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PREFACE

This book is intended for use by senior undergraduate or graduate electrical engi-
neering students studying power system analysis and design or as a refer'ence' for
practicing engineers. As a reference, the book is written with self—s'tudy in mind.
The text has grown out of many years of teaching the subject material to stude.:nts
in electrical engineering at various universities, including Michigan Technological
University and Milwaukee School of Engineering.

Prerequisites for students using this text are physics and mathematics thrpugh
differential equations and a circuit course. A background in electric machines is de-
sirable, but not essential. Other required background materials, including MATLAB
and an introduction to control systems, are provided in the appendixes.

In recent years, the analysis and design of power systems have been affected
dramatically by the widespread use of personal computers. Personal computers
have become so powerful and advanced that they can be used easily to perform
steady-state and transient analysis of large interconnected power §ystems. Mod-
ern personal computers’ ability to provide information, ask questions, apd react
to responses has enabled engineering educators to integrate computers into th'e
curriculum. One of the difficulties of teaching power system analysis courses 18
not having a real system with which to experiment in the laboratory. Therefore,
this book is written to supplement the teaching of power system analysis with a
computer-simulated system. I developed many programs for power system anal)‘f‘
sis, giving students a valuable tool that allows them to spend more time on apalysw
and design of practical systems and less on programming, thereby e@an01ng the
learning process. The book also provides a basis for further exploration of more
advanced topics in power system analysis.

MATLAB is a matrix-based software package, which makes it ideal for power
system analysis. MATLAB, with its extensive numerical resources, can be use;d to
obtain numerical solutions that invoive various types of vector-matrix operations.

xiv

In addition, SIMULINK provides a highly interactive environment for simulation
of both linear and nonlinear dynamic systems. Both programs are integrated into
discussions and problems. I developed a power system toolbox containing a set
of M-files to help in typical power system analysis. In fact, all the examples and
figures in this book have been generated by MATLARB functions and the use of this
toolbox. The power system toolbox allows the student to analyze and design power
systems without having to do detailed programming. Some of the programs, such
as power flow, optimization, short-circuit, and stability analysis, were originally
developed for a mainframe computer when 1 worked for power system consulting
firms many years ago. These programs have been refined and modularized for inter-
active use with MATLAB for many problems related to the operation and analysis
of power systems. These software modules are versatile, allowing some of the typi-
cal problems to be solved by several methods, thus enabling students to investigate
alternative solution techniques. Furthermore, the software modules are structured
in such a way that the user may mix them for other power system analyses.

This book has more than 140 illustrative examples that use MATLAB to assist
in the analysis of power systems. Each example illustrates a specific concept and
usually contains a script of the MATLAB commands used for the model creation
and computation. Some examples are quite elaborate in order to bring the prac-
tical world closer. The MATLAB M-files on the accompanying CD-Rom can be
copied to the user’s computer and used to solve all the examples. The scripts can
also be utilized with modifications as the foundation for solving the end-of-chapter
problems.

The book is organized into 12 chapters and three appendixes. Each chapter
begins with an introduction describing the topics students will encounter. In the
third edition, Chapter 1, titled "The Power System and Electric Power Genera-
tion,” is an entirely new chapter. This chapter presents an overview of the electric
power system and the electric industry structure. The chapter also describes the
restructuring, deregulation of electric utilities, and recent progress in technology.
Students are introduced to various energy resources for electricity generation, in-
cluding fossil fuel, nuclear fuel, renewable energy sources and their environmental
impacts. Various methods for electricity generation are covered. These include the
description, main components, and operation of coal-fired power plants, nuclear
power plants, gas turbine power plants, combined cycle power plants, and elec-
tric power generation from renewable energy sources, such as hydroelectric power
plants, thermal solar power plants, photovoltaic power plants, wind power plants,
geothermal power plants, biomass power plants, tidal power plants, and fuel cells.
Included is a discussion of transmission, distribution networks, and the smart grid
that conveys the energy from the primary source to the load areas. Chapter 2 re-
views power concepts and three-phase systems. Typical students already will have
studied much of this material. However, this specialized topic of networks may



not be included in circuit theory courses, and the review here will reinforce these
concepts. Before going into system analysis, we have to model all components of
electrical power systems. Chapter 3 addresses the steady-state presentation and
modeling of synchronous machines and transformers. Also, the per unit system is
presented, followed by the one-line diagram representation of the network.

Chapter 4 discusses the parameters of a multicircuit transmission line. These
parameters are computed for the balanced system on a per phase basis. Chapter 5
thoroughly covers transmission line modeling and the performance and compensa-
tion of the transmission lines. This chapter provides the concepts and tools neces-
sary for the preliminary transmission line design. Chapter 6 presents a comprehen-
sive coverage of the power flow solution of an interconnected power system during
normal operation. First, the commonly used iterative techniques for the solution of
nonlinear algebraic equation are discussed. Then several approaches to the solu-
tion of power flow are described. These techniques are applied to the solution of
practical systems using the developed software modules.

Chapter 7 covers some essential classical optimization of continuous func-
tions and their application to optimal dispatch of generation. The programs devel-
oped here are designed to work in synergy with the power flow programs. Chap-
ter 8 deals with synchronous machine transient analysis. The voltage equations of
the synchronous machine are first developed. These nonlinear equations are trans-
formed into linear differential equations using Park’s transformation. Analytical
solution of the transformed equations can be obtained by the Laplace transform
technique. However, MATLAB is used with ease to simulate the nonlinear differ-
ential equations of the synchronous machine directly in time-domain in matrix
form for all modes of operation. Thus students can observe the dynamic response
of the synchronous machine during short circuits and appreciate the significance
and consequence of the change of machine parameters. The ultimate objective of
this chapter is to develop simple network models of the synchronous generator for
power system fault analysis and transient stability studies.

Chapter 9 covers balanced fauit analysis. The bus impedance matrix by the
building algorithms is formulated and employed for the systematic computation
of bus voltages and line currents during faults. Chapter 10 discusses methods of
symmetrical components that resolve the problem of an unbalanced circuit into
a solution of a number of balanced circuits. Included are graphical displays of
the symmetrical components transformation and some applications. The method
is applied to the unbalanced fault, which once again allows the treatment of the
problem on simple per phase basis. Algorithms have been developed to simulate
different types of unbalanced faults. The software modules developed for unbal-
anced faults include single line-to-ground fault, line-to-line fault, and double line-
to-ground fault.

Chapter 11 covers power system stability problems. First, the dynamic be-

havior of a one-machine system due to a small disturbance is investigated, and the
analytical solution of this linearized model is obtained. MATLAB and SIMULINK
are used conveniently to simulate the system, and the model is extended to multi-
machine systems. Next, the transient stability using equal area criteria is discussed,
and the result is represented graphically, providing physical insight into the dy-
namic behavior of the machine. An introduction to nonlinear differential equations
and their numerical solutions is given. MATLAB is used to obtain the numerical so-
1ut.ion of the swing equation of a one-machine system. Simulation is also obtained
using the SIMULINK toolbox. A program compatible with the power flow pro-
grams is developed for the transient stability analysis of the multimachine systems.

Chapter 12 is concerned with power system control and develops some of
the control schemes required to operate the power system in the steady state. Sim-
ple models of the essential components used in control systems are presented. The
automatic voltage regulator (AVR) and the load frequency control (LFC) are dis-
cussed. The automatic generation control (AGC) in single-area and multiarea Sys-
tems, including tie-line power control, are analyzed. For each case, the responses
to the real power demand are obtained. The generator responses with the AVR and
various compensators, such as rate feedback and Proportional Integral Derivative
(PID) controllers, are obtained. Both AGC and AVR systems are illustrated by
several examples, and the responses are obtained using MATLAB. These analyses
are supplemented by constructing the SIMULINK block diagram, which provides
a highly interactive environment for simulation. Some basic materials of modern
control theory are discussed, including the pole-placement state feedback design
and the optimal controller designs using the linear quadratic regulator based on the
Riccati equation. These modern techniques are then applied for simulation of the
LFC systems.

Appendix A is a self-study MATLAB and SIMULINK tutorial focused on
power and control systems and coordinated with the text. Appendix B includes a
brief introduction to the fundamentals of control systems and is suitable for stu-
der}ts without a background in control systems. Appendix C lists all functions,
script files, and chapter examples. Answers to problems are given at the end of the
book. The instructor’s manual for this text contains the worked-out solutions for
all of the book’s problems.

The material in the text is designed to be fully covered in a two-semester
undergraduate course sequence. The organization is flexible, allowing instructors
to select the material that best suits the requirements of a one-quarter or a one-
sen?ester course. In a one-semester course, the first six chapters, which form the
ba}sls for power system analysis, should be covered. The material in Chapter 2 con-
tains power concepts and three-phase systems, which are usually covered in circuit
courses. This chapter can be excluded if the students are well prepared, or it can be
used for review. Also, for students with electrical machinery background, Chapter
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3 might be omitted. After the above coverage, additional material from the remain-
ing chapters may then be appropriate, depending on the syllabus requirements and
the individual preferences. One choice is to cover Chapter 7 (optimal dispatch of
generation); another choice is Chapter 9 (balanced fault). The generator reactances
required in Chapter 9 may be covered briefly from Section 8.7 without covering
Chapter 8 in its entirety.

After reading the book, students should have a good perspective of power
system analysis and an active knowledge of various numerical techniques that can
be applied to the solution of large interconnected power systems. Students should
find MATLAB helpful in learning the material in the text, particularly in solving the
problems at the end of each chapter.
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ers for their many helpful comments and suggestions: Professor Max D. Ander-
son, University of Missouri-Rolla; Professor Miroslav Begovic, Georgia Institute
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A. El-Keib, University of Alabama; Professor F. P. Emad, University of Maryland;
Professor L. L. Grigsby, Auburn University; Professor Kwang Y. Lee, Pennsylva-
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E. K. Stanek, University of Missouri-Rolla.
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CHAPTER

1

THE POWER SYSTEM AND
ELECTRIC POWER GENERATION

1.1 INTRODUCTION

Electric energy is the most popular form of energy, because it can be transported
easily at high efficiency and reasonable cost.

The first electric network in the United States was established by Thomas
Edison in 1882 at the Pearl Street Station in New York City. The station supplied
DC power for lighting the lower Manhattan area. The power was generated by
DC generators and distributed by underground cables. In the same year the first
waterwheel-driven generator was installed in Appleton, Wisconsin. Within a few
years many companies were established to produce energy for lighting - all op-
erating under Edison’s patents. Because of the excessive power loss, RI? at low
voltage, Edison’s companies could deliver energy only a short distance from their
stations. ,

With the invention of the transformer (William Stanley, 1885) to raise the
level of AC voltage for transmission and distribution, and the invention of the in-
duction motor (Nikola Tesla, 1888) to replace the DC motors, the advantages of the
AC system became apparent and made the AC system prevalent. Another advan-
tage of the AC system is that due to the lack of co,a(mutators in the AC generators,
more power can be produced conveniently at higher voltages.



The first single-phase AC system in the United States was at Oregon City,
where power was generated by two 300 hp waterwheel turbines and transmitted
at 4 kV to Portland. Southern California Edison Company installed the first three-
phase system at 2.3 kV in 1893. Many electric companies were developed through-
out the country. In the beginning, individual companies were operating at different
frequencies, ranging from 25 Hz to 133 Hz. But, as the need for interconnection
and parallel operation became evident, a standard frequency of 60 Hz was adopted
throughout the U.S. and Canada. Most European countries selected the 50-Hz sys-
tem. Transmission voltages have since risen steadily, and the extra high voltage
(EHV) in commercial use of 765 kV was first put into operation in the United
States in 1969.

For transmitting power over very long distances it may be more economical
to convert the EHV AC to EHV DC, transmit the power over two lines, and invert
it back to AC at the other end. Studies show that it is advantageous to consider
DC lines when the transmission distance is 500 km or more. DC lines have no
reactance and, for the same conductor size, are capable of transferring more power
than AC lines. DC transmission is especially advantageous when two remotely
located large systems are to be connected. The DC transmission tie line acts as
an asynchronous link between the two rigid systems, eliminating the instability
problem inherent in the AC links. The main disadvantages of the DC link are that
the production of harmonics requires filtering, and that a large amount of reactive
power compensation is required at both ends of the line. The first +400-kV DC
line in the United States was the Pacific Intertie, spanning 850 miles from Oregon
to California, built in 1970.

The entire continental United States is interconnected by an overall network
called the power grid. A small part of the network is federally and municipally
owned, but the bulk is privately owned. The system is divided into several geo-
graphical regions called power pools. In an interconnected system, fewer genera-
tors are required as a reserve for peak load and spinning reserve. Also, interconnec-
tion makes the energy generation and transmission more economical and reliable,
since power can readily be transferred from one area to others. At times, it may
be cheaper for a company to buy bulk power from neighboring utilities than to
produce it in one of its older plants.

1.2 ELECTRIC INDUSTRY STRUCTURE

Generation of electricity in the United States is performed by two types of companies—

utilities and nonutilities. Utilities are further classified into four subcategories:

e Investor-owned utilities (IOUs), which account for about 66.1 percent of all

utility generation and capacity.

e Publicly owned utilities, which are nonprofit state and local government
agencies and include Municipals, Public Power Disiricts, and Irrigation Dis-
tricts, accounting for 10.7 percent.

» Federally owned utilities, such as the Tennessee Valley Authority, Bonneville

Power Administration, and U.S. Army Corps of Engineers; they account for
8.2 percent.

e Cooperatively owned utilities, owned by rural farmers and communities,
which provide service mostly to members; they account for 3.1 percent.

Nonutilities, which generate power for their own use and/or for sale in whole-
sale power markets, accounts for about 11.9 percent. The above information is ob-
tained from the Energy Information Administration, Share of Utility and Nonutil-
ity Nameplate Capacity by Ownership Category for 1998.! Today, Investor-Owned
Utilities still produce most of the U.S. electrical power, but this is gradually chang-
ing as the independent power producers are a growing segment in the industry.

. The transmission system of electric utilities in the Unites States and Canada
is interconnected into a large power grid known as the North American Power

Systems Interconnection. The power grid has evolved into three major separated
areas. These are:

o The Eastern Interconnection, which includes all the eastern and central states.
The Eastern Interconnection is tied to both of the other major interconnec-

tions via high voltage DC transmission facilities and also has ties to the
northern Canada system.

e The Western Interconnection, comprised of Western North America, from
the Rocky Mountains to the Pacific coast. It is tied to the Eastern Intercon-

nection at six points, and also has ties to systems in northern Canada and
Northwestern Mexico.

. "["he Texas Interconnection, which includes most of the state of Texas. It is
Fled to the Eastern Interconnection at two points, and also has ties to systems
in Mexico.

Each area consists of several neighboring utilities which operate jointly to

§chedule generation in a cost-effective manner. These electrically separate areas
import and export power to each other but are not synchronized electrically. Two
separate levels of regulation currently regulate the United States’ electric system.

Thttp:/fwww.eia.doe. gov/cneaf/electricity/chg_stru_update/chapter3_2.html



One is the Federal Energy Regulatory Commission (FERC), which rggulates the
price of wholesale electricity, service terms, and conditions. The cher is the Secu;
rities and Exchange Commission (SEC), which regulates the business structureR(E:
electric utilities. Under provisions of the U.S. Ene.rgy Policy Acft of 2005, FE .
has designated the North American Electric Rehablhty Clohrporatlon (NERkC) to be
responsible for maintaining system standards and reliability. NERC W;)r ] I:I:g;%
eratively with every provider and distributor of power tp ensure reliability. o
coordinates its efforts with FERC as well as other organizations such as the Edison
i i EED).
Elecn'}’cheltnz{::t:tﬁc( povzer industry in the United States l.las uqdergqne fundamén—
tal changes in the last two decades. 'Iihgmg@nerau()n\buﬁmﬁssﬁ1s,,1:amd,lyxb,e.cmmng
market-driven. This is a major change for an industry where power generation Wa;
once dominated by large, vertically integrated monopolies. The implementation o
n transmission_a has resulted in many new companies that produce and
market wholesale and retail electric power. In additipn, power markf.:t.ers cqnhbltlly
and sell power wholesale. These new companies are in direct comp_etmon with the
traditional electric utilities. As of 2008, retail electricity f:ustomers in 1.4 St.ates can
now choose their electricity company, and the retail price of e}ectrlclty is de;ler-
mined through a competitive bidding processes. However, retail competition has
resulted in higher prices for residential customers in several sta.tes. The trgnsmqn
to retail competition has not been smooth and uniform. In Pamcular, the gws n
the partially deregulated California energy system allowed independent plr(f) uc'elgz
to manipulate prices, and other companiesj such as Enron, preyed on Ca'l orx;llam
energy crisis by gaming the market,alalrtiﬁc:lally creating shortages and using sha
ive up prices astronomically. .
tradﬁslrtlotg: futufe? utilities may possibly be divided into power generation, trans-
mission, and retail segments. Generating utilities would sell directly to f:us-tomers
instead of to local distributors. This would eliminate the monopoly. tl}at d¥str1.butors
currently have. The distributors would sell their services as electricity dxstr}bqurs
instead of being a retailer of electricity itself. The retail structure of power Fhsm u-
tion would resemble the current structure of the telephone commqn}catlon 'mdustry.
Extensive efforts are being made to create a more competitive envuonme;nt
for electricity markets in order to promote greater efﬁftlency. 'IThug, tl}e powgr in-
dustry faces many new problems, with one of the highest priority 1ssues1 eing
reliability—that is, bringing a steady., uninterruptable power sgpp}y toalle ectrf;—l
ity consumers. The restructuring and deregulation of electric utilities, together wi :
recenl progress in technology, introduce unprecedented challf:r.lges and opportunt-
thes loe power systems research and open up new opportunities to young power

I
CHopmmey

1.3 ENERGY RESOURCES FOR ELECTRICITY GENERATION

Sources of energy to generate electricity are fossil fuels, uranium, water, wind, so-

lar, geothermal, biomass..fuel.cell,-and, occasionally. gil. Fach system has advan-
tages and disadvantages, but many of the systems pose environmental concerns.

With today’s emphasis on environmental consideration and conservation of fossil
fuels, many alternative sources are being considered for employing the untapped
energy sources of the sun and the earth for generation of power. These energy
sources are inexhaustible and are known as renewable energy sources. These in-
clude energy from water, wind, the sun, geothermal sources, and biomass sources
such as energy crops. Renewable energy sources have the potential to provide elec-
tricity to homes and businesses without causing air pollution or depleting nonre-
newable resources. Due to extensive efforts to reduce the greenhouse gas emissions
in recent years, the production of electric energy from renewable sources has be-
come the fastest-growing source of electricity generation, and several utilities have
abandoned plans for coal plants. Undoubtedly, if this trend continues, it will leave
a good portion of dirty coals in the mines within two decades. With the advent of
electric utility deregulation, renewable energy sources are being utilized in the de-
velopment of small power stations, which are directly connected to the consumers,
as well as large scale utility power plants.

According to the U.S. Energy Information Administration Existing Gener-
ating Capacity,” the total installed electric generating capacity in 2008 was about

1,010,171 MW. The estimated United States population in 2008 was 304,060,000,
That is,

1,010,171 x 108
304.06 x 106

Installed capacity per capita = = 3,322 W
Assuming uniform distribution, this is equivalent to 4.45 horsepower (HP) per
person. In 2008, the annual kWh consumption in the United States was about
4,119 x 10° kWh. The latest figures for the total generation shares by energy
source for the United States, published by the U.S. Energy Information Adminis-
tration (EIA) and released in March 15, 2010 in its "Electric Monthly Repor[,”3
are presented in Figure 1.1. This shows that the nonrenewable fossil fuels, namely
coal, natural gas, nuclear, and oil, accounts for about 89.2 percent of the United
States’ requirements for electricity generation in 2009. Approximately 44.7 per-
cent is generated from coal, 20.2 percent from nuclear, 23.3 percent from natural
gas, and 1 percent from oil.

The combustion of coal produces carbon dioxide, sulfur dioxide, nitrogen ox-
ide. and ozone as well as fine particles which are then released into the atmosphere.

zhllp://\/vww.eia.dne.gov/cneaf/e:lectricity/cpa/cpat Ip!.html
Shup:/iwww.eia.doe.gov/c neaf/electricity/epm/epm_sum.htmi
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FIGURE 1.1

Net generation shares by energy source, year-to-date through December, 2009.

An increase in the earth’s levels of atmospheric carbon dioxide i.ncr'eases the. green-
house effect and contributes to global climate change. Sul'fur dioxide ?.I]d mt}r}ogen
oxides contribute to smog and acid rain. Coal alsp cogtams traces of toxic c;avy
clements such as mercury, arsenic, and dilute rad10act1v§ matena%. Bl;milngtt 123
in very large quantities releases this material into the‘ env1ronmegt and ;::1 12 othZm
levels of radioactive contamination, the levels ‘of which are, ?romcglly, ig erf n
that of a nuclear power station. Coal has the i ghest carbon mtenm.tyfé)mong k(z;;
fuels, resulting in coal-fired plants having the hlghes\;t output rgtg of COy ’pf.:r ‘ S
In 2007, the national average output rate for coal-fired electr.lmty genﬁ;”dtl?lllchll
2.16 pounds C'O2 per kWh. Natural gas is the least carbon—1nten5}vel (())i%] 1:; S
and the output rate for COy from natural gas-fired plants in 2007 was 1.0) pou
o Ip{eernl;:\gi interest in environmental issues ha§ raised concerns about ellecqlc
power plants burning coal, resulting in the application of glegner coal t?czno ggles
to reduce the emission of mono-nitrogen oxides, sulfur dioxide, gnd carfon 10X-
ide. Buildup of human-related greenhouse gases has become an 1ssued0 COI]C@I.T;
because of its negative effects on the environment, human health, an ecgil'orr(l;e
well-being of all the people of the world. The Intergoyerr}mental Panel on artznder
Change (IPCC) has set the goal of reducing'carbon d10x1d§ to 350 p};lml(p é tp :
million) by 2025. Nations and the international community as a w ge ar trgl
bring the rate of increase in emissions of greenhouse gases under control,
i 1 mtipate e effects of such emissions through carbon capture and storage
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(sequestration) technologies. Renewable Portfolio Standard (RPS) and Renewable
Fuel Standard (RFS) policies adopted by many states are efforts to mitigate car-
bon dioxide emissions (USDOE/EIA 2008). RPS requires electric power facilities
to use a minimum percentage of their fuel from renewable sources, and RFS re-
quires blending of renewable fuels (ethanol) with gasoline at specified minimum
levels. The efficiency of some of these systems can be improved by cogeneration
(combined heat and power) methods. Process steam can be extracted from steam
turbines. Waste heat produced by thermal generating stations can be used for space
heating of nearby buildings. By combining electric power production and heating,
less fuel is consumed, thereby reducing the environmental effects compared with
separate heat and power systems.

Multiple technologies for Q@M@&iﬁ_{pture are available; most of them
can be classified into three main groups:

e Post-combustion: C'Oy capture from the flue gas after combustion of the
fossil fuel.

e Pre-combustion: Removal of C'O» from the fossil fuel prior to combustion.

e Oxy-fuel: Combustion of fossil fuel with pure oxygen rather than air.

Post-combustion involves capturing the carbon dioxide produced by the combus-
tion of coal immediately before it enters the stack and storing it underground. Post-
combustion capture technology can be added to existing coal or gas power plants
without modifying the original power plant.

Pre-combustion is a process where carbon in the fuel is separated or removed
before the combustion process. Instead of coal or natural gas being burned in a
combustion plant, the fuel can be converted to hydrogen and C'O, prior to combus-
tion. The C'Oy can then be captured and stored, while the hydrogen is combusted to
produce power. Pre-combustion capture technology is applicable only to new fossil
fuel power plants because the capture process requires strong integration with the
combustion process.

Oxy-fuel combustion with C'O; capture is very similar to post-combustion
CO, capture. The main difference is that the combustion is carried out with pure
oxygen instead of air. As a result the flue gas contains mainly C'O, and water vapor,
which can be easily separated. The challenge is that it is expensive to produce pure
oxygen.

Nuclear and most renewable energy sources do not have direct CO5 emis-
sions. Biomass fuels do emit C'Os upon combustion; however, the carbon is re-
absorbed by growing plants over the lifecycle of biofuel production. To reduce
greenhouse gas emissions, many states have adopted a Renewable Portfolio Stan-
dard policy, requiring electric power facilities to reach a specified minimum per-
centage of their fuels from renewable resources by a certain date (USDOE/EIA
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2007). Presently, 30 states (including the District of Columbia) have adopted a
mandatory Renewable Portfolio Standard (RPS), and four states have voluntary
goals. The mandated goals for renewable resource use ranges from 4 percent n
2009 in Massachusetts to 25 percent in 2025 in Illinois, Minnesota, and Oregon
(USDOE/EIA 2007). It is assumed that the use of renewable energy resources will
reduce greenhouse gas emissions. Renewable Portfolio Standards may bring eco-
nomic and health benefits such as job creation and cleaner air, in addition to reduc-
ing greenhouse gas emissions (PEW Center 2008).

The source of the mechanical power, commonly known as the prime mover, is
steam turbines, whose energy comes from the burning of coal, gas and nuclear fuel,
gas turbines, hydraulic turbines at waterfalls, or, occasionally, internal combustion
engines burning oil. Today many other technologies are used to generate electricity,
using wind energy, solar energy, geothermal energy, and biomass.

1.4 FOSSIL FUEL POWER PLANTS

Most electricity today is generated by burning coal and producing steam, which is
then used to drive a steam turbine that, in turn, drives an electrical generator. Steam
turbines operate at relatively high speeds of 3600, or 1800 rpm for 60 Hz operation.
The generators to which they are coupled are cylindrical rotor, two-pole for 3600
rpm or four-pole for 1800 rpm. The following sections describes various types of
fossil fuel power plants and power plants using renewable sources of energy.

1.4.1 COAL-FIRED POWER PLANTS

In a coal-fired plant, the burning of pulverized coal, natural gas, or oil in a huge
boiler produces high-pressure and high-temperature steam. The steam flows through
a series of turbines, where part of the heat energy 18 converted to  mechanical energy
that spins a coupled generator. The generator converts the mechanical energy into
electrical energy. A simplified diagram of a conventional coal-fired steam generator
is shown in Figure 1.2. In coal-fired power plants, the delivered coal is crushed into
small pieces and then transported to storage silos. The coal from storage silos is fed
into a pulverizer that grinds the crushed coal into powder and mixes it with primary
combustion air. The pulverized coal is fed to the boiler by means of a conveyor belt.
The coal is burnt in the boiler, and the heat produced is used to produce steam at
high temperature and pressure. The steam produced in the boiler is dried and su-
perheated by the flue gases on the way to the chimney. Superheated steam from
the superheater flows through a control valve into the high-pressure turbine (HP).
The control valve regulates the steam flow in accordance with the power output
needed from the plant. The exhaust steam from the high pressure turbine returns to
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FIGURE 1.2

Simplified diagram of a conventional coal-fired steam generator.
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Schematic diagram of a simple gas turbine power plant.
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The gas turbine power plant is simple in design and requires a smaller investment
and operating cost as compared to steam power stations. It requires much less water
compared to steam power plants, and there are no standby losses.

Modern large gas turbine plants have 35-40 percent thermal efficiency. In
addition to using the exhaust gas to heat air from the compressor, various meth-
ods have been used to improve the efficiency of gas turbines, mainly by increas-
ing turbine entry gas temperatures, increasing the efficiency and capability of the
compressor, and using materials with improved heat-resisting properties. The most
efficient turbines have reached 46 percent efficiency.

A gas turbine power plant can supply the grid with electric power within
minutes after start-up. They are usually used during peak demand and for standby
plants. for hydro-electric_stations, and they operate very cost-effectively for these
short periods of time. In areas with a shortage of base load, a gas turbine power
plant may operate continuously. This type of power station is usually used in con-
Junction with the heat recovery system generator (HRSG) for a combined cycle or
cogeneration power plant. The main difference in these plants is that in a combined
cycle power plant, the steam generated in the HRSG is used for the production of
power, while in a cogeneration plant, the steam can be used for heating and indus-
trial processes as well as power production. Both methods are useful in increasing

the overall efficiency of the generating plant. The next section describes the simple
combined-cycle power plant.

143 COMBINED-CYCLE POWER PLANTS

The combined-cycle power plant consists of a gas turbine (Brayton ¢ycle) in con-
Jjunction with a steam turbine (Rankine cycle). In the gas turbine, the output tem-
perature of the flue gas is quite high, in the range of 900°F to 1200°F. This is high
enough to generate steam by passing it through a heat recovery steam generator
ARSG), which is used as input heat to the steam turbine power plant. Combined-
cle power plants have become a popular generation scheme in recent years. Typi-
¥, the gas turbine produces about 65 percent of the power, and the steam turbine
oduces about 35 percent, A large set would be a 400 MW gas turbine coupled
a 200 MW steam turbine, giving 600 MW. A typical power station might be
comprised of between two and six such sets. The overall thermal efficiency of
mbined-cycle plants being built today is more than 60 percent. The schematic
diagram of a combined-cycle power plant is shown in Figure 1.4.

1.4.4 NUCLEAR POWER PLANTS

Nuclear power accounts for 20 percent of all power generation in the Unites States,
without emitting any significant pollution or greenhouse gases into the air. A nu-
clear power plant is a steam power plant, except that the boiler is replaced by a
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FIGURE 1.4

Schematic of a combined-cycle power plant.

nuclear reactor. There are many different types of reactors, using different fuels
and coolants. Two types of light water reactors. commonly used in a nuclear power
plants are the @@&WLBM[R)‘* and the g{gﬁg@ﬁ;_eg;,wgigr reqgctor
(PWR).% In a BWR, water boils inside the reactor itself, and the steam is used di-
rectly to drive the turbine. In a PWR, the superheated water in the primary cooling
Joop is used to transfer heat energy to a secondary loop for the creation of steam.
Approximately two-thirds of the reactors in the United States are pressurized-water
reactors, and one-third are boiling-water reactors. ‘
A schematic diagram of a pressurized-water reactor is shown in Figure 1.5.
The reactor, the pressurizer, and the heat exchanger, known as the steam genera-
tor, are placed inside a dome-shaped containment building made of extremely thick
concrete and dense steel. The reactor core in which puclear fission chain reactions
are initiated and controlled is placed in a heavy steal, pressurized vessel. The reac-
4http://www.eia.doe.gov/cneaf/nuc]ear/page/nuc_rcactors/bwr.html
5http://www.eia.doe.gov/cneaf/nuclear/page/nuc_reactors/pwr.hlml
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FIGURE 1.5

‘watic diagram of a pressurized water reactor.

liie core contains the fuel rods and assemblies, the control rods, the moderator. and
coolant. The fuel consists of uranium oxide pellets sealed ;n long metal tlllilgs
- tubes are grouped into large bundles called fuel assemblies. Control rods th t
ade of very efficient neutron capturers are placed among the fuel assemi)l' s
control rods control the speed of the nuclear chain reaction, by elidiLI; T u 1 esci
between the fuel assemblies and regulating the generator ’pow;er outé utp ;,n
component of the reactor is the moderator. The moderator qervespto .slon~
the neutrons released from fission so that they cause more ﬁ%siori Inhi ;V[
reactors, the water moderator functions also as a primary cog)klant' Out "gd
are the turbines, the heat exchanger, and part of the cooling systém o
ring the operation, the coolant water circulates through the r‘éact(.)r cor
I f tbs the heat produced by the fission process. A pressun;er is used in ord :
ent the generation of steam in the primary loop. The hot wz;te; is pum e;
-mtihe rea{ctor vessel to a steam generator, where the heat is transfé:rfed tlt))ea
- rz;y tWdter ‘loop. The reactor coolant pumps keep the coolant circulating back
Y ctor Vesse.l to collect more heat and deliver it to the steam generator.
. ;lp;ii:l;eog; g;e wstecondary loop is kept sufficiently low, allowing the wa-
1 iy, Tho bats ieam. The steam runs Fhe turbine generator to produce
A s. steam from the turbines is fed to a condenser, which con-
e steam back into water. A condensate pump drives the water towards the
generator to start the process over. Capital costs of nuclear power plant; are
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greater than those for coal-fired power plants, but they are cost competitive, even
with decommissioning and waste disposal costs. The efficiency of nuclear power
plants is limited to around 33 percent, because water can be heated only to a certain
temperature, and only a certain amount of heat can be taken out of water.

The U.S. electricity demand is projected to increase by 50 percent over the
next 25 years. Therefore, new base-load electric power-generating plants are needed
to meet this demand. Since governmental regulations will eventually be adopted to
mitigate the carbon dioxide emissions from coal-fired power plants, the larger-scale
solutions will have to come from nuclear fuel, as it can provide a large amount of
power without emitting carbon dioxide. The nuclear industry has developed several
advanced reactor designs which can recycle nuclear fuel. This will significantly re-
duce the amount of radioactive waste to be disposed. Also, the researchers at MIT®
have successfully shown that replacing the water coolant with a nanofluid will sig-
nificantly increase the efficiency and improves the plant safety of nuclear power
plants. This will make nuclear power a sustainable energy source that reduces the
carbon emissions and increases energy independence of the United States.

1.5 ELECTRIC POWER GENERATION
FROM RENEWABLE ENERGY SOURCES

Water energy has been the most widely used form of renewable energy for the
production of electricity. With today’s emphasis on environmental considerations
and conservation of fossil fuels, other renewable resources are being used to em-
ploy the energy sources of the sun and the earth for electricity generation. Some
of these resources that represent a viable alternative to fossil fuels are solar power,
wind power, geothermal, biomass, and tidal power. These resources, especially so-
lar power and wind power, have the capability to produce sustainable energy in-
definitely with no direct emission of pollutant and greenhouse gases. Power plants
using these renewable sources of energy are described in the following sections.

The aspiration for bulk generation of power in the future is nuclear fusion. If
nuclear fusion is harnessed economically, it would provide clean energy from an
abundant source of fuel, namely water.

1.6 HYDROELECTRIC POWER PLANTS

Hydropower is considered to be a renewable energy source because it uses the con-
tinuous flow of water without using up the water resource. It is also nonpolluting,
since it does not rely on burning fossil fuels. Hydropower is currently the leading

5http://web.mit.edu/erc/spoﬂights/nano.nucleax.htm]
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renewable energy source in the United States. In 2009, it accounted for about 63
percent of all other renewable energy sources, such as wind, solar, and bic?; ;
Reclamation’ 19 the nation’s second largest producer of hydréelectr}c power \jist;
58 hydroelectnc power plants and 194 generating units in operation and an in‘;’tall d
capacity of 14,693 MW. Almost all suitable sites for dams have alread be;: de

veloped, so there is not much scope for further growth in water poweryHOWI;veer—
the're are nUMErous areas where research can lead to increases in the efﬁ'cienc an(i
re.hathty of hydroelectric plants and decreases in maintenance costs PresZnt]

wind apd solar energy are growing at a rapid rate, and in a near futufe tile will by’
the major sources of renewable energy for production of electric power ’ )

The hydroelectric power plants usually require a dam to store wz.iter a

stock'for delivering the falling water, electric generators, a \;alve hou'se? Wll)fnf—l
con‘talns the main sluice valves, automatic isolating Valv;:s and re]ateél cont]CI
equipments. Also, a surge tank is located just before the vellve house to rotmt
the penstock from a pressure surge, called water hammer, in case the turbing ¢ (t:C

are suddenly closed. In addition to electric energy production, most dams igdtlfs
United States are built for other uses, including recreation, inzigati;)n, flood cone—:

trol, and public water suppl hematic d;
. ; y. A schematic diagr: : . )
is shown in Figure 1.6, 1agram of a hydroelectric power plant
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-matic diagram of a hydroelectric power plant.

The water from the dam is led to the water turbine through the penstock, and

r:f/wWw‘usbr,gov/power/data/role,rpt,html#powtr



the potential energy of the elevated water is transt@ed into kmegc }«lenergyér;l:tl:)i
water turbine converts hydraulic energy into mechanical energy, an the 1%6111] o
converts mechanical energy into electrical energy. Afte.r passing througT ; e uSt
bine, the water reenters the river on the downstream side of the dgm B S n;?l !
significant operating characteristics of hydropower plants are Hragl sl,ltzci turgineg
loading, long life, and low operating and maintenance costs. 0y I‘al(li cun el;_,
particularly those operating with a low pressure, operate at 10\‘Jv speeﬁ i i "
erators are usually salient-type rotor with many poles. To maintain t é tgeltls Lo
voltage frequency constant, the turbine must spin the generator at a constant sp

given by
_— 120f (.1
P

where f is the generated voltage frequency and p is the number of poles of the

enerator. .
¢ Elaborate control schemes are used to regulate the flow of water in order to

ine speed constant. ‘
reer t'}}seu;l)r:tlenriiali energy of the water in the reservoir i§ proportional to C;h;:l mass
of water and the difference in height between the water 1mp0und_ment an ; he tW-a—
ter outflow. This height difference is called th_e heqd or ejfectlve head. Pz}; 1&
P.E. = mgh. The mass of water is its volume times its density. Therefore, P. L. =
volume x pgh and the available hydro power becomes

PE. wolume
Pl = = ; pah (1.2)
2 Py = gpgh W (1.3)

q = rate of flow of water in m*/s

h = effective head of water in m

p = density of water ~ 1000 kg/m? ,
g = acceleration of gravity = 9.81 m/s

Given p = 1000, the available hydro power P in kW is given by
P =981lqgh kW (1.4)

If 1 is the overall efficiency of the hydropower plant, the electrical power output in

. P, = 9.81qghn kW (1.5)

here n = NN ; . -
" 2 = Iilgrylstgck efficiency, 7; = turbine efficiency, 1), = generator efficiency
e

There are three basic types of hydraulic turbines. Propeller or axial turbines
are used for low heads (10 to 100 ft). A Kaplan turbine is a propeller turbine with
variable-pitch blades that can be adjusted to give high efficiency during light loads.
The Francis turbine is one of the more common radial turbines used for medium
heads (15 to 1500 ft). Fixed-blade propeller turbines and Francis turbines have rel-
atively low efficiencies at light loads. The Pelton wheel is an impulse hydraulic
turbine that is normally used for heads above 150 ft to very high heads. In gen-
eral, the hydraulic turbine efficiency during normal operation is between 80 and 94
percent, and the generator efficiency is from 95 to 99 percent.

The Three Gorges hydroelectric power plant in China is the largest develop-
ment of its kind in operation in the world. Presently, the installed capacity is 19,600
MW. When completed by the year 2011, the total electric generating capacity will
be 22,400 MW. The largest installation in North America is at La Grande on James
Bay in Canada with a total installed capacity of 7,326 MW. The largest installation
in the United States is at the Grand Coulee Dam on the Columbia River in the state
of Washington, with a total capacity of about 6,500 MW, A panoramic view of the

Grand Coulee dam is shown in Figure 1.7. Powerhouse number three is located at
the lower left side of the dam.

FIGURE 1.7

(a) Grand Coulee Dam, "Courtesy of Wikimedia Commons, Credit - Gregg M. Erickson.”
(b) Right Powerhouse Generators, "Courtesy of US Bureau of Reclamation, Credit - C. Hubbard.”

Example 1.1

A large hydroelectric power plant has a head of 116 m and an average flow of
3100 m*/s (about that of Grand Coulee). Assume the following efficiencies: pen-

stock efficiency 77,=97 percent, turbine efficiency 7,=77 percent , and the generator
efficiency 1,=95 percent.



(a) Calculate the generated electric power.

(b) Assuming the average household in America uses 10,960 kWh (including all
transmission and distribution losses), approximately how many homes are
supplied by this hydropower plant?

(a) From (1.5) the generated electric power 18

P = (9.81)(3100)(116)(0.97)(0.77)(0.95) = 2, 503080 kW = 92,503 MW

(b) The annual energy production is

W = pt = 2,503080 x 24 x 365 = 21.926 x 10”7 kWh

Number of homes supplied is 10%60 = 2 x 10% = 2 million homes.

1.6.1 RUN-OF-THE-RIVER POWER PLANTS

Hydroelectric plants with no reservoir capacity are called run-of-the-river plants.
These plants use the natural flow of rivers to capture the kinetic energy carried
by water. Typically water is taken from a river and is led downhill through the
penstock at a lower point to the power station’s turbine to generate electricity. The
water leaves the power plant and is returned to the river without altering the existing
flow or water levels. Power stations on rivers with great seasonal fluctuations can
experience significant fluctuations in power output and would require impounding
the river to provide a steady water flow through the turbines. Such a system is
relatively cheap and has very little environmental impact.

1.62 PUMPED-STORAGE HYDRO POWER PLANTS

Pumped-storage hydro power production is a means of saving surplus electric-
ity during off-peak times as the potential energy of the elevated water. A typical
pumped-storage development is composed of two reservoirs situated at two dif-
ferent elevations. At times of low electric demand, the synchronous machine 1s
operated as a motor from the grid, which turns the hydro turbine in the reverse di-
rection as a pump, and the water is transferred from the lower reservoir to the upper
reservoir. When operating in this mode, the synchronous motor is usually overex-
i1-d, supplying reactive power® to the grid. When there is higher demand, water
back into the lower reservoir through the turbine to generate pOwer o
b is type of project is especially productive when there is a large

5 dreringe tween the upper and the lower Teservolrs.

i section 2.1-2.4.

In
Consume}ziutrgapscz;toer:ge h)(fidro, when thef water is pumped uphill, more power is
— beoausegtheer;i}t/z ro\;/]l;irtlﬁ\zat?r ltS relez;sed back into the lower reservoir.
oL _ ‘ plant can be started up and brought to full
ower w o
Ic)edure ; ;?]el;fi sz\:// rlmtr;utes, it cgn §upply the temporary peak in demandf.;This pro-
e thee }(f) atten'varxatlon in load, thus improving the overall economy
- power grld. quped—storage hydro power plants are becoming
portant due to the increasing use of wind and solar power generation )

1.7 SOLAR POWER

Solar po S
> me(}; :v;rgt:;l;e; 1tlse of the ellcbundant energy of sunlight, and it has the potential
nt portion of the future energy d ds i i
o : gy demands in an environmentall
by phomvz(l); sf(f;;t;ve way. Sho]ar energy can be converted directly into electricit;/
, using the semiconductor materials i
economical method is usin i e
¢ g concentrating solar power (CSP i
technologies use mirrors t ’ e o
s o reflect and concentrate sunligh 1
g te sunlight onto receivers that heat
peratures. The resulting heat i
steam turbine, driving a gener. e
, ator. Solar concentrators come in th i i
parabolic troughs, parabolic dish S —— i
: S, shes, and central receivers. Tracki i
para . . Tracking techniques ar
thg Cléed n thc?se systems to ensure that the maximum amount of sun]ig}?t entir::
fhe oo Irlltcentgcxtmg.sys,tem. ‘In all of these systems, a working fluid is heated b thé
rated sunlight and is then used for power generation or energy Storagey
ay .

A Absorber Tube

FIGURE 1.8
Schematic of a parabolic trough concentrator.
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1.7.1 PARABOLIC TROUGHS

A parabolic trough system consists of many long parallel rows of curved mirrors
that concentrate light onto a receiver pipe positioned along the reflector’s focal
line. as shown in Figure 1.8. The troughs follow the trajectory of the sun by ro-
tating along their axis to ensure that the maximum amount of sunlight enters the
concentrating system. The concentrated solar radiation beats up a fluid circulating
in the pipes, typically synthetic oil or molten salt, to temperatures of up to750°F.
The hot oil is pumped to heat exchangers to generate steam, which is used to drive
a conventional steam turbine generator. A schematic diagram of a solar power plant
using parabolic trough concentrators is shown in Figure 1.9.

"
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FIGURE 1.9

Schematic diagram of a solar power plant with parabolic trough concentrators.

Solar power is intermittent and is not available overnight; therefore, some so-
lar power plants are designed to operate as hybrid solar/fossil plants. As hybrids,
they have the capability to generate electricity during periods of low solar radia-
tion. The new parabolic trough plants use molten salt for the heat transfer medium,
which is cheaper and safer than oil. Also, because salts are an effective storage
medium, the spare solar power is used in the form of heated molten salt in storage
tanks, for use during periods when solar power is not available. This makes the
CSP technology truly dispatchable.

One of the largest parabolic trough power plants is the Solar Energy Gen-
erating Stations (SEGS) in California’s Mojave Desert. It consists of nine solar
power plants that have a combined capacity of 354 MW. Over the past 20 years
these plants have delivered power with a high degree of reliability, and they con-
tinue to operate well in the Mojave Desert. A new solar project based on advanced
parabolic trough technology and thermal storage using molten salts is being built
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by Abengoa Solar, Inc., a Spanish firm under contract with Arizona Public Ser-
vice (APS). This plant, called Solana (which means “a sunny place” in Spanish)
Generaﬂpg Station, has a capacity of 280 MW and is scheduled to go on—liné in
2010. It is claimed that the plant will have the capacity to supply clean power to
70,000 homes and will eliminate around 400,000 tons of carbon dioxide. On Ma

22,2009, APS and Starwood Energy Group Global announced plans for a‘290 MV&);
concentrating solar plant to be built in the Harquahala Valley, Arizona. The project
will use the same parabolic trough technology with molten salt storag;e Thé) limt
scheduled for completion in 2013, will have the capacity to supply clezin pO\Ser tc;
73,000’ homes. The largest solar thermal parabolic trough technology project pro-
posed in the United States is the 553 megawatt Mojave Solar Park in the Mojave
Desert, to bg built by the Israeli company Solel for Pacific Gas and Electric in Oerer
to meet California’s renewable energy laws, which require 20 percent of the power

provided to be from renewable sources. Construction i in i
. S. s s scheduled to b
and is due for completion in 2011. o besinin 200

1.7.2  PARABOLIC DISH CONCENTRATORS (DISH STIRLING)

A parabolic di.sh'concentrator consists of a parabolic dish-shaped mirror that re-
flects sola; radxgtlon onto a receiver located at the focal point of the dish.The dish
structure is designed to track the sun on two axes, allowing the capture of solar

energy at its highest density. A schematic of a parabolic di ator is
in Figure 1.10. p olic dish concentrator is shown

Receiver Y

Parabolic Dish

FIGURE 1.10
Schematic of a parabolic dish concentrator.

The solar dish concentration ratio is much higher than the solar trough, typ-
gh,



ically over 2,000, with a working fluid temperature to over 1300°F. The thermal
receiver consists of a bank of tubes filled with a cooling fluid, usually hydrogen or
helium, which is the heat transfer medium and also the working fluid for an en gine.
The thermal receiver absorbs the solar energy and converts it to heat that is deliv-
ered to a Stirling engine, which is attached to the receiver. The engine is coupled
to an electric generator to generate electricity. Similar to the parabolic trough, a
concentrator can be made up of multiple mirrors that approximate a parabolic dish
to reflect the solar energy at a central focal point.

One of the first commercial-scale Dish Stirling systems will be built near
Phoenix, Arizona by Tessera Solar International. The 1.5 MW plant consists of
sixty 25 kW units known as the SunCatcher, as shown in Figure 1.11.

FIGURE 1.11
Dish Stirling systems — SunCatchers by Tessera Solar, “Courtesy of Sandia National Laboratories.”

The SunCatcher dish is formed into a parabolic shape using multiple arrays
of curved glass mirrors. Each unit is designed to track the sun continuously and to
reflect the solar energy onto a Power Conversion Unit (PCU) positioned at the focal
point of the dish. The focused solar thermal energy heats up the hydrogen gas in
tubes in the PCU, and the gas goes through a heat exchanger to run a four-cylinder
Stirling engine. The engine then drives a generator to produce electricity. The main
advantage of the solar dish technology is that the Stirling system requires no water
for heating or cooling. The project will serve as a precursor to the deployment of
much larger commercial projects to be developed by Tessera Solar and Stirling
Energy Systems, including a 27 MW solar project for CPS Energy in West Texas
and a 500 MW solar project for Southern California Edison.

1.7.3 SOLAR TOWER

This system consists of a field of thousands of flat mirrors, called heliostats, shown
in Figure 1.12.

Central Receiver

F.- y IF lat Mirrors

FIGURE 1.12
Schematic of 4 solar tower.

The computer-controlled mirrors track the sun and reflect the sunlight onto
a central receiver mounted on top of a tower. A working fluid such as synthetic
oil or molten salt circulates in the receiver, where it is heated to over 1300°F. The
heated fluid is pumped to heat exchangers to generate steam, which is used to drive
a conventional steam turbine generator located at the foot of the tower.

Among the earliest solar power towers were the 10 MW Solar One and Solar
Two projects in the Mojave Desert. Solar One operated successfully from 1982 to
1988. Solar One was upgraded to Solar Two, which operated from 1996 to 1999.
Solar Two’s main objective, which was successfully met during the project, was to
df:monstrate advanced molten-salt power tower technology. On May 13, 2009, Pa-
cific Gas and Electric Company (PG&E) announced that it had entered into a series
of contracts with BrightSource Energy, Inc. for a record total of 1,310 MW of solar
the@al power. This is considered one of the world’s biggest solar projects. This
project is to proceed in seven phases. The first of these solar power plants, sized
at 110 MW and located in Ivanpah, California, is contracted to begin operation in
2012. Each plant will consist of thousands of computer-controlled heliostats that
Frack the sun and reflect the solar energy onto a water boiler located on a central-
ized power tower. The boiler heats the water inside to more than 1000°F, creating



superheated steam. The steam is directly transported to a steam turbine generator
to produce electricity. The high efficiency turbine uses air rather than water to cool
the steam. Therefore, very little make-up water is required for the closed cycle,
which can be a major advantage over other CSP technologies. Upon completion,
all seven projects are expected to produce 3,666 gigawatt-hours of power each year,
equal to the annual consumption of about 530,000 average homes.

Example 1.2

From the Energy Information Administration’s, October 2009 Monthly Energy Re-
view, Table 7.2a.° the total annual electricity generation in 2008 was 4, 110,259 x
10% kWh. The average annual solar irradiation for the U.S. is approximately 5
kWh/m?/day. If all electricity generation were to be generated by solar thermal
power plants, estimate the minimum area needed. Assume the overall efficiency of
all the solar thermal power plants is 20 percent.

The energy use per day is 4,110, 259 x 105/365 = 1.126 x 10'0 kWh/day

The area required is (1.126 x 1010) /(5% 0.2) = 1.126 x 10" m? = 4,347.9 mi?.
This is roughly ten times the area of Los Angeles. In practice, a much larger area is
required to arrange heliostats in the solar field with adequate spacing. Additionally,
more area is required for the necessary infrastructure.

1.7.4 PHOTOVOLTAIC ELECTRIC POWER PLANTS

Photovoltaic technology is the process that converts sunlight directly into electric-
ity using semiconductor materials. When sunlight hits the surface of these mate-
rials, the solar energy causes the release of electrons. The cells are designed to
channel the electrons into an electric field that flows in one specific direction and
creates an electric potential. Photovoltaic (PV) cells with only one junction absorb
a portion of the light spectrum. Large sets of PV cells are connected together and
placed under non-reflective glass to form a flat panel PV. To give a desired electri-
cal power output, a number of panels are connected together to form a PV array.
Flat panel PVs can use both direct sunlight and the diffuse sunlight that is reflected
from clouds. They are used for small applications, typically on rooftops. PV cells
generate DC electricity, which varies by the amount of sunlight falling onto the
modules. Inverters are used to convert the DC to a regulated AC. Solar installations
in recent years are growing both for newly constructed homes and for pre-existing
ones, using special inverters that are wired into the power grid. With the advent
of a smart grid and monitoring, when more solar energy is collected than used, the
energy returned could provide revenue for the user. With governments offering sev-

% i doe.goviemew/mer/elect.html

eral .tax incentives for non-polluting power, solar energy is becoming a more eco-
nomically viable option. PV cells using multi-junction devices can at::hieve higher
tptal conversion efficiency because they can convert a much larger spectrum of
light to electricity. In addition, sunlight can be concentrated with mirrors or lenses
so that §maller photocells can be used efficiently. Concentrating PV (CPV) use;
large mirrors or lenses to concentrate and focus the direct sunlight onto a stn"n‘
pf cel!s, resulting in a significant increase in the output power. The CPV strlicturi
is dgmgned to track the sun on two axes, allowing the capture of solar energy at
its h1ghest-density. The CPV is used for large electric power generation. A hi}:gh-
concent‘ratlon photovoltaic system using optical lenses with a two-axis tracking
mechanism made by Amonix for Arizona Public Service is shown in Figure 1.13.

FIGURE 1.13
An Amonix high-concentration photovoltaic system, "Courtesy of DOE/NREL.”

Ip res:ent years several photovoltaic power plants have been built and are in
operatlor} in several European countries, notably in Spain, which has 33 power
plants Wth a total capacity of 650 MW, Germany with 8 power plants with a to-
tal capacity of 150 MW, and Portugal with two plants totaling 57 MW. Presentl
only three photovoltaic power plants are in operation in the Gnited States Thesz
are Nellis Solar Power Plant (14 MW), located within Nellis Air Force Ease }n
Nevada, Alamosa photovoltaic power plant (8.2 MW), located in San Luis VE‘IUC
south central Colorado, and Sempra Generation PV Plant (12.6 MW) in Sout}{-’
em Nevada. Many large scale photovoltaic power plants are\being developed and
planned worldwide. There are eight large photovoltaic power plants being planned
or under construction in the United States with a total capacity of 1,766.5 MW. The
Ia'rgest planned PV power plant (600 MW), called Rancho Cielo, will be built by
SlgneF Solar in Belen, New Mexico. The next largest ones are a 550 MW plant to
be bmlt by First Solar, and a 250 MW plant to be built by Sun Power in Carrizo
Plain, California for Pacific Gas and Electric. Also, Pacific Gas and Electric Com-



pany has entered into a contract with AV Solar Ranch, a subsidiary of NextLight
Renewable Power, for a 230 MW solar photovoltaic power plant.

1.8 WIND POWER PLANTS

Since ancient times, people have harnessed wind energy to pump water or grind
grain. Wind machines were used in Persia as early as 200 B.C. to grind grain, and
the first practical windmills were built in Sistan, Iran in the 7th century. Wind-
mills were used in 14th-century Holland to pump water. The first known functional
electricity-generating windmill was a battery charging machine installed in 1887
by James Blyth in Scotland. The first use of a large windmill to generate electricity
was in Cleveland, Ohio, in 1888, by Charles Brush. European countries, particu-
larly Denmark, Germany, and France, continued the developments of large-scale
wind turbines from the first quarter of the 20th century. Today, Denmark, Spain,
the United States, and Germany are the top four worldwide suppliers in the wind
turbine market.

Over the past decade, wind power has been the fastest growing form of gen-
eration in the United States and in other parts of the world. Like solar, wind is
intermittent and is highly dependent upon weather and location. Since solar power
and wind power can complement each other as energy sources, a hybrid solar-wind
power system may be used for base-load generation. Such a system would be a
viable alternative to fossil fuels.

1.8.1 TYPE OF WIND TURBINES

Modern wind turbines come in two types: Vertical axis, or “egg-beater” style, and
horizontal axis, or “propeller” style. Vertical axis turbines are particularly suited
to small wind power applications because they have a small environmental im-
pact and make no noise. The horizontal axis turbine’s blades rotate in a vertical
plane about a horizontal axis, and the turbine is dynamically rotated on its tower
by computer-controlied motors to face the wind. Most modern utility-scale turbines
are horizontal-axis turbines. Two kinds of horizontal wind turbines commonly used
for electric power generation are the fixed-speed and the variable-speed turbines.
The rotor of modern wind turbines typically has three blades, which converts the
energy in the wind to rotational shaft energy. The center of the rotor is connected to
the turbine shaft, which turns a generator, usually through a gearbox. Larger wind
turbines are often grouped together in the same location known as a wind farm to
provide power to the electrical grid. Shown in Figure 1.14 is the Dillon Wind Farm
consisting of 45 MHI 1.0 Mw horizontal wind turbines located in Palm Springs,
California.

FIGURE 1.14
Dillon Wind Farm, "Courtesy of DOE/NREL, Credit - Iberdrola Renewables.”

