
Temperature Conversion Formulas T(°C) � �
5

9
�[T(°F) � 32] � T(K) � 273.15

T(K) � �
5

9
�[T(°F) � 32] � 273.15 � T(°C) � 273.15

T(°F) � �
9

5
�T(°C) � 32 � �

9

5
�T(K) � 459.67

CONVERSIONS BETWEEN U.S. CUSTOMARY UNITS AND SI UNITS (Continued)

Times conversion factor
U.S. Customary unit

Accurate Practical
Equals SI unit

Moment of inertia (area)

inch to fourth power in.4 416,231 416,000 millimeter to fourth

power mm4

inch to fourth power in.4 0.416231 � 10�6 0.416 � 10�6 meter to fourth power m4

Moment of inertia (mass)

slug foot squared slug-ft2 1.35582 1.36 kilogram meter squared kg·m2

Power

foot-pound per second ft-lb/s 1.35582 1.36 watt (J/s or N·m/s) W

foot-pound per minute ft-lb/min 0.0225970 0.0226 watt W

horsepower (550 ft-lb/s) hp 745.701 746 watt W

Pressure; stress

pound per square foot psf 47.8803 47.9 pascal (N/m2) Pa

pound per square inch psi 6894.76 6890 pascal Pa

kip per square foot ksf 47.8803 47.9 kilopascal kPa

kip per square inch ksi 6.89476 6.89 megapascal MPa

Section modulus

inch to third power in.3 16,387.1 16,400 millimeter to third power mm3

inch to third power in.3 16.3871 � 10�6 16.4 � 10�6 meter to third power m3

Velocity (linear)

foot per second ft/s 0.3048* 0.305 meter per second m/s

inch per second in./s 0.0254* 0.0254 meter per second m/s

mile per hour mph 0.44704* 0.447 meter per second m/s

mile per hour mph 1.609344* 1.61 kilometer per hour km/h

Volume

cubic foot ft3 0.0283168 0.0283 cubic meter m3

cubic inch in.3 16.3871 � 10�6 16.4 � 10�6 cubic meter m3

cubic inch in.3 16.3871 16.4 cubic centimeter (cc) cm3

gallon (231 in.3) gal. 3.78541 3.79 liter L

gallon (231 in.3) gal. 0.00378541 0.00379 cubic meter m3

*An asterisk denotes an exact conversion factor 

Note: To convert from SI units to USCS units, divide by the conversion factor
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Preface
The objective of this book is to present methods of power system analysis and 

design, particularly with the aid of a personal computer, in suf�cient depth to give 

the student the basic theory at the undergraduate level. The approach is designed 

to develop students’ thinking processes, enabling them to reach a sound under-

standing of a broad range of topics related to power system engineering, while 

motivating their interest in the electrical power industry. Because we believe that 

fundamental physical concepts underlie creative engineering and form the most 

valuable and permanent part of an engineering education, we highlight physical 

concepts while giving due attention to mathematical techniques. Both theory and 

modeling are developed from simple beginnings so that they can be readily ex-

tended to new and complex situations.

NEW TO THIS EDITION

We welcome Adam B. Birch�eld as a co-author for this edition. Dr. Birch�eld 

insures  that the text will continue to be updated with the latest technological ad-

vances in power systems.

New chapter-opening case studies bring principles to life for students by pro-

viding practical, real-world engineering applications for the material discussed in 

each chapter.

Comprehensively revised problem sets ensure students have the practice they 

need to master critical skills. 

KEY FEATURES

The text presents present-day, practical applications and new technologies along 

with ample coverage of the ongoing restructuring of the electric utility industry. 

It is supported by an ample number of worked examples, including illustrations, 

covering most of the theoretical points raised. It also includes PowerWorld Simu-

lator version 22 to extend fully worked examples into computer implementations 

of the solutions. Version 22 includes power �ow, optimal power �ow, contingency 

analysis, short circuit, and transient stability.

The text includes a chapter on Power Distribution with content on Smart Grids.

It also includes discussions on modeling of wind turbines in power �ow and 

transient stability. 

Four design projects are included, all of which meet ABET requirements.
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xiv Preface

POWERWORLD SIMULATOR

One of the most challenging aspects of engineering education is giving students 

an intuitive feel for the systems they are studying. Engineering systems are, for 

the most part, complex. While paper-and-pencil exercises can be quite useful for 

highlighting the fundamentals, they often fall short in imparting the desired in-

tuitive insight. To help provide this insight, the book uses PowerWorld Simulator 

version 22 to integrate computer-based examples, problems, and design projects 

throughout the text.

PowerWorld Simulator was originally developed at the University of Illinois 

at Urbana-Champaign to teach the basics of power systems to nontechnical peo-

ple involved in the electricity industry, with version 1.0 introduced in June 1994. 

The program’s interactive and graphical design made it an immediate hit as an ed-

ucational tool, but a funny thing happened—its interactive and graphical design 

also appealed to engineers doing analysis of real power systems. To meet the needs 

of a growing group of users, PowerWorld Simulator was commercialized in 1996 

by the formation of PowerWorld Corporation. Thus while retaining its appeal 

for education, over the years PowerWorld Simulator has evolved into a top-notch 

analysis package, able to handle power systems of any size. PowerWorld Simula-

tor is now used throughout the power industry, with a range of users encompass-

ing universities, utilities of all sizes, government regulators, power marketers, and 

consulting �rms.

In integrating PowerWorld Simulator with the text, our design philosophy 

has been to use the software to extend, rather than replace, the fully worked ex-

amples provided in previous editions. Therefore, except when the problem size 

makes it impractical, each PowerWorld Simulator example includes a fully worked 

hand solution of the problem along with a PowerWorld Simulator case. This for-

mat allows students to simultaneously see the details of how a problem is solved 

and a computer implementation of the solution. The added bene�t from Power-

World Simulator is its ability to easily extend the example. Through its interactive 

design, students can quickly vary example parameters and immediately see the 

impact such changes have on the solution. By reworking the examples with the 

new parameters, students get immediate feedback on whether they understand 

the solution process. The interactive and visual design of PowerWorld Simulator 

also makes it an excellent tool for instructors to use for in-class demonstrations. 

With numerous examples utilizing PowerWorld Simulator instructors can easily 

demonstrate many of the text topics. Additional PowerWorld Simulator function-

ality is introduced in the text problems and design projects.

The latest version of the valuable PowerWorld Simulator (version 22) is in-

cluded and integrated throughout the text.

PREREQUISITES

As background for this course, it is assumed that students have had courses in 

electric network theory (including transient analysis) and ordinary differential 
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 Preface xv

equations and have been exposed to linear systems, matrix algebra, and computer 

programming. In addition, it would be helpful, but not necessary, to have had an 

electric machines course.

ORGANIZATION

The text is intended to be fully covered in a two-semester or three-quarter course 

offered to seniors and �rst-year graduate students. The organization of chapters 

and individual sections is �exible enough to give the instructor suf�cient latitude 

in choosing topics to cover, especially in a one-semester course. The text is sup-

ported by an ample number of worked examples covering most of the theoretical 

points raised. The many problems to be worked with a calculator as well as prob-

lems to be worked using a personal computer have been revised in this edition.

After an introduction to the history of electric power systems along with 

present and future trends, Chapter 2 orients the students to the terminology and 

serves as a brief  review of fundamentals. The chapter reviews phasor concepts, 

power, network equations, single-phase as well as balanced three-phase circuits 

and a brief  discussion of energy conversion.

Chapters 3 through 5 examine power transformers including the per-unit sys-

tem, transmission-line parameters, and steady-state operation of transmission 

lines. Chapter 6 examines power �ows including the Newton-Raphson method, 

control of power �ow, sparsity techniques, and power-�ow modeling of wind and 

solar generation. Chapter 7 covers  economic dispatch and optimal power �ow, 

including coverage of unit commitment and markets. These chapters provide a 

basic understanding of power systems under balanced three-phase, steady-state, 

normal operating conditions.

Chapters 8 through 11, which cover symmetrical faults, symmetrical com-

ponents, unsymmetrical faults, and system protection, come under the general 

heading of power system short-circuit protection. Chapter 12 examines transient 

stability, which includes the swing equation, the equal-area criterion, and multi- 

machine stability with modeling of wind turbine and solar PV systems. Chapter 

13 covers power system controls, including generator-voltage control, turbine- 

governor control, load frequency control, and power system stabilizer control.  

Chapter 14 examines transient operation of transmission lines including power 

system overvoltages, insulation coordinationand surge protection. 

Chapter 15 introduces the basic features of primary and secondary distri-

bution systems as well as basic distribution components including distribution 

substation transformers, distribution transformers, and shunt capacitors. We list 

some of the major distribution software vendors followed by an introduction to 

distribution reliability, distribution automation, and smart grids.
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Preface to the SI Edition
This edition of POWER SYSTEM ANALYSIS & DESIGN has been adapted to 

incorporate the International System of Units (Le Système International d’Unités 

or SI) throughout the book.

Le Système International d’Unités

The United States Customary System (USCS) of units uses FPS (foot−pound− 

second) units (also called English or Imperial units). SI units are primarily the 

units of the MKS (meter−kilogram−second) system. However, CGS (centimeter−

gram−second) units are often accepted as SI units, especially in textbooks.

