line.

i) If the supply generator is balanced and supplies three-phase balanced
voltages, determine the positive, negative, and zero sequence networks
for the one-line diagram in Fig. 8.24.

Solution
i) The positive, negative, and zero sequence of the transmission line of
Example 8.2 is presented in Fig. 8.26.

If the transmission line has the total length of “L,” the distributed line imped-
ance and line charging capacitance are depicted in Fig. 8.27(a) and its lumped
model is presented in Fig. 8.27(b).

zi=Lxz

8.48
Y'=Lxy (848)
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Zy

Yo'/ 2 Yo'/ 2

o

(a)

1 I ]
Zy

Vi

Y2 Y32 2]

z,
'gen]
wyp

Y272 Y772

Figure 828  (a) The Zero Sequence, (h) Positive Sequence and (c) Negative Sequence
for Example 82 when the Power Supply Generator Voltages Are Unbalanced

The zero, positive, and negative sequence networks for Example 82 are
depicted 1n Fig 828

1) If the supply generator 1s balanced, the zero, positive, and negative
sequence networks are as deprcted 1 Fig 829

89.1 Balanced Three-Phase Fault Analysls

For a balanced three-phase faults study, only the positive network model must
be constructed Figure 8 30 depicts a one-line diagram of a three-bus power
gnd Figure 831 depicts the positive sequence network model for balanced
fault studies.

Figure 831 depicts the complete model of a power system including the
shunt elements and loads. In the figure, the load 1s represented by 1ts equiva
lent impedance model

Vi (849)
Froaa = ]Q[vad

Lwad =
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{1
Zy
_l YO’/Z YO’/Z J_- VAR
deno [{7atkd
(a)
i I
Zy ﬁ
Vv ]
! Y172 Yr/2 Al
denl 143 1” T
(b)
‘ —
—_l Zy E—
Y2/ 2 Yo'/ 2 ZL2
denz “2?7
()

Figure 8.29 (a) The Zero Sequence, (b) Positive Sequence, and (c) Negative Sequence
for Example 8.2 when the Power Supply Generator Voltages Are Balanced.

/ Ground /

Figure 830 A One-Line Diagram of a Balanced Three-Bus Power Grid.
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Ground

Figure 8.31 A Positive Sequence Network Model for Balanced Fault Studies.

The model given in Fig 8 31 can be ssmphified by removing the shunt elements
and load This will result 1n a higher value for the fault currents

In the design of power grids the voltage calculation and power flow stuches
are performed before the short circuit currents are calculated Then, the
calculated bus load voltages are used to deternune the circunt breakers’
terrupting capaciies Therefore, the pre-fault voltages are calculated from
power flow studies and are known

Eﬂw(ﬁl = Zﬂurlﬁw(ﬂ) (8 50)

In Equation 8 50, Ep.yy, 15 the bus voltage vector before the fault and Zg., 15
the bus impedance matrix model with respect to the ground bus I, 1s the
generator 1njected currents before the fault

Duming 4he S, e falied peviork vamables ate desgnated by “F7 wd
the bus voltage during a fault can be expressed as

Esu(r) = Elm(u) "Za.u(r)IBm(F) (8 51)

where Ep.pn 1s the bus voltage vectar during the fault, Eg,sqy 1S the bus voltage
before the fault, and Zp.ys 15 the bus impedance matrix, and Jg,s 15 the bus
fault current dunng the fault

Far the bus system of Fig 8 30 with a fault at bus 3, we have

Eyr) Eym Zy Zy Zn 0
Evpy| = Exoy|={Zn Zn Zn | |0 (852)
Eyey Exnl Zy Zn Zn ) ilym
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Therefore, the bus voltage at each bus during the fault can be expressed as

E1(r) = E1(0) —Z1313(F)
Ey 5y = Eyoy) = ZsIyr) (8.53)
Es(F) = E3(0) - Z33[3(1-')

If the fault has impedance Zj then the voltage across the fault impedance is
given as

Esry = Zi Iy (8.54)
Substituting Equation 8.54 in Equation 8.53, we have
Z I3y = By — Z3 1y (8.55)

Therefore, the fault current at bus 3 for a balanced three-phase fault can be
calculated as

E3(0)

oy =—2@__
3(F) Z33 +Zf

(8.56)

In Equation 8.56, Ey, is pre-fault voltage and Zs; is the Thevenin impedance
of bus 3 with respect to the ground bus.

For the general case with a balanced three-phase fault on a bus “i” we
have

(Exry| TE] TZu Zip oo AR Z [0

EZ(F) Ez(o) .................................................. 0

EI(F) B E,(o) - Z,1 Z,z ......... Z,, ........... Zm I,(F) (8'57)
................................................. 0

Exry] | Ewy] | Zm Zugerrrrrrenn A Zw 0 |

From the above, we can express the fault at bus i as

E.ry=E 0y —Z.Ipr) (8.58)

And, Ery = Zel(ry
Therefore, the fault current at bus i is

Ex(())
Zy+Zs

Lry = (8.59)
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Fault Busi Connection Diagram
_7;____ a
b
[
T«
ol ] ol SE]ZF
I b Te
w
1
@) ()

Figure 832 The Balanced Three Phase (a) Fault and (b) the Thevenin Equivalent
Crrcust

In Equation 8 59, E,q, 1s pre-fault voltage and Z, 15 the Theverun impedance
of bus “s" with respect to the ground bus.

1 t n

Zy Zy Z 1
Zyy =\ Zy Z, Z, 1

Zn Za Zoy In

The elements of a Zp, positive sequence matrix are computed from the
positive sequence network

We can generalize an algortthm for a balanced three-phase fault calculation
as

Step 1 Build the Zj,, {matnx) for a positive impedance network
Step 2 Obtain the pre-fault bus voltage from load flow

Ew
Z,+Zy

Step 3 Compute fypy =

Using the above algonthm, we can calculate the balance fault current for each
bus ¢

The SCC for breakers connected to each bus 1s computed based on the
balanced three-phase fault at each bus. The SCC 1s defined as

SCC =Vnpuat o] | pusipn) (860)
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If the pre-fault voltage and fault current are given in per unit (p.u), the SCC
is also given in p.u of MVA. To obtain SCC in MVA, the p.u MVA is multiplied
by Sb.

SCC=S, |Vprefaull(p.u)| ' lIfauIt(p.u)l (8-61)
SCC = '\'/3 * |Vprefaulr,line-lme | ' lIfault,Ime | VA (862)

In Equation 8.62, the voltage is in volts and current is in amperes. Therefore,
at each bus, the fault level of the bus is determined by its Thevenin impedance
to the ground. To explain this concept clearly, consider the system given in
Fig. 8.33.

To calculate the fault current at bus 3, the Thevenin equivalent circuit is
given in Fig. 8.34.
where V,, is the voltage at bus 3 before the fault.

Zy=Zy is obtained from the Z,,, impedance matrix; the impedance
between bus 3 and ground by looking into the system at bus 3.

O — % <

Z;3 |::] Z23

Zg

Ground
Figure 8.33 A Fault at Bus 3.

Vin @ [g Z

P

Ground

FtigBure 8.34 The Thevenin Equivalent Circuit for the Fault Current Calculation
at Bus 3,
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Iy =
! ZarZ,

(863)

1f the fault impedance 1s zero, that 1s we have a bolted fault, ther the Equation
8 63 can be expressed as

v,
=Y
77z, @59

The power grid system 1s designed such that the voltage at each bus of the
system 1s around one per umt Therefore,

Va=lpu
As a result, the fault current 1s
I; = L {865)
1 Z,

Zy=— (866)
Because the SCC 1n per unit 1s expressed as

SCC =Vregaun || Lne| p 1t

And V. =1 pu therefore

SCC =Ty pt 867
and
Zy =i (868)
scc

Powes compantes calculate the SCC for each bus of their system Whes a
mucrognd of a green energy system 1s connected to the local power gnid, the
SCC 1s provided 10 assess the fault current contribution from the local power
gnd to the micrognd Therefore, SCC specifies the input Thevenin impedance
that 1s needed for computing the mterrupting capacities of the microgrid
circuit breakers.
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PV Generating
Station 1 Infinite

460V @

Bus 63 kV
Local

YA Utility

Gas Turbine
station

Figure 8.35 A Microgrid of Distributed Generation Connected to a Local Power
Network.

Example 8.3 Consider a microgrid as part of an interconnected power grid.
Assume the following data:

Local power grid short-circuit capacity = 320 MVA

PV-generating station #1: PV arrays = 2 MVA, internal impedance = highly
resistive, 50% of its rating

Gas turbine station: combined heat and power (CHP) units is 1 MVA,
internal reactance = 4%. Units are Y connected and grounded.

