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Preface to the Second Edition

Our title Power System Analysis was published in 2007 and since then it has been 
readily accepted as a standard textbook both at the graduate and postgraduate 
levels. This second edition is a gradational revision of the power systems analysis 

∑

∑ Further fortify the understanding of principles of power system analysis
∑ Expose readers to current topics such as voltage stability which have acquired 

to their maximum capacity

New to the Second Edition
The purpose of revising the already accepted title Power System Analysis was to 

∑ Suggestions from students and faculty members in various institutions
∑ Our continual references to look for ‘chinks in the armour’ in our work
∑ Periodic comments from the publisher’s reviewers

Common Features
The most important change in the second edition is the inclusion of the following 

∑ Learning Outcomes
will be able to achieve following a study of the chapter.

∑ End chapter Summary -
tion of the chapter.

∑ Descriptive questions have been included in the chapter end Exercises.
∑ Multiple Choice Objective Questions

to enable a reader to quickly gauge his/her understanding and retentivity of the 
principles and laws of power system analysis.

∑

Extended Chapter Material

Chapter 1 (Power Sector Outlook) Data related to the energy sector has been 
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vi Preface to the Second Edition

and magneto-hydro-dynamic (MHD) power generation have been included.
Chapter 2 (Basic Concepts) Comparison of single- and three-phase power 

Chapter 3 (Transmission Line Parameters) Overview has been re-drafted to 
highlight the importance of transmission lines in power transmission and the 
electrical properties of commonly used conductor materials are shown in tabular 

spirality effects which lead to non-uniform distribution of alternating current in 
a conductor.
Chapter 4 (Transmission Line Model and Performance) Overview has been 

propagation constant and Ferranti effect have been explained at length along with 
the inclusion of several typical solved examples.
Chapter 6 ( ) Overview has been expanded to 
emphasize the formulation of network matrices based on graph theory.
Chapter 7 ( ) A new section to explain the simulation of DC 

Chapter 10 ( ) A 
table summarizing the phase shift between primary and secondary voltages of 

for easy simulation for fault analysis.
Chapter 12 (Voltage Stability) Keeping in mind the several collapses of major 

has been discussed along with techniques for performing transient voltage 
stability studies. Appropriate typical solved examples explain the application of 
the techniques.
Chapter 13 (Contingency Analysis Techniques) A typical solved example has 
been included to further explain the method of performing contingency analysis.
Chapter 14 (State Estimation Techniques) Variations in Examples 14.1 and 14.2 
have been introduced to further explain the method of weighted least squares and 

respectively.
Chapter 15 (An Introduction to HVDC Power Transmission) A whole new 

clarify the principles of HVDC operation.
Academic Capacity Test (ACT) has been provided as an online resource for 

from all the chapters in the textbook. ACT has been designed to enable a reader 
to identify chapter-wise strengths and weaknesses.
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Preface to the First Edition

Basic Electrical Engineering
and its ready acceptance by the engineering faculty has inspired us to author 

our second book Power System Analysis. Written with the objective of assisting 

oriented.

The growth of modern-day integrated power systems has fortunately been 

accompanied by the development of fast interactive personal computers. The latter 

has necessitated the integration of personal computers into the curricula of power 

system engineering programmes and has enabled the teachers to augment the 

learning process through the simulation and designing of more practice-oriented 

problems and taking up more complex topics for analyses.

Matrix laboratory (MATLAB) is a very powerful matrix oriented software 

package for numerical computations. It is a handy tool for solving numerical 

power system problems. Keeping in mind the current developments and future 

power systems and the application of MATLAB for analyses and solutions of 

MATLAB functions and scripts. This will help the readers to comprehend not 

only the translation of a simulation into an executable MATLAB solution but 

will also encourage them to modify and even develop their own programmes. The 

MATLAB commands and their effects have been explained wherever they have 

been used in the text. Each chapter includes several such examples and unsolved 

problems with answers.

About the Book
Power System Analysis aims at providing a comprehensive coverage of the 

curricula and will serve as a very useful textbook for electrical engineering students 

at the undergraduate level. The book provides a thorough understanding of the 

basic principles and techniques of power system analysis. Beginning with basic 

alike at the postgraduate level.
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ix

Content and Coverage
The book comprises 15 chapters and three appendices. Each chapter in this book 

assess their comprehension of the subject matter studied in the chapter.

Chapter 1 in addition to tracing the history of the growth of the power sector 

outlines its structure and its present state. Statistical data is included to 

provide a perspective of the Indian power sector and its future plans for 

of deregulation of the power industry is also covered.

Chapter 2 covers the representation of power system elements suitable for 

presented. It describes per unit representation of power systems and its 

advantages in power system analysis.

Chapters 3 and 4 deal with the parameters of transmission lines and steady-state 

the computation of the parameters of transmission lines. Chapter 4 covers 

and reactive line compensation of lines are discussed. The phenomenon of 

travelling waves on transmission lines is also included in the chapter.

Chapter 5
and loads in the steady state and transient analysis.

Chapter 6 introduces graph theory along with the commonly employed 

terminology in the formulation of network matrices. Since network matrices 

covers the formulation of bus admittance and bus impedance matrices of a 

power system network. The chapter also includes the formulation of nodal 

their solutions by direct and indirect methods. Sparsity techniques for storing 

also covered in the chapter.

Chapter 7

been presented in detail in this chapter. Fast decoupled method for solution 

Chapter 8 deals with the maintenance of active power balance and control 

a system is operating in the steady state. Beginning with the basic control 

control (LFC) loops are described and their steady-state and dynamic 

discussed and then extended to a two-area control system. Tie-line bias 

control and its application to a two-area control system are also presented 

in detail.
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x

Chapter 9 deals with the methodical computation of bus voltages and line 
currents under balanced three-phase fault conditions. Impedance matrix 
for three-phase faults and computations of three-phase fault currents are 
also included.

Chapter 10 covers the analysis of power systems under unsymmetrical fault 
conditions. Symmetrical components which transform unbalanced currents 
and voltages into sets of three balanced components are employed as a tool 
for transforming an unbalanced circuit into a balanced circuit. The latter 
transformation makes it feasible to analyse the faulted network on per 
phase basis. The application of symmetrical components to various types of 

Series faults such as one-conductor or two-conductors open are discussed. 
Generalized formulation for unbalanced short circuit computation using bus 
impedance matrix is also given at the end.