USING SI UNITS IN THIS BOOK

In this book, we have used both MKS and CGS units. USCS (U.S. Customary 

Units) or FPS (foot-pound-second) units used in the US Edition of the book have 

been converted to SI units throughout the text and problems. However, in case of 

data sourced from handbooks, government standards, and product manuals, it is 

not only extremely dif�cult to convert all values to SI, it also encroaches upon the 

intellectual property of the source. Some data in �gures, tables, and references, 

therefore, remains in FPS units. For readers unfamiliar with the relationship be-

tween the USCS and the SI systems, a conversion table has been provided inside 

the front cover.

To solve problems that require the use of sourced data, the sourced values 

can be converted from FPS units to SI units just before they are to be used in 

a calculation. To obtain standardized quantities and manufacturers’ data in SI 

units, readers may contact the appropriate government agencies or authorities in 

their regions.

INSTRUCTOR RESOURCES

The Instructors’ Solution Manual in SI units is available through your Sales 

Representative or online through the book website at http://login.cengage.com. A 

digital version of the ISM, Lecture Note PowerPoint slides for the SI text, as well 

as other resources are available for instructors registering on the book website.

Feedback from users of this SI Edition will be greatly appreciated and will 

help us improve subsequent editions.

Cengage Learning
xvi
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Digital Resources
New Digital Solution for Your 
Engineering Classroom
WebAssign is a powerful digital solution 

designed by educators to enrich the engineering  teaching and learning experience. 

With a robust computational engine at its core, WebAssign provides extensive 

content, instant assessment, and superior support. WebAssign’s powerful ques-

tion editor allows engineering instructors to create their own questions or modify 

existing questions. Each question can use any combination of text, mathematical 

equations and formulas, sound, pictures, video, and interactive HTML elements. 

Numbers, words, phrases, graphics, and sound or video �les can be randomized 

so that each student receives a different version of the same question. In addi-

tion to common question types such as multiple choice, �ll-in-the-blank, essay, 

and numerical, you can also incorporate robust answer entry palettes (mathPad, 

chemPad, calcPad, physPad, Graphing Tool) to input and grade symbolic expres-

sions, equations, matrices, and chemical structures using powerful computer alge-

bra systems.

WebAssign Offers Engineering Instructors the Following

 ● The ability to create and edit algorithmic and numerical exercises.

 ● The opportunity to generate randomized iterations of algorithmic 

and numerical exercises. When instructors assign numerical WebAs-

sign homework exercises (engineering math exercises), the WebAssign 

program offers them the ability to generate and assign their students 

differing versions of the same engineering math exercise. The compu-

tational engine extends beyond and provides the luxury of solving for 

correct solutions/answers.

 ● The ability to create and customize numerical questions, allowing 

students to enter units, use a speci�c number of signi�cant digits, use a 

speci�c number of decimal places, respond with a computed answer, or 

answer within a different tolerance value than the default.

Visit www.webassign.com/instructors/features/ to learn more. To create an ac-

count, instructors can go directly to the signup page at www.webassign.net/signup.

html.
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xviii Digital Resources

WebAssign Features for Students

 ● Review Concepts at Point of Use  

Within WebAssign, a “Read It” button at the bottom of each question 

links students to corresponding sections of the textbook, enabling 

access to the MindTap Reader at the precise moment of learning. 

A “Watch It” button allows a short video to play. These videos help 

students understand and review the problem they need to complete, 

enabling support at the precise moment of learning.

 ● My Class Insights  

WebAssign’s built-in study feature shows performance across course 

topics so that students can quickly identify which concepts they have 

mastered and which areas they may need to spend more time on.

 ● Ask Your Teacher  

This powerful feature enables students to contact their instructor with 

questions about a speci�c assignment or problem they are working on.

MindTap Reader

Available via WebAssign and our digital subscription service, Cengage

Unlimited, MindTap Reader is Cengage’s next-generation eBook for engineering

students. The MindTap Reader provides more than just text learning for the stu-

dent. It offers a variety of tools to help our future engineers learn chapter con-

cepts in a way that resonates with their work�ow and learning styles.

 ● Personalize their experience  

Within the MindTap Reader, students can highlight key concepts, add 

notes, and bookmark pages. These are collected in My Notes, ensuring 

they will have their own study guide when it comes time to study for 

exams. 
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 Digital Resources xix

 ● Flexibility at their �ngertips  

With access to the book’s internal glossary, students can personalize 

their study experience by creating and collating their own custom �ash-

cards. The ReadSpeaker feature reads text aloud to students, so they 

can learn on the go—wherever they are.

THE CENGAGE MOBILE APP

Available on iOS and Android smartphones, the Cengage Mobile App provides 

convenience. Students can access their entire textbook anyplace and anytime. 

They can take notes, highlight important passages, and have their text read aloud 

whether they are online or off.
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To learn more and download the mobile app, visit www.cengage.com 

/mobile-app/.

ALL-YOU-CAN LEARN ACCESS WITH CENGAGE UNLIMITED

Cengage Unlimited is the cost-saving student plan that includes access to our 

entire library of eTextbooks, online platforms and more—in one place, for one 

price. For just $119.99 for four months, a student gets online and of�ine access to 

Cengage course materials across disciplines, plus hundreds of student success and 

career readiness skill-building activities. To learn more, visit www.cengage.com 

/unlimited.

SUPPLEMENTS FOR THE INSTRUCTOR

Supplements to the text include a Solution and Answer Guide that provides com-

plete solutions to all problems, Lecture Note PowerPoint™ slides, and an image 

library of all �gures in the book. These can be found on the password-protected 

Instructor’s Resource website for the book at http://login.cengage.com.

SUPPLEMENTS FOR THE STUDENT

The Student Companion Site includes a link to download the free student version 

of PowerWorld, Case Studies, and Student PowerPoint Notes. 

xx Digital Resources
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List of Symbols, Units,  
and Notation
Symbol Description 

a operator 1/120°

a
t 

transformer turns ratio

A area

A transmission line parameter

A symmetrical components

 transformation matrix

B Susceptance

B Susceptance Matrix

B loss coef�cient

B frequency bias constant

B phasor magnetic �ux density

B transmission line parameter

C capacitance

C transmission line parameter

D damping

D distance

D transmission line parameter

E phasor source voltage

E phasor electric �eld strengths 

f frequency

G conductance

G conductance matrix

H normalized inertia constant

H phasor magnetic �eld intensity

i(t) instantaneous current

I current magnitude (rms unless

  otherwise indicated)

I phasor current

I vector of phasor currents

j operator 1/90°

J moment of inertia

Symbol Description

l length

l length

L inductance

L inductance matrix

N number (of buses, lines, turns, etc.)

Q reactive power

p.f. power factor

p(t) instantaneous power

P real power

q Charge

r radius

R resistance

R  turbine-governor regulation

 constant

R resistance matrix

s Laplace operator

S apparent power

S complex power

t time

T period

T temperature

T torque

v(t) instantaneous voltage

V voltage magnitude (rms

  unless otherwise indicated)

V phasor voltage

V vector of phasor voltages

X reactance

X reactance matrix

Y phasor admittance
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xxiv List of Symbols, Units, and Notation

 SI Units  English Units 

A ampere  BTU British thermal unit

C coulomb  Cmil circular mil

F farad  ft foot

H henry  hp horsepower

Hz hertz  in inch

J joule  mi mile

kg kilogram

m meter

N newton

rad radian

s second

S siemen

VA volt-ampere

var volt-ampere reactive

W watt

Wb weber

Ω ohm

Notation

Lowercase letters such as v(t) and i(t) indicate instantaneous values.

Uppercase letters such as V and I indicate rms values.

Uppercase letters in italic such as V and I indicate rms phasors.

Matrices and vectors with real components such as R and I are indicated by boldface type.

Matrices and vectors with complex components such as Z and I are indicated by boldface italic type.

Superscript T denotes vector or matrix transpose.

Asterisk (*) denotes complex conjugate.

PW   highlights problems that utilize PowerWorld Simulator.

Symbol Description

Y admittance matrix

Z phasor impedance

Z impedance matrix

a angular acceleration

a transformer phase shift angle

b current angle

b area frequency response

  characteristic

d voltage angle

d torque angle

e permittivity

F magnetic �ux

Symbol Description

l Penalty factor

Γ  re�ection or refraction l

  coef�cient

u impedance angle

u angular position

m permeability

y velocity of propagation

v radian frequency

r resistivity

t time in cycles

t transmission line transit time
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1 Introduction

Blundell  

geothermal  

power plant near 

Milford, UT, 

USA. This  

38-MW plant 

consists of two 

generating units 

powered by  

geothermal steam.

Steam is created 

from water heated 

by magma at 

depths up to 6100 

meters below 

Earth’s surface. 

(Courtesy of 

PacifiCorp.)

1. Briefly explain the history of  the electric utility 

industry;

2. Discuss present and future trends in electric power 

systems;

3. Describe the restructuring of  the electric utility 

industry;

4. Get up and running with PowerWorld Simulator, 

a power system analysis and simulation software 

package.