Transformers =460V Y grounded/13.2 kV A, 10% reactance, 10 MVA
capacity

Power grid transformer: 20 MVA, 63 kV/13.2 kV, 7% reactance

Bus4load = 1.5 MW, power factor (p.f.) = 0.85 lagging;bus Sload = 5.5 MW,
p£=09 lagging; bus 6 load =4.0 MW, pf =0.95 leading; bus 7
load = 5 MW, p.f. = 0.95 lagging; bus 8 load = 1.0 MW, p.f. = 0.9 lagging

Transmission line: resistance = 0.0685 Q/mile, reactance = 0.40 Q/mile, and
half of line charging admittance (Y’/2) of 11x10" Q/mile. Line 4-7 = 5

miles, 4-8 =1 mile, 5-6 = 3 miles, 5-7 = 2 miles, 6-7 =2 miles, 6-8 = 4
miles
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R 1 XL
__i,_____,w\,__rYW\__.__l_
Bust Busj
== Y2 =Y
Per mile Y2-iXe
Figure 836 The Equwval Imped of the Ty Line Model for

Example 83

Perform the followng

1) Develop a per umt equivalent model for balanced three phase fault

studies based on a 20 MVA base

u) If the bus load voltages are at 1 per umit, compute the per uni
impedance model of each load

ws) For three phase faults compute the SCC of each distnibution network
bus

1) To ncrease the secunity of the system two rdentical transformers ar¢
used at each distribution network and the mterconnection to the local
power grnid Compute the SCC of each bus

Solution
1) Thebase value of the volt amp 1sselected as S, = 20 MVA The oltage
base selected on the PV generator and gas turtine side 1s selected to

be 460 V The voltage base on the transmission lines side ts therefore
V,=132kV

The pu SCC of the local power gnd 15 given by

SCC_ 320
T o2o6
S 20

Therefore the internal p u impedance of the local power gnd 15

The internal pu impedance of the PV generating station at 20 MVA base 8
gnen by
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2
VA, Vioa
Zp u(new) = ZP.u(old) X (new) X( (old)

VAb(old) Vb(new)
6 2
—0.5x20x10 x(@) =5
2% 108 460

The p.u impedance of the gas turbine is

z=j0.04x

6 2
20x10 x(460) ~ j0.8

1x10° ~ \ 460

The base impedance transmission system is

2 (132x10%Y
z, < Ve (B2X10) _oog
S 20x 106

The base admittance given by

1 1

Y, =—=——=0.115
] Zb R.712
’ PV Generating Vp =
) Station 1 Z14 b=63kV
B Local
H Utility
B : Vp=13.2kV

Zs ® E"] Ve

23.3

Vo=460V @

PV Generating
Station 2

o Figure 8.37 Impedance Model for Short-Circuit Studies.
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The p uimpedance of the local power grid transformer 1s 7% based on 20 MVA

n) The loads represented by their equivalent impedance are calculated
from the equation

Viat
Froas = |Qroad

w) The per umt 1mpedance of a line between bus ¢ and 7 15 given by

Zioad =

]

Zs

% pu =

Using the above equation the transmission line p u parameters are calculated
and hsted n Table 8 2(a)

TABLE 81 The Load of Each Bus and Its Equivalent Load Impedance.

Complex Power Equivalent Load

Bus Load (pu) Impedance (pu}
4 15MW at 085 pf (lagzing) 0075+ ;0046 969+,594
=15+;092
5 55MWat 09 pf (lagging) 0275+ 0133 2954143
=55+/266
6 40MW at 095 pf (leading) 020~ ;0066 451-7149
=40-;131
7 5 MW at 095 p £ (lagging) 025+;0082 3614118
=50+7164
8 1o0MW 610991 (lagging) 005+ ;0024 1625+,780
10+ ;04
TABLE 8.2(a) Tr: Per Umt Imp
Line Senies Impedance (p u)
14 7007
25 j02
3-6 102

TABLE 8.2(b) Transmission Line Parameters.

Line Series Impedance (p u) Line Charging Admttance (pu)
1 0039+ 0229 1479107
4-8 0008 +,0046 196X 10
5-6 0024+,;0138 J287x10°
57 0016+ ;0092 192x10*
6-7 0016+ 50092 1192x10°*

6-8 0031+/0183 7383x10°
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The bus admittance matrix is calculated using the Yj,, algorithm given by
Equation 7.18. For short-circuit studies, it is industry practice to omit the line
charging and the load impedances for calculating the balanced fault current
for each bus. However, we can include the load impedance by using the bus
load voltages from a power flow calculation.

2

V:’oad _ 1/laad _ I/I¢7rzd
= =

Ilaad (‘/Ioad /Iload) SIOHd

2ioad =

However, because in a designed power grid the load bus voltages are around
1 per unit with a tolerance of 5%, we can use 1 per unit for load voltages and
compute the load impedance for use in short-circuit studies.

The Y3, matrix for short-circuit studies will include the internal impedance
of the generator buses. For Example 8.3, the Yp,s matrix will be 8x8 with the
voltage sources replaced by their internal impedance to find the Thevenin’s
equivalent impedance.

1 2 3 4
—-j302 0 0 j14.3
0 02-j5 0 0
0 0 -j625 0
y, | 1430 0  4.35-739.68
e 0 j5.0 0 0
0 0 i5.0 0
0 0 0 -07+j42
0 0 0  -3.6+j21.2
5 6 7 8
0 0 0 0o 71
j5.0 0 0 0 2
0 j5.0 0 0 3
0 0 ~0.72+ j4.23 -3.6+j21.16 |4
3.02-722.63 -12+j71 ~1.8+j10.58 0 5
~12+j71 3.93-j27.92 -1.8+710.58 -0.91+;5.29 |6
-1.8+j10.6 -1.8+710.58 4.35-j25.39 0 7
0 ~0.9+ j5.29 0 4.53-j26.45 |8

The bus admittance matrix, Y, is inverted to get the Zp, matrix. The diagonal
elements of the Zp,, matrix are the Thevenin’s equivalent impedance of the
bus looking back into the system. That is Z, is the Thevenin impedance of bus
i with respect to ground.
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TABLE 83 The Short-Ciremst Capacity (SCC)
of Each Bus.

Bus SCC (pu)

1671
221
342
841
392
482
457
645

DN W B W=

‘TABLE 84 The Short-Cireit Capaaty (SCC) of
Eachk Bus with Tua Teansformers,

Bus SCC(pw)

1681
305
431
1118
436
551
520
791

R Y R

scc,u=—zl— 1=1,2 8

where Z,1s the diagonal element of Z;,, matnix The SCC of each bus is given
i Table 83

1) The SCC of each bus when two transformers are used for each genera-
tion bus 1s given in Table 84

From the data in Tables 83 and 8 4 we find that when we parallel two trans
formers, we decrease the net Thevenin impedance of each bus and mcrease
the short-aircwt current Therefore, when we make a change n a power gnd
we must perform a short-cireunt study of the grid to ensure that we have not
exceeded the SCC of the breakers

Example 8.4 Consider the power grid as given i Fig 8 38 below
Assume an MVA base of 100 MVA and compute the following

i) The SCCof bus 5 (415 V) when all the transformers and the generator
G, are wn service
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Local Utility
Power Grid Bus
SCC =10,000 MVA
@ 275kV
X Transformers each 240 MVA
A X =0.149 p.u
132kV
@ v Transformers each 90 MVA
X=022pu
A
33kV
Gy G, @ v Transformers each 15 MVA
X=0.10p.u
2x 150 MVA A
X=0.115p.u 11kV
~ 1 MVA
A X =0.0475p.u
@ 415V

Figure 8.38 A One-Line Diagram of Example 8.4.

i) The SCC of bus 5 (415 V) when all transformers are in service, but
generator G is not in service.

Solution
The base volt-amp is given as S, =100 MVA
The SCC of local power grid bus is given as SCC = 10,000 MVA

Therefore, p.u SCC is given

SSC,, = sgc

b

S§C,, = 12’3{?0 =100 p.u

From Equation 8.68, the internal impedance of the power grid is

1
Xy =—=0.01p.
th 100 p u
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The pu impedance of the transformers and generators at a new base 15
grven by

2
VAo [ Vaton
Zo stoeny = Zopuioty ¥t [ Vit
puloldy
VAsoty  \ Vignew)

Therefore, the p u impedance of the transformers and generators at 100 MVA
1s as histed below

For a 240 MVA transformer, Xy =0 149( g 0) 0062pu
100
For a 90 MVA transformer, X7, =022{ — 0 =0244pu
For a 15 MVA transformer, X735 =0 1(-1—) =067 pu
For a 1 MVA transformer, X, =0 0475( 00) 475pu
100
For the generators G, and G; = X; =0115| — 50 =00766pu

1) The equivalent crrcwit diagram for fault analysis when all the genera
tors and transformers are n service 1s given n Fig 8 39

Figure 8 39(a) shows the equivalent circust of Fig 8 38 under fault conditions.
The parallel impedances of Fig 8 39(a) have been reduced to single equivalent
impedances 1n Fig 8 39(b), and 1n Fig 8 39(c) the series impedances are com
bined together to form only three equivalent impedances. In Fig 839(d) a
simplified equivalent circuit 1s shown

The p u fault current from Equation 8 68 1s given by

1
l...
/ Z.,

=Hz—7-—01913puA

It should be noted that the p u fault current and the pu SCC are equal at 1 pu
voltage

SCC=5CC,., x5,
SCC=01913x100=19 13 MVA

The fault current at bus 5 can also be calculated by finding the Thevenin
impedance at bus 5 obtained from the Z3,, matrix as shown below
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Vp=275kV Vp=132kV  Vp=33kV Vp=11kV V,=415V

1£0° AN AN AN
-
o0l AAA~ AAA- AAN jaas
@ jo.062 jo244 (@ jo67 (@
@
j0.0766 j0.0766
Zs
1£0° 1£0°
/S / / / / / Ground S S
(a)
Vp=275kV Vp=132kV Vp=33kV Vp=11kV Vp=415V
g o
b AYA% A VAVAV, A2 %
j0.01 | j0.031 j0.122 I j0.335 | j4.75
@ ® @ 6
@
j0.038 .
£
1£0°
/" / Ground /S /
(b)
Vp =132 kV
. j0.041
§0.038 §5.207
120° Vb=415V 1£0°
Ze
Ground /
(c)
Vp=132kV Vp, =415V
j 0.020 | j5.207
NN
I |
(=]
1£0°( Ze=0
Ground /
(d)

Figure 8.39 (a-d) The Impedance Diagram of Example 8.4.