Chapter 11 commences with the assumptions commonly made in stability 

with the laws of rotational mechanics. The chapter includes an analysis of the 
single machine transient stability problem based on the equal area criterion. 
The solution of swing equation by conventional step-by-step method as well 

the multi-machine transient stability of a power system is also included. 
Numerical solutions of the non-linear algebraic equations are explained. 
MATLAB functions and scripts have been included to demonstrate their 
utility in obtaining numerical solutions and plotting the swing equation. 
Linearization of the swing equation and its solution for performing steady-
state stability analyses are explained in detail. Some methods for improving 
stability are discussed.

Chapter 12 covers the contingency analysis of a power system and it deals with 
the determination of line currents following a line outage or a switching 

and their computation by employing the Z-bus matrix are explained in 
detail. Contingency analysis of interconnected power systems by network 
equivalents is also presented.

Chapter 13 provides techniques to estimate the state of a power system using 

to test the goodness of the state estimates from measurements and the 
elimination of bad data are also comprehensively described.

High voltage direct current (HVDC) systems operate in conjunction with ac 
systems to transmit bulk power in present day power systems.

Chapter 14
followed by a comparison of the ac and dc transmission systems. Typical 

are also described.
Chapter 15

technology for enhancing transmission capability and improving grid 

transmission systems due to parametric limitations and then explains how 

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



xi

the parameters such as line reactance and voltage magnitudes. The various 

types of FACTS controllers employed for parametric variation have been 

described.

the various types of matrices encountered in the modelling of complex 

their solutions. Creation of matrices and the use of MATLAB commands 

have been demonstrated through examples. Numerous unsolved problems 

are provided at the end of the appendix. Appendix B comprises test data for 

chapter exercises are provided in Appendix C.

of complex power system problems and help them solve these problems by utilizing 

the existing MATLAB functions and scripts. Students will become adept at 

the problems at the end of each chapter. The faculty teaching the power systems 

process by taking up modelling and analyses of problems which are encountered 

in the operation and control of power systems in practice.

We have developed this book over the past many years while teaching 

this subject to the students of electrical engineering at the postgraduate and 

undergraduate levels. The text has been written to match the evolving curriculum 

of the subject taught in universities in India and abroad. We acknowledge that the 

of power systems by many outstanding professors and engineers. The details of 

the sources have been compiled in the bibliography at the end of the book. We 

wish to thank these individuals who have been instrumental in the development of 

this book. We are also grateful to our colleagues and friends who have provided 

valuable suggestions and criticism in formulating the contents of this book.

T.K. Nagsarkar

M.S. Sukhija
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OVERVIEW

Electrical power is the most convenient form of energy since it is available to the 

economically over long distances.

1.1 HISTORY OF POWER SECTOR GROWTH

Pearl Street Station in New York, USA. Power was generated in a steam engine 

driven dc dynamo (generator), and dc power was distributed through underground 

cables for lighting purposes only. The scope of distribution was limited to short 

distances because of the low voltage of the distribution circuits.

In pre-independent India, the generation of electric power was mainly 

undertaken by the private sector and was limited to urban areas. The development 

of the 

Calcutta Electric Supply Company 

ta.

Post-Independence, the Government of India (GOI) took upon itself the task of 

developing the power sector in a rationalized manner so as to expand the electric 

CHAPTER

Power Sector Outlook

A focussed study of this chapter will enable the reader to:

∑ Learn the history and the growth of the power sector in India

∑ Obtain an overview of the existing situation of power generation, transmission, distribu-

tion, and consumption patterns

∑
∑ Understand restructuring of the power sector and its importance in the Indian context

∑ Identify various systems and sub-systems of a power network, including categorization 

of various types of conventional (hydro, thermal, nuclear) and non-conventional (solar, 

wind, tidal, magnetohydrodynamic) primary sources of energy

∑
power systems and reliable supply of electrical energy

Learning Outcomes
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2 Power System Analysis

saw the setting up of state electricity boards for the systematic growth of the power 

sector. Side by side a number of multi-purpose hydroelectric schemes were also 

commenced. In due course of time, work was started on building hydro, thermal, 

National 

Hydroelectric Power Corporation (NHPC) and the National Thermal Power 

Corporation (NTPC) to signal their participation in the generation programmes 

and provide a stimulus to the growth of the power industry. Subsequently, Nuclear 

Power Corporation of India Limited (NPCIL) and Power Grid Corporation of 

power sector.

1.1.1 Installed Generation Capacity

capacity is being continually enhanced to meet the growing demand for power.

As per the 

thermal (including steam, gas, diesel), nuclear, and renewable energy sources 

Table 1.1 Installed generation capacity (as on 31 December 2012)

Type of generation Capacity in MW % of installed capacity

Coal

Thermal Gas

Nuclear

Hydro

RES*

Grand total

power, urban and industrial waste power, and wind energy.

1.1.2 Gross Electricity Generation

The gross electricity generation at the national level, not considering 
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Power Sector Outlook 3

Table 1.2 Annual electric energy generation targets and achievement

Category
Target 2011–12

(GWh)

Actual 2011–12*

(GWh)

% of

Target

Actual 2010-11 

(GWh)

Growth

(%)

Thermal

Nuclear

Hydro

Total 

The

predicted the anticipated power supply position in the country during the year 

in operation, fuel availability, and anticipated water availability at hydroelectric 

was envisaged. The gross energy generation in the country was assessed to be 

commissioned during the year.

1.1.3 Consumption of Electric Power

As is expected for a nation on the move, the consumption of electricity increased 

1.1.4 Rural Electrification

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



4 Power System Analysis

Table 1.3

Total number of villages

Total number of households 

1.1.5 Transmission and Distribution Lines

the details of operating voltages and line lengths of transmission lines during 

year plans.

Table 1.4

6th plan 7th plan 8th plan 9th plan 10th plan 11th plan

upto Dec 2010

± 500 kV HVDC

Central

State

Total

765 kV

Central

State

Total 

400 kV

Central

State

Total

220 kV

Central

State

Total 

Grand Total 

¥ route km.
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Power Sector Outlook 5

The Government of India plans to quadruple the distribution network by adding 

ckm is planned to be added in the twelfth plan. Thus, by the end of the twelfth 

plan, the total distribution network in the country would have doubled, thereby 

greatly facilitating delivery of power to the expanding base of end-use customers. 