LEARNING OBJECTIVES

At the conclusion of this chapter, you should be able to:
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2 Chapter 1  |  Introduction

E
lectrical engineers are concerned with every step in the process of genera-

tion, transmission, distribution, and utilization of electrical energy. The elec-

tric utility industry is probably the largest and most complex industry in the 

world. The electrical engineer who works in that industry encounters challenging 

problems in designing future power systems to deliver increasing amounts of elec-

trical energy in a safe, clean, and economical manner.

CASE STUDY

The following article describes the impacts that Distributed Energy 

Resources (DERs) are having on bulk power systems in four of the United 

States: Hawaii, California, New York, and North Carolina; as well as in South 

Australia. As DERs continue to grow around the world, the aggregate 

amount of them is having impacts on bulk power system planning and 

operation. The power system industry is learning from prior experience 

and taking actions in anticipation of future DER penetration levels. The 

article also describes the ongoing efforts of the North American Reliability 

Corporation, in coordination with its stakeholders, to study the effect of 

increasing DER penetration on bulk power systems [8].

Transformation of the Grid*

Ryan Quint, Lisa Dangelmaier, Irina Green,

David Edelson, Vijaya Ganugula, Robert Kaneshiro,

James Pigeon, Bill Quaintance, Jenny Riesz,

and Naomi Stringer

* Transformation of the Grid, by Ryan Quint et al, © 2019 IEEE. Reprinted, with  
permission, from Power & Energy Magazine (November/December 2019), pp. 35–45.

DISTRIBUTED ENERGY RE-

SOURCES (DERs) are unlocking new 

opportunities, and the grid is undergo-

ing a dramatic transformation with 

unprecedented change. Yet as DERs 

continue to grow in North America 

and around the world, it is apparent 

that the aggregate amount of them is 

having an impact on bulk power sys-

tem (BPS) planning and operation. 

The effects of DERs can be attributed 

to the uncertainty, variability, and lack 

of visibility of these resources at the 

BPS level. From a BPS perspective, the 

key grid planning impacts generally in-

clude the following: 

●● transmission-distribution coor-

dination and data exchange

●● visibility, dispatchability, and 

controllability

●● DER ride-through capability
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 Case Study 3

●● impacts to load-shedding 

programs

●● aggregate DER modeling and  

changing reliability study 

approaches.

The industry is learning from 

prior experience and taking actions 

in anticipation of future DER pen-

etration levels. Waiting for the effect 

of DERs to manifest before develop-

ing solutions may be extremely costly 

and even risk BPS reliability. How-

ever, the proactive development and 

coordination of requirements can 

ensure reliable operation of the BPS 

moving forward. The electric indus-

try needs to address these challenges 

with innovative solutions earlier 

rather than later.

Distributed Energy Resource 
(DER) Impacts on Hawai’i’s 
Grid Operation
The islands of Hawai’i, Oahu, and 

Maui have among the highest pene-

tration levels of DERs in the United 

States, in terms of installed capacity 

relative to system size. Under favorable 

policies and the right economic cir-

cumstances, the rapid deployment of 

DERs can occur in an extremely short 

period of time. In only six years, the 

average distributed solar photovoltaic 

(D-PVs) contribution to meeting the 

gross peak daytime demand (net peak 

plus D-PVs) increased from 12 to 37% 

on Hawai’i island (see Figure 1). The 

instantaneous D-PVs penetration can 

exceed 71% of the daytime demand 

today, and it provides approximately 

11% of the annual energy supply. 

With increasing DER penetration 

levels come rapidly rising levels of 

variability and uncertainty. Hawai’i 

is now seeing more D-PVs systems 

with battery energy storage systems 

(BESSs), and it is anticipating the  

effect that these combined systems will 

have on the island grid. Needless to  

say, the long-term planning studies 

performed 10 years ago never antici-

pated such a major change.

The performance requirements 

needed for high DER pen etration 

levels on the island grids were not 

initially supported by the require-

ments in IEEE Standards 1547-2003 

and l547a-2014. Hawai’i’s DER in-

terconnection standard (Rule 14 H) 

eventually deviated from IEEE Stan-

dard 1547 to support the continued 

integration of DERs. However, the 

new IEEE Standard 1547-2018 in-

cludes requirements that are beyond  

Rule 14 H and under consideration 

for inclusion in a revised Hawai’i stan-

dard. Based on Hawai’i’s experience, 

robust interconnection requirements 

need to be in place well in advance 

Figure 1  The rapid deployment of D-PVs 

for the island of Hawai’i.

76189_ch01_ptg01.indd   3 29/10/21   6:51 PM



4 Chapter 1  |  Introduction

of high penetration levels to sup-

port BPS reliability. It is extremely 

challenging and expensive to meet 

changing BPS needs by retroactively 

enhancing equipment that was in-

stalled with minimal performance 

requirements and capabilities.

For the Hawai’i grid, the fol-

lowing aspects of DER integration 

are top priorities:

●● balancing solar PV variability 

with flexible energy re sources 

that are capable of fast ramp-

ing and cycling and ensuring 

that regulation resources do 

not fall below minimum allow-

able dispatch levels

●● managing frequency stabil-

ity with sufficient frequen cy-

responsive reserves and checking 

that newly installed DERs have 

active power-frequency controls 

enabled to assist the primary fre-

quency response

●● improving DER estimation 

techniques since nearly all DERs 

are behind-the-meter (BTM), 

with no visibility or control by 

the system operator; D-PVs out- 

put is estimated using field irra-

diance measurements provided 

to the operator via supervisory 

control and data acquisition

●● ensuring effective system res-

toration with variable DER 

auto-reconnection and possibly 

adjusting reconnection criteria 

(although this will not address sit-

uations of high solar PV periods 

where DER control is necessary)

●● studying the adverse impacts 

of DERs tripping during 

BPS faults and working with 

existing DER installations 

to modify trip settings and 

improve ride-through capabi-

1ity, where possible.

There are also two issues related to fre-

quency stability that are worth high-

lighting: the use of fast-responding 

battery energy storage to mitigate leg-

acy DER tripping and the develop-

ment of an adaptive UFLS program 

to ensure system security during se-

vere resource-loss events.

Storage to Mitigate DER Loss

Some legacy DERs do not have a 

robust ride-through capability and, 

therefore, are subject to aggregate 

loss during over/under frequency and 

voltage excursions. The behavior of 

D-PVs is determined by the standard 

requirements at the time of intercon-

nection, with different possible aggre-

gate losses during these frequency and 

voltage excursions. The largest con-

tingency concern for Hawai’i island 

is the loss of legacy DERs tripping 

at 60.5 Hz, as a large majority of the 

existing D-PVs is subject to trip at or 

near that frequency. The second-larg-

est vulnerability is the loss of DERs 

during large-voltage excursions. 

On an island system like Hawai’i’s,  

60.5 Hz is possible after delayed fault 

clearing (due to transient swings  

following fault clearing) and major 

loss-of-load events, which can occur 

with transmission outages (both 

N-1 and N-1-1). The potential 

aggregate loss of D-PVs during high 

solar-production periods is roughly 

double the largest single-generator 

contingency, resulting in severe 

underfrequency conditions and the 

possible risk of system failure.
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 Case Study 5

The loss of D-PVs also exacer-

bates other loss-of-generation events, 

with some additional D-PVs loss 

during the underfre quency situation. 

To address this concern, a battery 

energy storage study was conducted 

to analyze the effect of legacy DER 

tripping for low voltage during trans-

mission faults, low frequency follow-

ing generating-unit trips, and high 

frequency following a transmission  

line fault. The study found that ret-

rofitting legacy DERs to full ride-

through capability was the most ef-

fective solution, but that it was too 

costly and impractical. The study 

also found the following:

●● Storage can replace DER 

energy lost during transient 

voltage and frequency con-

ditions, preventing excessive 

underfrequency protection and 

reducing the risk of system 

failure for disturbances during 

high solar PV production.

●● The size of the storage nec-

essary to mitigate reli ability 

issues depends on the number 

of legacy DERs installed.

●● Increased numbers of spinning 

reserves could reduce the size 

of the necessary storage but 

not eliminate the need for it. 

Increasing reserves also exac-

erbates excess-energy concerns. 

D-PVs protection systems are 

not consistently implemented, 

and performing sensitivity stud-

ies around the uncertainty of 

this DER be havior is critical.

Based on the studies, a BESS 

with 18 MW of  capacity and a 

30-minute duration was able to 

arrest frequency excursions and pro-

vide sufficient time to bring standby 

generation online. Increasing the du-

ration to 1 hour enabled the BESS 

to respond to over-frequency condi-

tions. Studies showed that two BESSs 

geographically and electrically sepa-

rated from one another provided the 

best performance and grid resilience.

Underfrequency Load Shedding

The reliable operation of the Hawai’i 

island systems heavily relies on un-

derfrequency load shedding (UFLS) 

that trips distribution circuits at 

preestablished frequency thresh-

olds. However, as the penetration of 

DERs rapidly increases, variability 

in net loading on any given feeder 

poses significant challenges to the 

conventional UFLS design, which 

means that static UFLS arming is no 

longer effective. An adaptive UFLS 

program has been implemented to 

address this variability. Figure 2 is a 

dashboard of the adaptive pro gram,  

including six instantaneous stages 

of UFLS arming between 59.l and 

Figure 2 The adaptive UFLS-arming dashboard.
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6 Chapter 1  |  Introduction

57.6 Hz and two kicker stages that 

operate with time delays at 59.3 

and 59.5 Hz. The target megawatt 

value is calculated based on system 

net loading at the time, and avail-

able distribution circuits are auto-

matically armed every 15 minutes 

to achieve the target net load level. 