509
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j0009 j0OOS ;0005 ;0005 ;000S
J0005 ;0020 ;0020 ;0020 ;0020
Zha=|j0005 j0020 ;0142 f0142 ;0142
J0005 0020 ;0142 J0477 ;0477
J0005 ;0020 ;0142 J0477 45227

The posttive sequence Thevenm mpedance for bus 5 1s given by
Zhs =23 =)5227

Tins value obtained from the Z3,,1s the same as the value calenlated from
the cirewrt simplification as shown n Fig 8.39 The fault current 1s calculated
as shown before

1) The equivalent circwit for fault analysis with generator G, out of
service 1s given 1n Fig 840

The simphficatton of the faulted network of Fig 840(a) 1s shown m
Fig 8 40(b-d) following the same steps as explained in Part
The p u fauit current from Equation 8 68 1s given by

1
Iy ==
' Z,

Zy=

1
=01911
75233 pu

It should be noted that the pu fault current and the pu SCC are equal at
1 pu voltage

SCC =5CC,, xS,
5€C =D 11X =19 11 MVA

The fault current at bus S can alse be calculated by finding the Thevenin
impedance at bus 5 obtained from the Z3,, matrix as shown below

J0009 ;0007 ;0007 ;0007 ;0007
40007 ;0027 j0027 ;0027 ;0027
Z5.,=]j0007 ;0027 ;0149 ,0149 ;0149
J0007 40027 ;0149 ;0484 ;0484
J0007 ;0027 ;0149 ;0484 ;5233

The positne sequence Thevemin impedance for bus 5 15 given by
Zins =235 = 35233
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Vp=275kV  Vp=132kV Vp=33kV Vp=11kV Vp=415V

1£0° AN —A\AA AN

jo.o AN — AN 272 %% 413

@ 0062 j0244 @ j067 (@) ®
®

j0.0766

Zs
1£0°
S S S S GrO(ur)wd S S
a
Vp=275kV  Vp=132kV Vp=33kV Vp=11kV Vp=415V

1£0°

' AN
j0.01 I 1 0.031

@)

j 0.0766

1£0°
a4 ///Grog;d S S S
Vp =132 kV

. j0.041
J0.0766 35207
1£0° Vb=415V 1£0°
Zs

Ground
(©)

Vb—132kV Vp=415V
j0.026 _]5207 '

|
1£0°
Zs

Ground

(d)
Figure 8.40 (a-d) The Impedance Diagram of Example 8.4, Part ii.
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Thes value obtamed from the Z3,, 1s the same as the value calculated from
the crrcmt simplificatton as shown above The fault current 1s calculated as
shown before

89.2 Unbalanced Faults

Depending on the type of unbalanced faults we need the positive, negative,
and zero sequence networks When a fault involves ground, the ground current
will flow on part of the network 1f iow impedance paths exst for the flow of
ground current The unbalanced fault currents are used to set the pratection
system relays. The most common fault 15 the single Ine to ground fault For
safety and for the protection of the power grd, a grounded gnd 1s designed
‘When the ground current flow 1s detected, the relay system identifies the types
of faults and 1solates the faulted part of the systems by opening the circuit
breakers as required

Power grids are designed to operate as balanced three-phase systems.
Again, as we discussed before, in an unbalanced fault analysis, the only part
of the system that 1s unbalanced 15 the faulted part For example, when one of
the three phase Lines 1s faulted due to a passing storm, the faulted e 1s
removed very quickly so that the power gnd dunng fault stll remamns
balanced

89.3 Singte Line to Ground Fauilts

To analyze the single lime to ground fault, let us assume that a phase conductor
of a transmission hne of a power grid 15 broken due to a heavy storm and it
has fallen on a tree and has an impedance Z; This 1s a typical single e to
ground fault condition It 1s customary to designate the faulted phase as phase
a Assume the faulted pont 1s designated as bus ¢ Because phase b and phase
¢ are not faulted the following condition holds at bus

In=0,1,=0and V, =2 I,

where Z; 15 the fault impedance to ground at phase a of bus ¢
Recall from the symmetrical transformation of phase current a, b, and ¢ to
2e10, positive, and negative current

1 . 11 177,
I =3 1 a a|is (869)
1; 1 & all,
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When the conditions of a single line to ground fault are substituted for current,
we have

1}, JT 1 1
I =3 1 a a0 (8.70)
I; 1 a2 all o0

The above matrix simplifies to the following:
I =14 =1 (8.71)

The above equation clearly states that the zero, positive, and negative sequence
network must be connected in series for a single line to ground fault
calculation.

Again, we should remember that we are interested in an if-then condition
at bus i. That is before bus i is faulted, the Thevenin voltage at bus i is the open-
circuit voltage of bus i. Before the fault, the power grid is balanced and during
the time of the fault, it is assumed it remains at the same voltage because the
fault is isolated very quickly. The impedance in bus i is the Thevenin imped-
ance. Therefore, we need to compute the Thevenin impedance by looking into
bus i for its zero, positive, and negative sequence networks. Figure 8.41(b)
depicts the sequence network connection for the single line to ground.

Single Line to Ground Fault at Bus i l l

- ﬁ Zy

0

__________________ W ZF Zﬂ

Ground NO
= 1 zs
@ N
Z
Zf 3zr

(b) ‘ (©)

Figure 8.41 (a) A Single Line to Ground Fault, (b) The Connection of Sequence
NetWOrk'S for a Single Line to Ground Fault Calculation, and (¢) The Simplified
Connection of Sequence Networks for a Single Line to Ground Fault Calculation.
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To compute the single line to ground fault, the positive, negative, and zero
sequence networks of the power grid are constructed, and then Z3,,, Z3,,, and
Z},, are computed as given 1n Equations 8 72-8 74

1 H n
[z ] zu 1t
7.
Zhe=|Zi oz Zi @7
LZ2 z, Z; {n
1 1 n
(23 Zy z, 1t
873
Zou = Zi Z, Z; |t ®7)
LZ: Zy Zpy In
1 4 n
[ 2}, Zh zZL 1
874
Zhus =| Z z | @7
LZ, z Z, in

For the faulted bus, the driving point impedance, that 15, the Thevenin imped
ance 1s selected from the diagonal elements of respective positive, negative
and zero sequence networks For a single hine to ground fault, the Thevemn
impedance of positive negative, and zero sequence networks must be con
nected n series as shown in Fig, 8 41(b} The positive sequence voltage before
the fault remains the same after the fault and excites the flow of current though
the faulted network

8.94 Double Line to Ground Faults

In a typical double line to ground fault, you can envision the following
incident Suppose the insulanon of a one phase conductor breaks and falls on
another phase conductor, then the conductor falls on a tree Because the
tree 15 grounded, and we have two conductors that have made an accidental
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Double Line to Ground Fault at Bus i

a
b
C
—————————————— — s — F
Ib Ic
______________ - W
3Io @ ZrG
_L_ Ground
(@)
Connection Diagram
Double Line to Ground
NTTT N[ N T
") Van
+ - 0
§0= Tg= *§0=
F* X F X P
w 3Zrg

(b)

Figure 842 (a) A Double Line to Ground Fault, and (b) The Sequence Network
Connection for a Double Line to Ground Fault.

connection, we have created a double line to ground fault condition. Figure
8.42(a) depicts a double line to ground fault.

.It is customary to designate the faulted phases as b and c¢ as shown in
Fig. 8.42(a). The condition of the fault indicates that phase a in not faulted,
I =0.We can calculate the sequence currents during the fault from the sym-
metrical transformation.
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by Jr oo

==l a &I, (875)
3 2

I, 1 4 alll,

Therefore the zero sequence current 1s given as
Ip+1; =305, (876)

Because the power grid 15 balanced and phase a b and c voltages at bus ¢
remarn balanced

Vp=Vy =Up+11) 2 ®7)
Substituting for phase b and ¢ current I + [, =31}, we have
V=V =3 Zs I

The above analysis clearly indicates that for computing a double lLine to
ground fault we need to use the sequence network connections given In
Fig 842(b)

Sumlar to the single Line to ground fault in that the fault involves the ground
connection for the calculation of the double line to ground fault current we
need the Thevenin impedance from the fault point and the Thevemn voltage
before the fault Therefore we need to construct the positive negatrve and
270 sequence impedance matrices as given by 23, Zg,, and Z},, 1n Equations
878-880

1 i n
[Zi z4 bt
878)
Zhu =| Z§ P Al (
LZa z; on 411
1 H n
_zll z 1 Zln“ 1
879
Zpu=| 2y z Za 1 &7
L Zos z, Zumn
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1 i n
4 4 4 A k|

Zh=|ZY ... ZY .. Z%|i (8.80)
ZY% ... ZY% .. Z%n

Again, the diagonal elements of the Z bus matrices represent the correspond-
ing Thevenin impedance.

8.9.5 Line to Line Faults

Figure 8.43(a) depicts a line to line fault. This type of fault can occur when a
phasor conductor falls on another phasor conductor due to insulation failure
caused by high wind. It is customary to designate the faulted phases on phase
b and phase c. Therefore, the fault point can be expressed as

Ip=0, Ip=-Is (8.81)
The power grid before the fault and after the fault remains balanced because

the fault is removed very quickly by opening the appropriative circuit
breakers.

Line to Line Fault at Bus { Connection Diagram
Line to Line Fault

b l | or Zp/2 Zg/2

c Ze
Nt N T
") Van
F* F
Z./2 Z./2
w
(b)

Figure 8.43 (2) A Line-to-Line Fault and (b) The Sequence Connection for a Line-
to-Line Fault,
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Vo-Vi=Ip Z; (882)
I NN
I, =3 1 a & Ip (883)
1, 1 a all-Ip
From the above, we have
B=0 ©84)
T=-In (885)

The above results clearly indicate that we need to use the sequence network
connection given by Fig 8 43(b) to calculate the line to hine fault

To compute the Thevenin impedance of the faulted bus, we need to con
siruct positive and negative sequence impedance matnces as given by Z3,, and
Zy., n Equations 8 86 and 8 87 The diagonal elements of the Z bus matnx
are equal to the Thevenin impedance The Thevenin voltage 1s equal to the
faulted bus before the fault

1 H n
A A s
886,
Zpe =\ Z zy yAREN @86
Zy Zn Zun
1 3 n
|'Zn Z, z,-,]x
Zin=\Za  Z. Zal 87)
Za Z, Z,,in

Example 85 Consider the power system given below
The system data are given n per unit with a MVA base of 100

Generator A X =025, X;=015,X%=003pu
Generator B X5 =02, X5=012, X3 =002pu
Transmussion ine C-D Z°= 2" =j008,Z°=;0 14 pu
Transmusston ine D-E Z'=Z =j006,2°=j012pu
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@ !C aaa ID Y\ lE @

Figure 8.44 A One-Line Diagram of Example 8.5.

C D E
Y Fault \‘l

Phase a to ground

Figure 8.45 A Three-Phase Diagram of a Single Line to Ground Fault at Bus D.

Perform the following:

i) Assume generator A is Y connected and ungrounded and generator
B is Y connected and grounded. Compute the single line to ground
fault at bus D. Determine the sequence networks and show the flow
of line to ground current in the faulted system at bus D.