Table 1.5

Particular 11th Plan 12th Plan

LT lines

Total

1.1.6 Per Capita Electricity Consumption
The per capita electricity consumption, which is an indicator of the development 

of a country, has been steadily 

the second year of the tenth 

plan, the per capita electricity 

As per the highlights reported by 

the Central Electricity Authority, 

annual per capita consumption of 

electricity in the country during 

1.2 VISION 2012 FOR THE POWER SECTOR

In order to develop the power sector and to alleviate the losses in the power

all-inclusive blueprint lays down an integrated strategy for the development of the 

Reliability of power

Quality power

Table 1.6 Annual per capita consumption of 

electricity

Year
Per capita consumption 

(kWh)
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6 Power System Analysis

Optimum power cost

Commercial viability of power industry

Power for all

of the regional grids into a national grid, with the latter having an inter-regional 

and distributions networks should be enhanced.

Consequently, the programmes of GOI focus on the following:

Energy shortage and peaking shortage to be overcome by providing adequate 

spinning reserves

1.2.1 Strategies to Achieve Power for All

developing the power sector:

Power generation strategy will focus on an integrated approach including low 

cost generation, optimization of capacity utilization, controlling the input cost, 

optimization of fuel mix, technology upgradation, capacity addition through 

nuclear and non-conventional energy sources, high priority for development of 

Transmission strategy focuses on development of a National Grid including

interstate connections, technology upgradation and optimization of transmission 

cost.

strategy is to concentrate on distribution reforms by focussing on 

system upgradation, loss reduction, theft control, consumer service orientation, 

quality power supply commercialization, decentralized distributed generation, 

and supply for rural areas.

Regulation strategy aims at protecting consumer interests and making the sector 

commercially viable.

strategy aims at generating resources required for the growth of the 

power sector.

Conservation strategy is to optimize electricity utilization with focus on demand 

side management and load management and technology upgradation to provide 

Communication strategy focuses on achieving political consensus, with media 

support, to enhance general public awareness.

1.2.2 Vision 2020 for the Power Sector
The

become the growth engines to provide speedy and sustainable future economic 
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Power Sector Outlook 7

times or more in the next two decades. This, in turn, will require that the installed 

Such an overall growth in power demand will need a matching supply of all forms 

of fuels leading to a doubling of the coal demand and tripling of the demand for 

of energy will further strain the social and physical environments, in addition to 

approach to place greater dependence on renewable energy sources, which not 

in the world, use of other renewable energy technologies such as solar power, solar 

thermal, biomass, and small hydro power is being explored.

1.3 POWER SECTOR REFORMS

of the households remain unconnected to the public power system, and those who 

are connected often receive infrequent and unreliable service.

to even make payments to the Central Power Sector Units (CPSUs) such as NTPC 

and PGCIL for the purchase of power. The accumulation of outstanding amounts 

to the CPSUs grew to over `

the GOI has taken up reforms for gradual elimination of losses. In India, the power 

1.4 PERFORMANCE/POLICY INITIATIVES/DECISIONS

∑
∑

households launched. The scheme outlay of `
component of `

∑
∑

∑
).
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8 Power System Analysis

Capacity addition target and achievement Uninterrupted and reliable supply 

enough generating capacity has to be created with some spare generating capacity 

sector should be able to attract funds from the capital markets without government 

quality electricity at reasonable rates.

To ensure grid security, quality, and reliability of power supply, a reasonable 

spinning reserve at the national level has to be created in addition to enhancing 

to `
`
addition required in the eleventh plan. In the last two plan periods, barely half of 

the planned capacity addition was achieved. The optimistic expectations from the 

it appears that the approach of inviting investments on the basis of government 

guarantees was perhaps not the best way.

1.5 ELECTRICITY ACT 2003

The

the power sector by introducing in it a spirit of competition which hitherto was 

laws in the areas of generation, transmission, distribution, buying and selling, and 

∑ Generating a market-responsive competitive power industry

∑ Guaranteeing reliable and quality power supply to all areas

∑ Rationalizing tariff regime

∑
∑ Safeguarding consumer interests

The salient provisions in the Act are as follows:

∑

∑ No permission is necessary for establishing captive power plants
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Power Sector Outlook 9

∑
∑

the same geographical area

∑ Establishing a spot market (stock market) for bulk power

∑
electricity boards

∑ Accountability through mandatory metering of electrical energy supplied to 

consumers

The Act, however, permits the state electricity boards to operate, for a limited 

period, with their integrated structure and allows them to select the order and 

1.5.1 Electricity Act 2007

The Electricit

would be out of the scope of this text to discuss the Electricity (Amendment) Act 

shall be substituted:

endeavour to provide access to electricity to all areas including villages and hamlets 

∑
∑ Captive units will not require a licence to supply power to any user.

∑ Strict action against unauthorized usage of power.

∑ Power theft has been recognized as a criminal offence, punishable under Sec-

1.6 RESTRUCTURING THE POWER SECTOR

It would be appropriate to develop the concepts associated with regulation and 

deregulation, in respect of the power sector in India, before describing the concepts 

of restructuring.

Regulation of the power sector implies that it must function within the laws 

rules and economic enticements for restructuring, controlling, and driving the 

electrical power sector.

Clearly, a regulated power sector means that it functions in a monopolistic and 

risk-free environment. On the other hand, in a deregulated scenario, the power 

regulation and deregulation symbolize opposite concepts without any one of them 

being absolutely black or white.
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10 Power System Analysis

1.6.1 Features of a Regulated Power Sector
Monopolistic There is only a single authority to generate, transmit, distribute, 

and sell electrical energy.

Responsibility to supply The authority is obliged to supply energy to all areas 

Government as a supervisor The government acts as a regulator by legislating 

laws and rules within which the authority should operate and do business. This 

implies that 

(a) the operating principle of the authority must be based on least-cost operation, 

that is, it must function such that it minimizes its overall revenue needs, and

(b) the government decides the rates to be charged by the authority.

regulatory guidelines and practices and it is assured a reasonable return on its 

investments.

1.6.2 Structure of a Regulated Power Sector
The electrical power sector in India, until recently, has been vertically integrated, 

with all the functions of power generation, transmission, and distribution being 

performed by a single entity, which complicated the separation of costs attributed 

to the three activities. Therefore, the electricity tariff rate charged to consumers 

is based on cumulative costs.

to top only, that is, from consumers to the authority.