An arming tolerance percentage 

and value are depicted as well as 

the difference between the available 

megawatt arming and the target 

megawatt value. Stages 1–2 sum to 

15% and stages 1–4 sum to 40% of 

the system net load based on the 

maximum allowable load shedding 

for N-1 and N-1-l unit trips, respec-

tively. Each stage operates with an 

eight-cycle relay time plus breaker 

operation time. A rate-of-change-

of-frequency (ROCOF) load shed-

ding element was also included in 

stages 1 and 2, with a 0.5-Hz/s set 

point and nine-cycle relay time plus 

breaker operation time.

More than 40 substations were 

modified, including relay and com-

munications upgrades, and 78% of 

customer circuits (up to 70% of peak 

load) are participating. The adaptive 

UFLS program has performed well 

during N-1 and N-1-1 events at var-

ious times of day and is an effective 

reliabil ity improvement. Figure 3 

provides an example of a severe N-1-1  

generator-loss disturbance where 

stages 1–4 operated successfully to 

arrest the frequency and mitigate a 

potential large-scale outage.

Rooftop Solar PV Deployment
California has a state mandate 

that 33% of  its annual energy must 

come from renewable sources by 

2020, with a target of  60% by 2030, 

established by a bill, SB100, that 

took effect in September 2018. 

However, on some days, instanta-

neous output from the renewable 

sources already exceeds 50% of  the 

total generation output. A large 

portion of  that penetration con-

sists of  BTM D-PVs, and the rapid 

deployment of  D-PVs is forcing 

changes in transmission planning, 

forecasting, and grid operations at 

the California Independent System 

Operator (CAISO).

Figure 4 provides an example 

of the effect that D-PVs are having 

Figure 3 The operation of adaptive UFLS for a multiple- 

contingency event.
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on the Pacific Gas & Electric (PG&E) 

net load pro file, driving the need for 

different study times and net load 

levels from the CAISO’s 2018–2019 

transmission-planning process. The 

blue curves show the net load after 

subtracting the D-PVs’ output, which 

is called the managed load. The figure 

clearly displays a shift in the peak net 

load time, which, in many parts of 

the state, is shifted outside the times 

when solar PV is available. D-PVs’ 

penetration levels are also causing a 

drastic change in minimum net load 

levels, which need to be carefully 

studied. Sensitivity analysis is also 

needed to operate through and plan 

for ramping periods. All these issues 

are compounded by load modifiers, 

such as energy efficiency, demand re-

sponse, time-of-use rates, and electric 

vehicle charging.

The uncertainty in net load fore-

casting, including D-PVs, is a concern 

Figure 4 The PG&E net load impacts from DERs.
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8 Chapter 1  |  Introduction

for BPS reliability studies. The CAISO 

coordinates its load forecasts with 

and relies upon long-term forecasts 

produced by the California Energy 

Commission (CEC). The CEC’s 

energy-demand forecast includes an 

hourly estimate of the consumption 

load and load modifiers to develop the 

managed outlook by which the trans-

mission system is planned.

Since D-PVs are shifting net 

peak load periods, the selection of 

critical study conditions needs to 

change. Planning standards require 

an assessment of  peak and off-

peak conditions; however, with large 

numbers of DERs, critical system 

conditions may not occur during  

either of those periods. This requires 

even greater numbers of sensitivity 

studies of varying dispatch and load 

scenarios, including peak gross load, 

peak net load (at the transmission- 

distribution interface), and minimum 

net load conditions (for example, a 

spring weekend during off-peak load 

conditions). Tables 1 and 2 show how 

DERs were incorporated into the 

CAISO study scenarios during the 

2018–2019 transmission planning 

process. In addition to these sensitivi-

ties, consideration for BPS-connected 

 Day/Time BTM-PV AAEE

Scenario 2020 2023 2028 2020 2023 2028 2020 2023 2028 Driver

Summer 

peak

10 

Aug. 

HE 18

14 

Aug.

HE 19

14 

Aug. 

HE 19

18% 3% 3% 90% 81% 76% Hour of 

maximum 

managed 

load

Spring 

off peak

5 Apr.

HE 12

6 Apr.

HE 13

16 Apr.

HE 13

79% 84% 85% 58% 56% 49% Hour of 

minimum 

managed 

load

Winter 

off peak

13 Feb.

HE 4

0% 28% Hour of 

minimum 

consump-

tion

Winter 

peak

15 

Oct. 

HE 19

3 Oct.

HE 18

3 Oct.

HE 19

0% 1% 0% 77% 76% 72% Hour of 

maximum 

managed 

load 

during 

winter

TABLE 1

The baseline scenarios and DER contributions. 

AAEE: additional achievable energy efficiency; HE: hour ending.
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 Case Study 9

generation dispatch and assumptions 

for neighboring planning areas is 

critical as they impact local or wide-

area reliability issues. This leads to 

the need for wider coordination be-

tween planning administrators.

With the increasing penetra-

tion of DERs, CAISO has explicitly 

incorporated the forecast resources 

in power flow and stability studies 

for the past three planning cycles to 

account for their unique operational 

characteristics that are different from 

the end-use load behavior. This is es-

pecially important for stability stud-

ies, since the results between DERs 

netted with load versus modeled ones 

are significantly different. With a large 

penetration of DERs in California, 

study results would be inaccurate if  

DERs were only netted with load and 

would lead to erroneous conclusions. 

Retail-scale BTM DERs are mod-

eled in the power flow and dynamic 

stability studies as part of a com-

posite load model, and utility-scale 

DERs are modeled as aggregated 

generators on the transmission buses. 

Figure 5 illustrates these impacts on 

transient voltage response following 

a simulated BPS fault event. The re-

sults are different because modeling 

the DER characteristics explicitly 

(including DER tripping of legacy 

equipment) allows the simulation to 

differentiate between DERs’ response 

and gross load response. This is criti-

cal as penetration levels of DERs in-

crease, although DER prevalence has 

a study impact in all cases, even at low 

penetration levels.

CAISO currently uses pa-

rameter values for the DER mod-

els based on the Western Electricity 

Coordinating Council and North 

American Electric Reliability Cor-

poration (NERC) guidelines and 

performs multiple sensitivity studies 

Scenario

Starting 
Baseline 

Case Baseline Sensitivity Baseline Sensitivity

Summer peak with high 

CEC forecasted load

2023 summer 

peak

3% 3% 81% 0%

Off peak with heavy 

renewable output and 

minimum gas genera-

tion commitment

2023 off 

peak

84% 99% 56% 56%

Summer peak with 

heavy renewable out-

put and minimum gas 

generation commitment

2020 summer 

peak

18% 99% 81% 81%

TABLE 2

The sensitivity scenarios and DER contributions. 

BTM-PV AAEE
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10 Chapter 1  |  Introduction

to determine the impact that vari-

ations in the DER parameters have 

on BPS performance: The most sen-

sitive parameters DER undervoltage 

trip settings, the fraction of DERs 

that recover when voltage returns, 

and whether DERs provide voltage 

regulation (and the characteristics of 

that regulation). Figure 6 illustrates 

the net load and DER response on a 

230-kV bus and the BPS voltage for 

a three-phase fault close to the BPS 

bus. The plots show the DERs net-

ted with load as well as two cases of 

DERs modeled explicitly with differ-

ent voltage trip settings. One set uses 

the IEEE Standard 1547-2018 set-

tings, and the other uses California 

Rule 21 settings. The DERs are on 

the different feeders and aggregated 

to the 230-kV bus. System perfor-

mance differences are dominated by 

the different responses of the gross 

load and DERs. Although the dif-

ference is not that significant for 

one bus, the aggregate effect across a 

large portion of the system has a sig-

nificant impact on the study results.

New York’s DER Management
New York State is on the cusp of a 

transformation as it expects a sig-

nificant penetration of DERs. New 

York’s Reforming the Energy Vision 

and Clean Energy Standard initia-

tives, combined with efforts to ex-

pand transfer capability on the BPS, 

offer a comprehensive energy strat-

egy to achieve its goal of 50% of its 

electricity delivered by renewable 

Figure 5 The 230-kV bus voltage close to a three-phase 

fault, with and without DER modeled. pu: per unit; 

DG: distributed generation.
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Figure 6 The sensitivities of net load, DER output, and BPS 

bus voltage to DER modeling settings.

energy sources by 2030. New York 

has also established a policy to 

achieve 1,500 MW of energy storage 

by 2025 and 3,000 MW by 2030.

The New York Independent 

System Operator (NYISO) expects 

DERs to play a significant role in 

achieving the state’s goals. Due to 

the expected growth of DERs in 

the near future, NYISO is devel-

oping market-based mechanisms 

to integrate DERs into the 
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wholesale electricity markets that it 

administers. NYISO’s DER market 

design is expected to be implemented 

in 2021. The proposed design rec-

ognizes the unique characteristics 

of DERs. For example, the market 

design acknowledges that individual 

DERs may be small in size yet ag-

gregate to a large capacity and that 

they can be fast-acting but with a 

limited capability to deliver energy 

for long durations. The proposed 

market design considers DERs that 

may have the capability to provide 

services to wholesale markets, retail 

markets, and end-use customers (see 

Figure 7).