Solution
The equivalent circuit for a single line to ground fault at bus D is shown
in Fig. 8.46.

The sequence networks of Example 8.5 are calculated from the equivalent
circuit of Fig, 8.46:

= K = 1_40 =2.56Z£-90°
Z j0.39
I((I)CD =
I;CD = 2564 ‘—900 X -'—io—zé——— = 1.124 —90°
j0.26+j0.33
0 =2.562-90°x —202E___ 112,900

70.18+ j0.23

The actual line currents in line C-D are as follows:

Lcp Lol 11 170 —j2.24
Lo |=[T )| Iiep |=|1 @ a |[1.122£-90°|=| j1.12
1 a a|[1.122-90°] | j1.12

IcCD ach
The line currents in line E-D are as follows:

I‘(,)ED = I = 2.564 '—‘900
Igp =1—15cp =1.442-90°
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[ B E
} 0 025 J008 1006 1020 ll)
Positive Sequence
{a)
C D E
Qs 008 $006 012
Negative Sequence
{0}
[ D E
1003 1014 1012 1002
Zero Sequence
)
jo14 Jj015  jo1
'
1£0°

)
Figure 8.46  For Example 8.5 {8) Positwe Sequence Network, {b) Negative Sequence
Network, (c) Zero Sequence Network, (d) C Diagram of Seq Networks
for Single Line to Ground Fault at Bus D, and (¢) Simplified Circint of (d)
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aep =1 —Iocp =144 -90°

Liep Bep| [1 1 17[2.56£-90°7 [—j5.44
Lep |=[L )| Liep |={1 a* a || 1.442-90° |=|-j1.12
IcED @ED 1 a (12 1444—900 —]112

Alternatively, the Z,, for bus D can also be computed from the Z3,,, Z3,,, and
79, which are shown below.

c D E C D E
[j0.14 jo.11 j0.081C j0.10 j0.07 j0.047C
Zhs =] j011 jOI5 j011|D, Z,.=|j0.07 jO.10 j0.07|D,
| j0.08 jO.11 j0.13|E j0.04 j0.07 jO.08/E

C D E

[j0.28 j0.14 j0.027C
Zb,=|j0.14 j0.14 j0.02|D
j0.02 j0.02 jO.02|E

The positive sequence Thevenin impedance for bus D is given by
Zip =Zpp = j0.15.

The negative sequence Thevenin impedance for bus D is given by
Zap =Zpp = j0.10.

The zero sequence Thevenin impedance for bus D is given by
Zip =Z% = jO.14.

3 ¢ fault
1,12 -=1.44

D E
i jo.os  §  jo.20 1.0
13 0.71

——1.44

_NY\_QE_KYV\____
j0.06 j0.12
! -0.17

256
E

j0.03 ¢ jo.14 | ¢ j0.12 § j0.02
-0.362 Y.362 -0.05
§ ! 1

Figure 8.47 Current Flow in the Sequence Networks of Example 8.5.



5§22 POWER GRID AND MICROGRID FAULT STUDIES

[o o] :PCL %
g

Figure 848 The System for Example 8 6

The above values are same as those shown n Fig 8 46(¢) and the corre-
sponding sequence currents can be calculated as shown before

Example 86 Consider the power grid given 1n Fig 848
The sequence network data based on 100 MVA are
Z5=Z=)01pu Z&=/005pu
Zp=Zp=)03pu  Z}h=,06pu
Zn=Zn=)04pu Z%=05pu
Zrans = Ztrans = Z3rans = JO08 pu
Assume the load 1s given as
Stoaa =1+)0Spu
And the load voltage 15
V. =09£-40pu

The ground mmpedance 1n the generator 1s equal to j 01 pu For a single line
to ground fault at bus 2 compute the following

1} The fault currents flowing from bus 1 to bus 2 (faulted bus) and from
bus 3 when the load 1s 1ignored

1) ‘The same as part 1, but take the load into consideration
ui} The same as part 1, but assume the generator s not grounded

Soluton

1} The sequence circunts for a single line to ground fault at bus 2 without
considering the loads 1s shown in Fig 849



j0.05 jo.6 2 jo.s j0.08

j0.03
Zero Sequence
(@)
jol b jo3 2 i0.4 3 5008
1£0°
Pasitive Sequence
(b)
jol b jos 2 j0.4 3 joos
Negative Sequence
()
RO B NO
I
la12° T j0.68 j0.58 Tlazso j0.31
i
l — 1£0°
N @ jo.4
Ia12+T jo.4
1£0° jo4
-—_——N-—
Lo e
212 T j0.4 ©
\

(d)

Figure 849 For Example 8.6, part it (a) Zero Sequence Network, (b) Positive
gffquencfa Network, (c) Negative Sequence Network, (d) Connection Diagram for
ingle Line to Ground Fault at Bus 2, and (e) Simplified Circuit of (d).
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From Fig 849, the seq e currents are calculated as follows
VvV _1£0°
I=—="=—=09£-90°
Z nu
058
19 =09£-90°x—I=2°__ 042290
2 1058+ ;068
Lo =Ly =1=092-90°
The actual currents n line 1-2 are given by
Iy D] 11 17[042£-90°7 [-j222
Iny [=[T0 Iz |=]1 @ a]|092£-90° |=] ;048
I Il 1 a &J094-90° 1048

‘The sequence currents 1n line 3-2 are given by

I3 = I— 1 =048£-90°

Ly =l =0

The actual line currents 1n line 3-2 are given by

Ly el [T 1 17[048£-90°7 [-j048
Ly [=[L I |=]1 & a 0 =|-j048
I Ly] 11 2 & 0 -0 48

Alternatively, the Z,, for bus 2 can also be computed from the Z3,, Zp.

Z3,, wiuch are shown below

01 ;01 ;01 007 ;004 ;001
Zhw=Zps=j01 04 ;04 Z5,=03004 ;031 ;004

J01 ;04 ;08 J001 ;004 ;007

The positive sequence Thevemn impedance for bus 2 1s given

Ziy1 =25 =104

The negatne sequence Thevemn impedance for bus 2 s gwen

Zny =22 =04
The zero sequence Thevemn impedance for bus 2 15 gwven
Ziha=2% =031
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From Fig. 8.49(e) we see that the values of Thevenin impedance are the same
as that calculated from the Zg,; sequence matrices,

ii) Taking the load into consideration, the A equivalent load is given by

=  V* (09/43)
Zy ===l = 024£26.6°
v =g =05 £26.6

Zy =3Zy =0.72£26.6°
Zioadoo = Zioad11 = Liogazz = 0.72.£26.6°

From Fig. 8.50, the sequence currents are calculated as follows:

o _ (j0.68)(j0.58) _

- = 031
=068+ j0.58) 7
_(j0.4)(0.64+ j0.8) .
t o7 = =0.06+0.3
= = 10.4) + (0.64+ j0.8) J
o 10X (064+08) oo o e,
(70.4)+ (0.64+ j0.8)
) 075£-1058 (o, gu
0.06+ 0.3+ 0.06+ 0.3+ j0.31
o L OBLIFX0S8_ e oo
7058+ 70.68
e 082493 X064+ jO8) +0.T5L-1088" 1 1) /e
0.4+0.64+ 0.8
- 2 0B2L =95 X (064+/08) ) 1o
0.4+0.64+ 0.8

The actual line currents in line 1-2 are as follows:

Ly %7 M 1 177038£-93°7 [2.11£-94°
Lo |=[T]{ Ity |=|1 @ a || 112£-89° |=| 0.53£140°
Ly | |1 a ] 062£-103° 0.79.£52°

The Sequence currents in line 3-2 are as follows:;
L, =1-1) =0.44,£-93°
I3, =1-1If, =0.31£102°

Iy =1-1Ip =0.24£-65°



5005 ' j06 2 05 1008

003 072£266°

Zero Sequence
@

101 )03

104 008

Positive Sequence
o]

Negative Sequence

006 +]030

075£-1058°

006 +}030

(e}

Figure 830 For Example 86, part # (a) Zero Sequence Network, (h) Posine
Sequence Network, {€) Negatine Sequence Networh, (d) Connection Dragram for
Single Line to Ground Fault at Bus 2, and (e) the Simphfied Circust of (d)
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The actual line currents in the line 3-2 are given by

Ly %] 1 1 17[044£-93°7 [0.35£-88°
Lo |=[Ll It |=|1 @@ a || 031£102° |=| 0.53£-40°
1 a a*]{024£-65°| |0.80--128°

I a3

Alternatively, the Z,, for bus 2 can also be computed from the Z3,,, Z3,,, and
Z%., which is shown below.

0.004+j0.094 0.014+j0.074 0.028+ j0.048
Zbis = Z5us =| 0.014+j0.074  0.06+70.30  0.111+,0.192 |,
0.028+70.048 0.111+j0.192 0222+ j0.385
j0.07 j0.04 j0.01
Z%s =| j0.04 jO31 j0.04
j0.01 j0.04 j0.07

The positive sequence Thevenin impedance for bus 2 is given by
Zyo =273 =0.06+j0.3.

The negative sequence Thevenin impedance for bus 2 is given by
Zoo =275 =0.06+j0.3.

The zero sequence Thevenin impedance for bus 2 is given by
Zho=Z% =j0.31.

From Fig. 8.50(e) we see that the values of Thevenin impedance are the same
as that calculated from the Zp,, sequence matrices.

iif) The sequence circuits, at no load when the generator is not grounded,
are given in Fig. 8.51.