1.6.3 Structure of a Deregulated Power Sector
Unlike the regulated power sector, a deregulated power sector is characterized by 

procedure of restructuring is called unbundling.

is to induce competition, by allowing several new players, in the production of 

electrical energy (generation) and retail marketing (distribution) of electricity, 

while maintaining a single transmission and distribution system in an area.

entry of various players to undertake different tasks. In order to ensure smooth 

and uninterrupted functioning, a central operating authority, designated as Self-

governing System Administrator (SSA) or Independent System Operator (ISO), 

is appointed for the entire system. The SSA is an independent authority. It does 

not possess its own generation facilities for business or indulge itself in market 

competition. The SSA ensures that there is a balance between generation and 

imports on one hand and consumption and exports on the other, at all times.
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Power Sector Outlook 11

Fig. 1.1 Conceptualized perspective of a deregulated power sector

the consumers, via the transmission and distribution system as in the regulated 

power sector. In terms of the functioning of the deregulated power sector, one 

model is that various generating companies will sell and deliver power via the 

transacts with the distributors. Another practice is that the consumer transacts 

their facility for supplying energy to the consumer. There is, however, no money 

in turn buys power from the generating company and transfers it to the customer 

SSA is accountable for maintaining a liaison with the various players and keeping 

track of the transactions being enacted.

Owing to the various players in the deregulated structure, the energy bill gets 

segregated into various amounts to be paid towards generation, transmission, 

and other costs. This is in contrast to the single energy bill in the regulated power 

sector. The different heads under which an energy bill gets segregated into, in the 

deregulated scenario, are as follows.

∑ Price of energy supplied.

∑ Price of energy delivered: This is analogous to the price of transportation of 

goods from one station to another.

∑ Price of quality of energy supplied: The quality of energy supplied is deter-

mined by the extent to which frequency is regulated and the voltage magnitude 

charged. The price for these services, however, may or may not be indicated 

in the energy bill separately.
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12 Power System Analysis

1.6.4 Various Participants in a Deregulated Power Sector
It is clear from the foregoing that a deregulated power sector comprises various 

participants. Although the designation of the various participants and the role played 

example of an indicative segregation of participants in a market-driven power sector.

Fig. 1.2 Various components of a deregulated power sector

1.6.5 Role Description of Various Participants

Generating company (Genco) Genco is a company which owns and operates 

generating stations to produce electrical power. The bulk energy produced by a 

Genco is sold at its site which is similar to a petroleum company selling bulk 

crude at its site.

Transmission company (Transco) The role of a Transco is to transfer bulk 

power generated at the site of a Genco to where it is to be delivered. In respect 

of ownership, management, and maintenance of transmission lines, one of 

the following methodologies may be adopted in a deregulated power sector. 

Normally, Transco owns and maintains the transmission lines under monopoly 

ISO. Since Transco is the sole franchisee of the transmission lines, it is paid for 

administrative responsibility of carrying out the engineering functions to ensure 

that the transmission lines perform the task of transmitting power adequately.
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Power Sector Outlook 13

Distribution company (Disco)

to individual consumers consisting of business houses, commercial organizations, 

income by renting out the same or by billing for delivery of electric energy. In the 

the spot (stock) market and delivers it to the consumers.

Retail energy service company (Resco) Rescos can be carved out of the several 

retail departments of the earlier vertically integrated utilities or these could be 

new entrants in the electrical power industry who believe that they are competent 

power from Gencos and sell it directly to the consumers.

Self-governing System Administrator (SSA)/Independent System Operator 

(ISO)

and secure electrical power system. It does not involve itself in the electricity 

market trade. However, in order to ensure security and reliability of the electrical 

supply of emergency reserves from different players in the system. Normally, an 

in some cases.

Consumers In the deregulated environment, consumers are categorized as a 

single entity and are perceived as the buyers. A consumer has the option to pur-

spot (stock) market by bidding.

1.6.6 Mechanism of Competition

of competition is created in the electrical power industry.

In a deregulated electric power industry, competition is at the generation level 

and at the retail market level. Companies (Gencos) generate bulk power and put 

it on the market for sale at the wholesale level. Typically, customers who buy 

power in bulk from Gencos are large industrial consumers or other companies. 

from Gencos and sell the same to individual customers, in small quantities, as 

consumer base by offering competitive prices, good services, and other attractive 

service features.

A deregulated electrical power sector, therefore, is competitive at the wholesale 

and retail levels and in between is the monopolistic transmission and delivery 

system.
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14 Power System Analysis

Fig. 1.3 Symbolic representation of the mechanism of

competition in a deregulated environment

1.7 WHOLESALE POWER MARKET

It is logical to expect that there exists (i) a marketplace for the sellers and buyers to 

trade, and (ii) an adequate system for transportation and distribution. Similarly, in 

the context of a deregulated power industry, the following two additional systems 

are essential.

Power market A methodology for the bulk power producers (Gencos) to sell 

System operation A viable transmission system, on real-time basis, which will 

which are regulated by an independent mechanism. The concept of a power market 

was both novel and alien to the power industry and required the introduction of 

new players.

1.7.1 Instruments of Sales Transactions
A market mechanism through which Gencos can sell their product (power) at 

essential feature of a deregulated power industry. There are three fundamental 

models for transacting business and they are described as follows:
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Power Sector Outlook 15

Poolco It is the single government or semi-government buyer which also 

operates by inviting bids from all Gencos and buying power, at the lowest quoted 

price, to meet the total demand.

Bilateral exchange It functions on a multi-seller and multi-buyer approach. In 

to exchange power at a mutually agreed price.

Power exchange (PX) It is a trading exchange for electrical power, very similar 

to the monetary stock exchange, and is established by the government. In this 

mechanism, business is transacted through the PX. Similar to a monetary stock 

exchange, the PX constantly revises and declares the current price, called the market 

instead of individual sellers and buyers and thus are not aware of whom they are 

dealing with.

It may be mentioned that none of the three market instruments are mutually 

exclusive. It is not impossible to have several combinations of all three market 

devices to be operative at the same time. In practice, however, it is prudent for 

two of the three devices to be in operation concurrently.

1.8 RESPONSIBILITIES OF THE SSA/ISO

expected to perform the following basic functions:

∑
for the transportation of power.