NYISO’s DER integration 

proposal focuses on enhancing 

operational coordination among 

BPS and distribution system op-

erators and on developing market 

rules that allow DERs to aggre-

gate to provide wholesale market 

services. Individual DERs that 

do not have sufficient capability 

to participate in the wholesale 

markets can aggregate with other 

DERs as a larger virtual resource. 

NYISO is lowering its minimum 

participation threshold from 1 MW 

to 100 kW for DERs. Aggregators 

can enroll many DERs of  different 

technologies at different physical 

locations (as long as they are be-

hind the same BPS transmission 

node) and choose to use DERs 

in the aggregation, or a subset of 

those DERs, to respond to NYISO 

market dispatch instructions. DER 

aggregators can submit offers to 

provide energy, regulation, oper-

ating reserves, and capacity. To 

determine the least-cost resource 

dispatch, NYISO will evaluate 

these offers with those from other 

BPS supply resources in its multi- 

interval, security-constrained eco-

nomic dispatch to co-optimize  

energy, regulation, and operating 

reserves. Dispatch instructions 

from NYISO will be directed 

to the entire aggregation. DER 

aggregators will be responsible for

Figure 7 The concept of the NYISO wholesale and retail 

market designs incorporating DERs.
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1. receiving the aggregation-level 

dispatch instructions from 

NYISO in real time

2. identifying the dispatch of 

individual DERs within the 

aggregation

3. transmitting dispatch instruc-

tions to individual DERs

4. collecting responses from indi-

vidual DERs

5. consolidating the responses to 

an aggregation level

6. communicating the aggre-

gation-level response back 

to NYISO with real-time 

telemetry.

Performance will be measured 

for the DER aggregation rather than 

individual DERs. As NYISO en-

counters transmission constraints, 

its market dispatch signals can ef-

fectively dispatch the aggregation 

of DERs to address reliability issues 

at the lowest cost. This approach 

allows aggregators the flexibility to 

meet NYISO dispatches using DERs 

within the aggregation, based on 

availability, costs, and other factors.

Enhanced operational coordi-

nation among the wholesale system 

operator, distribution system plat-

form (DSP) operator, aggregator, 

and individual DERs is necessary 

to ensure the reliability of the trans-

mission and distribution systems. 

DERs may provide services to the 

wholesale and retail markets and to 

end-use customers (see Figure 7). 

Individual DERs that make up an 

aggregation may be located on dif-

ferent distribution feeders and have 

different impacts on each of them. 

Enhanced coordination ensures that 

the DSPs have situational awareness 

of the impacts of NYISO dispatch 

signals across the transmission- 

distribution system interface. In 

the event of conflicts between 

the transmission and distribution 

systems’ reliability needs, under  

NYISO’s proposed rules, priority 

will be given to maintaining the 

transmission system’s reliability. 

DER aggregators must work with 

the DSPs to meet local reliability 

criteria and coordinate with NYISO 

to deliver the expected services. 

Enhanced operational coordi-

nation starts two days prior to the 

operating day, when the DSP com-

municates any potential or expected 

outages to the DER aggregator. 

One day prior to the operating day, 

aggregators use this information to 

assess the availability of the overall 

aggregation and submit DER ag-

gregation offers to the NYISO day- 

ahead market. NYISO will evaluate 

these offers with those from other 

BPS suppliers and schedule day- 

ahead market resources. Aggre-

gators report to the DSP their  

intended dispatch of individual 

DERs to meet the NYISO day- 

ahead market schedule. DSPs can 

use this information to identify 

any potential reliability impacts on 

their systems and communicate any 

restrictions on individual DER dis-

patches to the aggregators. 
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Figure 8 The geographic distribution of the monitored 

D-PVs sites disconnecting in New South Wales 

during the 25 August 2018 event.
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Ongoing communication will 

be necessary among the DSPs, DERs, 

and aggregators after the NYISO 

day-ahead market is posted, and it 

will continue in real time to identify 

and address changes in the distribu-

tion system conditions and potential 

impacts on individual DERs. Ag-

gregators will be required to com-

municate aggregation-level changes 

to NYISO so that they are reflected 

in the real-time dispatch. The DSPs 

can also request NYISO operations 

to dispatch DER aggregations to ad-

dress reliability issues. This enhanced 

operational coordination framework 

recognizes the transmission-distri-

bution system interface and allows 

DERs to effectively provide services 

to both the BPS and DSP.

Managing DERs in Australia
The installed capacity of  DERs, 

particularly D-PVs, is rapidly 

growing in Australia’s National 

Electricity Market (NEM), with 

more than 6,000 MW installed and 

a projected increase to 10–17 GW  

by 2030 (with peak demand of 

roughly 35 GW). The South 

Australia region of  the NEM has 

been a focus for analyzing D-PVs 

integration. This region is geo-

graphically the approximate size 

of  Texas, yet with a demand of 

600–3,000 MW, it has already 

experienced periods where more 

than half  of  its requirement 

has been supplied by D-PVs. By 

2026–2027, the Australian En-

ergy Market Operator (AEMO) 

predicts that the D-PVs capacity 

may be high enough to periodi-

cally supply the region’s entire de-

mand. The region is connected to 

the rest of  the NEM via a single 

double-circuit ac interconnector, 

with the expectation that South 

Australia will continue to oper-

ate as an island if  it is separated 

from the rest of  the network. 

This raises challenges and ques-

tions about how to successfully 

operate when the majority of  the 

load is supplied by D-PVs. To 

explore these challenges, AEMO 

launched a program to identify 

and implement the actions re-

quired to maintain the security 

and operability of  the system.

One of the key focus areas in 

the program is understanding and 

managing the behavior of DERs 

during grid disturbances. If a large 

DER capacity disconnects during 

a disturbance, the loss exacerbates 

the disturbance and could lead to 

instability. AEMO has been gather-

ing data on DER responses during 

grid disturbances and identified the 

following:

●● D-PVs are more prone to trip-

ping during grid disturbances 

than end-use loads.

●● Net demand post-fault is 

higher than predisturbance 

levels, indicative of D-PVs 

disconnection.

●● Data from actual grid dis-

turbances in Victoria, South 

Australia, and New South 

Wales estimated that as much 
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as 30–40% of the aggregate 

D-PYs may disconnect during 

a disturbance.

●● Laboratory inverter testing 

showed multiple reasons for 

inverter tripping, including 

voltage phase jumps greater 

than 30°, ROCOF levels exceed-

ing 0.4 Hz/s, and an inability to 

meet the ride-through require-

ments specified in standard  

AS/NZ4777.2-2015.

●● Laboratory testing also 

showed sluggish responses for 

control modes (frequency–

watt and volt–watt) that are 

compliant with the standard 

but provide little support to 

the grid.

Those findings highlight a num-

ber of potential security risks that 

the AEMO is trying to address. 

They also suggest a need to review 

Australian standards to more explic-

itly specify required responses.

Collecting suitable data re-

lated to D-PVs has been one of 

the main challenges that AEMO 

has faced in this program. Feed-

er-level monitoring captures ag-

gregate DERs and load behavior 

but does not separate the two. 

Furthermore, disturbances during 

high D-PVs output periods are rare 

(for example, voltage disturbances 

are often associated with lighting 

strikes where cloud cover impacts 

D-PVs’ output). AEMO has been 

working with Solar Analytics, Red-

fern, Australia, and the University 

of  New South Wales, Sydney, 

Australia, to develop new tech-

niques to analyze DER responses.

Solar Analytics provided 

AEMO with 1-minute-resolu-

tion data for 5,000 D-PVs sys-

tems during a disturbance on 25 

August 2018. A fault occurred at 

the Queensland-New South Wales 

interconnector, causing a voltage 

dip across the northern part of 

New South Wales. Figure 8 shows 

the D-PVs’ responses for systems 

installed prior to October 2015  

(AS/NZ4777.3-2005 compliant), 

after October 2016 (AS/NZ4777.2-

2015 compliant), and during the 

transition period (which could 

meet either standard). Nearly 45% 

of  the pre-2015 D-PVs in zone 1 

(a 540-km-diameter area) discon-

nected. Compliance to the newer 

standard appeared to have im-

proved voltage disturbance ride-

through capabilities, especially in 

zone 2 where the voltage dip was 

less severe. Future versions of  DER 

standards can build on this im-

provement in capabilities, minimiz-

ing risks to power system security.

D-PVs can also provide valu-

able grid support. AS/NZ4777.2- 

2015 specifies that D-PVs should 

provide over-frequency droop re-

sponse when frequency exceeds 

50.25 Hz, with a linear ramp to 

zero generation by 52 Hz. This was 

observed during the August 2018 

event, as illustrated in Figure 9.  

The fault led to the separation of 

Queensland and South Australia 

from the rest of  the NEM, causing 

over-frequency in those regions. 
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Many D-PVs systems behaved 

according to the standard and re-

duced output to assist with man-

aging frequency. However, more 

than 15% of  the D-PVs in Queens-

land and more than 30% in South 

Australia did not behave accord-

ing to the standard, suggesting is-

sues with compliance.