The sequence currents, calculated from Fig. 8.51, are as follows:

1= 120 470/ 900
Z 7138
Hu=0

Iy =I5 =1=0.72£-90°
The actual line currents in line 1-2 are as follows:

L o]l 11 170 —j1.44
Ly |=[T | Iia |=|1 & a ||0.72£-90° |=| jO.72
L 1 11 a &} 072£-90°] [ jO.72



106 J05 1008
Zero Sequence
(a)
o1 Y o3 2 04 3 oo
1£0°
Posttive Sequence
(0)
sor ! 03 2 304 3 3008
Negative Sequence
©
I
xosaT lazs® joss

@ jo4
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@

Figure 8.51 Tor Example 86 part s (a) Zero Sequence Networh (b) Positne
Sequence Network, (¢} Negatne Sequence Network, (d) Connection Diagram for
Single Line 10 Ground Fault at Bus 2, and (e) the Simphified Cireut of (d)



FAULT STUDIES 529
The sequence currents in the line 3-2 are as follows:

1232 = I = 0724 '—900

Iip =175 =0

The actual line currents in 3-2 are given by:

s In] 1 1 17[072£-90°7 [-j0.72
]b32 = [Y;] ;32 ={1 (12 a 0 = —]0.72

Alternatively, the Z,, for bus 2 can also be computed from the Z},,, Z3,., and
Z5,, which is shown below.

jo.1 jo1 jou j1.18 j0.58 j0.08
Zhs=Z5s =|jO1 jO4 jO4|,  Z%,=|j058 jO.58 j0.08
jO.1 jo4 0.8 j0.08 j0.08 j0.08

The positive sequence Thevenin impedance for bus 2 is given by
Ziny =25 = j0.4.

The negative sequence Thevenin impedance for bus 2 is given by
Zuy,=2Zyp=j04.

The zero sequence Thevenin impedance for bus 2 is given by
Z3, =278 = j0.58.

From Fig. 8.51(e) we sce that the values of Thevenin impedance are the same
as that calculated from the ZBus sequence matrices.

Example 8.7 For Example 8.6, assume a double line fault at bus 2 and
compute the currents in each line without considering the loads.

Solution

The equivalent sequence circuits for a double line fault are shown in Fig. 8.52.
' The sequence currents for the double line fault at bus 2, calculated from
Fig. 8.52, are as follows:

= K - 1£0°
Z jO.8

1312 =
Iy, =1=1.25£-90°
a2 =—1=1.25290°

=1.25£-90°
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jor Y oyo3 2 o4 3 Joos

1£0°

Positive Sequence

(a}

01 Y qo3 T o4 3 jo08

Negative Sequence

j04 jo4
1
1400

(d)

Figure 852 For Example 8 7 (a) Positive Seq Network, (b) Ni
Network, (¢} Connection Diagram for Double Line Fault at Bus2 and (d) the S:mphﬁcd
Circunt of (c)
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The actual line currents in the line 1-2 are given by
L, 1312 1 1 11f0 0
L |=[T)| I |=|1 @* a ||1.25£-90° |=|2.17.£180°
L1 2| L1 a a*|[1.25£90° 2.17.£0°

The sequence currents in line 3-2 are as follows:

0 _
In32 -

+ = - =
Ia32“"- a32‘_0

The sequence currents in 3-2 are given by

I3 I35 1 1 170 0
I[,32 = [7; ] 1:32 =1 (12 alf0]=|0
1032 232 1 a (l2 0 0

531

Alternatively, the Z,, for bus 2 can also be computed from the Z},, and Zj,,,

which are shown below.

jo1 jo.1 j0.1
Zhus = Zpes =| jO.1  jO.4 jO.4
j01 jo4 0.8

The positive sequence Thevenin impedance for bus 2 is given by

Zho=2Z% = jO4.

The negative sequence Thevenin impedance for bus 2 is given by

Zia =25 = j04.

From Fig. 8.52(d) we see that the values of Thevenin impedance are the same

as that calculated from the Zg, Sequence matrices.

PROBLEMS

81 Consider a typical power system given in Fig. 8.53.
All reactances are in p.u on a 100 MVA.

Xu=0.01 when the maximum number of generators is in service
X =0.015 when the minimum number of generators is in service
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Power System
Infinite Bus Bar

275kV
Transformers each 240 MVA
X=0062pu

Y

132KV Y
Transformers each 90 MVA
X=0115pu X=0244puaA

2% 150 MVA. nw v

Transformers each 15 MVA
X=0666pud

kv

34 1MVA
X=475pu

A
__1 415V

Figure 8.53 A Typical Power Grid System

lc v~ D~ E
®—i ! £ —®
Figure 854 A One Line Dragram for Problem 82

Compute the following
1) The SCC of the 415 V bus when all transformers are 1 service but
generator G, 1s not 1n service Assume that the maximum numbers
of generators are 1 service
u) The SCC of the 415 V bus when all the transformers and G; are n
service Assume one generator 1S In service

8.2 Consider the power system given m Fig 8 54
Generator A

XGy =025, X8, =015 X5, =003 pu
Generator B

X&uy =02, Xby =012, X, =002 pu
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Figure 8.55 The System for Problem 8.3.

Transmission line C-D: Z; = Z, = j0.08, Z, = j0.14 p.u
Transmission line D-E: Z; = Z, = j0.06, Z, = j0.12 p.u

All values are given in per unit with a MVA base of 100.

Assume generator A is Y connected and ungrounded and generator
BisY connected and grounded, compute the single line to ground fault
at bus D and the fault current and actual phase voltages (i.e., V,, Vi, V.
in p.u) of buses C, D, and E.

Consider the power grid given Fig. 8.55.
The sequence network data are

Generator: 20 kV, 100 MVA, 10% positive reactance, negative sequence
network = positive sequencereactance,zerosequencereactance = 8%
based on the generator’s rating

Transmission line length: bus 1-2 = 50 km, reactance = 0.5 Q/km
bus 2-3 = 100 km, reactance = 0.7 Q/km

Transformer T, = 20 kV/138 kV, 8% reactance, 150 MVA
Transformer T, = 138 kV/13.8 kV, 10% reactance, 200 MVA

Transmission line sequence impedances: Z; = Z, = j0.06 p.u, Zo =j0.12
m p.u on a 100 MVA base

Transformers’ sequence impedances: positive = negative = zero

Load: 1.,y = 50 MVA, p.f. = 0.95 lagging

Generator ground impedance = j.01 p.u based on its rating

Perform the following;:

i) Compute the per unit model for positive, negative, and zero
sequence networks based on 100 MVA

84 For Problem 8.3, perform the following;

i) Compute the load voltage if the generator is set at 5% above its
own rating
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Local
utdity

T A

S5
Gas
Turbime

Figure 8 56 A One Line Diagram for Problem 8 6

u) For a double hne to ground fault at bus 3, find the fault currents
flowmg from bus 1 and bus 2 to bus 3 (faulted bus) when the load
15 1gnored

For Problem 8 3, perform the following

1) Compute the single line to ground fault current at bus 2, but take

the load nto consideration

1) 'The same as part 4, but assume the generator 1s not grounded

Consder the microgrid given tn Fig 8 56

The wmpedances of the transmussion lmes are given in the one hine

diagram (Fig 8 56)

The system data are

PV generating station 2 MW, 460 V AC, positive, negative, and zero
sequence impedances = 10%

Gas turbine generating station 10 MVA, 3 2 LV, 10% reactance

Sequence impedance negative sequence = positive sequence, Zero
sequence = ¥ positive sequence

Transformers’ seq g =7ero0

Transformer T, 10 MVA, 460 V132 kV 7% reactance

Transformer Ty 25 MVA, 132 LV/69 kV, 9% reactance

Transformer T; 20 MVA, 132 kV/3 2 LV, 8% reactance

Loads S.=4 MW, pf =09 lagging Ss=8 MW, pf.=09 lagging,

S, 10 MVA,pf =09 leading. S, =5 MVA, pf = 085 lagging

Local power gnd positive, negative, and zero sequence tnternal reac
tance = 10 Q2 neghgible mnternal sesistance
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PV Generating
Station 1 Ty Infinite
Bus 63 kv
460 V e @ Local
Utility
Ps +jQs5 ﬁ A

132KV m a 132 kV

460V
Q

PV Generating
Station 2

Figure 8,57 A Microgrid of Distributed Generation Connected to a Local Power
Network,

Perform the following:
i) Perunitimpedance model for positive, negative, and zero sequences
if) Ignore the loads and compute a single line to ground fault current
at bus 4
iii) Compute the load voltages; use the load impedance models and
compute the single line to ground fault current at bus 4

8.7 Consider the microgrid given in Fig. 8.57.
The system data are

Local power grid SCC = 1600 MVA

PV-generating stations: ungrounded, approximate internal impedance
(resistive only) = 50% for positive, negative, and zero sequence,
100 MVA

Transformers: 460 V'Y grounded/13.2 kV A, 10% reactance, 10 MVA

Local power grid transformer: 20 MVA, 63 kV / 13.2 kV, 7% reactance

Transmission line: resistance = 0.0685 Q/mile, reactance = 0.40 Q/mile,
half of line charging admittance (Y’/2) = 11 uS/mile. The length of
Line 4-7 =10 miles, 4-8 =7 miles, 5~6 = 12 miles, 5-7 =7 miles,
6~7 = 6 miles, 6-8 = 8 miles
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T line \ impedance posiive = negative, zero
sequence = 2 X positive sequence impedance

Perform the following
) Per unit equivalent model for posstive, negative, and zero sequence
impedances based on a 20 MVA base
u) For a three phase fault on bus 4, compute the bus 4 SCC

8.8 For Problem 8 7, for a single line to ground fault on bus 1, compute the
ground fault current

8.9  For Problem 8 7, to increase the secunty of the system two 1dentical
transformers are used at each distnbution network and at the intercon-
nection to the local power grid Compute the SCC of bus 4

8.10 For Problem 8 7, assume that transformer T, 1s grounded Y-Y Compute
the line to ground fault current at bus 4

8.11 For Problem 8 7, assume that transformer T, 1s grounded Y-Y Compute
the double line to ground fault current at bus 4
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APPENDIX A

S T .

COMPLEX NUMBERS

Complex numbers operations are very important in the steady state of power
systems. In this Appendix, we review the fundamentals of a complex number
operation. A complex number is a quantity in the form of

z=a+jb (A.1)

where a and b are real numbers, and j =+/—1: a = real part; b = imaginary part.
Figure A.1 depicts a complex number plane where z* =a—jb is called the
conjugate of z.
A complex number can also be written in phasor form:

z=|z](cosf + jsin0) (A2)
z=|z]e’ (A3)
z7=|7|£6 (A4)

Where [z}: Modutus (or norm); 6: Argument (or phase)
Conversion between Cartesian and Polar coordinates can be expressed as:

z=a+jb=z=|7|£0

|z|=+/(a® +b?) (A.5)

6 =tan™'(b/a) (A.6)

o
gezj(’)&ﬁ of Smar_t Power Grid Renewable Energy Systems, First Edition. Ali Keyhani.
John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.

537



538 APPENOIX A

1 (Imagmary)
z=a+b
b s
|z
2 3
NN Real
N
~
N oesap

Figure A1 The Complex Number Representation

=zl L0 z=a+}b
a=|z|cosd
b={zlsn6

We can add or subtract two complex numbers, z( and z,, as shown
y=a+)bzy=c+jd

Addition / Subtraction

itz =(atc)+ (btd)
We can multiply two complex numbers, z) and z; 1n two ways

2y %2y =(ac—bd)+ j(ad + bc)
We can obtain the multiplication of z, by 1tself as
72, =(a+ b)(a— jb) = (a* +61)20=|a, [t £0

where z) 15 the conjugate of )

(a7
(A8)

(A9

(A10)

(A1)

We can divide two complex numbers in Cartessan form or Polar form

n=a+bz;=c+d

o _(a+)b) _(a+b)e~d)
. (ctd) (c+pd)e- )’
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The results are given below.

_ac+bd .bc-ad
T +a? ]c2+d2

(A.12)

The addition and subtraction can be easily done in polar form, whereas
multiplication and division have more computation if they are done in
Cartesian form. .
Let us use the polar form and multiply z; and z,,
7 =|zle™, z =|z|e®

To multiply, we simply, multiply the magnitude and add the phase angles.

LXZp =|z|z2] ! @) (A.13)
In general, we can take a complex number to the power of n as:

2 = [l €1 =[z,[" (cosn6, + jsinn6,)

To divide two complex numbers, we can simply divide the magnitudes and
subtract the angles:

a_lal e (A.14)
22 |Zz|

Multiplication and division are easier to perform in phasor form.



APPENDIX B

TRANSMISSION
LINE AND DISTRIBUTION

TYPICAL DATA

TABLE B.1 Typical Characteristics of Copper Conductors, Hard Dravn,
97.3% Conductivity.!

X Shunt
X, Inductive Capacitive
reactance Reactance
R.R {fvConductor/  (M&Conductor!
Size of Apgro'ﬂmate (/Conductor/  Miat 1-Ft Miat I-Ft
Conductor Ca“:y‘i:; M) at 60 Hz Spacing) Spacing)
Cmul mm? Capaaty’ (A) 25°C  50°C 60 Hz 60 Hz
1000000 506 1300 00634 00685 0400 00901
900000 456 1220 00695 00752 0406 00916
800000 405 1130 00772 00837 0413 00934
750000 380 1090 00818 00888 0417 00943
700000 354 1040 00871 00947 0422 00954
600000 304 940 01006 01095 0432 00977
500000 253 840 01196 01303 0443 01004
500000 253 840 01196 01303 0445 01005
450000 228 780 01323 01443 0451 01020

Design of Smart Power Grid Rentewable Energy Systems First Editon Ah Keyhany

©2011 John Wiley & Sons. Inc. Pubhshed 2011 by John Wiley & Sons, Inc.
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TABLE B.1 Continued

X Shunt
X, Inductive Capacitive
reactance Reactance
. R, Resistance  (Q/Conductor/ (MQ/Conductor/
Size of Approximate  o/Conductor/ M at 1-Ft Mi at 1-Ft
Conductor é:;rrr;gtg Mi) at 60 Hz Spacing) Spacing)
Cmil —mm? Capacity’ (A) 25°C 50°C 60 Hz 60 Hz
400000 202 730 0.1484 0.1619 0.458 0.1038
350000 177 670 0.1690 0.1845 0.466 0.1058
350000 177 670 0.1690 0.1845 0.460 0.1044
300000 152 610 0.1966 0.215 0.476 0.1080
300000 152 610 0.1966 0.215 0.470 0.1068
250000 126 540 0.235  0.257 0.487 0.1108
250000 126 540 0235 0.257 0.481 0.1094
211600 107 480 0278 0303 0.497 0.1132
211600 107 490 0278 0303 0.491 0.1119
21600 107 480 0278 0303 0.503 0.1136
167800 85 420 0350 0.382 0.505 0.1153
167800 85 420 0350 0382 0.518 0.1171
133100 67 360 0440 0.481 0.532 0.1205
105500 53 310 0.555  0.607 0.546 0.1240
83690 42 270 0699 0.765 0.560 0.1274
83690 42 270 0.692 0.757 0.557 0.1246
66370 33 230 0.882 0.964 0.574 0.1308
66370 33 240 0.873  0.955 0.571 0.1281
66370 33 220 0.864  0.945 0.581 0.1345
52630 26 200 1112 1216 0.588 0.1343
52630 26 200 1.101  1.204 0.585 0.1315
52630 26 190 1.090 1.192 0.595 0.1380
41740 21 180 1388 1.518 0.599 0.1349
7o 21 170 1374  1.503 0.609 0.1415
33100 16 150 1750 1.914 0.613 0.1384
3100 16 140 1733 1.895 0.623 0.1449
26250 13 130 221 241 0.628 0.1419
6250 13 120 218 239 0.637 0.1483
080 10 110 275 301 0.651 0.1517
16510 8 90 347  3.80 0.665 0.1552

For a conductor at 75°C, air temperature at 25°C , wind 1.4 mi/h (2 ft/sec), frequency = 60 Hz.
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TABLE B2 Typical Charactenstics of Aluminum Cable, Sleel Reinforced (ACSR,
Aluminum Company of America, http/iwwv.atco,

& P

X, Shunt
X, Inductive Capacitne
R, R R R
{fYCond M) (©/Cond 1 (MQIConductos
Size of A oumate a1 60 Hz Muat 1-Ft Miat1Ft
Conductor  arrying 50°C (Curremt | —oP2IRg) __ Spacwg)

Crmil mm’ Capaaty’ (A} 25°C  ~75% capacity’) 60 Hz 60 Hz
1590000 805 1380 00591 00684 0359 00814
1510500 765 1340 00622 00720 0362 00821
1431000 725 1300 00656 00760 0363 00830
1351060 681 1250 00695 00303 0.369 00838
1272000 644 1200 00738 00851 0372 00847
1192500 604 1160 00788 00905 0376 00857
1113000 563 1110 00844 00969 0.380 00867
1033500 523 1060 00909 01035 0385 00878
954000 483 1010 00982 01128 0390 00890
900000 456 970 0104 01185 0393 00898
874500 443 950 0108 01228 0.395 00903
795000 402 900 0119 01378 0401 00917
795000 402 900 0117 01288 0399 00912
795000 402 910 0117 01288 0393 00904
TIS500 362 830 0132 01482 0407 00932
715500 362 80 0131 01432 0405 00928
715500 362 830 0131 01442 0399 00920
666600 337 800 0141 01601 0412 00943
636000 322 770 0148 01688 0414 00950
636000 322 780 0147 01618 0412 00946
636000 322 780 0147 01618 0406 00937
605000 306 750 0155 01775 0417 00957
605000 306 760 0154 01720 0415 00953
556500 281 730 0168 01859 0420 00965
556500 281 730 0168 01859 0415 00957
477000 241 670 0196 0216 0430 00988
477000 241 670 01% 0216 0424 00980
397500 201 5%0 0235 0259 0441 01015
397500 201 600 0235 0259 0435 01006
336300 170 530 0278 0306 D451 01039
336400 170 530 0278 0.306 0445 01032
300000 152 490 0311 0.342 0458 01057
300000 152 500 0311 0342 0462 01040
266800 135 460 0.350 0.385 0465 01074

“Far a conductor at 75 C, air temperature at 25°C wind 14 muh (2 (Usec) frequency = 60 Hz
“Current =75% capacty 13 “75% of the appro< current careying capacity” and 1s spproximately the curren
that wilt produce a conductor femperature of 50 € (25 C nise) with 25°C ar temperature wind 14 mh
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APPENDIX C

ENERGY YIELD OF A PHOTOVOLTAIC
MODULE AND ITS ANGLE
OF INCIDENCE

The fundamental problems of solar power estimation are formulated tn other
sources."”® Here we present a summary of solar power estimation as a function
of the sun’s posiion Our objective 15 to provide an understandmng of the sun’s
photovoltaic (PV) energy yield as input power mjected into a microgrid, which
15 dependent on the location of a PV system Students interested n a detailed
analyss are urged to study references 1 and 2

To estimate the energy yield of a PV module, the angle of inclination for
a module with respect to the sun’s position must be determined The angle of
inclination 1s defined by the position a magnetic needle takes when the hor-
T Pane & a2 spraie Tarauen The Jamatien 16 U degrers W
the magnetic equator and 90 degrees at each of the magnetic poles The irradi
ance 1s defined as the density of radiation sncident on a given surface expressed
1 watts per square meter or watts per square feet When the sun rotates, the
angle at wiich the rays of sun reach the PV module change Figure C 1 depicts
the mchination angle of a PV module

In Fig. C.1, o5 15 the solar ammuth angle, o 15 the azzmuth angle of the PV
module, B1s the it angle of PV module, and y; 1s the solar elevation from the
horizon The reference angle 1s defined with respect to the south and 15 gnen
by 0 degree, east 1s ~90 degrees, and west 1s +90 degrees. The solar altitude
determunes the level of uradiance on the PV module As the earth rotates, the

Design af Smart Fower Grid Renewable Energy Systems  First Edition Al heyham
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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West 90°
North 180°

Sun

PV
generator

...................

South 0° East -90°

Fignre C1 A Schematic Presentation of the Inclination Angle of a Photovoltaic
Module.!

elevation angle of the sun changes every month in the year, every day in the
month, and every hour of the day. The air mass (AM) factor determines the
total distance that the sunlight has to travel to reach the PV module as given
by Equation C.1.

1
sin(ys)

(C1)

Equation C.1 defines the relation between air mass and elevation angle. The
energy flux incident reaching the atmosphere of earth is known as a solar
constant, S. The solar constant, S is characterized in terms of incoming elec-
tromagnetic energy of an incident wave on a plane perpendicular at a distance
of one astronomical unit (AU) in a per unit area. The AU defines the distance
of the sun to the earth. The solar constant, S is equal to 1367 W/m? The total
power falling on a unit area from the sun’s radiation is called irradiance. When
the solar radiation travels through the atmosphere to reach the surface of a
1Y% module, a part of incident radiation is lost by air molecule scattering and
pollution particles,

Adirect beam of radiation is the radiation energy that is not dispersed and
feaches the earth’s surface directly. When a direct beam of radiation goes
through the clouds, it creates diffused radiation. Albedo is the fraction of
shortwave radiation that is dispersed from the earth back into space. The sum
of }hese radiation sources—diffuse, direct, and albedo—is called global
Tadiation. The ajr mass specifies the clearness of the atmosphere. The inte-

Bration of the irradiance (w/m?) over a time period gives us the solar energy
Production,
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Wroctaw 51° Nard, 17° East

Air mass (AM)

Time of day

Figure C.2  Air Mass Calculated for a Specific Location ®

Equator Plane

Nadr
Figure C.3 Solar Noon and Defimtion of Angles.”

The carth rotates in an eliptical orbital plane around the sun The earth
rotates one cycle around the sun in one year The angle between the equatorial
plane and celestial plane 1s 23 45 degrees. The celestial sphere around the earth
shows the relative position of the sun and earth The angle between the line
that connects the equatorial plane to the sun and earth is called a dechnation
angle, 6. This angle will be at its reference pont of zero on March 2021
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Equator Plane

Zenith

Figure C.4 Solar Noon and Equator Definition of Angles.!

(vernal) and on September 22/23 (autumnal) equinoxes. On these days, the
sun rises exactly in the east and sets exactly in the west. At summer solstice,
June 21/22, 6 is 23.45 degrees; at winter solstice, December 21/22, it is -23.45
degrees.

In Fig. C4, the nadir is the point on the celestial sphere directly beneath a
given observer and entirely opposite the zenith.! The solar angle is the angle
flanked by the meridian going through the sun and the meridian. The meridian
is also known as a line of longitude. It is an imaginary arc on the surface of
the earth from the North Pole to the South Pole. At solar noon, the angle is
zero, and increases toward the east. In Fig. C.4, o defines the elevation angle
and ¢ is the latitude for a given geographic location on the surface of the earth.
During the daily earth rotation, the solar declination angle ¢ is assumed to be
constant and equal to its value at midday. The irradiation on an inclined
surface can be expressed as

sing =sind - sing+cosd - cos@ - cosw = coso, (C2)
cosg = (Sifz :fo 'sS;n. c:o—s 2;1 J) (C3)

From Equations C.2 and C.3, the solar hour angle can be found as
ws =cos™!(~tang@-tand) (C4)

;Nehere s is the sunrise angle and —ws is the sunset angle for the day of the
jear, '

. The amount of solar energy is expressed in the form of global incident
N€rgy on a horizontal surface. Global daily irradiation energy is denoted by G.
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Figure C.5  Irradiation Components.”

The global daly 1rradiation {G) values are esiimated for a typical day m
any one month for a location on the earth’s surface B, 1s the irradiation energy
received over one day on a horizontal surface area above the atmosphere and
1s calculated using the expresston below

B,=24{x § {1+33 cos(2 & d,/365)} {cosg cosd sinws+ws sing sind}
(C5)

where e, 15 the hour angle, d, 1s the number of day starting from January 1,
d. =1 and December 31, d, =365 By using B, as a reference and value of G,
the clearness mdex, KT can be estimated as

KT=G/8B, CH)

In Equation C.5, B, 15 calculated for the variation of extraterrestrial irradiance
due to the eccentricity of the earth’s orbit The diffuse uradiation D s calcu-
iated by using the diffuse fraction index D/G of the global irradiauon D/G1s
the universal function of clearness index, KT B=G-D gives the separate
beam and diffuse radiation

The angular dependent of each component will give the diffuse irradtation,
D and beam rrradiation B on an inchned surface The total albedo ts calculated
by ustag the reflectrnty of the surrounding area The total albedo 1s found by
adding the albedo, beam, and diffuse rrradiation

For calculations of the average monthly irradiation, the daily global srradia
tion, G for a day, the middle of each month, the solar constant, S, which 15 1367
W/m? the site’s geographical lattude and the solar decimation angle 6 for
the day of the year can be used Table C.1 depicts the typical albedo reflectivity
coefficients.
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TABLE C.1 Typical Reflectivity.

Ground Cover Reflectivity
Dry bare ground 0.2
Dry grassland 0.3
Desert sand 04
Snow 0.5-0.8

From Equation C.6, KT, the clearance index can be calculated from the
daily irradiation data, G.
The disuse irradiation, D can be calculated from Equation C.7.

DIG=1-113-KT (C7)

The beam irradiation, B for the horizontal surface can also be found simply
by subtracting D from G, B = G — D. The beam irradiation B(f) on a south-
facing panel inclined at an angle § to the horizontal surface can be estimated
in terms of the beam irradiation, B for the horizontal surface.

B(B)=B'cos(¢—ﬁ)-cos6.sin[a)s (¢0-B)]+w,(¢—B)-sin(¢—B)sind

cos¢-cosd -sin@; +w; -sing-sind

(C.8)
D(B)=3-D-(L+cos(B))

R(B)=--B-p-(1+cos(B))

N[ =

where D(f) is the diffuse radiation, and R(f) is the albedo radiation. The
global irradiation is estimated by summing up all three components.

G(B)=B(B)+D(B)+R(B) (C.9)
The inclination angle, § can be estimated from Equation C.10)
§ =23.45-sin(360- (284 +1)/365) (C.10)

Th(; following steps can be used to estimate the irradiation on an inclined
surface,

Step 1

§ =23.45-5in(360- (284 +n)/365) (C10)

The solar declination angle is estimated for the given day n.



550  APPENDIXC
Step 2

@, =cos }(-tang tané)

) =cos !(~tan(p - fB) tand) (C.11)
where @, 1s the solar declination angle and ¢1s the latitude of the location on
the earth

Because the earth rotates one revolution per day this corresponds to 360°
jongitude = 24 hours This means the day length s 2 o, /15

Step 3 The beam irrachation for the horizontal surface 15

B,=24Ir S {1433 cos(2 x d,/365)} {cosp cosd sinws+ws sing smd}

(C.12)
where n 1s the day of the year and @, =mmn{e; o}
Step 4 Calculate clearance index
KT=GIB, (C13)

KT 1s the clearness index and G 1s the solar irradiation data of the area
Step 5 Calculate the diffuse wrradiation
D=G (1-113KT) (C14)
Step 6 Calculate the beam trradiation
B=G-D (C.15)

Sap T Calmlate the hram, vl ah . wge

_ p Sos(¢-p) cosd siney, +@,(¢-f) sin(¢p-B)sind
5p)=8 €Osp COsd sinw, +m, sing sind (€19

D(B)=3 D (1+cos(B))

R(B)=3 B p (1+co5(9))

G(f)=8()+D(B)+R(S)

The energy market regulatory authonty of Turkey provides the irradiance data
for different locations in Turkey Example C.1 gives the globaf daly irradiance
for Batman Citv Turke)y
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Example C.1 Assume a sample value for the global daily irradiation (G)
given as G =[1900,2690,4070,5050,6240,7040,6840,6040,5270,3730,2410,1800]
for each of the 12 months of the year, respectively. Assume a reflectivity
of 0.25.

i) Compute the (a) irradiation on a different tilt angle, (b) tabulate the
irradiance for each month at different tilt angles, (c) the overall irradi-
ance per year for different tilt angles, and (d) find the optimum tilt
angle for each month and a year.

i) If the angle of the PV module is fixed at 24 degrees all year round,
what is the average kWh generation of PV modules with 15% effi-
ciency and spread over an area of 100 m?, operating for 5 hours a day
at 0.5 sun?

Solution
i) Steps 1-7 given above are used to calculate irradiance for each month.
The tilt angle B is varied from zero to 90 degrees in steps of 12 degrees.
Table C.2 presents the tabulated results.

TABLE C2(a) Irradiation at Different Tilt Angles: Winter.

Tilt Angle January W/m? February W/m? March W/m?
0° 1900 2690 4070
1 2194 3016 4414
2u4° 2425 3253 4616
36° 2582 3390 4667
48° 2660 3421 4567
60° 2653 3344 4316
72° 2563 3164 3929
840 2393 2887 3421
o 2281 2716 3129

TABLE C.2(b) Irradiation at Different Tilt Angles: Spring.

Tit Angle April W/m? May W/m? June Wim*
o o 5050 6240 7040
1 5237 6231 6851
) 5252 6016 6433
e 5093 5595 5787
i 4768 4986 4940
e 4288 4214 3928
Iy 3678 3320 2807
o 2965 2356 1653

2582 1870 1099
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TABLE C.2{¢) lmadiation on Different Tilt Angles. Summer

Tilt Anele July Wim® August W/m? Sept Wim?
o 6840 6040 5270
12° 6721 6180 5699
24° 6368 6095 FOH
36° 5784 5784 5910
48 4991 5259 5682
60° 4024 4542 5241
72° 2935 3671 4608
84° 1795 2689 3810
90° 1237 2175 3361

TABLE C2(d) Irradiation on Different Tilt Angles Autumn and Yearly Average
Tilt Angle Oct Wim? Nov W/m? Dec W/m? Yearly Average W/m?

o 3730 2410 1800 4233
12° 4221 2803 2117 4640
24° 4570 3110 2371 4702
36° 4760 3316 2553 4602
48° 4783 3415 2653 4344
60° 4641 3398 2667 3938
72 4337 3270 2595 3306
84° 3885 3035 2440 2778
90° 3609 2880 2333 2439

Table C2 lists the wradiance 1n W/m? for tilt angles varyng from 0 to
90 degrees with an interval of 12 degrees The maximum irradiation
occurs at a bilt angle of 24 degrees sf the PV modules are fixed and not
free to change tilt angles. At this angle irradiance energy 1s 4702
Whim? This amount 15 almost 469 Wh/m? greater than the 1rradiation
on a horizontal surface If the angle of ilt can be changed every month
of the year the yield will be almost 4923 5 Wh/m? Using the optimum
angle of rradiance we can increase substantially the average of the
maximum value of each month s irradiation 1n a PV system

u) The average trradiance at a 24 degree angle for 12 months from
Table C.2 15 4702 kW/m? Therefore the power recensed by a surface
i 1m at 05 suns given as

Watts for 05 sun=05x4702=2 351 W/m?*

At an efficiency of 15% the encrg)y that the PV can generate when 1t 1s oper
ating for 5 hours a day over & year 1s given by

Energy of PV at 24°=0 15x2 351x5x 365 = 644 kWi /m?



ENERGY YIELD OF A PHOTOVOLTAIC MODULE AND ITS ANGLE OF INCIDENCE 553
Therefore, the energy generated by 100 m? of PV modules is given by
Energy produced for 100 m? =100x644 = 64.4 MWh

The National Renewable Energy (NREL) Laboratory pravides the global
daily irradiation (G) values for all major cities in the United States for any
given surface area, Students are urged to visit the NREL website to obtain
data for PV systems.

Example C.2 Assume that the yearly global daily irradiation (G) for the city
of Columbus, Ohio, on & horizontal surface is G = [1800, 2500, 3500, 4600, 5500,
6000, 5900, 5300, 4300, 3100, 1900, 1500].

The latitude of Columbus is 40 degrees. Assume a reflectivity of 0.25.

i) Compute an irradiation table for Columbus, Ohio.

ii) For the month of June, if the tilt angle is 36 degrees and irradiance is
0.4 sun for 7 hours daily, compute the total kWh that can be captured
over 1500 square feet assuming the efficiency of the PV module is 15%.

Solution

i) Following the same steps as given in Example C.1, we have the data
as presented in Table C.3.

if} From Table C.3(b), the irradiance at an angle of 36 degrees for the
month of June for 1 sun is 5109 W/m?>

Therefore, the power received by a surface if 1 m” at 0.4 sun is given by
Watts generated at 0.4 sun =0.4x5109 =2,044 W/m?

Atan efficiency of 15%, the energy that the PV system can generate operating
for 7 hours per day in the month of June is given by

Energy produced = 0.15x2,044x7x30 = 64.38 kWh/m?

TABLE C.3(a) Irradiation Data for Columbus, Ohio: Winter.

Tilt Angle January W/m? February W/m? March W/m?
o 1800 2500 3500
1 2112 2822 3782
" 2363 3061 3948
420 2541 3206 3992
60° 2638 3250 3911
e 2650 3193 3708
o 2577 3035 3394
o 2422 2784 2981

2315 2627 2743
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TABLE C3(b) Irradiation Data for Columbus, Ohio: Spring.

Tilt Angle Apnl Wim? May Wim? June Wim®
0 4600 5500 6000
12° 4776 5512 5882
24° 4802 5353 5585
36° 4675 5022 5109
48° 4399 4534 4470
&y 3987 3908 3698
72° 3457 3176 2832
84° 2835 2378 1927
90° 2499 1971 1484
TABLE C3(c) diation Data for Col Ohio:

Tilt Angle July W/m? Aug Wim? Sept Wim’
0 5900 5300 4300
120 5832 5431 4614
24° 5579 5378 472
36° 5140 5138 4764
48° 4531 4720 4593
60° 3779 4143 4265
72° 2922 3434 3793
84° 2013 2630 3202
90 1561 2206 2869

TABLE C3(d) Irradiation Data for Columbus, Ohio: Autumn and Yearly Average.
Tilt Angle Oct Wim? Nov Wim? Dec Wim? Yearly Average Wim®

o 3100 1900 1500 3825
122 3479 2182 1762 4016
24 3748 2400 1973 4080
36° 3895 2546 2125 4013
48 12 2613 21 3815
60° 3800 2597 2221 3496
72° 3563 2500 2172 3071
84° 321 2326 2049 2563
€0° 2997 2212 1964 2287

1m? =1076

64_3§ =598kWh/{t?

Energy produced in kWhift? =
“Therefore, the energy generated by 1500 sq ft of PV modules s given by

Total Energy produced =1500x5 98 =8 97 MWh
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APPENDIX D

WIND POWER

Fundamental problems 1n estimating wind power are reviewed in depth
other resources.™ A brief overview 1s provided here The annual available
wind energy 1s determined by studying wind speed distribution The Weibull
rehiabrlity distribution function® 1s used 10 describe the variation in wind speed,
1t1s given as

fm:%[‘ J‘ ] e'(:)‘ (D1

a

The vaniables of Equation D1 are defined 1n Table D1

At most sites, wind speed has a Rayleigh distribution When the time mter
valos agual ta 2, the Dbt s drvgpated 25 2 Raylagh, dstmluian.
Therefore, a Rayleigh distribution 1s only a function of the scale parameter
(a) and wind speed The frequency of a particular wind speed band over a
peniod of one year can be found from published wind speed data®

wind pertod in hours fory and v+ Av
J0)= A‘

(D2)

Mean wind speed over a time perniod 1s defined as the total area under the f~v
cunve integrated over a long period Hence to estimate the mean speed we
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TABLE D.1 Definition of Weibull Reliability
Distribution Parameters.

Variable Definition

k Time interval

f Relative probability distribution
v Speed

a Scale parameter

TABLE D.2 Definition of Parameters for the
Estimation of Wind Mechanical Power.

Variable Definition

p Density of air

A Rotor blades capturing wind power
v Speed

need to divide by the total number of hours in that interval.! The approximate
annual mean speed is given by

v=0.9a (D3)

Hence, given the mean wind speed for a site and assuming a =V, the Rayleigh
distribution® would be defined as

F (=25 (D4)
1%

The mechanical power generated by the wind passing an area of A with speed
v can be estimated as

P=%p-A-v3 (D.5)

As the rotor blades capture the wind energy, the turbine slows the wind from
$peed vy to v;. The wind speed at the exit of the rotor blades is as depicted in
Fig. D.1 where A;> A then vy > v,.

The power of the wind is estimated as the air area swept by rotor blades
and with the cube of wind speed as shown in Equation D.5.

Let the average speed be represented by v as shown in Equation D.6.

v= Kl__';;}’}_ (D.6)
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A2

Wnd
turb ne

Figure D1 Change of Wind Speed at a Wind Turbine !

The mechanical power Pr extracted from the wind after passing through the
turbine can be estimated as'

1
P7=5p A (=i} (m+w) (X))

The mechanical power of wind passing through the area an A 1s given as
1 3
=3 p AV (D8)

As expected Equation D 81s the same as Equation D 5 However 1n Equation
D38 the cubic value of velocity representing the average velocity 15 used
The power coefficient ¢, 1s the ratio between Prand P

2
c,:%:[l—%)(uv—’) (DY)

¥
‘The maximum power coefficient ¢, can be estimated as®
Cpmae = 0593

The maximum power coefficient 1s called the Betz Power Coefficient It indi
cates that approximately 60% of the wind power 1s taken by the turbine The
practical modern high speed turbines'- have power coefficient values ranging
from04to 06 * Low speed turbines with more blades have a value ranging
from 02 to 04 The efficiency of the wind turbine 1s the ratio of the power
1aken 10 the 1denl usable power

B af o (D10)
Cman P Comae P G
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For a rotor coefficient equal to %2, the maximum power output of the turbine
per square meter of rotor swept area can be expressed as

3

p-A-v 1
PT,max =__'_'=ZP'V3 kW /m? (Dll)

N

1
2
A

To estimate annual energy production, a new variable representing the root
mean cube of wind speed (RMC) is defined as

J.f(v)-v3-dv
6
365x24

VRMC =

m/sec (D.12)

where the f(v) is the frequency distribution function for wind speed at that
location. The empirical evidence has shown that a Rayleigh function with
corresponding scale parameter a best fits wind speed frequency data for
most sites. The annual average power generation in watts per square meter is
given as

PT,max =‘}1‘P ) VI?MC kW/m2 (D‘13)
The annual energy production can be expressed as

E=%p Viue X365x24 MW /m? /yr (D14)
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Aur gap power 358
Air mass 258
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Asia 4,248
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Automatic generation control
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Aztec 248
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Balanced loads 39
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Boltzmann’s constant 323
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Flux density 346

France 251

Frequency 193,222

Frequency modulation mdex 100, 126,

Fuel
Biomass 12
Ethanol 13
Fossit 1
Geothermal 12
Hydrogen 10
Solar 11
Fuel cells 200
Tundamental component 93133

Gaulard, Lucien 51
Gauss-Seidel algonthm
Yaus 413
Zgus 418
Gear box 338,342
Gear ratio 365
Generation bus 450
Geometric mean radis 73
Germany 251 322
Gibbs, John 51
Global warming 5, 20
Great Plains States 338
Greece 248
Greenhouse gases 5

Harmonic 167
Helios 248,251
Hemsphere,
Northern 249
Southern 249
Henry. Joseph 9
Hindu numerals 408
Hinduism 248
Hysteresis 348-350

Tce Age 2
Impedance 39,3%
Matnix 496,499
{nca 248
Incident solar radiation 248
Independent System Operation
(1SO) 183-184
India 2.4.10,249

Indonesta 10, 251
Induction machme 345
Brushless doubly-fed 384
Doubly-fed indwetion gereraior
(DFIG) 382
Dynamuc performance 375
Equivalent cireutt 354
Generator 362
Modeling 345
Power flow 358
Shp 353
Squirrel cage induction generator
(SCIG) 339,345
Industrial Revolution 4,17
Tnfinite bus 217,224
Infrared 5,11
Injected current vector 409
Injected voltage vector 409
Insolation 248
Interconnected network 26,28
Internal combustion engine 200
International Energy Agency 9
International Society for Testing and
Materials (ASTM) 262
Inverter (DC/AC)
Data 299
Full bridge 108
Half bridge 93
Single-phase 93
Three-phase 111
Sizing, 166
Tran 248,251
Iraq 251
Irmadiation 251
Global 251

Tapan 4,251
Joule 13
Joule, James Prescott 13

Kenya 251
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Load variation
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London 51
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