∑
usage, invoice users and settle the same with the users, and promptly pass on 

∑ Operate the system in a stable and economical mode.

∑ Assure and provide high quality of service.

∑

-

tive power, and operate the system so as to minimize the transmission losses.

∑

in the industry.

1.9  STATUS OF DEREGULATION OF THE POWER SECTOR
IN INDIA

The physical infrastructure in the power sector in India has witnessed incredible 

growth since Independence. This expansion is attributed to

(a) government budgetary support,
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16 Power System Analysis

(b) cross-subsidy,

(c) emphasis on utilizing indigenous resources for expansion, and

(d) centralized supply and grid expansion.

owned utilities, like the electricity boards. Therefore, the power industry imbibed 

The government of Orissa was the first state to initiate the process of 

The model of unbundling envisaged: (i) restructuring the state-owned electricity 

and distribution, (ii) generation and distribution to be privatized, and (iii) setting 

up an independent regulatory authority to monitor and control these players.

1.10  CONSTITUENTS OF A PRESENT-DAY POWER SYSTEM

An electrical power system is a complex network of several subsystems, which 

convert some form of latent energy into electrical energy and transform, transmit, 

line representation of a three-phase ac power system.

follows:

(a) Generation

(b) Transmission and distribution

(c) Loads

(d) Protection and control

It may be noted that transformers are used in all the subsystems. A transformer 

level. The insulation requirements limit the generated voltage to low values up 

sending end of the transmission lines. At the receiving end of the transmission 

lines, step-down transformers are used to reduce the voltage to suitable values for 

handling capacity, two types of transformers, namely power transformers and 
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18 Power System Analysis

1.10.1 Generation Subsystem
Generation of electric energy commenced with the setting up of individual power 

stations at the pitheads to supply electric power to individual consumers. As the 

demand for electric energy increased, power systems came into existence. Thus, 

the generation subsystem is constituted of groups of generating stations, which 

convert some form of primary energy into electrical energy.

The simplest form of a generating station is constituted of a prime mover 

coupled to an electric generator. A primary source of energy is employed as the 

input to the prime mover, which in turn rotates the generator to produce electric 

energy.

Primary Sources of Energy

The important primary sources of energy employed for generation of electric 

(i) fossil fuels, for example, coal (including lignite and peat), oil, and natural gas

(ii) renewable energy from hydro, wind, and solar

(iii) nuclear energy from uranium or plutonium

employ these three types of primary energy sources. The amount of electric power 

contributed by each type of generating station is governed primarily by the market 

primary input sources of energy have zero cost compared to the cost of fuel such 

as coal, oil, gas, and uranium used in thermal and nuclear generating stations. In 

nuclear generating stations, energy costs are low compared to thermal generating 

stations. The economics of generating stations employing fossil fuels as source 

of energy are dependent on market prices of the fuels. 

Types and Characteristics of Generating Stations

Generating stations, based on the type of primary source of energy employed, can 

(i) thermal,

(ii) hydro,

(iii) nuclear, and

(iv) non-conventional.

In thermal generating stations, coal, oil, natural gas, etc. are employed as a 

source of primary energy, while the head and volume of water is employed as the 

is the source of energy in a nuclear power station. In non-conventional generating 

stations, wind, geothermal (heat deep inside the earth) energy, tidal energy, etc. 

are used as sources of energy to generate electric power.

Thermal Generating Stations

A simple schematic diagram of a thermal generating station is shown 

Pulverized coal is burnt to produce steam, at high temperature and pressure, in a 

the internal heat energy of the steam is partially converted into mechanical energy. 
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Power Sector Outlook 19

The steam turbine, which is the prime mover, is coupled to an electric generator. Thus, 

mechanical energy produced by the rotating turbine is converted into electric energy.

mechanical energy, steam is generated at the highest possible temperature and 

been partially expanded by an external heater. This reheated steam is returned to 

Fig. 1.5 Schematic diagram of a thermal generating station

generating capacity, since their capital cost per kilowatt decreases as the megawatt 

Additionally the cost of installation per kilowatt is considerably lower for large 

units. Currently, the maximum capacity of turbo-generator sets being produced 

Thermal generating stations also employ cogeneration in order to utilize the 

large amount of waste heat. In cogeneration, electricity and steam or hot water are 

simultaneously made available for industrial use or space heating. It is claimed that 

has been found to be particularly advantageous for industries such as paper, 

The

and gases such as oxides of sulphur and NOx. These gases are released to the 

atmosphere resulting in pollution of air. Thermal pollution also results due to the 

large amount of heat released via the condenser to the cooling water.
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20 Power System Analysis

crude oil, which is the oil pumped from oil-wells, and residual oil, which is the oil 

left behind after the more valuable fractions have been extracted from the crude oil. 

Cost of transporting oil through pipelines is less than shipping coal by rail. However, 

uneconomical to transport residual oil by pipelines because of its high viscosity.

The primary source of energy in such types of generating stations is 

natural gas. A gas turbine engine, which is similar to a turbo-prop engine used in 

an aircraft, is employed as a prime mover to run the generator. In order to achieve 

In the second stage, the hot gases exhausted from the gas turbines are passed 

through a heat exchanger to generate steam, which is used to run a conventional 

steam generator to produce electric energy. Alternatively, the hot gases exhausted 

from the gas turbine can be used for producing steam for an industrial process. 

Fig. 1.6 Schematic layout of a 

are more 

x as compared 

fuel cost when employed to supply power on their own. As such, they are used to 

supply peak load demand and for short periods.

used to generate electrical power. In India, a gas power station with an installed 

¥
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Power Sector Outlook 21

-

Hydro Generating Stations

In a hydroelectric generating station, the potential energy and quantum of water 

are utilized to generate electrical power. In other words, hydroelectric schemes 

to the difference in head, considerable velocity is imparted to the water, which 

is used to drive a hydro turbine. This hydro turbine acts as a prime mover and is 

coupled to an electric generator to produce electrical energy.

Hydroelectric stations depend on the availability of a head of water. As such 

they are often sited in mountainous terrain and require long transmission lines 

basis of the head utilized to generate power: high head storage type, medium head 

pondage type, and run-of-river. In low head type of hydro generators, both the 

velocity of water and difference in levels are used to rotate the turbine. In high 

head generators, the difference in levels is used to impart high velocity to the water 

to run the turbine. As the name suggests, in the run-of-river hydro generators, 

schematic diagram of the high head storage type hydroelectric scheme.