Those findings demonstrate 

a range of  areas in which the DER 

standards in Australia need to be 

reviewed to ensure the reliability 

of  the BPS. The review and im-

plementation of  advanced stan-

dards should be pursued years 

in advance of  significant DER 

penetration due to the extensive 

stakeholder consultation that is re-

quired and the need for transition 

periods for manufacturers to im-

plement new capabilities. Further, 

dynamic models that represent 

DER behavior during grid distur-

bances need to adapt quickly to 

those changes since these studies 

are of  paramount importance for 

grid reliability.

The Duke Energy Progress 
Experience With DERs
Solar PV has grown significantly 

in North Carolina during the past 

five years due to government pol-

icies, the avoided cost of  energy, 

available land, and falling prices for 

solar technology. Approximately 

3,100 MW of solar PV capacity 

were connected in North Carolina, 

as of  January 2019, across the 

Duke Energy North Carolina bal-

ancing areas. Roughly 2,300 MW 

are located in the Duke Energy 
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Progress (DEP) region, with a win-

ter peak demand of  approximately 

15,000 MW. About two-thirds of 

the solar PV capacity is in utility- 

scale DERs, with the most com-

mon DER capacity being 5 MW, 

due to past incentives. The rest is 

transmission connected, with sizes 

ranging from 20 to 80 MW. Very lit-

tle solar PV is colocated with cus-

tomer loads in North Carolina. As 

such, D-PVs in the state are mod-

eled as a stand-alone generating 

resource at the distribution level. 

Location is critically important, 

and some areas of  the transmission 

grid are saturated with generation 

and need upgrades to accommo-

date additional generation of  any 

type. DER back-feeding onto the 

transmission grid is common, but 

even without it, DERs are having 

an impact.

Traditionally, utilities have un-

derstood and been able to accurately 

predict the daily and seasonal fluc-

tuations of customer demand. Un-

planned generation or transmission 

outages have long been incorporated 

into planning and operating prac-

tices. The significant growth of solar 

PV generation has added a new and 

independent dimension to planning 

and operating the BPS. Solar output 

does not follow load and is generally 

not dispatchable. Figure 10 presents 

an example of a daily load curve for 

generation and customer load in a 

DEP on a mild winter day. The top 

orange line represents a typical win-

ter customer load shape, with dual 

peaks in the morning and evening. 

Generation resources are separated 

into baseload nuclear, regulating 

resources such as gas and coal 

generation, and solar PV. Solar is 

further split into distribution- and 

transmission-connected categories. 

As the figure shows, the customer 

load is at a minimum when solar 

generation is at its maximum on a 

winter day. Regulating resources 

that need to be online for the peaks 

have a minimum output represented 

by the red line and are potentially 

forced off  at midday due to solar 

PV generation. However, many reg-

ulating resources have start-up and 

shut-down times of hours or days. 

The only solutions on some days are 

to sell energy to neighboring balanc-

ing areas at a low price, buy peak en-

ergy from neighbors at a high cost, 

and curtail solar PV generation.

Determining the planning 

conditions for the BPS requires un-

derstanding how the grid operates, 

which, as discussed, has become 

more complicated. Transmission 

planners examine the worst realistic 

conditions; in North Carolina, that 

has been the summer and winter 

peak loads and the valley load. With 

the addition of DERs, new operating 

hours are becoming the most limiting 

or worst case. As shown in Figure 10, 

generation output can vary signifi-

cantly throughout the day. While the 

annual minimum customer load may 

occur at night, light load conditions 

on a mild Sunday afternoon during 

spring can closely correlate with the 

maximum solar PV output, result-

ing in the minimum net customer 

load. BPS voltages can be high, and 

power-flow patterns may occur that 

have never been observed in operat-

ing practice. During summer, while 
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Figure 10 An example of a mild-winter load curve and 

resource stack in DEP.

the customer load may peak at 5 

p.m., high solar PV output earlier 

in the day may increase flows on the 

transmission system.

Worst-case conditions can 

occur during nontraditional plan-

ning hours, and DEP is frequently 

reviewing the actual operating con-

ditions to ensure that planners are 

focusing on the worst realistic con-

ditions for the BPS. DEP is currently 

planning for various combinations 

of customer load and solar output, 

focusing on the following situations 

of stressed system conditions:

1. 100% summer peak load, 50% 

solar output (summer peak 

hour)

2. 90% summer peak load, 100% 

solar output (1 p.m. on a sum-

mer peak day)

3. 90% summer peak load, 0% 

solar output (sunset on a sum-

mer peak day)

4. 100% winter peak load, 0% 

solar output (winter peak hour)

5. 35% load, 0% solar output (a 

mild night during spring)

6. 40% load, 100% solar output 

(noontime on a mild spring 

Sunday).

NERC System Planning Impacts 
of DER Working Group
NERC, in coordination with its 

stakeholders, has been studying the 

effect of increasing DER penetra-

tion on the BPS. The focus of these 

efforts is ensuring that the BPS has 

sufficient essential reliability ser-

vices: inertial response and stability, 
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frequency control and balancing, 

and reactive power capability and 

voltage support. While modern 

inverter-based resources can be 

equipped with these capabilities and 

controls, changes in planning and 

operating paradigms must occur to 

utilize those capabilities. A BPS with 

increasing numbers of inverter-based 

resources, including DERs, presents 

new challenges that must be ad-

dressed to ensure a reliable grid.

NERC has strengthened its 

focus on DER impacts on the BPS 

and formed the System Planning 

Impacts of DER Working Group 

(SPIDERWG). This group is de-

veloping guidance to address the 

planning and modeling challenges 

that come with the increasing pen-

etration of DERs across North 

America. NERC SPIDERWG 

membership includes distribution 

and transmission entities across 

North America, and the body is fo-

cusing on four primary topics: ad-

vancing aggregate DER modeling 

capabilities, verifying DER models 

and performance, developing study 

techniques with increasing pene-

tration of DERs, and coordination  

between industry stakeholders.

Summary
While some may argue that the BPS 

is becoming obsolete in the face 

of DERs, others believe that it has 

never been more critical for the re-

liable delivery of power to end-use 

customers. However, we can all agree 

that the breadth of the DER impact 

on BPS reliability is immense. For 

now, we are focused on ride-through 

capability, evolving modeling and 

study techniques, changing con-

trol strategies and requirements, 

adjusting market designs, and the 

impending growth of energy stor-

age. Interconnection standards are 

rapidly evolving to keep up with the 

transition from centralized control 

to truly distributed and decentral-

ized architectures. Requirements for 

grid connection are more important 

now than ever before, and engage-

ment from transmission providers 

and grid operators is essential for 

maintaining BPS reliability. Proac-

tive improvements to interconnec-

tion requirements are imperative 

since retrofitting legacy DERs is cost 

prohibitive.

DERs pose one of the biggest 

evolutions in BPS planning and oper-

ation since the inception of polyphase 

ac power systems more than 130 years 

ago. Anyone who generates, transfers, 

controls, delivers, or utilizes electric 

energy should commit to these reli-

ability efforts as we move toward an 

integrated energy system. Histori-

cally, these resources acted passively 

and were even required to trip offline 

during disturbances, but they are be-

coming a major component of the 

grid and must actively support it as 

a whole, including the mitigation of 

variability impacts and maintain-

ing adequate levels of reliability at a 

reasonable cost. The successful path 

forward involves collaboration, com-

munication, and coordination among 

these groups, breaking down barriers 

that have existed for many years.
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1.1 HISTORY OF ELECTRIC POWER SYSTEMS

In 1878, Thomas A. Edison began work on the electric light and formulated the 

concept of  a centrally located power station with distributed lighting serving a 

surrounding area. He perfected his light by October 1879, and the opening of 

his historic Pearl Street Station in New York City on September 4, 1882 marked 

the beginning of  the electric utility industry (see Figure 1.1). At Pearl Street, 

dc generators, then called dynamos, were driven by steam engines to supply an 

initial load of  30 kW for 110-V incandescent lighting to 59 customers in a one-

square-mile area. From this beginning in 1882 through 1972, the electric utility 

industry grew at a remarkable pace—a growth based on continuous reductions 

in the price of  electricity due primarily to technological accomplishment and 

creative engineering [1].

FIGURE 1.1

Milestones of the early electric utility industry [1]. (H.M. Rustebakke et al., Electric Utility Systems Practice,  

4th Ed. (New York: Wiley, 1983). Reprinted with permission of John Wiley & Sons, Inc. Photos courtesy of  

Westinghouse Historical Collection.) (Photos courtesy of Westinghouse Historical Collection.)

(Based on H.M. Rustebakke et al., Electric Utility Systems Practice, 4th. Ed. (New York: Wiley, 1983).)
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The introduction of the practical dc motor by Sprague Electric, as well as 

the growth of incandescent lighting, promoted the expansion of Edison’s dc sys-

tems. The development of three-wire, 220-V dc systems allowed load to increase 

somewhat, but as transmission distances and loads continued to increase, voltage 

problems were encountered. These limitations of maximum distance and load 

were overcome in 1885 by William Stanley’s development of a commercially prac-

tical transformer. Stanley installed an ac distribution system in Great Barrington,  

Massachusetts, to supply 150 lamps. With the transformer, the ability to transmit 

power at high voltage with corresponding lower current and lower line-voltage drops 

made ac more attractive than dc. The first single-phase ac line in the United States 

operated in 1889 in Oregon, between Oregon City and Portland—21 km at 4 kV.