1.8.2 WIND POWER

Wlpd t‘urbmes convert the kinetic energy from the wind into mechanical energy.
which is then used to drive a generator that converts this energy into electricity. 7

From Newton’s second law, the kinetic energy of a “packet” of air with mass
m (kg) moving at a speed v (m/s) is E

o ] L2
KE = 5771/11 (1.6)

The mass of air passing throu is
5 gh an area is the product of the area A, ai i
speed v, and the time ¢, or ety
m = Apuvt (1.7)

Substituting in for 7 in (1.6), we have
1
]\.L‘ = 544[)7.7. t

Since power is energy per unit time, the theoretical wind power is given by

_KE. 1

: _ 3
P, = ; ~§A/)v W (1.8)

The blade of the turbine captures only part of the available wind energy, and the
actual power extracted by a wind turbine is given by

L, .
P:@m:@@&ﬁ)w (1.9)



Where C,, is the coefficient of performance or power coefficient knownt :j flri’srzs
Limit. The German engineer Betz showed that the musiium power extrac o fom
an air stream is 16/27 or 0.59 of the theoretical . lable power. The area ((1)' 2
izontal axis wind turbine is given by A = (7 / 4)1%, where D is the rotor di

in m. Therefore, power extracted from wind is

P:% LoD*® W (1.10)

Considering the mechanical losses of the gearbox, @rbine ?lade;s, and the 1os$est 11]2
the generator, and the inclusion of the corresponding efficiencies (1gb, 7, 7g)-

net output power becomes
m 2,3 111
PO == (ngbnbng)“g CppD v W ( )

Modern wind turbines operate with a power coefficient of about €', & 0.4. The:F z;llr

density varies with the height and depends on the pressuri a/ndgte};nperta}turei.1 10(;
i 1 i 60°F is 1.225 kg/m”. Equation (1.

air density at sea level, latm (14.7 psi) and : on (

shows thez the power is proportional to the cube of wind speed and to the square of

the blade diameter. Therefore, when the wind speed doubles, the power increases

by a factor of eight, and when the blade diameter is doubled, the power increases

by a factor of four.

Example 1.3

A very large horizontal wind turbine is mount‘ed with its hub at 135 m anglnt(liajea—l
rotor diameter of 126 m. The turbine operates in an area with an avglr:ag:gif:hwi ce
locity of 12.5 m/s at 135 m altitude and an air density of 1.18 at 70 : E'tL}llout :
power coefficient is 0.46. The generator is dlrectly coupled to th.e turburle_-\;z1r o
gearbox. Assume the following efficiencies: turbine b}ade efficiency, nb—t bpe
cent, and generator efficiency, 1,=96 percent. Determine the power output.

From (1.11), we have

6 —
P = 0.946 x 0.96 x % « 0.46 x 1.18 x 126% x 12.5° = 6.0 x 10° W =6 MW

1.8.3 FIXED-SPEED WIND TURBINE

- rbine, the machine is typically a squirrel cage induction genera-
zgr:dzgxgeecaltrsllaff i;znt;cts the low-speed (15 to 60 rpm) turbine rotor to the genterratg;
rotor and steps up the speed to about 900 rpm f(?r an 8-pole, 60 Hz &generqtzh,ed
to 1800 rpm for a 4-pole, 60 Hz generator. Turbine blades are turne , or pitcl di
out of the wind to control the rotor speed and keep the rotor from turning in winds

that are too high or too low to produce electricity. Privately owned isolated wind
generators can turn at whatever speeds their owners choose. For operation with a
grid system, the stator winding of a squirrel cage induction generator is directly
connected to the grid via a transformer. The frequency of the grid determines the
rotational speed of the generator. Thus, the wind turbine must run at constant speed
as dictated by the grid frequency (60 Hz or 50 Hz) and the number of poles of the
generator. The disadvantages of induction generators are high starting currents,
which usually are smoothed by a thyristor controller, and their demand for reactive
power, which can be compensated by installing shunt capacitors in the stator cir-
cuit. Also, a wound-rotor induction generator is used for direct connection to the
grid. In this system, the three-phase external resistances connected to the rotor slip
ring can be adjusted to control the speed over a limited range.

1.8.4 VARIABLE-SPEED WIND TURBINE

Due to advances in the electronic inverter systems, most new wind turbines operate
at variable speeds, which allow a more efficient capture of wind. Wind turbines op-
erating at variable speeds would produce a variable voltage and frequency output.
Thus, the generator is decoupled from the grid, and a suitable power electronic in-
terface is used that converts the generator output to the correct grid frequency and
voltage. Several types of generators are used for variable speed turbines: doubly-
fed wound-rotor induction generators, where only a part of the power production
is fed through the power electronic converter, squirrel-cage induction generators

and synchronous generators, where total power production must be fed through the
power electronic interface.

Doubly-fed wound-rotor induction generator — Doubly-fed induction genera-
tors (DFIG) are the most common technology used by the wind turbine industry
due to their flexible rotor speed with respect to the constant stator frequency. Fig-
ure 1.15 presents an overview of the DFIG system. The generator is connected to
the turbine through a gearbox to adapt the low rotating speed of the wind turbine
to the generator speed. The stator of the generator is directly connected to the grid
via a transformer. The rotor windings are connected to the grid via slip rings and
back-to-back voltage source converters and a transformer. With this arrangement,
the energy is delivered to the power grid from both the stator and the rotor. Hence,
this system is called “doubly-fed.” The power electronic converters enable DFIG
to operate at optimal rotor speed and to maximize power generation by controlling
the active and reactive power injected into the grid at constant voltage frequency.
“When a fault occurs in the external grid, a voltage dip occurs at the AC output
terminals, which results in excessively high current through the stator and the ro-
tor. The converters must be protected against such a high current. The protection of



the converter is usually achieved by short circuiting the generator rotor through a
so-called crowbar in the rotor circuit. During this time, no power can flow through
the rotor. Wind farms supplying power to the grid are required to ride-through the
voltage dip, that is, to have the ability of the fault ride-through without discon-
nection during grid faults. The DFIG would contribute to a limited extent fault
ride-through.
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Rotor
power
soor | &| e |
4 r T
|Crowbar]
Rotor side converter Grid side converter
FIGURE 1.15

An overview of the variable speed WT with DFIG.

Synchronous generator — In systems with a synchronous generators, the rotor
winding is excited by a DC source. The rotor is connected to the turbine, which
allows variable speed operation over a wide range. The AC generated by the syn-
chronous generator is first rectified into direct current and then inverted back to
AC at standard grid frequency (50 HZ or 60 HZ), before feeding it into the grid.
This system can provide reactive power, voltage and frequency regulation and, with
recent developments, fault ride-through. Power ramp regulation is also being pro-
vided with machines of this type. Figure 1.16 presents an overview of the system
with a synchronous generator.

The gearboxes in some of the latest systems have been eliminated. The size
of wind turbines varies widely. Small turbines used to power a single home or
business may have a capacity of less than 100 kW. Some large, commercial-sized
turbines may have a capacity of over 5 MW.

As of 2009, the world’s largest wind turbine is the E-126 from German wind
turbine manufacturer Enercon GmbH. This turbine has a rotor diameter of 126 m
(413 feet), the unit is officially rated at 6 MW, and it is claimed to be capable of
producing up to 7 MW. The rotor will turn at 12 rpm, and the generator is di-
rectly coupled to the turbine and connects to the grid through a power electronic
converter. The manufacturers of very large wind turbines are now using newer, per-
manent magnet synchronous generators without a gearbox, combined with a full
power converter. Such systems operate with the highest efficiency at low speeds,

Transformer
=0
{ F

Grid side
converter

Excitation controller

FIGURE 1.16
An overview of the variable speed WT with SG.

and have the best fault ride-through capability. They also have a very low mainte-
nance due to lack of slip rings, rotor excitation, and gearbox.

According to the Global Wind Energy Council,'” over the past ten years,
global wind power capacity has continued to grow at an average cumulative rate
of over 30 percent, and, at the end of 2008, over 120,791 MW of wind capacity
was installed worldwide. As of 2008, the United States ranks first in the world
in wind power capacity, followed by Germany, Spain, and China. Denmark ranks
ninth in the world in wind power capacity, but generates about 20 percent of its
electricity from wind. The latest figure released by American Wind Energy Asso-
ciation in June of 2009 puts the United States’ total installed wind power capacity
at 29,440 MW, with another 5,866 MW under construction. Thirty-five states have
v_vind generated electricity.!! The top six states with the most wind power genera-
tion are Texas (8,361 MW), Iowa (3,043 MW), California (2,787 MW), Minnesota
(1,805 MW), Washington (1,575), and Oregon (1,508 MW). In 2008, the U.S. De-
partment of Energy announced that wind power could provide 20 percent of U.S.
electricity by 2030.

1.9 GEOTHERMAL POWER

Geothermal energy is derived from heat within the earth, usually in the form of
underground steam or hot water. The sources of geothermal energy are due to the
mexiten rocks that are found beneath the surface of the earth known as magma. Most
Miagma remains below the earth’s crust and heats the surrounding rocks and subter-
rancan water. Some of this water comes all the way up to the surface through faults

top/www.gwec netfindex.php?id=13
. 1ht:tpJ/awea.org/projects/DefaulLaspx
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and cracks in the earth as hot springs or geysers. When this rising hot water and
steam is trapped in permeable rocks under a layer of impermeable rocks, geother-
mal reservoirs are formed. The thermal energy of these reservoirs can be taken
from different depths through wells hundreds to thousands of feet deep. It can be
utilized for space heating and industrial process applications, but most commonly
it is used for producing base-load electric power generation. Geothermal energy is
considered a renewable energy source because heat is continuously produced in-
side the earth. Geothermal power is cost effective, and environmentally friendly,
with very low carbon emission, and, unlike solar and wind, geothermal power is
immune from weather changes. However, there have been concerns that the pres-
surized water forced into the rock generates micro-earthquakes. It can also interact
with existing deep faults, potentially causing larger temblors.

There are three types of geothermal power plants: dry-steam, flash-steam, and
binary-cycle plants. The type selected depends on the temperatures and pressures
of the geothermal reservoir. Typically two wells are constructed: a production well
and an injection well.!?

Dry-Steam Power Plant — Dry-steam power plant systems were the first type of
geothermal power generation plants built. They use the steam from the geothermal
reservoir as it comes from the production well. The steam is piped directly to a tur-
bine, which drives a generator that produces electricity. The steam is condensed and
pumped down into the injection well to sustain production. The largest complex of
geothermal power plants in the world is The Geysers north of San Francisco, Cali-
fornia. It consists of 15 power plants with a total capacity of 727 MW. The Geysers
project is located in an active seismic zone, and the increase in earthquake activity
since the project began has created opposition among some area residents and en-
vironmental groups.

Flash-Steam Power Plant — Geothermal reservoirs that contain mostly hot wa-
ter above 350°F (176°C) are used in flash power plants. The hot water from the
production well is depressurized or "flashed” into steam which can then be used to
drive the turbine. Steam exhausted from the steam turbine is condensed in a con-
denser cooled by cold water from a cooling tower and is used to provide make-up
water for the cooling tower. Hot water not flashed into steam is returned to the
geothermal reservoir through the injection well. Both dry-steam and flash-steam
power plants emit minute amounts of gases such as carbon dioxide, nitric oxide,
and sulfur. This type of plant is the most common type of geothermal power gen-
eration plant.

Binary-Cycle Power Plant — When the geothermal reservoir temperature is not

b Vmowem prasenergy,0rg/basics.aspx
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high enough (between 250°F to 350°F) to flash steam, the hot water is passed
through a heat exchanger. In this system, known as binary-cycle plant, the heat is
rec.overed by a secondary fluid with a lower boiling point than water. Th;: second
fluid flashes to vapor, which, like steam, drives the turbines. The vapor is thag
f:ondensed and circulated back to the heat exchanger. The cooled geothermal fluid
is returned to the geothermal reservoir through the injection well. In a binary-cycle
plant, the electricity can be generated from more common reservoirs with lo};ver
Femperatures. Also, because the water from the geothermal reservoir never comes
in contact with the turbine/generator unit, no gases are emitted to the atmospherf;
For these reasons, binary-cycle power plants are the fastest growing geothermai
power plants. A schematic of a binary-cycle power plant is depicted in Figure 1.17.
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FIGURE 1.17
Schematic of a binary-cycle power plant.

. The United States is the world leader in online capacity of generation of elec-
tricity from geothermal energy. In the U.S., the geothermal reservoirs of steam
and hot water are mostly located in the western states, Alaska, and Hawaii. How-
ever, geothermal energy can be tapped almost anywhere. According to the G;:other-
mal Energy Association, as of March 2009, the United States has a total installed
geothermal capacity of 3,040.27 MW.

President Obama has allocated $350 million from the American Reinvest-
ment and Recovery Act to expand and accelerate the development, deployment
and use of geothermal energy throughout the United States. However, a high—proﬁle;
geothermgl project in California that was launched in the fall of 2009, with millions
of dollars in taxpayer funding, was permanently halted in December of 2009 in re-

sponse to concerns that the project is causing an increase in regional earthquake
activity.
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1.10 BIOMASS POWER PLANTS

Biomass is renewable organic material which contains stored energy from the sun.
There is a wide variety of biomass energy resources, including wood, plants, agri-
cultural residues, and aquatic vegetation, municipal, and animal wastes. Biomass
can also be converted into fuels like ethanol, biodiesel, and methane. Combustion
of biomass produces heat that can be used for various purposes. Since biomass
is part of the carbon cycle, its combustion causes no net increase in carbon diox-
ide emissions to the atmosphere, helping to reduce greenhouse gas emissions from
fossil fuels. In addition, utilization of the gases found in landfills in a controlled
environment for producing energy is a good disposal method for waste materials
that can otherwise be hazardous to the environment and human health.

When biomass is used to generate electricity, it is called biomass power ot
biopower. There are several biopower technologies, including direct firing, co-
firing, gasification, anaerobic digestion, and combined power and process heating.
Virtually all biomass power plants use direct combustion, operating on a conven-
tional steam-cycle. In this process, biomass is burned in a boiler to make steam.
The steam then turns a turbine, which is connected to a generator that produces
electricity. !>

Several different techniques are used for cofiring, among them blended feed
systems, separate feed systems, and separate biomass boiler systems. In blended
feed systems, a pre-mixture of biomass and coal is burned in an existing furnace.
In separate feed systems, boilers are retrofitted with a separate feed system for the
biomass; in this arrangement, boilers can fire biomass when there is ample sup-
ply of biomass, and switch back to coal when biomass supplies are low. Finally,
separate biomass boiler systems allow for separate steam supplies to be produced.
More advanced approaches include combined power and heat, where in addition to
electricity generation, steam is also used for manufacturing processes and/or build-
ing heat. The use of biomass for power generation is rapidly increasing worldwide,
and, in 2009, the United States remained the world leader in geothermal power de-
velopment with a total installed capacity of 14,000 MW. By the end of 2010, the
total biomass installed capacity in the U.S. may reach 22,000 MW.

1.11 TIDAL POWER PLANTS

Tidal power is generated by capturing the energy of tides caused by the gravita-
tional pull of the moon and sun on the world’s oceans. The effect of the moon is
about twice that of the sun due to its much closer position to the earth. As a re-
sult, the tide closely follows the moon during its rotation around the earth, causing

jmnp iFwww. cere energy.gov/de/biomass_power.htmi
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the movement of a huge amount of water twice daily. Tidal energy is one of the
most abundant clean forms of renewable energy with no greenhouse gas or other
pollutions. There are basically two methods of extracting energy from tidal flows:

e Extracting the potential energy of tides moving in vertical direction, known
as tidal energy systems.

e Extracting the kinetic energy of tidal motion in the horizontal direction,
known as tidal stream systems or tidal wave systems.

1.11.1 TIDAL ENERGY SYSTEMS

In this system a barrage (a type of dam) is built across a river estuary in order to
make use of the relative differences in the height of water between high tides and
low tides, as shown in Figure 1.18.

FIGURE 1.18
Simplified diagram of a tidal barrage.

Sluice gates on the barrage are opened to allow the reservoir behind the dam
to be filled during the high tide. During the low tide, the gates are closed and
the water behind the dam is released through the turbine, just as in a regular hy-
droelectric power plant. The turbine turns the generator to produce electricity. An
alternative method is a two-way generation scheme which generates power during
both incoming and outgoing tides. The amount of energy generated from a tidal
barrage is determined by the difference in height between a high tide and a low
tide, namely the tidal range. The mass of water moving through the tidal range is
the volume times the water density p, that is,

m = pAh (1.12)

h

1/2h
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where A is the area of the tidal basin in m?, and h is the range in m.

As water exits the bay, the level of the reservoir decreases; therefore, the height of
the center of gravity is %h, so the released energy is mg(%h) = —é— pgAh?. Hence
the average tidal power in Watts is

_ pgAR?

P 2T

1.13)

where

T = time interval between tides or tidal period, which is approximately 12 hours,
25 minutes

g =9.81 m/s*

p = density of seawater ~ 1025 kg/m3

Taking into account the blade capacity factor or power coefficient Cy, turbine effi-
ciency 7, and the generator efficiency 7, the net power output is

AR?
P, = ngntcp%T W (1.14)

For systems designed to generate power during both incoming and outgoing tides,
the potential energy of (1.14) is doubled. The total average tidal power for a plant
using both tidal directions is

AR?
Py, = ngnthpgT W (1.15)

The blade capacity factor or power coefficient is in the range of 20 - 35 percent.

The first large-scale tidal barrage power plant in the world was built in 1966 at La
Rance in France. It generates 240 MW, using 24 low-head Kaplan turbines, with
an annual production of 600 GWh, powering approximately 240,000 homes. Only
two other tidal barrage plants operate worldwide, a 24MW plant on the Bay of
Fundy in Nova Scotia, Canada, and a 0.5 MW plant in Kislaya Guba, Russia. A
tidal power plant under construction in Ansan, South Korea, utilizes the seawater
at high tide when it comes to Sihwa artificial lake, made by a tide embankment.
The plant will be equipped with 10 turbine generators for a total capacity of 254
MW. Also, South Korea plans to build the world’s largest tidal power station, 812
%W, on Ganghwa Island by the year 2014. As of 2009, a plan to build a large-scale

tidal lsarrage across the river from Brean Down in England to Cardiff in Wales is
ubkbcr comnicler s,
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Example 1.4

A tidal barrage is constructed in an area where the average range between low tide
and high tide levels is 8.5 m and the seawater density is 1025 kg/m®. The area of the
tidal basin is 22 km?, and the blade capacity factor is 33 percent. The tidal period is
about 12.5 hours. Determine the average power output of the tidal plant, assuming
turbine efficiency is 90.5 percent and the generator efficiency is 94.4 percent.

Tidal period =12.5 x 60 x 60 = 45 X 10% s, and from (1.14), we have

1025 x 9.81 x 22 x 108 x 8.52
2 x 45 x 103

Py = (0.944x0.905x0.33)

1.11.2 TIDAL WAVE SYSTEMS

Tidal wave systems or tidal stream systems capture the kinetic energy of the mov-
ing waves of the ocean and convert it directly to mechanical power, similar to a
wind turbine, without interrupting the natural flow. Tidal stream systems are rel-
atively new; they have a much lower cost since they do not require barrage, and
they have very little environmental impacts compared to barrage, which can have a
huge impact on the environment. Thus, tidal stream systems are preferred to tidal
energy systems. Suitable sites for tidal stream systems must have a speed of at least
2 knots (1 m/s).

Four types of turbines are used in tidal stream systems: horizontal-axis, vertical-
axis, Venturi turbines, and oscillating devices using aerofoil, which are pushed
sideways by the flow. Tidal turbines are mounted in rows on the seabed or sus-
pended from a floating platform. The horizontal-axis propeller turbines are similar
to wind turbines and are governed by the same equations as described in section
1.8.2. From (1.10), the power available from a stream of water through a turbine is

P= %CppD2v3 (1.16)

where

p = density of seawater

D = rotor diameter in m

v = the stream velocity in m/s

Cp = the coefficient of performance or power coefficient (0.3 - 0.59 Betz Limit)

Considering the mechanical losses of the gearbox, turbine blades, and the losses in

the generator, and the inclusion of the corresponding efficiencies ( 74, 7.74), the
net output power becomes

iy
P, = (ngbmng)ngpDzv?’ (1.17)

= 50x108 W = 50 MW
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The density of water is 830 times greater than the density of air; this means that
tidal currents can provide a much higher power density than wind. The world’s first
commercial prototype tidal stream generator, SeaGen, was installed on August 20,
2006 in Northern Ireland’s Strangford Lough. It generates 1.2 Megawatts of energy
to power approximately 1000 houses.

Example 1.5

A tidal stream turbine-generator, consisting of a twin rotor, gearbox, and generator,
is designed as an integral unit. Rotors are located on either side of a single mono-
pile, and each has a rotor diameter of 16 m (similar to SeaGen unit). The seawater
density is 1025 kg/m3. Determine the unit power output when the tidal current is
.78 m/s . Assume the following efficiencies: gearbox efficiency 94 percent, tur-
bine efficiency 92 percent, generator efficiency 95 percent, and a power coefficient
of 33 percent.

From (1.17) for two rotors, the power output is
P, = 2(0.94><0.92x0.95)—g(0.33><1025x162x2.783) =1.2x10° W=12 MW

There are currently no tidal power plants in the United States, but there exists
a large potential for wave power systems in the Pacific Northwest of the United
States. For this reason, about 30 tidal wave projects are expected to start operation
to determine the cost effectiveness of tidal power.

1.12 FUEL CELL

A fuel cell is an electrochemical device that converts the chemical energy of a fuel
directly into electrical energy. Like batteries, fuel cells contain two electrodes, an
anode and a cathode, separated by an electrolyte that serves as an ion conductor.
The fuel reactant, typically hydrogen or carbon monoxide, is supplied from an
external source. A battery, in contrast, has a finite storage of energy before it needs
to be recharged.

Since fuel cells produce electricity directly, they have a much higher effi-
ciency compared to the electricity generated by the electromechanical conversion
process. In addition, because no combustion is involved, fuel cells do not emit car-
bom dioxide, sulfur dioxide, nitrogen oxide, or particular matter. A typical fuel cell
bt [ wolisge of about 0.7 volts; many individual cells are grouped in series and
paraliel conmections 1o obtain the desired voltage and power. They require power
comditioning units, including & DC-to-DC converter to convert the unregulated DC
cutpait o the fisel cells b o high voltage DC source, and a DC-to-AC inverter for
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AC load applications and grid connection. In general, fuel cells are classified by
the type of electrolytes. Six major types of fuel cells are listed below:

o Direct Methanol Fuel Cell (DMFC)

e Polymer Electrolyte Fuel Cell (PEFC)
o Alkaline Fuel Cell (AFC)

o Phosphoric Acid Fuel Cell (PAFC)

e Molten Carbonate Fuel Cell MCFC)

e Solid Oxide Fuel Cell (SOFC)

The above listing is in the order of approximate operating tem i

from 60°C for DMFC to 1,000°C for SOFC. Theypall woé;k on%;r;lt:;;erglll'ignl?i%
Ple, although each one operates slightly differently from the others. They are used
in numerous applications, including spacecraft, transportation, industry, portable
power applications requiring quiet operations, power generation/cogener;ltion and
fhstnbuted generation. Two fuel cells most widely used in the commercial se,ctor
industry, and electric utilities are described below.'* ’

1.12.1 PHOSPHORIC ACID FUEL CELL

In I"hqsphoric Afcid Fuel Cells (PAFCs) the electrolyte is liquid phosphoric acid,
which is stored ina Teflon-bonded silicon carbide matrix and uses porous carbon
electrodes containing a platinum catalyst, as shown in Figure 1.19.
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FIGURE 1.19
Phosphoric Acid Fuel Cell.

Mhttp://www.fuelc:ellzs,org/basics/how.html



In a PAFC, hydrogen fuel is fed into the anode, and oxygen (or air) enters
the fuel cell through the cathode. Helped by the catalyst on the anode, hydrogen
atoms are split into electrons and protons, which take different paths to the cath-
ode. The proton passes through the electrolyte membrane. Electrons flow through
an external circuit to be utilized before returning to the cathode. Oxygen entering
the cathode combines with the protons and electrons coming from the load to form
water. Water vapor and heat are released as byproducts of this reaction. The PAFC
were among the first stationary applications: approximately 300 units, mostly 200
KW, are installed in the United States, Europe, and Japan by United Technologies
Corporation (UTC). Typical installations include buildings, hotels, and hospitals.
UTC is supplying 12 newer 400 kW (called Pure Cell Model 400) units, totaling
4.8 megawatts of power for the Freedom Tower and three other new towers un-
der construction at the World Trade Center site in New York. The PAFC electrical
efficiency is about 36 to 40 percent. The PAFC plant also produces heat for domes-
tic hot water and space heating. When operating in cogeneration applications, the
overall efficiency is approximately 85 percent.

1.12.2 MOLTEN CARBONATE FUEL CELL

Molten carbonate fuel cells use a carbonate salt mixture electrolyte (usually sodinm
or lithium) that is heated to about 600 to 700°C. At these temperatures, the salt
turns into a molten state, providing ionic conduction between the electrodes. The
electrodes are made with relatively inexpensive nickel catalysts. Hydrogen is ob-
tained by internal reforming of hydrocarbon-based fuels, such as natural gas, bio-
gas, synthesis gas, methane, and propane. The high exhaust temperature of MCFCs
makes them suitable for large-scale combined-cycle multi-megawatt applications.
The efficiency can approach 60 percent when it is used to generate electricity
and up to 85 percent with a combined cycle. Fuel Cell Energy Incorporation has
installed many MCFCs units in the United States. Typical installations include
wastewater facilities, communication facilities, hotels, universities, and grid sup-
port. Most of these are about 250 kW, although multiple units have been combined
for larger installations. Fuel Cell Energy has also installed larger units, including
a 2-MW pilot unit in Santa Clara, California, and a 1-MW power plant fueled by
wastewater digester gas at King County wastewater treatment facility in Renton,
Washington. Programs are underway for larger power plants with outputs of 5 to
10 MW. Finally, the Solid Oxide Fuel Cell (SOFC) is suitable for electric utilities
and large distributed generation. For more detail and description of all other types
of fuel cells and their applications, see Fuel Cell Technology at the U.S. Depart-
ment of Energy Website.!>

. http://wwwl.eere.energy.gov/hydrogenandfuelcells/fuelcells/fc.types.htm]

1.13 MODERN POWER SYSTEM

The power system of today is a complex interconnected network, as shown in Fig-
ure 1.20 (page 43). A power system can be subdivided into four major parts:

o Generation

e Transmission and Subtransmission
e Distribution

e [oads

1.13.1 GENERATION

Generators — One of the essential components of power systems is the three-
phase AC generator, known as the synchronous generator or alternator. Synchronous
genergtors have two synchronously rotating fields: one field is produced by the ro-
tor driven at synchronous speed and excited by DC current, and the other field is
produced in the stator windings by the three-phase armature currents. The DC cur-
renF for the rotor windings is provided by excitation systems. In the older units, the
e)fcm?rs are DC generators mounted on the same shaft, providing excitation thro’ugh
slip rings. Today’s systems use AC generators with rotating rectifiers, known as
brushless excitation systems. The generator excitation system maintains generator
voltage and controls the reactive power flow. Because they lack the commutator.
AC generators can generate high power at high voltage, typically 30kV. In a powe;
plant, the size of generators-ean-vaey-from 50 MW to 1500 MW. Steam turbines
operate at relatively high speeds of 3600 or 1800 rpm for 60 Hz operation. The gen-
erators to which they are coupled are cylindrical rotor, two-pole for 3600 rpm or
fqur—pole for 1800 rpm operation. Hydraulic turbines, particularly those operating
with a low pressure, operate at low speed. Their generators are usually a salient-
type rotor with many poles. In a power station, several generators are operated in

parallel in the power grid to provide the total power needed. They are connected at
a common point called a bus.

Transformers — Another major component of a power system is the transformer.
It transfers power with very high efficiency from one level of voltage to another
level. The power transferred to the secondary is almost the same as the primary.
f:xcept for losses in the transformer, and the product VI on the secondary side:
1s approximately the same as the primary side. Therefore, using a step-up._trans-
f(?:lfm@rﬂQﬁ..tumS,.,Ia,t,iQMa\,uwill.\,r@dugcmtheﬁﬁcundmxmucnt,hm Iatio of 1:qa. This
will reduce losses in the line, which makes possible the transmission of power over



long distances. The insulation requirements and other practical design problems

limit the generated voliage to low values, usually 30 k. Thus, step-up transform- Station Nuclear Hydro
ers are used for transmission of power. At the receiving end of the transmission Fossil ™ Station Station
lines, step-down transformers are used to reduce the voltage to suitable values for '
distribution or utilization. In a modern utility system, the power may undergo four
or five transformations between generator and ultimate user.

1.13.2 TRANSMISSION AND SUBTRANSMISSION

The purpose of an overhead transmission network is to transfer electric energy from
generating units at various locations to the distribution system, which ultimately
supplies the load. Transmission lines also interconnect neighboring utilities, which
permits not only economic dispatch of power within regions during normal condi-
tions, but also the transfer of power between regions during emergencies. Standard
transmission voltages are established in the United States by the American National
Standards Institute (ANSI). Transmission voltage lines operating at more than 60 HV HV L HV
KV are standardized at 69 kV, 115 kV, 138 kV, 161 kV, 230 kV, 345kV, 500 kV, and Substation Substation — Substation
765 kV line-to-line. Transmission voltages above 230 kV are usually referred to as ' l

extra-high voltage (EHV). Figure 1.20 shows an elementary diagram of a trans-
mission and distribution system. High voltage transmission lines are terminated _i} !—_L_—,"

in substations, which are called high-voltage-substations, receiving substations, or Large
primary substations. The function of some substations is switching circuits in and Consumers
out of service; they are referred to as switching stations. At the primary substations,
the voltage is stepped down to a value more suitable for the next part of the journey
toward the load. Very large industrial customers may be served from the transmis-
sion system. The portion of the transmission system that connects the high-voltage
substations through step-down transformers to the distribution substations is called

= Switching Very
Station Large

Cons
{115-765kv | lh Hmers

50"""/’m'—“5msm~n—]

[

_{:j Network l:’__l 69 - 138 kV

SOo=vu=DdeEem~ o sn l

the subtransmission-network. There is no clear delineation between transmission Distribution Substations
and subtransmission voltage levels. Typically, the subtransmission voltage level __Lj 4-345kV Ttggisne
ranges from 69 to 138 kV. Some large industrial customers may be served from the '

subtransmission system. Capacitor banks and-reaeter banks are usually installed in
the substations for maintaining the transmission line voltage. B

Medium
1.13.3 DISTRIBUTION Consumers ‘_{ ’ ‘ ] Distribution

The distribution system is that part which connects the distribution-substations-to- | |-~ Transformers
the consumers’ service-entrance-equipment. The primary distribution lines are usu- l l Residential |
ally in the range of 4 to 34.5 KV and supply the load in a-well-defined-geographieal l l i i Consumers .
area. Some small industrial customers are served directly by the primary. fegders. 240/120V
The secopdagy-distribution network reduces the voltage for utilization-by-comsmer- o
cial and residential consumers. Lines and.cables not exceeding a few hundred feet
in length then deliver power to the individual consumers. In the U.S,, the secondary FIGURE 1.20

Basic components of a power system.
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distribution serves most of the customers at levels of 240/120 V, single-phase,
three-wire; 208Y/120 V, three-phase, four-wire; or 480Y/277 V, three-phase, four-
wire. The power for a typical home is derived from a transformez-that reduces the
pnmary y feeder voltage to 240/120 V using a three -wire line: Dlstnbutlon systems
are both overhead an&uﬂderground "The growth of underground di istribution has
been extremely rapid, and as much‘as 70 percent of new residential construction is
served underground.

1.13.4 LOADS

Loads of power systems are divided into industrial, commercial, and residential.
Very large industrial loads may be served from the transmission system. Large
industrial loads are served directly from the subtransmission network, and small
industrial loads are served from the primary distribution network. The industrial
loads are com ds, and induction motors form a high proportion of these
loads. These « comp051te loads are functions of voltage and frequency and form a
major part of the system load. Commercial and residential loads consist. largely
of lighting, heating, and. coolmg These loads are mdependent of frequency and
consume negligibly small reactive power.

The real power of loads is expressed in terms of kilowatts or megawatts. The
magnitude of load varies throughout the day, and power must be available to con-
sumers on demand.

The daily-load curve of a utility is a composite of demands made by various
classes of users. The greatest value of load during a 24-hr period is called the peak
or maximum demand Smaller peaking generators may be commissioned to meet
the peak load that occurs for only a few hours. In order to assess the usefulnejﬁ

average load over a demgnated ‘period of time to the peak load occurring in that
period. Load factors may be given for a day, a month, or a year. The yearly or
annual load factor is the most useful since a year represents a full cycle of time.
The daily load factor is

average load
peak load

Multiplying the numerator and denominator of (1.18) by a time period of 24 hr, we
have

Daily L.E. = (1.18)

average load x 24 hr _ energy consumed during 24 hr
peak load x 24 hr peak load x 24 hr

The annual load factor is

Daily L.E. = (1.19)

total annual energy
peak load x 8760 hr

Annual L.F. = (1.20)

Generally there is diversity in the peak load between different classes of loads,
which improves the overall system load factor. In order for a power plant to operate
economically, it must have a high system load factor. Today’s typical system load
factors are in the range of 55 to 70 percent.

There are a few other factors used by utilities. Utilization factor is the ratio of
maximum demand to the installed capacity, and plant factor is the ratio of annual
energy generation fo the plant capacity x 8760 hr. These factors indicate how well
the system capacity is utilized and operated.

A MATLAB function barcycle(data) is developed which obtains a plot of the
load cycle for a given interval. The demand interval and the load must be defined
by the variable data in a three-column matrix. The first two columns are the de-
mand interval, and the third column is the load value. The demand interval may be

minutes, hours, or months, in ascending order. Hourly intervals must be expressed
in military time.

Example 1.6  (chplex6)

The Qaily load on a power system varies, as shown in Table 1.2. Use the barcycle
function to obtain a plot of the daily load curve. Using the given data, compute the
average load and the daily load factor (Figure 1.21).

Table 1.2 Daily System Load

Interval, hr Load, MW
12AM. - 2AM 6
2 - 6 5
6 -9 10
9 - 12 15
12PM. - 2PM. 12
2 - 4 14
4 - 6 16
6 - 8 18
8 - 10 16
10 - 11 12
11 - 12AM. 6

The following commands

data = [ 0 2 6

2 6 5
6 9 10
9 12 15



12 14 12
14 16 14
16 18 16
18 20 18
20 22 16
22 23 12
23 24 6];
P = data(:,3); % Column array of load
Dt = data(:, 2) - data(;,1); % Column array of demand interval
W = P’%*Dt; % Total energy, area under the curve
Pavg = W/sum(Dt) % Average load
Peak = max(P) % Peak load
LF = Pavg/Peak*100 % Percent load factor
barcycle(data) % Plots the load cycle
xlabel(’Time, hr’), ylabel(’P, MW’)
result in
18
16+
14+
P 12+
MW 1ok
8 L
da=pl
4 | | | |
0 5 10 15 20 25
Time, hr
FIGURE 1.21

Daily load cycle for Example 1.1.

Pavg = 11.5417
Peak = 18
LF 64.12

i

1.14 SMART GRID

The United States’ electric grid infrastructure was constructed more than fifty years
ago. The grid has grown to a complex spider web of power lines and aging networks
and systems with obsolescent technology and outdated communications. Today,
with the rise in demand for renewable energy sources and the requirements for
lower carbon emissions, the over-burdened grid is being pushed to its limits. Addi-
tion of new transmission lines alone is not sufficient to improve system reliability
and security. What is needed is the modernization of the grid by installing analog
and digital sensors, electronic switches, smart energy meters, advanced communi-
cation, and data acquisition systems and interactive software with real-time control
that optimize the operation of the entire electrical system and make more efficient
use of the grid assets. An electric grid enabled with such a capability is known as
the smart grid.

A smart grid would integrate the renewable energy sources such as wind and
solar with conventional power plants in an intelligent and coordinated manner that
not only would increase reliability and service continuity, but would effectively re-
duce energy consumption and significantly reduce the carbon emissions. Accord-
ing to the United States Department of Energy’s Smart Grid System Report, dated
July 2009,'® a smart grid must have the following characteristics:

¢ Enable Informed Participation by Customers — The Smart Grid will give
consumers information, control, and options that enable them to become ac-
tive participants in the grid. Well-informed costumers will modify consump-
tion based on the balancing of their demands and resources with the electric
system’s capability to meet those demands

e Accommodate All Generation and Storage Options — The Smart Grid
will integrate all types of electrical generation and storage systems, including
small-scale power plants that serve their local loads, known as Distributed
Generation, with a simplified interconnection process analogous to "plug-
and-play”.

s Enable New Products, Services, and Markets — The Smart Grid will en-
able market participation, allowing buyers and sellers to bid on their energy
resources through the supply and demand interactions of markets and real
time price quotes.

¢ Provide the Power Quality for the Range of Needs — The Smart Grid
will enable utilities to balance load sensitivity with power quality, and con-
sumers will have the option of purchasing varying grades of power quality

16http://www‘oe:.energy.gov/Documcntsa.ndMedia/SGSRMa.in,090707.10wres.pdf



at different prices. Also, irregularities caused by certain consumer loads will
be buffered to prevent propagation.

o Optimize Asset Utilization & Operating Efficiency — The Smart Grid op-
timizes the utilization of existing and new assets, will improve load factors,
and lower system losses in order to maximize the operational efficiency and
reduces the cost. Advanced sensing and robust communications will allow
early problem detection, preventive maintenance, and corrective action.

o Operate Resiliently to Disturbances, Attacks, and Natural Disasters —
The Smart Grid operates resiliently, that is, it has the ability to withstand and
recover from disturbances in a self-healing manner to prevent or mitigate
power outages and to maintain reliability, stability, and service continuity.
The Smart Grid will operate resiliently against attack and natural disaster. It
incorporates new technology and higher cyber security, covering the entire
electric system, reducing physical and cyber vulnerabilities and enabling a

rapid recovery from disruptions.

The American Recovery and Reinvestment Act of 2009 (ARRA), signed into law
in February of 2009, has allotted $4.5 billion to the United States Department of
Energy (DOE), Office of Electricity Delivery and Energy Reliability. These funds
are specifically allocated for Smart Grid grants to transform the nation’s aging
electricity grid, enhance security of U.S. energy infrastructure, and ensure reliable
electricity delivery to meet growing demand. A significant share of the funds will
be used to support these programs through a competitive grant process. In Septem-
ber of 2009, the DOE awarded $44 million to state public utility commissions and
$100 million in available funding for smart grid workforce training programs. The
five state public utility commissions with the Jargest awards were California Public
Utilities Commission, Public Utility Commission of Texas, New York State Public
Service Commission, Florida Public Service Commission, and Illinois Commerce
Commission.

Already there are many smart grid pilots and projects in several states. Many
utilities have started the first phases of their Smart Grid plan and have provided
their customers with smart metering systems. These projects have shown signifi-
cant enhancement in grid reliability, reduction of outages, and lower consumers’

electric bills.

1.15 ROLE OF POWER ELECTRONICS
IN MODERN POWER SYSTEMS

With the continuing increase of renewable energy generation units and distributed
generation, and with the emergence of the Smart Grid, there has been a tremendous

increase in the use of power electronics, now integral components of modern power
sy'stems. Power electronics and other static controllers provide essential funlj:tion

ality thrc?ugh application of the Flexible AC Transmission Systems, called FACTS—
FACTS is a new technology based on power electronics that aims, to improve thé
power transfer capability of AC transmission systems and enhance the uality, reli

ability, and stability of large interconnected power systems. Several FA%T—de\,fice:
such as dynamic and static VAR (volt ampere reactive) compensators, power con-’

e To interconnect renewable energy sources such as wind power plants, con-
centrated solar plants and distributed generation.

e To interact with the grid on a real-time basis to improve the power trans-

¢ To enhance the quality, reliabili ili i
St q ¥, reliability, and stability of large interconnected power

o To Provide advanced control functions for power flow and VAR/voltage reg-
ulation, where it is needed on the grid. ¢

® To manage and optimize the energy usage in microgrids,'” and to allow mi-

crogrids to be separated from the main erid i .
grid in the event of a .
turbance. sustained dis

S

® To allow small local storage and high volume centralized storage.

s To providg customers with advanced technology tools and information to
take an active role in the supply of electricity.

:“:I:'l- t}g; V\S!zgg spread zflpplicaFion of electronic devices in all aspects of power sys-

s ;elated etllts_maJOnng in tl}e field of power must learn about these devices

- addi?’na ytical tools required for the operation of the Smart Grid. There-

mm’“_ el lgg to (tihe basic power'electromcs course, it is crucial to introduce a

i undergraduate curriculum on the application of power electronics
“rm power systems for students majoring in the field of power.

1 of inte istri i
rconnected distributed generators, the associated loads and storage units that cooperate with



1.16 SYSTEM PROTECTION

In addition to generators, transformers, and transmission lines, other devices are
required for the satisfactory operation and protection of a power system. Some
of the protective devices directly connected to the circuits are called switchgear.
They include instrument transformers, circuit breakers, disconnect switches, fuses,
and lightning arresters. These devices are necessary to deenergize either for nor-
mal operation or in the occurrence of faults. The associated control equipment and
protective relays are placed on switchboard in control houses.

1.17 ENERGY CONTROL CENTER

For reliable and economical operation of the power system, it is necessary to mon-
itor the entire system in a control center. The modern control center of today is
called the energy control center (ECC). Energy control centers are equipped with
on-line computers performing all signal processing through the remote acquisi-
tion system. Computers work in a hierarchical structure to coordinate different
functional requirements in normal as well as emergency conditions. Every energy
control center contains a control console, which consists of a visual display unit
(VDU), keyboard, and light pen. Computers may give alarms as advance warn-
ings to the operators (dispatchers) when deviation from the normal state occurs.
The dispatcher makes judgments and decisions and executes them with the aid of
a computer. Simulation tools and software packages written in high-level language
are implemented for efficient operation and reliable control of the system. This is
referred to as SCADA, an acronym for “supervisory control and data acquisition.”

1.18 COMPUTER ANALYSIS

For a power system to be practical, it must be safe, reliable, and economical. Thus,
many analyses must be performed to design and operate an electrical system. How-
ever, before going into system analysis, we have to model all components of elec-
trical power systems. Therefore, in this text, after reviewing the concepts of power
and three-phase circuits, we will calculate the parameters of a multi-circuit trans-
mission line. Then, we will model the transmission line and look at the perfor-
mance of the transmission line. Since transformers and generators are a part of
the system, we will model these devices. Design of a power system, its operation,
and expansion requires much analysis. This text presents methods of power system
analysis with the aid of a personal computer and the use of MATLAB. The MAT-
LAB environment permits a nearly direct transition from mathematical expression
to simulation. Some of the basic analysis covered in this text are:

o Evaluation of transmission line parameters

¢ Transmission line performance and compensation

o Power flow analysis
e Economic scheduling of generation
e Synchronous machine transient analysis

e Balanced fault

e Symmetrical components and unbalanced fault
¢ Stability studies

¢ Power system control

Many MATLAB functions are developed for the above studies, allowing students

to concentrate on analysis and design of practical systems and spend less time on
programming.

PROBLEMS

1.1. A hydroelectric power plant has a head of 85 ft, and an average flow of 3000

ft3/s. If the overall efficiency is 69.5 percent, determine the generated electric
power.

1.2. A hydroelectric power plant has eight generators rated at 64 MW each under
a 20 m head, and two generators rated at 42 MW each under 15 m head.
Each turbine discharges water at a rate of 400 m?/s. Determine the overall
efficiency of the hydroelectric power plant.

1.3. A 1.2 MW vs{ind turbine has a rotor diameter of 64 m. The turbine operates
in an area 3w1th an average wind velocity of 7.5 m/s and the air density of
1.18 kg/m”. The turbine power coefficient including the unit efficiency is
42.8 percent.
(a) Determine the power output and the annual energy produced.

(b) The total installed cost is $1.2 million, and its annual cost is based on
the equivalent of a 20-year, 5 percent loan to cover the capital cost.
The annual Debit Payment (DP) is determined from DP = CRF x
Total installed cost. The CRF is Capital Recovery Factor evaluated from

i(i + 1)"

CRF = ————
I+ —1



14.

1.5.

1.6.

1.7.

where 4 is the interest rate in decimal form, and n is number of years. If
the annual operation and maintenance cost is 1 percent of the capital cost,
determine the cost of electricity in cents/kWh.

A tidal energy system has an average tidal range of 5 m and a basin area of
21.5 km?. The system is designed to generate power during both incoming
and outgoing tides. The seawater density is 1025 kg/m?, and the tidal period
is about 12.5 hours.

(a) Determine the maximum average tidal power at the site.
(b) If the overall efficiency of the plant is 30 percent, find the annual elec-
tric energy produced.

The demand estimation is the starting point for planning the future electric
power supply. The consistency of demand growth over the years has led
to numerous attempts to fit mathematical curves to this trend. One of the
simplest curves 18

P= Pgea(t_to)

where a is the average per unit growth rate, P is the demand in year ¢, and Py
is the given demand at year to. Assume that the peak power demand in the
United States in 1984 is 480 GW with an average growth rate of 3.4 percent.
Using MATLAB, plot the predicated peak demand in GW from 1984 to 1999.
Estimate the peak power demand for the year 1999.

In a certain country, the energy consumption is expected to double in 10
years. Assuming a simple exponential growth given by

P = Pye™
calculate the growth rate a.

The annual load of a substation is given in the following table. During each
month, the power is assumed constant at an average value. Using MATLAB
and the bareycle function, obtain a plot of the annual load curve. Write the
necessary statements to find the average load and the annual load factor.

Annual System Load
Interval, month Load, MW || Interval, month Load, MW

January 8 July 16
February 6 August 14
March 4 September 10
April 2 October 4
May 6 November 6

June 12 December 8

CHAPTER

2

BASIC PRINCIPLES

2.1 INTRODUCTION

The cqncept of power is of central importance in electrical power systems and is
the main topic of this chapter. The typical student will already have studied much
of this material, and the review here will serve to reinforce the power concepts
encountered in the electric circuit theory.

, In tl}is chapter, the flow of energy in an ac circuit is investigated. By using
Virious trigonometric identities, the instantaneous power p(t) is resolved into two
“omponents. A plot of these components is obtained using MATLAB to observe that
# networks not only consume energy at an average rate, but also borrow and return
enersy to its sources. This leads to the basic definitions of average power P and
feactive power Q. The volt-ampere S, which is a mathematical formulation based
i the phasor forms of voltage and current, is introduced. Then the complex power
|."--|.|-|-.L is demonstrated, and the transmission inefficiencies caused by loads with
s power factors are discussed and demonstrated by means of several examples.

“ext, the transmission of complex power between two voltage sources is con-
“dered. and the dependency of real power on the voltage phase angle and the de-
Pendency of reactive power on voltage magnitude is established. MATLARB is used
comven: ently to demonstrate this idea graphically.

Finally, the balanced three-phase circuit is examined. An important property
I & bulanced three-phase system is that it delivers constant power. That is, the
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power delivered does not fluctuate with time as in a single—phasg 'system. For the
purpose of analysis and modeling, the per-phase equivalent circuit is developed for
the three-phase system under balanced condition.

2.2 POWER IN SINGLE-PHASE AC CIRCUITS

Figure 2.1 shows a single-phase sinusoidal voltage supplying a load.

i(t)
o
+
v(t)
<
FIGURE 2.1

Sinusoidal source supplying a load.

Let the instantaneous voltage be

v(t) = Vi cos{wt + 6,) 2.1
and the instantaneous current be given by

i(t) = Ly cos(wt + 6;) (2.2)

The instantaneous power p(t) delivered to the load is the product of voltage v(t)
and current ¢(¢) given by

p(t) = v(t) i(t) = Vindm cos(wt + 6,) cos(wt + 0;) 2.3

In Example 2.1, MATLAB is used to plot the instantaneous power p(t), and the
result is shown in Figure 2.2. In studying Figure 2.2, we note that the frequency of
the instantaneous power is iwice the source frequency. Also, note that it is possible
for the instantaneous power to be negative for a portion of each cycle. In a passive
network, negative power implies thut energy that has been stored in inductors or
capacitors is now being extracted. o
1t is informative to write (2.3)-in another form using the trigonometric identity

-
cosAcos B = 3 cos(A— B) + % cos(A + B) 2.4)
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which results in
1
p(t) = §VmIm[cos(9v — 6;) + cos(2wt + 0, + 6;)]

- —;—VmIm{COS(Qv —83) + cos[2(wt + 6,) — (6 — 6)]}

1
= —Q—VmIm[cos(Gv —0;) + cos 2(wt + 0,) cos(6, — 6;)
+sin 2(wt + 6,,) sin(6, — 6;)]

The root-mean-square (rms) value of v(t) is |V| = V,,,/+/2 and the rms value of
i(t)is |I] = I;m/v2 . Let 6 = (6, — ;). The above equation, in terms of the rms
values, is reduced to

p(t) = [V||I|cosO[1 + cos 2(wt + 6,)] + V||| sin @ sin 2(wt + 6,,)

pr(t) px(t) (2.5)
Energy flow into Energy borrowed and
the circuit returned by the circuit

where ¢ is the angle between voltage and current, or the impedance angle. 6 is
positive if the load is inductive, (i.e., current is lagging the voltage) and 6 is negative
if the load is capacitive (i.e., current is leading the voltage).

The instantaneous power has been decomposed into two components. The
first component of (2.5) is

pr(t) = |V cosf + |V||I| cos O cos 2(wt + 6,)] (2.6)

The second term in (2.6), which has a frequency twice that of the source, accounts
for the sinusoidal variation in the absorption of power by the resistive portion of
the load. Since the average value of this sinusoidal function is zero, the average
power delivered to the load is given by

P =|V||I|cosb (2.7)

This is the power absorbed by the resistive component of the load and is also re-
ferred to as the active power or real power. The product of the rms voltage value
and the rms current value |V'||]| is called the apparent power and is measured in
units of volt ampere. The product of the apparent power and the cosine of the angle
between voltage and current yields the real power. Because cos ¢ plays a key role in
the determination of the average power, it is called power factor. When the current
lags the voltage, the power factor is considered lagging. When the current leads the
voltage, the power factor is considered leading.
The second component of (2.5)

px(t) = |V]|I]sin @ sin 2(wt + 6,,) (2.8)



pulsates with twice the frequency and has an average value of zero. This compo-
nent accounts for power oscillating into and out of the load because of its reactive
element (inductive or capacitive). The amplitude of this pulsating power is called
reactive power and is designated by Q).

Q = |V||I|sind (2.9)

Both P and @ have the same dimension. However, in order to distinguish between
the real and the reactive power, the term “var” is used for the reactive power (var is
an acronym for the phrase “volt-ampere reactive”). For an inductive load, current is
lagging the voltage, § = (#, — 6;) > 0 and Q is positive; whereas, for a capacitive
load, current is leading the voltage, § = (6, — ;) < 0 and @ is negative.

A careful study of Equations (2.6) and (2.8) reveals the following character-
istics of the instantaneous power.

e For a pure resistor, the impedance angle is zero and the power factor is unity
(UPF), so that the apparent and real power are equal. The electric energy is
transformed into thermal energy.

o If the circuit is purely inductive, the current lags the voltage by 90° and the
average power is zero. Therefore, in a purely inductive circuit, there is no
transformation of energy from electrical to nonelectrical form. The instanta-
neous power at the terminal of a purely inductive circuit oscillates between
the circuit and the source. When p(t) is positive, energy is being stored in
the magnetic field associated with the inductive elements, and when p(t) is
negative, energy is being extracted from the magnetic fields of the inductive
elements.

o If the load is purely capacitive, the current leads the voltage by 90°, and the
average power is zero, so there is no transformation of energy from electri-
cal to nonelectrical form. In a purely capacitive circuit, the power oscillates
between the source and the electric field associated with the capacitive ele-
ments.

Example 2.1  (chp2exl, chp2Zexigui)

The supply voltage in Figure 2.1 is given by v(f) = 100 coswt and the load is
inductive with impedance Z = 1.25/60° €). Determine the expression for the
instantaneous current i(t) and the instantaneous power p(t). Use MATLAB to plot
i(t), v(t), p(t), pr(t), and px (t) over an interval of 0 to 27.

100£0°

Imaz:m:‘—SOé"ﬁD A

v(t) = Vip coswt, i(t) = I, cos(wt — 60)

p(t) =v
100 6000
50 4000 /
0 / 2000 |
—50+ 0
\/

i

(®)i(?)
_\/

—100 : : = !
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wt, degree wt, degree
pr(t), Eq.2.6 pz(t), Eq.2.8
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3000 - 2000 r

2000 0
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FIGURE 2.2
Instantaneous current, voltage, power, Egs. 2.6 and 2.8,

therefore

i(t) = 80 cos(wt — 60°) A
p(t) = v(t) i(t) = 8000 cos wt cos(wt — 60°) W

Th(_a following statements are used to plot the above instantaneous quantities and
the instantaneous terms given by (2.6) and (2.8).

Vm = 100; thetav = 0; % Voltage amplitude and phase angle
Z =1.25; gama = 60; % Impedance magnitude and phase angle
thetai = thetav - gama; % Current phase angle in degree
theta = (thetav - thetai)#*pi/180; % Degree to radian
Im = Vm/Z; % Current amplitude
wt = 0:.05:2%pi; % wt from 0 to 2#pi
v = Vm*cos(wt); % Instantaneous voltage



i = Im*cos(wt + thetaixpi/180); % Instantaneous current
p = v.xi; % Instantaneous power
V = Vm/sqrt(2); I=Im/sqrt(2); % rms voltage and current
P = VxIxcos(theta); % Average power
Q = VxI*sin(theta); % Reactive power
S =P+ jxQ % Complex power
pr = P*(1 + cos(2*(wt + thetav))); ? Eq. (2.6)
px = Q*sin(2*(wt + thetav)); % Eq. (2.8)
PP = Pxones(1, length(wt));%Average power of length w for plot
xline = zeros(l, length(wt)); %generates a zero vector
wt=180/pi*wt; % converting radian to degree

subplot(2,2,1), plot(wt, v, wt,i,wt, xline), grid
title([’v(t)=Vm coswt, i(t)=Im cos(wt+’,num2str(thetai), ’)’])
xlabel (’wt, degree’), subplot(2,2,2), plot(wt, p, wt, xline)
title(Cp(t)=v(t) i(t)’),xlabel(’wt, degree’), gri@
subplot(2,2,3), plot(wt, pr, wt, PP,wt,xline), grid
title(’pr(t) Eq. 2.6°), xlabel(’wt, degree’)

subplot(2,2,4), plot(wt, px, wt, xline), grid

title(Cpx(t) Eq. 2.8’), xlabel(’wt, degree’), subplot(111)

Run the new GUI program (chp2ex1gui). This allows you to see instantly the effect
of changing load from inductive to resistive and capacitive on the instantaneous

power p(t), pr(t), and px (t).

2.3 COMPLEX POWER

The rms voltage phasor of (2.1) and the rms current phasor of (2.2) shown in Fig-

ure 2.3 are
V =1|V|/0,and I = |I|/6;

The term V I* results in

P

FIGURE 2.3 )
Phasor diagram and power triangle for an inductive load (lagging PF).

VIt = |V||I|£0, — 6; = |VI|I| /6

= V|| cos 6 + j|V||I|sin 6

The above equation defines a complex quantity where its real part is the average
(real) power P and its imaginary part is the reactive power Q. Thus, the complex
power designated by S is given by

S=VI"=P+;Q (2.10)

The magnitude of S, |S] = /P2 + Q2, is the apparent power; its unit is volt-
amperes and the larger units are kVA or MVA. Apparent power gives a direct indi-
cation of heating and is used as a rating unit of power equipment. Apparent power
has practical significance for an electric utility company since a utility company
must supply both average and apparent power to consumers.

The reactive power ( is positive when the phase angle § between voltage and
current (impedance angle) is positive (i.e., when the load impedance is inductive,
and I lags V). Q) is negative when 6 is negative (i.e., when the load impedance is
capacitive and [ leads V) as shown in Figure 2.4.

In working with Equation (2.10 ) it is convenient to think of P, (, and S as
forming the sides of a right triangle as shown in Figures 2.3 and 2.4.

1 V

.
/4 e

FIGURE 2.4
Phasor diagram and power triangle for a capacitive load (leading PF).

If the load impedance is Z then
V=7ZI (2.11)
substituting for V' into (2.10) yields
S=VI*=ZII* = R|I + jX|I|* (2.12)

From (2.12) it is evident that complex power S and impedance Z have the same
angle. Because the power triangle and the impedance triangle are similar triangles,
the impedance angle is sometimes called the power angle.

Similarly, substituting for I from (2.11) into (2.10) yields

vv*_g_/ﬁ

S=VI["= 7

(2.13)



From (2.13), the impedance of the complex power S is given by

_ v
z="4

(2.14)

2.4 THE COMPLEX POWER BALANCE

From the conservation of energy, it is clear that real power supplied by the source is
equal to the sum of real powers absorbed by the load. At the same time, a balance
between the reactive power must be maintained. Thus the total complex power
delivered to the loads in parallel is the sum of the complex powers delivered to
each. Proof of this is as follows:

1 I Iy I3

O s is ia

FIGURE 2.5
Three loads in parallel.

For the three loads shown in Figure 2.5, the total complex power is given by

S=VI=V[h+L+DbL"=VE+VE+VI; (2.15)

Example 2.2  (chpZex2)

In the above circuit V' = 1200/0° V, Z; = 60 + j0 Q, Zy = 6 + 712 {2 and
Z3 = 30 — 730 §). Find the power absorbed by each load and the total complex
power.

1200£0°
= =20+
L= +50 A
1200/0°
Iy = o = 40— j80 A
276412 4
1200/0°
=220 904420 A
3= 3530 = 0TI

Sy = VIT =1200£0°(20 — j0) = 24,000 W + jO var
So = VI3 = 1200£0°(40 + j80) = 48,000 W + 596,000 var
S3 = VI3 =1200£0°(20 — 520) = 24,000 W — 524, 000 var
The total load complex power adds up to
S =81+ 82+ 53 =96,000 W + j72,000 var

Alternatively, the sum of complex power delivered to the load can be obtained by
first finding the total current.

I'=1+1I+ I3 = (20 + j0) + (40 — 780) + (20 + j20)
= 80 — 760 = 100/-36.87° A
and
S§=VI* = (1200£0°)(100/36.87°) = 120,000/36.87° VA
= 96,000 W + 372,000 var

A final insight is contained in Figure 2.6, which shows the current phasor diagram
and the complex power vector representation.

So
S
I3
I 1 51
S3
I
I
FIGURE 2.6

Current phasor diagram and power plane diagram.

The complex powers may also be obtained directly from (2.14)

V2 (1200)2
1 7 o 4,000 W+ j 0
VI* (1200)?
So = 1 = = 1
2 75 =619 48,000 W + 596, 000 var
V2 1200)*
Sy = VI~ _ (1200) = 24,000 W — 524,000 var

Z3 30+ 430



2.5 POWER FACTOR CORRECTION

_ It can be seen from (2.7) that the apparent power will be larger than P if the power
factor is less than 1. Thus the current I that must be supplied will be larger for
PF < 1 than it would be for PF' = 1, even though the average power P supplied
is the same in either case. A larger current cannot be supplied without additional
cost to the utility company. Thus, it is in the power company’s (and its customer’s)
best interest that major loads on the system have power factors as close to 1 as
possible. In order to maintain the power factor close to unity, power companies
install banks of capacitors throughout the network as needed. They also impose an
additional charge to industrial consumers who operate at low power factors. Since
industrial loads are inductive and have low lagging power factors, it is beneficial to
install capacitors to improve the power factor. This consideration is not important
for residential and small commercial customers because their power factors are
close to unity.

Example 2.3  (chp2ex3)

Two loads Z; = 100 + 50 Q2 and Z5 = 10 + 520 2 are connected across a 200-V
rms, 60-Hz source as shown in Figure 2.7.

(a) Find the total real and reactive power, the power factor at the source, and the
total current.

I L I f1.
0
200 V Cj} § 100 Q ~c
200
|
J Qe

FIGURE 2.7
Circuit for Example 2.3 and the power triangle.

200£0° ]
h="5 =20 A
200/0°
=S e g A
2T 10+ 720 )

Sy = VI =200/0°(2 — j0) = 400 W + jO var
Sy = VI3 = 200/0°(4 + j8) = 800 W + j1600 var

Total apparent power and current are

S= P+ jQ = 1200 + j1600 = 2000£53.13° VA
S*  2000/-53.13°

I= o =200 10753180
T 500700 10/-53.13° A

Power factor at the source is
PF = cos(53.13) = 0.6 lagging

(b) Find the capacitance of the capacitor connected across the loads to improve the
overall power factor to 0.8 lagging.

Total real power P = 1200 W at the new power factor 0.8 lagging. Therefore

¢ = cos™1(0.8) = 36.87°
Q' = Ptanf = 1200 tan(36.87°) = 900 var
Q. = 1600 — 900 = 700 var

2 9 2
_ VP @007 —j57.14 Q

CT8r 4700
109

The total power and the new current are

S’ = 1200 + 900 = 1500/36.87°
S 1500£-36.87°
T VE 200400

Note the reduction in the supply current from 10 A to 7.5 A.

r = 7.5/—-36.87°

Example 24  (chp2ex4)

Three loads are connected in parallel across a 1400-V rms, 60-Hz single-phase
supply as shown in Figure 2.8,

Load 1: Inductive load, 125 kVA at 0.28 power factor.
Load 2: Capacitive load, 10 kW and 40 kvar.
Load 3: Resistive load of 15 kW.

() Find the total kW, kvar, kVA, and the supply power factor.



I 15 1L I3
1400 V 1 2 3
FIGURE 2.8
Circuit for Example 2.4.

An inductive load has a lagging power factor, the capacitive load has a lead-
ing power factor, and the resistive load has a unity power factor.

For Load 1:
01 = cos1(0.28) = 73.74° lagging
The load complex powers are

Sy = 125/73.74 KVA = 35 kW + j120 kvar
Sy = 10 KW — 540 kvar
Sy = 15 kW + jO kvar

The total apparent power is

S=P+jQ=5 +85 +53
~ (35 + j120) + (10 — j40) + (15 + j0)
— 60 kKW + j80 kvar = 100/53.13 kVA

The total current is

I i _ 100,000£-53.13 7143/ -53.13° A

Ty 140070°

The supply power factor is
PF = co0s(53.13) = 0.6 lagging

(b) A capacitor of negligible resistance is connected in parallel with the above loads
to improve the power factor to 0.8 lagging. Determine the kvar rating of this ca-
pacitor and the capacitance in pF.

Total real power P = 60 kW at the new power factor of 0.8 lagging results in the
new reactive power ('.

' = cos™1(0.8) = 36.87°
Q' = 60tan(36.87°) = 45 kvar

Therefore, the required capacitor kvar is

Q. = 80 — 45 = 35 kvar

and
V2 14002
XC = = — e ]
S+ = 335,000 7 S
C= ——ﬁ—- = 47.37
57(60)(56) — + ST HE

and the new current is

_ S’ 60,000 — 745, 000
V* 140020°

*ute the reduction in the supply current from 71.43 A to 53.57 A.

[/

= 53.57/-36.87° A

16 COMPLEX POWER FLOW

Lomsider two ideal voltage sources connected by a line of impedance Z = R +
i X £ as shown in Figure 2.9.

Z=R+jX=|Z| /v
e AAAA Y
- Ips

© o

FIGURE 2,9

Tl ity mr i
Berconmectad voltage sources.

I.I.I "l &
" ' 1he phasor voltage be Vi = [V} [£6; and Vo = |V3|/4;. For the assumed direc-
N o current

= Vil40 — [Va]48, |V
fig = SRy A
| Z| Loy 1z T T 0z




The complex power Si2 is given by

. V4] V2]
=W = 0
S12 = Vil ’VIIMMIZIM 1 — 1Z|M 2]
vl [VillVal
g [y — -5
21" Tl e
Thus, the real and reactive power at the sending end are
_ 1! Vi|[Va
wl? . Vall 2|
Q12 = ——siny — v+ 8 — 0o 2.17)
2 gy Rt

Power system transmission lines have small resistance compared to the reactance.
Assuming R = 0 (i.e., Z = X /90° ), the above equations become

\%
P12 = l——l—;p@—‘ sin((51 - 52) (2.18)

%
le = ,11“‘/1' IVQICOS(dl—CsQ)] (219)

Since R = 0, there are no transmission line losses and the real power sent equals
the real power received.

From the above results, for a typical power system with small R/ X ratio, the
following important observations are made :

1. Equation (2.18) shows that small changes in §; or d2 will have a significant
effect on the real power flow, while small changes in voltage magnitudes will
not have appreciable effect on the real power flow. Therefore, the flow of real
power on a transmission line is governed mainly by the angle difference of
the terminal voltages (i.e., P12 x sind ), where § = §; — &y. If V; leads V5,
d is positive and the real power flows from node 1 to node 2. If Vi lags Vs, 6
is negative and power flows from node 2 to node 1.

2. Assuming R = 0, the theoretical maximum power (static transmission ca-
pacity) occurs when ¢ = 90° and the maximum power transfer is given by

Vil|Vel
X

In Chapter 3 we learn that increasing § beyond the static transmission capac-
ity will result in loss of synchronism between the two machines.

P mar — (220)

3. For maintaining transient stability, the power system is usually operated with
small load angle §. Also, from (2.19) the reactive power flow is determined
by the magnitude difference of terminal voltages, (i.e., @ o< [V1]| — |Va)).

Example 2.5 (chp2ex5)

Two voltage sources Vi = 120/—5 V and V5 = 100/0 V are connected by a short
line of impedance Z = 1 + j72 as shown in Figure 2.9. Determine the real and
reactive power supplied or received by each source and the power loss in the line.

120/-5° — 100£0°

. = 3.135/-110.02° A
12 1+ 47
100/0° — 120/ — 5°
e = = 3.135/69.98° A
2 1+ 37

Si2 = Vil}y = 376.2/105.02° = —97.5 W + j363.3 var
So1 = VoI, = 313.5/—69.98° = 107.3 W — j204.5 var

Line loss is given by
Sp =51 +5 =98 W+ j68.8 var

From the above results, since P; is negative and P; is positive, source 1 receives
97.5 W, and source 2 generates 107.3 W and the real power loss in the line is 9.8
W. The real power loss in the line can be checked by

P =R|I;)* = (1)(3.135)2 = 9.8 W

Also, since )y is positive and (05 is negative, source 1 delivers 363.3 var and source
2 receives 294.5 var, and the reactive power loss in the line is 68.6 var. The reactive
power loss in the line can be checked by

QL = X2)* = (7)(3.135) = 68.8 var

Example 2.6  (chp2ex6), (chp2ex6gui)

This example concerns the direction of power flow between two voltage sources.
Write a MATLAB program for the system of Example 2.5 such that the phase an-
gle of source 1 is changed from its initial value by £30° in steps of 5°. Voltage
magnitudes of the two sources and the voltage phase angle of source 2 is to be kept
constant. Compute the complex power for each source and the line loss. Tabulate
the real power and plot P, , P,, and P, versus voltage phase angle §. The following
commands



E1 = input(’Source # 1 Voltage Mag. = ’);

al = input(’Source# 1 Phase Angle = ’);

E2 = input(’Source # 2 Voltage Mag. = 6

a2 = input(’Source # 2 Phase Angle = ’);

R = input(’Line Resistance = ’);

X = input(’Line Reactance = ’); . ‘

Z = R+ j*X; % Line impedance
al = (-30+al:5:30+al)’; % Change al by +/- 30, col. array
alr = alxpi/180; % Convert degree to radian
k = length(al);

a2 = ones(k,1)*a2; % Create col. array of same length for.a2
a2r = a2%pi/180; % Convert degree to radian

Vi = El.*cos(alr) + j*El.*sin(alr);
V2 = E2.%cos(a2r) + j*E2.*sin(a2r);
112 = (V1 - V2)./Z; 1I21=-112;

S1 = Vi.*xconj(I12); Pl = real(S1); Q1 = imag(S1);
S2 = V2.xconj(I21); P2 = real(S2); Q2 = imag(S2);
SL = S1+S2; PL = real(8L); QL = imag(SL);
Resulti = [al, P1, P2, PL];

disp(’ Delta 1 P-1 P-2 P-L %)
disp(Resultl)

plot(al, P1, al, P2, ai,PL)

xlabel (’Source #1 Voltage Phase Angle’)
ylabel(’ P, Watts’),

text(-26, -550, 'P1’), text(-26, 600,’P2’),
text(-26, 100, ’PL’)

result in

Source # 1 Voltage Mag. 120
Source # 1 Phase Angle = -5
Source # 2 Voltage Mag. 100
Source # 2 Phase Angle =0
Line Resistance = 1

Line Reactance = 7

Delta 1 P-1 pP-2 P-L
~-35.0000 -872.2049 967.0119 94.8070
-30.0000 -759.8461 832.1539 72.3078
-25.0000 -639.5125 692.4848 52.9723
-20.0000 ~512.1201 549.0676 36.9475
-15.0000 -378.6382 402.9938 24 . 3556
-10.0000 -240.0828 2565.37b1 15.2923

-5.0000 ~-97.5084 107.3349 9.8265

0 48.0000 -40.0000 8.0000

5.0000 195.3349 -185.5084 9.8265
10.0000 343.3751 -328.0828 15.2923
15.0000 490.9938 -466.6382 24 .3556
20.0000 637.0676 -600.1201 36.9475
25.0000 780.4848 -727.5125 52.9723

1000
800
600 Py
400 -
P 200+ P
Watts 0
—~200
—400 -
~600 - n
—800
__1 { t H i i 1
O0940 -30 —20 -10 0 10 20 30
Source #1 Voltage Phase Angle
FIGURE 2.10

Real power versus voltage phase angle §.

Examination of Figure 2.10 shows that the flow of real power along the intercon-
nection is determined by the angle difference of the terminal voltages. Problem 2.9
requires the development of a similar program for demonstrating the dependency
of reactive power on the magnitude difference of terminal voltages.

Run the new GUI program (chp2ex6gui). This allows you to see instantly the
effect of sweeping voltage phase angle d; on the direction of real power flow, and

the effect of sweeping voltage magnitude V; on the direction of the reactive power
flow.

2.7 BALANCED THREE-PHASE CIRCUITS

The generation, transmission and distribution of electric power is accomplished by
means of three-phase circuits. At the generating station, three sinusoidal voltages
are generated having the same amplitude but displaced in phase by 120°. This is



called a balanced source. If the generated voltages reach their peak values in the
sequential order ABC, the generator is said to have a positive phase sequence,
shown in Figure 2.11(a). If the phase order is ACB, the generator is said to have a
negative phase sequence, as shown in Figure 2.11(b).

Ecp Ep,

EATL EAn
Eg, (a) Ecy (b)
FIGURE 2.11

(a) Positive, or ABC, phase sequence. (b) Negative, or ACB, phase sequence.

In a three-phase system, the instantaneous power delivered to the external
loads is constant rather than pulsating as it is in a single-phase circuit. Also, three-
phase motors, having constant torque, start and run much better than single-phase
motors. This feature of three-phase power, coupled with the inherent efficiency of
its transmission compared to single-phase (less wire for the same delivered power),
accounts for its universal use.

A power system has Y-connected generators and usually includes both A-
and Y-connected loads. Generators are rarely A-connected, because if the voltages
are not perfectly balanced, there will be a net voltage, and consequently a circulat-
ing current, around the A. Also, the phase voltages are lower in the Y-connected
generator, and thus less insulation is required. Figure 2.12 shows a Y-connected
generator supplying balanced Y-connected loads through a three-phase line. As-
suming a positive phase sequence (phase order ABC) the generated voltages are:

E4n = |E,|L0°

Epn = |Ep|[—120° 2.21)

Ecn = |Ep|£—240°
In power systems, great care is taken to ensure that the loads of transmission lines
are balanced. For balanced loads, the terminal voltages of the generator Va,,, Vg,
and Vi, and the phase voltages V., V4, and V,,, at the load terminals are balanced.
For “phase A,” these are given by

Van = Ean — Zgl, (2.22)

Van = Van — 21, (2.23)

FIGURE 2.12
A Y-connected generator supplying a Y-connected load.

2.8 Y-CONNECTED LOADS

To find the relationship between the line voltages (line-to-line voltages) and the
phase voltages (line-to-neutral voltages), we assume a positive, or ABC, sequence.

We arbitrarily choose the line-to-neutral voltage of the a-phase as the reference,
thus

Van = le'ZOO
Vin = [Vp|£=120° (2.24)
Vi = [V} £—240°

where |V},| represents the magnitude of the phase voltage (line-to-neutral voltage).
The line voltages at the load terminals in terms of the phase voltages are found
by the application of Kirchhoff’s voltage law

Vab = Van — Vi = |[V,|(1£0° — 1/-120°) = V/3|V,,|£30°
Voo = Vi = Ve = [Vp|(1£-120° ~ 1£-240°) = V/3[V,|/—90°  (2.25)
Vea = Ven = Van = |V, |(1£-240° — 1£0°) = /3|V,|£150°



The voltage phasor diagram of the Y-connected loads of Figure 2.12 is shown
in Figure 2.13. The relationship between the line voltages and phase voltages is
demonstrated graphically.

Vca Vcn o _Vab

/ 7

/ /
N
30 Vi
Vi
Ve

FIGURE 2.13

Phasor diagram showing phase and line voltages.

If the rms value of any of the line voltages is denoted by V7, then one of the
important characteristics of the Y-connected three-phase load may be expressed as

Vi = V3 |V,|£30° (2.26)

Thus in the case of Y-connected loads, the magnitude of the line voltage is
+/3 times the magnitude of the phase voltage, and for a positive phase sequence,
the set of line voltages leads the set of phase voltages by 30°.

The three-phase currents in Figure 2.12 also possess three-phase symmetry
and are given by

Van
Ia TZ e T —
e
Vb’n o
=Y yp—120° ~ 6 227
Zp
L=Ye _ip1/—240° -6
Zp

where 6 is the impedance phase angle.
The currents in lines are also the phase currents (the current carried by the
phase impedances). Thus
In=1, (2.28)

2.9 A-CONNECTED LOADS

A balanced A-connected Joad (with equal phase impedances) is shown in Fig-
ure 2.14.

¢ L
b I
g L
FIGURE 2.14

A A-connected load.

It is clear from the inspection of the circuit that the line voltages are the same
as phase voltages.

V=V, (2.29)

Consider the phasor diagram shown in Figure 2.15, where the phase current I, is
arbitrarily chosen as reference. we have

Ly = |I,] L0°
Le = | L] £~120° (2.30)
Lea = || {—240°

where |I,| represents the magnitude of the phase current.

I,

Iy

Ibc

FIGURE 2.15
Phasor diagram showing phase and line currents.



The relationship between phase and line currents can be obtained by applying
Kirchhoft’s current law at the corners of A.

Iy = Iy — Lo = |L,|(1£0° — 1£-240°) = /3| 1,/ ~30°
I = Iye — Iy = || (1£—120° — 1£0°) = V/3|I,|£~150° (2.31)
Lo = Ioq — Ipe = [Ip|(1£-240° — 1/-120°) = /3|1, £90°

The relationship between the line currents and phase currents is demonstrated
graphically in Figure 2.15.
If the rms of any of the line currents is denoted by I, then one of the impor-
tant characteristics of the A-connected three-phase load may be expressed as

I, = V3|I,| £~30° (2.32)

Thus in the case of A-connected loads, the magnitude of the line current is v/3
times the magnitude of the phase current, and with positive phase sequence, the set
of line currents lags the set of phase currents by 30°.

2.10 A-Y TRANSFORMATION

For analyzing network problems, it is convenient to replace the A-connected cir-
cuit with an equivalent Y-connected circuit. Consider the fictitious Y-connected
circuit of Zy {}/phase which is equivalent to a balanced A-connected circuit of
Z $Uphase, as shown in Figure 2.16.

FIGURE 2.16
(a) A to (b) Y-connection.

For the A-connected circuit, the phase current I, is given by

Vab + %c _ Vab + Vac

N N

(2.33)

FIGURE 2.17
Phasor diagram showing phase and line voltages.

The phasor diagram in Figure 2.17 shows the relationship between balanced phase
and line-to-line voltages. From this phasor diagram, we find

Vab + Ve = V3 [Vin| £30° + V3|V | £ —30° (2.34)
= 3Van (2.35)

Substituting in (2.33), we get

3Van
e
ZA
or
Z
Vin = ?Ala (2.36)

Now, for the Y-connected circuit, we have
Van = Zy 1, (2.37)
Thus, from (2.36) and (2.37), we find that

%
Zy = ?A (2.38)

2.11 PER-PHASE ANALYSIS

The current in the neutral of the balanced Y-connected loads shown in Figure 2.12
is given by
Iy=1I,+1y+1.=0 (2.39)



76 2. BASIC PRINCIPLES

Since the neutral carries no current, a neutral wire of any impedance may be re-
placed by any other impedance, including a short circuit and an open circuit. The
return line may not actually exist, but regardless, a line of zero impedance is in-
cluded between the two neutral points. The balanced power system problems are
then solved on a “per-phase” basis. It is understood that the other two phases carry
identical currents except for the phase shift.

We may then look at only one phase, say “phase A,” consisting of the source
Vay in series with Z;, and Z,, as shown in Figure 2.18. The neutral is taken as
datum and usually a single-subscript notation is used for phase voltages.

Va I Zr v,

I

FIGURE 2.18
Single-phase circuit for per-phase analysis.

If the load in a three-phase circuit is connected in a A, it can be transformed
into a Y by using the A-to-Y transformation. When the load is balanced, the
impedance of each leg of the Y is one-third the impedance of each leg of the A, as
given by (2.38), and the circuit is modeled by the single-phase equivalent circuit.

2.12 BALANCED THREE-PHASE POWER

Consider a balanced three-phase source supplying a balanced Y- or A- connected
load with the following instantaneous voltages

Van = \/§le| cos(wt + 6,)
Vpn = V2|Vp| cos(wt + 6, — 120°) (2.40)
Ven = V2|V, cos(wt + 6, — 240°)
For a balanced load the phase currents are
iq = V2|I,| cos(wt + ;)
ip = V2|1, cos(wt + 6; — 120°) (241
ie = V21| cos(wt + 6; — 240°)
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where |V},| and |Ip| are the magnitudes of the rms phase voltage and current, re-
spectively. The total instantaneous power is the sum of the instantaneous power of
each phase, given by

P3¢ = Vanla + Ubnlth + Venle (2.42)
Substituting for the instantaneous voltages and currents from (2.40) and (2.41) into
(2.42)

P3¢ = 2|Vp||I,| cos(wt + 0,) cos(wt + ;)
+2|Vp||Ip| cos(wt + 6, — 120°) cos(wt + 6; — 120°)
+2|Vp|[1p] cos(wt + 6, — 240°) cos(wt + 6; — 240°)

Using the trigonometric identity (2.4)

3¢ = |Vpl|Ipl[cos(0y — 6;) + cos(2wt + 6, + 6;)]
Vol Ipl[cos(By — 8;) + cos(2wt + 0, + 6; — 240°)]  (2.43)
+|Vpl|Ip|[cos(8, — 8;) + cos(2wt + 6, + 8; — 480°)]

The three double frequency cosine terms in (2.43) are out of phase with each other
by 120° and add up to zero, and the three-phase instantaneous power is

P3y = 3|Vl cos 6 (2.44)

0 = 0, — 0; is the angle between phase voltage and phase current or the impedance
angle.

Note that although the power in each phase is pulsating, the total instanta-
neous power is constant and equal to three times the real power in each phase. In-
deed, this constant power is the main advantage of the three-phase system over the
single-phase system. Since the power in each phase is pulsating, the power, then,
is made up of the real power and the reactive power. In order to obtain formula
symmetry between real and reactive powers, the concept of complex or apparent
power (5) is extended to three-phase systems by defining the three-phase reactive
power as

Q3¢ — 3|VpHIp| sin 6 (2.45)
Thus, the complex three-phase power is
S3g = P3¢ + jQ39 (2.46)
QI
Sz = 3V, (2.47)

Equations (2.44) and (2.45) are sometimes expressed in terms of the rms
magnitude of the line voltage and the rms magnitude of the line current. In a Y-

~wonnected load the phase voltage |V},| = [V1|/+/3 and the phase current I, = I..



In the A-connection V,, = V7, and |I,| = |I1|/+/3. Substituting for the phase volt-
age and phase currents in (2.44) and (2.45), the real and reactive powers for either
connection are given by

Pay = V3|VL||IL| cos (2.48)

and
Qs = V3|VL||I1|sin @ (2.49)

A comparison of the last two expressions with (2.44) and (2.45) shows that the
equation for the power in a three-phase system is the same for either a Y or a A
connection when the power is expressed in terms of line quantities.

When using (2.48) and (2.49) to calculate the total real and reactive power,
remember that @ is the phase angle between the phase voltage and the phase current.
As in the case of single-phase systems for the computation of power, it is best to
use the complex power expression in terms of phase quantities given by (2.47).
The rated power is customarily given for the three-phase and rated voltage is the
line-to-line voltage. Thus, in using the per-phase equivalent circuit, care must be
taken to use per-phase voltage by dividing the rated voltage by V3.

Example 2.7 (chpZex7)
A three-phase line has an impedance of 2 + j4 € as shown in Figure 2.19.

2+ 740

O o AN 1)

Vi| = 207.85V

b‘ G TP MH/\\%BOQ
\//\\%J—MSQ

Co—-—-————/\AAAF""V‘ » C

FIGURE 2.19
Three-phase circuit diagram for Example 2.7.

The line feeds two balanced three-phase loads that are connected in parallel. The
first load is Y-connected and has an impedance of 30+ 740 (2 per phase. The second
load is A-connected and has an impedance of 60 — j45 2. The line is energized
at the sending end from a three-phase balanced supply of line voltage 207.85 V.
Taking the phase voltage V,, as reference, determine:

(a) The current, real power, and reactive power drawn from the supply.

(b) The line voltage at the combined loads.

(c) The current per phase in each load.
(d) The total real and reactive powers in each load and the line.

(a) The A-connected load is transformed into an equivalent Y. The impedance per
phase of the equivalent Y is

60 — jd5

Zo 3 =20—-415 Q
The phase voltage is
207.85
Vi=——=120V
T A
The single-phase equivalent circuit is shown in Figure 2.20.
. I 24740
+ L I
Vi =12040°V Va 309 ‘%20 &
7400 ———j15Q
ne =
FIGURE 2.20

Single-phase equivalent circuit for Example 2.7.
The total impedance is

(30 + j40)(20 — 515)
(30 + j40) + (20 — j15)
=24j4422-j4=240

Z=2+j4+

With the phase voltage V,,,, as reference, the current in phase a is

_ W 12040°
Sz 24
The three-phase power supplied is

I S5 A

S =3I = 3(120£0°)(5£0°) = 1800 W
{B) The phase voltage at the load terminal is

Vo = 120£0° — (2 4 j4)(5£0°) = 110 — j20
=111.8/-10.3° V



The line voltage at the load terminal is
Vaab = V3 /30° Vo = V/3 (111.8)£19.7° = 193.64/19.7° V

(¢) The current per phase in the Y-connected load and in the equivalent Y of the A
load is

Va 110 - j20 ,
L=—22 =0y 590936/ - 63.4° A
LTz T 30440 Yy 3

Va 110 — 20 ‘
=2 =" 44 i9=4472/26.56° A
2=, T 045 1

The phase current in the original A-connected load, i.e., I is given by

s b 4472/2656°
b BI230° . B/_30°

(d) The three-phase power absorbed by each load is

= 2.582/56.56° A

Sy = 3VAI} = 3(111.8/ — 10.3°)(2.236£63.4°) = 450 W + j600 var
Sp = 3VpIy = 3(111.8/ — 10.3°)(4.472/~26.56°) = 1200 W — 5900 var

The three-phase power absorbed by the line is
S =3(Rp + X ) = 3(2 + j4)(5)% = 150 W + 5300 var

Itis clear that the sum of load powers and line losses is equal to the power delivered
from the supply, i.e.,

Si+ 82+ Sp, = (450 + 5600) + (1200 — §900) + (150 + 7300)
= 1800 W + 40 var

Example 2.8  (chp2ex8)

A three-phase line has an impedance of 0.4 + 2.7 §2 per phase. The line feeds two
balanced three-phase loads that are connected in parallel. The first load is absorb-
ing 560.1 kVA at 0.707 power factor lagging. The second load absorbs 132 kW at
unity power factor. The line-to-line voltage at the load end of the line is 3810.5 V.
Determine:

(a) The magnitude of the line voltage at the source end of the line.
(b) Total real and reactive power loss in the line.
(c) Real power and reactive power supplied at the sending end of the line.

;0445270

I 11 12
Vi Va = 2200£0° S1
no

FIGURE 2.21
Single-phase equivalent diagram for Example 2.8.

(a) The phase voltage at the load terminals is

1y = B0 om0 v

VE]

The single-phase equivalent circuit is shown in Figure 2.21.
The total complex power is

Sh(sey = 560.1(0.707 + j0.707) + 132 = 528 + ;396
= 660/36.87° kVA

With the phase voltage V5 as reference, the current in the line is

s —36.87°
_ JRee) _ 660,0002=36.877 0 46070 A
3V 3(220040°)

The phase voltage at the sending end is
Vi = 2200£0° + (0.4 + j2.7)100£—36.87° = 2401.7/4.58° V
The magnitude of the line voltage at the sending end of the line is
Vil = v3|Vi| = v3(2401.7) = 4160 V
(b) The three-phase power loss in the line is

Si@e) = 3RI? + j3X |17 = 3(0.4)(100)2 + 73(2.7)(100)2
=12 kW + j81 kvar

(c) The three-phase sending power is
Ss(3p) = V11" = 3(2401.7/4.58°)(100/36.87°) = 540 kW + 477 kvar

It is clear that the sum of load powers and the line losses is equal to the power
delivered from the supply, i.e.,

Ss(3g) = Sr(3e) + SLe) = (528 + j396) + (12 + j81) = 540 kW + 7477 kvar



PROBLEMS

2.1.

2.2

2.3.

Modify the program in Example 2.1 such that the following quantities can
be entered by the user:

The peak amplitude V,,,, and the phase angle 6, of the sinusoidal supply
v(t) = V,, cos(wt + 6,). The impedance magnitude Z, and the phase angle
~ of the load.

The program should produce plots for i(t), v(t), p(t), p-(t) and p,(¢t), sim-
ilar to Example 2.1. Run the program for V,, = 100 V, 8, = 0 and the
following loads:

An inductive load, 7 = 1.25/60°Q2
A capacitive load, Z = 2.0/-30°Q2
A resistive load, Z = 2.5/0°Q

(a) From p,(t) and p,(t) plots, estimate the real and reactive power for each
load. Draw a conclusion regarding the sign of reactive power for inductive
and capacitive loads.

(b) Using phasor values of current and voltage, calculate the real and reactive
power for each load and compare with the results obtained from the curves.
(c) If the above loads are all connected across the same power supply, deter-
mine the total real and reactive power taken from the supply.

A single-phase load is supplied with a sinusoidal voltage
v(t) = 200 cos(377t)
The resulting instantaneous power is
p(t) = 800 + 1000 cos(754t — 36.87°)

(a) Find the complex power supplied to the load.

(b) Find the instantaneous current i(¢) and the rms value of the current sup-
plied to the load.

(c) Find the load impedance.

(d) Use MATLAB to plot v(t), p(t), and i(t) = p(t)/v(t) over a range of
0 to 16.67 ms in steps of 0.1 ms. From the current plot, estimate the peak
amplitude, phase angle and the angular frequency of the current, and verify
the results obtained in part (b). Note in MATLAB the command for array or
element-by-element division is . /.

An inductive load consisting of R and X in series feeding from a 2400-V
rms supply absorbs 288 kW at a lagging power factor of 0.8. Determine R
and X.

24.

2.5.

2.6.

An inductive load consisting of R and X in parallel feeding from a 2400-V
rms supply absorbs 288 kW at a lagging power factor of 0.8. Determine R
and X.

Two loads connected in parallel are supplied from a single-phase 240-V rms
source. The two loads draw a total real power of 400 kW at a power factor
of 0.8 lagging. One of the loads draws 120 kW at a power factor of 0.96
leading. Find the complex power of the other load.

The load shown in Figure 2.22 consists of a resistance R in parallel with a
capacitor of reactance X . The load is fed from a single-phase supply through
a line of impedance 8.4 + j11.2 Q. The rms voltage at the load terminal is
1200£0° V rms, and the load is taking 30 kVA at 0.8 power factor leading.
(a) Find the values of R and X.

(b) Determine the supply voltage V.

8.4+ 41120

FIGURE 2.22
Circuit for Problem 2.6.

2.7. Twoimpedances, Z; = 0.8+35.6 Q and Z; = 83516 (2, and a single-phase
motor are connected in parallel across a 200-V rms, 60-Hz supply as shown
in Figure 2.23. The motor draws 5 kVA at 0.8 power factor lagging.

+

1
0.8

jo.6

I Iz (I3
8
o S3 = 5 kVA
A ) ) @) at 0.8 PF lag
—716 T

FIGURE 2.23
Circuit for Problem 2.7.
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2.8.

(a) Find the complex powers Sy, Sz for the two impedances, and S5 for the
motor.

(b) Determine the total power taken from the supply, the supply current, and
the overall power factor.

(¢) A capacitor is connected in parallel with the loads. Find the kvar and the
capacitance in uF to improve the overall power factor to unity. What is the
new line current?

Two single-phase ideal voltage sources are connected by a line of impedance
of 0.7 + 52.4 2 as shown in Figure 2.24. V; = 500/16.26° V and V, =
585/0° V. Find the complex power for each machine and determine whether
they are delivering or receiving real and reactive power. Also, find the real
and the reactive power loss in the line.

0.7+ 2.4 Q
Iz

500/16.26° V CD 585/0° V

FIGURE 2.24
Circuit for Problem 2.8.

2.9.

2.10.

Write a MATLAB program for the system of Example 2.6 such that the volt-
age magnitude of source 1 is changed from 75 percent to 100 percent of
the given value in steps of 1 V. The voltage magnitude of source 2 and the
phase angles of the two sources is to be kept constant. Compute the complex
power for each source and the line loss. Tabulate the reactive powers and
plot @1, @2, and Q, versus voltage magnitude {V;|. From the results, show
that the flow of reactive power along the interconnection is determined by
the magnitude difference of the terminal voltages.

A balanced three-phase source with the following instantaneous phase volt-
ages

Van = 2500 cos(wt)
Upn = 2500 cos(wt — 120°)
Ven = 2500 cos(wt — 240°)

2.11.

2.12.

2.13.

supplies a balanced Y-connected load of impedance Z = 250/36.87° Q) per
phase.

(a) Using MATLAB, plot the instantaneous powers pg, Py, Pe and their sum
versus wt over a range of 0:0.05: 27 on the same graph. Comment on the
nature of the instantaneous power in each phase and the total three-phase
real power.

(b) Use (2.44) to verify the total power obtained in part (a).

A 4157-V rms, three-phase supply is applied to a balanced Y-connected
three-phase load consisting of three identical impedances of 48/36.87°¢).
Taking the phase to neutral voltage V,,, as reference, calculate

(a) The phasor currents in each line.

(b) The total active and reactive power supplied to the load.

Repeat Problem 2.11 with the same three-phase impedances arranged in a A
connection. Take V,,;, as reference.

A balanced delta connected load of 15 + j18 €2 per phase is connected at
the end of a three-phase line as shown in Figure 2.25. The line impedance is
1 + 72 € per phase. The line is supplied from a three-phase source with a
line-to-line voltage of 207.85 V rms. Taking V,, as reference, determine the
following:

(a) Current in phase a.

(b) Total complex power supplied from the source.

(¢) Magnitude of the line-to-line voltage at the load terminal.

1+520
Qo AAAA Y a
V| = 207.85V
[ —— Y N b 15+]‘18§2
Co———— AAAATTYN c

FIGURE 2.25
Circuit for Problem 2.13.

2.14. Three parallel three-phase loads are supplied from a 207.85-V rms, 60-Hz

three-phase supply. The loads are as follows:

Load 1: A 15 hp motor operating at full-load, 93.25 percent efficiency, and
0.6 lagging power factor.



Load 2: A balanced resistive load that draws a total of 6 kW,
Load 3: A Y-connected capacitor bank with a total rating of 16 kvar.

(a) What is the total system kW, kvar, power factor, and the supply current
per phase?

(b) What is the system power factor and the supply current per phase when
the resistive load and induction motor are operating but the capacitor bank is
switched off?

2.15. Three loads are connected in parallel across a 12.47 kV three-phase supply.

Load 1: Inductive load, 60 kW and 660 kvar.
Load 2: Capacitive load, 240 kW at 0.8 power factor.
Load 3: Resistive load of 60 kW.

(a) Find the total complex power, power factor, and the supply current.

(b) A Y-connected capacitor bank is connected in parallel with the loads.
Find the total kvar and the capacitance per phase in yF to improve the overall
power factor to 0.8 lagging. What is the new line current?

2.16. A balanced A-connected load consisting of a pure resistances of 18 {) per
phase is in parallel with a purely resistive balanced Y-connected load of 12 Q
per phase as shown in Figure 2.26. The combination is connected to a three-
phase balanced supply of 346.41-V rms (line-to-line) via a three-phase line
having an inductive reactance of J3 € per phase. Taking the phase voltage
Van as reference, determine
(a) The current, real power, and reactive power drawn from the supply.

(b) The line-to-neutral and the line-to-line voltage of phase a at the combined
load terminals.

730
a

Vil =346.41V

Vil ; T
M
co————_‘fvwx__,_*_MJ c

120
m

FIGURE 2.26

Circuit for Problem 2.16.

CHAPTER

3

GENERATOR AND
TRANSFORMER MODELS;
THE PER-UNIT SYSTEM

3.1 INTRODUCTION

Before the power systems network can be solved, it must ﬁrst’be mgdeled. The
three-phase balanced system is represented on a pgr—phase basis, which was de-
scribed in Section 2.10. The single-phase representation is also us§d for unbalanced
systems by means of symmetrical components which is treateq ina 1§ter chapter.
In this chapter we deal with the balanced system, where transrmssm?n lines are rep-
resented by the m model as described in Chapter 4. O§h6r essential componepts
of a power system are generators and transformers; their Fheory and construction
are discussed in standard electric machine textbooks. In this chapter, we repre:sent
simple models of generators and transformers for steady-state balanped operation.

Next we review the one-line diagram of a power system showing gf.:nerator.s,
transformers, transmission lines, capacitors, reactors, and loafis. TI‘he (_hag.ram is
usually limited to major transmission systems. As a rule, distribution circuits and
small loads are not shown in detail but are taken into account merely as lumped
loads on substation busses.

87
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88 3. GENERATOR AND TRANSFORMER MODELS; THE PER-UNIT SYSTEM

In the analysis of power systems, it is frequently convenient to use the per-
unit system. The advantage of this method is the elimination of transformers by
simple impedances. The per-unit system is presented, followed by the impedance
diagram of the network, expressed to a common MVA base.

3.2 SYNCHRONOUS GENERATORS

Large-scale power is generated by three-phase synchronous generators, known as
alternators, driven either by steam turbines, hydroturbines, or gas turbines. The
armature windings are placed on the stationary part called staror. The armature
windings are designed for generation of balanced three-phase voltages and are ar-

struction. The cylindrical type of rotor, also called round rotor, has one distributed
winding and a uniform air gap. These generators are driven by steam turbines and
are designed for high speed 3600 or 1800 Ipm (two- and four-pole machines, re-
spectively) operation. The rotor of these generators has a relatively large axial
length and small diameter to limit the centrifugal forces. Roughly 70 percent of
large synchronous generators are cylindrical rotor type ranging from about 150 to
1500 MVA. The salient type of rotor has concentrated windings on the poles and
nonuniform air gaps. It has a relatively large number of poles, short axial length,
and large diameter. The generators in hydroelectric power stations are driven by
hydraulic turbines, and they have salient-pole rotor construction,

3.21 GENERATOR MODEL,

An elementary two-pole three-phase generator is illustrated in Figure 3.1. The sta-
tor contains three coils, aa’, b¥, and ¢’ » displaced from each other by 120 elec-
trical degrees. The concentrated full-pitch coils shown here may be considered to
represent distributed windings producing sinusoidal mmf waves concentrated on
the magnetic axes of the respective phases. When the rotor is excited to produce

3.2. SYNCHRONOQUS GENERATORS 89

FIGURE 3.1
Elementary two-pole three-phase synchronous generator.

an air gap flux of ¢ per pole and is revolving at constant angula; ve!ocitz w,h teI;:
i i i ith the position of the rotor mmf axis w , W
flux linkage of the coil varies wit — . The flux linkaee
i i i ians from coil aa’ magnetic axis. The
wt 1s measured in electrical rafilans/ . . Nyt g e
N-turn concentrated coil aa’ will l?e maximum ( ;
Z(t)rwin: /2. Assuming distributed winding, the flux linkage A\, will vary as the

cosine of the angle wit. Thus, the flux linkage with coil a is

Ag = Nocoswt 3.1
The voltage induced in coil aa’ is obtained from Faraday’s law as
€q = —@ = wN¢sinwt
“ 3.2)

= Fpeez sinwi

7
= Faz cos(wt ~ 5)

where
Bz = wN¢ = 27TfN¢
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Lheretore, the rms value of the generated voltage is
E=444fN¢ (3.3)

where f is the frequency in hertz. In actual ac machine windings, the armature
coil of each phase is distributed in a number of slots. Since the emfs induced in
different slots are not in phase, their phasor sum is less than their numerical sum.
Thus, a reduction factor K, called the winding factor, must be applied. For most
three-phase windings K, is about 0.85 to 0.95. Therefore, for a distributed phase
winding, the rms value of the generated voltage is

E=44K,fN¢ 34

The magnetic field of the rotor revolving at constant speed induces three-phase
sinusoidal voltages in the armature, displaced by 27/3 radians. The frequency of
the induced armature voltages depends on the speed at which the rotor runs and
on the number of poles for which the machine is wound. The frequency of the
armature voltage is given by

Pn
S 3.5
f=3 50 3.5)
where 7 is the rotor speed in rpm, referred to as synchronous speed. During normal
conditions, the generator operates synchronously with the power grid. This results
in three-phase balanced currents in the armature. Assuming current in phase a is
lagging the generated emf e, by an angle v, which is indicated by line mn in

Figure 3.1, the instantaneous armature currents are

to = Dngy sin(wt — )
2

i = Imag sin(wt — 1 — —3—) 3.6)

4
te = Igg sin(wt — 4 — —g—)

According to (3.2) the generated emf e, is maximum when the rotor magnetic axis
is under phase a. Since i, is lagging e, by an angle v, when line mn reaches
the axis of coil aa’, current in phase a reaches its maximum value, At any instant
of time, each phase winding produces a sinusoidally distributed mmf wave with
its peak along the axis of the phase winding. These sinusoidally distributed fields
can be represented by vectors referred to as space phasors. The amplitude of the
sinusoidally distributed mmf f,(6) is represented by the vector F,, along the axis of
phase a. Similarly, the amplitude of the mmfs fo(6) and f.(6) are shown by vectors
Fy and F, along their respective axis. The mmf amplitudes are proportional to the

instantaneous value of the phase current, i.e.,
Fo = Kig = Koz sin(wt — ) = Fy, sin(wt — P)
2 ) 2
Fy = Kty = K4, sin(wt — 1) — —32) = Fpsin(wt —¢ — =) (3.7)

3
4 . 47
Fc = KZC = KITTLG,I Sin(wt = w — —3—7T) = Fmsm(wt — 1/} - __3_)

where K is proportional to the number of armature turns per phase and is a function
of the winding type. The resultant armature mmf is the vector sum of the above
msmis. A suitable method for finding the resultant mmf is to project these mmfs on
line mn and obtain the resultant in-phase and quadrature-phase components. The
resultant in-phase components are

2
Fy = Fy, sin(wt — ) cos(wt — ) + F, sin(wt — o — —32)

47 47'('
cos(wt — 1 — 2?7() + Fy, sin{wt — ¢ — ?) cos(wt — 1) — —3—)
Using the trigonometric identity sin «cos & = (1/2) sin 2a, the above expression

becomes
27
F = —gm[sin 2(wt — ) + sin 2(wt — ¢ — ?)

+sin 2(wt — ¢ — %ﬂ-)]

The above expression is the sum of three sinusoidal functions displaced from each
other by 27 /3 radians, which adds up to zero, i.e., Iy = (.
The sum of quadrature components results in

2m, 2
Fy = Fsin(wt — ) sin(wt = ¢) + P sin(wt = ¢ — ) sin(wt =y = =)
4
+Fy, sin{wt — ¢ %z) sin(wt — ¢ — ‘g)

Using the trigonometric identity sin® & = (1/2)(1 — cos 2av), the above expression
becomes

2
Fy = T[3 — cos 2wt ) + cos 2t — 1 — )
+ cos 2(wt — 1 — 4?7()]

The sinusoidal terms of the above expression are displaced from eagh other by
2m /3 radians and add up to zero, with Fy = 3/2F,,. Thus, the amplitude of the
resultant armature mmf or stator mmf becomes

3



F,
M
AN
N\
F
] P
| P
| e
5 ) - 7
L7
(e
|
- < |
I E
- 0
e O E,,,
e - FS : 6 EST ]XGT‘]G,
m” V _
R, V71Xl

FIGURE 3.2
Combined phasor/vector diagram for one phase of a cylindrical rotor generator.

Wc? thus conclude that the resultant armature mmf has a constant amplitude
pe?rpendlcular to line mn, and rotates at a constant speed and in synchronism
with the field mmf F,. To see a demonstration of the rotating magnetic field
rotfield at the MATLAB prompt. e

A.typ%cal synchronous machine field alignment for operation as a generator is
showp in Figure 3.2, using space vectors to represent the various fields. When the
rotor is revolving at synchronous speed and the armature current is zer;) the field
mmf F,. produces the no-load generated emf E in each phase. The no-ioad en-
erated voltage which is proportional to the field current is known as the excitagtion
vqltage. The phasor voltage for phase a, which is lagging F, by 90°, is combined
V\{lth the mmf vector diagram as shown in Figure 3.2. This combined E)hasor/vector
41agram leads to a circuit model for the synchronous machine. It must be empha-
sized that in Figure 3.2 mmfs are Space vectors, whereas the emfs are time phaspors
Whefx the armature is carrying balanced three-phase currents, F, is produced r-'
pendicular to line mn. The interaction of armature mmf and the sﬁeld mmf, knclx)vevn
as armature reaction, gives rise to the resultant air gapmmf F,.. The resulte’mt mmf
F, is the vector sum of the field mmf F,. and the armature mmf F. The resultant

mmf is responsible for the resultant air gap flux ¢, that induces the generated emf
on-load, shown by E,. The armature mmf Fy induces the emf Eqor, known as the
armature reaction voltage, which is perpendicular to F,. The voltage F,, leads

I, by 90° and thus can be represented by a voltage drop across a reactance X,
due to the current I,,. X, is known as the reactance of the armature reaction. The
phasor sum of £ and E,, is shown by E,, perpendicular to Fj,, which represents
the on-load generated emf.

E=FE + JXarly (3.9)

The terminal voltage V' is less than E, by the amount of resistive voltage drop
R,1, and leakage reactance voltage drop X,1,. Thus

E =V + R+ j( Xy + Xor)|L, (3.10)
or
E=V+[Ry+jX,|I, (3.11)

where X, = (X, + X, ) is known as the synchronous reactance. The cosine of the
angle between [ and V, i.e., cos § represents the power factor at the generator ter-
minals. The angle between E and F, is equal to the angle between the rotor mmf
F,. and the air gap mmf Fj,, shown by 4,. The power developed by the machine
is proportional to the product of F,., F§, and sin ,. The relative positions of these
mmfs dictates the action of the synchronous machine. When F;. is ahead of F}, by
an angle §,, the machine is operating as a generator and when F,. falls behind F,,
the machine will act as a motor. Since E and Ej, are proportional to F, and F,,,
respectively, the power developed by the machine is proportional to the products of
E, B, and sin 6,. The angle 6, is thus known as the power angle. This is a very
important result because it relates the time angle between the phasor emfs with
the space angle between the magnetic fields in the machine. Usually the developed
power is expressed in terms of the excitation voltage F, the terminal voltage V,
and sin d. The angle 0 is approximately equal to ¢, because the leakage impedance
is very small compared to the magnetization reactance.

Due to the nonlinearity of the machine magnetization curve, the synchronous
reactance is not constant. The unsaturated synchronous reactance can be found
from the open- and short-circuit data. For operation at or near rated terminal volt-
age, it is usually assumed that the machine is equivalent to an unsaturated one
whose magnetization curve is a straight line through the origin and the rated volt-
age point on the open-circuit characteristic. For steady-state analysis, a constant
value known as the saturated value of the synchronous reactance corresponding to
the rated voltage is used. A simple per-phase model for a cylindrical rotor genera-
tor based on (3.11) is obtained as shown in Figure 3.3. The armature resistance is
generally much smaller than the synchronous reactance and is often neglected. The
equivalent circuit connected to an infinite bus becomes that shown in Figure 3.4,
and (3.11) reduces to

E=V+jX,I, (3.12)



FIGURE 3.3
Synchronous machine equivalent circuit.
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FIGURE 3.4

Synchronous machine connected to an infinite bus.

Figure 3.5 shows the phasor diagram of the generator with terminal voltage
as reference for excitations corresponding to lagging, unity, and leading power fac-
tors. The voltage regulation of an alternator is a figure of merit used for compari-
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(a) Lagging pf load (b) Upf load (¢) Leading pf load

FIGURE 3.5
Synchronous generator phasor diagram.

son with other machines. It is defined as the percentage change in terminal voltage
from no-load to rated load. This gives an indication of the change in field current

requ?red to maintain system voltage when going from no-load to rated load at some
specific power factor.

'VnZ' T ‘Vratedl ]E] = ‘V l
VR = -2 rated] g0 = 1217 Vrated] |
1 V;ated‘ I Vratedl x 100 S 3)

The no-lqad voltage for a specific power factor may be determined by operating
the machine at rated load conditions and then removing the load and observing

the no-load voltage. Since this is not a practical method for very large machines,
an accurate analytical method recommended by IEEE as given in reference [43]
may be used. An approximate method that provides reasonable results is to con-
sider a hypothetical linearized magnetization curve drawn to intersect the actual
magnetization curve at rated voltage. The value of E calculated from (3.12) is then
used to find the field current from the linearized curve. Finally, the no-load voltage
corresponding to this field current is found from the actual magnetization curve.

3.3 STEADY-STATE CHARACTERISTICS—
CYLINDRICAL ROTOR

3.3.1 POWER FACTOR CONTROL

Most synchronous machines are connected to large interconnected electric power
networks. These networks have the important characteristic that the system voltage
at the point of connection is constant in magnitude, phase angle, and frequency.
Such a point in a power system is referred to as an infinite bus. That is, the voltage
at the generator bus will not be altered by changes in the generator’s operating
condition.

The ability to vary the rotor excitation is an important feature of the syn-
chronous machine, and we now consider the effect of such a variation when the
machine operates as a generator with constant mechanical input power. The per-
phase equivalent circuit of a synchronous generator connected to an infinite bus is
shown in Figure 3.4. Neglecting the armature resistance, the output power is equal
to the power developed, which is assumed to remain constant given by

Pyy = R[3VI;] = 3|V |l1,| cos (3.14)

where V is the phase-to-neutral terminal voltage assumed to remain constant. From
(3.14) we see that for constant developed power at a fixed terminal voltage V,
I, cos § must be constant. Thus, the tip of the armature current phasor must fall on
a vertical line as the power factor is varied by varying the field current as shown in
Figure 3.6. From this diagram we have

cd = F1sinéd; = X, 1, costy (3.15)

Thus F sin §; is a constant, and the locus of E; is on the line ef. In Figure 3.6,
phasor diagrams are drawn for three armature currents. Application of (3.12) for a
lagging power factor armature current I,; results in E;. If 6 is zero, the generator
operates at unity power factor and armature current has a minimum value, shown
by 1,9, which results in Es. Similarly, F3 is obtained corresponding to I 3 at a
leading power factor. Figure 3.6 shows that the generation of reactive power can



FIGURE 3.6
Variation of field current at constant power.

be controlled by means of the rotor excitation while maintaining a constant real
power output. The variation in the magnitude of armature current as the excitation
voltage is varied is best shown by a curve. Usually the field current is used as the
abscissa instead of excitation voltage because the field current is readily measured.
The curve of the armature current as the function of the field current resembles the
letter V and is often referred to as the V curve of synchronous machines. These
curves constitute one of the generator’s most important characteristics. There is, of
course, a limit beyond which the excitation cannot be reduced. This limit is reached
when & = 90°. Any reduction in excitation below the stability limit for a particular
load will cause the rotor to pull out of synchronism. The V curve is illustrated in
Figure 3.7 (page 62) for the machine in Example 3.3.

3.3.2 POWER ANGLE CHARACTERISTICS

Consider the per-phase equivalent circuit shown in Figure 3.4. The three-phase
complex power at the generator terminal is

S3p = 3VI} (3.16)
Expressing the phasor voltages in polar form, the armature current is

B8 — V|0
E e

I
Substituting for I o+ in (3.16) results in

|E||V] 145
53¢=3~—I—Z;{——£7~5 ~3I'Zi'm (3.18)

Thus, the real power P3; and reactive power ()3, are

2
P3y =3 l?g:'/] cos(y —0) —3 }‘Zii Cos 7y (3.19)
2
Q34 = 3'?;:!/] sin{y — 8) — 3|]Zif sin y (3.20

If R, is neglected, then Z; = j X and y = 90°. Equations (3.19) and (3.20) reduce
to

[E|V]

8

sin & (3.2

P3¢ =3
_ LV B
Q34 = 3X (|E|cosd — |V]) (3.22)

Equation (3.21) shows that if |E| and |V| are held fixed and the power angle &
is changed by varying the mechanical driving torque, the power transfer varies
sinusoidally with the angle 6. From (3.21), the theoretical maximum power occurs
when § = 90°

E|V
Prasiss) = 3% (3.23)

The behavior of the synchronous machine can be described as follows. If we start
with § = (° and increase the driving torque, the machine accelerates, and the rotor
mmf . advances with respect to the resultant mmf{ F},.. This results in an increase
in ¢, causing the machine to deliver electric power. At some value of § the machine
reaches equilibrium where the electric power output balances the increased me-
chanical power owing to the increased driving torque. It is clear that if an attempt
were made to advance J further than 90° by increasing the driving torque, the
electric power output would decrease from the P, point. Therefore, the excess
driving torque continues to accelerate the machine, and the mmfs will no longer be
magnetically coupled. The machine loses synchronism and automatic equipment
disconnects it from the system. The value P, is called the steady-state stabil-
ity limit or static stability limit. In general, stability considerations dictate that a
synchronous machine achieve steady-state operation for a power angle at consid-
erably less than 90°. The control of real power flow is maintained by the generator
governor through the frequency-power control channel.

Equation (3.22) shows that for small §, cos é is nearly unity and the reactive
power can be approximated to

Vi

¥, (El=1VD) (3.24)

Q3¢23



From (3.24) we see that when |E| > |V the generator delivers reactive power
to the bus, and the generator is said to be overexcited. If |[E| < |V, the reactive
power delivered to the bus is negative; that is, the bus is supplying positive reac-
tive power to the generator. Generators are normally operated in the overexcited
mode since the generators are the main source of reactive power for inductive load
throughout the system. Therefore, we conclude that the flow of reactive power is
governed mainly by the difference in the excitation voltage |E| and the bus bar
voltage |V|. The adjustment in the excitation voltage for the control of reactive
power is achieved by the generator excitation system.

Example 3.1 (chp3ex1)

A 50-MVA, 30-kV, three-phase, 60-Hz synchronous generator has a synchronous
reactance of 9 (2 per phase and a negligible resistance. The generator is delivering
rated power at a 0.8 power factor lagging at the rated terminal voltage to an infinite
bus.

(a) Determine the excitation voltage per phase F and the power angle 6.

(b) With the excitation held constant at the value found in (a), the driving torque is
reduced until the generator is delivering 25 MW. Determine the armature current
and the power factor.

(c) If the generator is operating at the excitation voltage of part (a), what is the
steady-state maximum power the machine can deliver before losing synchronism?
Also, find the armature current corresponding to this maximum power.

(a) The three-phase apparent power is

S3s=50/cos™ 0.8 = 50/36.87° MVA
= 40 MW + ;30 Mvar
The rated voltage per phase is
30
V=—=1732/0° kV
V3
The rated current is
;- S34 _ (50/-36.87)10°
¢T3V 3(17.32400)
The excitation voltage per phase from (3.12) is

E =17320.5 + (j9)(962.25/—36.87) = 23558/17.1° V

= 962.25/-36.87° A

The excitation voltage per phase (line to neutral) is 23.56 kV and the power angle
is 17.1°.

(b) When the generator is delivering 25 MW from (3.21) the power angle is

-1 (25)(9)

(3)(23.56)(17.32) = 10.591°

¢ = sin

The armature current is

(23,558£10.591° — 17,320/0°)

= 807.485/—-53.43° A
79

I, =

The power factor is given by cos(53.43) = 0.596 lagging.

(c) The maximum power occurs at 6 = 90°

IB|V] _(23.56)(17.32)
P, = = =136 MW
maz(30) 3 X, 3 9

The armature current is

23,558/90° — 17,320£0°)

I, = ( 7 = 3248.85/36.32° A
J

The power factor is given by cos(36.32) = 0.8057 leading.

Example 3.2 (chp3ex2)

The generator of Example 3.1 is delivering 40 MW at a terminal voltage of 30 kV.
Compute the power angle, armature current, and power factor when the field cur-
rent is adjusted for the following excitations.

(a) The excitation voltage is decreased to 79.2 percent of the value found in Exam-
ple 3.1.

(b) The excitation voltage is decreased to 59.27 percent of the value found in Ex-
ample 3.1.

(¢) Find the minimum excitation below which the generator will lose synchronism.

(a) The new excitation voltage is
E =0.792 x 23,558 = 18,657 V

From (3.21) the power angle is

(40)(9)
(3)(18.657)(17.32)

§ =sin"? = 21.8°
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The armature current is

_ (18657/21.8° — 17320/0°)

I,
79

=T769.8/0° A
The power factor is given by cos(0) = 1.

(b) The new excitation voltage is

E = 0.5927 x 23,558 = 13,963 Vv

From (3.21) the power angle is

(40)(9)

= gin~ 2
0 =sin [(3)(13.963)(17.32)

} = 29.748°

The armature current is

I - (13,963/29.748° — 17,320£0°)
a = 79 =062.3/36.87° A

From current phase angle, the power factor is cos 36.87 = 0.8 leading. The gener-
ator 18 underexcited and is actually receiving reactive power.

(¢) From (3.23), the minimum excitation corresponding to § = 90° is

(40)(9)

The armature current is

a2 (6,928/90° — 17, 32040°)
a — B

79 = 2073/68.2° A

The current ph‘ase angle shows that the power factor is cos 68.2 = (.37 leading
The generator is underexcited and is receiving reactive power, .

Example 3.3 (chp3ex3)

For the generator of Example 3.1, construct the V
‘ : ple 3.1, curve for the rated power of 40
MW with varying field excitation from 0.4 power factor leading to 0.4 power factor

lagging. Assume the open-circuit characteristic i : L
th .
E = 20001 V. D the operating region is given by

The following MATLAB command results in the V curve shown in Figure 3.7

P = 40; % real power, MW
V = 30/sqrt(3)+ j*0; % phase voltage, kV
Zs = j*9; % synchronous impedance

ang = acos(0.4);
theta=ang:-0.01:-ang;%Angle 0.4 leading to 0.4 lagging pf
P = Pxones(1,length(theta));’generates array of same size

Tam = P./(3*abs(V)*cos(theta)); % current magnitude kA
Ia = Tam.*(cos(theta) + jxsin(theta)); % current phasor
E =V + Zs.*la; % excitation voltage phasor
Em = abs(E); % excitation voltage magnitude, kV
If = Em*1000/2000; % field current, A

plot(If, Iam), grid, xlabel(’If - A’)
ylabel("Ia - kA’), text(3.4, 1, ’Leading pf’)
text(13, 1, ’Lagging pf’), text(9, .71, ’Upf’)

20 T T T T U j !
1.8F

1.6

T

1.4

SEN

1.2¢

1.0+ Leading pf Lagging pf

0.8

T

o6 s 10 12 14 16 18

FIGURE 3.7
V curve for generator of Example 3.3,

34 SALIENT-POLE SYNCHRONOUS GENERATORS

The model developed in Section 3.2 is only valid for cylindrical rotor generators
with uniform air gaps. The salient-pole rotor results in nonuniformity of the mag-
netic reluctance of the air gap. The reluctance along the polar axis, commonly
referred to as the rotor direct axis, is appreciably less than that along the interpolar



axis, commonly referred to as the quadrature axis. Therefore, the reactance has
a {ugh value X, along the direct axis, and a low value X ah;ng the quadrature
axis. These reactances produce voltage drop in the annaturg and can be taken into
accounF by resolving the armature current I, into two components 7, in has

and /; in tlm’e quadrature, with the excitation voltage. The phasor diagra;n wih thef;
armature resistance neglected is shown in Figure 3.8. It is no longer possible to rep-

E

iX,1,

JXaqly

FIGURE 3.8
Phasor diagram for a salient-pole generator.

resent the machine by a simple equivalent circuit. Th

) € excitation voltage magnitude

IE| = |V|cosd + Xaly (3.25)
The three-phase real power at the generator terminal is
P =3|V|[I,|cos 8 (3.26)

The power component of the arma

ture current can be expr i
it by pressed in terms of I, and

[1,] cos @ = ab + de

= lgc086 + I;siné (3.27)
Substituting from (3.27) into (3.26), we have
P =3V|(I;cos8 + Isin 8) (3.28)
Now from the phasor diagram given in Figure 3.8,
[V]sing = Xol, (3.29)
or
I - [V]siné
g = X, (3.30)

Also, from (3.25), I; is given by

_ |E] —|V]cosé

I
d X,

3.31)

Substituting for Iz and I, from (3.31) and (3.30) into (3.28), the real power with
armature resistance neglected becomes

2Xa — Xq

Py = 3+——sin§ + 3|V o { sin 26 (3.32)
dg

[EIV]
Xd
The power equation contains an additional term known as the reluctance power.
Equations (3.25) and (3.32) can be utilized for steady-state analysis. For short-
circuit analysis, assuming a high X/R ratio, the power factor approaches zero
and the quadrature component of current can often be neglected. In such a case,
X4 merely replaces the X used for the cylindrical rotor machine. Generators are
thus modeled by their direct axis reactance in series with a constant-voltage power
source. Later in the text it will be shown that X takes on different values, depend-
ing upon the transient time following the short circuit. These reactances are usually
expressed in per-unit and are available from the manufacturer’s data.

3.5 POWER TRANSFORMER

Transformers are essential elements in any power system. They allow the relatively
low voltages from generators to be raised to a very high level for efficient power
transmission. At the user end of the system, transformers reduce the voltage to
values most suitable for utilization. In modem utility systems, the energy may un-
dergo four or five transformations between generator and ultimate user. As a result,
a given system is likely to have about five times more kVA of installed capacity of
transformers than of generators.

3.6 EQUIVALENT CIRCUIT OF A TRANSFORMER

The equivalent circuit model of a single-phase transformer is shown in Figure 3.9.
The equivalent circuit consists of an ideal transformer of ratio N1: N, together with
elements which represent the imperfections of the real transformer. An ideal trans-
former would have windings with zero resistance and a lossless, infinite perme-
ability core. The voltage E; across the primary of the ideal transformer represents
the rms voltage induced in the primary winding by the mutual flux ¢. This is the
portion of the core flux which links both primary and secondary coils. Assuming
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FIGURE 3.9

Equivalent circuit of a transformer.

sinusoidal flux ¢ = ®,,4, coswt, the instantaneous voltage e; is

de
= Nj—
“a= My
= —wN{P, e sinwt
= Elinag cos(wt + 90°) (3.33)
where
Elmaa: = 27TfN1 (I)maa: (334)

or the rms voltage magnitude F is
Ei =444fN1Dy0e (3.35)

It is important to note that the phasor flux is lagging the induced voltage E; by
90°. Similarly the rms voltage F3 across the secondary of the ideal transformer
represents the voltage induced in the secondary winding by the mutual flux ¢,
given by

Ey = 4.44f No®, 0, (3.36)

In the ideal transformer, the core is assumed to have a zero reluctance and there
is an exact mmf balanced between the primary and secondary. If I, represents the
component of current to neutralize the secondary mmf, then

LNy = ILN, (3.37)
Therefore, for an ideal transformer, from (3.35) through (3.37) we have

Ei I, N

B ~I—é =N, (3.38)

In a real transformer, the reluctance of the core is finite, and when the secondary
current I is zero, the primary current has a finite value. Since at no-load, induced
voltage E is almost equal to the supply voltage V4, the induced voltage and the
flux are sinusoidal. However, because of the nonlinear characteristics of the ferro-
magnetic core, the no-load current is not sinusoidal and contains odd harmonics.
The third harmonic is particularly troublesome in certain three-phase connections
of transformers. For the purpose of modeling, we assume a sinusoidal no-load cur-
rent with the rms value of Iy, known as the no-load current. This current has a
component [, in phase with flux, known as the magnetizing current, to set up
the core flux. Since flux is lagging the induced voltage E; by 90°, I,,, is also lag-
ging the induced voltage E; by 90°. Thus, this component can be represented in
the circuit by the magnetizing reactance jX,,;. The other component of Ij is I,
which supplies the eddy-current and hysteresis losses in the core. Since this is a
power component, it is in phase with F; and is represented by the resistance R,
as shown in Figure 3.9.

In a real transformer with finite reluctance, all of the flux is not common to
both primary and secondary windings. The flux has three components: mutual flux,
primary leakage flux, and secondary leakage flux. The leakage flux associated with
one winding does not link the other, and the voltage drops caused by the leakage
flux are expressed in terms of leakage reactances X, and X». Finally, R; and Ry
are included to represent the primary and secondary winding resistances.

To obtain the performance characteristics of a transformer, it is convenient
to use an equivalent circuit model referred to one side of the transformer. From
Kirchhoff’s voltage law (KVL), the voltage equation of the secondary side is

Eo=Vo+ Zols (3.39)

From the relationship (3.38) developed for the ideal transformer, the secondary
induced voltage and current are Ey = (Ny/N))Ey and I = (N /N3)I}, respec-
tively. Upon substitution, (3.39) reduces to

=V} + ZT, (3.40)
where
| . N2 [ N1\?
Z/ e / G == «—-‘> (—)
5= Ry + 75X, <N2 Ry +j 2 Xy

Relation (3.40) is the KVL equation of the secondary side referred to the primary,
and the equivalent circuit of Figure 3.9 can be redrawn as shown in Figure 3.10,
so the same effects are produced in the primary as would be produced in the sec-

ondary.



FIGURE 3.10
Exact equivalent circuit referred to the primary side.

On no-load, the primary voltage drop is very small, and V; can be used in
place of E; for computing the no-load current Iy. Thus, the shunt branch can be
mov«?d to the left of the primary series impedance with very little loss of accuracy.
In this manner, the primary quantities Ry and X1 can be combined with the referred
secondary quantities R/, and X % to obtain the equivalent primary quantities R, and
Xe1. The equivalent circuit is shown in Figure 3.11 where we have dispensed with
the coils of the ideal transformer. From Figure 3.11

Zel == Rel +jX61

21

FIGURE 3.11
Approximate equivalent circuit referred to the primary.

Vi=Vi+ (Reyr + jXo)Ih (3.41)
where

St

Ni\2 N2
R, = R+ (——> Ry X1 = X+ (~*—£> X d I, = 2L
N. Ny) 7P S = gy

2

T‘he equivalent circuit referred to the secondary is also shown in Figure 3.12. From
Figure 3.12 the referred primary voltage V] is given by

Vll =V, + (ReQ +le2)12 (3.42)

Zf:2 = Re2 + jX€2

FIGURE 3.12
Approximate equivalent circuit referred to the secondary.

Power transformers are generally designed with very high permeability core and
very small core loss. Consequently, a further approximation of the equivalent cir-
cuit can be made by omitting the shunt branch, as shown in Figure 3.13. The equiv-
alent circuit referred to the secondary is also shown in Figure 3.13.

Zel = Rel +lel ZeQ = ReQ +.jX€2

O AAAA T Y e O AAAN~ Y e
+ L + I
FIGURE 3.13

Simplified circuits referred to one side.

3.7 DETERMINATION OF EQUIVALENT
CIRCUIT PARAMETERS :

The parameters of the approximate equivalent circuit are readily obtained from
open-circuit and short-circuit tests. In the open-circuit test, rated voltage is ap-
plied at the terminals of one winding while the other winding terminals are open-
circuited. Instruments are connected to measure the input voltage V;, the no-load
input current Io, and the input power Fy. If the secondary is open-circuited, the
referred secondary current I; will be zero, and only a small no-load current will
be drawn from the supply. Also, the primary voltage drop (R + jX;)Ip can be
neglected, and the equivalent circuit reduces to the form shown in Figure 3.14.
Since the secondary winding copper loss (resistive power loss) is zero and the
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FIGURE 3.14

Equivalent circuit for the open-circuit test.

primary copper loss R I” is negligible, the no-load input power P, represents the
transformer core loss commonly referred to as iron loss. The shunt elements R,
and X, may then be determined from the relations

Vi?
= — 3.43
Rcl PO ( )
The two components of the no-load current are
Vi
I. = 3.44
= " (3.44)

and

Iy =\ I* - I.2 (3.45)

Therefore, the magnetizing reactance is
v
Xyt = — (3.46)
Im

In the short-circuit test, a reduced voltage V. is applied at the terminals of one
winding while the other winding terminals are short-circuited. Instruments are con-
nected to measure the input voltage V., the input current /., and the input power
Psc. The applied voltage is adjusted until rated currents are flowing in the wind-
ings. The primary voltage required to produce rated current is only a few percent
of the rated voltage. At the correspondingly low value of core flux, the exciting
current and core losses are entirely negligible, and the shunt branch can be omit-
ted. Thus, the power input can be taken to represent the winding copper loss. The
transformer appears as a short when viewed from the primary with the equivalent
leakage impedance Z,; consisting of the primary leakage impedance and the re-
ferred secondary leakage impedance as shown in Figure 3.15. The series elements

l:'-'el = Rel + lel

g
Isc

FI:LRE 3.15
FEgwivalent circuit for the short-circuit test.

ff,: and X, may then be determined from the relations

Vse
Loy = ——
el I..
ansl
Py
= 3.47
Rel (Isc)z ( )
Therefore, the equivalent leakage reactance is
Xer = Z812 - Rel2 (3.48)

38 TRANSFORMER PERFORMANCE

Ihe equivalent circuit can now be used to predict the performance characteris-
lics of the transformer. An important aspect is the transformer efficiency. Power
ransformer efficiencies very from 95 percent to 99 percent, the higher efficiencies
being obtained from transformers with the greater ratings. The actual efficiency of
4 transformer in percent is given by

__ output power

- (3.49)
input power

and the conventional efficiency of a transformer at . fraction of the full-load power
is given by
nxSxPF

- 3.50
T i x SX PRt n2 X P + P, (3-50)




where S is the full-load rated volt-ampere, P,,, is the full-load copper loss, and for
a three-phase transformer, they are given by

S = 3Val|l2]
P.. = 3Re|L)?

and P, is the iron loss at rated voltage. For varying I» at constant power factor,
maximum efficiency occurs when

dn .
d| L]

For the above condition, it can be easily shown that maximum efficiency occurs
when copper loss equals core loss at 7 per-unit loading given by

Fe

n = Pcu

(3.51)

Another important performance characteristic of a transformer is change in the
secondary voltage from no-load to full-load. A figure of merit used to compare the
relative performance of different transformers is the voltage regulation. Voltage
regulation is defined as the change in the magnitude of the secondary terminal
voltage from no-load to full-load expressed as a percentage of the full-load value.

]V2nl’ - H/Z‘

Regulation =
V2]

x 100 (3.52)

where V5 is the full-load rated voltage. V5, in (3.52) can be calculated by using
equivalent circuits referred to either primary or secondary. When the equivalent
circuit is referred to the primary side, the primary no-load voltage is found from
(3.41), and the voltage regulation becomes

Vil - Vel

Regulation =
V3]

» 100 (3.53)

When the equivalent circuit is referred to the secondary side, the secondary no-load
voltage is found from (3.42), and the voltage regulation becomes

Regulation = x 100 (3.54)
An interesting feature arises with a capacitive load. Because partial resonance is set

up between the capacitance and the reactance, the secondary voltage may actually
tend to rise as the capacitive load value increases.

A program called trans is developed for obtaining the transformer perfor-
nance characteristics. The command trans displays a menu with three options:

Option 1 calls upon the function [Re, Xm] = troct(Vo, Io, Po) which prompts
liie user to enter the no-load test data and returns the shunt branch parameters. Then
fe = trsct(Vsc, Isc, Psc) is loaded which prompts the user to enter the short-circuit
lest data and returns the equivalent leakage impedance.

Option 2 calls upon the function [Zelv, Zehv] = wz2eqz(Elv, Ehv, Zlv, Zhv)
which prompts the user to enter the individual winding impedances and the shunt
branch. This function returns the referred equivalent circuit for both sides.

Option 3 prompts the user to enter the parameters of the equivalent circuit.

The above functions can be used independently when the arguments of the func-
tions are defined in the MATLAB environment. If the above functions are typed
without the parenthesis and the arguments, the user will be prompted to enter the
required data. After the selection of any of the above options, the program prompts
the user to enter the load specifications and proceeds to obtain the transformer per-
formance characteristics including an efficiency curve from 25 to 125 percent of
full-load.

A new GUI program named transformer is developed for the transformer
tests and analysis. This program obtains the transformer equivalent circuit from
open-circuit and short-circuit tests. It also finds the transformer performance char-
acteristics using the transformer parameters.

Example 3.4  (chp3ex4)

Data obtained from short-circuit and open-circuit tests of a 240-kVA, 4800/240-V,
60-Hz transformer are:

Open-circuit test, Short-circuit test,
low-side data high-side data
Vi=240V Vee = 1875V
Ip =10 A I =50 A

Py =1440W Py = 2625 W

Determine the parameters of the equivalent circuit

The command
trans

display the following menu



Type of parameters for input Select Transformer Efficiency, pf = 0.8

To obtain equivalent circuit from tests 1 98.2 , ‘ : : i '
To input individual winding impedances 2 ‘ '
To input transformer equivalent impedance 3 98.06 -
To quit 0

q 97.8 1
Select number of menu — 1 9761
Enter Transformer rated power in kVA, S = 240 Percent
Enter rated low voltage inm volts = 240 97.4+1
Enter rated high voltage in volts = 4800 97 9
Open circuit test data 97.0
Enter ’1v’ within quotes for data ref. to low side or
enter ’hv’ within quotes for data ref. to high side — ’1v’ 96.8 | _
Enter input voltage, in volts, V, = 240 o
Enter no-load current in Amp, I, = 10 40 610 Bb 160 1é0 1210 1‘ : : .
Enter no-load input power in Watt, P, = 1440 60 180 200 220 240

Output Power, KW
Short circuit test data
FIEURE 3.16

Enter ’1lv’ within quotes for data ref. to low side or
enter ’hv’ within quotes for data ref. to high side — ’hv’
Enter reduced input voltage in volts, Vs, = 187.5

Enter input current in Amp, I, = 50

Elficiency curve of Example 3.4.

Enter input power in Watt, P = 2625 Secondary load voltage = 240.000 V
Secondary load current = 1000.000 A at -36.87 degrees
Shunt branch ref.to LV side  Shunt branch ref. to HV side Current ref. to primary = 50.000 A at -36.87 degrees
Rc = 40.000 ohm Rc = 16000.000 ohm Primary no-load current = 0.516 A at -53.13 degrees
Xm = 30.000 ohm ¥m = 12000.000 ohm Primary input current = 50.495 A at -37.03 degrees
Primary input voltage = 4951.278 V at 1.30 degrees
Series branch ref. to LV side Series branch ref.to HVside Voltage regulation = 3.152 %
Ze = 0.002625 + j 0.0090 ohm Ze = 1.0500 + j 3.6000 ohm Transformer efficiency = 97.927 ¥
Hit return to continue Maximum efficiency is 98.015 percent, occurs at 177.757 kVA
with 0.80 pf.

At this point the user is prompted to enter the load apparent power, power factor,

and voltage. The program then obtains the performance characteristics of the trans- Al the end of this analysis the program menu is displayed.
former including the efficiency curve from 25 to 125 percent of full load as shown

in Figure 3.16.

Enter load kVA, Sp = 240 3% THREE-PHASE TRANSFORMER CONNECTIONS

Enter load power factor, pf = 0.8 :

Enter ’lg’ within quotes for lagging pf iHiree-phase power is transformed by use of three-phase units. However, in large
or ’1d’ within quotes for leading pf -> ’lg’ exira high voltage (EHV) units, the insulation clearances and shipping limitations
Enter load terminal voltage in volt, V2 = 240 May require a bank of three single-phase transformers connected in three-phase

arangements.
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The primary and secondary windings can be connected in either wye (Y) or
delta (A) configurations. This results in four possible combinations of connections:
Y-Y, A-A, Y-A and A-Y shown by the simple schematic in Figure 3.17. In this
diagram, transformer windings are indicated by heavy lines. The windings shown
in parallel are located on the same core and their voltages are in phase. The Y-Y

AF —0 A
C a

n )

C\""’L -“-ob

B b Bo—\‘j 1\08
Acss —ocC Ao— —oC
C C a

n a 7
B b B

FIGURE 3.17
Three-phase transformer connections,

Q

connection offers advantages of decreased insulation costs and the availability of
the neutral for grounding purposes. However, because of problems associated with
third harmonics and unbalanced operation, this connection is rarely used. To elimi-
nate the harmonics, a third set of windings, called a tertiary winding, connected in
A is normally fitted on the core to provide a path for the third harmonic currents.
This is known as the three-winding transformer. The tertiary winding can be loaded
with switched reactors or capacitors for reactive power compensation. The A-A
provides no neutral connection and each transformer must withstand ful] line-to-
line voltage. The A connection does, however, provide a path for third harmonic
currents to flow. This connection has the advantage that one transformer can be re-

moved for repair and the Temaining two can continue to deliver three-phase power
at a reduced rating of 58 percent of the original bank. This is known as the V

connection. The most common connection is the Y-A or A-Y. This connection is

more stable with respect to unbalanced loads, and if the Y connection is used on the

high voltage side, insulation costs are reduced. The Y-A connection is commonly

used to step down a high voltage to a lower voltage. The neutral point on the high

voltage side can be grounded. This is desirable in most cases. The A-Y connection

is commonly used for stepping up to a high voltage.

1.9.1 THE PER-PHASE MODEL OF
A THREE-PHASE TRANSFORMER

In Y-Y and A-A connections, the ratio of the line voltages on HV and LV sides are
the same as the ratio of the phase voltages on the HV and LV sides. Furthermore,
there is no phase shift between the corresponding line yoltages on the HV anFl LV
sides. However, the Y-A and the A-Y connections will result in a ph.ase‘ shift of
30° between the primary and secondary line-to-line voltages. T.he. windings are
arranged in accordance to the ASA (American Stapdarfis Association) such that
the line voltage on the HV side leads the correspopdmg line voltage on the LV side
by 30° regardless of which side is Y or A. Consider the Y-A schematlc dlagrim
shown in Figure 3.17. The positive phase sequence voltage phasor diagram for this
connection is shown in Figure 3.18, where Vy,, is taken as reference. Let the Y

VCn

Vie

FIGURE 3.18 .
30° phase shift in line-to-line voltages of Y-A counection.

connection be the high voltage side shown by letter H and the A conne.ctlon the
low voltage side shown by X. We consider phase a only and use subscript L fo;
line and P for phase quantities. If Ny is the number of turns on one phase o

the high voltage winding and N is the number of turns on one phase of the ;%W
voltage winding, the transformer turns ratio is a = Ny /N x = VH r/Vxp. The
relationship between the line voltage and phase voltage magnitudes is

Vir = V3 Vp
Vxp =Vxp
Therefore, the ratio of the line voltage magnitudes for Y-A transformer is
ViL _ /34 (3.55)
Vxi

Because the core losses and magnetization current for power transfogners are on
the order of 1 percent of the maximum ratings, the shunt impedance is neglected



and only the winding resistance and leakage reactance are used to model the trans-
former. In dealing with Y-A or A-Y banks, it is convenient to replace the A
connection by an equivalent Y connection and then work with only one phase.
Since for balanced operations, the Y neutral and the neutral of the equivalent Y
of the A connection are at the same potential, they can be connected together and
represented by a neutral conductor. When the equivalent series impedance of one
transformer is referred to the delta side, the A connected impedances of the trans-
former are replaced by equivalent Y-connected impedances, given by Zy = Z /3.
The per phase equivalent model with the shunt branch neglected is shown in Fig-
ure 3.19. Z.; and Z,5 are the equivalent impedances based on the line-to-neutral
connections, and the voltages are the line-to-neutral values.

Zet = Rey + j X1 Zea = Reg + 7 X oo

O—— AAAA~YYY
+]1

fo S—

FIGURE 3.19
The per phase equivalent circuit.

3.10 AUTOTRANSFORMERS

Transformers can be constructed so that the primary and secondary coils are electri-
cally connected. This type of transformer is called an autotransformer. A conven-
tional two-winding transformer can be changed into an autotransformer by con-
necting the primary and secondary windings in series. Consider the two-winding
transformer shown in Figure 3.20(a). The two-winding transformer is converted
to an autotransformer arrangement as shown in Figure 3.20(b) by connecting the
two windings electrically in series so that the polarities are additive. The winding
from X, to X is called the series winding, and the winding from H; to Ho is
called the common winding. From an inspection of this figure it follows that an
autotransformer can operate as a step-up as well as a step-down transformer. In
both cases, winding part Hy H, is common to the primary as well as the secondary
side of the transformer. The performance of an autotransformer is governed by the
fundamental considerations already discussed for transformers having two separate
windings. For determining the power rating as an autotransformer, the ideal trans-
former relations are ordinarily used, which provides an adequate approximation to

the actual transformer values.

Iy

i — [ X
I I Mo
1 _}12_. Ny : Ny .H12 . . gf.

+ +
Vi Va Ny Vp
o X2 H 4 o H,
(a) (b)

FIGURE 3.20

(a) Two-winding transformer, (b) reconnected as an autotransformer.

From Figure 3.20(a), the two-winding voltages and currents are related by

i &N

i_ M (3.56)
v, N, ¢

and
L N
g (3.57)
LN, ¢

where a is the turns ratio of the two-winding transformer. From Figure 3.20(b), we
have

Vo=V + 1 3.58)
Substituting for Vi from (3.56) into (3.58) yields
N
Vg = Va+ ==V (3.59)
Nay

Since Vo = V|, the voltage relationship between the two sides of an autotrans-
former becomes

Ny
- Sy,
Vi =V, + AL
=(1+a)V (3.60)
or
—Vj{ =1+4a 3.61)



Since the transformer is ideal, the mmf due to J; must be equal and opposite to the
mmf produced by 5. As a result, we have

Noly = N1 Iy (3.62)

From Kirchhoff's law, I, = I; — I, and the above equation becomes

No(Ip - 1) = NI, (3.63)
or
N; + N,
[ =t e, (3.64)
Ny

Since Iy = Iy, the current relationship between the two sides of an autotrans-
former becomes
1
L —14a (3.65)
Iy
The ratio of the apparent power rating of an autotransformer to a two-winding
transformer, known as the power rating advantage, is found from

Sauto (Vl + V2)Il NZ 1
= P [ T T 3.66
59— Vil * Ny * a S

From (3.66), we can see that a higher rating is obtained as an autotransformer
with a higher number of turns of the common winding (N5). The higher rating
as an autotransformer is a consequence of the fact that only Ss._,, is transformed
by the electromagnetic induction. The rest passes from the primary to secondary
without being coupled through the transformer’s windings. This is known as the
conducted power. Compared with a two-winding transformer of the same rating,
autotransformers are smaller, more efficient, and have lower internal impedance.
Three-phase autotransformers are used extensively in power systems where the
voltages of the two systems coupled by the transformers do not differ by a factor
greater than about three.

Example 3.5 (chp3ex5)

A two-winding transformer is rated at 60 kVA, 240/1200 V, 60 Hz. When oper-
ated as a conventional two-winding transformer at rated load, 0.8 power factor, its
efficiency is 0.96. This transformer is to be used as a 1440/1200-V step-down au-
totransformer in a power distribution system.

(a) Assuming ideal transformer, find the transformer kVA rating when used as an
autotransformer.

(b) Find the efficiency with the kVA loading of part (a) and 0.8 power factor.

The two-winding transformer rated currents are:

60, 000
— ot =9
h=—2 50 A
60, 000
=—1" =50 A
27 1200

The autotransformer connection is as shown in Figure 3.21.

+

240 V l 250 A
I; =300 A
—
1440V o n
1200 V T50 A 1200 V
. _
FIGURE 3.21

Auto transformer connection for Example 3.5.
(@) The autotransformer secondary current is
Iy, =250 + 50 = 300 A
With windings carrying rated currents, the autotransformer rating is
S = (1200)(300)(1073) = 360 kVA
Therefore, the power advantage of the autotransformer is

Sauto . ﬁg =6
Sypew 60

(b) When operated as a two-winding transformer at full-load, 0.8 power factor, the
losses are found from the efficiency formula

(60)(0.8)
(60)(0.8) + By~ 0%

Solving the above equation, the total transformer loss is

48(1 - 0.96)

= 2.0 kW
0.96

}Dloss =



Since the windings are subjected to the same rated voltages and currents as the two-
winding transformer, the autotransformer copper loss and the core loss at the rated
values are the same as the two-winding transformer. Therefore, the autotransformer
efficiency at rated load, 0.8 power factor, is

(360)(0.8)
B T o 1 = . t
7 (360)(0.8) +2 x 100 = 99.31 percen

3.10.1 AUTOTRANSFORMER MODEL

When a two-winding transformer is connected as an autotransformer, its equiva-
lent impedance expressed in per-unit is much smaller compared to the equivalent
value of the two-winding connection. It can be shown that the effective per-unit
impedance of an autotransformer is smaller by a factor equal to the reciprocal of
the power advantage of the autotransformer connection. It is common practice to
consider an autotransformer as a two-winding transformer with its two winding
connected in series as shown in Figure 3.22, where the equivalent impedance is
referred to the N;-turn side.

R, X,
f A% YN Py 5 ti})—
Vi A 07 Vi
o— 3

FIGURE 3.22
Autotransformer equivalent circuit,

3.11 THREE-WINDING TRANSFORMERS

Transformers having three windings are often used to interconnect three circuits
which may have different voltages. These windings are called primary, secondary,
and tertiary windings. Typical applications of three-winding transformers in power
systems are for the supply of two independent loads at different voltages from the
same source and interconnection of two transmission systems of different voltages.
Usually the tertiary windings are used to provide voltage for auxiliary power pur-
poses in the substation or to supply a local distribution system. In addition, the
switched reactor or capacitors are connected to the tertiary bus for the purpose
of reactive power compensation. Sometimes three-phase Y-Y transformers and Y-

connected autotransformers are provided with A—connected tertiary windings for
harmonic suppression.

3.11.1 THREE-WINDING TRANSFORMER MODEL

If the exciting current of a three-winding transformer is neglected, it is possible to
draw a simple single-phase equivalent T-circuit as shown in Figure 3.23.

< v,
4z v,
= s
FIGURE 3.23

Equivalent circuit of three-winding transformer.

Three short-circuit tests are carried out on a three-winding transformer with
Np, Ny, and Ny turns per phase on the three windings, respectively. The three tests
are similar in that in each case one winding is open, one shorted, and reduced volt-
age is applied to the remaining winding. The following impedances are measured
on the side to which the voltage is applied.

Zyps = impedance measured in the primary circuit with the secondary
short-circuited and the tertiary open. ‘
Zp = impedance measured in the primary circuit with the tertiary short-
circuited and the secondary open. '
¢ = impedance measured in the secondary circuit with the tertiary
short-circuited and the primary open.
Referring Z!, to the primary side, we obtain

Z/

38

N. 2

Zs = (ﬁ) Zy (3.67)

If Z,, Z,, and Z; are the impedances of the three separate windings referred to the
primary side, then

Zps=Zp+ Zs
Tyt = 2y + % (3.68)
Lot =Zs+ 7y



Solving the above equations, we have
1
Zp = §(Zp8 + Zpt — Zgt)
1
Ly = ~2-(Zp8 + Zst — Zpt) (3.69)

1
Ly = 5(Zpt + Zst — Zps)

3.12 VOLTAGE CONTROL OF TRANSFORMERS

Voltage control in transformers is required to compensate for varying voltage drops
in the system and to control reactive power flow over transmission lines. Trans-
formers may also be used to control phase angle and, therefore, active power flow.

The two commonly used methods are tap changing transformers and regulating
transformers,

3.12.1 TAP CHANGING TRANSFORMERS

Practically all power transformers and many distribution transformers have taps in
one or more windings for changing the turns ratio. This method is the most popular
since it can be used for controlling voltages at all levels. Tap changing, by altering
the voltage magnitude, affects the distribution of vars and may therefore be used to
control the flow of reactive power. There are two types of tap changing transformers

(i) Off-load tap changing transformers.
(ii) Tap changing under load (TCUL) transformers.

The off-load tap changing transformer requires the disconnection of the trans-
former when the tap setting is to be changed. Off-load tap changers are used when
it is expected that the ratio will need to be changed only infrequently, because of
load growth or some seasonal change. A typical transformer might have four taps
in addition to the nominal setting, with spacing of 2.5 percent of full-load voltage
between them. Such an arrangement provides for adjustments of up to 5 percent
above or below the nominal voltage rating of the transformer.

Tap changing under load (TCUL) is used when changes in ratio may be fre-
quent or when it is undesirable to de-energize the transformer to change a tap. A
large number of units are now being built with load tap changing equipment. It is
used on transformers and autotransformers for transmission tie, for bulk distribu-
tion units, and at other points of load service. Basically, a TCUL transformer is
a transformer with the ability to change taps while power is connected. A TCUL
transformer may have built-in voltage sensing circuitry that automatically changes

taps to keep the system voltage constant. Such special transformers are very com-
mon in modern power systems. Special tap changing gear are required for TCUL
transformers, and the position of taps depends on a number of factors and requires
special consideration to arrive at an optimum location for the TCUL equipmpnt.
Step-down units usually have TCUL in the low voltage winding and fle—em?rglzed
taps in the high voltage winding. For example, the high voltage winding m1ghf be
equipped with a nominal voltage turns ratio plus four 2.5 percent fixed tap settings
to yield +5 percent buck or boost voltage. In addition to this, there could‘ b; pro-
vision, on the low voltage windings, for 32 incremental steps of % each, giving an
automatic range of =10 percent.

Tapping on both ends of a radial transmission line can be adjusted to com-
pensate for the voltage drop in the line. Consider one phase of a three-phase trans-
mission line with a step-up transformer at the sending end and a step-down trans-
former at the receiving end of the line. A single-line representation is shown in
Figure 3.24, where t5 and tp, are the tap setting in per-unit. In this diagram, V} is
the supply phase voltage referred to the high voltage side, and Vj is the.: load phase
voltage, also referred to the high voltage side. The impedance shown includes the

V/ VS . VR ‘/2,
f Y v A N 3
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FIGURE 3.24
A radial line with tap changing transformers at both ends.

line impedance plus the referred impedances of the sending end and the receiving
end transformers to the high voltage side. If Vig and Vj are the phase voltages at
both ends of the line, we have

FHIURE 3.25
Woliage phasor diagram.



Ve=Vs+ (R+jX)I (3.70)

The phasor diagram for the above equation is shown in Figure 3.25.

The phase shift 6 between the two ends of the line is usually small, and we
can neglect the vertical component of V. Approximating Vg by its horizontal com-
ponent results in

Vs| = |Vr| +ab + de
= [Vr| + |I|Rcos @ + |I|X sin 6 (3.71)

Substituting for || from P, = |Vg||I| cos 8 and Q¢ = [Vr||I|sin @ will result in

RPy + XQy

Vsl = [VR| + Val

(3.72)

Since Vg = tgV{ and Vg = trVjy, the above relation in terms of V{, and VJ
becomes

! / RP X
tsiVil = tr|Va| + —ii,—% (3.73)
tr|V;|
or
1 . RPy+ XO
ts = —r (tg|Vj| + =29 ¢)
=W (tniva IV G.74)

Assuming the product of tg and ¢ is unity, i.e., tstg = 1, and substituting for ¢
in (3.74), the following expression is found for ig.

(3.75)

Example 3.6  (chp3ex6)

A three-phase transmission line is feeding from a 23/230-kV transformer at its
sending end. The line is supplying a 150-MVA, 0.8 power factor load through a
step-down transformer of 230/23 kV. The impedance of the line and transformers
at 230 kV is 18 + 760 €2. The sending end transformer is energized from a 23-kV
supply. Determine the tap setting for each transformer to maintain the voltage at
the load at 23 kV.

The load real and reactive power per phase are

1
Py = 5(150)(0.8) = 40 MW

Qy = %(150)(0.6) = 30 Mvar

The source and the load phase voltages referred to the high voltage side are

IFroem (3.75), we have

1
ts = 1 _ (8)(40)+(60)(30) LAl
(230/v/3)2

and

1
- —0.0%
tR = 1gg = 0926 pu

4.12.2 REGULATING TRANSFORMERS OR BOOSTERS

Regulating transformers, also known as boosters, are used to change the voltage
magnitude and phase angle at a certain point in the system by a small amount. A
Busrster consists of an exciting transformer and a series transformer.

VOLTAGE MAGNITUDE CONTROL

Iigure 3.26 shows the connection of a regulating transformer for phase a of a three-
phiase system for voltage magnitude control. Other phases have identical arrange-
ment. The secondary of the exciting transformer is tapped, and the voltage obtained
from it is applied to the primary of the series transformer. The corresponding volt-
age on the secondary of the series transformer is added to the input voltage. Thus,
ihe output voltage is

Van = Van + AVgp (3.76)

since the voltages are in phase, a booster of this type is called an in-phase booster.
The output voltage can be adjusted by changing the excitation transformer taps.
By changing the switch from position 1 to 2, the polarity of the voltage across the
series transformer is reversed, so that the output voltage is now less than the input
voltage.
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FIGURE 3.26

Regulating transformer for voltage magnitude control.

PHASE ANGLE CONTROL

Regulating transformers are also used to control the voltage phase angle. If the
injected voltage is out of phase with the input voltage, the resultant voltage will
have a phase shift with respect to the input voltage. Phase shifting is used to control
active power flow at major intertie buses. A typical arrangement for phase a of a
three-phase system is shown in Figure 3.27.
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FIGURE 3.27

Regulating transformer for voltage phase angle control.

The series transformer of phase a is supplied from the secondary of the exciting
transformer be. The injected voltage AVj. is in quadrature with the voltage V.,
thus the resultant voltage V| goes through a phase shift o, as shown in Figure 3.28.
The output voltage is

Vi = Van + AVj, (3.77)

Similar connections are made for the remaining phases, resulting in a balanced
three phase output voltage. The amount of phase shift can be adjusted by changing
the excitation transformer taps. By changing the switch from position 1 to 2, the
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FIGURE 3.28

Voltage phasor diagram showing phase shifting effect for phase a.

output voltage can be made to lag or lead the input voltage. The advantages of the
regulating transformers are

1. The main transformers are free from tappings.

2. The regulating transformers can be used at any intermediate point in the
system.

3. The regulating transformers and the tap changing gears can be taken out of
service for maintenance without affecting the system.

3.13 THE PER-UNIT SYSTEM

The solution of an interconnected power system having several different voltage
levels requires the cumbersome transformation of all impedances to a single volt-
age level. However, power system engineers have devised the per-unit system such
that the various physical quantities such as power, voltage, current and impedance
are expressed as a decimal fraction or multiples of base quantities. In this system,
the different voltage levels disappear, and a power network involving generators,
transformers, and lines (of different voltage levels) reduces to a system of simple
impedances. The per-unit value of any quantity is defined as

actual quantity
base value of quantity

Quantity in per-unit = (3.78)
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For example,

S Vv I A

where the numerators (actual values) are phasor quantities or complex values and
the denominators (base values) are always real numbers. A minimum of four base
quantities are required to completely define a per-unit system: volt-ampere, volt-
age, current, and impedance. Usually, the three-phase base volt-ampere Sp or
MVApg and the line-to-line base voltage Vp or kVp are selected. Base current
and base impedance are then dependent on Sp and Vg and must obey the circuit
laws. These are given by

Sp

——
i V3 Vg

(3.79)

and

_ Vi/V3

Z
B i

(3.80)

Substituting for /g from (3.79), the base impedance becomes

(Vg)?
SB

_ (kVp)?

B™ Mvag

Zp =

(3.81)

The phase and line quantities expressed in per-unit are the same, and the circuit
laws are valid, i.e.,

Spu = VpuI;u (3.82)
and
Vou = Zpulpu (3.83)

The load power at its rated voltage can also be expressed by a per-unit impedance.
If S1,(3¢) is the complex load power, the load current per phase at the phase voltage
Vp is given by

Srsg) = 3VeIp (3.84)
The phase current in terms of the ohmic load impedance is

_ Ve

Ip =
P=

(3.85)
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Substituting for /p from (3.85) into (3.84) results in the ohmic value of the load
impedance

1% 2
Zp = ‘Z} |
L(3¢)
- Vil (3.86)
SL(0)
From (3.81) the load impedance in per-unit is
Zp |Vi-L|* Ss
Zpw = 22— - (3.87)
P Zg VB | S L(36)
or
Vo 2
Zpy = gful (3.88)
L{pu)

3.14 CHANGE OF BASE

The impedance of individual generators and transformers, as supplied by the man-
ufacturer, are generally in terms of percent or per-unit quantities based on their own
ratings. The impedance of transmission lines are usually expressed by their ohmic
values. For power system analysis, all impedances must be expressed in per unit on
a common system base. To accomplish this, an arbitrary base for apparent power is
selected; for example, 100 MVA. Then, the voltage bases must be selected. Once a
voltage base has been selected for a point in a system, the remaining voltage bases
are no longer independent; they are determined by the various transformer turns
ratios. For example, if on a low-voltage side of a 34.5/115-kV transformer the base
voltage of 36 kV is selected, the base voltage on the high-voltage side must be
36(115/34.5) = 120 kV. Normally, we try to select the voltage bases that are the
same as the nominal values.

Let ngf be the per-unit impedance on the power base S}’gld and the voltage

base V!4, which is expressed by

Id
old _ Zq = Zq S%
pu Z%ld (Vgld)Z
Expressing Z¢ to a new power base and a new voltage base, resuits in the new
per-unit impedance

(3.89)

new ZQ Sgew
2y’ = Fmen = Pare (3.90)



From (3.89) and (3.90), the relationship between the old and the new per-unit val-
ues is

Snew Vold 2
new __ rzold™~ B B
Zpi" = 2 ( Vgew) (3.91)

If the voltage bases are the same, (3.91) reduces to

Snew
Zpet =z "B (3.92)
SB

The advantages of the per-unit system for analysis are described below.

e The per-unit system gives us a clear idea of relative magnitudes of various
quantities, such as voltage, current, power and impedance.

¢ The per-unit impedance of equipment of the same general type based on their
own ratings fall in a narrow range regardless of the rating of the equipment.
Whereas their impedance in ohms vary greatly with the rating.

e The per-unit values of impedance, voltage and current of a transformer are
the same regardless of whether they are referred to the primary or the sec-
ondary side. This is a great advantage since the different voltage levels dis-
appear and the entire system reduces to a system of simple impedance.

® The per-unit systems are ideal for the computerized analysis and simulation
of complex power system problems.

¢ The circuit laws are valid in per-unit systems, and the power and voltage
equations as given by (3.82) and (3.83) are simplified since the factors of v/3
and 3 are eliminated in the per-unit system.

Example 3.7 demonstrates how a per-unit impedance diagram is obtained for
a simple power system network.

Example 3.7 (chp3ex7)

The one-line diagram of a three-phase power system is shown in Figure 3.29. Select
a common base of 100 MVA and 22 kV on the generator side. Draw an impedance
diagram with all impedances including the load impedance marked in per-unit. The
manufacturer’s data for each device is given as follow:

1 2 3
x Line 1 )
3 g ! 220 kV " C

(3 Line 2 6 ) —lLoad
O 110KV "
FIGURE 3.29
One-line diagram for Example 3.7.
G: 90MVA 22kV X=18%

T1: 50 MVA 22”220kV X =10%
To: 40 MVA 220/11kV X =60%
T3: 40 MVA 22/110kV. X =64 %
Ty: 40MVA 110/11kV X =80%
M: 665MVA 1045kV X =185%

The three-phase load at bus 4 absorbs 57 MVA, 0.6 power factor lagging at 10.45
kV. Line 1 and line 2 have reactances of 48.4 and 65.43 €2, respectively.

First, the voltage bases must be determined for all sections of the network. The
generator rated voltage is given as the base voltage at bus 1. This fixes the voltage
bases for the remaining buses in accordance to the transformer turns ratios. The
base voltage Vg1 on the LV side of T} is 22 kV. Hence the base on its HV side is

220

This fixes the base on the HV side of T3 at V3 = 220 kV, and on its LV side at

11

Vi1 = 220( 5

)=11 kV

Similarly, the voltage base at buses 5 and 6 are

110



Since generator and transformer voltage bases are the same as their rated values,

their per-unit reactances on a 100 MVA base, from (3.92) are

G:
T1:
Ty:
Ty:

T4Z

X =0.18 (1—9%0) =0.20 pu
X =10.10 (—15%9> =0.20 pu
X =0.06 (}4%9> =0.15 pu
X =0.064 (14%9> =0.16 pu
X =0.08 (1—4%Q> =0.2 pu

The motor reactance is expressed on its nameplate rating of 66.5 MVA and 10.45
kV. However, the base voltage at bus 4 for the motor is 11 kV. From (3.91) the
motor reactance on a 100 MVA, 11-kV base is

M: X =0.185 <199> (—l%ﬁ

2
665 ) =0.25 pu

Impedance bases for lines 1 and 2, from (3.81) are

(220)2
Zpy = =484 Q
B2= 0 =
(110)?
Zpg = =121 Q
B2 00
Line 1 and 2 per-unit reactances are
A4
Linel: X = (%%-4—) =0.10 pu

65.43
Line2: X={——]=0.54
ine ( 151 > 0 pu

The load apparent power at 0.6 power factor lagging is given by
Sr(3g) = 57£53.13° MVA
Hence, the load impedance in ohms is

7, - (VL—L)2 _ (10.45)2
YT T Sise  BTL-53.13°

= 1.1495 + 71.53267

The base impedance for the load is
(11)2
100

Therefore, the load impedance in per-unit is

11495 + j1.53267
pu) = 1.21

The per-unit equivalent circuit is shown in Figure 3.30.

=121 Q

Zpy =

2y = 0.95 + j1.2667 pu

L 50.20 40.10 jo.1s 4
YY) YT\ ST L
I

§0.16 §0.54 70.20

302 YN YN YN j0-25
I,

0.95
Z i (1) .

j1.2667

FIGURE 3.30

Per-unit impedance diagram for Example 3.7.

Example 3.8 (chp3ex8)

The motor of Example 3.7 operates at full-load 0.8 power factor leading at a termi-
nal voltage of 10.45 kV.

(a) Determine the voltage at the generator bus bar (bus 1).
(b) Determine the generator and the motor internal emfs.

(@) The per-unit voltage at bus 4, taken as reference is

.45
Vi= 1—01—1——— =0.95/0° pu

The motor apparent power at 0.8 power factor leading is given by

66.5 o
Sm = —1@[—36.87 pu



Therefore, current drawn by the motor is

7 _ Sh_ 0.665/36.87
= Om

CVE T 0.95/00

=0.56 + j0.42 pu

and current drawn by the load is

Vi 09500

e
Zr, ~ 0.95+ ;1.2667

=0.36 — 70.48 pu
Total current drawn from bus 4 is

I'=1n + Iy = (0.56 + j0.42) + (0.36 — 70.48) = 0.92 — ;0.06 pu
The equivalent reactance of the parallel branches is

_ 04509 _
= 045+09 " "2 PU

The generator terminal voltage is

Vi=Vi+2)I = 0.95/0° + 50.3(0.92 — j0.06) = 0.968 + j0.276
= 1.0/15.91° pu
=22/15.91° kV

(b) The generator internal emf is

By =Vi+ Zy1 = 0.968 + j0.276 + j0.20(0.92 — 50.06) = 1.0826/25.14° pu
= 23.82/25.14° kV

and the motor internal emf is

Ep =V — Zp1y, = 0.95 + 50 — 70.25(0.56 + j0.42) = 1.064/—7.56° pu
= 11.71/-7.56° kV
PROBLEMS

3.1. A three-phase, 318.75-kVA, 2300-V alternator has an armature resistance of
0.35 Q/ghase and a synchronous reactance of 1.2 {Yphase. Determine the
no-load line-to-line generated voltage and the voltage regulation at

(a) Full-load kVA, 0.8 power factor lagging, and rated voltage.
(b) Full-load kVA, 0.6 power factor leading, and rated voltage.

3.2. A 60-MVA, 69.3-kV, three-phase synchronous generator has a synchronous
reactance of 15 ()/phase and negligible armature resistance.

(a) The generator is delivering rated power at 0.8 power factor lagging at the
rated terminal voltage to an infinite bus bar. Determine the magnitude of the
generated emf per phase and the power angle §.

(b) If the generated emf is 36 kV per phase, what is the maximum three-
phase power that the generator can deliver before losing its synchronism?

(c) The generator is delivering 48 MW to the bus bar at the rated voltage
with its field current adjusted for a generated emf of 46 kV per phase. Deter-
mine the armature current and the power factor. State whether power factor
is lagging or leading?

3.3. A 24,000-kVA, 17.32-kV, 60-Hz, three-phase synchronous generator has a
synchronous reactance of 5 Q/phase and negligible armature resistance.

(a) At a certain excitation, the generator delivers rated load, 0.8 power factor
lagging to an infinite bus bar at a line-to-line voltage of 17.32 kV. Determine
the excitation voltage per phase.

(b) The excitation voltage is maintained at 13.4 kV/phase and the terminal
voltage at 10 kV/phase. What is the maximum three-phase real power that
the generator can develop before pulling out of synchronism?

(¢) Determine the armature current for the condition of part (b).
34. A 34.64-kV, 60-MVA, three-phase salient-pole synchronous generator has a

direct axis reactance of 13.5 2 and a quadrature-axis reactance of 9.333 Q.
The armature resistance is negligible.

(a) Referring to the phasor diagram of a salient-pole generator shown in Fig-
ure 3.8, show that the power angle ¢ is given by

5 = tan-! ( Xqlalcos b )

V] + X |1,]sin6

(b) Compute the load angle ¢ and the per phase excitation voltage £ when
the generator delivers rated MVA, 0.8 power factor lagging to an infinite bus
bar of 34.64-kV line-to-line voltage.

(c) The generator excitation voltage is kept constant at the value found in

~ part (b). Use MATLAB to obtain a plot of the power angle curve, i.e., equa-
tion (3.32) over a range of § = 0:0.05:180°. Use the command [Pmax, k] =
max(P); dmax = d(k), to obtain the steady-state maximum power Pmax and
the corresponding power angle dmax.
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FIGURE 3.31

Transformer circuit for Problem 3.5

3.5,

3.6.

A 150-kVA, 2400/240-V single-phase transformer has the parameters as
shown in Figure 3.31.

(a) Determine the equivalent circuit referred to the high-voltage side.

(b) Find the primary voltage and voltage regulation when transformer is op-
erating at full load 0.8 power factor lagging and 240 V.

(c) Fiqd the primary voltage and voltage regulation when the transformer is
operating at full-load 0.8 power factor leading.

(d.) Verify your answers by running the trans program in MATLAB and ob-
tain the transformer efficiency curve.

A 60-kVA, 4800/2400-V single-phase transformer gave the following test
results:

1. Rat‘ed .Volt.age is applied to the low voltage winding and the high volt-
age winding is open-circuited. Under this condition, the current into the low

voltage winding is 2.4 A and the power taken from the 2400 V source is
3456 W.

2. A reduced voltage of 1250 V is applied to the high voltage winding and
the low voltage winding is short-circuited. Under this condition, the current

flowing into the high voltage winding is 12.5 A and the power taken from
the 1250 V source is 4375 W,

(a) Determine parameters of the equivalent circuit referred to the high volt-
age side.

@) Determine voltage regulation and efficiency when transformer is operat-
ing at full-load, 0.8 power factor lagging, and a terminal voltage of 2400 V.
(c) What is the load kVA for maximum efficiency and the maximum effi-
ciency at 0.8 power factor?

(d) Determine the efficiency when transformer is operating at 3/4 full-load,
0.8 power factor lagging, and a terminal voltage of 2400 V.

3.7.

3.8.

3.9.

3.10.

3.11.

3.12.

(e) Verify your answers by running the trans program in MATLAB and obtain
the transformer efficiency curve.

A two-winding transformer rated at 9-kVA, 120/90-V, 60-HZ has a core loss
of 200 W and a full-load copper loss of 500 W.

(a) The above transformer is to be connected as an auto transformer to supply
aload at 120 V from a 210-V source. What k VA load can be supplied without
exceeding the current rating of the windings? (For this part assume an ideal
transformer.)

(b) Find the efficiency with the kVA loading of part (a) and 0.8 power factor.

Three identical 9-MVA, 7.2-kV/4.16-kV, single-phase transformers are con-
nected in wye on the high-voltage side and delta on the low voltage side. The
equivalent series impedance of each transformer referred to the high-voltage
side is 0.12 + j0.82 2 per phase. The transformer supplies a balanced three-
phase load of 18 MVA, (.8 power factor lagging at 4.16 kV. Determine the
line-to-line voltage at the high-voltage terminals of the transformer.

A 400-MVA, 240-kV/24-kV, three-phase Y-A transformer has an equivalent
series impedance of 1.2 + 76 2 per phase referred to the high-voltage side.
The transformer is supplying a three-phase load of 400-MVA, 0.8 power
factor lagging at a terminal voltage of 24 kV (line to line) on its low-voltage
side. The primary is supplied from a feeder with an impedance of 0.6 +
71.2 Q0 per phase. Determine the line-to-line voltage at the high-voltage ter-
minals of the transformer and the sending-end of the feeder.

In Problem 3.9, with transformer rated values as base quantities, express all
impedances in per-unit. Working with per-unit values, determine the line-to-
line voltage at the high-voltage terminals of the transformer and the sending-
end of the feeder.

A three-phase, Y-connected, 75-MVA, 27-kV synchronous generator has a
synchronous reactance of 9.0 {2 per phase. Using rated MVA and voltage as
base values, determine the per-unit reactance. Then refer this per-unit value
to a 100-MVA, 30-kV base.

A 40-MVA, 20-kV/400-kV, single-phase transformer has the following se-
ries impedances:

Z1 =09+ j1.8 Qand Z, = 128 + 5288 Q2

Using the transformer rating as base, determine the per-unit impedance of the
transformer from the ohmic value referred to the low-voltage side. Compute
the per-unit impedance using the ohmic value referred to the high-voltage
side.



3.13. Draw an impedance diagram for the electric power system shown in Figure
3.32 showing all impedances in per unit on a 100-MVA base. Choose 20-kV
as the voltage base for generator. The three-phase power and line-line ratings
are given below.

Gi: 90MVA 20kV X =9%
T : 80 MVA  20/200kV X = 16%
T : 80 MVA 200/20kV X = 20%

Gs: 90MVA 18kV X =9%

Line: 200 kV X =120 0

Load: 200kV S = 48 MW +;64 Mvar

T I
) ( 1 Line 2 ) C
(e e
’—] Load

FIGURE 3.32

One-line diagram for Problem 3.13

3.14. The one-line diagram of a power system is shown in Figure 3.33.

C : Line 1 ?l’
220 kV !

o . ®

Line 2
110kV

A
~

YT
U TS

FIGURE 3.33
One-line diagram for Problem 3.14

The three-phase power and line-line ratings are given below.

G: 80 MVA 22kV X =24%

1y 50 MVA 22/220kV X = 10%

Ty: 40 MVA 220122kV X =6.0%

Ts: 40 MVA 22/110kV - X = 6.4%

Line 1: 220kV X =121 0Q

Line 2: 110 kV X =42.350Q

M: 68.85 MVA 20kV X =225%

Load: 10 Mvar 4kV A-connected capacitors

The three-phase ratings of the three-winding transformer are

Primary: Y-connected 40MVA, 110kV
Secondary: Y-connected 40 MVA,22kV
Tertiary: A-connected 15 MVA, 4kV

The per phase measured reactances at the terminal of a winding with the
second one short-circuited and the third open-circuited are

Zps = 9.6% 40 MVA, 110 kV/22 kV
Zpe =T72% 40MVA, 110kV/4 kV
Zg =12% 40 MVA, 22kV/4 kV

Obtain the T-circuit equivalent impedances of the three-winding transformer
to the common 100-MVA base. Draw an impedance diagram showing all
impedances in per-unit on a 100-MVA base. Choose 22 kV as the voltage
base for generator.

3.15. The three-phase power and line-line ratings of the electric power system
shown in Figure 3.34 are given below.

1) 15

HH—= e

FIGURE 3.34
One-line diagram for Problem 3.15

Gi: 60MVA 20kV X =9%%

Ty: 50MVA  20200kV X = 10%

To:  50MVA  200/20kV X = 10%

M: 432MVA 18kV X =8%

Line: 200 kV Z =120 4 5200

(a) Draw an impedance diagram showing all impedances in per-unit on a
100-MVA base. Choose 20 kV as the voltage base for generator.



(b) The motor is drawing 45 MVA, 0.80 power factor lagging at a line-to-line

terminal voltage of 18 kV. Determine the terminal voltage and the internal
emf of the generator in per-unit and in kV,

3.16. The one-line diagram of a three-phase power system is as shown in Figure
3.35. Impedances are marked in per-unit on a 100-MVA, 400-kV base. The
logd atbus 2 is S, = 15.93 MW —733.4 Mvar, and at bus 3 is S3 =TT MW
_+ J14 Mvar. It is required to hold the voltage at bus 3 at 400/0° kV. Working
In per-unit, determine the voltage at buses 2 and 1.

Vi Va Vs
J0.5 pu |  j04pu '

j

S S3

FIGURE 3.35
One-line diagram for Problem 3.16

3.17. The one-line diagram of a three-phase power system is as shown in Figure
3.36. The transformer reactance is 20 percent on a base of 100 MVA, 23/115
kV and the line impedance is Z = J66.125Q. The load at bus 2 is So ’: 184.8
MW 6.6 Mvar, and at bus 3 is S3 = 0 MW +520 Mvar. It is required éo

hold the voltage at bus 3 at 115/0° kV. Working in per-unit, determine the
voltage at buses 2 and 1.

%;I:
v, J66.125 Q)

S

FIGURE 3.36
One-line diagram for Problem 3.17

CHAPTER

4

TRANSMISSION
LINE PARAMETERS

4.1 INTRODUCTION

The purpose of a transmission network is to transfer electric energy from generat-
ing units at various locations to the distribution system which ultimately supplies
the load. Transmission lines also interconnect neighboring utilities which permits
not only economic dispatch of power within regions during normal conditions, but
also transfer of power between regions during emergencies.

All transmission lines in a power system exhibit the electrical properties of

resistance, inductance, capacitance, and conductance. The inductance and capac-

itance are due to the effecis of magnetic and electric fields around the conductor.
These parameters are essential for the development of the transmission line mod-
els used in power system analysis. The shunt conductance accounts for leakage
currents flowing across insulators and ionized pathways in the air. The leakage
currents are negligible compared to the current flowing in the transmission lines
and may be neglected.

The first part of this chapter deals with the determination of inductance and
capacitance of overhead lines. The concept of geometric mean radius, GMR and
geometric mean distance GMD are discussed, and the function [GMD, GMRL,

141
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GMRC] = gmd is developed for the evaluation of GMR and GMD. This func-
tion is very useful for computing the inductance and capacitance of single-circuit
or double-circuit transmission lines with bundled conductors. Alternatively, the
function [L, C] = gmd2LC returns the line inductance in mH per km and the
shunt capacitance in F per km. Finally the effects of electromagnetic and electro-
static induction are discussed. A new GUI program named legui is developed for
the computation of transmission line parameters. This is a user-friendly program,
which makes the data entry for various configurations very easy.

4.2 OVERHEAD TRANSMISSION LINES

A transmission circuit consists of conductors, insulators, and usually shield wires,
as shown in Figure 4.1. Transmission lines are hung overhead from a tower usually
made of steel, wood or reinforced concrete with its own right-of-way. Steel tow-
ers may be single-circuit or double-circuit designs. Multicircuit steel towers have
been built, where the tower supports three to ten 69-kV lines over a given width
of right-of-way. Less than 1 percent of the nation’s total transmission lines are
placed underground. Although underground ac transmission would present a solu-
tion to some of the environmental and aesthetic problems involved with overhead
transmission lines, there are technical and economic reasons that make the use of
underground ac transmission prohibitive.

f T N ,/—_

. : ; : :
L J LR * e

FIGURE 4.1

Typical lattice-type structure for 345-kV transmission line.
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The selection of an economical voltage level for the transmission line is based
on the amount of power and the distance of transmission. The voltage choice to-
gether with the selection.of conductor size is mainly a process of weighing RI*
losses, audible noise, and radio interference level against fixed charges on the in-
vestment. Standard transmission voltages are established in the United States by
the American National Standards Institute (ANSI). Transmission voltage lines op-

e a

230 kVy 345 kV 500 KV, 765 kV line-to-line. Transmlssmn voltages above 230 kV

are usually referred to as extra- -high voltage (EHV) and those at 765 kV and above
are referred to as ultra- hlgh voltage (JHV). The most commonly used conductor
materials for high Voltage transmission lines are ACSR (aluminum conductor steel-
reinforced), AAC (all-aluminum conductor), AAAC (all- aluminum alloy conduc-
tor), and ACAR (alurmnum conductor alloy-reinforced). The reason for their pop-
ularity is their low relative cost and high strength-to-weight ratio as compared to
copper conductors. Also, aluminum is in abundant supply, while copper is limited
in quantity. A table of the most commonly used ACSR conductors is stored in file
acsr.m Characteristics of other conductors can be found in conductor handbooks
or manufacturer’s literature. The conductors are stranded to have flexibility. The
ACSR conductorconsists.of a center core of steel strands surrounded by layers.of
alusainum as shown in Figure 4.2. Each layer of strands is splraled in the opposite
direction of its adjacent layer. This spiraling holds the strands in place. The script
file acsr.m has been updated to the GUI program named acsrgui.

FIGURE 4.2
Cross-sectional view of a 24/7 ACSR conductor.

Conductor manufacturers provide the characteristics of the standard conduc-
tors with conductor sizes expressed in circular mils (cmil). One mil equals 0.001
inch, and for a solid round conductor the area in circular mils is defined as the
square of diameter in mils. As an example, 1,000,000 cmil represents an area of
a solid round conductor 1 inch in diameter. In addition, code words (bird names)
have been assigned to each conductor for easy reference.

At voltages above 230 kV, it is preferable to use more than one conductor



per phase, which is known as bundling of conductors. The bundle consists of two,
three, or four conductors. Bundling increases the effective radius of the line’s con-
ductor and reduces the electric field strength near the conductors, which reduces

corona power loss, audible noise, and radio interference. Another important ad-
vantage of bundling is reduced line reactance.

4.3 LINE RESISTANCE

The resistance of the conductor is very important in transmission efficiency eval-
uation and economic studies. The dc resistance of a solid round conductor at a
specified temperature is given by

Ry = _p_l “4.1)

where p = conductor resistivity
! = conductor length
A = conductor cross-sectional area

The conductor resistance is affected by three factors: frequency, spiraling,
and temperature.

When ac flows in a conductor, the current distribution is not uniform over
the conductor cross-sectional area and the current density is greatest at the surface
of the conductor. This causes the ac resistance to be somewhat higher than the dc
resistance. This behavior is known as skin effect. At 60 Hz, the ac resistance is
about 2 percent higher than the dc resistance.

Since a stranded conductor is spiraled, each strand is longer than the finished
conductor. This results in a slightly higher resistance than the value calculated from
4.1.

The conductor resistance increases as temperature increases. This change can

be considered linear over the range of temperature normally encountered and may
be calculated from

T + 19
T+

Ry = Ry (4.2)

where Ry and R; are conductor resistances at ¢, and t1-C°, respectively. T is a
temperature constant that depends on the conductor material. For aluminum 7" ~
228,

Because of the above effects, the conductor resistance is best determined from
manufacturers’ data.

4.4 INDUCTANCE OF A SINGLE CONDUCTOR

A current-carrying conductor produces a magnetic 'ﬁeld. arognd t}}e conductor.. T;le
magnetic flux lines are concentric closed circles with direction given by the right-
hand rule. With the thumb pointing in the direction of the current,. the fingers of the
right hand encircled the wire point in the directiqn Qf the mggnetw ﬁeld: When tlflie
current changes, the flux changes and a voltage is ¥nduced in tht? circuit. By de i-
nition, for nonmagnetic material, the inductance L is the ratio of its total magnetic
flux linkage to the current I, given by

A
-2 (4.3)
L= 1

where A = flux linkages, in Weber turns. . . )
Consider a long round conductor with radius r, carrying a current / as shown

in Figure 4.3.

FIGURE 4.3
Flux linkage of a long round conductor.

The magnetic field intensity H,., around a circle of radius z, is ‘con.stant and
tangent to the circle. The Ampere’s law relating f, to the current [, is given by

27z
Hy-dl =1, “4
0
or
_ L (4.5)
T 9rn

where I is the current enclosed at radius z. As shown in Figure 4.3, Equation
(4.5) is all that is required for evaluating the flux linkage A of a conductor. The
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inductance of the conductor can be defined as the sum of contributions from flux
linkages internal and external to the conductor.

4.4.1 INTERNAL INDUCTANCE

A simple expression can be obtained for the internal flux linkage by neglecting the
skin effect and assuming uniform current density throughout the conductor cross
section, i.e.,

1 I,
Substituting for I, in (4.5) yields
I
z = ot 4.7

For a nonmagnetic conductor with constant permeability 1o, the magnetic flux
density is given by B, = uoH,, or

pol
2mr?

. T 4.8)
where g is the permeability of free space (or air) and is equal to 47 x 10~ "H/m.,
The differential flux d¢ for a small region of thickness dz and one meter length of
the conductor is

pol
dp, = Bydx -1 = :
0] T Y zdx (4.9)

The flux d¢, links only the fraction of the conductor from the center to radius I
Thus, on the assumption of uniform current density, only the fraction 722 /mr? of
the total current is linked by the flux, i.e.,
2
¢z _ Mol 4

The total flux linkage is found by integrating d\,, from 0 to r.

I T
Aint = Ho / 23dr
0

274
kol
= — /
oy Wb/m (4.11)
From (4.3), the inductance due to the internal flux linkage is
MO 1 -7
L4 e
nt 87 2 x 10 H/m (4.12)

Note that L;,,; is independent of the conductor radius 7.
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4.4.2 INDUCTANCE DUE TO EXTERNAL FLUX LINKAGE

Consider H, external to the conductor at radius > r as shown ip Figure 44
Since the circle at radius z encloses the entire current, [, = I and in (4.5) I, is
replaced by [ and the flux density at radius x becomes

_ _ ol (4.13)
Be = poHy = 2rx

[ / \ A A
; ’ Dl [ \
i ! Vo 1
i : T—i—>] |<——'t
‘l & K 5 /dl"
\ ‘\ ;o0 ,’
\ A
\ \\ I s s /
A N 4 / /
N N /’/ D2 //

FIGURE 4.4
Flux linkage between D; and Ds.

Since the entire current [ is linked by the flux outside the cpnductor, the flux link-
age d\; is numerically equal to the flux d¢,. The differentlal'ﬂux d% for a small
region of thickness dx and one meter length of the conductor is then given by

pol
d\; = dpy = Bydz -1 = %drg 4.14)

The external flux linkage between two points Dy and D5 is found by integrating
dA; from Dy to Ds.

I P21
Aeat = HJ'O“/ —dz

2 Jp,

D
=92% 10" ln FQ Wh/m (4.15)
1

L The inductance between two points external to a conductor is then

Legt = 2 X 10*%93— H/m (4.16)
€T D1



4.5 INDUCTANCE OF SINGLE-PHASE LINES

Consider one meter length of a single-phase line consisting of two solid round
conductors of radius 71 and ro as shown in Figure 4.5. The two conductors are
§eparated by a distance D. Conductor | carries the phasor current I; referenced
into the page and conductor 2 carries return current I = — ;. These currents set
up magnetic field lines that links between the conductors as shown,

]1® @[2

/ v -——

/ ’ , —-—— N

FIGURE 4.5
Single-phase two-wire line.

) Inductfince of conductor 1 due to internal flux is given by (4.12). The flux
ﬂeyolrixd D hnl.(s a net'cur’rent of zero and does not contribute to the net magnetic
ux linkages in the circuit. Thus, to obtain the inductance of conductor 1 due to

ge netDexternal flux linkage, it is necessary to evaluate (4.16) from Dy =17 to0
2 = .

D
_ =
Ll(mt) =2x10""In H H/m “.17)
The total inductance of conductor 1 is then
Ly = N 1077 +2x 10710 2
5 nE H/m (4.18)
Equation (4.18) is often rearranged as follows:
- ~7(1 D
Li=2x10 —+ln~)
4 Ty

:2 X ].0‘7 (lne% —}-lni +ln£>
T1 1

_ =7 1 D

1 .
Let 7’1 = r1e7 4, the inductance of conductor 1 becomes

1 D
L1=2%x10""In -+ 2%x 107" In T H/m (4.20)
1

Similarly, the inductance of conductor 2 is

1 D

Lo =2x 10'7Inr—/ +2x107"In T Wm .21
2

If the two conductors are identical, 7y = r9 = r and L1 = Ly = L, and the

inductance per conductor per meter length of the line is given by

1 D
L=2x10""In =k 2% 107 "1n T H/m (4.22)

Examination of (4.22) reveals that the first term is only a function of the conductor
radius. This term is considered as the inductance due to both the internal flux and
that external to conductor 1 to a radius of 1 m. The second term of (4.22) is depen-
dent only upon conductor spacing. This term is known as the inductance spacing
Jactor. The above terms are usually expressed as inductive reactances at 60 Hz and
are available in the manufacturers table in English units.

The term ' = re™1 is known mathematically as the self-geometric mean
distance of a circle with radius r and is abbreviated by GMR. 7’ can be considered
as the radius of a fictitious conductor assumed to have no internal flux but with the
same inductance as the actual conductor with radius r. GMR is commonly referred
to as geometric mean radius and will be designated by D,. Thus, the inductance
per conductor in millihenries per kilometer becomes

L=02In g— mH/km (4.23)

8§

4.6 FLUX LINKAGE IN TERMS OF
SELF- AND MUTUAL INDUCTANCES

The series inductance per phase for the above single-phase two-wire line can be

expressed in terms of self-inductance of each conductor and their mutual induc-

tance. Consider one meter length of the single-phase circuit represented by two

coils characterized by the self-inductances L1; and Lo; and the mutual inductance

L15. The magnetic polarity is indicated by dot symbols as shown in Figure 4.6.
The flux linkages A; and A are given by

M o= Ligdy + Lol
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FIGURE 4.6

The single-phase line viewed as two magnetically coupled coils.

Since I = — I, we have

M = (L1 — Li2) Ly
Ao = (—Loy + La2) 1o (4.25)

Comparing (4.25) with (4.20) and (4.21), we conclude the following equivalent
expressions for the self- and mutual inductances:

1
L =2x107"n ~

1

7, 1

L22 =2x107"In -

T2

1

Lig=Ly=2%x10"In i (4.26)
The concept of self- and mutual inductance can be extended to a group of n con-
ductors. Consider n conductors carrying phasor currents I, Io, ..., I, such that
LH+L+ L+ +1,=0 “4.27)

Generalizing (4.24), the flux linkages of conductor ¢ are

n
XNi=Lyli+Y Lyl j+#i (4.28)
j=1
or
7 1< 1 o
Ai=2x10"7 | LIn—=+> Iin J#i (4.29)
L et D

4.7 INDUCTANCE OF THREE-PHASE
TRANSMISSION LINES

471 SYMMETRICAL SPACING

Consider one meter length of a three-phase line with three conductors, each with
radius r, symmetrically spaced in a triangular configuration as shown in Figure 4.7.

Iq
D D
I, Iy
D
FIGURE 4.7

Three-phase line with symmetrical spacing.

Assuming balanced three-phase currents, we have

In+Ly+1.=0 (4.30)
From (4.29) the total flux linkage of phase a conductor is
—7 1 1 1
Aa =2x10 Ialnp+1bln—5+lcln~5 (4.31)

Substituting for I + I, = —I,

1 1
— -7
/\a = 2x10 (Ialn;;—[aln5>

D
= 2x1077I,In = (4.32)

Because of symmetry, A, = A, = )\,, and the three inductances are identical.
Therefore, the inductance per phase per kilometer length is

L=02In L mH/km (4.33)
D,
where 7/ is the geometric mean radius, GMR, and is shown by D;. For a solid
round conductor, D, = Te'% for stranded conductor [, can be evaluated from
14.50). Comparison of (4.33) with (4.23) shows that inductance per phase for a
lhree-phase circuit with equilateral spacing is the same as for one conductor of a
iingle-phase circuit.
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4.7.2 ASYMMETRICAL SPACING

Practical transmission lines cannot maintain symmetrical spacing of conductors
because of construction considerations. With asymmetrical spacing, even with bal-
anced currents, the voltage drop due to line inductance will be unbalanced. Con-
sider one meter length of a three-phase line with three conductors, each with radius
7. The Conductors are asymmetrically spaced with distances shown in Figure 4.8.

FIGURE 4.8
Three-phase line with asymmetrical spacing.

The application of (4.29) will result in the following flux linkages.

1
Ae =2x 1077 (Ialn—+1bln~1-—+lcln——l~)
7" Dlg

Dq3
A —2x10"7(1 mi—ﬂlniuln ! )
b — a D12 b v c D23
1 1 1
Ae=2x10"7(I,1n — In—=— +I.In= .
c X ( nD13+Ib nD23+IlnT,> (4.34)

or in matrix form

A=LI (4.35)
where the symmetrical inductance matrix L is given by

Ind il n.L
L=2x10"] In —% In ll In yorv (4.36)
111 ET3 ln E}; lIl v

For balanced three-phase currents with 1, as reference, we have

Iy = 1,£240° = ¢%],
I = 1,/120° = al, (4.37)

where the operator a = 1/120° and a® = 1/240°. Substituting in (4.34) results in

Ag -7 1 2 1 1 )
Lyo=—=2x10 (lnp+alnDlz+alnD13

/6 )

A _ . 2 l+a21n——«>
Lb:-I;—QxlO (alnD12+nT, -

Ae 2y 1 1 l) (4.38)
LC:I—C:2><10 (a lnD13+alnD23+n7J

Examination of (4.38) shows that the phase inductances are not equal and they
contin an imaginary term due to the mutual inductance.

4.7.3 TRANSPOSE LINE

A per-phase model of the transmission line is required in mosF power system anali
ysis. One way to regain symmetry in good measure an(.1 obtain a per-phase que
s to consider transposition. This consists of interchanging the phase configuration
every one-third the Iength so that each conductor is mqved to occupy th(? next phy§—
scal position in a regular sequence. Such a transposition arrangement is shown in
Figure 4.9,

Ia a C b
%DIQ b a ¢
D13 /@ Ib
; Dos . b o
[ — ] — Il
FIZURE 4.9

A transposed three-phase line.

Since in a transposed line each phase takes all three positions, the inductance
per phase can be obtained by finding the average value of (4.38).

_La+Lb+Lc

L 3

(4.39)

Noting a + a? = 1/120° + 1/240° = —1, the average of (4.38) becomes

2% 1077 1 1 1 1
L= ——-(

— =N —— —In — — ln ——
3 3ln 7! In Dqo Dos D3



or

1
L=2x10""7 (ml, —ln—-———‘——l_)
" (D12D23Dy3)%

!

=2x107"In (4.40)

or the inductance per phase per kilometer length is

GMD
s

L=02I mH/km (4.41)

where

GMD = /D15D93D;5 (4.42)

This again is of the same form as the expression for the inductance of one phase
of a single-phase line. GMD (geometric mean distance) is the equivalent con-
ductor spacing. For the above three-phase line this is the cube root of the prod-
uct of the three-phase spacings. D, is the geometric mean radius, GMR. For
stranded conductor D, is obtained from the manufacturer’s data. For solid con-
ductor, D, = ¢’ = pe~1.

In modern transmission lines, transposition is not generally used. However,
for the purpose of modeling, it is most practical to treat the circuit as transposed.
The error introduced as a result of this assumption is very small.

4.8 INDUCTANCE OF BUNDLED OR STRANDED CONDUCTORS

In the evaluation of inductance, solid round conductors were considered. However,
in practical transmission lines, stranded conductors are used. Also, for reasons of
economy, most EHV lines are constructed with bundled conductors. In this section
an expression is found for the inductance of stranded or bundled conductors. The
result can be used for evaluating the GMR of stranded or bundled conductors. It
is also useful in finding the equivalent MR and GMD of parallel circuits. Con-
sider a single-phase line consisting of two bundled conductors z and % as shown in
Figure 4.10. The current in 2 is I referenced into the page, and the return current
iny is —1. Conductor x consists of n identical strands or subconductors, each with
radius 7. Conductor y consists of 7 identical strands or subconductors, each with
radius r,. The current is assumed to be equally divided among the subconductors.
The current per strand is I/n in z and I /m in y. The application of (4.29) will
result in the following expression for the total flux linkage of conductor ¢

Oa
Q@:
SN

'O
O

Od

a

Ne
O
O

z Yy

FIGURE 4.10
Single-phase line with two bundled conductors.

I 1
= = (In = 1 4+ +1n >
Ag =2 x 10 n(lnrg+lnDab+nDac Do
I 1 1 1 1 )
- = 1 +In +--+1n
2> 10 m (hl Daa’ + nDab’ Dy Dam

or

T{L/Daa’Dab’Dac’ . Dam

= i (4.43)
Ae =2x 107 IIn DD Do
The inductance of subconductor a is
Lo = 20 _ 9y 107 1n VP Da Daer - D (4.44)
‘T I/Tl {Z/T;;DabDac"'Dan

Using (4.29), the inductance of other subconductors in z are similarly obtained.
For example, the inductance of the subconductor n is

L= 2" =90 %10~ In T/D”‘j’D"b’D”C' Do (4.45)
]/TL Q/TanaDnb"‘Dnc
The average inductance of any one subconductor in group z is
Ly, =letfotlet -+ ln (4.46)
n

Since all the subconductors of conductor z are electrically parallel, the inductance
of x will be

O o L R 4.47)
n n
substituting the values of L,, Ly, Le, -, L, in (4.47) results in
GMD

L,=2x%x10""In H/meter (4.48)

GMR,



where
GMD = ’“{‘/ (Daa’Dap =+ Dan) -+ (Dt Dy -+ - D) (4.49)
and
GME, = ni/ (DaaDab -+ Dan) -+ (DnaDyp -+ - D) (4.50)
where Dyq = Dy -+ = Dy = 7/,

GMD is the mnth root of the product of the mnth distances between n strands of
conductor z and m strands of conductor y. GMR,, is the n? root of the product of
n? terms consisting of 7’ of every strand times the distance from each strand to all
other strands within group z.

The inductance of conductor ¥ can also be similarly obtained. The geometric
mean radius GMR, will be different. The geometric mean distance GALD, how-
ever, is the same.

Example 4.1 (chpdex])

A stranded conductor consists of seven identical strands each having a radius r as
shown in Figure 4.11. Determine the GMR of the conductor in terms of 7.

FIGURE 4.11
Cross section of a stranded conductor.

From Figure 4.11, the distance from strand 1 to all other strands is:

D12 = Dlﬁ = D17 = 2r
D14 = 4r

Dy = Dy5 = VD%4‘D£5:2\/§T

From (4.50) the G MR of the above conductor is

GMR = 4€/(T’-27'-2\/§r-4r~2\/§r~2r-27')6-r’(2r)6

= {0 20 3)F ()}
= 2.1767r

With a large number of strands the calculation of G MR can become very tedious.
Usually these are available in the manufacturer’s data.

48.1 GMR OF BUNDLED CONDUCTORS

Extra-high voltage transmission lines are usually constructed with bundled con-
ductors. Bundling reduces the line reactance, which improves the line performance
and increases the power capability of the line. Bundling also reduces the voltage
surface gradient, which in turn reduces corona loss, radio interference, and surge
impedance. Typically, bundled conductors consist of two, three, or four subcon-
ductors symmetrically arranged in configuration as shown in Figure 4.12. The sub-
conductors within a bundle are separated at frequent intervals by spacer-dampers.
Spacer-dampers prevent clashing, provide damping, and connect the subconductors
in parallel.

FIGURE 4.12
Examples of bundled arrangements.

The GMR of the equivalent single conductor is obtained by using (4.50). If
D, is the GMR of each subconductor and d is the bundle spacing, we have

for the two-subconductor bundle

DY = {(Dy xd)? = /D, x d (4.51)

for the three-subconductor bundle

D)= {(Dy xdx d)3 = D, x &2 (4.52)

for the four-subconductor bundle

D= W(Dyxdxdxdx2b)t=1.0909D; x & (4.53)



4.9 INDUCTANCE OF THREE-PHASE
DOUBLE-CIRCUIT LINES

A three-phase double-circuit line consists of two identical three-phase circuits. The
circuits are operated with a;—as, b1—bs, and c1—cy in parallel. Because of geomet-
rical differences between conductors, voltage drop due to line inductance will be
unbalanced. To achieve balance, each phase conductor must be transposed within
its group and with respect to the parallel three-phase line. Consider a three-phase

double-circuit line with relative phase positions a1 by c;—coboas, as shown in Figure
4.13.

ay (&)

G— Su —©)

|
|
!
|
|
WG S —— O
!

FIGURE 4.13
Transposed double-circuit line.

The method of GMD can be used to find the inductance per phase. To do

this, we group identical phases together and use (4.49) to find the GMD between
each phase group

— 4
Dap = \/ Do,y Dayby Dagsy Dags,
DBC = c/Dblchblchbgchbgcg

DAC = \4/ qu DalcQD(ZQClDaQCQ (4-54)
The equivalent GMD per phase is then

GMD = /D agDpcDac (4.55)

Similarly, from (4.50), the GMR of each phase group is

Dgy = v (DgDa102)2 =y DgDQIQZ
Dgp = \/(D5Dyp,)2 = /DD, ,,
Dsc = y/(DtD,,,)? = \/DtD,,., (4.56)

where DY is the geometric mean radius of the bundled conductors given by (4.5 I~
(4.53). The equivalent geometric mean radius for calculating the per-phase induc-
tance to neutral is

GMRy = /DssDspDsc (4.57)

The inductance per phase in millihenries per kilometer is

GMD

H/km (4.58)
GMR;, m

L=02In

4.10 LINE CAPACITANCE

Transmission line conductors exhibit capacitance with respect to each other due to
the potential difference between them. The amount of capacitance between con-
ductors is a function of conductor size, spacing, and height above ground. By defi-
nition, the capacitance C'is the ratio of charge ¢ to the voltage V, given by

=4 459
C = (4.59)

Consider a long round conductor with radius r, carrying a charge of ¢ coulombs
per meter length as shown in Figure 4.14.

FIGUREF. 4.14
Electric field around a long round conductor.

The charge on the conductor gives rise to an electric field with radial flux
lines. The total electric flux is numerically equal to the value of charge on the



conductor. The intensity of the field at any point is defined as the force per unit
charge and is termed electric field intensity designated as E. Concentric cylinders
surrounding the conductor are equipotential surfaces and have the same electric
flux density. From Gauss’s law, for one meter length of the conductor, the electric
flux density at a cylinder of radius z is given by

-4 q

== = 4.60
A 27z(1) (4-60)
The electric field intensity E may be found from the relation
E= b (4.61)
€p

where £ is the permittivity of free space and is equal to 8.85 x 1072 F/m. Substi-
tuting (4.60) in (4.61) results in

E = - (4.62)
2megx

The potential difference between cylinders from position Dy to D5 is defined as
the work done in moving a unit charge of one coulomb from Dy to Dy through the
electric field produced by the charge on the conductor. This is given by

DQ DQ D

Vie= [ FBdr= / ! o=t 122 (4.63)
Dy D, 2megx 2meg Dy

The notation Vi, implies the voltage drop from 1 relative to 2, that is, 1 is under-

stood to be positive relative to 2. The charge ¢ carries its own sign.

4.11 CAPACITANCE OF SINGLE-PHASE LINES

Consider one meter length of a single-phase line consisting of two long solid round
conductors each having a radius  as shown in Figure 4.15. The two conductors are
separated by a distance D. Conductor 1 carries a charge of g; coulombs/meter
and conductor 2 carries a charge of ¢; coulombs/meter. The presence of the sec-
ond conductor and ground disturbs the field of the first conductor. The distance of
separation of the wires D is great with respect to r and the height of conductors
is much larger compared with D. Therefore, the distortion effect is small and the
charge is assumed to be uniformly distributed on the surface of the conductors.

Assuming conductor 1 alone to have a charge of ¢y, the voltage between
conductor 1 and 2 is

D
Viz(a) = g n = (4.64)

a1 a2

D

FIGURE 4.15
Single-phase two-wire line.

Now assuming only conductor 2, having a charge of go, the voltage between con-
ductors 2 and 1 is

g ., D
Var(a) = 27eg n T
Since Vig(g,) = —Vai(g,)» We have
= 2 " 4.65
Viz) = 3, o0 35 (4.65)

From the principle of superposition, the potential difference due to presence of
both charges is

a P e (4.66)

Viz = Vi) + Vizer) = 2reg . T 2mey D

Fof a single-phase line ¢; = —¢; = —¢, and (4.66) reduces to

D
Vip= J 1n 2 (4.67)
TEQ r

From (4.59), the capacitance between conductors is

TEQ
Cry = D Fim (4.68)

r

Equation (4.68) gives the line-to-line capacitance between the conductors. For the
purpose of transmission line modeling, we find it convenient to define a capacitance
C between each conductor and a neutral as illustrated in Figure 4.16. Since the

1 Cha 2 1 C n |C1 2
[} O O— F——- 0O

FHIURE 4.16
Hlustration of capacitance to neutral.



voltage to neutral is half of Viz, the capacitance to neutral (7 = 2C9, or

2
C="0 gy (4.69)
In =
Recalling £y = 8.85 x 10~'2 F/m and converting to uF per kilometer, we have
.05
C= OIO 56 uFkm 4.70)
no

The capacitance per phase contains terms analogous to those derived for inductance
per phase. However, unlike inductance where the conductor geometric mean radius
(GMR) is used, in capacitance formula the actual conductor radius 7 is used.

4.12 POTENTIAL DIFFERENCE IN A
MULTICONDUCTOR CONFIGURATION

Consider n parallel long conductors with charges q1, g, . . . , ¢, coulombs/meter as
shown in Figure 4.17.

q2 q3

() (Oan

O O

a4 45
FIGURE 4.17

Multiconductor configuration.

Assume that the distortion effect is negligible and the charge is uniformly
distributed around the conductor, with the following constraint

N+t +¢, =0 4.71)

Using superposition and (4.63), potential difference between conductors i and J
due to the presence of all charges is

k23
D,
: > qrIn M 4.72)

Vii =
Y 271'50 e Dki

When & = 4, D;; is the distance between the surface of the conductor and its center,
namely its radius r.

4.13 CAPACITANCE OF THREE-PHASE LINES

L omsider one meter length of a three-phase line with three long conduciors, each
with radius 7, with conductor spacing as shown Figure 4.18.

qa

@ Dy
Dys /@ dy

Do3

FH:URE 4.18
Iree-phase transmission line,

Since we have a balanced three-phase system
Qo+ qp+qe=0 (4.73)

We shall neglect the effect of ground and the shield wires: Assume that the line is
transposed. We proceed with the calculation of the potential difference t')etween a
amd & for each section of transposition. Applying (4.72) to the first section of the
Iransposition, Vi, 1s

1 D12 r D23>
e — == In — + ¢, In == (4.74)
Va (1) — 210 (QG In ” +gpln D1z 4 D13
Similurly, for the second section of the transposition, we have
1 Das SN 91?1) (4.75)
Vab(in) = Seq (qa In —ta In Do + g Do
andd for the last section
1 D13 T D12>
S = —— 4 g In 22 (4.76)
Vabrrn = Smeq (lIa In —ta In Dy T4
I'he average value of V;, is
3
1 D12D23 D13 r
= e e In ————o—
Vap = (3)2meg ( ¢ T UG D12Da3 D13
+goIn 2&%) “.77)
D12D23 D13



or

ab =

oreg +qpIn

1 3
(qa In (P12D23D13)5 ff’D 18)7 (4.78)

,
(D12D23D13)%)

Note that the GMD of the conductor appears in the logarithm arguments and is
given by

GMD = \/D12Dy3Dy3 (4.79)

Therefore, V;, is

Vip = ( S i T
0= g (0 il ) (4.80)
Similarly, we find the average voltage V. as
Voo = —— ( WG T
o= g (000 2 i ) (4.81)
Adding (4.80) and (4.81) and substituting for g, + g. = —q,, we have
1 GMD r 3 GMD
Vab+‘/;zc:——(2 2 In —qal >: da
2me \ 74 G oM 2meg In r (4.82)

For balanced three-phase voltages,
Voo = Van 20° — Vo £ —120°
Vie = Van L0° — Vi, £ —240° (4.83)

Therefore,

Vab + Vac = 3‘/2171 (484)
Substituting in (4.82) the capacitance per phase to neutral is

Ga 2meg

C = Va; = W F/m (485)

or capacitance to neutral in uF per kilometer is

0.0556
T

This is of the same form as the expression for the capacitance of one phase of
a single-phase line. GMD (geometric mean distance) is the equivalent conductor

spacing. For the above three-phase line this is the cube root of the product of the
three-phase spacings.

4.14 EFFECT OF BUNDLING

The procedure for finding the capacitance per phase for a three-phase transposed
line with bundle conductors follows the same steps as the procedure in Section
4.13. The capacitance per phase is found to be

27T€0

The effect of bundling is to introduce an equivalent radius r®. The equivalent ra-
dius r? is similar to the GMR (geometric mean radius) calculated earlier for the
inductance with the exception that radius r of each subconductor is used instead of
D,. If d is the bundle spacing, we obtain for the two-subconductor bundle

r’ = Vrxd (4.88)
for the three-subconductor bundle

rb = Vr x d2 (4.89)
for the four-subconductor bundle

P =1.09v7r x d3 (4.90)

4.15 CAPACITANCE OF THREE-PHASE
DOUBLE-CIRCUIT LINES

Consider a three-phase double-circuit line with relative phase positions a1b;c; -
c2bzas, as shown in Figure 4.13. Each phase conductor is transposed within its
group and with respect to the parallel three-phase line. The effect of shield wires
and the ground are considered to be negligible for this balanced condition. Fol-
lowing the procedure of section 4.13, the average voltages V,;, Vi and V,,, are
calculated and the per-phase equivalent capacitance to neutral is obtained to be

27T€0
GMD

= F/m 491)
in CME.

or capacitance to neutral in pF per kilometer is

=220 F/km (4.92)

The expression for GMD is the same as was found for inductance calculation and
is given by (4.55). The GMR, of each phase group is similar to the GMR, with
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the exception that in (4.56) * is used instead of D(S’. This will result in the following
equations

re =" Doy (4.93)

where r? is the geometric mean radius of the bundled conductors given by (4.88) —

(4.90). The equivalent geometric mean radius for calculating the per-phase capaci-
tance to neutral is

GMRc = rargro (4.94)

4.16 EFFECT OF EARTH ON THE CAPACITANCE

For an isolated charged conductor the electric flux lines are radial and are orthog-
onal to the cylindrical equipotential surfaces. The presence of earth will alter the
distribution of electric flux lines and equipotential surfaces, which will change the
effective capacitance of the line.

The earth level is an equipotential surface, therefore the flux lines are forced
to cut the surface of the earth orthogonally. The effect of the presence of earth
can be accounted for by the method of image charges introduced by Kelvin. To
illustrate this method, consider a conductor with a charge ¢ coulombs/meter ata
height H above ground. Also, imagine a charge —q placed at a depth H below
the surface of earth. This configuration without the presence of the earth surface
will produce the same field distribution as a single charge and the earth surface.
Thus, the earth can be replaced for the calculation of electric field potential by a
fictitious charged conductor with charge equal and opposite to the charge on the
actual conductor and at a depth below the surface of the earth the same as the
height of the actual conductor above earth. This imaginary conductor is called the
image of the actual conductor. The procedure of Section 4.13 can now be used for
the computation of the capacitance.

The effect of the earth is to increase the capacitance. But normally the height
of the conductor is large as compared to the distance between the conductors,
and the earth effect is negligible. Therefore, for all line models used for balanced
steady-state analysis, the effect of earth on the capacitance can be neglected. How-
ever, for unbalanced analysis such as unbalanced faults, the earth’s effect as well
as the shield wires should be considered.

4.16. EFFECT OF EARTH ON THE CAPACITANCE 167

- Example 4.2 (chpdex2)

& 500-kV three-phase transposed line is composed of one ACSR é, 272{‘ Or(l)(;;
¢mil, 45/7 Bittern conductor per phase with hopzontal conducto‘r cond gucr; ]\140R »
shown in Figure 4.19. The conductors have a diameter of 1.345 n an aIC Ao
0.5328 in. Find the inductance and capacitance per phase per kilometer o .

C

a b
@"Dm = 35'——@—1)23 = 35'4@

Dysg = 70

FIGURE 4.19
Conductor layout for Example 4.2.

i = 2 = 0.0444 ft.
Conductor radius is r = 342 = 0.056 ft, and GMR,, = 0.5328/1

G MD is obtained using (4.42)

GMD = /35 x 35 x 70 = 44.097 ft

From (4.58) the inductance per phase is

.097
= O.21né4——— = 1.38 mH/km

0.0444

and from (4.92) the capacitance per phase is

0.0556

C= 44.007
0.056

=0.0083 pF/km

Example 4.3 (chpdex3) |
The line in Example 4.2 is replaced by two AQSR 636, OOO—cmll,_ 24/7 :12(:116(
conductors which have the same total cross-sectional area of alu;mﬂrllurll)l adle e
Bittern conductor. The line spacing as measured from the center of the bun

the same as before and is shown in Figure 4.20.

a b C
0,0 0,0 0,0
18"+ , |
—Ds2 = 35 Dy3 = 35—
|
| Dy = 70"
FIGURE 4.20

Conductor layout for Example 4.3.



The conductors have a diameter of 0.977 in and a GMR of 0.3924 in. Bundle
spacing is 18 in. Find the inductance and capacitance per phase per kilometer of
the line and compare it with that of Example 4.2.

Conductor radius is r = 9%71 = 0.4885 in, and from Example 4.2 GMD =
44.097 ft. The equivalent geometric mean radius with two conductors per bundle,
for calculating inductance and capacitance, are given by (4.51) and (4.88)

vVdx Dg /18 x 0.3924
OMR = —— = 12

=0.22147 ft

and

Vdxr V18 x 0.4885
GMRe = —p— = ——>——

From (4.58) the inductance per phase is
44.097
0.22147

and from (4.92) the capacitance per phase is

0.0556
C = —7o9r = 0.0107 pF/km

In 5555

=0.2471 ft

L=02In = 1.0588 mH/km

Comparing with the results of Example 4.2, there is a 23.3 percent reduction in
the inductance and a 28.9 percent increase in the capacitance.

The function [GMD, GMRL, GMRC] = gmd is developed for the computa-
tion of GM D, GMRy,, and GMR for single-circuit, double-circuit vertical, and
horizontal transposed lines with up to four bundled conductors. A menu is dis-
played for the selection of any of the above three circuits. The user is prompted
to input the phase spacing, number of bundled conductors and their spacing, con-
ductor diameter, and the GMR of the individual conductor, The specifications for
some common AC'S R conductors are contained in a file named acsr.m. The com-
mand acsr will display the characteristics of ACSR conductors. Also, the function
[L, C] = gmd2lc in addition to the geometric mean values returns the inductance
in mH per km and the capacitance in yF per km.

A new GUI program named legui is developed for the computation of trans-
mission line parameters. This is a user-friendly program, which makes the data
entry for various configurations very easy.

Example 4.4 (Run lcgui)

A 735-kV three-phase transposed line is composed of four ACSR, 954, 000-cmil,
45/7 Rail conductors per phase with horizontal conductor configuration as shown
in Figure 4.21. Bundle spacing is 46 cm. Use acsrgui in MATLAB to obtain the
conductor size and the electrical characteristics for the Rail conductor., Find the
inductance and capacitance per phase per kilometer of the line.

a b C
(ON®) ORO) (ON®)
0,0 0,0 00

+18"= | ,
[““—Dlz = 44.5" D23 == 44.5—>1
|

' Dyg = 89"

FIGURE 4.21

Conductor layout for Example 4.4.

The command acsr displays the conductor code name and the area in cmils for the
ACSR conductors. The user is then prompted to enter the conductor code name
within single quotes.

Enter ACSR code name within single quotes -> ’rail’

Al Area Strand Diameter GMR Resistance Ohm/km Ampacity
cmil  Al/St cm cm  60Hz 25C 60Hz 50C Ampere
954000  45/7 2.959 1.173 0.0624 0.0683 1000

The following commands

[GMD, GMRL, GMRC] = gmd;
L=0.2*1og(GMD/GMRL) % mH/km Eq. (4.58)
C = 0.0556/1og(GMD/GMRC) % micro F/km Eq. (4.92)

result in
Number of three-phase circuits Enter
Single-circuit 1
Double-circuit vertical configuration 2
Double-circuit horizontal configuration 3
0

To quit

Select number of menu — 1

Enter spacing unit within quotes ’'m’ or ’ft’ — ’ft’
Enter row vector [Di2, D23, D13] = [44.5 44.5 89]
Cond. size, bundle spacing unit: ’cm’ or ’in’ — ’cm’
Conductor diameter in cm = 2.959

Geometric Mean Radius in cm = 1.173

No. of bundled cond. (enter 1 for single cond.) = 4
Bundle spacing in cm = 46

GMD = b56.06649 ft

GMRL = 0.65767 ft GMRC = 0.69696 ft

L = 0.8891

C = 0.0127



Example 4.5 (Run legui)

A 345-kV double-circuit three-phase transposed line is composed of two ACSR,
1,431, 000-cmil, 45/7 Bobolink conductors per phase with vertical conductor con-
figuration as shown in Figure 4.22. The conductors have a diameter of 1.427 in and
a GMR of 0.564 in. The bundle spacing in 18 in. Find the inductance and capaci-
tance per phase per kilometer of the line. The following commands

a c/

OT&SH =11m-&60

His=Tm
b oel—LSm =16.5m—=a0C )
Hys =6.5m
Ol{% S33 =12.5m —9-0O
c a’
FIGURE 4.22

Conductor layout for Example 4.5.

[GMD, GMRL, GMRC] = gmd;
=0.2*1log(GMD/GMRL) % mH/km Eq. (4.58)
C = 0.0556/10g(GMD/GMRC) % micro F/km Eq. (4.92)

result in

Number of three-phase circuits Enter
Single-circuit

Double-circuit vertical configuration
Double-circuit horizontal configuration
To quit

S WN

Select number of menu — 2
Circuit Arrangements

(1) abc-c’b’a’

(2) abc-a’b’c’

Enter (1 or 2) — 1

Enter spacing unit within quotes ’m’ or ’ft’ — ’m’
Enter row vector [S11, S22, $33] = [11 16.5 12.5]
Enter row vector [H12, H23] = [7 6.5]

Cond. size, bundle spacing unit: ’cm’ or ’in’ — ’in’

Conductor diameter in inch = 1.427

Geometric Mean Radius in inch = 0.564

No. of bundled cond. (enter 1 for single cond.) = 2
Bundle spacing in inch = 18

GMD = 11.21352 m

GMRL = 1.18731 n GMRC = 1.25920 m

L = 0.4491
C = 0.0254
Example 4.6 (Run lcgui)

A 345-kV double-circuit three-phase transposed line is composed of one ACSR,
556, 500-cmil, 26 /7 Dove conductor per phase with horizontal conductor configu-
ration as shown in Figure 4.23. The conductors have a diameter of 0.927 in and a
G MR of 0.3768 in. Bundle spacing is 18 in. Find the inductance and capacitance
per phase per kilometer of the line. The following commands

b ! v c

a & a
G—8m 43— 8m —3- 5S11=9m 43— 8m 3 8m —%)

FIGURE 4.23
Conductor layout for Example 4.6.

[GMD, GMRL, GMRC] = gmd;
L=0.2%1log (GMD/GMRL) % mH/km Eq. (4.58)
C = 0.0556/1og(GMD/GMRC) % micro F/km Eq. (4.92)

result in
Number of three-phase circuits Enter
Single-circuit 1
Double-circuit vertical configuration 2
Double-circuit horizontal configuration 3
To quit 0

Select number of menu — 3
Circuit Arrangements

(1) abc-a’b’c’

(2) abc-c’b’a’

Enter (1 or 2) — 1

Enter spacing unit within quotes ’m’ or ’ft’ — ’m’
Enter row vector [D12, D23, S13] = [8 & 16]

Enter distance between two circuits, Si1 = 9



Cond. size, bundle spacing unit: ’cm’ or ’in’ — ’in’
Conductor diameter in inch = 0.927

Geometric Mean Radius in inch = 0.3768

No. of bundled cond. (enter 1 for single cond.) = 1
GMD = 14.92093 m

GMRL = 0.48915 m GMRC = 0.54251 m

0.6836

0.0168

L
C

4.17 MAGNETIC FIELD INDUCTION

Transmission line magnetic fields affect objects in the proximity of the line. The
magnetic fields, related to the currents in the line, induces voltage in objects that
have a considerable length parallel to the line, such as fences, pipelines, and tele-
phone wires.

The magnetic field is affected by the presence of earth return currents. Car-
son [14] presents an equation for computation of mutual resistance and inductance
which are functions of the earth’s resistivity. For balanced three-phase systems the
total earth return current is zero. Under normal operating conditions, the magnetic
field in proximity to balanced three-phase lines may be calculated considering the
currents in the conductors and neglecting earth currents.

Magnetic fields have been reported to affect blood composition, growth, be-
havior, immune systems, and neural functions. There are general concerns regard-
ing the biological effects of electromagnetic and electrostatic fields on people.
Long-term effects are the subject of several worldwide research efforts.

Example 4.7 (chpdex7)

A three-phase untransposed transmission line and a telephone line are supported on
the same towers as shown in Figure 4.24, The power line carries a 60-Hz balanced
current of 200 A per phase. The telephone line is located directly below phase
b. Assuming balanced three-phase currents in the power line, find the voltage per
kilometer induced in the telephone line.

From (4.15) the flux linkage between conductors 1 and 2 due to current I, is

D,
Aiz(r,) = 0.21, In 5 f mWb/km

Since Dy; = Dy, A12 due to I, is zero. The flux linkage between conductors 1 and
2 due to current I, is

<2 mWb/km

D
)\12(16) e OZIcln D )

c

a b
@\\ 36m —6=— 3.6m ﬁ)
\\

7

s

N
AN s 7
Dy Da2 Dy Do 4m

v 7
AN h d /
\1/\/\2/
(] ©
—1.2 mb—

FIGURE 4.24
Conductor layout for Example 4.6.

Total flux linkage between conductors 1 and 2 due to all currents is

D
Mo = 02010 2% 4 098 10 22 mWh/km
Dal Dcl

For positive phase sequence, with I, as reference, [, = I,/—240° and we have

Do 0. De2
g = 0.21, (ln DZI +1/-240 1nD—d) mH/km

With I, as reference, the instantaneous flux linkage is
A12(t) = V2| 12| cos(wt + a)
Thus, the induced voltage in the telephone line per kilometer length is

7 — @_1(%(9. = v/2w| A2 cos(wt + a + 90°)

The rms voltage induced in the telephone line per kilometer is
V = w|Ai2]la + 90° = jwAia
From the circuits geometry
Dai = Do=(3%+4%2
Doy = Dg = (4.22 +4%)

The total flux linkage is

5 m
=58 m

n

2

°1n 28 200/—-240°1 5

Az = 0.2 x200/0°1In = +0.2 x - e
= 10.283/ — 30° mWb/km

The voltage induced in the telephone line per kilometer is

V = jwhis = j2760(10.283/-30°)(1073) = 3.88/60° V/km



_

4.18 ELECTROSTATIC INDUCTION

Transmission line electric fields affect objects in the proximity of the line. The
§Iecmc field produced by high voltage lines induces current in objects whiéh are
in the area of the electric fields. The effects of electric fields becomes of increasing
concern at higher voltages. Electric fields, related to the voltage of the line, are the
primary cause of induction to vehicles, buildings, and objects of comparal;le size
Th.e hurpan body is affected with exposure to electric discharges from chargeci
objects in the field of the line. These may be steady current or spark discharges
The current densities in humans induced by electric fields of transmission lines aré
known to be much higher than those induced by magnetic fields.

The resultant electric field in proximity to a transmission line can be obtained

by representing the earth effect by ima
ge charges located below th
a depth equal to the conductor height. " conductors

4.19 CORONA

When the surface potential gradient of a conductor exceeds the dielectric strength
of f:he sufmt.md'ing air, ionization occurs in the area close to the conductor surfaie
This partial ionization is known as corona. The dielectric strength of air durin faif
weather and at NTP (25°C and 76 cm of Hg) is about 30 kV/cm. ¢
Corona Qroduces power loss, audible hissing sound in the vicinity of the line
ozone and radio and television interference. The audible noise is an environmentai
concern and occurs in foul weather. Radio interference occurs in the AM band
Ram and snow may produce moderate TVI in a low signal area. Corona is a func:
.non of conductor diameter, line configuration, type of conductor, and condition of
1ts surface. Atmqspheric conditions such as air density, humjdit),f, and wind influ-
ence the generation of corona. Corona losses in rain or snow are many times the
loss'es c!uring f{u’r weather. On a conductor surface, an irregularity such as a con-
tarr‘nnatmg particle causes a voltage gradient that may become the point source of
a filscharge. Also, insulators are contaminated by dust or chemical deposits which
will lower the disruptive voltage and increase the corona loss. The insulators are
Fleaned periodically to reduce the extent of the problem. Corona can be reduced b
Increasing the conductor size and the use of conductor bundling. ’
The power loss associated with corona can be represented by shunt conduc-
tance. However, under normal operating conditions ¢, which represents the resis-

tive leakage between a phase and ground, has negligi
: . ) gligible effect o
is customarily neglected. (i.c., g = ), gl n performance and

PROBLEMS

4.1. A solid cylindrical aluminum conductor 25 km long has an area of 336,400
circular mils. Obtain the conductor resistance at (a) 20°C and (b) 50°C. The
resistivity of aluminum at 20°C is 2.8 x 1078 Q-m.

4.2. A transmission-line cable consists of 12 identical strands of aluminum, each
3 mm in diameter. The resistivity of aluminum strand at 20°C is 2.8 x
107 Q-m. Find the 50°C ac resistance per km of the cable. Assume a skin-
effect correction factor of 1.02 at 60 Hz.

4.3. A three-phase transmission line is designed to deliver 190.5 MVA at 220 kV
over a distance of 63 km. The total transmission line loss is not to exceed
2.5 percent of the rated line MVA. If the resistivity of the conductor material
is 2.84 x 10~% Q-m, determine the required conductor diameter and the
conductor size in circular mils.

4.4. A single-phase transmission line 35 km long consists of two solid round con-
ductors, each having a diameter of 0.9 cm. The conductor spacing is 2.5 m.
Calculate the equivalent diameter of a fictitious hollow, thin-walled conduc-
tor having the same equivalent inductance as the original line. What is the
value of the inductance per conductor?

4.5. Find the geometric mean radius of a conductor in terms of the radius r of an
individual strand for

(a) Three equal strands as shown in Figure 4.25(a)
(b) Four equal strands as shown in Figure 4.25(b)

CONNG D
(a (b)

FIGURE 4.25
Cross section of the stranded conductor for Problem 4.5.

4.6. One circuit of a single-phase transmission line is composed of three solid 0.5-
cm radius wires. The return circuit is composed of two solid 2.5-cm radius
wires. The arrangement of conductors is as shown in Figure 4.26. Applying
the concept of the GMD and G MR, find the inductance of the complete line
in millihenry per kilometer.



4.18 ELECTROSTATIC INDUCTION

Transmission line electric fields affect objects in the proximity of the line. The
electric field produced by high voltage lines induces current in objects which are
in the area of the electric fields. The effects of electric fields becomes of increasing
concern at higher voltages. Electric fields, related to the voltage of the line, are the
primary cause of induction to vehicles, buildings, and objects of comparable size.
The human body is affected with exposure to electric discharges from charged
objects in the field of the line. These may be steady current or spark discharges.
The current densities in humans induced by electric fields of transmission lines are
known to be much higher than those induced by magnetic fields.

The resultant electric field in proximity to a transmission line can be obtained
by representing the earth effect by image charges located below the conductors at
a depth equal to the conductor height.

4.19 CORONA

When the surface potential gradient of a conductor exceeds the dielectric strength
of the surrounding air, ionization occurs in the area close to the conductor surface.
This partial ionization is known as corona. The dielectric strength of air during fair
weather and at NTP (25°C and 76 cm of Hg) is about 30 kV/cm.

Corona produces power loss, audible hissing sound in the vicinity of the line,
ozone and radio and television interference. The audible noise is an environmental
concern and occurs in foul weather. Radio interference occurs in the AM band.
Rain and snow may produce moderate TVI in a low signal area. Corona is a func-
tion of conductor diameter, line configuration, type of conductor, and condition of
its surface. Atmospheric conditions such as air density, humidity, and wind influ-
ence the generation of corona. Corona losses in rain or snow are many times the
losses during fair weather. On a conductor surface, an irregularity such as a con-
taminating particle causes a voltage gradient that may become the point source of
a discharge. Also, insulators are contaminated by dust or chemical deposits which
will lower the disruptive voltage and increase the corona loss. The insulators are
cleaned periodically to reduce the extent of the problem. Corona can be reduced by
increasing the conductor size and the use of conductor bundling.

The power loss associated with corona can be represented by shunt conduc-
tance. However, under normal operating conditions g, which represents the resis-
tive leakage between a phase and ground, has negligible effect on performance and
is customarily neglected. (i.e., g = 0).

PROBLEMS

4.1. A solid cylindrical aluminum conductor 25 km long has an area of 336,400
circular mils. Obtain the conductor resistance at (a) 20°C and (b) 50°C. The
resistivity of aluminum at 20°C is 2.8 x 10~ Q-m.

4.2. A transmission-line cable consists of 12 identical strands of aluminum, each
3 mm in diameter. The resistivity of aluminum strand at 20°C is 2.8 x
1078 Q-m. Find the 50°C ac resistance per km of the cable. Assume a skin-
effect correction factor of 1.02 at 60 Hz.

4.3. A three-phase transmission line is designed to deliver 190.5 MVA at 220 kV
over a distance of 63 km. The total transmission line loss is not to exceed
2.5 percent of the rated line MVA. If the resistivity of the conductor material
is 2.84 x 108 Q-m, determine the required conductor diameter and the
conductor size in circular mils.

4.4. A single-phase transmission line 35 km long consists of two solid round con-
ductors, each having a diameter of 0.9 cm. The conductor spacing is 2.5 m.
Calculate the equivalent diameter of a fictitious hollow, thin-walled conduc-
tor having the same equivalent inductance as the original line. What is the
value of the inductance per conductor?

4.5. Find the geometric mean radius of a conductor in terms of the radius r of an
individual strand for

(a) Three equal strands as shown in Figure 4.25(a)
(b) Four equal strands as shown in Figure 4.25(b)

o G

£\

(a) (b)

FIGURE 4.25
L Fms section of the stranded conductor for Problem 4.5.

46, One circuit of a single-phase transmission line is composed of three solid 0.5-

cm radius wires. The return circuit is composed of two solid 2.5-cm radius
wires. The arrangement of conductors is as shown in Figure 4.26. Applying
the concept of the GMD and G MR, find the inductance of the complete line
i millihenry per kilometer.
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FIGURE 4.26
Conductor layout for Problem 4.6.

4.7. A threc?-phase, 60—Hg trapsposed transmission line has a flat horizontal con-
figuration as shown in Figure 4.27. The line reactance is 0.486 Q per kilo-

metgr. The 'conductor geometric mean radius is 2.0 cm. Determine the phase
spacing D in meters.

G— » —&— » -5

2D

FIGURE 4.27
Conductor layout for Problem 4.7,

48. A thre.e-phase transposed line is composed of one ACSR 159,000-cmil, 54/19
;apwlng conductor per phase with flat horizontal spacing of 8 m as ’shown
in Figure 4.28. The G MR of each conductor is 1.515 cm.

(a) De?en.nine the inductance per phase per kilometer of the line.

(b) This line is to be replaced by a two-conductor bundle with 8 m spacing
measured from the center of the bundles as shown in Figure 4.29. The spac-
ing between the conductors in the bundle 15 40 cm. If the line inductance per

phase is to be 77 percent of the inductance in
part (a), what would be th
G'M R of each new conductor in the bundle? o

a b c
@—D12:8m——@—D23=8m—@

D13 = 16 m

FIGURE 4.28 "
Conductor layout for Problem 4.8 (a).

a b C

0,0 0,0

40~ ! 010

D2 =8m D23=8m~—>:

i

D13 =16m-——

FIGURE 4.29

Conductor layout for Problem 4.8 (b).

4.9. A three-phase transposed line is composed of one ACSR, 1,431,000-cmil,

47/7 Bobolink conductor per phase with flat horizontal spacing of 11 m as
shown in Figure 4.30. The conductors have a diameter of 3.625 cm and a
GMR of 1.439 cm. The line is to be replaced by a three-conductor bun-
dle of ACSR, 477,000-cmil, 26/7 Hawk conductors having the same cross-
sectional area of aluminum as the single-conductor line. The conductors have
a diameter of 2.1793 cm and a GMR of 0.8839 cm. The new line will also
have a flat horizontal configuration, but it is to be operated at a higher volt-
age and therefore the phase spacing is increased to 14 m as measured from
the center of the bundles as shown in Figure 4.31. The spacing between the
conductors in the bundle is 45 cm. Determine

(a) The percentage change in the inductance.
(b) The percentage change in the capacitance.

b

[
“— Dy =11m -—@— Doz =11m ‘_@

D13 = 22 m

FH:URE 4.30
Limuluctor layout for Problem 4.9 (a).

c

b
O O

0,0 0,0 00
~ 45 ~ ! ’

l<___1)12:14111——-»14——1)23:14111—‘**'I

D13 =28 m

FIGURE 4.31
onductor layout for Problem 4.9 (b).

4.10. A single-circuit three-phase transposed transmission line is composed of four

ACSR, 1,272,000-cmil conductor per phase with horizontal configuration as
shown in Figure 4.32. The bundle spacing is 45 cm. The conductor code
name is pheasant. In MATLAB, use command acsrgui to find the conductor
diameter and its G M R. Determine the inductance and capacitance per phase
per kilometer of the line. Use function [GMD, GMRL, GMRC] =gmd,
(4.58) and (4.92) in MATLAB to verify your results,
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FIGURE 4.32
Conductor layout for Problem 4.10.

4.11. A double circuit three-phase transposed line is composed of two ACSR, 2,

167, 000-cmil, 72/7 Kiwi conductor per phase with vertical configuration as
shown in Figure 4.33. The conductors have a diameter of 4.4069 cm and a
G MR of 1.7374 cm. The bundle spacing is 45 cm. The circuit arrangement is
a1bicy, cobaag. Find the inductance and capacitance per phase per kilometer
of the line. Find these values when the circuit arrangement is a1 by cy, asbocy.
Use function [GMD, GMRL, GMRC] =gmd, (4.58) and (4.92) in MATLAB
to verify your results,

al C2

o]e» Sara; = 16m - O

Hi; = 10m

ai C9
@—ﬂ—{Q
D D
(s 2D

D D
\®‘D—@/
1 a2

FIGURE 4.34
Conductor layout for Problem 4.12.
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FIGURE 4.33
Conductor layout for Problem 4.11.

4.12. The conductors of a double-circuit three-phase transmission line are placed

on the corner of a hexagon as shown in Figure 4.34. The two circuits are
in parallel and are sharing the balanced load equally. The conductors of the
circuits are identical, each having a radius r. Assume that the line is sym-
metrically transposed. Using the method of GMD, determine an expression
for the capacitance per phase per meter of the line.

4.13.

A 60-Hz, single-phase power line and a telephone line are parallel to each
other as shown in Figure 4.35. The telephone line is symmetrically posi-
tioned directly below phase b. The power line carries an rms current of 226
A. Assume zero current flows in the ungrounded telephone wires. Find the
magnitude of the voltage per km induced in the telephone line.

b

&

Sm O

c d
G—2'm—©

FIGURE 4.35
Conductor layout for Problem 4.13.

4.14.

4.15.

A three-phase, 60-Hz untransposed transmission line runs in parallel with
a telephone line for 20 km. The power line carries a balanced three-phase
rms current of I, = 320/0° A, I, = 320/-120° A, and I, = 320/-240°
A. The line configuration is as shown in Figure 4.36. Assume zero current
flows in the ungrounded telephone wires. Find the magnitude of the voltage
induced in the telephone line.

Since earth is an equipotential plane, the electric flux lines are forced to cut
the surface of the earth orthogonally. The earth effect can be represented by
placing an oppositely charged conductor a depth H below the surface of the
earth as shown in Figure 4.37(a). This configuration without the presence
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FIGURE 4.36
Conductor layout for Problem 4.14.

of the earth will produce the same field as a single charge and the earth sur-
face. This imaginary conductor is called the image conductor. Figure 4.37(b)
shows a single-phase line with its image conductors. Find the potential dif-
ference V4, and show that the equivalent capacitance to neutral is given by

2me
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(a) Earth plane replaced (b) Single-phase line and its image
by image conductor

FIGURE 4.37
Conductor layout for Problem 4.15.

CHAPTER

S

LINE MODEL
AND PERFORMANCE

5.1 INTRODUCTION
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FIGURE 4.36
Conductor layout for Problem 4.14.

of the earth will produce the same field as a single charge and the earth sur-
face. This imaginary conductor is called the image conductor. Figure 4.37(b)
shows a single-phase line with its image conductors. Find the potential dif-
ference V,; and show that the equivalent capacitance to neutral is given by
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(a) Earth plane replaced (b) Single-phase line and its image

by image conductor

FIGURE 4.37
Conductor layout for Problem 4.15.
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5.1 INTRODUCTION

In Chapter 4 the per-phase parameters of transmission lines were obtained. This
chapter deals with the representation and performance of transmission lines under
normal operating conditions. Transmission lines are represented by an equivalent
model with appropriate circuit parameters on a “per-phase” basis. The terminal
voltages are expressed from one line to neutral, the current for one phase and, thus,
the three-phase system is reduced to an equivalent single-phase system.

The mode] used to calculate voltages, currents, and power flows depends on
the length of the line. In this chapter the circuit parameters and voltage and current
relations are first developed for “short” and “medium” lines. Problems relating to
the regulation and losses of lines and their operation under conditions of fixed
terminal voltages are then considered.

Next, long line theory is presented and expressions for voltage and current
along the distributed line model are obtained. Propagation constant and character-
istic impedance are defined, and it is demonstrated that the electrical power is being
transmitted over the lines at approximately the speed of light. Since the terminal
conditions at the two ends of the line are of primary importance, an equivalent
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7 model is developed for the long lines. Several MATLAB functions are developed
for calculation of line parameters and performance. Finally, line compensations are
discussed for improving the line performance for unloaded and loaded transmission
lines.

5.2 SHORT LINE MODEL

Capacitance may often be ignored without much error if the lines are less than
about 80 km (50 miles) long, or if the voltage is not over 69 kV. The short line
model is obtained by multiplying the series impedance per unit length by the line
length.

Z = (r+jwL)¢
=R+3jX 5.D

where 7 and L are the per-phase resistance and inductance per unit length, respec-
tively, and ¢ is the line length. The short line model on a per-phase basis is shown
in Figure 5.1. Vg and g are the phase voltage and current at the sending end of the
line, and V and Iy, are the phase voltage and current at the receiving end of the
line.

Ig 4Z=R+jX i
+ +
Vs Vr Sk
FIGURE 5.1

Short line model.

If a three-phase load with apparent power Sps4) is connected at the end of
the transmission line, the receiving end current is obtained by

S;? (25
l T el .
R 31 T (5 2)

The phase voltage at the sending end is

Vg = VR+Z]R (5.3)

and since the shunt capacitance is neglected, the sending end and the receiving end
current are equal, L.e.,

Is = Ig (5.4)

The transmission line may be represented by a two-port network as shown in F-igur.e
5.2, and the above equations can be written in terms of the generalized circuit
constants commonly known as the ABC D constants

I S I R
o] —>—
+ +
Vs ABCD Vr
FIGURE 5.2

Two-port representation of a transmission line.

Vg = AVr + Blp (53)
e o (5.6)
. s f
or in matrix form Vs] [A B { Vi } (5.7)
Is | | C D Ip

According to (5.3) and (5.4), for short line model
A=1 B=7Z (C=0 D=1 (5.8)

Voltage regulation of the line may be defined as the percentage change in‘ voltgge
at the receiving end of the line (expressed as percent of full-load voltage) in going
from no-load to full-load.

Vawn| —VeEn! o0 (5.9)
\Va(rp)!

Percent VR =

At no-load I'r = 0 and from (5.5)

Vs
Ve = -2 (5.10)

For a short line, A = 1 and Vgz(nyy = V5. Voltage regulation is a measure of
line voltage drop and depends on the load power factor. Voltage regulation will be



Vs Vs The receiving end voltage per phase is

I o
N 21p o . Vg = 22?/%0 = 127/0° kV
3 Zin R Or o .
\J('JIZ v n v : The apparent power is
R
(a) Lagging pf load (b) Upf load (c) Leading pf load Shze) = 381Lcos™! 0.8 = 381/36.87° = 304.8 + j228.6 MVA
LN BT The current per phase is given by
Phasor diagram for short line.
S* _ 0 3
. . iy . . Ip= 2R 381388 X107 _ 000, 6870 A
poorer at low lagging power factor loads. With capacitive loads, Le., leading power 3V3 3 x 127/0°
factor loads, regulation may become negative. This is demonstrated by the phasor )
diagram of Figure 5.3. From (5.3) the sending end voltage is
Once the sending end voltage is calculated the sending-end power is obtained ) o -3
by I Vs = Vi + ZIg = 127/0° + (6 + j20)(1000£ — 36.87°)(1077)
* = 144.33/4.93° kV
Ss(3g) = 3Vslg (5.11)
The total line loss is then given by The sending end line-to-line voltage magnitude is
Si3¢) = Ss(3¢) — Sr(3e) (5.12) syl = V3|Vs| = 250 kV

and the transmission line efficiency is given by The sending end power is

Prg) : ) o _ 13
= Poag) ©.13) | Ss(as) = 3VsIf = 3 x 144.33/4.93 x 1000£36.87° x 10

= 322.8 MW + j288.6 Mvar

where PR(gd)) and Pg 3, are the total real power at the receiving end and sending — 433/41.8° MVA

end of the line, respectively.

Example 5.1 (chpSex]) ! Voltage regulation is

A 220-kV, three-phase transmission line is 40 km long. The resistance per phase | Percent VR — 250 — 220 x 100 = 13.6%
is 0.15 §2 per km and the inductance per phase is 1.3263 mH per km. The shunt - 220

capacitance is negligible. Use the short line model to find the voltage and power at T . .

the sending end and the voltage regulation and efficiency when the line is supply- ' USROS

ing a three-phase load of l'

_ Prag) _ 30438

(a) 381 MVA at 0.8 power factor lagging at 220 kV. Ps(ag) 3228
(b) 381 MVA at 0.8 power factor leading at 220 kV.

x 100 = 94.4%

(b) The current for 381 MVA with 0.8 leading power factor is

(a) The series impedance per phase is ; S;%(sqs) 381/36.87° x 103
g -

= - —— = 1000/36.87° A
Z = (r+jwL)t = (0.15+ j2m x 60 x 1.3263 x 10%)40 = 6 + 20 Q 3V 3% 12740
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Vs =Vr+ZIr = 127/0° 1 (6 + 720)(1000£36.87°) (10
=121.39/9.29° kv

The sending end line-to-line voltage magnitude is

Wse-1)l = V3Vs = 210.96 kv
The sending end power is
Ss(ap) = 3Vslt =3 x 121.39/9.99 10004 ~ 36.87° x 10~3

=322.8 MW — j168.6 Mvar
= 364.18/ — 27.58° MVA

Voltage regulation is

210.26 — 220
Percent VR =
nt VR 550 X 100 = —4.43%

Transmission line efficiency is

_ PR(_3¢>) 3048

77 = S —_—
Pysey | 3223 x 100 = 94.4%

5.3 MEDIUM LINE MODEL

o> AN o >—0
48 +
Voo =3 7+ Ve
4 3
FIGURE 5.4

Nominal m model for medium length line.

From KCL the current in the series impedance designated by [, is
Y
IL=IR+§VR (5.15)

From KVL the sending end voltage is

Ve =Vr+ 21 (5.16)
Substitating for I, from (5.15), we obtain
Vs = (1+%Z> Vi + ZIR 5.17)
The sending end current is
Is=Ip + Vs (5.18)
Substituting for I, and Vg
IS:Y(1+~Z—£:>VR+<1+—Z§X)IR (5.19

Comparing (5.17) and (5.19) with (5.5) and (5.6), the ABCD constants for the
nominal 7 model are given by

A= (H%’.’.) B=2 (5.20)
C:Y(H%) D:(1+~Z~2~}i> (5.21)

In general, the ABC'D constants are complex and since the 7 model is a symmet-
rical two-port network, A = D. Furthermore, since we are dealing with a linear



passive, bilateral two-port network, the determinant of the transmission matrix in
(5.7) is unity, i.e.,

AD-BC =1 (5.22)

Solving (5.7), the receiving end quantities can be expressed in terms of the sending

end quantities by
Vel D -B Vs
[ Ir J a { -C A } [ Ig ] —

Two MATLAB functions are written for computation of the transmission matrix.
Function [ Z, Y, ABCD ] = rlc2abed(r, L, C, g, f, Length) is used when resistance
in ohm, inductance in mH and capacitance in yF per unit length are specified, and
function [Z, Y, ABCD ] = zy2abcd(z, y, Length) is used when series impedance
in ohm and shunt admittance in siemens per unit length are specified. The above
functions provide options for the nominal 7 model and the equivalent 7 model
discussed in Section 5.4.

Example 5.2 (chpSex2)

A 345-kV, three-phase transmission line is 130 km long. The resistance per phase
is 0.036 €2 per km and the inductance per phase is 0.8 mH per km. The shunt ca-
pacitance is 0.0112 uF per km. The receiving end load is 270 MVA with 0.8 power
factor lagging at 325 kV. Use the medium line model to find the voltage and power
at the sending end and the voltage regulation.

The function [Z, Y, ABCD] = ric2abed(r, L, C, g, f, Length) is used to obtain the
transmission matrix of the line. The following commands

r=.036; g=0; f=60;

L =0.8; % milli-Henry

C=0.0112; % micro-Farad

Length = 130; VR3ph = 325;

VR = VR3ph/sqrt(3) + j*0; % kV (receiving end phase voltage)
[Z, Y, ABCD] = rlc2abecd(r, L, C, g, f, Length);

AR = acos(0.8);

SR = 270*(cos(AR) + j*sin(AR)); % MVA (receiving end power)
IR = conj(SR)/(3*conj(VR)); % kA (receiving end current)
VsIs = ABCD* [VR; IR]; % column vector [Vs; Is]
Vs = VsIs(1);

Vs3ph = sqrt(3)*abs(Vs); % kV(sending end L-L voltage)
Is = VsIs(2); Ism = 1000%abs(Is);% A (sending end current)
pfs= cos(angle(Vs)- angle(Is)); ¥% (sending end power factor)
Ss = 3*Vs*conj(Is); % MVA (sending end power)

REG = (Vs3ph/abs(ABCD(1,1)) - VR3ph)/VR3ph *100;

fprintf(’ Is = g A’, Ism), fprintf(’ pf = %g’, pfs)
fprintf(’ Vs = %g L-L kV’, Vs3ph)

fprintf(’ Ps = %g MW’, real(Ss)),

fprintf(’ Qs = %g Mvar’, imag(Ss))

fprintf(’ Percent voltage Reg. = %g’, REG)

result in

Enter 1 for Medium line or 2 for long line — 1
Nominal 7 model
Z =4.68 + j 39.2071 ohms

Y =0 + j 0.000548899 siemens
ABCD — | 0-98924 + j 0.0012844 4.68  + j 39.207

T | -3.5251e~07 + j 0.00054595 0.98924 + j 0.0012844
Is = 421.132 A pf = 0.869657
Vs = 345.002 L-L kV
Ps = 218.851 MW Qs = 124.23 Mvar

Percent voltage Reg. = 7.30913

Example 5.3  (chp5ex3)

A 345-kV, three-phase transmission line is 130 km long. The series impedance is
z = 0.036+70.3  per phase per km, and the shunt admittance is y = j4.22x 1075
siemens per phase per km. The sending end voltage is 345 kV, and the sending end
current is 400 A at 0.95 power factor lagging. Use the medium line model to find
the voltage, current and power at the receiving end and the voltage regulation.

The function [Z, Y, ABCD] = zy2abcd(z, y, Length) is used to obtain the trans-
mission matrix of the line. The following commands

j*4.22/1000000; Length = 130;

z= .036 + j* 0.3; y =
0.4; %ka;

Vs3ph = 345; Ism =
As = -aco0s(0.95);
Vs = Vs3ph/sqrt(3) + j*0; % kV (sending end phase voltage)

Is = Ismx(cos(As) + j*sin(As));
[Z,Y, ABCD] = zy2abcd(z, y, Length);

Vrir = inv(ABCD)* [Vs; Is]; % column vector [Vr; Ir]
Vr = Vrir(1);
Vr3ph = sqrt(3)*abs(Vr); % kV(receiving end L-L voltage)

Ir = VrIr(2); Irm = 1000*abs(Ir); % A (receiving end current)
pfr= cos(angle(Vr)- angle(Ir)); ¥%(receiving end power factor)
Sr = 3xVr*conj(Ir); % MVA (receiving end power)



REG = (Vs3ph/abs(ABCD(1,1)) - Vr3ph)/Vr3ph *100;
fprintf(* Ir = Jg A’, Irm), fprintf(’ pf = g’, pfr)
fprintf(’ Vr = g L-L kV’, Vr3ph)

fprintf(’ Pr = Y%g MW’, real(Sr))

fprintf(’ Qr = %g Mvar’, imag(Sr))

fprintf(’ Percent voltage Reg. = %g’, REG)

result in

Enter 1 for Medium line or 2 for long line — 1
Nominal 7 model

Z = 4.68 + j 39 ohms
Y =0+ j 0.0005486 siemens
ABCD — 0.9893 + j 0.0012837 4.68 + j 39
~ | -3.5213e-07 + j 0.00054565 0.9893 -+ j 0.0012837
Ir = 441.832 A pf = 0.88750
Vr = 330.68 L-L kV
Pr = 224.592 My Qr = 116.612 Mvar

Percent voltage Reg. = 5.45863

5.4 LONG LINE MODEL

For the short and medium length lines reasonably accurate models were obtained
by assuming the line parameters to be lumped. For lines 250 km (150 miles) and
longer and for a more accurate solution the exact effect of the distributed param-
eters must be considered. In this section expressions for voltage and current at
any point on the line are derived. Then, based on these equations an equivalent 7
model is obtained for the long line. Figure 5.5 shows one phase of a distributed line
of length ¢ km,

The series impedance per unit length is shown by the lowercase letter z, and
the shunt admittance per phase is shown by the lowercase letter y, where z =
T+ jwL and y = ¢ + jwC. Consider a small segment of line Axr at a distance =
from the receiving end of the line. The phasor voltages and currents on both sides
of this segment are shown as a function of distance. From Kirchhoff’s voltage law

V(z+ Az) =V(z)+ z Az I(x) (5.24)
or

Viz+ Az) — V(x)
Az

=z[(x) (5.25)

y

o
!
|
|
|

+ + + +
Vs Viz+Az)" - yAz yAz —~ V(x) Vi
< Az i z
I I
FIGURE 5.5

Long line with distributed parameters.

Taking the limit as Az — 0, we have

g%”‘il )

Also, from Kirchhoff’s current law

Ie 4+ Az) = I(z) + y Az V(z + Ax)

Iz + Az) — I(z)

=yVi+A
L yV(s+A)
Taking the limit as Az — 0, we have
dl{x ,
d< ) = yVi(z)
i
Differentiating (5.26) and substituting from (5.29), we get
d*V () _ . dl(z)
dz? N dx
= zyV(z)
|.|.'t
7 =2y

Ihe following second-order differential equation will result.

d*V(z)

dﬂfz - 72 V($) =0

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)



The solution of the above equation is
Viz) = A1e7® + Aqe™® (5.33)

(v;h;:;? 7, known as the propagation constant, is a complex expression given by
3Dor

Y=a+j8 = /2y = \/(T+ij)(g + jwC') (5.34)

Tl?e real part o is known as the attenuation constant, and the imaginary component
3 is known as the phase constant. {3 is measured in radian per unit length.
From (5.26), the current is

I(z) = g@%ﬁ = LA™ — ™)
= \/g (A1€™ — Aye™?) (5.35)
or
I(@ = Zic(AleW - Aze"ﬂ) (5.36)

where Z, is known as the characteristic impedance, given by

Ze = \/g (5.37)

To find the constants A; and A we note that when z =0, V(z) = Vg, and
I(z) = Ig. From (5.33) and (5.36) these constants are found to be

4, _ Vit Zly
2
‘ VR“ZCIR

A
2 2

(5.38)

Upon substitution in (5.33) and (5.36), the general expressions for voltage and
current along a long transmission line become

_Vr+ZlIp Ve - 2.1
Viz) = ———=¢" + —T——R—e*ﬂ (5.39)
173Ny Ve
I(z)=2 "o 2. 'R 5 B e (5.40)

The equations for voltage and currents can be rearranged as follows:

YT —YT YT __ YT

Ve)=""TF%_ +2€ Ve+ 2.5 26 Ip (5.41)
1 e’ —e % e’ e "

I(z) = — V; I 42

(@)= —5Va+t—5—Ir (5.42)

Recognizing the hyperbolic functions sinh, and cosh, the above equations are writ-
ten as follows:

V(z) = coshyx Vg + Z.sinhvyz I (5.43)
1
I{x) = A sinh y& Vi + coshvyz Iy (5.44)

[
We are particularly interested in the relation between the sending end and the re-
ceiving end of the line. Setting x = ¢, V() = V; and I(¢) = I, the result is

Ve =coshvf Vg + Z.sinh~¢ Ig (5.45)
1
I, = = sinh v Vg + cosh £ Iy (5.46)
Rewriting the above equations in terms of the ABC' D constants as before, we have
V¢ | | A B Vr

[Is}—{c DHIR] 47

where
A = cosh~¢ B = Z_.sinh~f (5.48)
C= —Z}- sinhv¢ D = cosh~{ (5.49)

&4

Note that, as before, A = D and AD — BC = 1.

It is now possible to find an accurate equivalent 7 model, shown in Figure 5.6,
to replace the ABC D constants of the two-port network. Similar to the expressions
(5.17) and (5.19) obtained for the nominal r, for the equivalent 7 model we have

t 1
Vg = (1 + ) Vr+ Z'Ig (5.50)
/Y/ Z/y/

Comparing (5.50) and (5.51) with (5.45) and (5.46), respectively, and making use
of the identity

hlg = % (5.52)

t
iy sinh v/



the parameters of the equivalent 7 model are obtained.

Z' = Z,sinhyt = 75207E (5.53)
v

Y o1 v¢ Y tanh~//2

—— = e t h — T

5 Z an 5 2 A0/ (5.54)

! psinhyf
7' = 7%k

FIGURE 5.6
Equivalent 7 model for long length line,

The functions [Z, Y, ABCD | = rle2abed(r, L, C, g, f, Length) and [Z, Y,
ABCD ] =‘zy'2abcd(z, ¥, Length) with option 2 can be used for the evaluation of
the transmission matrix and the equivalent m parameters. However, Example 5.4

shows how these hyperbolic functions can be evaluated easily with simple MAT-
LAB commands.

Example 5.4  (chp5ex4)

A 500-kV, thrt_:e—phase transmission line is 250 km long. The series impedance is
z = 0.045 + j0.4 Q2 per phase per km and the shunt admittance is y = j4 x 1076

siemfans per phase per km. Evaluate the equivalent 7 model and the transmission
matrix

The following commands

z = 0.045 + j*.4; y = j*4.0/1000000; Length = 250;
gamma = sqrt(z*y); Zc = sqrt(z/y);

A = cosh(gamma*Length); B = Zcxsinh(gamma*Length) ;
C = 1/Zc * sinh(gammaxLength); D = A;

ABCD = [A B; C D]

Z =B; Y =2/Zc * tanh(gamma*Length/2)

it n

result in

.

ABCD =
0.9504 + 0.00651 10.8778 +98.36241
-0.0000 + 0.00101 0.9504 + 0.00551
7 =
10.8778 +98.3624i
Y =

0.0000 + 0.00101

5.5 VOLTAGE AND CURRENT WAVES

The rms expression for the phasor value of voltage at any point along the line is
given by (5.33). Substituting « + j/3 for 7, the phasor voltage is

V(z) = A1e®®edP® 4 g™ IPx

Transforming from phasor domain to time domain, the instantaneous voltage as a
function of ¢ and « becomes

v(t, ) = V2R A1e®2dWHH8T) | /IR Aje 0%l Wi=Fa) (5.55)

As z increases (moving away from the receiving end), the first term becomes larger
because of e** and is called the incident wave. The second term becomes smaller
because of e™*” and is called the reflected wave. At any point along the line, volt-
age is the sum of these two components.

v(t,z) = v (t, z) + vo(t, z) (5.56)

where
vi(t, ) = V2 A1e™® cos(wt + Bx) (5.57)
va(t, ) = V2 Age ™" cos(wt — Bz) (5.58)

As the current expression is similar to the voltage, the current can also be consid-
ered as the sum of incident and refiected current waves.

Equations (5.57 ) and (5.58 ) behave like traveling waves as we move along
the line. This is similar to the disturbance in the water at some sending point. To see
this, consider the reflected wave v, (¢, z) and imagine that we ride along with the
wave. To observe the instantaneous value, for example the peak amplitude requires
that

2K

w
wt— P =2Kn or = —
P BB
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Thus, to keep up with the wave and observe the peak amplitude we must travel
with the speed

dr w
—_—= — 59
da p (5:59)
Thus, the velocity of propagation is given by
w  2nf
U= — = (5.60)
g B

The wavelength \ or distance x on the wave which results in a phase shift of 27
radian is

BA =2m
or
21
A= 5.61
3 (5.61)

When line losses are neglected, i.e., when ¢ = 0 and r = 0, the real part of the
propagation constant « = (), and from (5.34) the phase constant becomes

B=wvLlC (5.62)

Also, the characteristic impedance is purely resistive and (5.37) becomes

L ,
4:¢; (5.63)

which is commonly referred to as the surge impedance. Substituting for 3 in (5.60)
and (5.61), for a lossless line the velocity of propagation and the wavelength be-
come

(5.64)

=
Q

A= e 5.65)
fVLC (
The expressions for the inductance per unit length L and capacitance per unit length
C' of a transmission line were derived in Chapter 4, given by (4.58) and (4.91).
When the internal flux linkage of a conductor is neglected GMR; = GMR, and
upon substitution (5.64) and (5.65) become

v~ 111050 (5.66)
1
A T (5.67)

Substituting for g = 47 x 1077 and g9 = 8.85 x 10712, the velocity of the wave
is obtained to be approximately 3 x 10® m/sec, i.e., the velocity of light. At 60 Hz,
the wavelength is 5000 km. Similarly, substituting for L and C in (5.63), we have

1 Ho GMD
Ze= 5\ o M GHR.
GMD
~ 601 .
60 1n GMR. (5.68)

For typical transmission lines the surge impedance varies from approximately 4002
for 69-kV lines down to around 250 2 for double-circuit 765-kV transmission lines.

For a lossless line v = j/3 and the hyperbolic functions cosh vz =cosh jfz =
cos Bz and sinh yx = sinh j8z = jsin Bz, the equations for the rms voltage and
current along the line, given by (5.43) and (5.44), become

V(z) = cos Bz Vg + jZ.sin B Ig (5.69)
1
I{z) = j? sin Bz Vg + cos Bx Ig (5.70)

At the sending end = = ¢
Ve =cosfBl Vi + jZ.sin Bl Ig (5.71)
1
Ig :j7 sin 3¢ Vg + cos 1 (5.72)

C
For hand calculation it is easier to use (5.71) and (5.72), and for more accurate
calculations (5.47) through (5.49) can be used in MATLAB. The terminal conditions
are readily obtained from the above equations. For example, for the open-circuited
line I = 0, and from (5.71) the no-load receiving end voltage is

Vs

%W:EW (5.73)

At no-load, the line current is entirely due to the line charging capacitive current
and the receiving end voltage is higher than the sending end voltage. This is evident
from (5.73), which shows that as the line length increases 3¢ increases and cos 3¢
decreases, resulting in a higher no-load receiving end voltage.

For a solid short circuit at the receiving end, Vg = 0 and (5.71) and (5.72)
reduce to

Vg = jZ.sinBl IR (5.74)
Ig =cosplig (5.75)

The above equations can be used to find the short circuit currents at both ends of
the line.
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5.6 SURGE IMPEDANCE LOADING

When the line is loaded by being terminated with an impedance equal to its char-
acteristic impedance, the receiving end current is

Ip=

l;g (5.76)

For a lossless line Z, is purely resistive. The load corresponding to the surge
impedance at rated voltage is known as the surge impedance loading (SIL), given
by

2
SIL = 3VRI} = 3IVEl (5.77)
C
Since Vk = Vi atea/v/3, SIL in MW becomes
2

SIL = ULVAZ:M)_ MW (5.78)

Substituting for I3 in (5.69) and Vg in (5.70) will result in
V(x) = (cos Bz + jsin Bx)Vr or V(z) = Vg/Bz (5.79)
I(x) = (cos Bz + jsin Bz)lp or I(x)=Ix!Bz (5.80)

Equations (5.79) and (5.80) show that in a lossless line under surge impedance
loading the voltage and current at any point along the line are constant in magnitude
and are equal to their sending end values. Since Z, has no reactive component,
there is no reactive power in the line, Qs = Qgr = 0. This indicates that for
SIL, the reactive losses in the line inductance are exactly offset by reactive power
supplied by the shunt capacitance or wL|Ig|? = wC|Vg|?. From this relation, we
find that Z, = Vr/Igp = V' L/C, which verifies the result in (5.63). SIL for
typical transmission lines varies from approximately 150 MW for 230-kV lines to
about 2000 MW for 765-kV lines. ST/, is a useful measure of transmission line
capacity as it indicates a loading where the line’s reactive requirements are small.
For loads significantly above S L, shunt capacitors may be needed to minimize
voltage drop along the line, while for light loads significantly below ST, , shunt
inductors may be needed. Generally the transmission line full-load is much higher
than SIL. The voltage profile for various loading conditions is illustrated in Figure
5.11 (page 182) in Example 5.9(h).

&

Example 5.5 (chp5ex5)

A three-phase, 60-Hz, 500-kV transmission line is 300 km long. The line induc-
tance is 0.97 mH/km per phase and its capacitance is 0.0115 puF/km per phase.
Assume a lossless line.

(a) Determine the line phase constant 3, the surge impedance Z¢, velocity of prop-

agation v and the line wavelength A. .
(b) The receiving end rated load is 800 MW, 0.8 power factpr lagging at 500 kV.
Determine the sending end quantities and the voltage regulation.

(a) For a lossiess line, from (5.62) we have

B =wVLC = 21 x 60v/0.97 x 0.0115 x 10~ = 0.001259 rad/km

and from (5.63)

-3
AR L 3 B
¢ C 0.0115 x 10~

Velocity of propagation is
1 1
- VIC  V0.97 x 0.0115 x 10-9

and the line wavelength is

=2.994 x 10° km/s

v

A=Y = L9004 x 107) = 4990 km

7= 60
(b) 54 = 0.001259 x 300 = 0.3777 rad = 21.641°

The receiving end voltage per phase is

~500£0°
VB

The receiving end apparent power is

Vr = 288.675/0° kV

800 . ‘
Sn(ss) = g Leos ™! 0.8 = 1000/36.87° = 800 + j600 MVA

The receiving end current per phase is given by

Sk 1000/ — 36.87° x 10°

= = = 1154.7/ — 36.87° A
3V3 3 x 288.675/0°




From (5.71) the sending end voltage is

Vs =cos B3¢ Vg +jZ.sin Bl Ip
= (0.9295)288.675.0° + j(290.43)(0.3688) (1154.7/ — 36.87°)(10~%)
= 356.53/16.1° kV

The sending end line-to-line voltage magnitude is
Vs—1)l = V3|Vs| = 617.53 kV

From (5.72) the sending end current is

1
Is :j—Z—sinﬁE VR + cos 5L Ip

1
= J 55513 (0-3688)(288.675£0°) (10%) + (0.9205)(1154.7/ — 36.87°)
=902.3/ - 17.9° A

The sending end power is

Ss3e) = 3Vsly =3 x 356.53/16.1 x 902.3/—17.9° x 1073
=800 MW + j539.672 Mvar
= 965.1/34° MVA

Voltage regulation is

356.53/0.9295 — 288.675
288.675

The line performance of the above transmission line including the line re-
sistance is obtained in Example 5.9 using the lineperf program. When a line is
operating at the rated load, the exact solution results in Vs(r-1) = 623.5/15.57°
kV, and I, = 903.1/—17.7° A. This shows that the lossless assumption yields
acceptable results and is suitable for hand calculation.

Percent VR = x 100 = 32.87%

5.7 COMPLEX POWER FLOW
THROUGH TRANSMISSION LINES

Specific expressions for the complex power flow on a line may be obtained in terms
of the sending end and receiving end voltage magnitudes and phase angles and the
ABCD constants. Consider Figure 5.2 where the terminal relations are given by
(5.5) and (5.6). Expressing the ABC'D constants in polar form as A = |A|/604,

B = |B|/0p, the sending end voltage as Vs = |Vs|/d, and the receiving end
voltage as reference Vi = |Vg|/0, from (5.5) I can be written as

_ |Vsi46 — |A|£04]VR|£0

Ig

|B|L0p
Vs |AllVE]
=20/5 0 — L4 —0p (5.81)
B B
The receiving end complex power is
Sr3¢) = Prag) + 1Qr3¢) = 3VrIp (5.82)
Substituting for Iz from (5.81), we have
Vsl Vel | Al Va|*
S =3 l0p — 0 —3——=—/6p — 04 (5.83)
BT |B]
or in terms of the line-to-line voltages, we have
Vi - AllVe(r—11]?
Srissy = ‘VS(LwLI)g‘R(L LHMB e |All ff(;[ 0l 05— 0. (5.8

The real and reactive power at the receiving end of the line are

2

PR(3¢>) _ iVS(L—L‘)g“/R(L—L)l cos(0p—8) — %L‘__Eﬂ_ cos(fp—04) (5.85)
2

QR(3¢) — |VS(L—L‘)|BP!/R(L—L)| sin(0p—8) — &?%L{‘—L)I‘ sin(fp—04) (5.86)

The sending end power is

Ssae) = Pszey + 7Qs3¢) = Vs (5.87)
From (5.23), Is can be written as

_ |Al£04|Vs[L6 — |VR|£0

Is |B| 65

(5.88)

Substituting for Ig in (5.87) yields

AllVsi—ny? Vor—lVai—
Ps(ag) = L!Sg!'—ﬂtcos(eg—%) = | S(L Ll)g{R(L o) cos(0p+6) (5.89)
|A|Vs(p-1)? ~ WVsw-p) Ve -1l

@s(36) = B sin(0p—6a) B sin(6p+4) (5.90)
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The real and reactive transmission line losses are

Prag) = Ps(3g) — Pr(se) (5.91)
QLis) = Qs3g) — Qrizg) (5.92)

The locus of all points obtained by plotting Q R(39) Versus Ppsy) for fixed
line voltages and varying load angle ¢ is a circle known as the receiving end power
circle diagram. A family of such circles with fixed receiving end voltage and vary-
ing sending end voltage is extremely useful in assessing the performance character-
istics of the transmission line. A function called pwreirc(ABCD) is developed for
the construction of the receiving end power circle diagram, and its use is demon-
strated in Example 5.9(g).

For a lossless line B = j X/, 04 = 0,0p = 90°, and A = cos 8¢, and the
real power transferred over the line is given by

Vorr— i\ Veer_
Py, = Vs L))’(’/ R(L—L)] . oo

and the receiving end reactive power is

2

Onas = IVS(L—L))IJ}/R(L—L)‘ o5 WR()L(—/L)I .
Eor a given system operating at constant voltage, the power transferred is propor-
tional to the sine of the power angle 4. As the load increases, § increases. For
a lossless line, the maximum power that can be transmitted under stable steady-
state condition occurs for an angle of 90°. However, a transmission system with
its connected synchronous machines must also be able to withstand, without loss
of stability, sudden changes in generation, load, and faults. To assure an adequate

margin of stability, the practical operating load angle is usually limited to 35 to
45°.

os ¢ (5.94)

5.8 POWER TRANSMISSION CAPABILITY

The power handling ability of a line is limited by the thermal loading limit and
the stability limit. The increase in the conductor temperature, due to the real power
loss, stretches the conductors. This will increase the sag between transmission tow-
ers. At higher temperatures this may result in irreversible stretching. The thermal
?imit is specified by the current-carrying capacity of the conductor and is available
in the manufacturer’s data. If the current-carrying capacity is denoted by Linermals
the thermal loading limit of a line is

Sthermal = 3V¢rated]thermal (595)
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The expression for real power transfer over the line for a lossless line is given
by (5.93). The theoretical maximum power transfer is when § = 90°. The practical
operating load angle for the line alone is limited to no more than 30 to 45°. This
is because of the generator and transformer reactances which, when added to the
line, will result in a larger 0 for a given load. For planning and other purposes, it is
very useful to express the power transfer formula in terms of SIL, and construct
the line loadability curve. For a lossless line X' = Z.sin ¢, and (5.93) may be
written as

- Vrir- B i
Py = W)\ (Vei-y)l\ (Ve sin ) (5.96)
Viated Viated Ze sin 3¢
The first two terms within parenthesis are the per-unit voltages denoted by Vs, and
VRpu, and the third term is recognized as S7L. Equation (5.96) may be written as
_ [Vspul|[VRpu|SIL i

Fsg sin 54 o
— Wl VQP;‘IS L s (5.97)
sin(<5~)

The function loadabil(L, C, f) obtains the loadability curve and thermal limit curve
of the line. The loadability curve as obtained in Figure 5.12 (page 182) for Example
5.9(i) shows that for short and medium lines the thermal limit dictates the maxi-
mum power transfer. Whereas, for longer lines the limit is set by the practical line
loadability curve. As we see in the next section, for longer lines it may be necessary
to use series capacitors in order to increase the power transfer over the line.

Example 5.6 (chp5ex6)

A three-phase power of 700-MW is to be transmitted to a substation located 315
km from the source of power. For a preliminary line design assume the following
parameters:

Vg = 1.0 per unit, Vg = 0.9 per unit, A = 5000 km, Z. = 320 €2, and
§ = 36.87°
(a) Based on the practical line loadability equation determine a nominal voltage

level for the transmission line.
(b) For the transmission voltage level obtained in (a) calculate the theoretical max-

imum power that can be transferred by the transmission line.
(a) From (5.61), the line phase constant is

[ = 2%6 rad

360 360
= —/ = ——(315) = 22.68°
3 £ 5000(3 5) 68
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From the practical line loadability given by (5.97), we have

700 = (1231((()2'3?()?; gL) sin(36.87°)

Thus
SIL = 499.83 MW

From (5.78)

kVp = \/(ZC)(SIL) = \/(320)(499.83) =400 kV
(b) The equivalent line reactance for a lossless line is given by
X' = Z.sin ¢ = 320sin(22.68) = 123.39 Q

For a lossless line, the maximum power that can be transmitted under steady state
condition occurs for a load angle of 90°. Thus, from (5.93), assuming |Vg| = 1.0
pu and |Vg| = 0.9 pu, the theoretical maximum power is

(400)(0.9)(400)
Pigtmas) = g5 39— (1) = 1167 MW

59 LINE COMPENSATION

We have noted that a transmission line loaded to its surge impedance loading has
no net reactive power flow into or out of the line and will have approximately a flat
voltage profile along its length. On long transmission lines, light loads appreciably
less than STL result in a rise of voltage at the receiving end, and heavy loads ap-
preciably greater than S1L will produce a large dip in voltage. The voltage profile
of a long line for various loading conditions is shown in Figure 5.11 (page 182).
Shunt reactors are widely used to reduce high voltages under light load or open line
conditions. If the transmission system is heavily loaded, shunt capacitors, static var
control, and synchronous condensers are used to improve voltage, increase power
transfer, and improve the system stability.

5.9.1 SHUNT REACTORS

Shunt reactors are applied to compensate for the undesirable voltage effects asso-
ciated with line capacitance. The amount of reactor compensation required on a
transmission line to maintain the receiving end voltage at a specified value can be
obtained as follows.
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i Long line In
+ +
Vs Vr I X Lsh
FIGURE 5.7

Shunt reactor compensation.

Consider a reactor of reactance X5, connected at the receiving end of a
long transmission line as shown in Figure 5.7. The receiving end current is

JX1sh

In (5.98)

Substituting 7 into (5.71) results in

Ze
Vg = Vg(cos B + sin B4)
XLsh

Note that Vg and Vg are in phase, which is consistent with the fact that no real
power is being transmitted over the line. Solving for X, yields

sin 3¢

-2, 5.99
% - cos 3¢ ©-99)

Xish =

For Vg = Vp, the required inductor reactance is

sin gf

XS =T e
Lsh 1-—cospf

(5.100)

To find the relation between [s and I, we substitute for Vg from (5.98) into (5.72)

1
Is = (——Z— sin 84 X on +COS,B£) Ir

Substituting for X, from (5.100) for the case when Vg = Vg results in

Ig = —Ig (5.101)
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With one reactor only at the receiving end, the voltage profile will not be uniform,
and the maximum rise occurs at the midspan. It is left as an exercise to show that
for Vg = Vg, the voltage at the midspan is given by

Vi = —Y%Z (5.102)

cos &

Also, the current at the midspan is zero. The function openline(ABCD) is used to
find the receiving end voltage of an open line and to determine the Mvar of the
reactor required to maintain the no-load receiving end voltage at a specified value.
Example 5.9(d) illustrates the reactor compensation. Installing reactors at both ends
of the line will improve the voltage profile and reduce the tension at midspan.

Example 5.7  (chp5ex7)

For the transmission line of Example 5.5:

(a) Calculate the receiving end voltage when line is terminated in an open circuit
and is energized with 500 kV at the sending end.

(b) Determine the reactance and the Mvar of a three-phase shunt reactor to be in-

stalled at the receiving end to keep the no-load receiving end voltage at the rated
value.

(a) The line is energized with 500 kV at the sending end. The sending end voltage
per phase is

500£0°
Vs = = 288.675 kV

V3

From Example 5.5, Z. = 290.43 and 3¢ = 21.641°.

When the line is open Igr = 0 and from (5.71) the no-load receiving end
voltage is given by

Vg 288.675
cos B¢ 0.9295

The no-load receiving end line-to-line voltage is
VR(L-Lymt) = V3 Vg = 537.9 kV
(b) For V5 = Vg, the required inductor reactance given by (5.100) is

sin(21.641°)
1 — cos(21.641°)

The three-phase shunt reactor rating is

~ (kVigaea)?*  (500)
Q34 = X T 15105 = 164.53 Mvar

= 310.57 kV

VR =

Xpon = (290.43) = 1519.5 Q
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5.9.2 SHUNT CAPACITOR COMPENSATION

Shunt capacitors are used for lagging power factor circuits created by heavy loads.
The effect is to supply the requisite reactive power to maintain the receiving end
voltage at a satisfactory level. Capacitors are connected either directly to a bus bar
or to the tertiary winding of a main transformer and are disposed along the route to
minimize the losses and voltage drops. Given Vg and Vi, (5.85) and (5.86) can be
used conveniently to compute the required capacitor Mvar at the receiving end for a
specified load. A function called shntcomp(ABCD) is developed for this purpose,
and its use is demonstrated in Example 5.9(f).

5.9.3 SERIES CAPACITOR COMPENSATION

Series capacitors are connected in series with the line, usually located at the mid-
point, and are used to reduce the series reactance between the load and the supply
point. This results in improved transient and steady-state stability, more econom-
ical loading, and minimum voltage dip on load buses. Series capacitors have the
good characteristics that their reactive power production varies concurrently with
the line loading. Studies have shown that the addition of series capacitors on EHV
transmission lines can more than double the transient stability load limit of long
lines at a fraction of the cost of a new transmission line.

Long line
Is 1g| I

) i F T
+ . +
—]XCser

Vs Ve “_—j7Xcsn [?

FIHII'RE 5.8
ahuint and series capacitor compensation.

With the series capacitor switched on as shown in Figure 5.8, from (5.93), the
power transfer over the line for a lossless line becomes

Wa-lVra-n)l .
= 4 5.10
S sin (5.103)

P3¢

Where X (., is the series capacitor reactance. The ratio X¢ger/ X’ expressed as a
percentage is usually referred to as the percentage compensation. The percentage
coimpensation is in the range of 25 to 70 percent.



One major drawback with series capacitor compensation is that special pro-
tective devices are required to protect the capacitors and bypass the high current
produced when a short circuit occurs. Also, inclusion of series capacitors estab-
lishes a resonant circuit that can oscillate at a frequency below the normal syn-
chronous frequency when stimulated by a disturbance. This phenomenon is re-
ferred to as subsynchronous resonance (SSR). If the synchronous frequency minus
the electrical resonant frequency approaches the frequency of one of the turbine-
generator natural torsional modes, considerable damage to the turbine-generator
may result. If L’ is the lumped line inductance corrected for the effect of dis-
tribution and C,., is the capacitance of the series capacitor, the subsynchronous
resonant frequency is

1

fr=1fs oo (5.104)
where f; is the synchronous frequency. The function sercomp(ABCD) can be used
to obtain the line performance for a specified percentage compensation. Finally,
when line is compensated with both series and shunt capacitors, for the specified
terminal voltages, the function srshcomp(ABCD) is used to obtain the line per-
formance and the required shunt capacitor. These compensations are also demon-
strated in Example 5.9(f).

Example 5.8  (chp5ex8)

The transmission line in Example 5.5 supplies a load of 1000 MVA, 0.8 power
factor lagging at 500 kV.

(a) Determine the Mvar and the capacitance of the shunt capacitors to be installed
at the receiving end to keep the receiving end voltage at 500 kV when the line is
energized with 500 kV at the sending end.

(b) Only series capacitors are installed at the midpoint of the line providing 40 per-
cent compensation. Find the sending end voltage and voltage regulation.

(a) From Example 5.5, Z. = 290.43 and 3¢ = 21.641°. Thus, the equivalent line
reactance for a lossless line is given by

X' = Z,. sin ¢ = 290.43sin(21.641°) = 107.11 Q
The receiving end power is
Shze) = 1000Zcos ™' (0.8) = 800 + j600 MVA
For the above operating condition, the power angle ¢ is obtained from (5.93)

(500)(500)

800 =
107.11

sin &

-

which results in § = 20.044°. Using the approximate relation given by (5.94), the
net reactive power at the receiving end is

(500)(500) oy (500)? .
107.11 c0s(20.044°) — 0711 cos(21.641°) = 23.15 Mvar

Thus, the required capacitor Mvar is S¢ = j23.15 — 7600 = —j576.85
The capacitive reactance is given by

Qrie) =

Ve (5002
Xo = = = —j433.
C= "o T jamess - /13838 0
or
108
=6.1 uF

¢= 27(60)(433.38)

The shunt compensation for the above transmission line including the line
resistance is obtained in Example 5.9(f) using the lineperf program. The exact so-
lution results in 613.8 Mvar for capacitor reactive power as compared to 576.85
Mvar obtained from the approximate formula for the lossless line. This represents
approximately an error of 6 percent.

(b) For 40 percent compensation, the series capacitor reactance per phase is
Xoer = 04X = 0.4(107.1) = 42.84 Q
The new equivalent 7 circuit parameters are given by
Z' = j(X' = Xoer) = 7(107.1 — 42.84) = j64.26

2 9
Y = = j= tan(B6/2) = j
i tan(Bt/2) = jsga

tan(21.641°/2) = j0.001316 siemens

ihe new B constant is B = j64.26 and the new A constant is given by

z2'Y’ 164.26)(50.001
a=14Z2Y _ USA20)000I8IE) _ ooy
2 2
Ihe receiving end voltage per phase is
500
Vr = —= = 288.675 kV
R 73

andl the receiving end current is

P Shisg) _ 1000/—36.87°
RT3V T 3K 288675400

= 1.1547/-36.87° kA
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Thus, the sending end voltage is

Vs =AVrR+ BIg = 0.9577 x 288.675 + j64.26 x 1.1547/—36.87°
= 326.4/10.47° kV

and the line-to-line voltage magnitude is | Vs 7, ] = V3Vs =565.4 kV. Voltage
regulation is

565.4/0.958 — 500

Percent VR =
500

% 100 = 18%

The exact solution obtained in Example 5.9(f) results in Vs(r—1) = 571.9kV. This
represents an error of 1.0 percent.

5.10 LINE PERFORMANCE PROGRAM

A program called lineperf is developed for the complete analysis and compen-
sation of a transmission line. The command lineperf displays a menu with five
options for the computation of the parameters of the = models and the transmis-
sion constants. Selection of these options will call upon the following functions.

[Z, Y, ABCD] = rlc2abced(r, L, C, g, f, Length) computes and returns the 7
model parameters and the transmission constants when r in ohm, L in mH, and C
in puF per unit length, frequency, and line length are specified.

[Z, Y, ABCD] = zy2abed(z, y, Length) computes and returns the 7 model
parameters and the transmission constants when impedance and admittance per
unit length are specified.

[Z, Y, ABCD] = pi2abed(Z, Y) returns the ABCD constants when the 7
model parameters are specified.

[Z, Y, ABCD] = abed2pi(A, B, C) returns the 7 model parameters when the
transmission constants are specified.

[L, C] = gmd2le computes and returns the inductance and capacitance per
phase when the line configuration and conductor dimensions are specified.

[r,L, C, f] = abed2rlc(ABCD) returns the line parameters per unit length and
frequency when the transmission constants are specified.
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Any of the above functions can be used independently when the arguments of
the functions are defined in the MATLAB environment. If the above functions are
typed without the parenthesis and the arguments, the user will be prompted to enter
the required data. Next the lineperf loads the program listmenn which displays a
list of eight options for transmission line analysis and compensation. Selection of
these options will call upon the following functions.

givensr(ABCD) prompts the user to enter Vi, Pr and (. This function
computes Vg, Pg, (g, line losses, voltage regulation, and transmission efficiency.

givenss(ABCD) prompts the user to enter Vg, Pg and (. This function com-
putes Vg, Pgr, (R, line losses, voltage regulation, and transmission efficiency.

givenzl(ABCD) prompts the user to enter Vi and the load impedance. This
function computes Vg, Pg, (Jg, line losses, voltage regulation, and transmission
efficiency.

openline(ABCD) prompts the user to enter V. This function computes Vi
for the open-ended line. Also, the reactance and the Mvar of the necessary reactor
to maintain the receiving end voltage at a specified value are obtained. In addition,
the function plots the voltage profile of the line.

shektlin(ABCD) prompts the user to enter Vg. This function computes the
current at both ends of the line for a solid short circuit at the receiving end.

Option 6 is for capacitive compensation and calls upon compmenu which
displays three options. Selection of these options will call upon the following func-

- tions.

shntcomp(ABCD) prompts the user to enter Vs, Pg, (Jr and the desired V.
This function computes the capacitance and the Mvar of the shunt capacitor bank

~ to be installed at the receiving end in order to maintain the specified V. Then, Vs,

Pg, Qg, line losses, voltage regulation, and transmission efficiency are found.

sercomp(ABCD) prompts the user to enter Vg, Pr, Q g, power, and the per-
centage compensation (i.e., X¢ser/ Xiine X 100 ). This function computes the Mvar
of the specified series capacitor and Vs, Ps, s, line losses, voltage regulation, and
transmission efficiency for the compensated line.

srshcomp(ABCD) prompts the user to enter Vg, Pr, g, the desired Vi and

_Ehe percentage series capacitor compensation. This function computes the capaci-



tance and the Mvar of a shunt capacitor to be installed at the receiving end in order
to maintain the specified Vg. Also, Vg, Ps, Qs, line losses, voltage regulation, and
transmission efficiency are obtained for the compensated line.

Option 7 loads the pwrcire(ABCD) which prompts for the receiving end volt-
age. This function constructs the receiving end power circle diagram for various
values of Vg from Vi up to 1.3V3.

Option 8 calls upon profmenu which displays two options. Selection of these
options will call upon the following functions:

vprofile(r, L, C, f) prompts the user to enter Vg, rated MVA, power factor,
Vi, Pr, and Qg. This function displays a graph consisting of voltage profiles for
line length up to 1/8 of the line wavelength for the following cases: open-ended
line, line terminated in S1L, short-circuited line, and full-load.

loadabil(L, C, f) prompts the user for Vg, Vg, rated line voltage, and current-
carrying capacity of the line. This function displays a graph consisting of the prac-
tical line loadability curve for § = 30°, the theoretical stability limit curve, and the
thermal limit. This function assumes a lossless line and the plots are obtained for a
line length up to 1/4 of the line wavelength.

Any of the above functions can be used independently when the arguments of the
functions are defined in the MATLAB environment. The ABC'D constant is en-
tered as a matrix. If the above functions are typed without the parenthesis and the
arguments, the user will be prompted to enter the required data.

A new GUI program named lineperfgui is developed for the analysis and
compensation of the transmission line. This interactive easy-to-use GUI program
provides maximum flexibility for entering different types of data. It includes eight
options for transmission line performance and compensation.

Example 5.9 (Run lineperfgui)

A three-phase,‘EO—Hz, 550-kV transmission line is 300 km long. The line parame-
ters per phase per unit length are found to be

r=0.016 Q/km L =097 mH/km C =0.0115 uF/km

(a) Determine the line performance when load at the receiving end is 800 MW, 0.8
power factor lagging at 500 kV.

The command:

lineperf

displays the following menu

Type of parameters for input Select
Parameters per unit length

r (1), g (siemens), L (mH), C (uF) 1
Complex z and y per unit length

r + j*xx (1), g + j*b (siemens) 2
Nominal 7w or Eq. 7 model 3

A, B, C, D constants 4
Conductor configuration and dimension b
To quit 0

Select number of menu — 1

Enter line length = 300

Enter frequency in Hz = 60

Enter line resistance/phase in {/unit length, r = 0.016
Enter line inductance in mH per unit length, L = 0.97
Enter line capacitance in uF per unit length, C = .0115
Enter line conductance in siemens per unit length, g = 0
Enter 1 for medium line or 2 for long line -+ 2

Equivalent 7w model
Z> = 4.57414 + j 107.119 ohms

Y’ = 6.9638e-07 + j 0.00131631 siemens

Zc = 290.496 + j -6.35214 ohms

af = 0.00826172 neper ¢ = 0.377825 radian = 21.6478°
ABcp = | 0:9295 + j0.0030478 4.5741 + §107.12

~1.3341e - 06 + 70.0012699 0.9295 + 30.0030478

At this point the program listmenu is automatically loaded and displays the fol-
lowing menu.

Transmission line performance
Analysis Select

To calculate sending end quantities
for specified receiving end MW, Mvar 1



To calculate receiving end quantities
for specified sending end MW, Mvar 2

To calculate sending end quantities

when load impedance is specified 3
Open-end line and reactive compensation 4
Short-circuited line 5
Capacitive compensation 6
Receiving end circle diagram 7
Loadability curve and voltage profile 8
To quit 0

Select number of menu — 1

Enter receiving end line-line voltage kV = 500
Enter receiving end voltage phase angle® = 0
Enter receiving end 3-phase power MW = 800
Enter receiving end 3-phase reactive power

(+ for lagging and - for leading power factor) Mvar = 600

Line performance for specified receiving end quantities

Vr = 500 kV (L-L) at 0°

Pr = 800 MW Qr = 600 Mvar

Ir = 1154.7 A at -36.8699° PFr = 0.8 lagging

Vs = 623.511 kV (L-L) at 15.5762°

Is = 903.113 A at -17.6996°, PFs = 0.836039 lagging
Ps = 815.404 MvW, Qs = 535.129 Mvar

PL = 15.4040 Mw, QL = -64.871 Mvar

Percent Voltage Regulation = 34.1597

Transmission line efficiency = 98.1108

At the end of this analysis the listmenu (Analysis Menu) is displayed.

(b) Determine the receiving end quantities and the line performance when 600 MW

and 400 Mvar are being transmitted at 525 kV from the sending end.

Selecting option 2 of the listmenu results in

Enter sending end line-line voltage kV = 525

Enter sending end voltage phase angle® = 0

Enter sending end 3-phase power MW = 600

Enter sending end 3-phase reactive power

(+ for lagging and - for leading power factor) Mvar = 400

Line performance for specified sending end quantities

Vs = 5256 kV (L-L) at 0°

Ps = 600 MW, Qs = 400 Mvar

Is = 793.016 A at -33.6901°, PFs = 0.83205 lagging
Vr = 417.954 kV (L-L) at -16.3044°

Ir = 1002.6 A at -52.16° PFr = 0.810496 lagging

Pr = 588.261 MW, Qr = 425.136 Mvar

PL = 11.7390 MW, QL = -25.136 Mvar

Percent Voltage Regulation = 35,1383

Transmission line efficiency = 98.0435

(c) Determine the sending end quantities and the line performance when the re-
ceiving end load impedance is 290 €2 at 500 kV.

Selecting option 3 of the listmenu results in

Enter receiving end line-line voltage kV = 500
Enter receiving end voltage phase angle® = 0
Enter receiving end complex load impedance 290+ j * 0

Line performance for specified load impedance

Vr = 500 kV (L-L) at 0°

Ir = 995.431 A at 0° PFr = 1

Pr = 862.069 MW, Qr = 0 Mvar

Vs = 507.996 kV (L-L) at 21.5037°

Is = 995.995 A at 21.7842°, PFs = 0.999988 leading
Ps = 876.341 MW Qs = -4.290 Mvar

PL = 14.272 MW QL = -4.290 Mvar

Percent Voltage Regulation = 9.30464

Transmission line efficiency = 98.3714

1]

(d) Find the receiving end voltage when the line is terminated in an open circuit
and is energized with 500 kV at the sending end. Also, determine the reactance and
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the Mvar of a three-phase shunt reactor to be installed at the receiving end in order
to limit the no-load receiving end voltage to 500 kV.

Selecting option 4 of the listmenu results in

500

Enter sending end line-line voltage kV
Enter sending end voltage phase angle®

li
(=]

Open line and shunt reactor compensation

Vs = 500 kV (L-L) at 0°

Vr = 537.92 kV (L-L) at -0.00327893°

Is = 394.394 A at 89.8723°, PFs = 0.0022284 leading
Desired no load receiving end voltage = 500 kV
Shunt reactor reactance = 1519.4 )

Shunt reactor rating = 164.538 Mvar

it

The voltage profile for the uncompensated and the compensated line is also found
as shown in Figure 5.9.

Voltage profile of an unloaded line, X, = 1519 ohms
540 . . ;

530
520
510
Line 900
kV 490k ]
480 - 1
470 - 1
460 .
450

ﬂncompenséted

Compensated

0 50 100 150 200 250 300
Sending end Receiving end

FIGURE 5.9
Compensated and uncompensated voltage profile of open-ended line.

(e) Find the receiving end and the sending end currents when the line is terminated
in a short circuit,
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Selecting option 5 of the listmenu results in

Enter sending end line-line voltage kV = 500
Enter sending end voltage phase angle® = 0

Line short-circuited at the receiving end

Vs = 500 kV (L-L) at O°
Ir = 2692.45 A at -87.5549°
Is = 2502.65 A at -87.367°

(f) The line loading in part (a) resulted in a voltage regulation of 34.16 percent,
which is unacceptably high. To improve the line performance, the line is compen-
sated with series and shunt capacitors. For the loading condition in (a):

(1) Determine the Mvar and the capacitance of the shunt capacitors to be in-
stalled at the receiving end to keep the receiving end voltage at 500 kV when the
Iine is energized with 500 kV at the sending end.

Selecting option 6 will display the compmenu as follows:

Capacitive compensation

Analysis Select
Shunt capacitive compensation 1
Series capacitive compensation 2
Series and shunt capacitive compensation 3
To quit 0

Selecting option 1 of the compmenu results in

Enter sending end line-line voltage kV = 500

Enter desired receiving end line-line voltage kV = 500
Enter receiving end voltage phase angle® = 0

Enter receiving end 3-phase power MW = 800

Enter receiving end 3-phase reactive power

(+ for lagging and - for leading power factor) Mvar = 600
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Shunt capacitive compensation

Vs = 500 kV (L-L) at 20.2479°

Vr = 500 kV (L-L) at 0°

Pload = 800 MW, Qload = 600 Mvar

Load current = 1154.7 A at -36.8699°, PF1 = 0.8 lagging
Required shunt capacitor: 407.267 (2, 6.51314 uF,613.849 Mvar
Shunt capacitor current = 708.811 A at 90°

Pr = 800.000 Mw, Qr = -13.849 Mvar

Ir = 923.899 A at 0.991732°, PFr = 0.99985 leading

Is = 940.306 A at 24.121° PFs = 0.997716 leading
Ps = 812.469 MW, (s = -55.006 Mvar
PL = 12.469 MW, QL = -41.158 Mvar

Percent Voltage Regulation = 7.58405
Transmission line efficiency = 98.4653

(2) Determine the line performance when the line is compensated by series

capacitors for 40 percent compensation with the load condition in (a) at 500 kV.

Selecting option 2 of the compmenu results in

Enter receiving end line-line voltage kV = 500
Enter receiving end voltage phase angle® = 0
Enter receiving end 3-~phase power MW = 800
Enter receiving end 3-phase reactive power

(+ for lagging and - for leading power factor) Mvar = 600
Enter percent compensation for series capacitor
(Recommended range 25 to 75% of the line reactance) = 40

Series capacitor compensation

Vr = 500 kV (L-L) at 0°

Pr = 800 MW, Qr = 600 Mvar

Required series capacitor: 42.8476 ), 61.9074 uF, 47.4047 Mvar
Subsynchronous resonant frequency = 37.9473 Hz

Ir = 1154.7 A at -36.8699°, PFr = 0.8 lagging

Vs = 571.904 kV (L-L) at 9.95438°

Is = 932.2568 A at -18.044°, PFs = 0.882961 lagging
Ps = 815.383 MW, Qs = 433.517 Mvar

PL = 15.383 MW, QL = -166.483 Mvar

Percent Voltage Regulation = 19.4322
Transmission line efficiency = 98.1134

4
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(3) The line has 40 percent series capacitor compensation and supplies the
load in (a). Determine the Mvar and the capacitance of the shunt capacitors to be
installed at the receiving end to keep the receiving end voltage at 500 kV when line
is energized with 500 kV at the sending end.

Selecting option 3 of the compmenu results in

Enter sending end lime-line voltage kV = 500

Enter desired receiving end line-line voltage kV = 500
Enter receiving end voltage phase angle® = 0

Enter receiving end 3-phase power MW = 800

Enter receiving end 3-phase reactive power

(+ for lagging and - for leading power factor) Mvar = 600
Enter percent compensation for series capacitor
(Recommended range 25 to 75% of the line reactance) = 40

Series and shunt capacitor compensation

Vs = 50O kV (L-L) at 12.0224°

Vr = 500 kV (L-L) at 0°

Pload = 800 MW, Qload = 600 Mvar

Load current = 1154.7 A at -36.8699°, PFl = 0.8 lagging
Required shunt capacitor: 432.736€2, 6.1298 uF, 577.72Mvar
Shunt capacitor current = 667.093 A at 90°

Required series capacitor: 42.8476 ), 61.9074 uF,37.7274 Mvar
Subsynchronous resonant frequency = 37.9473 Hz

Pr = 800 MW, Qr = 22.2804 Mvar

Ir = 924.119 A at -1.5953°, PFr = 0.999612 lagging
Is = 951.165 A at 21.5977°, PFs = 0.986068 leading
Ps = 812.257 MW, (s = -137.023 Mvar
PL = 12.257 MW, QL = -159.304 Mvar

Percent Voltage Regulation = 4.41619
Transmission line efficiency = 98.491

(g) Construct the receiving end circle diagram.
Selecting option 7 of the listmenu results in

Enter receiving end line-line voltage kV = 500

A plot of the receiving end circle diagram is obtained as shown in Figure 5.10.
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Power circle diagram V;: from V, to 1.3V,

1000 , : :
500 - :
Qr,
0 13
Mvar 125
12
1.15
1.1
1.05
~500 1.0 -
—-1000 : : '
0 500 1000 1500 2000
P, MW
FIGURE 5.10

Receiving end circle diagram.

(h) Determine the line voltage profile for the following cases: no-load, rated load,
line terminated in the STL, and short-circuited line.

Selecting option 8 of the listmenu results in

Voltage profile and line loadability

Analysis Select
Voltage profile curves 1
Line loadability curve 2
To quit 0

Selecting option 1 of the profmenu results in

5.10. LINE PERFORMANCE PROGRAM

Voltage profile for length up to 1/8 wavelength, Z, = 290.5 ohms

800 T T T T T T T

700 - No-load .

600 - 1
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Ve 400 _

Rated load

300

200 .

100 q

‘ . Shrt-ckt
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FIGURE 5.11

Voltage profile for length up to 1/8 wavelength.

Loadability curve for length up to 1/4 wavelength

1400

i SIL = 860.8 MW, delta = 30 degrees
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PU. |
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3 L _
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1} i
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Line length
FIGURE 5.12

Line loadability curve for length up to 1/4 wavelength.
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Enter sending end line-line voltage kV = 500
Enter rated sending end power, MVA = 1000
Enter power factor = 0.8

A plot of the voltage profile is obtained as shown in Figure 5.11 (page 182).

(1) Obtain the line loadability curves.
Selecting option 2 of the profmenu results in

Enter sending end line-line voltage kV = 500

Enter receiving end line-line voltage kV = 500

Enter rated line-line voltage kV = 500

Enter line current-carrying capacity, Amp/phase = 3500

The line loadability curve is obtained as shown in Figure 5.12 (page 182).

PROBLEMS

5.1.

5.2.

5.3.

A 69-kV, three-phase short transmission line is 16 km long. The line has a per
phase series impedance of 0.125+ j0.4375 2 per km. Determine the sending
end voltage, voltage regulation, the sending end power, and the transmission
efficiency when the line delivers

(a) 70 MVA, 0.8 lagging power factor at 64 kV.
(b) 120 MW, unity power factor at 64 kV.

Use lineperf program to verify your results.

Shunt capacitors are installed at the receiving end to improve the line perfor-
mance of Problem 5.1. The line delivers 70 MVA, 0.8 lagging power factor
at 64 kV. Determine the total Mvar and the capacitance per phase of the
Y-connected capacitors when the sending end voltage is

(a) 69 kV.
(b) 64 kV.

Hint: Use (5.85) and (5.86) to compute the power angle 4 and the receiving
end reactive power.

(¢) Use lineperf to obtain the compensated line performance.
A 230-kV, three-phase transmission line has a per phase series impedance
of z = 0.05 + j0.45 €2 per km and a per phase shunt admittance of y =

43.4 x 107 siemens per km. The line is 80 km long. Using the nominal 7
model, determine

(a) The transmission line ABCD constants.

5.4.

5.5.

5.6.

5.7.
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Find the sending end voltage and current, voltage regulation, the sending end
power and the transmission efficiency when the line delivers

(b) 200 MVA, 0.8 lagging power factor at 220 kV.
(c) 306 MW, unity power factor at 220 kV.

Use lineperf program to verify your results.

Shunt capacitors are installed at the receiving end to improve the line perfor-
mance of Problem 5.3. The line delivers 200 MVA, 0.8 lagging power factor
at 220 kV.

(a)Determine the total Mvar and the capacitance per phase of the Y-connected
capacitors when the sending end voltage is 220 kV. Hint: Use (5.85) and
(5.86) to compute the power angle § and the receiving end reactive power.
(b) Use lineperf to obtain the compensated line performance.

A three-phase, 345-kV, 60-Hz transposed line is composed of two ACSR,
1,113,000-cmil, 45/7 Bluejay conductors per phase with flat horizontal spac-
ing of 11 m. The conductors have a diameter of 3.195 cm and a GMR of
1.268 cm. The bundle spacing is 45 ¢cm. The resistance of each conductor
in the bundle is 0.0538 {2 per km and the line conductance is negligible.
The line is 150 km long. Using the nominal 7 model, determine the ABCD
constant of the line. Use lineperf and option 5 to verify your results.

The ABCD constants of a three-phase, 345-kV transmission line are

A= D = 0.98182 + j0.0012447
B = 4.035 + j58.947
C = 50.00061137

The line delivers 400 MVA at 0.8 lagging power factor at 345 kV. Determine
the sending end quantities, voltage regulation, and transmission efficiency.

Write a MATLAB function named [ABCD] = abedm(z, y, Lngt) to evaluate
and return the ABCD transmission matrix for a medium-length transmis-
sion line where z is the per phase series impedance per unit length, y is the
shunt admittance per unit length, and Lngt is the line length. Then, write a
program that uses the above function and computes the receiving end quan-

tities, voltage regulation, and the line efficiency when sending end quantities

are specified. The program should prompt for the following quantities:

The sending end line-to-line voltage magnitude in kV
The sending end voltage phase angle in degrees



5.8.

5.9.

5.10.

5.11.

The three-phase sending end real power in MW
The three-phase sending end reactive power in Mvar

Use your program to obtain the solution for the following case.

A three-phase transmission line has a per phase series impedance of z =
0.03 + 70.4 ©2 per km and a per phase shunt admittance of y = j74.0 x 1076
siemens per km. The line is 125 km long. Obtain the ABCD transmission
matrix. Determine the receiving end quantities, voltage regulation, and the
line efficiency when the line is sending 407 MW, 7.833 Mvar at 350 kV.

Obtain the solution for Problems 5.8 through 5.13 using the lineperf pro-
gram. Then, solve each problem using hand caiculations.

A three-phase, 765-kV, 60-Hz transposed line is composed of four ACSR,
1,431,000-cmil, 45/7 Bobolink conductors per phase with flat horizontal
spacing of 14 m. The conductors have a diameter of 3.625 cm and a GMR
of 1.439 cm. The bundle spacing is 45 cm. The line is 400 km long, and for
the purpose of this problem, a lossless line is assumed.

(a) Determine the transmission line surge impedance Z,., phase constant /3,
wavelength A, the surge impedance loading SIL, and the ABCD constant.
(b) The line delivers 2000 MVA at 0.8 lagging power factor at 735 kV. De-
termine the sending end quantities and voltage regulation.

(¢) Determine the receiving end quantities when 1920 MW and 600 Mvar
are being transmitted at 765 k'V at the sending end.

(d) The line is terminated in a purely resistive load. Determine the sending

end quantities and voltage regulation when the receiving end load resistance
is 264.5 €2 at 735 kV.

The transmission line in Problem 5.8 is energized with 765 kV at the sending
end when the load at the receiving end is removed.

(a) Find the receiving end voltage.
(b) Determine the reactance and the Mvar of a three-phase shunt reactor to

be installed at the receiving end in order to limit the no-load receiving end
voltage to 735 kV.

The transmission line in Problem 5.8 is energized with 765 k'V at the sending
end when a three-phase short-circuit occurs at the receiving end. Determine
the receiving end current and the sending end current.

Shunt capacitors are installed at the receiving end to improve the line per-
formance of Problem 5.8. The line delivers 2000 MVA, 0.8 lagging power

5.12.

5.13.

5.14.

factor. Determine the total Mvar and the capacitance per phase of the Y-
connected capacitors to keep the receiving end voltage at 735 kV when the
sending end voltage is 765 kV. Hint: Use (5.93) and (5.94) to compute the
power angle ¢ and the receiving end reactive power. Find the sending end
quantities and voltage regulation for the compensated line.

Series capacitors are installed at the midpoint of the line in Problem 5.8,
providing 40 percent compensation. Determine the sending end quantities
and the voltage regulation when the line delivers 2000 MVA at 0.8 lagging
power factor at 735 kV.

Series capacitors are installed at the midpoint of the line in Problem 5.8, pro-
viding 40 percent compensation. In addition, shunt capacitors are installed at
the receiving end. The line delivers 2000 MVA, 0.8 lagging power factor. De-
termine the total Mvar and the capacitance per phase of the series and shunt
capacitors to keep the receiving end voltage at 735 kV when the sending end
voltage is 765 kV. Find the sending end quantities and voltage regulation for
the compensated line.

The transmission line in Problem 5.8 has a per phase resistance of 0.011 Q2
per km. Using the lineperf or lineperfgui program, perform the following
analysis and present a summary of the calculation along with your conclu-
sions and recommendations.

(a) Determine the sending end quantities for the specified receiving end
quantities of 73520° kV, 1600 MW, 1200 Mvar.

(b) Determine the receiving end quantities for the specified sending end
quantities of 765/0° kV, 1920 MW, 600 Mvar.

(¢) Determine the sending end quantities for a load impedance of 282.38 +
jO Q at 735 kV.

(d) Find the receiving end voltage when the line is terminated in an open
circuit and is energized with 765 kV at the sending end. Also, determine the
reactance and the Mvar of a three-phase shunt reactor to be installed at the
receiving end in order to limit the no-load receiving end voltage to 765 kV.
Obtain the voltage profile for the uncompensated and the compensated line.
(e) Find the receiving end and the sending end current when the line is ter-
minated in a three-phase short circuit.

(f) For the line loading of part (a), determine the Mvar and the capacitance of
the shunt capacitors to be installed at the receiving end to keep the receiving
end voltage at 735 kV when line is energized with 765 kV. Obtain the line
performance of the compensated line.

(g) Determine the line performance when the line is compensated by series
capacitor for 40 percent compensation with the load condition in part (a) at
735 kV.



5.15.

5.16.

5.17.

(h) The line has 40 percent series capacitor compensation and supplies the
load in part (a). Determine the Mvar and the capacitance of the shunt capac-
itors to be installed at the receiving end to keep the receiving end voltage at
735 kV when line is energized with 765 kV at the sending end.

(1) Obtain the receiving end circle diagram.

(j) Obtain the line voltage profile for a sending end voltage of 765 kV.

(k) Obtain the line loadability curves when the sending end voltage is 765
kV, and the receiving end voltage is 735 kV. The current-carrying capacity
of the line is S000 A per phase.

The ABCD constants of a lossless three-phase, 500-kV transmission line are

A=D =086+ j0
B =0+ ;130.2
C = j0.002

(a) Obtain the sending end quantities and the voltage regulation when line
delivers 1000 MVA at 0.8 lagging power factor at 500 kV.

To improve the line performance, series capacitors are installed at both ends
in each phase of the transmission line. As a result of this, the compensated
ABCD constants become

A B 1 -3X.1[A B][1 -}jX.

c 0 1 C D 0 1

where X is the total reactance of the series capacitor. If X, = 100 Q2

(b) Determine the compensated ABCD constants.
(¢) Determine the sending end quantities and the voltage regulation when
line delivers 1000 MVA at 0.8 lagging power factor at 500 kV.

A three-phase 420-kV, 60-HZ transmission line is 463 km long and may
be assumed lossless. The line is energized with 420 kV at the sending end.
When the load at the receiving end is removed, the voltage at the receiving
end is 700 kV, and the per phase sending end current is 646.6/90° A.

(a) Find the phase constant /3 in radians per km and the surge impedance Z,
in §2.

(b) Ideal reactors are to be installed at the receiving end to keep |Vg| =
[Vr| = 420 kV when load is removed. Determine the reactance per phase
and the required three-phase kvar.

A three-phase power of 3600 MW is to be transmitted via four identical
60-Hz transmission lines for a distance of 300 km. From a preliminary line

5.18.

design, the line phase constant and surge impedance are given by 3 = 9.46 x
104 radian/km and Z. = 343 €, respectively.

Based on the practical line loadability criteria determine the suitable nominal
voltage level in kV for each transmission line. Assume Vs = 1.0 per unit,
Vr = 0.9 per unit, and the power angle § = 36.87°.

Power system studies on an existing system have indicated that 2400 MW
are to be transmitted for a distance of 400 km. The voltage levels being
considered include 345 kV, 500 kV, and 765 kV. For a preliminary design
based on the practical line loadability, you may assume the following surge
impedances

345kV  Zo=3200Q
500kV  Zc =290 Q
765 kV  Zo =265

The line wavelength may be assumed to be 5000 km. The practical line load-
ability may be based on a load angle § of 35°. Assume |Vg| = 1.0 pu and
[Vr| = 0.9 pu. Determine the number of three-phase transmission circuits
required for each voltage level. Each transmission tower may have up to two
circuits. To limit the corona loss, all 500-kV lines must have at least two con-
ductors per phase, and all 765-kV lines must have at least four conductors
per phase. The bundle spacing is 45 cm. The conductor size should be such
that the line would be capable of carrying current corresponding to at least
5000 MVA. Use acsrgui command in MATLAB to find a suitable conductor
size. Following are the minimum recommended spacings between adjacent
phase conductors at various voltage levels.

Voltage level, kV  Spacing meter
345 7.0
500 9.0
765 12.5

(a) Select a suitable voltage level, and conductor size, and tower structure.
Use lineperfgui program and the first analysis to obtain the voltage regu-
lation and transmission efficiency based on a receiving end power of 3000
MVA at 0.8 power factor lagging at the selected rated voltage. Modify your
design and select a conductor size for a line efficiency of at least 94 percent
for the above specified load.

(b) Obtain the line performance including all analysis of the lineperfgui
program for your final selection. Summarize the line characteristics and the
required line compensation.



CHAPTER

6

POWER FLOW ANALYSIS

6.1 INTRODUCTION

In the previous chapters, modeling of the major components of an electric power
system was discussed. This chapter deals with the steady-state analysis of an in-
terconnected power system during normal operation. The system is assumed to be
operating under balanced condition and is represented by a single-phase network.
The network contains hundreds of nodes and branches with impedances specified
in per unit on a common MVA base.

Network equations can be formulated systematically in a variety of forms.
However, the node-voltage method, which is the most suitable form for many
power system analyses, is commonly used. The formulation of the network equa-
tions in the nodal admittance form results in complex linear simultaneous algebraic
equations in terms of node currents. When node currents are specified, the set of
linear equations can be solved for the node voltages. However, in a power system,
powers are known rather than currents. Thus, the resulting equations in terms of
power, known as the power flow equation, become nonlinear and must be solved
by iterative techniques. Power flow studies, commonly referred to as load Sflow, are
the backbone of power system analysis and design. They are necessary for plan-
ning, operation, economic scheduling and exchange of power between utilities. In
addition, power flow analysis is required for many other analyses such as transient
stability and contingency studies.
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In this chapter, the bus admittance matrix of the node-voltage equation is for-
mulated, and two MATLAB function named ybusl and Ifybus are developed for
the systematic formation of the bus admittance matrix. Next, two commonly used
iterative techniques, namely Gauss-Seidel and Newton-Raphson methods for the
solution of nonlinear algebraic equations, are discussed. These techniques are em-
ployed in the solution of power flow problems. Three programs Ifgauss, Ifnewton,
and decouple are developed for the solution of power flow problems by Gauss-
Seidel, Newton-Raphson, and the fast decoupled power flow, respectively.

6.2 BUS ADMITTANCE MATRIX

In order to obtain the node-voltage equations, consider the simple power system
shown in Figure 6.1 where impedances are expressed in per unit on a common
MVA base and for simplicity resistances are neglected. Since the nodal solution is
based upon Kirchhoff’s current law, impedances are converted to admittance, i.e.,

1 _ 1
Zij rij + jxij

Yij =

FIGURE 6.1
The impedance diagram of a simple system.
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The admittance diagram for system of Figure 6.1.

The circuit has been redrawn in Figure 6.2 in terms of admittances and trans-
formation to current sources. Node 0 (which is normally ground) is taken as refer-
ence. Applying KCL to the independent nodes 1 through 4 results in

I = yioVi + y12(Vi = Vo) + 113(Vi — V)
Iy = yaoVa + y12(Va — V1) + 3 (Vo ~ Vi)
0 =y23(Va — V2) + y13(Va — V1) + yaa(V3 — Vi)
0= y34(Vy — V3)

Rearranging these equations yields

It = (y10 + y12 + y13)V1 — y12Va — 13V

Iy = —y12Vi + (Y20 + 12 + y23)Vo — y23V3
0=—y13Vi —yasVa + (y13 + Y23 + ¥34) V3 — y34Vas
0= —y34V3 +y34aVss

We introduce the following admittances

Y11 =y +yi2 + yis
Yoo = y20 + Y12 + Y23

Y33 = y13 + y23 + 34

Y4 = Y34

Yio =Yo1 = ~y12

Y13 = Y31 = ~y13

Yo = Y30 = —yo3

Y34 =Yy3 = —ya4
The node equation reduces to

I = YuVi + YioVo + YigVa + Y14V

Iy = Yo1 Vi + Yoo Vo + Yog V3 + You Vi

I3 = Ya1 Vi + Y3 Vo + YagVa + YV

Iy =Y Vi + Yo Vo + Yz Vs 4 Yu Vg
In the above network, since there is no connection between bus 1 and 4, Y|4 =
1/41 =0; similarly Y24 = KlQ = ().

Extending the above relation to an n bus system, the node-voltage equation

in matrix form is

I Yo Yo oo Y - Y Wi
I Yor Yoo o0 Yo oo Yo, Va
f : 3 : : : 6.1
I Yo Y o Y o Y || Vi e
_In ] _Ynl Y:ILQ Yni Ynn ] _Vn |
or
Ibus = Ybus Vbus (62)

where I, is the vector of the injected bus currents (i.e., external current sources).
The current is positive when flowing towards the bus, and it is negative if flowing
away from the bus. Vy,,, is the vector of bus voltages measured from the reference
node (i.e., node voltages). Yy, is known as the bus admittance matrix. The diag-
onal element of each node is the sum of admittances connected to it. It is known as
the self-admittance or driving point admittance, i.e.,

Y= ) wj j#i (6.3)
J=0

The off-diagonal element is equal to the negative of the admittance between the
nodes. It is known as the mutual admittance or transfer admittance, i.e.,

Yij =Y = —y;j (6.4)
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When the bus currents are known, (6.2) can be solved for the n bus voltages.
Vius = Y5k Tpus (6.5)

The inverse of the bus admittance matrix is known as the bus impedance matrix
Zpys- The admittance matrix obtained with one of the buses as reference is nonsin-
gular. Otherwise the nodal matrix is singular.

Inspection of the bus admittance matrix reveals that the matrix is symmetric
along the leading diagonal, and we need to store the upper triangular nodal ad-
mittance matrix only. In a typical power system network, each bus is connected to
only a few nearby buses. Consequently, many off-diagonal elements are zero. Such
a matrix is called sparse, and efficient numerical techniques can be applied to com-
pute its inverse. By means of an appropriately ordered triangular decomposition,
the inverse of a sparse matrix can be expressed as a product of sparse matrix fac-
tors, thereby giving an advantage in computational speed, storage and reduction of
round-off errors. However, Z4,,,, which is required for short-circuit analysis, can be
obtained directly by the method of building algorithm without the need for matrix
inversion. This technique is discussed in Chapter 9.

Based on (6.3) and (6.4), the bus admittance matrix for the network in Figure
6.2 obtained by inspection is

850  j250  55.00 0
v _ | 7250 —5875  j5.00 0
bus = | §500  j5.00 —j22.50  §12.50

0 0 j12.50 —512.50

A function called Y = ybusl(zdata) is written for the formation of the bus
admittance matrix. zdata is the line data input and contains four columns. The
first two columns are the line bus numbers and the remaining columns contain the
line resistance and reactance in per unit. The function returns the bus admittance
matrix. The algorithm for the bus admittance program is very simple and basic to
power system programming. Therefore, it is presented here for the reader to study
and understand the method of solution. In the program, the line impedances are
first converted to admittances. Y is then initialized to zero. In the first loop, the
line data is searched, and the off-diagonal elements are entered. Finally, in a nested
loop, line data is searched to find the elements connected to a bus, and the diagonal
elements are thus formed.

The following is a program for building the bus admittance matrix:

function[Y] = ybusl(zdata)

nl=zdata(:,1); nr=zdata(:,2); R=zdata(:,3); X=zdata(:,4);
nbr=length(zdata(:,1)); nbus = max(max(nl), max(nr));

Z =R + j*X; Jbranch impedance
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y= ones(ubr,1)./Z; Y%branch admittance
Y = zeros{(nbus,nbus); % initialize Y to zero
for k = 1:nbr; % formation of the off diagonal elements
if nl(k) > 0 & nr(k) > O
Y(l(k),nr(k)) = Y(nl(k),nrk)) - y(k);
Y(nr (k) ,nl(k)) Y(nl(k),nr(k));
end
end
for n = 1:nbus % formation of the diagonal elements
for k = 1:nbr
if nl(k) == n | nr(k) ==n
Y(n,n) = Y(n,n) + y(k);
else, end
end
end

ft

Example 6.1 (chpbex1)

The emfs shown in Figure 6.1 are E; = 1.1/0° and E» = 1.0/0°. Use the func-
tion Y = ybusl1(zdata) to obtain the bus admittance matrix. Find the bus impedance
matrix by inversion, and solve for the bus voltages.

With source transformation, the equivalent current sources are

1.1
I = —=—j1.1 pu
YT ito - P
1.0 .
Ig = —— = —51.25 pu
70.8
The following commands
% From To R X
z=1[0 1 0 1.0
0 2 0 0.8
1 2 0 0.4
1 3 0 0.2
2 3 0 0.2
3 4 0 0.08];
Y = ybusi(z) % bus admittance matrix
Ibus = [-j*1.1; -j*1.25; 0; 0]; % vector of bus currents
Zbus = inv(Y) % bus impedance matrix
Vbus = Zbus*Ibus
result in



0 - 8.501 0 + 2.501 0+ 5.001i 0+ 0.001

0 + 2.501 0 - 8.751 0+ 5.00i 0+ 0.001

0 + 5.001 0 + 5.00i 0 - 22.501 0 + 12.501

0 + 0.001 0+ 0.001 0+ 12.501 0 - 12.501i
Zbus =

0 + 0.501 0 + 0.401 0 + 0.4501 0 + 0.4501

0 + 0.401 0 + 0.481 0 + 0.4401 0 + 0.4401

0 + 0.451 0 + 0.441 0 + 0.5451 0 + 0.545i1

0 + 0.451 0 + 0.441 0 + 0.5451 0 + 0.6251
Vbus =

1.0500

1.0400

1.0450

1.0450

The solution of equation Iy, = Yus Vius by inversion is very inefficient. It
is not necessary to obtain the inverse of Y. Instead, direct solution is obtained
by optimally ordered triangular factorization. In MATLAB, the solution of linear
simultaneous equations AX = B is obtained by using the matrix division operator
\ (i.e., X = A\ B), which is based on the triangular factorization and Gaussian
elimination. This technique is superior in both execution time and numerical accu-
racy. It is two to three times as fast and produces residuals on the order of machine
accuracy.

In Example 6.1, obtain the direct solution by replacing the statements Zbus =
inv(Y) and Vbus = Zbus*Ibus with Vbus = Y\ Ibus.

6.3 SOLUTION OF NONLINEAR
ALGEBRAIC EQUATIONS

The most common techniques used for the iterative solution of nonlinear algebraic
equations are Gauss-Seidel, Newton-Raphson, and Quasi-Newton methods. The
Gauss-Seidel and Newton-Raphson methods are discussed for one-dimensional
equation, and are then extended to n-dimensional equations.

6.3.1 GAUSS-SEIDEL METHOD

The Gauss-Seidel method is also known as the method of successive displace-
ments. To illustrate the technique, consider the solution of the nonlinear equation
given by

f(z)=0 (6.6)

The above function is rearranged and written as
z = g(x) (6.7)

If ) is an initial estimate of the variable z, the following iterative sequence is
formed.

2D = g0 (6.8)

A solution is obtained when the difference between the absolute value of the suc-
cessive iteration is less than a specified accuracy, i.e.,

lx(k“) — iﬂ(k)l < (6.9)
where ¢ is the desired accuracy.
Example 6.2  (chp6ex2)
Use the Gauss-Seidel method to find a root of the following equation
f@)=a® -6z + 92 ~4=0

Solving for z, the above expression is written as

15 645 4
m_—gz +91: +9
= g(z)

The MATLARB plot command is used to plot g(x) and x over a range of 0 to 4.5,
as shown in Figure 6.3. The intersections of g(x) and z results in the roots of
f(z). From Figure 6.3 two of the roots are found to be 1 and 4. Actually, there
is a repeated root at = 1. Apply the Gauss-Seidel algorithm, and use an initial
estimate of

20 =2
From (6.8), the first iteration is
6 4
M =g(2) = -2(2)° + 5(2)2 + g = 2:2222
The second iteration is
6 4
? = (2.2222) = —%(2.2222)3 + 5(2.2222)2 +5 = 25173

The subsequent iterations result in 2.8966, 3.3376, 3.7398, 3.9568, 3.9988 and
4.0000. The process is repeated until the change in variable is within the desired
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FIGURE 6.3
Graphical illustration of the Gauss-Seidel method.

accuracy. It can be seen that the Gauss-Seidel method needs many iterations to
achieve the desired accuracy, and there is no guarantee for the convergence. In this
example, since the initial estimate was within a “boxed in” region, the solution
converged in a zigzag fashion to one of the roots. In fact, if the initial estimate
was outside this region, say z(?) = 6, the process would diverge. A test of conver-
gence, especially for the n-dimensional case, is difficult, and no general methods
are known.

The following commands show the procedure for the solution of the given
equation starting with an initial estimate of 2(®) = 2,

df=1; % Change in variable is set to a high value
3—2, _ % Initial estimate
;Fer j 0; % Iteration counter
1§p( Iter g dx x’)%Heading for results
yhlle aps(dx) >= 0.001 & iter < 100 Y%Test for convergence
iter = iter + 1; % No. of iterations
g = ~1/9*x"3+6/9%x"2+4/9 ;
dx_= g-X; % Change in variable
X =x + df; . % Successive approximation
fprintf(*%g’, iter), disp([g, dx, x])
end

The result is

Iter g dx X

1 2.2222 0.2222 2.2222
2 2.5173 0.2951 2.5173
3 2.8966 0.3793 2.8966
4 3.3376 0.4410 3.3376
5 3.7398 0.4022 3.7398
6 3.9568 0.2170 3.9568
7 3.9988 0.0420 3.9988
8 4.0000 0.0012 4.0000
9 4.0000 0.0000 4.0000

In some cases, an acceleration factor can be used to improve the rate of conver-
gence. If @ > 1 is the acceleration factor, the Gauss-Seidel algorithm becomes

R = pk) 4 ag(z®)) — m(k‘)} (6.10)

Example 6.3 (chp6ex3)

Find a root of the equation in Example 6.2, using the Gauss-Seidel method with an
acceleration factor of o = 1.25:

Starting with an initial estimate of (¥ = 2 and using (6.10), the first iteration is

1 6 4
2) = —=(22+ (2% + - =22222
9(2) 5B+ 527+
eV = 241.25[2.2222 - 2] = 2.2778
The second iteration is
1 , 6 , 4

9(22778) = —(2:2778) + 5(2.2778)" + o = 25902
B = 2.2778 4 1.25[2.5902 — 2.2778] = 2.66%3

The subsequent iterations result in 3.0801, 3.1831, 3.7238, 4.0084, 3.9978 and
4.0005. The effect of acceleration is shown graphically in Figure 6.4. Care must
be taken not to use a very large acceleration factor since the larger step size may
result in an overshoot. This can cause an increase in the number of iterations or
even result in divergence. In the MATLAB command of Example 6.2, replace the
command before the end statement by © = x + 1.25 » dx to reflect the effect of the
acceleration factor and run the program.
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FIGURE 6.4
Graphical illustration of the Gauss-Seidel method using acceleration factor.

We now consider the system of n equations in 7 variables

fil@y,ze, 1) = ¢
fol@r, @0, 2,) = ¢ 6.11)
fn($1’$2a Tt 71'71) = Cp

Solving for one variable from each equation, the above functions are rearranged
and written as

Ty =c1 + g1(z1, 02, -, Tp)
Ty = g ‘f‘92($1;$27 T 73371.) (612)
Tn = Cp + gu(x1, 22, 2y)

The iteration procedure is initiated by assuming an approximate solution for each

of the independent variables (z{”), 2" .. &), Equation (6.12) results in a new

approximate solution (zgl) , a:gl) cee 337(11)). In the Gauss-Seidel method, the updated
Tvalues of the variables caiculated in the preceding equations are immediately used
in the solution of the subsequent equations. At the end of each iteration, the cal-
culated values of all variables are tested against the previous values. If all changes

in the variables are within the specified accuracy, a solution has converged, oth-
erwise another iteration must be performed. The rate of convergence can often be
increased by using a suitable acceleration factor «, and the iterative sequence be-

comes

$§k+1) - $§k) i a(x(k+1> _ mgk)) (6.13)

i cal

6.3.2 NEWTON-RAPHSON METHOD

The most widely used method for solving simultaneous nonlinear algebraic equa-
tions is the Newton-Raphson method. Newton’s method is a successive approxima-
tion procedure based on an initial estimate of the unknown and the use of Taylor’s
series expansion. Consider the solution of the one-dimensional equation given by

flz)=c (6.14)

If (9 is an initial estimate of the solution, and Az is a small deviation from the
correct solution, we must have

Fz9 + Az =¢
Expanding the left-hand side of the above equation in Taylor’s series about z(%)

yields

daf\© 1 (a2f\
f(.T(O)) -+ (E{;) A.T(O) -+ ‘27 (3;’2‘ (Al‘(ﬂ))g +o=c

Assuming the error Az is very small, the higher-order terms can be neglected,
which results in

where
ALY = ¢~ £(2'D)
Adding Az to the initial estimate will result in the second approximation

A0
(£)"

dx



wuccessive use of this procedure yields the Newton-Raphson algorithm

Ac) = ¢ — £(z0) (6.15)
(k)
Az = fAﬁm (6.16)
(%)
dz
2®D) = (B 4 A g (R) 6.17)
(6.16) can be rearranged as

Ac®) = (k) A 1) (6.18)

where

) (df>(k)
7= dx

The relation in (6.18) demonstrates that the nonlinear equation f(z) — ¢ = 0 is
approximated by the tangent line on the curve at 2(%) Therefore, a linear equation
is obtained in terms of the small changes in the variable. The intersection of the

tangent line with the 2-axis results in z:(x+1) - This idea is demonstrated graphically
in Example 6.4.

Example 6.4 (chpbex4)

Use the Newton-Raphson method to find a root of the equation given in Example
6.2. Assume an initial estimate of (0) — ¢,

The MATLAB plot command is used to plot f(z) = 23 — 622 + 9z — 4 over
arange of 0 to 6 as shown in Figure 6.5. The intersections of f(x) with the z-axis
results in the roots of f (). From Figure 6.5, two of the roots are found to be 1 and
4. Actually, there is a repeated root at ¢ = 1,

Also, Figure 6.5 gives a graphical description of the Newton-Raphson method.
Starting with an initial estimate of 20 = 6 we extrapolate along the tangent to
its intersection with the z-axis and take that as the next approximation. This is
continued until successive x-values are sufficiently close.

The analytical solution given by the Newton-Raphson algorithm is

4iz) _ 3z — 12z 4 9
dx

A = ¢~ £y =0 _ [(6)2 _ 6(6)% +9(6) — 4] = 50

50 ‘ f ‘ ‘ ’

30t fle)=2® — 62" + 90 — 4

T

20

10

-10

FIGURE 6.5 .
Graphical illustration of the Newton-Raphson algorithm.

(ﬂi)w =3(6) - 12(6) + 9 = 45

dx
0 —
Az© = AL =50 ~1.1111
(Qﬁ)(m 45
dx

Therefore, the result at the end of the first iteration is

M =20 4+ Az — 6 11111 = 4.8889

The subsequent iterations result in
13.4431

2@ =20 4 Az = 48880 — oo 05 = 42789
¥ =2 4 Ag® = 42789 ~ 122‘?595917 = 4.0405
@ =20 4 Az®) = 4.0405 - g:igﬁ = 4.0011
2® = 2 4 Az® = 40011 — 2299 _ 4 0000

9.0126



We see that Newton’s method converges considerably more rapidly than the Gauss-
Seidel method. The method may converge to a root different from the expected one
or diverge if the starting value is not close enough to the root.

The following commands show the procedure for the solution of the given equation
by the Newton-Raphson method.

dx=1; % Change in variable is set to a high value
x=input (’Enter initial estimate -> ’); % Initial estimate
iter = 0; % Iteration counter
disp(’iter Dc J dx x’) % Heading
while abs(dx) >= 0.001 & iter < 100 Test for convergence
iter = iter + 1; % No. of iterations
Dc =0 - (x73 -~ 6*%x™2 + 9*x - 4); % Residual
J = 3*%x"2 - 12%x + 9; % Derivative
dx= Dc/J; %#Change in variable
x=x + dx; % Successive solution
fprintf(’%g’, iter), disp([Dc, J, dx, xI)

end

The result 1s

Enter the initial estimate -> 6
iter Dc J dx X

1 -50.0000 45.0000 -1.1111 4.8889
2 -13.4431 22.0370 -0.6100 4.2789
3 -2.9981 12.5797 -0.2383 4.0405
4 -0.3748 9.4914 -0.0395 4.0011
5 -0.00956 9.0126 -0.0011 4.0000
6 -0.0000 9.0000 -0.0000 4.0000

Now consider the n-dimensional equations given by (6.11). Expanding the left-
hand side of the equations (6.11) in the Taylor’s series about the initial estimates
and neglecting all higher order terms, leads to the expression

0) (0) 0
1

Oza Tn
9\ (@ 9\ (0 ©
(f2)©@ + (5—;%) Aasgg) + (%) A:céo) SRR (3—?—) Az = ¢y

3£\ © 9\ © © '
(f)©@ + (—i—) Azl + (5-:%) Ar) 4+ 4 (gﬁ> Az® = ¢,

Tn

or in matrix form

r Cc1 — (fl)(o) ) F ) (0) E) (0) E] (0} 1T A (0) 7
()7 () - (3" ]
i Q 9 (0) a (0) 8 (0) (0
=W _ 1 (88)7 (82) (88)" | | A=
NPT NG
-0 | [ (GR) (3) (3)" 1] s |
In short form, it can be written as
ACK) = JE) A x (k)
or
AX® = [JE-1ACH (6.19)
and the Newton-Raphson algorithm for the n-dimensional case becomes
X0+ = x®) ¢ Ax R (6.20)
where
Az er — (f1)®
Agk) Cop — (k)
AxX® = | 572 and Ac® = | 27 () 6.21)
Ag;&k) Cn — (fn>(k>
a (k) of \ (k) p) (k) 1
(&) (58) (3)
(Q&)(k) (sz>(k) (Qfl)(k)
N RPN RN
L (58)7 (38)7 - (3)" )

J®) is called the Jacobian matrix. Elements of this matrix are the partial
derivatives evaluated at X (%), It is assumed that J has an inverse during each
iteration. Newton’s method, as applied to a set of nonlinear equations, reduces the
problem to solving a set of linear equations in order to determine the values that
improve the accuracy of the estimates.

The solution of (6.19) by inversion is very inefficient. It is not necessary
to obtain the inverse of J(*). Instead, a direct solution is obtained by optimally
ordered triangular factorization. In MATLAB, the solution of linear simultaneous
equations AC' = JAX is obtained by using the matrix division operator \ (i.e.,
AX = J\ AC) which is based on the triangular factorization and Gaussian elim-
ination.
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Example 6.5 (chp6ex5)

Use the Newton-Raphson method to find the intersections of the curves

x3 + :17% = 4
e dxg = 1
Graphically, the solution to this system is represented by the intersections of the

circle 23 + 23 = 4 with the curve e + x5 = 1. Figure 6.6 shows that these are
near (1, —1.7) and (—1.8, 0.8).

3 T T T T

2r 24+ 2% =4

e*l 49 =1

S S E— 1 7 3

FIGURE 6.6
Graphs of Example 6.5.

Taking partial derivatives of the above functions results in the Jacobian matrix

2131 2:1:2
=l T

The Newton-Raphson algorithm for the above system is presented in the following
statements.

iter = 0; % Iteration counter

x=input (’Enter initial estimates, col. vector[x1;x2] ->7);

Dx = [1; 1]; % Change in variable is set to a high value

C=[4; 11;

disp(’Iter DC Jacobian matrix Dx x’);
% Heading for results

vhile max(abs(Dx)) >= 0.0001 & iter <10 %Convergence test

iter=iter+1; % Iteration counter
f= [x(1)"2+x(2)72; expx))+x(D]; % Functions
DC =C - £; % Residuals
J = [2*x(1) 2*x(2) % Jacobian matrix
exp(x(1)) 115

Dx=J\DC; % Change in variables
x=x+Dx; % Successive solutions
fprintf(’%g’, iter), disp([DC, J, Dx, x]) % Results
end

When the program is run, the user is prompted to enter the initial estimate.
Let us try an initial estimate given by [0.5; -1].

Enter Initial estimates, col. vector [z;; z2] — [0.5; —1]

Tter AC Jacobian matrix Ax x
1 2.7500 1.0000 -2.0000 0.8034 1.3034
0.3513 1.6487 1.0000 -0.9733 -1.9733
2 -1.5928 2.6068 -3.9466 -0.2561 1.0473
-0.7085 3.6818 1.0000 0.2344 -1.7389
3 -0.1205 2.0946 -3.4778 -~-0.0422 1.0051
-0.1111 2.8499 1.0000 0.0092 -1.7296
4 -0.0019 2.0102 -3.4593 -0.0009 1.0042
-0.0025 2.7321 1.0000 0.0000 -1.7298
5 -0.0000 2.0083 -3.4593 -0.0000 1.0042
-0.0000 2.7296 1.0000 -0.0000 ~-1.7296
After five iterations, the solution converges to 1 = 1.0042 and zy = —1.7296
accurate to four decimal places. Starting with an initial value of [—0.5; 1], which
is closer to the other intersection, results in 7y = —1.8163 and z9 = 0.8374.

Example 6.6 (chp6ex6)

Starting with the initial values, x; = 1, z2 = 1, and x3 = 1, solve the following
system of equations by the Newton-Raphson method.

z3 — x% + x% = 11
T1T9 + :z:% -3x3 = 3
Ty — T123+ Toxy = 6



Takin i ivati i
g partial derivatives of the above functions results in the J acobian matrix

23:1 '"2-7:2 255’3
J = T3 Ty + 229 -3 ]

=2 2 oyt

Raphson algorithm

Dx= 5 5 .9 3
X [10,10,10], /,Change n variable is set to a high value

x=[1; 1; 1]; MR
C=[11; 3; 6] ; % Initial estimate
iter = 0;

' % Iteration ¢
while max(abs(Dx))>=.OOOl & iter<10;YTest for conve:?lgl;l;sz

iter = iter + 1 . C
F = [X(l)AQ‘X(Q)"2+x(3)*2 % No. ofa 1terat'ions
x(1)*x(2)+x(2) ~2-3%x(3) % Functionsg

DC =C - F

7 = [oe(t) - % Residuals
x(2)( ) x?:ﬁgix(z) f;x(B) % Jacobian matrix

Dx:J\;;x(S) x(3) -x(1)+x(2)]

extDy %Change in variable

o % Successive solution

The program results for the first iteration are

DC & J =
12 2 -9 5
5 © 3 -3
0
Dx = P 1 0
4.750 5.750
5.000 6.000
5.250 6.250

After six iterations, the solutio
z3 = 4.0000.

Newton’s method has the advanta
are near a root. H

n converges to x; = 2.0000, zy = 3.0000, and

ge of converging quadraticall
: y when we
owever, more functional evaluations are required during each

not generally converge to a

1terat'10n. A very important limitation is that it does
solution from an arbitrary starting point,

P

6.4 POWER FLOW SOLUTION

Power flow studies, commonly known as load flow, form an important part of
power system analysis. They are necessary for planning, economic scheduling, and
control of an existing system as well as planning its future expansion. The problem
consists of determining the magnitudes and phase angle of voltages at each bus and
active and reactive power flow in each line.

In solving a power flow problem, the system is assumed to be operating under
balanced conditions and a single-phase model is used. Four quantities are associ-
ated with each bus. These are voltage magnitude |V, phase angle 4, real power P,
and reactive power (). The system buses are generally classified into three types.

Slack bus One bus, known as slack or swing bus, is taken as reference where the
magnitude and phase angle of the voltage are specified. This bus makes up
the difference between the scheduled loads and generated power that are
caused by the losses in the network.

Load buses At these buses the active and reactive powers are specified. The mag-
nitude and the phase angle of the bus voltages are unknown. These buses are

called P-Q buses.

Regulated buses These buses are the generator buses. They are also known as
voltage-controlled buses. At these buses, the real power and voltage magni-
tude are specified. The phase angles of the voltages and the reactive power
are to be determined. The limits on the value of the reactive power are also
specified. These buses are called P-V buses.

6.4.1 POWER FLOW EQUATION

Consider a typical bus of a power system network as shown in Figure 6.7. Trans-
mission lines are represented by their equivalent 7 models where impedances have
been converted to per unit admittances on a common MVA base.

Application of KCL to this bus results in

I = yoVi+ yin (Vi = V1) + yio(Vi = Vo) + - + 43 (Vi — V2)

= (Yo +vir + i+ FUn)Vi—vaVi = yieVa — - — i Vi, (6.23)
or
k2 i3
L=V yiy— 3wV j#i (6.24)
=0 P
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FIGURE 6.7

A typical bus of the power system.

The real and reactive power at bus 7 is

P+ Qi =ViI! (6.25)
or
7o B
i= = (6.26)

Substituting for I; in (6.24) yields

B -0 “ -
— =V Z;yij - vV i (6.27)
¢ Jj= J=1

From the above relation, the mathematical formulation of the power flow

pro.blem’results in a system of algebraic nonlinear equations which must be solved
by iterative techniques.

6.5 GAUSS-SEIDEL POWER FLOW SOLUTION

In the power flow study, it is necessary to solve the set of nonlinear equations
represented by ‘(6.27) for two unknown variables at each node. In the Gauss-Seidel
method (6.27) is solved for Vi, and the iterative sequence becomes

chh__jQ.gch k
‘171?)-‘- + 2= yz‘jV}( )

V(k+1) — . .
: Z;Z:o " JjFi (6.28)

where y;; shown in lowercase letters is the actual admittance in per unit. Pf‘:h
and Q$°" are the net real and reactive powers expressed in per unit. In writing the
KCL, current entering bus ¢ was assumed positive. Thus, for buses where real and
reactive powers are injected into the bus, such as generator buses, PfCh and Qfd i
have positive values. For load buses where real and reactive powers are flowing
away from the bus, Pi“h and Qfd’ have negative values. If (6.27) is solved for P
and ();, we have

n n
PV =RV - w629
J=0 J=1
e L | A SR S A j#Fi (630)
= =

The power flow equation is usually expressed in terms of the elements of
the bus admittance matrix. Since the off-diagonal elements of the bus admittance
matrix Yy, s, shown by uppercase letters, are Y;; = —y;;, and the diagonal elements
are Yy; = ) 15, (6.28) becomes

psch__s0sch k
i ]Qz _ zj# }/1]‘/]( )

(k)
k+1 v
yk+D) - (6.31)
and
Tl
R A A TR S AL ISP (6.3
=
n
QA =-srPI + vvy i 63
j=1
J#

Yi; includes the admittance to ground of line charging susceptance and any other
fixed admittance to ground. In Section 6.7, a model is presented for transformers
containing off-nominal ratio, which includes the effect of transformer tap setting.
Since both components of voltage are specified for the slack bus, there are
2(n — 1) equations which must be solved by an iterative method. Under normal
operating conditions, the voltage magnitude of buses are in the neighborhood of
1.0 per unit or close to the voltage magnitude of the slack bus. Voltage magnitude at
load buses are somewhat lower than the slack bus value, depending on the reactive
power demand, whereas the scheduled voltage at the generator buses are somewhat
higher. Also, the phase angle of the load buses are below the reference angle in
accordance to the real power demand, whereas the phase angle of the generator



buses may be above the reference value depending on the amount of real power
flowing into the bus. Thus, for the Gauss-Seidel method, an initial voltage estimate
of 1.0 + 70.0 for unknown voltages is satisfactory, and the converged solution
correlates with the actual operating states.

For P-Q buses, the real and reactive powers P3e" and Q3" are known. Start-
ing with an initial estimate, (6.31) is solved for the real and imaginary components
of voltage. For the voltage-controlled buses (P-V buses) where P* and |Vi| are

specified, first (6.33) is solved for Ql(kﬂ) » and then is used in (6.31) to solve for

V;(Hl) - However, since |Vj| is specified, only the imaginary part of Vi(kﬂ) is re-
tained, and its real part is selected in order to satisfy

(eI + () = v (6.34)
or
where e,gkﬂ) and fi(kH) are the real and imaginary components of the voltage
Vi(kﬂ) in the iterative sequence.

The rate of convergence is increased by applying an acceleration factor to the
approximate solution obtained from each iteration.

k+1 k k k

i cal

where « is the acceleration factor. Its value depends upon the system. The range of
1.3 to 1.7 is found to be satisfactory for typical systems.

The updated voltages immediately replace the previous values in the solution
of the subsequent equations. The process is continued until changes in the real and
imaginary components of bus voltages between successive iterations are within a
specified accuracy, i.e.,

‘€§k+1) . ez(k)] S ¢
|£5HD — 8 < (6.37)

For the power mismatch to be reasonably small and acceptable, a very tight tol-
erance must be specified on both components of the voltage. A voltage accuracy
in the range of 0.00001 to 0.00005 pu is satisfactory. In practice, the method for
determining the completion of a solution is based on an accuracy index set up on
the power mismatch. The iteration continues until the magnitude of the largest ele-
ment in the AP and AQ columns is less than the specified value. A typical power
mismatch accuracy is 0.001 pu

Once a solution is converged, the net real and reactive powers at the slack bus
are computed from (6.32) and (6.33).

6.6 LINE FLOWS AND LOSSES
After the iterative solution of bus voltages, the next step is the computation of line

flows and line losses. Consider the line connecting the two buses 7 and j in Figure
6.8. The line current I;;, measured at bus ¢ and defined positive in the direction

Vi
|

Iij ‘f ]g Yij
Iip Ijo
Y0 Yio

FIGURE 6.8
Transmission line model for calculating line flows.

1 — j is given by
Lij = Iy + Lip = yi5(Vi = V;) + w0 Vi (6.38)
Similarly, the line current I ;i measured at bus 7 and defined positive in the direction
7 — s given by
Lii = =Ip + Lo = y;5(V; = Vi) + y0V; (6.39)
The complex powers S;; from bus i to j and S;; from bus j to 7 are
S = Vil (6.40)
Sji = VI, (6.41)
The power loss in line 7 — j is the algebraic sum of the power flows determined
from (6.40) and (6.41), i.e.,

St ij = Sij + Sji (6.42)
The power flow solution by the Gauss-Seidel method is demonstrated in the

following two examples.

Example 6.7 (chp6ex7)

Figure 6.9 shows the one-line diagram of a simple three-bus power system with
generation at bus 1. The magnitude of voltage at bus 1 is adjusted to 1.05 per



unit. The scheduled loads at buses 2 and 3 are as marked on the diagram. Line
impedances are marked in per unit on a 100-MVA base and the line charging sus-
ceptances are neglected.

1 0.02 + j0.04 2
256.6
: MW
.01 + 50. 0125 + §0.02 110.2
0.01 + 50.03 0.0 5+3005—++Mvar
Slack Bus 3
Vi = 1.05/0°
138.6 45.2
MW Myvar
FIGURE 6.9

One-line diagram of Example 6.7 (impedances in pu on 100-MVA base).

(a) Using the Gauss-Seidel method, determine the phasor values of the voltage at
the load buses 2 and 3 (P-Q buses) accurate to four decimal places.

(b) Find the slack bus real and reactive power.

(c) Determine the line flows and line losses. Construct a power flow diagram show-
ing the direction of line flow.

(2) Line impedances are converted to admittances

Y12 = =10 - 520

0.02 + 70.04

Similarly, y13 = 10 — 730 and Y23 = 16 — j732. The admittances are marked on the
network shown in Figure 6.10.
At the P-Q buses, the complex loads expressed in per units are

gsch _ _ (256.6 + j110.2)
? 100
138.6 + 745.2
sy — _(1386+7452) ~1.386 — j0.452 pu
100

Since the actual admittances are readily available in Figure 6.10, for hand calcu-
lation, we use (6.28). Bus 1 is taken as reference bus (slack bus). Starting from
an initial estimate of V,*) = 1.0 + 0.0 and Vi = 1.0 + j0.0, V4 and Vs are
computed from (6.28) as follows

= —2.566 — j1.102 pu

Psch _stch

o Tyl + y23V3(0)
2

v -

Y12 + Yo3

. 2
! y12 = 10 - 520
|, 256.6
MW
: g — ; 110.2
y13 = 10 — 730 Yo3 = 16 — j32  |—— My
Slack Bus 3
Vi =1.05/0°
138.6 45.2
MW Myvar
FIGURE 6.10

One-line diagram of Example 6.7 (admittances in pu on 100-MVA base).

2GR 4+ (10 — j20)(1.05 + 50) + (16 — 32)(1.0 + 50)
(26 — j52)

= 0.9825 — j0.0310

and
psch _stch

i
V*(O) + y13‘/1 + y23‘/2( )
3

Vi -

Y13 + Y23
== a0 (10 — 530)(1.05 + JO) + (16 — 732)(0.9825 — 70.0310)

1-30
(26 — j62)

= 1.0011 — j0.0353

For the second iteration we have

@ Comrss + (10 = j20)(1.05 4 j0) + (16 — 532)(1.0011 — 50.0353)

2 (26 — j52)
= 0.9816 — 50.0520

and

@ _ Tobiibunes + (10 — 730)(1.05 4+ j0) + (16 — j32)(0.9816 — j0.052)
U (26 — 762)

= 1.0008 — j0.0459

. . . . . __5
The process is continued and a solution is converged with an accuracy of 5 x 10
per unit in seven iterations as given below.

V¥ = 0.9808 — j0.0578 V¥ = 1.0004 — 50.0488
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V3 = 0.9803 - j0.0504
V¥ = 0.9801 ~ ;0,058
V3% = 0.9801  j0.0599
Vi = 0.9800 — j0.0600

Vi = 1.0002 - j0.0497
V¥ = 1.0001 - j0.0499
V3% = 1.0000 - j0.0500
Vi = 1.0000 — j0.0500
The final solution is

Va2 = 0.9800 — 70.0600 = 0.98183/-3.5035°
V3 = 1.0000 — 70.0500 = 1.00125/-2.8624°

(b) With the knowled
(6.27)

pu
pu

ge of all bus voltages, the slack bus power is obtained from

Pr—5Qu = Vi Vi (15 + y13) = (y12V2 + Y13V3)]
= LO[1.05(20 - 50) — (10 — j20)(0.98 - ;.06) -
(10 - 730)(1.0 — j0.05),
= 4.095 - j1.890

or the slack bus real and reactive
0 —
Q1 =1890pu= 180 Myar, o € F1 = 4.095 pu = 409.5 MW ang

(¢) To find the line flows, first the [i
) , e line current ith Ii i
Capacitors neglected, the line currents are e computed. With line e

Lo =y -n) = (10 -5 '

= (10 = j20)[(1.05 + j0) — (0.98 — 70.06)] — '
Ii=-Iy=-194jog L0
s =y3(Vi - v) = (10 — j

= (10 = j30){(1.05 + j0) — (1.0 — j0.05)] — '
I3 = —~I13 = —-2.0 +71.0 ’ )] e o
I3 = yoa (Vs — V) = (16 ~ 732)[(0.98 —70.06) — (1 —j0.05)]

]32 == ‘[23 = (.64 — 70.48 = —.64 + 7.48

The line flows are

12 = Villy = (1.05 + j0.0)(1.9 +70.8) = 1.995 + 50.84 py
=199.5 MW + j84.0 Mvar

21 = VoI5 = (0.98 - j0.06)(—1.9 = 70.8) = ~1.91 — j0.67 pu
= ~191.0 MW — j67.0 Mvar ’

513 = Villy = (1.05 + j0.0)(2.0 +J1.0) = 2.1+ j1.05 py
=210.0 MW + 5105.0 Mvar
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Sz = V33, = (1.0 — j0.05)(~2.0 — 51.0) = —2.05 — 50.90 pu
= —205.0 MW — j90.0 Mvar

So3 = Val3g = (0.98 — 50.06)(—0.656 + j0.48) = —0.656 — j0.432 pu
= —65.6 MW — j43.2 Mvar

Sap = Va3, = (1.0 — j0.05)(0.64 + j0.48) = 0.664 -+ j0.448 pu
= 66.4 MW + j44.8 Mvar

and the line losses are

Sr12 = S12 + 891 = 8.5 MW -+ 717.0 Mvar
St 13 = S13 + S31 = 5.0 MW + 715.0 Mvar
St a3 = S93 + S30 = 0.8 MW + j1.60 Mvar

The power flow diagram is shown in Figure 6.11, where real power direction is
indicated by — and the reactive power direction is indicated by —. The values
within parentheses are the real and reactive losses in the line.

o 11995 (5) 191 2
' : (17.0) s

3 84.0 67.0 256.6
210.0 205 66.4 65.6

— (0.8) —/—— |——

} (5) b
189 | (15) 5 . (1.6) > 110.2
105.0 90.0 44.8 43.2
3 J’ {
138.6 45.2

FIGURE 6.11
Power flow diagram of Example 6.7 (powers in MW and Mvar).

Example 6.8 (chp6ex8)

Figure 6.12 shows the one-line diagram of a simple three-bus power system with
generators at buses 1 and 3. The magnitude of voltage at bus 1 is adjusted to 1.05
pu. Voltage magnitude at bus 3 is fixed at 1.04 pu with a real power generation
of 200 MW. A load consisting of 400 MW and 250 Mvar is taken from bus 2.
Line impedances are marked in per unit on a 100 MVA base, and the line charging
susceptances are neglected. Obtain the power flow solution by the Gauss-Seidel
method including line flows and line losses.



0.02 + 50.04

> 400

o B

0.01 + 50.03 0.0125 4 j0.025 f—— 250
Mvar
Slack Bus 3
Vi = 1.05/0° T
200 | Va3 |=1.04
MW

FIGURE 6.12
One-line diagram of Example 6.8 (impedances in pu on 100-MVA base).

Line impedances converted to admittances are Y12 = 103520, y13 = 10~7530
and ya3 = 16 — ;j32. The load and generation expressed in per units are

A 400 + 7250
Sgch _ _(__l%bj__) = —4.0 - 525 pu
200
P;Ch == 1—(—)6 = 20 pu

Bus 1 is taken as the reference bus (slack bus). Starting from an initial estimate of
Va” = 1.0+ j0.0 and Vi = 1.04 + j0.0, V3 and V; are computed from (6.28).

psch __stch

0
(o Y12V + y23V3( )
2

Vz(l) .
Y12 + Yo

ML“;‘;gf]ﬁgf’ + (10 = 520)(1.05 + 50) + (16 — 532)(1.04 + j0)
B (26 — j52)

= 0.97462 — j0.042307

Bus 3 is a regulated bus where voltage magnitude and real power are specified. For
the voltage-controlled bus, first the reactive power is computed from (6.30)

QY = -V v (y1s + y23) = Y13V1 — gesVy )}
= —~S{(1.04 — j0)[(1.04 + j0)(26 — j62) — (10 — 530)(1.05 + j0) —
(16 — j32)(0.97462 — 50.042307)]}
=1.16

The value of le) is used as Q5" for the computation of voltage at bus 3. The
complex voltage at bus 3, denoted by VC(31), is calculated

psch _stch

‘Lﬁ“’—v* o +ysV + y23V2(1)
3
Y13 + Y23
HEEE 4 (10 — j30)(1.05 + j0) + (16 — 532)(0.97462 — j0.042307)
B (26 — j62)

1
vy =

= 1.03783 — ;0.005170

Since | V3] is held constant at 1.04 pu, only the imaginary part of VC(?}) is retained,

1.€, él) = —0.005170, and its real part is obtained from

el = \/(1.04)2 — (0.005170)2 = 1.039987
Thus
Vit = 1.039987 — j0.005170

For the second iteration, we have

Psch “jQSCh
Vz* 1)

+y12V1 + y23V3(1)

V2(2) -
Y12 + Y23

| rasrhesss + (10 — j20)(1.05) + (16 — j32)(1.039987 + j0.005170)
B (26 — 552)

= 0.971057 — j0.043432

QY = —s(vy"” Vi (13 + yag) — asVi — I AR)!
= —3{(1.030987 + j0.005170)[(1.039987 — j0.005170)(26 — 562) —
(10 — j30)(1.05 + jO) — (16 — j32)(0.971057 — j0.043432)]}
= 1.38796

Psz:h _stch
vt
3

+y13V1 + 923‘/2(2)

A

Y13 + Yo3

| Tosvteanners + (10 — j30)(1.05) + (16 — j32)(.971057 — /.043432)
(26 — j62)

= 1.03908 — j0.00730



Since( 2]>V3{ is held constant at 1.04 pu, only the imaginary part of VC(32) is retained
ie, f3* = —0.00730, and its real part is obtained from

2
ef?) = 1/(1.04)2 = (0.00730)2 = 1.039974
or

V¥ = 1.039974 — 40.00730

Thf? process 1s continued and a solution is converged with an accuracy of 5 x 105
pu in seven iterations as given below.

V2 = 0.97073 — j0.04479 QY = 142004 V¥ = 1.03096 — j0.00833
Vi = 0.97065 — j0.04533 Q8 = 144833 v = 1.03996 — j0.00873
V" = 097062 - j0.04555 QP = 145621 V¥ = 1.03996 — j0.00893
V2 = 0.97061 ~ j0.04565 Q¥ = 145947 V® = 103096 - 50.00900
V2" = 0.97061 — j0.04560 ) = 146082 V" = 1.03006 — 50.00903
The final solution is

Va = 0.97168/—2.6948° pu

S3 = 2.0 + j1.4617 pu
Vi = 1.04/~ .498° pu
S1 = 2.1842 +71.4085 pu

Line ﬂoyvs and line losses are computed as in Example 6.7, and the results ex-
pressed in MW and Mvar are

S12 = 179.36 + j118.734 Sa1 = —170.97 — j101.947 Sp12 = 8.39 4 j16.79
S13 = 39.06 + ;j22.118 S31 = —38.88 — j 21.569 Sp13 = 0.18 4 50.548
So3 = —229.03 — j148.05 S3z = 238.88 + j167.746 Spo3 = 9.85 + j19.69

o The power flow diagram is shown in Figure 6.13, where real power direction
1s‘1nfhcated by — and the reactive power direction is indicated by ~—». The values
within parentheses are the real and reactive losses in the line.

o] 179.362 (3.399) 170.968
' | (16.787) ——
118.734 101.947 | 400
:; 39061 |gg) 3B8T8 238,878 ¢ 047 220.032
140.852 F——(548) —— i~ (19.693)—r 1 250
22.118 21.569 167.746 148.053
3 (E—
200 146.177
FIGURE 6.13

Power flow diagram of Example 6.8 (powers in MW and Mvar).

6.7 TAP CHANGING TRANSFORMERS

In Section 2.6 it was shown that the flow of real power along a transmission line is
determined by the angle difference of the terminal voltages, and the flow of reactive
power is determined mainly by the magnitude difference of terminal voltages. Real
and reactive powers can be controlled by use of tap changing transformers and
regulating transformers.

In a tap changing transformer, when the ratio is at the nominal value, the
transformer is represented by a series admittance y; in per unit. With off-nominal
ratio, the per unit admittance is different from both sides of the transformer, and the
admittance must be modified to include the effect of the off-nominal ratio. Consider
a transformer with admittance y; in series with an ideal transformer representing
the off-nominal tap ratio 1:a as shown in Figure 6.14. v is the admittance in per
unit based on the nominal turn ratio and a is the per unit off-nominal tap position
allowing for small adjustment in voltage of usually +10 percent. In the case of
phase shifting transformers, a is a complex number. Consider a fictitious bus z
between the turn ratio and admittance of the transformer. Since the complex power
on either side of the ideal transformer is the same, it follows that if the voltage goes
through a positive phase angle shift, the current will go through a negative phase
angle shift. Thus, for the assumed direction of currents, we have

Ve = =V (6.43)
Ii = ~a*Ij (644)

The current I is given by



Vi y v, Ly
1 Iz t €T
l:a
FIGURE 6.14
Transformer with tap setting ratio a:1
Substituting for V,,, we have
. Ut
li =gV~ '('Z‘Vj (6.45)
Also, from (6.44) we have
1
substituting for I; from (6.45) we have
Ye Ye
L=-Zty 4 &y
1= =gVt Vi (6.46)

writing (6.45) and (6.46) in matrix form results in

Ll _ | w % V;
{IJ“[—% ,ﬁ“ﬂ @47

For the case when a is real, the 7 model shown in Figure 6.15 represents the ad-
mittance matrix in (6.47). In the 7 model, the left side corresponds to the non-tap
side and the right side corresponds to the tap side of the transformer.

Non-tap side Tap side
yt/a

FIGURE 6.15
Equivalent circuit for a tap changing transformer.

6.8 POWER FLOW PROGRAMS

Several computer programs have been developed for the power flow solution of
practical systems. Each method of solution consists of four programs. The pro-
gram for the Gauss-Seidel method is lfgauss, which is preceded by Ifybus, and is
followed by busout and lineflow. Programs Ifybus, busout, and lineflow are de-
signed to be used with two more power flow programs. These are Ifnewton for
the Newton-Raphson method and decouple for the fast decoupled method. The
following is a brief description of the programs used in the Gauss-Seidel method.

Ifybus This program requires the line and transformer parameters and transformer
tap settings specified in the input file named linedata. It converts impedances
to admittances and obtains the bus admittance matrix. The program is de-
signed to handle parallel lines.

Ifgauss This program obtains the power flow solution by the Gauss-Seidel method
and requires the files named busdata and linedata. It is designed for the di-
rect use of load and generation in MW and Mvar, bus voltages in per unit,
and angle in degrees. Loads and generation are converted to per unit quanti-
ties on the base MVA selected. A provision is made to maintain the generator
reactive power of the voltage-controlled buses within their specified limits.
The violation of reactive power limit may occur if the specified voltage is
either too high or too low. After a few iterations (10*" iteration in the Gauss
method), the var calculated at the generator buses are examined. If a limit is
reached, the voltage magnitude is adjusted in steps of 0.5 percent up to +5
percent to bring the var demand within the specified limits.

busout This program produces the bus output result in a tabulated form. The bus
output result includes the voltage magnitude and angle, real and reactive
power of generators and loads, and the shunt capacitor/reactor Mvar. Total
generation and total load are also included as outlined in the sample case.

lineflow This program prepares the line output data. It is designed to display the
active and reactive power flow entering the line terminals and line losses as
well as the net power at each bus. Also included are the total real and reactive
losses in the system. The output of this portion is also shown in the sample
case.



6.9 DATA PREPARATION

In order to perform a power flow analysis by the Gauss-Seidel method in the MAT-
LAB environment, the following variables must be defined: power system base
MVA, power mismatch accuracy, acceleration factor, and maximum number of it-
erations. The name (in lowercase letters) reserved for these variables are basemva,
accuracy, accel, and maxiter, respectively. Typical values are as follows:

00; accuracy = 0.001;

basemva =
= 1.6; maxiter = 80;

1
accel 1
The initial step in the preparation of input file is the numbering of each bus. Buses
are numbered sequentially. Although the numbers are sequentially assigned, the
buses need not be entered in sequence. In addition, the following data files are re-
quired.

BUS DATA FILE - busdata The format for the bus entry is chosen to facili-
tate the required data for each bus in a single row. The information required must be
included in a matrix called busdata. Column 1 is the bus number. Column 2 con-
tains the bus code. Columns 3 and 4 are voltage magnitude in per unit and phase
angle in degrees. Columns 5 and 6 are load MW and Mvar. Column 7 through 10
are MW, Mvar, minimum Mvar and maximum Mvar of generation, in that order.
The last column is the injected Mvar of shunt capacitors. The bus code entered in
column 2 is used for identifying load, voltage-controlled, and slack buses as out-
lined below:

1 This code is used for the slack bus. The only necessary information for this bus
is the voltage magnitude and its phase angle.

0 This code is used for load buses. The loads are entered positive in megawatts
and megavars. For this bus, initial voltage estimate must be specified. This is
usually 1 and 0 for voltage magnitude and phase angle, respectively. If volt-
age magnitude and phase angle for this type of bus are specified, they will
be taken as the initial starting voltage for that bus instead of a flat start of 1
and 0.

2 This code is used for the voltage-controlled buses. For this bus, voltage magni-
tude, real power generation in megawatts, and the minimum and maximum
limits of the megavar demand must be specified.

LINE DATA FILE - linedata Lines are identified by the node-pair method. The
information required must be included in a matrix called linedata. Columns 1 and
2 are the line bus numbers. Columns 3 through 5 contain the line resistance, reac-
tance, and one-half of the total line charging susceptance in per unit on the specified

y

MVA base. The last column is for the transformer tap setting; for lines, 1 must be
entered in this column. The lines may be entered in any sequence or order with
the only restriction being that if the entry is a transformer, the left bus number is
assumed to be the tap side of the transformer.

The IEEE 30 bus system is used to demonstrate the data preparation and the
use of the power flow programs by the Gauss-Seidel method.

Example 6.9 (chp6ex9)

Figure 6.16 is part of the American Electric Power Service Corporation network
which is being made available to the electric utility industry as a standard test case
for evaluating various analytical methods and computer programs for the solution
of power system problems. Use the Ifgauss program to obtain the power solution
by the Gauss-Seidel method. Bus 1 is taken as the slack bus with its voltage ad-
Justed to 1.06£0° pu. The data for the voltage-controlled buses is

Regulated Bus Data
Bus Voltage Min. Mvar Max. Mvar
No. Magnitude Capacity  Capacity

2 1.043 -40 50
5 1.010 -40 40
8 1.010 -10 40
11 1.082 -6 24
13 1.071 -6 24

Transformer tap setting are given in the table below. The left bus number is as-
sumed to be the tap side of the transformer.

Transformer Data
Transformer Tap Setting
Designation pu

4-12 0.932
6- 9 0.978
6-10 0.969
28 -27 0.968

The data for the injected ) due to shunt capacitors is

Injected Q due to Capacitors
Bus No. Mvar

10 19

24 4.3
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Generation and loads are as given in the data prepared for use in the MATLAB
environment in the matrix defined as busdata. Code 0, code 1, and code 2 are used
for the load buses, the slack bus and the voltage-controlled buses, respectively.
Values for basemva, accuracy, accel and maxiter must be specified. Line data are
as given in the matrix called linedata. The last column of this data must contain 1
for lines, or the tap setting values for transformers with off-nominal turn ratio. The
control commands required are lfybus, Ifgauss and lineflow. A diary command
may be used to save the output to the specified file name. The power flow data and
the commands required are as follows.

clear % clears all variables from workspace.
basemva = 100; accuracy = 0.001; accel = 1.8; maxiter = 100;
%  IEEE 30-BUS TEST SYSTEM (American Electric Power)

% Bus Bus Voltage Angle --Load-- ---Generator---Injected
yA No code Mag. Degree MW Mvar MW Mvar Qmin Qmax Mvar
busdata=[1 1 1.06 0 0.0 0.0 0.0 0.0 0 O 0
2 2 1.043 0 21.70 12.7 40.0 0.0 -40 50 0
3 0 1.0 0 2.4 1.2 0.0 0.0 0 O 0
4 0 1.06 © 7.6 1.6 0.0 0.0 0 © 0
5 2 1.01 0 94.2 19.0 0.0 0.0 -40 40 0
6 0 1.0 0 0.0 0.0 0.0 0.0 0 O 0
7T 0 1.0 0 22.8 10.9 0.0 0.0 0 0 0
8 2 1.01 0 30.0 30.0 0.0 0.0 -10 40 0
8 0 1.0 0 0.0 0.0 0.0 0.0 0 O 0
10 0 1.0 0 5.8 2.0 0.0 0.0 0 © 19
11 2 1.082 0 0.0 0.0 0.0 0.0 -6 24 0
12 0 1.0 0 11.2 7.5 0 0 0 0 0
13 2 1.071 0 0.0 0.0 0 0 -6 24 0
14 0 1.0 0 6.2 1.6 0 0 0 0 0
15 0 1.0 0 8.2 2.5 0 0 0 0 0
16 0 1.0 0 3.5 1.8 0 0 0 0 0
17 0 1.0 0 9.0 5.8 0 0 0 0 0
18 0 1.0 0 3.2 0.9 0 0 0 O 0
19 0 1.0 0 9.5 3.4 0 0 0 0 0
20 0 1.0 0 2.2 0.7 0 0 6 O 0
21 0 1.0 0 17.5 11.2 0 0 0 0 0
22 0 1.0 0 0.0 0.0 0 0 0 0 0
23 0 1.0 0 3.2 1.6 0 0 0 o 0
24 0 1.0 0 8.7 6.7 0 0 0 0 4.3
2 0 1.0 0 0.0 0.0 0 0 0 0 0
26 0 1.0 0 3.5 2.3 0 0 0 0 0
27 0 1.0 0 0.0 0.0 0 0 0 0 0
28 0 1.0 0 0.0 0.0 0 0 0 0 0
29 0 1.0 0 2.4 0.9 0 0 0 0 0
30 0 1.0 0 10.6 1.9 0 0 0 o0 0l;



% Line Data yA
yA 1fybus % Forms the bus admittance matrix
% Bus bus R X 1/2 B 1 for Line code or lfgauss % Power flow solution by Gauss-Seidel method
% nl nr pu pu pu tap setting value busout % Prints the power flow solution on the screen
linedata=[1 2 0.0192 0.0575 0.02640 1 lineflow % Computes and displays the line flow and losses
1 3 0.0452  0.1852 0.02040 1
2 4 0.0570 0.1737 0.01840 1
3 4 0.0132  0.0379 0.00420 1 The lfgauss, busout and the lineflow produce the following tabulated results.
2 5 0.0472  0.1983 0.02090 1
2 6 0.0581  0.1763 0.01870 1
4 6 0.0119  0.0414 0.00450 1 Power Flow Solution by Gauss-~Seidel Method
5 7 0.0460  0.11860 0.01020 1 Maximum Power mismatch = 0.000951884
6 7 0.0267  0.0820 0.00850 1 No. of iterations = 34
6 8 0.0120  0.0420 0.00450 1
6 9 0.0 0.2080 0.0 0.978 Bus Voltage Angle — -———- Load—-—--~ --Generation-- Injected
6 10 0.0 0.5560 0.0 0.969 No. Mag. Degree MW Mvar MW Mvar Mvar
9 11 0.0 0.2080 0.0 1
9 10 0.0 0.1100 0.0 1 1 1.060 0.000 0.000 0.000 260.950 -17.010 0.00
4 12 0.0 0.2560 0.0 0.932 2 1.043 -5.496 21.700 12.700 40.000 48.8926 0.00
12 13 0.0 0.1400 0.0 1 3 1.022 -8.002 2.400 1.200 0.000 0.000 0.00
12 14 0.1231  0.2559 0.0 1 4 1.013 -9.659 7.600 1.600 0.000 0.000 0.00
12 15 0.0662  0.1304 0.0 1 5 1.010 -14.380 94.200 19.000 0.000 35.995 0.00
12 16 0.0945 0.1987 0.0 1 6 1.012 -11.396 0.000 0.000 0.000 0.000 0.00
14 15 0.2210  0.1997 0.0 1 7 1.003 -13.149 22.800 10.900 0.000 0.000 0.00
16 17 0.0824 0.1923 0.0 1 8 1.010 -12.114 30.000  30.000 0.000  30.759 0.00
15 18 0.1073  0.2185 0.0 1 9 1.051 ~14.432 0.000 0.000 0.000 0.000 0.00
18 19 0.0639  0.1292 0.0 1 10 1.044 -16.024 5.800 2.000 0.000 0.000 19.00
19 20 0.0340  0.0680 0.0 1 11 1.082 -14.432 0.000 0.000 0.000 16.113 0.00
10 207 0.0936 0.2090 0.0 1 12 1.057 -15.301 11.200 7.500 0.000 0.000 0.00
I 10 17 0.0324 0.0845 0.0 1 13 1.071 -15.300 0.000 0.000 0.000 10.406 0.00
10 21 0.0348 0.0749 0.0 1 14 1.043 -16.190 6.200 1.600 0.000 0.000 0.00
10 22 0.0727  0.1499 0.0 1 15 1.038 -16.276 8.200 2.500 0.000 0.000 0.00
21 22 0.0116  0.0236 0.0 1 16 1.045 -15.879 3.500 1.800 0.000 0.000 0.00
15 23 0.1000  0.2020 0.0 1 17 1.039 -16.187 9.000 5.800 0.000 0.000 0.00
22 24 0.1150  0.1790 0.0 1 18 1.028 -16.881 3.200 0.900 0.000 0.000 0.00
23 24 0.1320  0.2700 0.0 1 19 1.025 -17.049 9.500 3.400 0.000 0.000 0.00
24 25 0.1885  0.3292 0.0 1 20 1.029 -16.851 2.200 0.700 0.000 0.000 0.00
25 26 0.2544  0.3800 0.0 1 21 1.032 -16.468 17.500 11.200 0.000 0.000 0.00
25 27 0.1093  0.2087 0.0 1 22 1.033 -16.455 0.000 0.000 0.000 0.000 0.00
28 27 0.0000  0.3960 0.0 0.968 23 1.027 -16.660 3.200 1.600 0.000 0.000 0.00
27 28 0.2198  0.4153 0.0 1 | 24 1.022 -16.829 8.700 6.700 0.000 0.000 4.30
27 30 0.3202  0.6027 0.0 1 25 1.019 -16.423 0.000 0.000 0.000 0.000 0.00
29 30 0.2399  0.4533 0.0 1 26 1.001 -16.835 3.500 2.300 0.000 0.000 0.00
8 28 0.0636  0.2000 0.0214 1 27 1.026 -15.913 0.000 0.000 0.000 0.000 0.00
6 28 0.0169  0.0599 0.065 11; 28 1.011 -12.056 0.000 0.000 0.000 0.000 0.00




29 1.006 -17.133 2.400 0.900 0.000 0.000 0.00 6 -37.170 1.317 37.193 0.368 -0.598
30 0.994 -18.016 10.600 1.900 0.000 0.000 0.00
8 -30.000 0.759  30.010
Total 283.400 126.200 300.950 125.089  23.30 6 -29.431 3.154 29.599 0.103 -0.558
28 -0.570 -2.366 2.433 0.000 -4.368
Line Flow and Losses
9 0.000 0.000 0.000
--Line-- Power at bus & line flow --Line loss-- Transformer 6 -27.687 8.911  29.086 0.000 1.593
from to MW Mvar MVA MW Mvar tap 11 0.003 -15.653 15.653 -0.000 0.461
10 27.731 6.747  28.540 0.000 0.811
1 260.950 ~17.010 261.504
2 177.743 -22.140 179.117 5.461 10.517 10 ~-5.800 17.000 17.962
83.197 5.125 83.354 2.807 7.079 6 -15.828 0.623 15.840 0.000 1.279
9 -27.731 -5.936 28.359 0.000 0.811
2 18.300 36.126 40.497 20 9.018 3.569 9.698 0.081 0.180
1 -172.282 32.657 175.350 5.461 10.517 17 5.347 4.393 6.920 0.014 0.037
4 45.702 2.720 45.783 1.106 -0.519 21 15.723 9.846 18.551 0.110 0.236
5 82.990 1.704 83.008 2.995 8.178 22 7.582 4.487 8.811 0.052 0.107
6 61.905 -0.966 61.913 2.047 2.263
11 0.000 16.113 16.113
3 -2.400 -1.200 2.683 9 -0.003 16.114 16.114 -0.000 0.461
1 -80.390 1.954 80.414 2.807 7.079
4 78.034 -3.087 78.095 0.771 1.345 12 -11.200 -7.500  13.479
4 -44.131 -9.941 45.237 0.000 4.686
4 ~7.600 -1.600 7.7T67 13 -0.021 -10.274 10.274 0.000 0.132
2 -44.596 -3.239 44.713 1.106 -0.519 14 7.852 2.428 8.219 0.074 0.155
3 -77.263 4.439 77 .390 0.771 1.345 15 17.852 6.968 19.164 0.217 0.428
6 70.132 -17.624 72.313 0.605 1.181 16 7.206 3.370 7.955 0.053 0.112
12 44.131 14.627 46.492 0.000 4.686 0.932
13 0.000 10.406 10.406
5 -94.200 16.995 95.721 12 0.021 10.406 10.406 0.000 0.132
2 -79.995 6.474 80.256 2.995 8.178
7 -14.210 10.467 17.649 0.151 -1.687 14 -6.200 -1.600 6.403
12 -7.778 -2.273 8.103 0.074 0.155
6 0.000 0.000 0.000 16 1.592 0.708 1.742 0.006 0.0086
2 -59.858 3.229 59.945 2.047 2.263
4 -69.527 18.805 T72.026 0.605 1.181 15 -8.200 -2.500 8.573
7 37 .537 ~1.915 37.588 0.368 -0 .598 12 -17.634 ~-6.540 18.808 0.217 0.428
8 29.534 -3.712 29.766 0.103 -0.558 14 -1.586 -0.702 1.734 0.008 0.006
9 27.687 -7.318 28.638 0.000 1.593 0.978 18 6.009 1.741 6.256 0.039 0.079
10  15.828 0.656 15.842 0.000 1.279 0.969 - 23 5.004 2.963 5.815 0.031 0.063
28 18.840 -9.575 21.134 0.060 -13.085
16 -3.500 -1.800 3.936
7 -99.800 -10.900 25.272 k 12 -7.162 -3.257 7.859 0.053 0.112
5 14.361 -12.154 18.814 0.1561 ~1.687 17 3.658 1.440 3.931 0.012 0.027
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28 -18.192 -4.152 18.660 -0.000 1.310
29 6.178 1.675 6.401 0.086 0.162
30 7.093 1.663 7.286 0.162 0.304

28 0.000 0.000 0.000
27  18.192 5.463 18.994 ~-0.000 1.310 0.968
8 0.570 -2.003 2.082 0.000 -4.368
6 -18.780 ~-3.510 19.106 0.060 -13.085

29 -2.400 -0.900 2.563
27 -6.093 -1.513 6.278 .086 0.162
30 3.716 0.601 3.764 0.034 0.063

<

30 -10.600 -1.900 10.769
27 -6.932 -1.359 7.064 0.162 0.304
29 -3.683 -0.537 3.722 0.034 0.063
Total loss 17.594 22.233

6.10 NEWTON-RAPHSON POWER FLOW SOLUTION

Because of its quadratic convergence, Newton’s method is mathematically superior
to the Gauss-Seidel method and is less prone to divergence with ill-conditioned
problems. For large power systems, the Newton-Raphson method is found to be
more efficient and practical. The number of iterations required to obtain a solution
is independent of the system size, but more functional evaluations are required at
each iteration. Since in the power flow problem real power and voltage magnitude
are specified for the voltage-controlled buses, the power flow equation is formu-
lated in polar form. For the typical bus of the power system shown in Figure 6.7,
the current entering bus 4 is given by (6.24). This equation can be rewritten in terms
of the bus admittance matrix as

7
L=) Y,V (6.48)
=1

In the above equation, j includes bus 7. Expressing this equation in polar form, we
have

n
L= [Yyl[V3] 28 + 6 (6.49)
j=1
The complex power at bus ¢ is

P — Qi =V, (6.50)



Substituting from (6.49) for I; in (6.50),

P —jQi = |Vi|1—5iZ|YinV}|16’zj+5j (6.51)
j=1

Separating the real and imaginary parts,

Py =Y |Vil|Vj1IYis] cos (6i5 — i + &) (6.52)
=1
Qi = = >_ [Vil|V;| Vil sin (635 — 6; + 6;) (6.53)
j=1

Equations (6.52) and (6.53) constitute a set of nonlinear algebraic equations in
terms of the independent variables, voltage magnitude in per unit, and phase angle
in radians. We have two equations for each load bus, given by (6.52) and (6.53), and
one equation for each voltage-controlled bus, given by (6.52). Expanding (6.52)
and (6.53) in Taylor’s series about the initial estimate and neglecting all higher
order terms results in the following set of linear equations.

Apiz(k)' %%(k) %%(k) %(k) g%(k)' - Mg’“)
AP %%““) %%W g%“) _8%%“) M'?(p
Ang) - %%)'f(k) %%g(k) (%%,_l(k) gl%(k) Al‘ék)l
_Aé%k)_ _%(b) %%:(k) %(@ ail%(k) _M}n(k)!_

In the above equation, bus 1 is assumed to be the slack bus. The Jacobian matrix
gives the linearized relationship between small changes in voltage angle Aégk)
and voltage magnitude AlVi(k)( with the small changes in real and reactive power
APi(k) and AQEk). Elements of the Jacobian matrix are the partial derivatives of

(6.52) and (6.53), evaluated at A5§k> and AiVi(k) . In short form, it can be written
as

AP J1 J2 Ad
= .54
{AQ] {J:a J4}[A|V| S
For voltage-controlled buses, the voltage magnitudes are known. Therefore, if m
buses of the system are voltage-controlled, m equations involving AQ and AV

and the corresponding columns of the Jacobian matrix are eliminated. Accordingly,
there are n — 1 real power constraints and n — 1 — m reactive power constraints,
and the Jacobian matrix is of order (2n — 2 — m) x (2n — 2 — m). Jy is of the
order (n — 1) x (n — 1), Jz is of the order (n — 1) x (n — 1 — m), Js is of the
order (n — 1 —m) x (n — 1), and J4 is of the order (n — 1 — m) x (n — 1 — m).

The diagonal and the off-diagonal elements of J; are

oP, .

55 = > IVillV;)1Ys5] sin(8i; — 6 + ;) (6.55)
g

oF, | -

55, —VillVjlIYy;| sin(0iy — & +6;)  j#14 (6.56)

The diagonal and the off-diagonal elements of .J5 are

Bﬂ/j = 2|V;||Yii| cos 3 + > |V}]|Yij] cos(8;; — 6 + 8;)  (6.57)
’ G

0P,
01‘/]] = |VZHYlJ] COS(Hij =0+ 5j) J# (6.58)

The diagonal and the off-diagonal elements of J3 are

9Q;

2. =§M!IVJ'ID%ICOS(%—5¢+5j) (6.59)
i#i

I

S = WY lcos0y ~5,+0)  G#i 66)

The diagonal and the off-diagonal elements of J4 are

0Q; ) )

al‘/z‘ - ".QIV;HY%J s1n 01'1' - ; "/JID/ZJI Sll’l(@ij — 52 -+ (5]) (661)
00Q); )

v~ —VillYis|sin(0y; — 6: +6;)  j#i (6.62)

The terms APi(k) and AQl(«k) are the difference between the scheduled and calcu-
lated values, known as the power residuals, given by

AR(k) - IDiSCh _ Pz(k) 6.63)
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The new estimates for bus voltages are

5§k+1) - 5Z(k) + A5Z(k> (6.65)

The procedure for power flow solution by the Newton-Raphson method is as
follows:

1. For load buses, where P*" and Q:h are specified, voltage magnitudes and
phase angles are set equal to the slack bus values, or 1.0 and 0.0, ie., |V;(O)I =
1.0 and 61(0) = 0.0. For voltage-regulated buses, where |V;| and P°" are
specified, phase angles are set equal to the slack bus angle,or 0, i.e., 6§0) = 0.

2. For load buses, Pi(k) and ng) are calculated from (6.52) and (6.53) and
APi(k) and AQEk) are calculated from (6.63) and (6.64).

3. For voltage-controlled buses, Pi(k) and APz-(k) are calculated from (6.52) and
(6.63), respectively.

4. The elements of the Jacobian matrix (J1, Ja2, J3, and Jy) are calculated
from (6.55) — (6.62).

5. The linear simultaneous equation (6.54) is solved directly by optimally or-
dered triangular factorization and Gaussian elimination.

6. The new voltage magnitudes and phase angles are computed from (6.65) and
(6.606).

7. The process is continued until the residuals APi(k) and AQEk) are less than
the specified accuracy, i.e.,
[APP| < e
1AQW)| < e (6.67)

The power flow solution by the Newton-Raphson method is demonstrated in
the following example.

Example 6.10  (chp6ex10)

Obtain the power flow solution by the Newton-Raphson method for the system of
Example 6.8.

6.10. NEWTON-RAPHSON POWER FLOW SOLUTION 275

Line impedances converted to admittances are y35 = 10 — 520, Y13 = 10 — 530,
and y23 = 16 — 732. This results in the bus admittance matrix

~10+420 26— ;52 —16 + j32
~10+4 730 —16+ ;32 26 — j62

20— j50 —10+ 520 —10+ j30
Ylms =

Converting the bus admittance matrix to polar form with angles in radian yields

22.36068/2.0344 58.13777/-1.1071  35.77709/2.0344
31.62278/1.8925  35.77709/2.0344 67.23095/—1.1737

[ 53.85165/-1.9029 22.36068/2.0344 31.62278/1.8925 :l
Ybus =

From (6.52) and (6.53), the expressions for real power at bus 2 and 3 and the
reactive power at bus 2 are

Py = Vol [Vi|[Yar| cos(021 = 0 + 1) + [V||Y2z| cos 60 +
[Va|Vs]|Yas| cos(Bag — 02 + 03)

Py = [V3[|V1||Y31] cos(631 — d5 + &1) + |Va]|Va||Vas cos(f3y —
83 + 82) + |V3|[Yas| cos figs

Q2 = —|Va||[Va||Ya1| sin(fa1 — 6 + 61) — |VE||Yaz| sin oy —
{Va|[V3][Yas| sin(fa3 — 82 + 63)

Elements of the Jacobian matrix are obtained by taking partial derivatives of the
above equations with respect to 8z, &3 and |V5|.

OP. )
55 = [VallVallYar|sin(61 — 02 + 61) + |Val| Va1 Yas|
: Sin(923 — 8o + (53)
P )
=2 = —|Vy| Vs [Yas| sin(0a3 — 8 + 65)
0d3
P.
S = IVillarlcost@ar 2 + 1) + 21V51[ ¥z os iy +
2
[Vs]|Yas| cos(fa3 — &2 + 03)
aP )
= —|V3||Va|lY32| sin(f32 — d5 + d2)
805
oP: )
53& = |V3||Va[|Ya1| sin(@3; — 03 + 81) + |Va]|V2]| Yas|
’ sin(932 — 83 + 52)
aP

m = [Vg“Ygg‘ COS(932 — 83 + 52)
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The new estimates for bus voltages are

‘V(k+1)t _ iVi(k)l + Am(k)‘ (6.66)

)

The procedure for power flow solution by the Newton-Raphson method is as
follows:

1. For load buses, where P and Q" are specified, voltage magnitudes and
phase angles are set equal to the slack bus values, or 1.0 and 0.0, i.e., IVZ-(O) | =
1.0 and 5§0) = 0.0. For voltage-regulated buses, where |V;| and Pf* are
specified, phase angles are set equal to the slack bus angle, or 0, i.e., 52@ = 0.

2. For load buses, H(k) and ng) are calculated from (6.52) and (6.53) and
AP® and AQEk) are calculated from (6.63) and (6.64).

7

3. For voltage-controlled buses, Pi(k) and APZ-(k) are calculated from (6.52) and
(6.63), respectively.

4. The elements of the Jacobian matrix (Jy, Jo, J3, and J4) are calculated
from (6.55) — (6.62).

5. The linear simultaneous equation (6.54) is solved directly by optimally or-
dered triangular factorization and Gaussian elimination.

6. The new voltage magnitudes and phase angles are computed from (6.65) and
(6.60).

7. The process is continued until the residuals APi(k) and AQEk) are less than
the specified accuracy, i.e.,
INAUR:
1AQM < e (6.67)

The power flow solution by the Newton-Raphson method is demonstrated in
the following example.

Example 6.10  (chp6ex10)

Obtain the power flow solution by the Newton-Raphson method for the system of
Exampie 6.8.

6.10. NEWTON-RAPHSON POWER FLOW SOLUTION 275

Line impedances converted to admittances are 10 = 10 — 520, y13 = 10 — 730,
and yo3 = 16 — 732. This results in the bus admittance matrix

10+ 520 26— j52 —16 + j32
10+ 730 —16+532 26 — j62

Ybus =

20— 550 -104720 -10+ 530 }

Converting the bus admittance matrix to polar form with angles in radian yieids

22.36068.2.0344 58.13777/-1.1071  35.77709/2.0344
31.62278/1.8925  35.77709/2.0344 67.23095/—1.1737

[ 53.85165/—1.9029 22.36068/2.0344 31.62278/1.8925 }
Ylms =

From (6.52) and (6.53), the expressions for real power at bus 2 and 3 and the
reactive power at bus 2 are

Py = |V3||Vi|[Ya1| cos(Ba1 — 82 + 1) + [V5||Yaz| cos a2 +
[V2|{V3]|Yas3| cos(fa3 — d2 + 03)

P3 = |V3||V4|[Ya1] cos(fa; — 83 + 1) + |Va]|Val|Yaz| cos(f32 —
83 + (52) + |V32HY33| cos 33

Q2 = —|Va||Vi[|Ya1|sin(f1 — 63 + 61) — |V ||Yao| sin 620 —
[Val|V3||Ya2s| sin(f23 — 02 + d3)

Elements of the Jacobian matrix are obtained by taking partial derivatives of the
above equations with respect to dg, 43 and |Va].

OP
55—22' = |Val|Val|Ya1| sin(@21 — 62 + d1) + |Va||V3]|Yas]
sin(923 — g + 53)
AP
=2 = —|Vo||V3]|Yas| sin(fa3 — &2 + 33)
B85
oP
B!V; = |VillYa1] cos(f21 — 02 + 01) + 2|V3||Yan| cos 622 +
[Va]|Yas] cos(flaz — b2 + 03)
OP: .
=2 = _|V3||Va||Yaq| sin(fsz — 65 + &)
009
OP. )
5 = MBIVl Yaulsin(B1 — 85 + 81) + [VallVall Yaa|
Sin(932 —~ &3 + 52)
0P

— = W3] Y32l cos(B30 — 63 + &
ava] |V3||Y32| cos(fs2 — 03 + 62)
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992 _ \y4|[Va|[Yar| cos(6as — 82 + 61) + [Val[Va|Yal

gé
I cos(faz — 2 + d3)
& —|V2||V3!|Yas| cos(fa3 — 02 + d3)
063
gféﬂ = —|V4||Y21 ]| sinff21 — 8z + 61) — 2|V2||Yao| sin b2z —
2

|V3||Yas] sin(f23 — 02 + d3)

The load and generation expressed in per units are

S;Ch — _(_4_00_;—6%?292 = —4.0 — ]25 pu
200
P = ik 20 pu

The slack bus voltage is Vi = 1.05/0 pu, and the bus 3 voltage magnitude is
V3| = 1.04 pu. Starting with an initial estimate of [V;"| = 1.0, 63" = 0.0, and
5&0) = (.0, the power residuals are computed from (6.63) and (6.64)

AP = pseh — IV = _4.0 - (~1.14) = —2.8600

AP = pseh — PO = 2.0 (0.5616) = 1.4384

AQY = Qs — QY = —2.5 — (~2.28) = —0.2200

Evaluating the elements of the Jacobian matrix with the initial estimate, the set of
linear equations in the first iteration becomes

—2.8600 54.28000 —33.28000  24.86000 A(sg))
14384 | = | —33.28000  66.04000 —16.64000 | | AsL”
—0.2200 _907.14000  16.64000  49.72000 | | AV

Obtaining the solution of the above matrix equation, the new bus voltages in the
first iteration are

ASY = —0.045263 8 = 0+ (~0.045263) = —0.045263

A = —0.007718 8 = 0 + (—0.007718) = —0.007718

AVO] = 0026548 |[VV] =14 (—0.026548) = 0.97345

Voltage phase angles are in radians. For the second iteration, we have

—0.099218 51.724675 —31.765618  21.302567 Mg)
0.021715 | = | —32.981642  65.656383 —15.379086 Aag”

1
~0.050914 _98.538577  17.402838  48.103589 | | AJVY

|
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and

ASY = —0.001795 852 = -0.045263 + (~0.001795) = —0.04706
ALY = —0.000985 85 = —0.007718 + (~0.000985) = —0.00870
AV = ~0.001767  [VP| = 0.973451 + (~0.001767) = 0.971684

For the third iteration, we have

—0.000216 51.596701 ~31.693866  21.147447 | [ A5
0.000038 | = | —32.933865  65.597585 —15.351628 AP
—0.000143 ~28.548205  17.396932  47.954870 | | A|V;Y)

and

A = —0.000038 85 = —0.047058 + (—0.0000038) = —0.04706
A = —0.0000024 852 = —0.008703 + (~0.0000024) = 0.008705
AIVZY| = —0.0000044 V] = 0.971684 + (—0.0000044) = 0.97168
The solution converges in 3 iterations with a maximum power mismatch of 2.5 x
1074 with V3 = 0.97168/—2.696° and Vi = 1.04/—0.4988°. From (6.52) and
(6.53), the expressions for reactive power at bus 3 and the slack bus real and reac-
tive powers are
Q3 = —|V3||V1||Y31|sin(B3; — 83 + 01) — V3| Val|Vaa|
sin(fsg — &5 + da) — |Vs)?|Yas| sin O3
Py = [Vi[*|Y11| cos 11 + |Vi||Va|[Yiz| cos(612 — 81 + 6a) + |VA|| V5]
'Ylg‘ cos(f13 — &1 + d3)
Q1 = —[Vi[*|Y1|sin 61y — |[Vi|[Va|[Yialsin(@ra — 61 + 62) — |VA||Va
!YIB' sin(913 — 51 -+ (53)

Upon substitution, we have

@3 = 1.4617 pu
Py = 21842 pu
@1 = 1.4085 pu

Finally, the line flows are calculated in the same manner as the line flow calcula-
tions in the Gauss-Seidel method described in Example 6.7, and the power flow
diagram is as shown in Figure 6.13.

A program named lfnewton is developed for power flow solution by the
Newton-Raphson method for practical power systems. This program must be pre-
ceded by the lfybus program. busout and lineflow programs can be used to print
the load flow solution and the line flow results. The format is the same as the
Gauss-Seidel. The following is a brief description of the Ifnewton program.
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Ifnewton This program obtains the power flow solution by the Newton-Raphson
method and requires the busdata and the linedata files described in Sec-
tion 6.9. It is designed for the direct use of load and generation in MW and

1 Mvar, bus voltages in per unit, and angle in degrees. Loads and generation
are converted to per unit quantities on the base MVA selected. A provision
is made to maintain the generator reactive power of the voltage-controlled
| buses within their specified limits. The violation of reactive power limit may
occur if the specified voltage is either too high or too low. In the second it-
eration, the var calculated at the generator buses are examined. If a limit is
reached, the voltage magnitude is adjusted in steps of 0.5 percent up to +5
percent to bring the var demand within the specified limits.

Example 6.11 (chp6ex11)

Obtain the power flow solution for the IEEE-30 bus test system by the Newton-
Raphson method.

The data required is the same as in Example 6.9 with the following commands

clear % clears all variables from the workspace.
basemva = 100; accuracy = 0.001; maxiter = 12;

busdata= [ same asin Example 6.9 ];
linedata = [ same as in Example 6.9 |;

1fybus % Forms the bus admittance matrix
lfnewton ¥ Power flow solution by Newton-Raphson method
busout % Prints the power flow solution on the screen

lineflow J Computes and displays the line flow and losses

The output of lifnewton is

Power Flow Solution by Newton-Raphson Method
Maximum Power mismatch = 7.54898e-07
No. of iterations = 4

Bus Voltage Angle — ----- Load~-~-- -~Generation-- Injected
No. Mag. Degree MW Mvar MW Mvar Mvar

1 1.060 0.000 0.000 0.000 260.998 -17.021 0.00
2 1.043 -5.497 21.700 12.700  40.000 48.822 0.00
3 1.022 -8.004 2.400 1.200 0.000 0.000 0.00
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4 1.013 -9.661 7.600 1.600 0.000 0.000 0.00
5 1.010 -14.381 94.200 19.000 0.000 35.975 0.00
6 1.012 -11.398 0.000 0.000 0.000 0.000 0.00
7 1.003 -13.150 22.800 10.900 0.000 0.000 0.00
8 1.010 -12.115 30.000  30.000 0.000 30.826 0.00
9 1.051 -14.434 0.000 0.000 0.000 0.000 0.00
10 1.044 -16.024 5.800 2.000 0.000 0.000 19.00
11 1.082 -14.434 0.000 0.000 0.000 16.119 0.00
12 1.057 -15.302 11.200 7.500 0.000 0.000 0.00
13 1.071 -15.302 0.000 0.000 0.000 10.423 0.00
14 1.042 -16.191 6.200 1.600 0.000 0.000 0.00
15 1.038 -16.278 8.200 2.500 0.000 0.000 0.00
16 1.045 -15.880 3.500 1.800 0.000 0.000 0.00
17 1.039 -16.188 9.000 5.800 0.000 0.000 0.00
18 1.028 -16.884 3.200 0.900 0.000 0.000 0.00
19 1.025 -17.052 9.500 3.400 0.000 0.000 0.00
20 1.029 -16.852 2.200 0.700 0.000 0.000 0.00
21 1.032 -16.468 17.500 11.200 0.000 0.000 0.00
22 1.033 -16.455 0.000 0.000 0.000 0.000 0.00
23 1.027 -16.662 3.200 1.600 0.000 0.000 0.00
24 1.022 -16.830 8.700 6.700 0.000 0.000 4.30
26 1.019 -16.424 0.000 0.000 0.000 0.000 0.00
26 1.001 -16.842 3.500 2.300 0.000 0.000 0.00
27 1.026 -15.912 0.000 0.000 0.000 0.000 0.00
28 1.011 -12.057 0.000 0.000 0.000 0.000 0.00
29 1.006 -17.136 2.400 0.900 0.000 0.000 0.00
30 0.995 -18.015 10.600 1.900 0.000 0.000 0.00
Total 283.400 126.200 300.998 125.144 23.30

The output of the lineflow is the same as the line flow output of Example 6.9 with
the power mismatch as dictated by the Newton-Raphson method.

6.11 FAST DECOUPLED POWER FLOW SOLUTION

Power system transmission lines have a very high X/ R ratio. For such a system,
real power changes AP are less sensitive to changes in the voltage magnitude
and are most sensitive to changes in phase angle Ad. Similarly, reactive power is
less sensitive to changes in angle and are mainly dependent on changes in voltage
magnitude. Therefore, it is reasonable to set elements J2 and J3 of the Jacobian
matrix to zero. Thus, (6.54) becomes

[AP}& Ji 0 AS

a0)=1% 5l am] (0608
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or
AP = JAd = {%163] Ab (6.69)
_ _ 1 9Q
AQ=LAV| =[5l AlV] 6.70)

(6.69) and (6.70) show that the matrix equation is separated into two decoupled
equations requiring considerably less time to solve compared to the time required
for the solution of (6.54). Furthermore, considerable simplification can be made to
eliminate the need for recomputing J; and J4 during each iteration. This procedure
results in the decoupled power flow equations developed by Stott and Alsac[75-
76]. The diagonal elements of J; described by (6.55) may be written as

oP, &

55, = 2 |VillVillYisl sin(9y — 6 + 6;) — [Vl |Yas| sin gy,
i j=1

Replacing the first term of the above equation with —Q);, as given by (6.53), results
in
IF,;
04;

= —Q; — |Vi|?|Yi sin 6,

=—-Qi — |Vi|*By

Where B;; = |Y;|sin6; is the imaginary part of the diagonal elements of the bus
admittance matrix. B;; is the sum of susceptances of all the elements incident to bus

¢. In a typical power system, the self-susceptance B;; > (0;, and we may neglect
Qi. Further simplification is obtained by assuming |V;|? ~ |Vi], which yields

OF,;
55, = ~|VilBis (6.71)

Under normal operating conditions, 0; — d; is quite small. Thus, in (6.56) assuming
Gii ~ 0; + 05 = By, the off-diagonal elements of J1 becomes

oF;
55 = ~lviBy
Further simplification is obtained by assuming Wil =1
OF,
58, ~|Vi|Byj (6.72)

Similarly, the diagonal elements of J4 described by (6.61) may be approximated
to
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0@, . |
8[%' = "'V;H)/u’ sin 0;; — Z H/ZH‘/J”Y;JISID(QW — 6 + 5])

Jj=1

replacing the second term of the above equation with —Q;, as given by (6.53),
results in

gl%‘ = —|Vil|Ya| sin 055 + Q;

Again, since By; = Yj;sinf; > Q;, Q; may be neglected and (6.61) reduces to

5!%1 = —~|V;|Bi (6.73)
Likewise in (6.62), assuming 6;; — 6; + 6, = 6;; yields

BB‘%] = —|V;| By (6.74)
With these assumptions, equations (6.69) and (6.70) take the following form

ﬁVj = -B’ Aé (6.75)

ﬁfj = —-B" A|V]| (6.76)

Here, B’ and B” are the imaginary part of the bus admittance matrix Y. Since
the elements of this matrix are constant, they need to be triangularized and in-
verted only once at the beginning of the iteration. B’ is of order of (n — 1). For
voltage-controlled buses where |V;| and P; are specified and Q; is not specified,
the corresponding row and column of Yy, are eliminated. Thus, B” is of order of
(n — 1 — m), where m is the number of voltage-regulated buses. Therefore, in the
fast decoupled power flow algorithm, the successive voltage magnitude and phase
angle changes are

AP
Ad = —[B 171 6.77
B ©77)
_L1AQ
AlV|=—[B"—1°_~ 6.78)
V=B (

The fast decoupled power flow solution requires more iterations than the Newton-
Raphson method, but requires considerably less time per iteration, and a power
flow solution is obtained very rapidly. This technique is very useful in contingency
analysis where numerous outages are to be simulated or a power flow solution is
required for on-line control.
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Example 6.12  (chp6ex12)

Obtain the power flow solution by the fast decoupled method for the system of Ex-
ample 6.8.

The bus admittance matrix of the system as obtained in Example 6.10 is

20 -750 —-10+3520 —-10+ 3530
—10+4+ 720 26— 952 —-16+ ;532
—10+730 —-16+ 332 26 — j62

Ylms -

In this system, bus 1 is the slack bus and the corresponding bus susceptance matrix
for evaluation of phase angles Ads and Ads is

, [ =52 32
B‘[ 32 —62}

The inverse of the above matrix is
[B']_l [ —0.028182 —0.014545
T | —0.014545 —0.023636

From (6.52) and (6.53), the expressions for real power at bus 2 and 3 and the
reactive power at bus 2 are
Py = |V3||V1]|Ya1] cos(6g1 — 85 + 61) + | V5| [Yaz] cos fag
—HVQHVgHYQg‘ 008(923 — 89 + 53)
Py = |V3|[V1[[Y31] cos(fa1 — 03 + 01) + |Va||Va|[ V32| cos(fs2
—83 + ) + |Vi||Yas| cos B33
Q2 = —[Va||V4|[Ya1| sin(fa1 — 82 + 61) — |Vi|[Yaz| sin fag
—|Va|{V5|[Yas] sin(f23 — 62 + d3)

The load and generation expressed in per units are

400 + 5250) .
Ssch:~(____._:_, -9,
2 100 4.0 -352.5 pu
200
sch
= — = 2,
Top ~ 2V pu

The slack bus voltage is V; = 1.05/0 pu, and the bus 3 voltage magnitude is
V4| = 1.04 pu. Starting with an initial estimate of V"] = 1.0, 5" = 0.0, and
5&0) = (.0, the power residuals are computed from (6.63) and (6.64)

APQ(O) _ Pgsch _ PQ(O) = —4.0 - (~1.14) = ~2.86

AP = pyh — PO = 2.0 (0.5616) = 1.4384

AQY = Q5th — QY = —2.5 — (~2.28) = —0.22

6.11. FAST DECOUPLED POWER FLOW SOLUTION 283

The fast decoupled power flow algorithm given by (6.77) becomes

AsP T [ —0.028182 —0.014545 :Qﬁgﬂ [ —0.060483
AsY | | —0.014545 —0.023636 L84 7 | —0.008909
Since bus 3 is a regulated bus, the corresponding row and column of B’ are elimi-

nated and we get

B" = [-52]
From (6.78), we have
—177-.22
A =—|—1 |——1 = —0.0042308
[Vai {52}[1.0] 0.004230

The new bus voltages in the first iteration are

A = —0.060483 53 = 0+ (—0.060483) = —0.060483
ASL = —0.008989 58 = 0 + (—0.008989) = —0.008989
AV = 00042308 VY] =1+ (~0.0042308) = 0.995769

The voltage phase angles are in radians. The process is continued until power resid-
uals are within a specified accuracy. The result is tabulated in the table below.

Iter 09 o3 “/2‘ AP APy AQs
-0.060482  -0.008909 0.995769 -2.860000 1.438400 -0.220000
-0.056496 -0.007952 