Fig. 1.7 Schematic diagram of a high head storage type

of a hydroelectric scheme

The power P generated in a hydroelectric station is given as

P = r Qhh ¥
where Q is the discharge of water in m  r

, h is the head of water in metres, and h is the 

The merits of a hydroelectric station are as follows:

∑
∑ No air pollution
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22 Power System Analysis

∑ No waste products

∑
∑
∑
The demerits of a hydroelectric station are as follows:

∑ High capital costs

∑ Long gestation period

∑ Ecological damage to the region

Nuclear Power Stations

The fuel in a nuclear power station is uranium. Of the two isotopes of uranium, 

chain reaction and is required to be conducted under controlled conditions in a 

nuclear reactor.

In a nuclear power station, the nuclear reactor constitutes the heart of the station 

layout of a nuclear power station.

Fig. 1.8 Schematic layout of a nuclear power station

In the reactor pressure vessel, nuclear fuel rods are embedded in neutron 

speed reducing agents such as heavy water and graphite called moderators. These 

moderators reduce the speed of neutrons to a critical value. The nuclear reaction is 

controlled by inserting boron steel rods, which have the property to absorb neutrons. 

A primary coolant such as heavy water or carbon dioxide is used to transfer the 

in the heat exchanger, which is used to run a conventional steam turbine.
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Power Sector Outlook 23

The fuel requirements of a nuclear generating station are minimal compared to 

negligible. Another advantage of nuclear power stations is that they do not produce 

any air pollution. Nuclear stations, therefore, can be sited close to load centres. 

However, since radioactive fuel waste is produced in the nuclear reactor, safety 

considerations demand that nuclear stations be sited away from the populated 

areas. Nuclear stations require a high capital investment. The operational cost of 

such stations, however, is low.

Non-conventional/Alternative Generating Stations

Wind power stations

grind grain and pump water. It is particularly attractive since it is non-polluting.

However, it is unpredictable and unsteady. The expression for theoretical power 

generated, in watts, by wind of average velocity V metres per second is given by

P r AV
where r  at normal temperature and pressure) and A
is the swept area in square metres.

The success of wind power generating stations is governed by the initial capital 

stations are useful for meeting low power requirements in small isolated areas. 

In India, the gross potential of wind power has been assessed at approximately 

Pradesh, and Tamil Nadu. The largest installation of wind turbines in the country 

Geothermal power stations Geothermal power generation involves conversion 

of the heat energy contained in hot rocks inside the core of the earth into electricity 

steam-turbine generator. Geothermal energy has been employed to generate 

the use of geothermal energy is still at the developmental stage with feasibility 

a geothermal station is less than that of a conventional fossil fuel plant, geothermal 

stations have become attractive due to their low capital cost and zero fuel cost. 

springs, the availability of exploitable geothermal energy potential appears to be

 unattractive.

Tidal power stations The gravitational effects of the sun and the moon and 

reservoirs, through open sluice gates, behind embankments along the seashores. 
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24 Power System Analysis

turbines coupled to generators. This is known as ebb generation.

A tidal power station is usually sited at the mouth of an estuary or a bay. A 

barrage or an embankment is constructed at the site to store water. A two-way 

generation can be achieved in a tidal power station. As the tidal waves come in, 

the turbines are reversible, power is again generated.

The disadvantage of tidal power stations is that, due to variation in high and 

low tide timings, they may be generating at peak demand on some days and idle 

for other days. Another disadvantage is the high cost of civil engineering works 

required.

Sagar.

Solar power The earth receives radiation continually from the sun to the equiva-

¥
solar cell is a thin silicon wafer 

have a round or square form. It 

has the property of converting 

light energy of the sun into cur-

dimensional geometric view of 

Light photons from the sun 

diode (cell) and impart enough 

energy to the valence electrons 

the unaccounted number of 

photons penetrating the cell, 

an extremely large number of 

electrons enter the conduction 

light energy into electric current is called ‘

the sun continue to penetrate the cell. As such, a cell never loses power, like a 

as a converter since it changes (sun) light energy into electric energy.

PN junction

Photon

h+
e-

Internal
field

e-

Fig. 1.9 Direct conversion of solar energy to 

electricity in a photovoltaic PN junction diode
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Power Sector Outlook 25

PV device. The metal contacts placed in front and 

at the back draw and deliver the electrons to the 

cell. In this manner, the same electrons continue 

to travel the same path and in the process deliver 

light energy to the load.

form modules or panels to obtain higher voltages. 

¥ 

battery charger industry. Solar panels can be connected in series to obtain higher 

Fig. 1.11 Pictorial view of a basic solar PV module

(Courtesy: SunGift)

capacity. The share of solar energy in the installed renewable energy component 

Under the National Action Plan on climate change, one of the eight missions 

MHD generation The magnetohydrodynamic power generation technol-

-

Fig. 1.10 Basic PV device
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26 Power System Analysis

Open loop 

gas fuel was commissioned at the Institute of High Temperatures, USSR. This 

Closed loop 

generators are usually associated with nuclear reactors as heat source, where the 

thermal station, but it was later shelved.

Working principle
This is similar to a mechanical dynamo in which the motion of a metal conductor 

generator the metal conductor is replaced by conducting gas plasma.

the mathematical theory to quantify its effects.

DC voltage output EMF-induced voltage
(electric current)

Motion of conductor
(plasma current)

Magnetic field

Ionized gas
plasma

S

N

+Electrode

Fig. 1.12 Magnetohydrodynamic power generation 

(Courtesy: www.electropaedia.com)

The MHD system
which could be the coolant from a nuclear reactor or more likely high-temperature 

combustion gases generated by burning fossil fuels, including coal, in a combustion 

The expansion nozzle reduces the gas pressure and consequently increases 

the plasma speed through the generator duct to increase the power output. 