The growth of ac systems, further encouraged in 1888 when Nikola Tesla 

presented a paper at a meeting of the American Institute of Electrical Engineers 

describing two-phase induction and synchronous motors, made evident the ad-

vantages of polyphase versus single-phase systems. The first three-phase line in 

Germany became operational in 1891, transmitting power 179 km at 12 kV. The 

first three-phase line in the United States (in California) became operational in 

1893, transmitting power 12 km at 2.3 kV. The three-phase induction motor con-

ceived by Tesla went on to become the workhorse of the industry.

In the same year that Edison’s steam-driven generators were inaugurated, 

a waterwheel-driven generator was installed in Appleton, Wisconsin. Since then, 

most electric energy has been generated in steam-powered and in water-powered 

(called hydro) turbine plants. Today, steam turbines account for more than 80% 

of U.S. electric energy generation, whereas hydro turbines account for about 7%. 

Gas turbines are used in some cases to meet peak loads. Also, the addition of 

wind turbines and solar cells into the bulk power system is expected to grow con-

siderably in the near future.

Steam plants are fueled primarily by gas, coal, oil, and uranium. From 2012 to 

2019, gas and coal exchanged places as the two leading fuels used for electricity pro-

duction in the United States. Gas increased from 30% in 2012 to 38% in 2019, due to 

the shale gas revolution in the USA, reduced carbon emissions, and the clean burning 

feature of gas. Coal, however, decreased from 37% in 2012 to 24% in 2019, due to the 

retirement of uneconomical coal-fired units and environmental concerns [2].

Starting in the 1990s, the choice of fuel for new power plants in the United 

States has been natural gas due to its availability and low cost as well as the higher 

efficiency, lower emissions, shorter construction lead times, safety, and lack of 

controversy associated with power plants that use natural gas. Natural gas is used 

to generate electricity by the following processes:

1. Gas combustion turbines use natural gas directly to fire the turbine.

2. Steam turbines burn natural gas to create steam in a boiler, which is 

then run through the steam turbine.

3. Combined cycle units use a gas combustion turbine by burning nat-

ural gas, and the hot exhaust gases from the combustion turbine are 

used to boil water that operates a steam turbine.
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4. Fuel cells powered by natural gas generate electricity using electro-

chemical reactions by passing streams of natural gas and oxidants 

over electrodes that are separated by an electrolyte. In 2019, approx-

imately 38% of electricity in the United States was generated from 

natural gas [2, 3, 7].

In 1957, nuclear units with 90-MW steam-turbine capacity, fueled by ura-

nium, were installed. As of  April 2020, there were 440 nuclear reactors in oper-

ation in thirty countries with up to 1600-MW steam-turbine capacity. In 2019, 

approximately 19% of  electricity in the United States was generated from ura-

nium via 96 operating nuclear reactors at 58 power plants. However, the growth 

of  nuclear capacity in the United States has been delayed by rising construction 

costs, licensing delays, and public opinion. Although there are no emissions as-

sociated with nuclear power generation, there are safety issues and environmen-

tal issues, such as the disposal of  used nuclear fuel and the impact of  heated 

cooling-tower water on aquatic habitats. In 2016, Tennessee Valley Authority’s 

(TVA) Unit-2 reactor at the Watts Bar Nuclear Generating Station became the 

first U.S. reactor to enter commercial operation since 1996. Also in 2013, con-

struction began on the Vogtle Electric Generating Plant Units 3 and 4 in the 

state of  Georgia, with a November 2021 target in-service date for Unit 3. Future 

technologies for nuclear power are concentrated on safety and environmental 

issues [2, 3, 7].

Renewable energy sources have the advantage of providing a more sus-

tainable use of finite energy sources with little or no contribution to polluting 

emissions. Renewable sources include conventional hydroelectric (water power), 

geothermal, wood, wood waste, all municipal waste, landfill gas, other biomass, 

solar, and wind power. In 2019, in the United States, approximately 18% of elec-

tricity was generated by renewable sources [2, 3]. Germany, which has an official 

governmental goal to generate 65% of electricity from renewable sources by 2030, 

achieved 46% in 2019 [13].

Substantial research efforts have shown nuclear fusion energy to be a 

promising technology for producing safe, pollution-free, and economical elec-

tric energy later in the 21st century and beyond. The fuel consumed in a nu-

clear fusion reaction is deuterium, of  which a virtually inexhaustible supply is 

present in seawater.

The early ac systems operated at various frequencies including 25, 50, 

60, and 133 Hz. In 1891, it was proposed that 60 Hz be the standard frequency 

in the United States. In 1893, 25-Hz systems were introduced with the syn-

chronous converter. However, these systems were used primarily for railroad 

electrification (and many are now retired) because they had the disadvantage 

of  causing incandescent lights to flicker. In California, the Los Angeles De-

partment of  Power and Water operated at 50 Hz but converted to 60 Hz when 

power from the Hoover Dam became operational in 1937. In 1949, Southern 

California Edison also converted from 50 to 60 Hz. Today, the two standard 

frequencies for generation, transmission, and distribution of  electric power in 

76189_ch01_ptg01.indd   24 28/10/21   10:34 AM



 Section 1.1 History of Electric Power Systems 25

the world are 60 Hz (in the United States, Canada, Mexico, and Brazil) and 

50 Hz (in Europe, the former Soviet republics, China, South America, except 

Brazil, and India). In Japan, the western part of  the country, including Kyoto, 

uses 60 Hz, while the eastern part, including Tokyo, uses 50 Hz. The advantage 

of  60-Hz systems is that generators, motors, and transformers in these systems 

are generally smaller than 50-Hz equipment with the same ratings. The advan-

tage of  50-Hz systems is that transmission lines and transformers have smaller 

reactances at 50 Hz than at 60 Hz.

As shown in Figure 1.2, the rate of growth of electric energy generation in 

the United States was approximately 7% per year from 1902 to 1972. This corre-

sponds to a doubling of electric energy generation every 10 years over the 70-year 

period. In other words, every 10 years, the industry installed a new electric sys-

tem equal in energy-producing capacity to the total of what it had built since the 

industry began. The annual growth rate slowed after the oil embargo of 1973 to 

1974. Kilowatt-hour generation in the United States increased by 3.4% per year 

from 1972 to 1980, and by only 0.7% per year from 2000 to 2011. In 2019, total net 

U.S. electricity generation was approximately 4.16 3 1012 kilowatt-hours (kWh), 

about the same as in 2010.

Along with increases in load growth, there have been continuing increases 

in the size of  generating units (Table 1.1). The principal incentive to build larger 

units has been economy of  scale—that is, a reduction in installed cost per kilowatt 

of  capacity for larger units. However, there have also been steady improvements 

in generation efficiency. For example, in 1934, the average heat rate for steam 

generation in the U.S. electric industry was 17,950 BTU/kWh, which corre-

sponds to 19% efficiency. By 1991, the average heat rate was 10,367 BTU/kWh,  

which corresponds to 33% efficiency. These improvements in thermal efficiency 

due to increases in unit size and in steam temperature and pressure, as well as 

to the use of  steam reheat, have resulted in savings in fuel costs and overall  

operating costs.
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Hydroelectric Generators
Generators Driven by Single-Shaft, 3600 r/min 

Fossil-Fueled Steam Turbines

Size (MVA) Year of Installation Size (MVA) Year of Installation

4 1895     5 1914

108  1941   50 1937

158 1966  216 1953

232 1973  506 1963

615 1975  907 1969

718 1978 1120 1974

TABLE 1.1

Growth of generator sizes in the United States [1].

(Source: Based on H.M. Rustebakke et al., Electric Utility Systems Practice, 4th. Ed. (New York: Wiley, 1983.)

There have been continuing increases, too, in transmission voltages (Table 1.2). 

From Edison’s 220-V three-wire dc grid to 4-kV single-phase and 2.3-kV three-phase 

transmission, ac transmission voltages in the United States have risen progressively 

to 150, 230, 345, 500, and now 765 kV. And in 2009, in China, the first 1000-kV  

ultra-high voltage (UHV) ac transmission line, a 650-km line from Shaanxi Province 

to Hubei Province, began commercial operation [14]. The incentives for increasing 

transmission voltages have been: (1) increases in transmission distance and trans-

mission capacity; (2) smaller line-voltage drops; (3) reduced line losses; (4) reduced 

right-of-way requirements per MW transfer; and (5) lower capital and operating 

costs of transmission. Today, one 765-kV three-phase line can transmit thousands 

of megawatts over hundreds of kilometers.

The technological developments that have occurred in conjunction with 

ac transmission, including developments in insulation, protection, and con-

trol, are in themselves important. The following examples are noteworthy:

1. The suspension insulator;

2. The high-speed relay system, currently capable of detecting short- 

circuit currents within one cycle (0.017 s);

3. High-speed, extra-high-voltage (EHV) circuit breakers, capable of 

interrupting up to 63-kA three-phase, short-circuit currents within 

two cycles (0.033 s);

4. High-speed reclosure of EHV lines, which enables automatic return 

to service within a fraction of a second after a fault has been cleared;

5. The EHV surge arrester, which provides protection against transient 

overvoltages due to lightning strikes and line-switching operations;

6. Power-line carrier, microwave, and fiber optics as communication 

mechanisms for protecting, controlling, and metering transmission 

lines;

Voltage 
(kV)

Year of 
Installation

 2.3 1893

 44 1897

150 1913

165 1922

230 1923

287 1935

345 1953

500 1965

765 1969

TABLE 1.2

History of increases  
in three-phase  
transmission voltages  
in the United States [1].

(Source: Based on H.M. 
Rustebakke et al., Electric 
Utility Systems Practice, 
4th. Ed. (New York: Wiley, 
1983.)
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7. The principle of insulation coordination applied to the design of an 

entire transmission system;

8. Energy control centers with supervisory control and data acquisition 

(SCADA) and with automatic generation control (AGC) for central-

ized computer monitoring and control of generation, transmission, 

and distribution;

9. Automated distribution features, including advanced metering infra-

structure (AMI), reclosers, and remotely controlled sectionalizing 

switches with fault-indicating capability, along with automated map-

ping/facilities management (AM/FM) and geographic information 

systems (GIS) for quick isolation and identification of outages and 

for rapid restoration of customer services; and

10. Digital relays capable of circuit breaker control, data logging, fault 

locating, self-checking, fault analysis, remote query, and relay event 

monitoring/recording.

In 1954, the first modern high-voltage dc (HVDC) transmission line was 

put into commercial operation in Sweden between Vastervik and the island of 

Gotland in the Baltic Sea; it operated at 100 kV for a distance of 100 km. The 

first HVDC line in the United States was the 6400-kV (now 6500-kV), 1360-km 

Pacific Intertie line, installed between Oregon and California in 1970. As of 2019, 

12 HVDC lines up to 6500 kV and 16 back-to-back ac-dc links had been installed 

in the United States, and a total of 146 HVDC lines up to 6800 kV had been in-

stalled worldwide [4]. And in 2019, in China, the first 61100-kV UHVDC trans-

mission line, a 3293-km line from Changji to Guquan, went into operation [15].

For an HVDC line embedded in an ac system, solid-state converters at 

both ends of the dc line operate as rectifiers and inverters. Since the cost of an 

HVDC transmission line is less than that of an ac line with the same capacity, the 

additional cost of converters for dc transmission is offset when the line is long 

enough. Studies have shown that overhead HVDC transmission is economical in 

the United States for transmission distances longer than about 600 km. However, 

HVDC also has the advantage that it may be the only feasible method to:

1. interconnect two asynchronous networks;

2. utilize long underground or underwater cable circuits;

3. bypass network congestion;

4. reduce fault currents;

5. share utility rights-of-way without degrading reliability; and 

6. mitigate environmental concerns [5].

In the United States, electric utilities grew first as isolated systems, with new 

ones continuously starting up throughout the country. Gradually, however, neigh-

boring electric utilities began to interconnect, to operate in parallel. This improved 

both reliability and economy. Figure 1.3 shows major 115-kV and higher-voltage, in-

terconnected transmission in the United States. An interconnected system has many 
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advantages. An interconnected utility can draw upon another’s rotating generator 

reserves during a time of need (such as a sudden generator outage or load increase), 

thereby maintaining continuity of service, increasing reliability, and reducing the 

total number of generators that need to be kept running under no-load conditions. 

Also, interconnected utilities can schedule power transfers during normal periods 

to take advantage of energy-cost differences in respective areas, load diversity, time 

zone differences, and seasonal conditions. For example, utilities whose generation 

is primarily hydro can supply low-cost power during high-water periods in spring/

summer and can receive power from the interconnection during low-water periods 

in fall/winter. Interconnections also allow shared ownership of larger, more efficient 

generating units.

While sharing the benefits of interconnected operation, each utility is obli-

gated to help neighbors who are in trouble, to maintain scheduled intertie trans-

fers during normal periods, and to participate in system frequency regulation.

In addition to the benefits and obligations of interconnected operation, there 

are disadvantages. Interconnections, for example, have increased fault currents that 

occur during short circuits, thus requiring the use of circuit breakers with higher in-

terrupting capability. Furthermore, although overall system reliability and economy 

have improved dramatically through interconnection, there is a remote possibility 

that an initial disturbance may lead to a regional blackout, such as the one that oc-

curred in August 2003 in the northeastern United States and Canada.

1.2 PRESENT AND FUTURE TRENDS

The electric power industry is making long-term investment and planning de-

cisions and is transforming the energy grid to be responsive to new resources, 

new technology options, and changing customer expectations. The industry 

advances economic growth, promotes business development and expansion, 

provides solid employment opportunities, enhances the quality of  life for its 

users, and powers the world. Today, the United States electric power industry 

is a robust, $880-billion-plus industry with nearly 500,000 employees. In the 

United States economy, the industry represents approximately 5% of  real gross 

domestic product (GDP) [6].

As shown in Figure 1.2, the growth rate in the use of electricity in the United 

States is projected to increase by about 0.7% per year from 2019 to 2030 [3]. Al-

though electricity forecasts for the next eleven years are based on economic and 

social factors that are subject to change, 0.7% annual growth rate is considered 

necessary to generate the GDP anticipated over that period. Variations in fore-

casts of 0.5 to 1.0% annual growth from 2019 to 2030 are based on low-to-high 

ranges in economic growth. Average end-use price of electricity (2019 cents/kWh) 

is forecasted to remain flat at 10.4 cents per kilowatt-hour from 2019 to 2030 [2, 3].

Figure 1.4 shows the percentages of various fuels used to meet U.S. electric 

energy requirements for 2019 and those forecasted for 2030 and 2050. Several 

trends are apparent in the chart. One trend is that renewables are the fastest-grow-

ing source of electricity generation in the United States through 2050 because of 
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FIGURE 1.4

Net electric energy 

generation in the 

United States, by 

principal fuel types 

[2, 3]. Renewable 

sources include 

conventional hydro-

electric, geothermal, 

wood, wood waste, 

all municipal waste, 

land�ll gas, other 

biomass, solar, and 

wind power. (U.S.  

Energy Information 

Administration, 

Electric Power Annual 

2019, Oct 2020, U.S. 

Energy Information 

Administration, 

Annual Energy Out-

look 2020,  

www.eia.gov.)

continuing declines in the capital costs for solar and wind that are supported by 

federal tax credits and higher state-level renewables targets. A second trend is the 

continuing generation of electricity with gas via gas-fired turbines that are safe, 

clean, and more efficient than competing technologies. A third trend, with slow 

load growth and increasing electricity production from renewables, is that both 

coal-fired generation and nuclear electricity generation will decline through 2050 

in the United States [2, 3].

Figure 1.5 shows the 2019 and forecasted 2030 U.S. net summer generating 

capability by principal fuel type. As shown, total U.S. net summer generating 

capability is forecasted to reach 1229 GW (1 GW 5 1000 MW) by the year 2030, 

which represents a 1.5% annual forecasted growth in generating capacity from 

2019 to 2030. The forecast assumes over 330 GW of  new capacity additions 

from solar and wind generation and 147 GW of  cumulative capacity retirements 

from 2019 to 2030 [2, 3, 7].

As of 2012, there were 476,247 circuit miles of existing transmission (above 

200 kV) in North America, which includes the continental United States, Canada, 

and the northern portion of Baja California, Mexico. In North America from 

2013 to 2018, there were plans for 18,236 circuit-miles of transmission additions; 

and from 2019 to 2029, there are plans for over 18,000 circuit-miles of transmis-

sion additions. According to the North American Electric Reliability Corporation 

(NERC), new transmission projects are being driven primarily to enhance reli-

ability. Other reasons include congestion alleviation and integration of renewable 

energy sources [7].
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According to NERC, building new transmission is an ongoing challenge for 

the electricity industry. Transmission right-of-way issues required in the siting of 

new transmission lines that span multiple states and provinces are highly visible 

and require increased coordination among multiple regulating agencies and au-

thorities. A lack of coordination regarding cost allocation, coupled with public 

opposition due to land use and property valuation concerns, has often resulted 

in extended delays in transmission construction. Further, ongoing state and pro-

vincial policies require continued integration of renewable resources, including 

wind and solar. These variable resources are most commonly built in remote areas 

where wind power densities and solar development are favorable. In many cases, 

the existing transmission network needs to be expanded to integrate these renew-

able resources and meet other state-wide goals [7].

Growth in distribution construction roughly correlates with growth in elec-

tric energy consumption. During the last three decades, many U.S. utilities con-

verted older 2.4-, 4.1-, and 5-kV primary distribution systems to 12 or 15 kV. The 

15-kV voltage class is widely preferred by U.S. utilities for new installations; higher 

primary distribution voltages, including 25 kV and 34.5 kV, are also utilized. Sec-

ondary distribution reduces the voltage for utilization by commercial and resi-

dential customers. Common secondary distribution voltages in the United States 

are 240/120 V, single-phase, three-wire; 208 Y/120 V, three-phase, four-wire; and  

480 Y/277 V, three-phase, four-wire.

Transmission and distribution grids in the United States as well as other 

industrialized countries are aging and stressed by operational uncertainties and 

challenges never envisioned when they were developed many decades ago. There 
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