Unfortunately, at the same time, the pressure drop causes the plasma temperature 

to fall which also increases the plasma resistance.
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Fuel
Combustion

chamber
Expansion nozzle

+

-

MHD
generator

Heat
exchanger

Exhaust
gases

Exhaust
gases

DC
power

Ionized gas generator

Compressor

Air
Air

(Open cycle using conventional fuel)

Fig. 1.13 Magnetohydrodynamic electricity generation

(Courtesy : www.electropedia.com)

∑ Simple structure

∑
∑
∑ Easy to realize combined cycle with other systems

∑ Simultaneous presence of high temperature and a highly corrosive and abrasive 

environment

∑

∑ Expensive initial instalments

1.10.2 Transmission and Distribution Subsystem
The transformer and transmission line subsystems are designed to transmit bulk 

electric power for consumption at the load centres. In the generating stations, power 

the generating station end step up the voltage to the level of transmission voltage 

suitable for transmission of bulk power. Since these transformers step up the 

voltage, they are also known as step-up transformers.

The power transmitted over a transmission line is proportional to the square 

of the transmission voltage. Therefore, ideally it is desirable to have the highest 

transmission voltages. As such, continuous efforts are undertaken to increase 

the transmission voltages. In the western countries, transmission of power is 

High voltage direct current 

distances is more economical than high voltage alternating current (HVAC) 

transmission when bulk power is to be transmitted over distances greater than 

At the generator end the ac voltage generated is stepped up to the transmission 
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28 Power System Analysis

voltage level by a step-up transformer, which is converted to high voltage dc by a 

converter circuit. A converter is a three-phase full wave bridge circuit consisting of 

dc voltage and can also operate as an inverter converting dc voltage to ac voltage. 

At the receiving end or the load end of 

as an inverter is used to change high voltage dc to high voltage ac, and then the 

ac voltage is stepped down by a step-down transformer to lower voltage level for 

distribution to consumers of electric energy.

The level of voltage at which distribution of power is undertaken depends on 

transmission or grid level to the subtransmission level and may range between 

and domestic consumers, the voltage is again stepped down at the distribution 

Subtransmission System

The portion of the transmission system that connects the high-voltage substations 

through step-down transformers to the distribution substations is called the 

subtransmission network. There is no clear demarcation between the transmission 

and subtransmission voltage levels. The voltage level of a subtransmission system 

the subtransmission system.

A distribution subsystem constitutes the part of the electric power system 

A distributed system is designed to supply continuous and reliable power at the 

Fig. 1.14 Layout of a typical distribution system
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Power Sector Outlook 29

substation normally serves its own area, which is a subdivision of the area served 

each primary feeder and its sub-feeders and laterals. Each transformer or banks 

of transformers serve to step down the voltage to utilize voltage of three-phase

over its secondary circuit. Each consumer is connected to the secondary circuit 

through service leads and a meter.

The subtransmission and distribution systems remained neglected for a long 

was recognized as a core issue in the power sector. The reason for lack of initiative 

to update the subtransmission and distribution infrastructure was attributed to a 

generation-centric focus by both the central and state governments. The bias towards 

the development of the generation subsystem to the transmission and distribution 

in investment by the government in the generation subsystem.

The shortcomings in the distribution infrastructure, on the other hand, have 

(b) High technical losses

(c) High non-technical losses, such as pilferage and commercial losses 

(d) Inadequacy in addressing consumer concerns including poor service

(e) Absence of redundancies

Another very pressing issue related to the subsystem is that of unbearably 

is very high when compared 

to the international average of 

losses in the power industry in India.

National Grid

building up of strong state grids and the emergence of regional grids. Presently, the 

regional grid networks are adequately strong to meet the inter-state transmission 

Table 1.7 Year-wise T&D losses in the Indian 

power industry

Year T&D losses in % (All India)
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30 Power System Analysis

requirements while the state grids can focus on meeting the intra-state needs of 

their respective states.

The spotlight is now on building a national grid for better utilization of hydro 

resources, saving the transportation cost of coal (since it is economical to transmit 

electrical energy), sharing of reserves, etc.

1.10.3 Load Subsystem

electrical energy is a load. Therefore, loads on a power system can be broadly 

categorized as follows: (a) industrial, (b) commercial, and (c) domestic.

Industrial loads, which are voltage and frequency dependent, are a combination 

of motor loads, lighting loads, etc. Induction motors comprise a high percentage 

and domestic loads are voltage dependent and are mainly constituted of lighting, 

heating, and cooling. A few terms related to load subsystems are described here.

Load curve of a utility is a plot of variation of composite load against time. If the 

daily load curve.

Peak or maximum demand
hour cycle.

Load factor (LF
load during the same period. Thus,

Average load in kW MW

Maximum load in kW MW

Average load in kW MW

Maximum load in kW MW 24

¥
¥
24

Energy consumed in 24 h in kWh MWh

Maximum load 24 in kWh MWh¥
¥

Energy consumed in 8760 h in kWh

Maximum load 8760 in kWh MWh¥
Higher the annual load factor, more economical is the plant operation. The desirable 

Diversity factor
individual category of consumers, such as industrial, commercial, and domestic, 

to the maximum load on the system. Thus,

Max. demand of individual category of consumers

Max. demand on syst
Â

eem

It

the installed capacity of a generating station. It is greater than unity, and therefore 
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Power Sector Outlook 31

the installed capacity will be less than the sum of the maximum demands of 

individual category of consumers.

Utilization factor
that is,

Max. demand in MW

Installed capacity in MW
Plant factor
annual energy that can be generated based on installed capacity. Thus,

Annual energy generated in MWh

Installed capacity in MW 24 365¥ ¥

Example 1.1 Compute the (i) average load, (ii) maximum load, and (iii) daily average 

load factor, if the daily variation of load on a power company is as follows:

Interval number Clock time in hours Load in MW

Solution lodata is used to draw the daily load curve. The input 

to the program consists of the following:

nintrvl
load  It is a matrix whose order is equal to (number of intervals) ¥

columns of the matrix represent the duration in clock hours and the third 

The output variables are energy, Pavg (average power), LF (load factor), and Pmax
(maximum power demand).

% Program for plotting the load curve and computing avearge load and load factor
% Program developed by the authors
function [energy,Pavg,LF,Pmax]=lodata(nintrvl,load);
% Initialization
time = zeros(1,nintrvl);P=zeros(1,nintrvl);
Pmax = 0;X = 0;
hold on
% Plotting the load curve
for I =1:nintrvl;
 time(1,I) =load(I,2)–load(I,1);
 x=linspace(X,load(I,2),500);
 Y =load(I,3);
 plot(x,Y)
 X=X+time(1,I);
 if I < nintrvl;
 y=linspace(load(I,3),load(I+1,3),500);
 x=load(I,2);
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32 Power System Analysis

 plot(x,y)
% Computing the average load and load factor
 energy=0;
 for I =1:nintrvl;
 energy=energy+(load(I,2)–load(I,1))*load(I,3);
 if load(I,3) > Pmax;
    Pmax=load(I,3);
 else
 end
 end
else
end
end
% Setting the axes and labelling the plot
axis([0 24 0 25]);
xlabel (‘Time in hours’);
ylabel (‘Load in MW’);
title (‘DAILY LOAD CURVE’);
hold off
% Output
energy
Pavg=energy/24
LF=Pavg/Pmax
Pmax
>> nintrvl=8;load=[00 06 4;06 09 8;09 11 12;11 14 18;14 18 15;18 20 12;20 22 
8;22 24 4];
% Input data
>> [energy,Pavg,LF,Pmax]=lodata(nintrvl,load);   % Statement to call function 

lodata for execution.
energy =
 234
Pavg =
 9.7500
LF =
 0.5417
Pmax =
 18
>>

Daily Load Curve

Fig. 1.15 Load curve of Example 1.1
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1.10.4 Protection and Control Subsystem
Protection and control subsystem is constituted of relays, switchgear, and other 

control devices, which protect the various subsystems against faults and overloads, 

1.11 ENERGY CONSERVATION

A unit of energy saved is a unit of energy generated at no extra cost. One of 

conservation strategy to optimize the utilization of electrical energy. The focus 

will be on (i) demand management, (ii) load management, and (iii) technology 

Keeping in mind the need and importance of energy conservation, the GOI 

use of energy.

1.12 COMPUTERS IN POWER SYSTEM ANALYSIS

of computers having capabilities to handle large volumes of data with adequately 

intricate problems related to larger and complex power system networks was a 

natural outcome.

The operation and control of present-day interconnected power networks, each 

constituting of substations, transmission lines, and transformers, has become 

so complex that from the perspective of economy and reliability of supply it is 

essential that these be monitored through a central point called an Energy Control 

Centre (ECC). An ECC is an online computer which undertakes signal processing 

based on remote data acquisition system and performs in both normal and 

emergency situations. The constituents of an ECC are as follows.

(a)

(b) A

the desired portion of the network, along with the data summaries and per-

formance indices, through paging buttons

(c) Editing and special function keyboards to change operating conditions, system 

parameters, transformer taps, switch-in-out line capacitors, etc.

(d) Light pen cursor for operating circuit breakers, switches, etc. and for changing 

SUMMARY

∑ After Independence, the GOI, amongst other development plans, took upon itself to 

develop the power sector.
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34 Power System Analysis

∑
reliable and quality power at optimum cost along with the development of a competitive 

∑
would become the growth engines to provide speedy and sustainable future economic 

development.

∑

through restructuring and deregulation of the power sector, so as to introduce a spirit 

setting up of captive power units without obtaining licences and making power theft a 

criminal offence.

∑ A power sector is a complex network constituted of (a) generation, (b) transmission 

and distribution, (c) loads, and (d) protection and control subsystems.

∑ Primary sources of energy are (a) fossil fuels such as coal, oil, and natural gas, 

(b) renewable energy sources like hydro, wind, solar, and (c) nuclear energy.

∑

∑

∑ The load subsystem consists of (a) industrial, (b) commercial, and (c) domestic loads. 

annual load factor, (c) diversity factor, (d) utilization factor, and (e) plant factor.

EXERCISES

Review Questions
1.1 Trace the history of the growth of the power sector after Independence.

1.2

1.3

of a regulated authority.

1.4

deregulated power sector.

1.5 Explain the mechanism of competition. 

1.6

1.7

subsystems along with their operation voltages.

1.8 Enumerate the various sources of energy and categorize generating stations 

based on primary source of energy employed.

1.9

Explain cogeneration.

1.10

generating stations.
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1.11

station and itemize its merits and demerits.
1.12

1.13 List the various types of non-conventional generating stations and describe 
any two of them.

1.14

1.15

1.16

factor, and (iv) plant factor.
1.17

Numerical Problems
1.1

load whose details are as follows:

Type of load Average load in MW Load factor

Industrial

Commercial

  Calculate the diversity factor.
1.2

can supply. Assume that the generating station can be fully loaded.
1.3

1.4 The demand for energy on a utility is growing exponentially and can be 
expressed as P P eat where a and t are the growth rate and time respectively. 

1.5 P  P ea(t t ), where
P is the demand in the year t, P  is the demand in the base year t , and a is the 
per annum growth rate. If the maximum power demand in the base year was 

1.6 The month-wise load on a generating station is as follows:

Month Jan. Apr. Jun. Jul. Aug. Sep. Oct. Nov.

Load

in MW

station and determine the average load and load factor.
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36 Power System Analysis

Multiple Choice Objective Questions
1.1

1.2

(a) NHPC (b) NTPC
(c) NPCIL (d) None of these

1.3

(a) Reliability of power
(b) Quality power

(d) None of these
1.4 The process of reforming the power sector was started in

1.5

(c) June (d) July
1.6 Loss reduction and theft control was which part of the strategy to achieve 

(a) Power generation (b) Transmission

1.7

1.8

(c) Paper (d) All of these
1.9

(a) No ecological imbalance (b) Long life
(c) No air pollution (d) None of these

1.10

1.11

(a) Primary coolant is heavy water.
(b) High capital investment is required.
(c) Radioactive waste is generated.
(d) All of these.

1.12 The success of wind power stations is based on
(a) initial capital cost (b) power output
(c) useful life (d) all of these

1.13

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Power Sector Outlook 37

1.14 The voltage produced by a typical silicon PV solar cell is

1.15

(c) Penetration of a photon of light
(d) None of these

1.16

1.17

1.18

1.19 A higher annual load factor indicates
(a) economical plant operation
(b) uneconomical plant operation
(c) no effect on economics of plant operation
(d) none of these

1.20

Answers

1.1 (a) 1.2 (c) 1.3 (d) 1.4 (b) 1.5 (d) 1.6 (c)

1.7 (b) 1.8 (d) 1.9 (a) 1.10 (c) 1.11 (c) 1.12 (d)

1.13 (b) 1.14 (c) 1.15 (a) 1.16 (c) 1.17 (d) 1.18 (c)

1.19 (a) 1.20 (c)

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss




