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Preface

The purpose of computing is insight, not numbers.
—- Richard W. Hamming, 1962

This book is tailored for students and researchers who are interested in both power
systems and analytical tools for understanding their structural properties. It prepares
students for research by equipping them with, not only power system knowledge, but
also analytical techniques and a way of thinking. Structural understanding and research
taste are more important for conceiving possibilities, formulating questions, steering
explorations and verifying results in an age when the means for executing them is being
rapidly automated.

It complements several excellent texts on power system analysis, e.g., [15, 95, ,

, 96, R ]. In terms of topic, it develops, from scratch, basic power system
concepts, single-phase and unbalanced three-phase models, and theory and algorithms
for power flow optimization. It focuses on steady state modeling and analysis, as
opposed to power system dynamics or electricity markets. In terms of style, it fo-
cuses on developing analytical tools and using them to discover structural properties.
These properties provide conceptual understanding of applications and are helpful for
designing solutions with performance guarantees. It does not focus on the scalable
computation of these models or specific applications such as state estimation, but uses
these applications to illustrate models and techniques that are widely applicable.

The book has three main parts. Part I introduces the basics of power system analysis,
from phasor representation to single-phase models to optimal power flow problems,
and uses these concepts to analyze power system operations such as unit commitment,
optimal dispatch, frequency control, energy and reserve pricing, voltage control and
topology identification. Part II studies the theory and algorithms for power system
optimization, from convex programming to semidefinite relaxations to nonsmooth and
stochastic optimization. Part IIT develops from scratch a comprehensive mathematical
theory of unbalanced three-phase power flow. It is motivated by emerging applications
on distribution systems where controllable devices are the single-phase devices that
make up three-phase devices in Y or A configurations. It explains the crucial role of
device models and how single-phase analysis extends directly to unbalanced three-
phase networks. Such a theory is not currently available in textbook form.
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As we decarbonize our energy system, control and optimization challenges of the
emerging grid will be much bigger in size, complexity, and uncertainty. The traditional
tools, most of which rely mainly on simulations, must be supplemented with modern
ideas and techniques from systems theory, applied mathematics, computer science,
and economics. This book uses these mathematical tools to uncover power system
structures and exploits these structures to design practical algorithms for emerging
applications.
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How to use this book

Possible courses

This book can be used as a research reference. It can also be used as a textbook and
we suggest three possible courses that can be constructed from this book.

Power System Analysis I: models and operation. A 13-week course for senior
undergraduate and beginning graduate students that covers Part 1 of the book. It
develops from scratch single-phase network models and formulates optimal power
flow problems. These models are then used to describe and analyze power system
operation such as mechanisms for balancing power, controlling frequency, pricing
electricity and reserves, estimating state, and stabilizing voltages. This course does not
require prior power system knowledge or optimization theory, but does require circuit
analysis, linear algebra and interest in or exposure to mathematical analysis.

Specifically it covers

1. Basic concepts: Kirchhoff’s laws, phasors, device models, three-phase systems,
complex power (Chapter 1).

2. Branch models: transmission line (Chapter 2), transformers (Chapters 3, possibly
skipping Chapter 3.1.5).

3. Network models: bus injection models (Chapter 4, possibly skipping Chapter
4.4.4), branch flow models for radial networks (Chapter 5, possibly skipping
Chapter 5.4).

4. Power system operation, I: control mechanisms for balancing power, including
unit commitment, real-time dispatch, secure operation, primary and secondary
frequency control, as well as market mechanisms for pricing electricity and re-
serves using locational marginal prices (Chapter 6).

5. Power system operation, II: state estimation, voltage control on distribution net-
works, and network topology identification (Chapter 7).

Power System Analysis Il: power flow optimization. A 13-week graduate
course that covers Part II of the book on power flow optimization. It focuses on
analytical tools for and structural properties of power systems and prepares students
for research.
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. Power system basics: Reviews models and basic operation of power systems (topics

from Chapters 4, 5, 6 depending on students’ prior knowledge).
Convex optimization: convex analysis, optimality conditions, special convex pro-
grams, optimization algorithms, convergence analysis (Chapters 8).

. Optimal power flow (OPF): OPF in bus injection models and branch flow models,

NP-hardness, global optimality, techniques for scalability (Chapter 9).
Semidefinite relaxations of OPF: SDP, chordal, SOCP relaxations of OPF, exact-
ness conditions (Chapters 10 and 11).

. Nonsmooth convex optimization: normal cones and feasible sets, CPC functions

and subgradients, optimality conditions, special convex programs (Chapter 12).
Stochastic OPF: robust optimization, chance constrained optimization, convex
scenario program, two-stage optimization with recourse (Chapter 13).

Unbalance Three-phase Power System. A 10-week undergraduate/graduate
course that covers Part III of the book on unbalanced three-phase networks. It de-
velops from scratch three-phase component and network models, three-phase optimal
power flow and its semidefinite relaxations. It shows how models and analysis for
single-phase networks extend directly to a three-phase setting and where the difference
is. Prior knowledge of single-phase power networks or optimization theory will be
helpful but not absolutely necessary.

1.

Review: Single-phase power networks (topics from Chapters 4 and 5 depending
on students’ prior knowledge).

Component models: mathematical properties of three-phase systems, three-phase
devices in Y and A configurations, three-phase transmission or distribution lines,
three-phase transformers (Chapters 14 and 15).

. Bus injection model: network models, three-phase analysis, balanced network

(Chapter 16, possibly skipping Chapter 16.4).
Branch flow model: network models, equivalence, linear models and solution
(Chapter 17, possibly skipping Chapter 17.4).

. Review: basic convex optimization theory and algorithms (topics from Chapter 8

depending on students’ prior knowledge).
Power flow optimization: three-phase OPF, semidefinite relaxations, example ap-
plications (Chapter 18).

Overview

The book consists of three parts. Its online version also contains an appendix.

Part| Power network: models, operation, analysis
1. Chapter 1 introduces basic concepts in modeling the steady-state behavior of an

alternating current (AC) power system, including circuit models, Kirchhoff’s laws,
phasor representation, balanced three-phase systems, per-phase equivalent, and
complex power.
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2. Chapter 2 develops circuit models for the terminal behavior of a balanced three-
phase transmission line that map the voltage and current at one end of the line to
those at the other end.

3. Chapter 3 develops models for balanced three-phase transformers and their per-
phase equivalent and analysis techniques for circuits containing transformers,
including per-unit normalization.

4. Chapter 4 uses the component models of previous chapters to construct a class of
network models we call the bus injection model (BIM). It introduces the network
admittance matrix Y that relates linearly bus voltages and current injections, its
Kron reduction, and their analytical properties. It also introduces power flow
equations that relate nonlinearly bus voltages and power injections and presents
iterative algorithms for solving these equations. Finally it introduces a linearized
power flow model called the DC power flow model that is widely used for electricity
market operation.

5. Chapter 5 introduces the branch flow model (BFM) for radial networks with a
tree topology and proves its equivalence to the bus injection model. It presents a
fast iterative algorithm called the backward forward sweep for solving power flow
equations for radial networks. Finally it introduces a linearized model that admits
an explicit solution which bounds nonlinear power flow solutions.

6. Chapter 6 overviews three control mechanisms at different timescales, unit com-
mitment, real-time dispatch and frequency control, that balance power supply and
demand. It also studies pricing of electricity and reserves using locational marginal
prices and optimality properties of these prices.

7. Chapter 7 illustrates the models and tools developed in earlier chapters through
three applications: state estimation, voltage control on distribution networks, and
topology identification.

Part Il Power flow optimization

1. Chapter 8 formulates convex optimization problems and introduces some of the
most useful tools for convex analysis. We develop a general theory to charac-
terize optimal solutions and provide sufficient conditions for their existence, and
then apply the general theory to special classes of convex optimization problems
widely used in applications. We describe iterative algorithms for solving convex
optimization problems and basic techniques for analyzing their convergence.

2. Chapter 9 formulates optimal power flow (OPF) problems that underly numerous
power system applications, in both the bus injection model and the branch flow
model. It proves that OPF is NP-hard but a subclass characterized by a Lyapunov-
like condition can be solved efficiently to global optimality. Finally it describes
common techniques for scaling OPF solutions.

3. Chapter 10 studies the semidefinite relaxation of the nonconvex OPF problem
formulated in BIM as a quadratically constrained quadratic program. It develops
the concept of partial matrices and their positive semidefinite rank-1 completion
to exploit the sparsity of large networks. Finally it proves two sufficient conditions
for exact second-order cone program (SOCP) relaxations of OPF on single-phase
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radial networks. Convex relaxation complements linear approximation and local
iterative algorithms as one of the main tools for dealing with the nonconvexity of
OPF.

4. Chapter 11 studies the semidefinite relaxation of OPF in BFM for radial networks.
It formulates SOCP relaxation and proves its equivalence to the SOCP relaxation
in BIM. Finally it proves two sufficient conditions for exact SOCP relaxation for
single-phase radial networks.

5. Chapter 12 generalizes the structural results of Chapter 8.3 to a convex but non-
smooth setting, motivated by stochastic OPF studied in Chapter 13. It shows that
convexity is fundamental, but not smoothness, and, once the basic framework is
established, the more abstract approach here that relies only on convexity is both
more natural and simpler conceptually.

6. Chapter 13 studies basic methods for stochastic optimization, robust optimization,
chance constrained optimization, scenario programming, and two-stage optimiza-
tion with recourse. A focus is on problems (e.g., two-stage optimization) that are
convex, but often nonsmooth, to which optimality conditions studied in Chapter
12 are applicable and computation algorithms studied in Chapter 8 can be adapted
by replacing gradients with subgradients. Finally we present examples to illustrate
concepts of stochastic OPF.

Part lll Unbalanced three-phase networks

1. Chapter 14 studies the mathematical properties that underly the behavior of un-
balanced three-phase systems and derives models of three-phase voltage sources,
current sources, power sources, and impedances in Y and A configurations.

2. Chapter 15 derives models of three-phase lines and transformers.

3. Chapter 16 uses the component models of Chapters 14 and 15 to extend the
bus injection model to the unbalanced three-phase setting. It also introduces the
sequence coordinate in which sequence networks become decoupled when there
is a certain symmetry in the original phase coordinate.

4. Chapter 17 extends the branch flow model to the unbalanced three-phase setting.

5. Chapter 18 extends OPF and its semidefinite relaxations (studied in Chapters 9,
10, 11) from single-phase to unbalanced three-phase networks.

Appendix: Linear algebra preliminaries

The online version contains an appendix that collects mathematical preliminaries
used in the rest of the book.

Notation

Vector and matrix. Let C denote the set of complex numbers, R the set of real
numbers, R, the set of nonnegative real numbers, R_ the set of nonpositive real
numbers, N the set of integers and N, the set of positive integers. We use i to denote
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V-1.For a € C, its real and imaginary parts are denoted by Re a and Im a respectively.
Its complex conjugate is usually denoted by @ or a" (though & also denotes a particular
vector in R™ when it is clear from the context that X is a real quantity). For any set
A C C", conv A denotes the convex hull of A. Fora € R, [a]* :=max{a,0}. Fora,b €C,
a < b means Rea < Reb and Ima < Imb. We sometimes abuse notation to use the
same symbol a to denote either a complex number Rea +ilma or a size 2 real vector
a = (Rea,Ima) depending on the context. The empty set is denoted (.

In general scalar or vector variables are in small letters, e.g. u,w,x,y,z. Most
power system quantities however are in capital letters, e.g. Sk, Pjk,Q k.1, V;. Unless
otherwise specified, a vector is a column vector and is written interchangeably as

X1
x=|: or x = (X1,...,Xn)
Xn

A variable without a subscript usually denotes a vector with appropriate components,
e.g s:=(s;,j=0,...,n), S :=(Sjr,(j,k) € E). For a vector x = (x1,...,x,), x_; de-
notes (x1,...,X;i—1,Xi+1,-- - ,Xn) Without the x; component. For a subset A C {1,...,n},
x_a = (x;,i ¢ A). For vectors x,y, x < y denotes componentwise inequality. We freely
refer to x as singular if we mean the vector x or as plural if we mean its components
X1,...,Xx,. For example we may refer to A* as a locational marginal price or locational
marginal prices. B¢ (x*) may denote the open ball or the closed ball centered at x* with
radius € > 0.

Matrices are usually in capital letters. Let M, N be index sets with m := | M|, n :=|N]|.
An m x n matrix with a;; € C as its (i, j)th entry for i € M, j € N, can be written as
A =(a;jj,i € M,j € N). Its null space, range space, and trace are denoted respectively
by null(A) := {x € C" : Ax = 0}, range(A) = span(A) := {Ax € C™ : x € C"}, and
tr(A) := ,; Aj;. The dimension of range(A) is rank(A) < n and that of null(A) is
nullity(A) < n (they sum to n; see Appendix A.1.2). Given an n X n matrix A, diag(A)
denotes the column vector (Ajy,...,Agx) consisting of A’s diagonal entries. Given n
scalars ay,...,a,, or a vector a := (ay,...,a,), Diag(ay,...,a,) and Diag(a) denote
the n X n diagonal matrix with a; on its diagonal. If ay,...,a, are n matrices then
Diag(aj,...,a,) denotes a block-diagonal matrix with a; as its diagonal blocks. We
use A to denote the componentwise complex conjugate of a matrix A. The transpose
of a matrix A is denoted by AT and its Hermitian (or conjugate) transpose by AH := AT,
A vector x* € R" or x* € C" or a matrix X* € S” is usually used to denote an optimal
solution of an optimization problem. We use interchangeably (y*)™ and y*". A matrix
A is Hermitian if A = AH. A complex matrix A is positive semidefinite (or psd), denoted
by A > 0, if A is Hermitian and x™Ax > 0 for all x € C". A real matrix A is positive
semidefinite (or psd), denoted by A > 0, if A is symmtric and xTAx > 0 for all x e R,
In particular if A > O then by definition A = A" if A is complex and A = AT if A is
real. | A is negative semidefinite (nsd) if —A is psd. For matrices A, B, A > B means

I As explained in Definition A.2 and Remark A.1 of Appendix A.5, for a complex matrix, xH Ax > 0 for
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A —Bis psd. Let S" be the set of all nx n Hermitian matrices, S the set of n xn psd
matrices, and S” the set of n X n nsd matrices.

The vector 1,, usually denotes the vector of all 1s of size n and I, usually denotes the
identity matrix of size n. Without the subscript, the vector 1 and the identity matrix I
either denote the corresponding vector and matrix of size 3 (in unbalanced three-phase
systems) or a generic size depending on context. For the study of three-phase power
systems, both balanced and unbalanced, ¢“ := (1,0,0), e? = (0, 1,0), € := (0,0, 1),
and e? € {0,1}3" is the unit vector with a single 1 in the j$th position. We often use
@ = ¢7127/3_ The standard balanced vector in positive sequence is @, := (1,@,a?) and
that in negative sequence is a_ := (1,a2,a'). The following conversion matrices are
key to the understanding of three-phase power systems:

1 -1 0 1 0 -1
r=10 1 -1, r':=|-1 1
-1 0 1 0 -1 1

Its properties are explained in Theorems 1.2 and 14.2. The similarity transformation
to obtain symmetrical components due to Fortescue is defined by the eigenvectors
(1,ay,a_) of T'.

Sequence and limit. By a sequence in R" or C", we mean either an ordered or
an unordered set of vectors depending on context, and denote it interchangeably by
(x; eR":ieN,:=1,2,...) or {x; e R":i e N, :=1,2,...}. We often refer to the
sequence by {x; } or simply x; if it should be clear from the context that we are referring
to the sequence {x;}, not the element x;. The sequence {x;} is said to converge to a
vector x* if every component of x; converges to the corresponding component of x* as
i — oo. In this case we call the unique vector x* the limit point of the sequence {x;}
and write lim;_,. x; = x* or simply lim; x; = x* or x; — x*. If A is an infinite and strict
subset of N, then the subsequence {x; € R" :i € A} is also denoted {x;}4. If there
is a subsequence {x;}4 that converges to a vector x*, we call x* a limit point of the
sequence {x;} (also called a cluster point), even though {x;} itself may not converge.

In this case we write lim;ea ;o0 X; =X* Or x; — x™ as i E) co. We use e to denote the
constant lim,(1+1/n)" and e; € {0,1}" the unit vector of appropriate size n with a
single 1 in the jth position. We use In = log, to denote the natural log. When there is
no confusion we may also use log to denote In.

Given a function f : R" — R™, ‘;—{C is the m X n matrix whose (j, k)th entry is
0 of;
[—f = i(x), j=1,....om, k=1,...,n
ox ik oxy

T
and Vf(x):= (‘;—{C) is its transpose. In particular if m = 1 then g—§ is a row vector and

V f(x) is a column vector.

all x € C™ implies that A is Hermitian, so including Hermitian in the definition of psd is redundant and
only for uniformity. For a real matrix, xT Ax > 0 for all x € R” does not imply A is symmetric.
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Graph. A graph G = (N, E) consists of a set N of nodes and a set E C N XN of
edges. If G is undirected then (j, k) € E if and only if (k,j) € E. If G is directed then
(j,k) € Eonlyif (k, ) ¢ E; in this case we will use (j, k) and j — k interchangeably to
denote an edge pointing from j to k. Therefore, for an undirected graph, X’ (; e Xjk
includes both x;; and xi; for each edge (j,k) € E, whereas, for a directed graph,
2.(j.k)eE Xjk includes a single term x ;. for each directed edge j — k. Sometimes, we
write 3 ; x)er (Xjk +Xk ;) instead of 3 ; ) eg Xk to emphasize the undirected nature
of the graph. By “j ~ k” we mean an edge (j, k) if G is undirected and either j — &
or k — j if G is directed. Sometimes we write j € G or (j,k) € G to mean j € N or
(7, k) € E respectively. A path p := (ji,...,jk) is an ordered set of nodes jx € N so
that (jg,jr+1) € E fork=1,...,K —1. In this case we also refer to p as the order set of
edges (jx,jk+1), and refer to a node or an edge in the path by jx € p or (jk, jk+1) € p
respectively. A cycle is a path where jx = ji. A simple cycle is a cycle that visits every
node at most once. In this book, we refer to j interchangeably as a node or a bus and
J ~ k interchangeably as a link, a branch, a line or an edge.

Probability. A measurable space is a pair (Q,F) where the sample space Q is an
arbitrary nonempty set. The o-algebra F C 2 is a collection of subsets A C Q called
events that satisfies: (i) Q € F; (ii) if A € ¥ then Q\ A € F; and (iii) if A; € ¥ for
i=1,2,...,then U;A; € F. Given a measurable space (Q, ), a probability measure P
is a function P: ¥ — [0, 1] such that (i) P(Q2) = 1; and (ii) if A; € ¥ fori=1,2,... are
pairwise disjoint, then P (U;A;) = 3; P(A;). The triple (Q, F,P) is called a probability
space. When P(A1\ A7))+P(A2\ A1) =0, i.e., A and A, differ by a set of measure
zero, we say A1 = Ay almost surely or a.s.

A random variable or random vector Z defined on the probability space (Q, F,P)
is a function Z : Q — R™ such that P ({w € Q : Z(w) < z}) is called the probability of
the event {Z < z} and denoted by P(Z < 7). The probability distribution function or
distribution function Fz : R™ — [0, 1] of the random variable Z is the function defined
by the probability measure P, Fz(z) :=P ({w € Q: Z(w) < z}). Two random variables
Z1,Z; defined on the same probability space are said to be equal almost surely or equal
a.s. if the measurable sets Z]‘1 (2) = Zz_l (z) a.s. for all z.

Given two probability spaces (Q1,F1,P1) and (Q,, %>,PP;), one can define a prob-
ability measure P on the product measurable space (Q; X £, % X %>) and form the
probability space (Q; X Q;, F1 X %2, P). For random variables Z; defined on (1, ¥1,P)
and Z; defined on (Q;, %>,P,), the function

Fz,.7,(z1,22) = P({(wi,w2) € Q1 xQ : (Z1(w1),Z2(w)2) < (21,22)})

is called the joint probability distribution function. The distribution functions Fz, and
Fz, defined by P; and PP, respectively are called the marginal distribution functions
of Z; and Z,. The probability measure P is called the product measure and the joint
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distribution function Fz, 7, the product distribution function if

P((Z1,22) < (z1,22)) = P1(Z) £ 21)P2(Z3 £ 22),
Fz,.7,(21,22) = Fz(Z1 £21)Fz,(Z> £ 22)

In this case, the random variables Z; and Z; are called independent. If, in addition,
(Q1,91,P1) and (Q,,F>,P,) are identical, then Z; and Z, are called independent and
identically distributed, abbreviated as i.i.d. or iid. We then write the product measure
P as P2.

1

In this book we ignore measurability issues, i.e., we assume all random variables
or processes encountered are well defined, they generate appropriate o-algebra on
which appropriate probability measures are defined, and all functions encountered are
measurable. We often say two sets A| = A, when we mean A} = A; a.s.

Due to the breadth of topics covered, we often overload notation and use the same
letter to denote different quantities depending on context; e.g., I may denote current
or the identity matrix, G a graph or the real part of an admittance matrix ¥ = G +iB,
and x a generic variable or the imaginary part (reactance) of an impedance z = r +ix.
Finally, as defined above, e :=1im, (1+1/n)" but e; is the unit vector.

Units

The unit of a quantity is specified usually the first time the quantity is introduced.
Commonly used units in this book are collected here for convenience. We often overload
notations so that the same symbol may refer to different quantities depending on the
context, e.g., I may denote a vector of current phasors I = (I;,i = 1,...,n) or the identity
matrix of appropriate size, V may denote a vector of voltage phasors V = (V;,i=1,...,n)
or their unit volt.
1. voltage v(z),V: volt (V).
2. current i(t),I: ampere (A).
3. real power P : watt (W); reactive power Q : volt-ampere reactive (var); complex
power S := P +iQ, apparent power |S|: volt-ampere (VA).
4. resistance r, reactance x = iwl or 1/iwc, impedance z := r +ix: ohm (Q).
5. conductance g :=r/(r>+x?), susceptance b := —x/(r> +x?), admittance y 1=z~ =:
g +ib: Siemen (S) or mho (Q71).
6. inductance /: henry (H); magnetic flux linkage A(¢) = [i(t) : weber-turn (Wb-turn).
7. capacitance c: farad (F); electric charge ¢(¢) = cv(¢) : coulomb (C)
We will sometimes overload notation, e.g., [ is used sometimes to denote inductance,
sometimes inductance per unit length, some times a line index. The meaning should
be clear from the context.



Part |

Power network: models,
operation, analysis






Basic concepts

1.1

This chapter introduces basic concepts in modeling the steady-state behavior of an
alternating current (AC) power system where voltages and currents are sinusoidal
functions of time. For us, steady state means that the frequencies of voltages and
currents in the entire network are at their nominal value (e.g., 60 Hz in the US,
50 Hz in China and Europe). In Chapter 1.1 we describe phasor representation of
sinusoidal voltages and currents, introduce single-phase device models, and review
circuit analysis. In Chapter 1.2 we explain balanced three-phase systems and how to
simplify their analysis using per-phase models. In Chapter 1.3 we define the concept
of complex power for single-phase and three-phase systems, and illustrate through
an example that a three-phase system saves power and conductors compared with a
single-phase system serving the same load.

Single-phase systems

An AC system consists of generators and loads connected by transmission or distribu-
tion lines and transformers. Their behavior can be described using quantities such as
voltages, currents, and powers which are sinusoidal functions of time. These quantities
obey laws of physics. For our purposes they are the Kirchhoft’s current law (KCL),
Kirchhoff’s voltage law (KVL), and Ohm’s law. These laws allow us to analyze or sim-
ulate system behavior in the time domain. For steady-state behavior it is often easier
to transform these quantities to the phasor domain, apply the corresponding physical
laws in the phasor domain to analyze the steady state of a power network, and then
translate the results back to the time domain, as illustrated in Figure 1.1.

In this section we define voltage and current phasors, present simple models of
generators, loads, and lines using voltage sources, current sources, and impedances.
We also summarize KCL, KVL and Ohm’s law in the phasor domain. They can be
used to analyze a network of these circuit elements. Finally we derive the equivalent
circuit of a one-line diagram.
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Figure 1.1 Phasor representation and analysis.
1.1.1 Voltage and current phasors

The quantities of interest, voltage v(¢), current i(¢), and power p(t), are physical and
can be empirically measured. The potential energy gained in moving a unit of charge
from point k to point j is called the voltage, or electric potential difference, between
J and k, denoted by v ;. Its SI unit (International Systems of Units) is volt (V),
or equivalently, joule/coulomb. Usually we arbitrarily fix a reference point O for all
voltages in the system under study. In that case we refer to the voltage at point j with
respect to the reference point simply as the voltage at j and denote v jo simply by v;.
Then the voltage between two points j and k is v := v; —v. While v i represents
the energy required to move a unit of charge from point & to point j, v; represents the
energy to move a unit of charge from the reference point to j. The flow rate of electric
charge through a point is called the current through that point. Its SI unit is ampere
(A), or equivalently, coulomb/second. The rate of energy transfer when a unit of charge
is moved through an electric potential difference (voltage) between two points is called
electric power. Its SI unit is watt (W), or equivalently, joule/second. It is equal to the
product of voltage and current between these two points.

A sinusoidal voltage function is
V(1) = Vmaxcos(wt+0y) = Re{Vmaxe'® - e’}

where Viyax is the amplitude (i.e., maximum magnitude) of the voltage v(7), w is the
steady-state frequency in radian, and 6y is the phase angle. In steady state, w is assumed
fixed systemwide, and hence a voltage function is fully specified by two parameters
(Vimax, v ). This motivates the definition of voltage phasor

Voo
y o= B volt (V)

V2

such that
V(1) = Re(\/§|V|-e‘<‘“’”’v)) (1.1)
The period of v(z) is T := 27 /w. The magnitude of the voltage phasor

Vinax
\%4 = max
V2
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is equal to the root-mean-square (RMS) value of the voltage, defined as
Ve[ =L [ Vcoston s = =
where we have used cos? ¢ = (1 +co0s2¢) /2.
Similarly let the sinusoidal current function be
i(t) = Inaxcos(wt+67) ampere (A)
with the corresponding current phasor
_ I ig,
V2
such that
i(f) = Re (\/§|1| ~ei(“”+9’)) (1.2)

The RMS value of the current is |7| = Imax/ V2.

Single-phase devices

Basic building blocks of an AC power system are generators that generate power,

loads that consume power, transmission and distribution lines, and transformers that

connect generators and loads. These devices can be modeled by circuit elements such

as impedances, voltage sources, current sources, and (later) power sources, as we now

explain.

Impedance z. The voltage and current across a resistor » in ohm (€2), an ideal inductor
[ in henry (H), or an ideal capacitor c in farad (F) satisfy a linear relation, both in the

time domain and in the phasor domain. We now derive Ohm’s law in the phasor domain

from its representation in the time domain.

Consider the circuit in Figure 1.2. The voltage v(z) across the resistor r and the

i(t)

0 ]

(a) Time domain (b) Phasor domain

Figure 1.2 The voltage and current across a linear circuit element r,/, ¢ are related by Ohm’s

law in both time and phasor domains.



Basic concepts

current i(¢) through it are related by Ohm’s law:
v(t) = ri(t)
Using (1.1)(1.2), this is equivalent to:
Re {V-\/Eei“”} = Re {rl-\/zei‘“’}
Hence Ohm’s law in the phasor domain for a resistor is:
V=rl
The current across a resistor is called in phase with the voltage.

An ideal inductor / is characterized by

di(t)
1) =1
v(1) 7
Substituting (1.1) and
di(t
ii(t) = —wlnaxSin(wt+607) = wlpacos(wt+6;+m/2)

we have
Re{v-vaeiw} = Refiwir-V2e !}
or in the phasor domain:
V = (iwh)1
The current across an inductor is said to lag the voltage by /2 radian.

Similarly an ideal capacitor c is characterized by

. dv(r)
1) =
i(t) = c T
Substituting (1.2) and
dv(t
dv((t)) = —wVmaxsin(wt +0y ) = wVpaxcos(wt+0y +7/2)

we have
Re {I . \/Eei‘“’} = Re {ia)cV . \/Eei“”}
or in the phasor domain:
1
V=—I
iwc
The current across a capacitor is said to lead the voltage by /2 radian.

In summary we define the impedances of these elements, a resistor r, an ideal
inductor /, and an ideal capacitor ¢ in the phasor domain as respectively (Figure 1.2):

Zr =T, 71 = iwl, Ze = —
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Instead of impedance z, sometimes it is convenient to use its inverse, called the
admittance y = z~'. The voltage V across an impedance z (or admittance y) and the
current / through it are related in the phasor domain by

V=2, I=yV

An important advantage of phasor representation of an AC circuit is that circuit analysis
involves only algebraic operations rather than differential equations in the time domain.

Example 1.1. A voltage v(¢) is applied to a resistor  and an inductor / in series
and the current through these devices is i(f). Derive the dynamic equation that relates
(v(?),i(2)) in the time domain and the corresponding equation that relates their phasors
v, I).

Solution. Let vi(t) = ri(t) denote the voltage drop across the resistor and v;(¢) the
voltage drop across the inductor that satisfies v, (1) =1 %i (t). Then the relation between
(v(1),i(2)) is given by KVL: v(t) = v{(t) +v,(¢) or

v(t) = ri(t)+l%i(t)

Noting that v(z) = Re {\/EVei“”} and i(z) =Re {\/zlei“”}, we multiply both sides of

the equation above by €1’ to get
V2V el = V216 41 (ia)‘/zlei“”)
\%4

(r+iwh)I

Hence the resistor and inductor in series can be modeled in the phasor domain by an
impedance z :=r +iwl. )

Voltage source (E, 7). In the phasor domain, a voltage source is a circuit model
with a constant internal voltage E in series with an impedance z, as shown in Figure
1.3(a). Its external behavior is described by the relation between its ferminal voltage

+

Q) v @ [ v

(a) Voltage source (b) Current source
Figure 1.3 A voltage source (E,z) and a current source (J,y).

V and terminal current I:
V =FE-zI

Hence the open-circuit (terminal) voltage V equals the internal voltage E. We often
adopt an ideal voltage source with z =0. In this case V = E.
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Current source (J,y).In the phasor domain, a current source is a circuit model
with a constant internal current J in parallel with an admittance y, as shown in Figure
1.3(b). Its external behavior is described by the relation between its terminal voltage
and current (V,1):

I =J-yV

Hence the closed-circuit (terminal) current / equals the internal current J. We often
adopt an ideal current source with y = 0. In this case I = J.

Remark 1.1. 1. Anonideal voltage source (E, z) and current source (J, y) are equiv-
alent, i.e., have the same terminal voltage and current relationship if their param-
eters satisfy

J = (closed-circuit equivalent)

e |

y = (open-circuit equivalent)

2. Ideal voltage or current sources are reasonable models as their series impedances
or shunt admittances can be combined with the series impedance and shunt ad-
mittances of a transmission or distribution line to which they are connected, as we
will see in Chapter 2. We will therefore often use ideal voltage and current sources
in this book with zero series impedances and shunt admittances. O

Power system devices. Power system devices such as generators, loads, transmis-
sion and distribution lines, transformers, and other control devices can be modeled
by the circuit elements presented above. For instance, a generator can be modeled
by a voltage source or current source. A load can be modeled by an impedance (or
admittance), a current source, or a voltage source. A transmission or distribution line
can be modeled by a series impedance and a shunt admittance at each end of the
line; the details are described in Chapter 2. A transformer can be modeled by a series
impedance and a shunt admittance followed by voltage and current gains; the details
are described in Chapter 3. We will introduce in Chapter 1.3 the concept of complex
power. This leads to a circuit element that we will call a power source that generates or
draws a constant power. These are summarized in Table 1.1. They are abstract models

Device Circuit model

Generator Voltage source, current source, power source

Load Impedance, current source, voltage source, power source
Line Impedance (Chapter 2)

Transformer Impedance, voltage/current gain (Chapter 3)

Table 1.1 Circuit elements commonly used for modeling generators, loads, lines, and
transformers.

of physical devices. For relation to a common load model, called ZIP, that describes
how power consumed by a load depends on the voltage magnitude |V| across the load,
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see Exercise 1.1. This book develops techniques for analyzing power system models
constructed from these circuit elements.

Kirchhoff’s laws, Ohm’s law, Tellegen’s theorem

Consider a circuit consisting of an interconnection of resistors, inductors, capacitors,
and voltage and current sources. An ideal voltage source between two points enforces
a given voltage between these two points. An ideal current source between two points
enforces a given current between them. We now describe Kirchhoff’s current law
(KCL), Kirchhoff’s voltage law (KVL), Ohm’s law for a general circuit and derive a
result called Tellegen’s theorem.

We represent a circuit by a connected directed graph G := (N, E) with an arbitrary
orientation where N is a set of nodes and £ C N x N is a set of links. We sometimes
abuse notation and use N to denote both the set of nodes and the number of nodes
in N when the meaning should be clear from the context. We allow multiple links
between two nodes j and k (see Figure 1.4). A link / that points from node j to node
k is represented by [ = (j,k) or [ = j — k. Multiple links /y,...,[; between nodes
J and k may have different orientations, e.g., [y = j — k and [, = k — j. There are
two variables associated with each link [ = (j, k) between nodes j and k. The voltage
across link / is denoted by U in the direction of / and the branch current over link /
from j to k is denoted by J;.

A link [ represents either an impedance, a voltage source, or a current source. If
link / represents an impedance then its value z; is given and the voltage U; and branch
current J; across link [ satisfies U; = z;J; (Ohm’s law). If link / represents a voltage
source then U; = y; is given, and if it represents a current source then J; = j; is given.
These notations are illustrated in Figure 1.4a.

J

U= u{@ ( > Uee]) U [2d] 1 ) 4= s

= ES

(a) Circuit (b) Incidence matrix

Figure 1.4 A circuit represented as a directed graph G where each link / is either an impedance
71, a voltage source Uy, or a current source J;. The voltage source U, = us and current source
Jis = —J are given. Its incidence matrix Cis partitioned into ¢1,6,, 6‘3 corresponding to the
impedances, the voltage source, and the current source respectively.
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KCL, KVL. Kirchhoff’s current law (KCL) states that the incident currents at any node

j sum to zero: !

=Y gy Y =0 (1.32)

iii—jek k:j—keE

For the example in Figure 1.4 this means —J;, +J, +Jj; +J;, = 0 at node 2. Kirchhoff’s
voltage law (KVL) states that voltage drops around any cycle ¢ sum to zero. Consider
a cycle c in the graph with an arbitrary orientation, say, clockwise. A link / in the cycle
that is in the same direction as c¢ is denoted by [/ € ¢ and a link / that is in the opposite
direction to ¢ is denoted by —/ € c¢. Then KVL states that the voltage drops around any

cycle ¢ sum to zero:
ZUZ—ZUI =0 (1.3b)

lec —lec

For the cycle indicated in Figure 1.4(a) we have U, + U, — U5 = 0.

We can represent (1.3) compactly in vector notation. Let U := (U;,[ € E ) and J :=
(Ji.l € E ) denote the vectors of voltages and currents respectively across these lines.
Let C € {~1,0, 1}V IXIEl be the node-by-link incidence matrix defined by:

1 if I = j — k for some bus k
Cip =1 -1 ifl=i— jforsomebusi |, jeN,leE
0 otherwise

See Figure 1.4 (properties of general incidence matrices are summarized in Appendix
A.11). Then Kirchhoff’s current law (1.3a) states that

KCL: CJ =0 (1.4a)
Kirchhoff’s voltage law is equivalent to the condition that there exist nodal voltages
V e CV! (with respect to the common reference point) such that

KVL: U=Cv (1.4b)

i.e., given line voltages U, there must exist nodal voltages such that U; = V; - V;
where [ = j — k, from which (1.3b) follows. This seems intuitive and can be proved
mathematically using concepts in algebraic graph theory (Exercise 1.2). Without loss
of generality we use node N as the common reference point for all voltages, i.e., we
have by definition

Vg =0 (1.4¢)

" An equivalent statement for KCL is: the line currents on any cut of the graph G sum to zero; see
Exercise 1.4.
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Circuit analysis. Consider a circuit represented by an incidence matrix C. The |N| x
|E| incidence matrix € is of rank |N|—1 since G is connected, with span(1) as its
null space (see Appendix A.11 for more details). Therefore (1.4) consists of |N|+
|E|+1 complex equations in |N|+2|E| complex variables (V,J,U), of which |N|+
|E| equations are linearly independent. To obtain another |E| linearly independent
equations we note that across every link / is exactly one of the following devices:

1. impedance with a given z;: Its behavior is described by Ohm’s law
U =z (1.5a)
2. ideal voltage source with a given u;: Its behavior is described by
U =u (1.5b)
3. ideal current source with a given j;: Its behavior is described by
Ji=Ji (1.5¢)

Partition the set £ of links into three disjoint sets E =: £, U E, U E3 where E| is the
set of impedances, E» voltage sources, and E3 current sources. Then (1.4)(1.5) specify
|N|+2|E|+1 equations in |N|+2|E| variables (V,J,U), of which at most |N|+2|E]|
equations are linearly independent:

o ¢ o0 05,
0 -Z I, v 02,
0 0 Ip, u
gl = 1 " (1.6)
AT 3 U
(T7 0 L U
€15 0 0 | U

where Z :=Diag (z;,/ € El) is the diagonal matrix of impedances, u := (u;,1 € E») and
j = (j1,1 € E3) are given vectors of voltage and current sources respectively, Oy 1s
the zero vector of size m, I,, is the identity matrix of size m, and e, € {0,1}/V] is
the unit vector with a single 1 in the nth entry. A circuit analysis problem is to solve
(1.4)(1.5), or equivalently (1.6), for variables (V,J,U). A sufficient condition is given
in Theorem 1.1 for the existence and uniqueness of solution. A necessary condition
for the existence of a solution is that the given voltage and current vectors (v, j) are
consistent, e.g., if only current sources are incident on a node k, then these given
currents must satisfy KCL at node &, or if a set of voltage sources form a cycle ¢ then
these given voltages must satisfy KVL on c.

The system of equations (1.6) can be simplified, as follows. Order the links such
that the incidence matrix decomposes into submatrices Cy,C,,C3 corresponding to
impedances, voltage sources, and current sources respectively (see Figure 1.4b):

C =[G & G
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Partition the branch voltages U and branch currents J accordingly:

U, Ji
U:=1ul, J = |/
Us; J

where v and j are the given vectors of voltage and current sources respectively. Then
KCL and KVL are

Cih+Cor = =G5
uy=Clv, u=0qv, U=C0CV

for some nodal voltages V. Use Ohm’s law U; = Z J; to eliminate U; to obtain

0o ¢ & 0 [V -Gsj

¢ -7 0 0 I 0

Al =

¢ 0 0 0 Ja u (L.7)
AT

¢ 0 0 —Ip,llUs 0

The desired quantities (V,J;,J2,Us3) are solutions of (1.7) if they exist. Given J;, U}
is given by Uy = ZJ;.

Recall that we take without loss of generality node N as the common reference point
for nodal voltages and assign Vy := 0. We can consider the (IN|=1) x |E| reduced
incidence matrix C obtained from C by deleting the last row corresponding to the
reference node N. The advantage of using C is that it has a full row rank of |[N| - 1.
Let V_g = (V;,j # N) be the vector of all non-reference nodal voltages. Similarly
partition C into C =: [C; C, C3]. Then (1.7) is equivalent to the following equation:

0 i 0 V—N —-C3j
cl -z o 0 Ji 0
1 _
G 0 0 0 L| | u e
G 0 0 ~Tpy) L Us 0
M

The key feature of this model, compared with (1.7), is that it does not contain the
reference node N.

Example 1.2. Consider the circuit in Figure 1.4 represented by the directed graph
G = (N,E) with
N = {1,2,3,4}
E={1=1-215:=2—31:=2—>41:=2—>41s:=1>4, [g:=3—>4)

The incidence matrix C can be partitioned into submatrices

1 0 0 0 I 0
N S N B B Az 0 A 0
“=lo o0 o T ol ST

o 0 -1 -1 -1 -1
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The reduced incidence submatrices are then

1 0 0 O 1 0

C,=1|-1 1 1 1{, C, = |0], C; =10

0O -1 0 O 0 1
The equation (1.8) becomes:

[0 0 O 1 0 0 O (11017 W1 ] [ 0 ]
0O 0 0| -1 1 1 1 (0] O Vs 0
0O 0 O 0 -1 0 0 (0] O Vs J6
1 -1 0 |-z 0 0 0 |0] O Ji, 0
01 -1{ 0 -z O 0 |0] O J, | =10
o 1 0 0 0 -z; 0 |0| O Ji, 0
o 1 0 0 0 0 -z,10]0 Ji, 0
1 0 0 0 0 0 0 (0] O Jis us

L0 O 1 0 0 0 0 |0|-1]l Uy | | 0 |

We now discuss the existence and uniqueness of solutions to (1.8).

Theorem 1.1. Suppose the graph G is connected. The matrix M in (1.8) is invertible
if the following square matrices of sizes |[N| — 1 and |E;| respectively are invertible:

ni=C2z'cl, ay'c

where E» is the set of voltage sources. O

The conditions in Theorem 1.1 are reasonable and intuitive.

Remark 1.2 (Implications of Theorem 1.1). Let G| denote the subgraph of G with all
non-reference buses induced by the set of impedances in £.

1. The (|N|—-1) x|E;| matrix C, is called the reduced incidence matrix and the
(IN]=1)x (|N|-1) matrix ¥; := C;Z~'C] is called the reduced admittance matrix
of the subgraph G . For the circuit in Figure 1.4, G consists of nodes 1, 2, 3 and is
connected. When z; are real and positive (i.e., resistive network), ¥; is nonsingular
if and only if G is connected. This is because Z := Diag(z;) is positive definite and
C is of full row rank (for a proof, see Theorem 4.13 of Chapter 4.6.1 on Laplacian
matrix). When z; are complex, however, G being connected is necessary but not
sufficient for the nonsingularity of Y7 (see Chapter 4.5).

2. KCL can be equivalently stated as: the line currents on every cut of the circuit G
sum to zero. If G; is connected then no current sources in E3 form a cut in the
subgraph of G induced by all non-reference nodes (and links in ). This ensures
that no given j can violate KCL in the original graph G. See Exercise 1.4.

3. If the matrix C2T Yo 1¢, is nonsingular, then C; is of full column rank. The converse
does not necessarily hold because Y| is complex symmetric but not Hermitian. The
matrix C, having full column rank is equivalent to the condition that no voltage
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sources in £, form a cycle in the original graph G. This ensures that no given u
can violate KVL in G. See Exercise 1.5. ]

The proof of Theorem 1.1 relies on the following fact. Let M € C"™" and partition
it into blocks:

ooy

D A

where A € C**k k < n, and the other submatrices are of matching dimensions. If A; is
invertible then the k x k matrix M /A, := A| - BA; D is called the Schur complement of
block A, of matrix M. In that case M is nonsingular if and only if M /A; is nonsingular.
Similarly if A; is invertible then the (n— k) X (n— k) matrix M /A := Ay — DAI‘IB is
called the Schur complement of block A of matrix M, and M is nonsingular if and
only if M /A is nonsingular; see Theorem A.4 in Appendix A.3.

Proof of Theorem 1.1 ~We can interchange the second and third rows and interchange
the second and third column and write (1.8) equivalently in terms of the matrix

0 G|c o0
_ c 0l0 0
M =

cl o ‘—z 0

T

C; 0|0 I,

The matrix M is nonsingular if and only if M is. Since Z and [}z, are both nonsingular,
M is nonsingular if and only if the Schur complement of Diag (—Z, -1 Eg\):
0 G| [c o][z" o ][cT o cz7'cl o
S = T + L = e
¢, 0 0 0] 0 IgllCG O C, 0

is nonsingular. The Schur complement S is a square matrix of size (N — 1) +|E>| where
E; is the set of voltage sources. If C IZ‘1C1T is nonsingular then M is nonsingular if
and only if the Schur complement

-1
si(az'c]) = ~cl(az'c]) o
is nonsingular. O
Tellegen’s theorem. An important result in circuit theory is Tellegen’s theorem that
expresses a relation between voltage drops across links and currents on these links. Itis

a simple consequence of Kirchhoff’s laws and algebraic graph theory (see Chapter A.11
for more details). Since the rank of the |N| x |E| incidence matrix C is |[N| - 1 assuming

G is connected, rank (C‘T) =rank(C) = [N| -1 and the dimension of the null space
null(C) is |E| —|N|+1. Recall that the subspaces null(C) and range(C’T) are orthogonal

complements of each other and they span ClEl je., CIEl = null(C) +range (C‘T) The
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KCL and KVL (1.4a)(1.4b) say that the branch current (vector) J is in null(€) and the

branch voltage (vector) U is in range (C‘ T) respectively. Therefore

Tellegen’s theorem: JU =o.

It is remarkable that this relation holds for any branch current J and branch voltage
U, even if they are from different networks as long as these networks have the same
incidence matrix C. In circuit analysis, it takes both the Kirchhoft’s laws (1.4) and the
link characteristics (1.5) to determine a unique solution. The Kirchhoft’s laws (1.4) are
graph properties that depend only on the incidence matrix C. Tellegen’s theorem is a
consequence of the graph properties, independent of link characteristics.

One-line diagram and equivalent circuit

A power system is often not specified as a circuit of the form we study in Chapter 1.1.3.
Instead it is usually specified by what is called a one-line diagram. A one-line diagram
is equivalent to a circuit that includes the common reference point for nodal voltages as
an addition node. Each line in the one-line diagram may represent a transmission line,
a distribution line or a transformer, single or multi-phased. As we will see below if a
single-phase line has a equivalent IT circuit then the line translates into three links in the
equivalent circuit. In this subsection we formally define one-line diagram and derive
its equivalent circuit. A one-line diagram can be analyzed by applying the method of
Chapter 1.1.3 to its equivalent circuit.

One-line diagram. A one-line diagram specifies a network topology and admittance
parameters associated with the lines; see an example in Figure 1.5 for a three-bus
network. Formally we define a one-line diagram as a pair (G,Y) where G := (N, E)
isagraph and Y := (y';.k,y;."k,yzlj, I=(j,k) e E) is a set of line parameters for every

line [ € E (we assume here a single-phase system and y‘j‘.k = y‘,ij). Each node j € N
represents a bus in the power system. We will therefore refer to j as a bus or a node
interchangeably. Each link / € E represents a transmission or distribution line or a
transformer. We will therefore refer to / as a line, a link or a branch interchangeably.

The line parameter y; « € Cis called the series admittance associated with line (j, k)

and (y;f’k, yZ“j) € C? is called its shunt admittances. We will see below how these
parameters determine the equivalent circuit of the line. There can be multiple lines
between two buses, though for notational simplicity we assume, unless otherwise
specified, there is a single line between each pair of buses in which case a line /
between buses j and k can be identified by (J, k).

There can be a nodal device at each node j € N. The device can be an impedance
z;, an ideal voltage source v, or an ideal current source i;. The interpretation is that
these devices are connected between node j and the common voltage reference point
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I
Vi
V= (hofot),
L L (33 ¥25 Y52)
v, v, (309591))
(a) Graph G = (N ,E) (b) Line parameters Y

Figure 1.5 One-line diagram for a three-bus network (G,Y). It is not a circuit but has an
equivalent I1-circuit model.

and behave according to (1.5). (We will introduce later the nodal device called a power
source.)

The behavior of the network specified by a one-line diagram is described in terms
of its equivalent circuit.

Equivalent circuit. Associated with each node j are a nodal voltage V; € C with
respect to an arbitrary but common reference point and a nodal current injection I; € C
from the common reference point. Our goal is to derive the relation between the
nodal voltage vector V € CV and nodal current vector I € CV. We will first derive an
equivalent circuit of the one-line diagram and then apply the method of Chapter 1.1.3
to the circuit.

We illustrate this with a simple 2-bus network. The method and the conclusion
extend directly to general networks.

Example 1.3 (Equivalent IT circuit of a single line). Figure 1.6(a) specifies a one-line
diagram (G,Y) for a network consisting of two nodes 1 and 2 connected by a line
[ = (1,2). Suppose there is an ideal current source at each node with given current
injections (I, 15). The nodal voltages are (V},V;). The line parameter (yfz,yq’é,yg”l)

+ U, -
[ o 2
./w Ji, /N Jis
Vi Vs + 7 + +
L—) L& u=v@® V| U Vi | Us L) Us=V,
T Ghoton T ‘ ,O EALE La)v ®
3
L
(a) One-line diagram (G,Y) (b) Equivalent IT circuit

Figure 1.6 One-line diagram (G,Y) with two nodes 1,2 connected by a line [ = (1,2) and its
equivalent IT circuit. The nodal current injections (I, 1) and the nodal voltages (V1,V>) in the
one-line diagram become current sources and branch voltages respectively between nodes 1,2
and the reference node 3 in the II circuit.
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defines the equivalent circuit in Figure 1.6(b) called the IT circuit of line / = (1,2).?
Apply KVL, KCL, and Ohm’s law on the IT circuit to derive a relation between (11, 1)
and (V1 s Vz).

Solution. Let the directed graph G := (N, E) represent the IT circuit where
N = {1,2,3}
E={1=1-2L=1-313:=2—>3,1;:=1->3,15:=2— 3}
as shown in Figure 1.6(b). Note that the graph G of the one-line diagram has 2 nodes
while the graph G of its equivalent circuit has 3 nodes with node 3 being the voltage
reference point. For each link [ € £ let U; and J; denote the voltage and current across

link [ in the direction of . Let U := (U;,I € E) and J := (J;,1 € E). The devices on the
links [y, 1, /5 are admittances with

ll . ][1 =y”1v2U11, lz : le Zy?éUlz, l3 : Jl3 :yﬁUls

Since the nodal devices at nodes 1 and 2 are ideal current sources with given currents
I, and I, respectively, we have

l4 . 114 =—11, 15 . J15 =—12
The node-by-link incidence matrix C of the IT circuit is

1 1 0 1 0
C=1|-1 0 1 0 1
0 -1 -1 -1 -1

The KCL, KVL and Ohm’s law in terms of ¢ ,U,J for the II circuit in Figure 1.6(b)
are:

KCL: ¢€J =0 (1.9a)

KVL: 3V:=(V;,Vo,V3) st. U =C'V (1.9b)

Ohm’s law : J;, = y{, Uy, Ji, = y13Us, Jiy = ¥5 Ul (1.9¢)

nodal current sources : J;, = =1y, Ji; == (1.9d)

We will set the nodal voltage V3 := 0, i.e., node 3 in N is chosen to be the voltage
reference point. This allows us to eliminate branch variables (U,J) from (1.9) to
obtain a relation between the nodal currents [ := (I, 1) and voltages V := (V},V2):

I =y}, (Vi=V2)+y3V, I = yl, Va=V)+y51 Vs
In vector form this is I =YV with

y = [T
Vi Yty

The matrix Y is called the admittance matrix of the network, a single-line in this

2 We will explain the origin of the equivalent circuit in Chapter 2.
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. . . . 1
example. The admittance matrix Y can be expressed using the submatrix Cjipe := [ 1]

of ¢ corresponding to link /; with the series admittance yiz. Note that Cjjjpe includes

every node in the equivalent circuit except the reference node 3, i.e., C describes the

connectivity between exactly the set of nodes in the original one-line diagram. If we
S [y — [ 0

let D} :=[y{,] and D' := [ 12 ] then

0 3

1line

Y = CiiineD}Cliype + DY

O

For a general network specified by a one-line diagram (G = (N,E),Y) let
V:=(V;,j e N)and I := (I;,j € N) denote the vectors of nodal voltages and cur-
rent injections from the nodal devices respectively. We interpret the line parameter
(yj.k, y;.'}{,y;fj) of each line (j,k) as defining a Il-circuit model for the line, as ex-
plained in Example 1.3. This induces an equivalent circuit for the entire network that
can be described by a directed graph G = (N,E) constructed from G = (N, E), as
follows. The set N of nodes in the equivalent circuit is

N = NU{|N|+1}
where the additional node N := Wl + 1 is the reference point for all voltages, i.e.,
VN = O.

For each node j € N in the one-line diagram, there is a link / = j — N in the
equivalent circuit corresponding to the nodal device at j. The voltage U; across line
l=j— NisU; = V; and the current J; across link / in the direction of [ is J; = —1;. If
the nodal device at node j is an impedance z;, then V; = U; = z;J; = —z;1;; if it is an
ideal voltage source V;, then U; = V; is given; if it is an ideal current source /;, then
Ji = =1, is given. If there is no nodal device at node j, then we set J; = —1; :=0.

For each line (j,k) € E parametrized by (y‘;k,y;.';{,y’,:}) in the one-line dia-
gram, there are 3 links (l ol L 1\7) in £ in the equivalent circuit. The currents
(ij’JjN’JkN) and voltages (Ujk’UjN’UkN) across these links satisfy:

lik=J—k : Jje=y5Ujk
lj,;, =j>N: Jin =kaUj]\7
Lep =k—N : Jen =y2"jUkN

The set of links / = j — k corresponding to series admittances is the set £ in the
one-line diagram. Let £ x denote the set of links [ = j — N connecting nodes j € N to
the reference node N. They correspond to the shunt admittances on each line (j,k) € E
and the nodal device at each node j € N. The set £ in the equivalent circuit is the
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1.2

disjoint union of these two types of links:

E = FU E N
See the two-bus network in Figure 1.6 and its equivalent I1 circuit for an example. If bus
je N is connected to m j other buses k € N in the one-line diagram, then there will be
m; links ljk}\7 =j— N in the equivalent circuit, for k = 1,...,m}, all between node j

and N, representing shunt admittances y;."k on these lines. Therefore |E Nl= IN|+2|E]|.

Let Cyjine be the incidence matrix for the subgraph of the circuit consisting of non-
reference nodes N and links in £ connecting them, i.e., Cyjine describes the connectivity
between exactly the nodes in the one-line diagram:

1 ifl=j > kinE
[Cliinel j == { -1 ifl=i—> jinE , jeN,l€E
0 otherwise

Let Df := Diag (yj.k, (j,k)€eE ) denote the diagonal matrix of series admittances

on the lines. Let D' := Diag (y;f’j, G N) denote the diagonal matrix of total shunt
admittances y;?;. = Xk (k) eE y;”k incident on each bus j. Then the linear relation
between nodal current injections and voltages found in Example 1.3:

I =YV (1.10a)
holds for the general network with the admittance matrix Y given by (Exercise 1.7)
Y = CuiineD}Clijpe + DY (1.10b)

The relation (1.10) serves as a formal identification of a one-line diagram (G,Y)
with an equivalent IT circuit. Moreover given (G,Y) we can directly write down the
admittance matrix ¥ without going through the circuit analysis conducted above. We
therefore often refer to the one-line diagram itself as a circuit model. This relation will
be studied in detail in Chapter 4.3.1.

Remark 1.3 (Transformers). The equivalent-circuit interpretation above of a one-
line diagram assumes every line (j,k) in the one-line diagram is parameterized by

(yj. Lo y;.”k, y’]?]) and therefore has a circuit representation. Not all transformers (j, k)

have such a representation. As we will see in later chapters, the interpretation of a one-
line diagram can be extended to include transformers by allowing the line parameters to

be Y := ((yj.k,y;?’k), O, ) 1= (k) € E) ie..y%, and y}  may be different. O

Balanced three-phase systems

To motivate three-phase systems, consider the single-phase system in Figure 1.7(a)
composed of three identical circuits each consisting of a generator modeled as a voltage
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source in series with an impedance z,, a forward conductor and a return conductor
each modeled as an impedance z;, and a load modeled as an impedance z;. The same
loads can also be supplied by a three-phase system shown in Figure 1.7(b). As we will

(a) Single-phase system (b) Balanced three-phase system

Figure 1.7 A single-phase system and a balanced three-phase system that transfer power from
generators through transmission lines to loads.

illustrate in Chapter 1.3.3, such a three-phase system needs half as much the conductor
and incurs half as much the thermal loss as the single-phase system. In this section we
explain the operation of three-phase systems.

Three-phase sources and loads can be arranged in Y (Wye) or A (Delta) configura-
tions. This is explained in Chapter 1.2.1. A three-phase system is balanced if all the
sources are balanced, loads are identical, and transmission lines are identical and have
symmetric geometry. A balanced three-phase system has several simplifying proper-
ties. In Chapter 1.2.2 we prove a theorem that summarizes the mathematical structure
of balanced three-phase systems that underlies these properties. We apply this theorem
to balanced system in Y configuration (Chapter 1.2.3) and A configuration (Chapter
1.2.4). This leads to per-phase analysis of a balanced system described in Chapter
1.2.5. Finally we present in Chapter 1.2.6 example configurations common in a power
distribution system.

Even though power systems are generally multiphased, single-phase models are
widely used as per-phase models of balanced three-phase systems, especially for trans-
mission system applications. Unbalanced three-phase systems are studied in Part III of
this book.
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1.2.1

Internal and terminal variables

Three single-phase devices can be arranged in either an Y or a A configuration as
shown in Figure 1.8. They can be three voltage sources, three current sources, or

oye : Ve

Ve 15

(a) Y configuration

(b) A configuration

Figure 1.8 Three-phase systems, not necessarily balanced, in ¥ and A configurations.

three impedances and they may not be identical, e.g., the three impedances may have
different values.

Y configuration. For the Y configuration, the internal voltage (vector) is VY :=
(van ybn yen) These voltages are called phase-to-neutral or phase voltages. The
internal current (vector) IY := (19", 1", [°") is defined to flow from each terminal to
the neutral as shown in Figure 1.8(a). The external behavior of a three-phase device is
described by what is measurable on the terminal of the device. The terminal (or nodal
or bus) voltage V := (V¢ ,V? V) are voltages with respect to an arbitrary but common
reference point, and the terminal (or line) current [ := (I“,I by ”) is defined to be the
current coming out of the device as shown in the figure. If the common reference point
is taken to be the neutral of this device then V = V¥ | i.e., the terminal voltage is the
same as the phase voltage for ¥ configuration. Otherwise V = V¥ — V"1 where 1 is
three-dimensional vector of all 1s. As we will see in Chapters 1.2.3 and 1.2.4, for a
balanced systems, the neutrals of all Y-configured devices are often at the same voltage
and, in this case, can serve as the common reference point. This is not necessarily the
case for an unbalanced system, which we will study in Part IIT of this book (the ground
usually serves the common reference point).

Hence, for Y configuration, when the neutral is directly grounded and the ground is
the common reference point so that V" := 0, the terminal voltage and current (V, ) are

determined by the internal voltage and current (VY vi Y) according to:
vV =V, I =-1" (1.11)

By convention, when V" := 0, the neutral current /" := 0. When V" # 0, we have
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V= (V¥ +V"1). In general [ = 1" and 11 = -1"1" = I"" where 1 := (1,1,1) is the
column vector of all 1s.

Instead of the terminal voltage V it is also common to describe the behavior of the
three-phase device in terms of its line-to-line or line voltage V'in® := (Vab ybe yea),
To relate V" to V or to V¥, define the matrices I' and its transpose I'':

1 -1 0 1 0 -1
r=1_0 1 -1}, Im=1|-1 1 o0 (1.12)
-1 0 1 0 -1 1

We call I and I'T conversion matrices. They can be interpreted as the bus-by-line
incidence matrices of the directed graphs shown in Figure 1.9. Then

VANIVAN

(@ T ® I’

Figure 1.9 Directed graphs of which ' and I'" are incidence matrices.

vab I -1 0][ve I -1 0][ven
vbel =10 1 -1{vPi =10 1 -1f[Vvtn
veal -1 0 1 [[ve -1 0 1][ven
N e’ N e’
r r

or in vector form:
ylie — ry = v (1.13)

This holds for both ¥ and A configurations and whether or not the common reference
point for V is the neutral of a Y-configured device (since I'1 = 0).

A configuration. For the A configuration in Figure 1.8(b), the internal voltage (vector)
is the line-to-line voltage V2 := (V42 vb¢ yea) = yline and the internal current /2 :=
(I ab_pbe | €4} is the line-to-line current. As for the Y configuration, the terminal voltage
V= (V4,Vb,V¢) are voltages with respect to an arbitrary but common reference point.
The terminal current is [ := (14,1 b I ¢) as shown in Figure 1.8(b). The terminal voltage
and current (V,I) is determined by the internal voltage and current (VA, I A) according
to

1 -1 0][ve yab ¢ 1 0 =1][1%b
0 1 =1||v?| = |vbel, Pl =—-]-1 1 0[]
-1 0 1/|]|ve yea I 0 -1 1]
———/ ———

r T
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1.2.2

or in vector form (for arbitrary common reference point for V):

v = VA, [ =-I"" (1.14)

Equivalent Y configuration. For any A configuration with given internal voltage
VA = (Vab ybe yeay and current I := (190, 1°€,1°4), an equivalent Y configuration
is one that has the same external behavior. This means that, if Ve’; = (Van ybn yem)
and Igj] := (19", ]P" [°") are the internal voltage and current of the Y-equivalent and
Veq 1s its neutral voltage, then they are related to (VA,IA) according to (from (1.13)
(1.14)):

TVY = D(VE+ViD) = VA, =117 (1.15)

The second equation above implies that the neutral current Ig, = lTIéi] =0 where
1:=(1,1,1). One way to ensure Ig, =0 is to assume that the Y-equivalent has no
neutral line and the neutral is not grounded, in which case the neutral voltage Ve’a will
be determined by interaction of the device with other parts of the system. Note that
(1.15) holds regardless of the value of V(.

Summary. The external behavior (1.11) and (1.14) for Y and A configurations respec-
tively as well as their equivalence (1.15) hold for any three-phase system whether or
not it is balanced. The relation (1.13) between line-to-line voltage yline and terminal
voltage V holds for ¥ and A configurations whether or not the system is balanced.

The behavior of a three-phase system is determined by the mathematical properties
of the conversion matrices I"and I'". When a system is balanced the conversion becomes
particularly simple because the transformation of balanced vectors under I" and I'"
preserves their balanced nature (Corollary 1.3). We now explain these mathematical
properties and then apply them to the analysis of balanced systems in Chapters 1.2.3
and 1.2.4.

Balanced vectors and conversion matrices I',T""

Definition 1.1 (Balanced vector). A vector x := (x1,x2,x3) with x; = |xj|ei9!' eC,
J =1,2,3,is called balanced if x ; have the same magnitude and they are separated by
120°, i.e.,

lxil = |x2| = |xs]
and either
2w 2r ..
6,—0, = 3 0;—60 = 3 (positive sequence) (1.16a)
or
2 2
6,-0, = ?ﬂ 63—-60, = —?ﬂ (negative sequence) (1.16b)

]
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A balanced vector x is said to be in a positive sequence if x satisfies (1.16a) and in
a negative sequence set if x satisfies (1.16b). Let

a = 67127r/3

Clearly o? = ¢27/3, o = 1; see Figure 1.10. (Also see Exercise 1.8 for more properties
of @.) Define the vectors

Im
Een
EL’(I
e E” Re
E/m
(a) Phase shift a := e1277/3 (b) Phase and line voltages

Figure 1.10 Balanced vectors and examples: phase voltage £ Y — E4q, and line voltage
Eline —TEY = (1-@)EY.

1 1
@, = |al, a_ = |a? (1.17a)

a'2 a

Then a, is a balanced vector in a positive sequence and «- is a balanced vector in
a negative sequence. Moreover the set of all balanced positive-sequence vectors is
span(a,) and the set of all balanced negative-sequence vectors is span(a-), i.e., x is a
balanced vector in a positive sequence and y a balanced vector in a negative sequence
if and only if

X = xiay, y = yia-, x1,y1 €C (1.17b)

Note that @, = @_ where for any vector x, X is its componentwise complex conjugate.
Define the matrix F' whose columns are a,,a_ as well as 1 normalized:
1
F = —[1 ay a_] =

1 1
a a? (1.18)
V3 a

L,
\/§ 1 a,Z
All main properties of balanced three-phase systems originate from the mathemat-
ical properties of the vectors ., a_ and their transformation under the matrices I, rT
defined in (1.12), summarized in Theorem 1.2. Its proof is left as Exercise 1.9. The
theorem implies in particular that the transformations I and I'" preserve the balanced
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nature of a vector and hence ensures that the entire network stays balanced. The key en-
abling property is that the voltages and currents from balanced sources are in span(a..)
or span(a_) and (@, a_) are eigenvectors of I',T'T (according to (1.19a)(1.20a)).

Theorem 1.2 (Transformation of balanced vectors by I', "), Let @ := e27/3, Recall
the balanced vectors (a.,a_) defined in (1.17a), the matrices F in (1.18) and I',T"" in
(1.12).
1. Suppose the entries x; of x := (x1,x2,x3) € C? have the same magnitude. Then x
is balanced if and only if x| +x, +x3 = 0.
2. The columns of F are orthonormal. Both F and F are complex symmetric, i.e.,
FT=Fand F" = F, where F is the componentwise complex conjugate of F. Hence
Fl=Fl=F-= L[1 - ayl

V3

3. T'is a normal matrix, [T =TI"T'=31-11". 3
4. Spectral decomposition of T
(a) The eigenvalues and eigenvectors of I are

Il =0, Fa, = (1-a)ay, Fa- = (1-a?)a- (1.19a)

where 1 —a = V3e7/6 and 1 — % = V3e-17/6,
(b) Therefore the spectral decomposition of I" is:

0
r=F| l-«a F (1.19b)
1-a?
5. Spectral decomposition of T:
(a) The eigenvalues and eigenvectors of I'T are
=0 7TI"e.=0-a, Ia=(l-a"a. (1.20a)

where 1 —a = V3e7/6 and 1 — a2 = V3ei7/6,
(b) Therefore the spectral decomposition of I'T is:

0
"=F l-a F (1.20b)
1-«a

The following corollary of the theorem is repeatedly used in the analysis of balanced
systems. It says that the transformation of a balanced vector x under I' and I'" reduces
to a scaling by (1 —a) and (1 —a?) respectively (see Figure 1.10).

Corollary 1.3. For any balanced positive-sequence vector x € span(a,) and y € C, we
have

3 I'TT =I''T are Laplacian matrices of the graphs in Figure 1.9; real Laplacian matrices are studied in
Chapter 4.6.1.
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1.2.3

1. T(x+y1) = (1-a)x.
2. TT(x+y1) = (1-a?)x.
3.ITT(x+y1) = T'T(x+y1) = 3x.

Informally a three-phase system is called balanced if all voltages and currents are
balanced vectors in, say, positive-sequence sets. The main consequence of the corollary
is the following. A three-phase system consists of voltage sources, current sources, and
impedances connected by lines. The voltage and current at any point in the system are
induced by the internal voltages of voltage sources and the internal currents of current
sources. When these sources are balanced positive-sequence sets, their internal voltages
and currents are in span(a,) and a, is an eigenvector of I" and I'". This means that
balanced voltages and currents remain in span(c.,) after being transformed by I',T"T,
but are scaled by their eigenvalues 1 —a and 1 — o respectively. Since the voltage
and current at every point in the system are linear combinations of transformed source
voltages and source currents, transformed by I, I'T and line admittance matrices, they
remain in span(@,) when the sources are balanced and the lines are identical and
phase-decoupled. This is the key property that enables balanced sources to induce
balanced voltages and currents throughout the network, leading to per-phase analysis
of three-phase systems. A formal statement and its proof have to wait till Chapter 16
(Theorem 16.10) after we have developed a general theory of unbalanced three-phase
system. In this chapter we will use the corollary to analyze example circuits to build
intuition.

Balanced systems in Y configuration
Figure 1.11 shows an ideal three-phase voltage source EY := (E%*, EP™ E°™), current

source JY := (J¢",JP" J™) and impedance z¥ := Diag(z,z,z) = zIin ¥ configuration.
The ideal voltage source EY is called balanced when its internal phase voltages

Y

(a) Voltage source EY (b) Current source JY (c) Impedance z

Figure 1.11 Ideal and balanced three-phase devices in Y configuration.

(E“",Eb”, E€") is a balanced vector according to Definition 1.1, i.e.,

positive sequence:  E“" =1/0, EP" =170 -120°, E"=1/0+4+120°
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or
negative sequence: E“" =1/0, EP" =1/60+120°, E"=1/0-120°

where their magnitudes are normalized to 1. See Figure 1.10 where 6 = 0. For a
balanced voltage source in a positive sequence, the instantaneous voltages in the time
domain reach their maximum values in the order abc. We call abc in such an order
a positive sequence and the voltages {E%", E®" E“"} a (balanced) positive-sequence
set. Whether a voltage source is in a positive or negative sequence depends only on how
one labels the wires. Therefore, unless otherwise specified, we will always consider
abc to be a positive sequence. If there are multiple three-phase sources connected to
the same network their phase sequences must be the same.

Similarly, the ideal current source JY := (J¢*,Jb", J¢™) is called balanced if JY is a
balanced vector. The impedance 2= Diag(z,z,z) = zI, where I is the identity matrix
of size 3, is called balanced when its constituent impedances are equal.

Theorem 1.2 implies the following properties of a balanced positive-sequence volt-
age and current sources:

1. Sum to zero: The internal (phase) voltages E*" + EP" + E€" = () and the internal
currents J9 4+ Jb" 4 Jen = (0. This is because EY = a,E%" and hence 1"EY =
(lTa+) E“" = 0; similarly for JY.

2. Ideal voltage source: line voltage V' is balanced: The line voltage of an ideal
voltage source is equal to V" =TEY from (1.13) and hence Corollary 1.3 implies

viee = TEY = (1-a)EY

since a is an eigenvector of I'. Therefore E4b = \/gei”/éE“”, Ebc = +[3¢in/0 pbn
and E“ = V3¢/7/9E€" This is illustrated in Figure 1.10.
3. Ideal current source: terminal current I is balanced: From (1.11), the terminal

current of an ideal current source is / = —J¥ which is clearly a balanced vector.
In fact all voltages and currents in a balanced network driven by balanced voltage and
current sources are in a balanced positive sequence, i.e., all are in span(a. ). The phases
are therefore decoupled, i.e., the variables in each phase depend on quantities only in
that phase, and can be analyzed separately. A full understanding of phase decoupling
and per-phase analysis is postponed till Chapter 16 (Theorem 16.10) in Part III of the
book. In the following we will illustrate this property with simple examples.

Example 1.4 (Balanced Y-configured system and phase decoupling). Consider the
circuit in Figure 1.12(a) when a balanced three-phase impedance is connected to a
balanced three-phase positive-sequence voltage source in Y configuration. Show that
1. The neutral-to-neutral voltage is zero, V""" = 0.
2. The internal voltages and currents across the impedances are in a balanced positive
sequence.
Solution. Referring to Figure 1.12(a) let
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a
a I a

b

(a) Balanced three-phase system (b) Per-phase system

Figure 1.12 Balanced three-phase system in Y configuration and its per-phase model.

o EY := (E® EP" E<") and VY := (V“'"',Vb/"/,VC/"I) denote the internal voltages
from terminals to neutrals, and I'Y := (I am' [b'n’ r C’”’) denote the internal current
between the terminals a’,b’, ¢’ and the neutral n” across the impedances z.

o V= (V“, yb ye ) denote the terminal voltage (vector), with respect to an arbitrary
and common reference point, not necessarily the neutral n or n’;

e V" and V" denote the neutral voltages with respect to the common reference point.

Given the balanced positive-sequence voltage EY and balanced impedance z¥ = zI
where I denote the identity matrix of size 3, we wish to show that V" = V" that
VY I'" are in a balanced positive sequence, and that phases are decoupled.

KVL, KCL, and Ohm’s law imply
EY =v-v1, VvY=v-v"1, v¥ =% 11"=0 (122
Therefore EY — VY = (V" —V")1 and hence 1" (EY —V¥) = 3(V" —V"). Since
1TEY =0 we have

3(V“’—V”) - 1TV = —Z(ITI’Y) -0

showing that the voltage across the neutrals V""" = 0. Substituting it into (1.22) yields
(denoting y := 7N

v = EY+(Vn_Vn')1 - EY, Y =W = yg¥

Hence both V¥ and I’Y are in a balanced positive sequence. Moreover the phases are
decoupled in that V4, and I, ¢ =a’,b’,c’, depend only on E 4, but not on voltages
in other phases. O

. ’ .
Remark 1.4. 1. Since V" =0, even if n and n’ are connected, the current on that
wire will be zero. We can therefore either assume n and n’ are connected or
disconnected in our analysis, whichever is more convenient.
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2. Since the currents are balanced, I¢ + 1 +1¢ =0 or i*(t) +i®(t) +i¢(f) = 0 at
all times ¢, the currents flow from and return to the sources only via the wires
connecting the sources to the loads, and no additional physical wires are necessary
for return currents. This halves the amount of required wire compared with three
separate single-phase circuits; see Chapter 1.3.3. O

As a consequence, each phase of the balanced system is decoupled and equivalent
to the circuit in Figure 1.12(b). We can therefore analyze the phase a equivalent circuit
(see Chapter 1.2.5). The voltages and currents in phase b and phase c circuits will be
the corresponding phase a quantities shifted by —120° and 120° respectively, assuming
the source is of positive sequence.

Example 1.5 (Balanced Y-configured system and phase decoupling). Figure 1.13
shows a balanced three-phase source E(’; := (E%mo Ebomo | EComo) of positive sequence
supplying two sets of balanced three-phase loads in parallel through balanced trans-
mission lines. The transmission lines have a common admittance ¢ and all loads have
a constant admittance /, as shown in the figure. Suppose the neutrals are connected by
lines with a common admittance y # 0 and = y/u, [ = y/u* for some real number
u#0.

[~]

[<]

-] [+

One-line diagram:

O ) | |
~
I
'l g
Figure 1.13 Balanced three-phase system in Y configuration (Example 1.5).

Denote the internal voltages and currents in stage k = 1,2, by V,f =
(Ve Vbt Ve ) and I]f = (19K [k [9enc) regpectively. Denote the voltages
and currents from stage k — 1 to stage k, k = 1,2, by V; 1= (V@%-19k ybr-1br yer-ick)
and Iy := (1919 [br-1br [ek-1¢k) respectively. Show that

1. yrom = ymin —(,
2. For k =1,2, V) Vi, I}, I are balanced positive-sequence sets.
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3. The phases are decoupled, i.e., Ej =Vi+V] and V' =V, + V).
This implies that the three phases of the balanced system in Figure 1.13 are decoupled
and can be studied by analyzing the per-phase circuit shown in Figure 1.14 where the
line admittances connecting the neutrals are set to zero.

gt 5 7] e
L] L]

) L] 2]

&y
I/i\i»

n, n n

Figure 1.14 The per-phase equivalent circuit of the balanced system in Figure 1.13.

Solution.

1. We will apply Ohm’s law and Kirchhoff’s current and voltage laws (KCL and KVL)
to derive two linear equations in (V0" V™) and show that V"™ = V™" =)
is the only solution to these equations. By Ohm’s law across each admittance, the
currents are in terms of voltages:

=1y, Iy = tVy, k=1,2 (1.23)

This allows us to eliminate currents I,’:,Ik and express KCL and KVL in terms
only of voltages VY, V.
Making use of (1.23), apply KCL at node (a;,b1,c) to obtain

Va0 = [y g gy@iar - gybobr — qybim g qybiba - gycoct o pyeim g pycice

and similarly for KCL at nodes (a3, b2, ¢3). This in vector form is
Vi = IV +tVa, Vo = 1V (1.24)

Apply KCL at nodes (ng,n1,n,) to obtain
R I O N R e G 1 (U ER G
where 1:=(1,1,1) is the column vector of all 1’s. Hence, since y/t = u and
y/l = u?, we have

1V = —pvmom ) 1TV = —2vmm g 2vmne . 1TV = —pfvmne (1.25)

Finally, apply KVL around the loops from stage O to stage 1 and similarly from
stage 1 to stage 2, we have, in vector form,

Y
EO
i

Vi+V) -y (1.26a)
Va+V) —vmmg (1.26b)

where E(’)/ = (E“O"O,EbO"O,ECO"O). Substitute (1.24) into (1.26b) to eliminate V5:

1
vi= (p+1)v§—V"1"21 (1.26¢)
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To obtain a system of equations that involves only (V"0 V"172) multiply (1.26)
by 1" and apply (1.25) to obtain (using 1" Ey = 0 since the source are balanced):

ynon 0
anz] = [0] (1’27)

prHu+3 -
—u? 2u’+p+3

We now argue that the determinant of the matrix in (1.27) is nonzero, and hence
yrom = ymna = (). Let B := p” + u +3. Then

determinant = B(B+pu®) —u*

If determinant is zero then B = —u? (1 + \/3) /2. By the definition of B we therefore

have (3 +V/5) > +2u+6=0.1tis easy to check that no real number  satisfies this
equation, and hence V0™ = V™" = (),

2. We now show that (VY, Vi) are balanced positive-sequence sets. Since V12 = (),
(1.26¢) implies

H Ly
V) = —V,
2 ,Lt+1 1
Substitute this into (1.24) to obtain
1 1 2u+1
V= v vy = SEEyy
7 7 p(p+1)
Substitute into (1.26a) to get
y _ 21+l oy oy
O p(u+n !
Hence
+1 2u+1
VIY:—M(IM )EO, V1=—'u(ﬂ )E
2 +3u+1 w2 +3u+1

Hence Vi, VIY are balanced positive-sequence sets since Ej is. Furthermore V5, VZY
are balanced positive-sequence sets from (1.24). Then (1.23) implies that all
currents (1Y, I}) are balanced positive-sequence sets.

3. To show that the phases are decoupled, substitute V"0 = V™" = () in
(1.26a)(1.26b). O

Remark 1.5 (Phase-decoupling of lines). 1. A key enabling property that allows the
balanced nature of voltages and currents to propagate from one node to the next is
the assumption that three-phase lines are phase-decoupled (see Example 1.5 and
Exercise 1.13). This assumption is valid only if the lines are symmetric and the
sources and loads are balanced such that currents and charges both sum to zero in
these lines across phases; see Chapter 2.1.4. Otherwise an unbalanced three-phase
model of transmission lines should be used; see Part III of this book.

2. If the lines are symmetric but the sources or loads are unbalanced then variables of
different phases are coupled. A similarity transformation can be used to transform
the system to a so called sequence coordinate in which the lines become decoupled
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and single-phase analysis can then be applied in the sequence coordinate; see
Chapter 16 in Part III of this book. O
1.2.4 Balanced systems in A configuration

Figure 1.15 shows an ideal three-phase voltage source E* := (E“?, EP¢, %), current
source J2 = (J4b,Jb¢,J¢) and impedance z* := Diag(z,z,z) in A configuration. As

Vv Ve Vv
Ee~ N J J
+ - A ¥ z 4
1/ ]/; ]/
y () b [z1 ’
AUA % + Vv L2 14
be b
E I I I I
Vv Ve Vv

A

(a) Voltage source EA (b) Current source JA (c) Impedance z

Figure 1.15 Ideal and balanced three-phase devices in A configuration.

for Y configuraiton, the ideal voltage source is balanced if E® is a balanced vector
according to Definition 1.1, i.e., assuming positive sequence:

Ebc — e—i27r/3Eab Ec4 — ei27r/3Eab
The ideal current source is balanced if J* is a balanced vector. The impedance 72 = zI
is balanced when its constituent impedances are equal.

A balanced three-phase system in A configuration enjoys the same properties as
such a system in Y configuration. In particular the line voltages and the line currents
sum to zero (from (1.14)):

E +EbC+EC? = 17(TV) = 0, 1941°41c =17(-'"J% = 0

Moreover all voltages and currents in a balanced system driven by balanced three-phase
positive-sequence A-configured sources are balanced positive sequences. Moreover the
phases are decoupled. We illustrate this in the next example.

Example 1.6 (Balanced A-configured system and phase decoupling). Figure 1.16
shows a balanced three-phase source E2 := (E%Po, EPoco E0%0) positive sequence
supplying a balanced three-phase load through balanced transmission lines in A con-
figuration. The transmission lines have identical admittance ¢ # 0 and the loads are
of constant admittance / # 0. Denote the terminal current by I := (J%%  [bob1 feocry,
the voltage across the transmission line by V := (V#0% ,Vbob 1,yeoct) and the line-to-
line voltage by UA = (V‘”b1 JVbier yeaa ). Show that 1,V U? are in balanced positive
sequences, provided the ratio u :=t/l # —3.
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ay a,
t
Eco0t0 ~ * Ecobo
. ~ [ l
Eboco

Figure 1.16 Example 1.6.

Solution. Apply KCL at nodes ay,by,c; to get (from (1.14)):
[ =I"U* =1V (1.28)
Apply KVL to get
E® = UM+TV (1.29)
where I' is defined in (1.12). Eliminate V from (1.28) and (1.29) to get

| u+2 -1 -1
E: = —(,111+rrT) Ur = 2| 21 u+2 -1 |0t (1.30)
s I T R )

where y :=t/I and I is the identity matrix of size 3. The matrix ul+TT" has a
determinant of u(u+3)? and hence is nonsingular provided u # 0,—3. Since E® :=
E“Pq, is a balanced positive-sequence matrix we have

(murﬁ) Ur = uE%aq,
It therefore suffices to show that a, is an eigenvector of ul+I'T"T with an associated
eigenvalue A, because then

-1 Eah
Ut = uE (,u}I+ITT) @ = ”/1

(2%

showing that U is also a balanced positive-sequence voltage (note that if Ax = Ax for a
nonsingular matrix A then A~'x = %x). To show that a, is an eigenvector of ul + I'TT,
we apply Theorem 1.2 to get

(,u]I+FFT)a+ = ya++F(1—a2)a+ = (u+(1—a')(1—a'2))a+ = (u+3)ay
———
a
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as desired. This shows that U2 is indeed a balanced positive-sequence voltage. Indeed
yb = M _pa
u+3

To show that voltage V is also a balanced positive sequence and decoupled, use
(1.28) and Corollary 1.3 to get

1 1 1-¢?
V= oIt = = (102Ut = =
H 7 pu+3
The expression I =tV from (1.28) then implies that the phase current 7 is also in a
balanced positive sequence and that the phases are decoupled. O

A and Y transformation. A balanced A-configured system also has a per-phase
equivalent circuit. We now explain how to transform between A and Y configuration.
This is the first step in per-phase analysis of balanced three-phase system described
in Chapter 1.2.5 where all balanced devices in A configuration are transformed into
their equivalent Y configuration, the per-phase circuit of the Y-equivalent network is
then analyzed and the result translated back to the original system with A-configured
devices. The validity of this procedure is studied in Chapter 16.3.6 (see Remark 16.10).

As explained in Chapter 1.2.1, given any balanced internal voltage V2 :=
(V“b,VbC,VC“) and current I2 := (1‘”’,1“”,1"“) in A configuration, an equivalent
Y configuration is one that has the same external behavior, i.e., the internal voltage
VY .= (V“",Vb”,VC”) and current I¥ = (J9%, 19" [*") of the Y-equivalent satisfy
(1.15) reproduced here

vy =vA M =1

The Y-equivalent is assumed to have no neutral line and the neutral is assumed un-
grounded so that /" = 177¥ = 0. The neutral voltage V" of the device will be determined
by its interaction with other parts of the system, but I'VY = V2 regardless of the value
of V" since Y equivalence requires V2 = (VY +V"1) =T'VY . Since V¥ and I2 are
balanced vectors, Corollary 1.3 implies

(I-a)V¥ =VvA 1Y = (1-*I"

Hence the Y-equivalent of (YA,IA) is an ungrounded Y-configured device without a
neutral line with

RER

ew()IA (1.31a)

1 1
VY= —vA = VA, Y = (1-AI" =
1-a \/gein/ﬁ ( @ )
This implies:
1. Anideal voltage source E2 in A configuration has an equivalent ideal ungrounded
Y-configured voltage source with EY := (1-a)~'E2 = (v/3¢/7/%) EA and without
a neutral line.
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2. Anideal current source J* in A configuration has an equivalent ideal ungrounded
Y-configured current source with J¥ := (1 —a?)J® = V3¢717/6J% and without a
neutral line.

Consider a balanced three-phase impedance Z2 := Diag(z®,z%,z%) in A con-
figuration as shown in Figure 1.17(a). An Y-equivalent is a balanced impedance
7Y := Diag(z¥,7¥,z¥) as shown in Figure 1.17(b) so that their external behavior
is the same, i.e., the terminal currents / are the same when the same line-to-line volt-
age V!i"® is applied to both impedances. Let V2 € C3 and I* € C? be the internal voltage

Figure 1.17 A-Y transformation of balanced loads: z¥ = z2/3.

and current across the A-configured impedance Z*. Then V2 = ZAI and

where the last equality follows from Corollary 1.3. Hence, for A-configured impedance,
the line-to-line voltage V!i"® is related to the terminal current I according to

1
1-a?

Vline — ZAI

For the Y-equivalent, let V¥ € C3 and IY € C? be its internal voltage and current across
the Y-configured impedance Z¥ and V" its neutral voltage. Let Z¥ :=Diag (z¥,z",z¥).
Then V¥ = ZYI¥ and Corollary 1.3 implies

vire = (v +v) = (1-)2" 1, 1 =-I"

Hence, for Y-configured impedance, the line-to-line voltage V'"® is related to the
terminal current / according to

The relationships between the line-to-line voltage V''"® and the terminal current I for
both the A-configured impedance and its Y-equivalent will be identical if and only if
A

Y Z ZA
3

Z — 5 = (1.31b)

T (-—o)(-a)

The corresponding admittances y := (z¥) ™" and y* := (z%) ™" are related by ¥ =32

As for the Y-equivalent of a voltage or current source, the Y-equivalent of an impedance
7% is ungrounded and has no neutral line so that 177¥ = 0.
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1.2.5

Per-phase analysis of balanced systems

A balanced three-phase system consists of balanced three-phase sources and loads
connected by balanced (identical) transmission lines. Given a balanced three-phase
system with all sources and loads in Y configuration, assuming the neutral voltages are
zero at all voltage sources and impedances, then

o all neutral voltages are at the same potential (zero);

o all phases are decoupled;

e all network variables are in balanced sets of the same sequence as the sources.
These properties lead to equivalent per-phase circuits, as explained in Chapter 1.2.3.
Even though we have only illustrated these properties for simple systems, they hold
more generally. They allow us to study such a system by analyzing a single phase,
say, phase a. The corresponding variables in phases b and c lags those in phase a by
120° and 240° respectively when abc is a positive sequence, and by 240° and 120°
respectively when abc is a negative sequence.

When some or all of the sources and loads are in A configuration, the phases are still
decoupled and can be analyzed separately. To obtain the equivalent per-phase circuit,
however, we first transform each A-configured device into an equivalent Y-configured
device using the transformation (1.31a) for voltage and current sources and (1.31b) for
impedances. The neutral voltages V" of these Y equivalents are taken to be zero (and
by convention, the neutral currents I" are zero). We then analyze the equivalent circuit
consisting of only Y-configured devices. Finally we translate the results for equivalent
Y configuration back to the corresponding quantities in A configuration.

We emphasize that these transformations hold only in the balanced case with bal-
anced sources, identical impedances, and symmetric transmission lines. Moreover
the equivalence of these two configurations is with respect to their external behav-
ior (V“b,l 4, etc); for internal behavior, we have to analyze the original circuit; see
Example 1.7.

In summary, the procedure for per-phase analysis is:

1. Convert all voltage sources, current sources and impedances in A configuration
into their equivalent Y configurations, ungrounded and without neutral lines, using
(1.31a) for sources and (1.31b) for loads.

2. Solve for the desired phase a variables using equivalent phase a circuit with all
neutrals directly connected (since all neutrals are at the same potential).

3. If all sources are in positive-sequence sets, the phase b and c¢ variables are deter-
mined by subtracting 120° and 240° respectively from the corresponding phase a
variables. (If all sources are negative-sequence, add 120° and 240° instead.)

4. If variables in the internal of a A configuration are desired, derive them from the
original circuits.

This procedure is formally justified in Chapter 16.3.6. We illustrate it with an example.
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Example 1.7 (Per-phase analysis). Consider the balanced three-phase system shown in
Figure 1.18. The three-phase sources are a balanced positive sequence in A configura-
tion with line voltage E®? = V3¢17/9 E" etc. The A-configured loads are balanced with
identical admittances /1, and the Y-configured loads are balanced with identical admit-
tances /. The transmission lines are modeled by admittances 71 and #,. Find the current
i1(?) and voltage v, (¢) in the diagram. Assume 3111, + 31115+ 1, (t1 +12) + 1112 # 0.

(a) Balanced three-phase system

fﬁ

l

a

E™ =3/

oy m m

(b) Equivalent per-phase system

Figure 1.18 Balanced three-phase system and its per-phase equivalent circuit.

Solution. First we convert the A-configured source to its Y-equivalent Y using (1.31a)
and the A-configured loads to their Y equivalents using (1.31b). The result is shown in
the upper panel of Figure 1.18(b). Then we construct the equivalent per-phase circuit
with all neutrals n,n,n, connected, as shown in the lower panel of Figure 1.18(b).
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1.2.6

We analyze the per-phase circuit to solve for voltages
Vy = vy, Vy 1= Vam
Applying KCL to nodes a; and a, we get
n(E"=Vi) = 3LVi+t (Vi-V2), (Vi=Va2) = bV,

M

A = —(31112+311t2+12(2‘1+tz)+t1l2) #0

Hence

31+t +1 )
t —(h+12)

By assumption, the determinant

Hence

b+t

1.32
Vs A ) 31+t +1 0 A t (1.32)

[Vl] _ l[—(lzﬂz) 1

Z‘]E(m] B _[lEan

Since V9™ =V, we get:
va(t) = V2|Va|cos(wt+ £Vs)
where w is the steady-state system frequency and V; is given by (1.32). To calculate
(1) = V2|14 cos (wt + LIU€") (1.33)
we use (1.31a) to first get
vabt = \3.17/0y,
where V is given by (1.32). Hence
[P = et = V3170,
Since the sources are a positive sequence we have
199 = —[9 = D127 o 35763y = 3V3e /0y

where V) is given by (1.32). Substituting 71! into (1.33) yields #; (7). |

Example configurations

The secondary sides of three-phase distribution transformers in the US are commonly
configured as shown in Figure 1.19. For our purposes we can treat them as three-
phase sources. Figure 1.19(a) shows the secondary side of a typical 5-wire three-phase
transformer in Y configuration. Three phase wires (labeled a, b, c) and a neutral wire
(labeled n) are shown. The fifth wire, not shown, is the earth ground wire, typically
connected to neutral. A different voltage magnitude can be supplied to a load depending
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a

I a ’. 0
V.| = 120V ‘ V.l = 120V ‘

n |Vyl =208V { d  |V,|=240V

‘ [V,u| = 120V
o &b D { [V.y| = 208V——=b
|V,.| = 240V
C
(a) 208Y /120V 3-phase Y (b) 240V split phase A

Figure 1.19 Common distribution transformer configurations.

on how it is connected. The voltage magnitude between a phase wire and the neutral
is 120V and that between a pair of phase wires is 120V3V = 208V.

Figure 1.19(b) shows a 5-wire transformer in A configuration with one of the phases
center-tapped to provide three voltage levels. Four phase wires (labeled a, b, c,d) are
shown but an earth ground wire is not shown. The voltage magnitude between wires
ad or bd is 120V, whereas that between wire cd is 208V (derive this). The line-to-line
voltage magnitude is 240V.

Figure 1.20 shows a Y-configured voltage source connected to a set of loads in A
configuration. The voltage source is the secondary side of a three-phase 208Y /120V
transformer shown in Figure 1.19(a). The voltage magnitude across each load is the
line-to-line voltage 208V. Figure 1.20 also shows the electric panel arrangement to

a, 1

BUS
PADB

INNESS

{ il il L g il |

[EleEeERREERERERE N[22

SIS L L LSS SR |1

N P 5 125 P T Y ) e P P e
SEEREEEEER |

Figure 1.20 Three-phase voltage source connected to loads in parallel (left) and the panel
arrangement (right).

connect the loads to the voltage source. The dot in the first row indicates that the wires
numbered 1 and 2 are connected to phase a, the dot in the second row indicates that
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1.3

1.3.1

the wires numbered 3 and 4 are connected to phase b, the dot in the third row indicates
that the wires numbered 5 and 6 are connected to phase ¢, and so on. Therefore the
load connected between wires 1 and 3 is connected between phase a and phase b lines
(see the corresponding labels on the loads). Similarly for the load connected between
wires 2 and 4, and other loads connected between different phases.

The currents Jo = (1% JPob1 ety supplied by the three-phase source to the
loads represent loading on the transformer. Suppose each phase of the secondary side
of the transformer (the voltage source) is rated at /™**. In order not to overload the
transformer, we require that the current magnitude in each phase be bounded by 7/™?#*:

[IPoP] < ™ = abec (1.34)

Suppose the loads are not impedance loads, but constant current loads that draw
specified currents. Let the current drawn by the load in Figure 1.20 between wires 1 and
3 be 19191 that between wires 9 and 11 be 7211, that between wires 5 and 7 be 119! In
general let the load currents in the kth three-phase load be Iﬁ =1 akbi pbick [crak),
We therefore are interested in bounds on the load currents (IA,k =1,...,K) that
enforce the limit (1.34) on transformer loading (see Exercise 1.11). This problem
arises in the smart charging of electric vehicles where each load is a vehicle. The goal
is to determines the charging rate, i.e., current magnitude |/”%9%|, for each vehicle
to optimize certain objective subject to capacity constraints such as (1.34) and other
constraints. Such an algorithm can be applied periodically, e.g., every minute, to update
the charging rates (this is called model predictive control). Note that in this kind of
applications, the system is unbalanced since the loads |IP*9% | are generally not identical
across phases.

Complex power

Single-phase power

Instantaneous power. When a voltage v(¢) is applied across two ports and a current
i(t) flows between them, as shown in Figure 1.21(a), energy is delivered to the network
that connects the ports. We define the instantaneous power supplied as:

p) == v()i(r) = @(cos(@v—01)+cos(2wt+6v +05)) (1.35)

Since the last term inside the bracket of (1.35) is sinusoidal with twice the nominal
frequency w the average power delivered is

1T Vinax Tmax
T./o p(t)dt = %cos(@v—el)

where T := 27 /w, i.e., the average power depends only on the magnitudes of the voltage
and current and their relative phase angle.
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i(f) I

+o0—— +o——]
vy  p()— 14 s —
P P
(a) Instantaneous power (b) Complex power ) S=VI

Figure 1.21 Definition of power.

Complex power. Define the complex power in terms of the voltage and current
phasors as:

Vimax/,

S :=VI = %ei“’ﬂ’” = |V||1|€'® (1.36)

where I denotes the complex conjugate of I; see Figures 1.21(b) and (c). Here ¢ :=
6y — 01 is called the power factor angle and cos ¢ is called the power factor. Power
engineers often says a leading or lagging power factor: lagging means current I lags
voltage V so that ¢ > 0. A leading power factor has ¢ < 0. A unity power factor means
¢ = 0. Figure 1.22 shows four complex powers with P,Q > 0 and 0 € [0,7/2]:

Figure 1.22 Power factor angles ¢ and power factor cos ¢.

S = P+iQ, Sy = P—iQ, S3 = —P+iQ, S4 = —P—iQ
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with power factor angles ¢ := 6, ¢, := -6, ¢3 ;=1 —0, and @4 := —7 + 6 respectively.
Their power factors are related according to:

P —
cos¢; = \/ﬁ = cos¢a, Cos¢3 = \/ﬁ = COS¢P4
Therefore the power factors cos ¢; do not differentiate between S; and S, or between S3
and S4. Power engineers specify S| as power factor cos 6 lagging (¢; > 0 and therefore
01 :=0 > 0)and S, as power factor cos 8 leading (¢> < 0 and Q5 := —Q < 0). Similarly
S3 has a power factor —cos @ lagging (¢3 > 0 and Q3 := Q > 0) and S4 has a power
factor —cos @ leading (¢4 < 0 and Q4 := —Q < 0). For example “a load draws 100kW
at a power factor of 0.707 leading” means that the real power Re(S) = 100 kW and
cos¢ = 1/V2. Since the power factor is leading, ¢ = —45° and S = 100— 7100 kVA .

Note that S is not a phasor because V2|S| cos(wt + @) is not the instantaneous power
in the time domain. This complex quantity is important in power flow analysis in the
phasor domain, as we will see. The real part of S

P = |V||I|cos¢
is called the active or real power and its unit is W (watt). The imaginary part of S
Q = |V||{]sin¢

is called the reactive power and its unit is var (volt-ampere reactive). We write both
S=P+;jQ and S = |V||I|e!?. The magnitude |S| = |V||I| is called the apparent power
and its unit is VA (volt-ampere). Given an active power P and a power factor cos ¢, the
complex power S is given by (since P = |S| cos ¢)

S = P e

cos ¢

i.e. the complex power is completely determined by the active power P and the power
factor angle ¢. Power is balanced at every node in a network. If I and S jx are sending-
end current and power respectively from node j to node k, then power balance at node
Jj means 3, S;x = 0. This is a consequence of KCL }; /% = 0 and the definition of
branch power S := V1 x.

Relation between instantaneous and complex power. The complex power S in
the phasor domain is related to the instantaneous power in the time domain as follows.
We can use (1.35) to express the instantaneous power p(¢) in terms of active power P
and reactive power Q as (Problem 1.14):

p(t) = P+Pcos2(wt+0;)—Q0sin2(wt+06;) (1.37)

It is then clear that the active power P is equal to the average power delivered (in the
time domain):

1 T
P=— t)dt
[ e
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as the last two terms in (1.37) average to zero over a cycle 7. The reactive power Q
determines the magnitude of the instantaneous power p(t).

Power delivered to an impedance. The current and voltage across an impedance
z is related by Ohm’s law, V = zI and hence

lz| = T Lz =0y—-0; = ¢
Therefore from (1.36)
S = 2P = [2lI]e"
and
P = [z]|I]*cos¢,  Q = |z||I|*sin¢

The active and reactive power for the three passive elements are given in Table 1.2.

|zl ¢p=1z P 0
Resistor z =r r 0 |12 0
Inductor z = iwl wl /2 0 wl|I?
Capacitor z = (iwe) ™! (we)! -r/2 0 —(we) Y12

Table 1.2 Power delivered to RLC elements.

In particular the complex power delivered to a resistor is active (Q = 0) with
instantaneous power p(t) :=v(¢)i(t)

p(t) = ri*(t) = rlrzmxcos2 (wt+607) = P(1+cos2(wt+0p))

which is (1.37). The complex power delivered to an inductor or a capacitor is reactive
(P =0). Substituting into (1.37), the instantaneous power p(t) to a purely reactive load
depends only on the reactive power Q:

—Qsin2(wt+86y) for inductor z = jwl
QOsin2(wt+0y)  for capacitor z = (jwc)™!

p(t) = {

i.e., the instantaneous power is sinusoidal with twice the frequency and has an amplitude
0, and hence the average power delivered to a reactive load is zero.

Example 1.8. Suppose z = jw! (inductance) or z = (j wc)’] (capacitance). Prove
directly in the time domain that the average delivered power is 0 and the amplitude of
the instantaneous power is Q.

Solution. Suppose power is delivered to an inductor z = jwl. Let the current be i(7) =
Iinax cos(wt +6y). Then the voltage v(t) across the inductor is given by

di
v(t) = ld—;(t) = —wl gy sin(wt +67y)
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and therefore

p(t) = v()i@®) = —a)llrznaxsin(a)t+01)cos(wt+6’1)
2
= —wl X in2(wr+0;) = —wl|I|*sin2(wt +6;)
= —Qsin2(wt+06y)

where the last equality follows from Q = |z||1|? sin £z = wl|I|? since £z = /2. Moreover
the average power delivered is

T
P = — =
T/o p()dt =0

The case of capacitor load z = (jwc) ™! is similar and omitted (see Exercise 1.16). O

1.3.2 Three-phase power

Under balanced three-phase operation, the total instantaneous power delivered is con-
stant and the total complex power is 3 times the per-phase complex power.

Specifically for a balanced three-phase system let § := V¢ [4" = ybn fbn — yenjen
denote the per-phase complex power and S34 := V4 [an 4 Vonjan ; yenjan denote the
three-phase power. For a balanced positive-sequence device we have

VY= vy, 1Y = 1", VLI eC
where «a, = (l,a/,az). Hence we have (using properties of ., in Exercise 1.8)

S3p = I'MVY = varfan(efa,) = 38

For instantaneous power, we have from (1.35), for a balanced three-phase positive-
sequence device,

P3g(t) = vA@)i% () +vP (1)i® (1) +vE ()i (1)
= [VNI?] (cos ¢ +cosRwt + 0y +07))
+ VI (cos ¢ +cosRuwt+ (0y —2r/3) + (0 —27/3)))
+ [VEIIY] (cos ¢ +cosRwt + (Oy +2r/3) + (07 +27/3)))
3|V I cos g+ |V T (cosO(t) +cos(O(t) —4r/3) +cos(0(r) +4r/3))
= 3P

where 6(t) := 2wt + 0y +6; and P is the per-phase active power. Here the last equality
follows from

cosx +cos(x —4m/3) +cos(x+4m/3) = Re (eix +el A3 ei(x+4”/3>)

and

(eix+ei(x—47r/3)+ei(x+47r/3)) _ (eix+ei(x+27r/3)+ei(x—27r/3)) -0
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1.3.3

where the last equality follows from Theorem 1.2.

Advantages of three-phase power

There are two main advantages of balanced three-phase systems over a system with a
single phase or that with other polyphases.

First it offers several benefits to motor operation. The total instantaneous power
P3¢ (1) = 3P delivered is constant over time in a balanced three-phase system. On a
generator or motor this produces a constant mechanical torque, reducing vibrations,
noise, wear and tear, and other mechanical issues. A three-phase system can also
self-start an induction motor.

In contrast, the instantaneous power
P1g(t) = P+|V||I|cosQut+0y +6;) =: P+|V||I|cos6(t)

in a single-phase system, where 6(¢) := 2wt + 6y + 6y, is a sinusoidal signal with
twice the system frequency. This is the case also with a two-phase system where the
instantaneous power is

D2g(t) = |V4|I?| (cos ¢ +cos(Rwt + 0y +05)) +
[V (cos¢p+cosRut + (Oy +m) + (07 +7))) = P+2|VY||[I%| cosO(t)

It can be shown that for K > 3, a balanced K-phase system has pk4(f) = KP in-
dependent of ¢ (Exercise 1.15). Even though a balanced four-phase system also has
time-invariant instantaneous power, its design is more complex than a three-phase
system.

Second a three-phase system saves materials and thermal loss (r|I?|) compared
with a single-phase system that serves the same load. For example, it is clear that
the single-phase system that consists of three identical subsystems shown in Figure
1.7(a) needs twice as much transmission line and incurs twice as much thermal loss in
transmission as the balanced three-phase system in Figure 1.7(b), since the balanced
three-phase system has zero return current and hence does not need a neutral line.

The following example compares a balanced three-phase system with a single one-
phase circuit with a higher ampacity, as opposed to three identical subcircuits in Figure
1.7(a), to supply the same load. The same conclusion holds that the three-phase system
needs half as much conductor and incurs half as much transmission loss.

Example 1.9 (Single-phase vs three-phase systems). Consider two systems that deliver
a specified apparent power |S| at a specified voltage magnitude |V| to a constant power
load, as shown in Figure 1.23. The distance between the generation and the load is
d. The first system is single-phased and the second system is balanced three-phased.
Compare the required amount of wire and thermal loss in the line in these systems.



54

Basic concepts

The line has an impedance z := r + jx per unit length where the resistance » per unit
length is inversely proportional to the area of the line with proportionality constant p.
The current density limit of the line is 6 in ampere per unit area.

1

+
> G

Figure 1.23 A system that delivers power |S| to a load at voltage |V|.

L\t

Solution. A single-phase system requires two cables, one for return current, each
carrying a current of magnitude |/14| = |S|/|V/|. This is illustrated in Figure 1.23 with
Zo = z. A balanced three-phase system requires three cables, each carrying a per-phase
apparent power of |S|/3 and a per-phase current of magnitude |I34| = [S|/(3|V]). The
per-phase equivalent circuit is illustrated in Figure 1.23 with zo = 0.

For the single-phase system the required cross-sectional area of the cable is A4 :=
[1141/6 =|S]/5|V|. Hence the amount of material (volume of the cable) required is

d|S|
= 2A14d = 2——
mige 1¢ 6|V|

Moreover the resistance per-unit length of the cable is r14 := p/A14 = pd|V|/|S| and
hence the active power loss in the cable is
2p8|V| d|S|* 2p6d|S|

ISI VI 14

Ly = 2riglligl*d =

For the balanced three-phase system the required cross-sectional area of the cable
in each phase is A3y = |I34|/6 = |S|/36|V|. Hence the amount of material required is

dls| 1
= 3Aspd = o1 = <
e 0E= Sy T 2™

Moreover the resistance 34 per unit length of the cable is 134 := p/A3g =3p6|V|/|S]
and hence the active power loss in the cable is

906|V| d|SI*  péd|S| 1

lig = 3r3gllyl’d = = !

o = dnolbold = T gwe T T T e
Therefore the balanced three-phase system uses half as much material and incurs half
as much loss as the single-phase system. O

Remark 1.6. 1. Example 1.9 also shows that thermal loss r|I|? is inversely propor-
tional to |V|. Intuitively a higher load voltage |V| requires a smaller load current
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|1] to deliver the same amount of power |S|, resulting in a smaller thermal loss in
the grid.

2. Itis shown in Exercise 2.7 that, given a desired load power, the active line loss is
inversely proportional to the square |V|? of the load voltage magnitude, rather than
|V| derived here. This is because, in Exercise 2.7, the line resistance is given and
independent of load power and voltage |V|, whereas, here, the line resistance 34
is chosen to be proportional to |V| (reducing the dependence of line loss 734|134 ?
from |V|? to |V).

3. Note that V is the voltage drop across the load, not the voltage drop across trans-
mission line z which is zdI = zdS/V. In the case of balanced three-phase system
(where zg = 0 in Figure 1.23), if the load power S and voltage V are specified then
the required squared voltage magnitude at the source is

? 2 e plSP .

= |VI“+|z]°d W +2dRe(zS)

4. In practice most three-phase systems do include a grounded neutral line to carry
the unbalanced current during asymmetrical conditions (e.g., due to line faults)
and reduce voltage transients during line switching or lightning events. Since the
unbalanced current is much smaller than the phase currents, the neutral line is
typically much smaller in size and ampacity and therefore much cheaper. m

S
lzdI[+V|?* = zd‘f/ +V

1.4 Chapter summary

1. The steady-state behavior of a power system can be described by voltage and
current phasors (V,I) and represented by one-line diagrams. A one-line diagram is
a shorthand for an underlying equivalent circuit. These phasors satisfy Kirchhoff’s
laws (1.4) and Ohm’s law (1.5). Circuit analysis can be conducted in the phasor
domain and the results translated back to the time domain in terms of sinusoidal
voltage and current functions (v(¢),i(¢)) and instantaneous power p(¢) :=v(2)i(z).

2. A three-phase device such as a voltage or current source or an impedance can be
in Y or A configuration. In a balanced system, A-configured voltage and current
sources can be transformed into their Y-equivalents through the transformation
(1.31a) and A-configured impedances can be transformed through (1.31b). This
yields a per-phase circuit that is equivalent to the balanced three-phase system.
Analysis can be conducted on the per-phase circuit and the results translated back
to the three-phase system. Per-phase analysis is a consequence of the spectral
properties of conversion matrices (I',['T) in Theorem 1.2 and Corollary 1.3.

3. Complex power S := VI can be defined in terms of voltage phasor and current
phasors (V,I) whose real part Re(S) is the average instantaneous power p(t) :=
v(2)i(t), averaged over a cycle. A three-phase system requires a smaller amount
of conductor material and incurs a smaller power loss than a single-phase system
that provides the same amount of load power.
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1.5 Bibliographical notes
There are many excellent textbooks on basic power system concepts, e.g., [15, 95, , 62, 96, ) 1.
Many materials in this chapter follow [15]. The example comparing the savings of single-phase and three-
phase systems is from [62]. Circuit theory is a well established field. For general circuit analysis using KCL
and KVL, see, e.g., [55, Chapter 12]. The connection with algebraic graph theory is recently surveyed in
[69].

1.6 Problems
Chapter 1.1.

Exercise 1.1 (ZIP load model). A common load model, called ZIP, assumes that the
real and reactive power (p,q) consumed by a load depends on the voltage magnitude
|V| across the load:

p = a|VI>+ai1|V|+ag, q = a§|V|2+ai|V|+a6

for some real numbers (ag,a;,a,) and (a(’), ai , aé). This can be equivalently described
in terms of the complex power s := p +ig consumed by the load, as *

s == by|VI>+b,|V]+by (1.38a)

where b; = a; +ia]. Instead of the complex power s, a ZIP model may describe how
the apparent power |s| consumed by the load depends on |V|:

s| := ea|VI*+c1|V]+co (1.38b)

for some real numbers (cg,c1,c2). Given a ZIP load, specified either by (1.38a) or
(1.38b), show that its power consumption is equivalent to the sum of power consumed
by a constant impedance z, a constant current device (source) J, and a constant power
device (source) o, and express the parameters (z,J,0) of these devices in terms of the
parameters of the ZIP load.

Exercise 1.2 (KVL). Prove that Kirchhoft’s voltage law (1.3b) is equivalent to (1.4b).
(Hint: See Appendix A.11 and use Theorem A.35.)

4 The power consumption may depend also on the frequency. During transient, this dependence can be
made explicit by the time-domain model

s(r) = (ag () P+av(D)] +a()) (1+azAw (1))

where s(¢) := v (¢)i(z) is the instantaneous power in the time-domain and Aw () is the deviation from
the nominal frequency during transient.
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Exercise 1.3 (Circuit analysis). Consider a 3-node 3-link circuit specified by its

1 0 1
incidence matrix € := |-1 1 0| = [, &]
0 -1 -1

a voltage source vi3 and two impedances zi» = zp3 = 1. Determine the line currents
J = (J12,J23,J13), line voltages U := (Uj,Uz3) and nodal voltages V := (V1,V,),
assuming that node 3 is the reference node with V3 := 0.

Exercise 1.4 (Theorem 1.1 and KCL). 1. For any circuit G, the cut-based KCL is:
the line currents on every cut of G sum to zero. Show that it is equivalent to the
node-based KCL (1.4a), in two steps.

(a) If (1.4a)holds, show that cut-based KCL holds. (Hint: Use the property (A.37)
of the indicator function z(«) of a cut x defined in Appendix A.11.)
(b) If cut-based KCL holds, show that (1.4a) holds. (Hint: Use z(«) and induction.)
2. With regard to Remark 1.2, show that the invertibility of ¥, := C;Z~'C[ implies
that the current sources j cannot violate KCL in the original graph G. (Hint: Use
part 1 and the fact that the incidence matrix C of G has zero column sums.)

Exercise 1.5 (Theorem 1.1 and KVL). With regard to Remark 1.2, suppose both Y;
and C] (Y;!)C; are nonsingular.

1. Show that C; is of full column rank. (The converse does not necessarily hold when
Y is complex symmetric but not Hermitian.)

2. Show that C; having full column rank is equivalent to the condition that no voltage
sources in E, form a cycle in the original graph G. This implies that no u can
violate KVL on G.

(Hint: Use (A.36) in Appendix A.11.)

Exercise 1.6 (Circuit analysis). For the three-bus network in Figure 1.5, derive the
current balance equation (1.10) by analyzing the equivalent circuit using KCL, KVL,
and Ohm’s law, as explained in Chapter 1.1.4. Draw the equivalent circuit.

Exercise 1.7 (One-line diagram and II circuit). Derive (1.10) I =YV from the one-line
diagram of a general network by analyzing its equivalent circuit.

Chapter 1.2.

Exercise 1.8 (a := ¢ 27/3 and a,,a_). Prove the following properties of a := ¢714120°

a, = (l,a,e?) and a_ := (1,e%,a):

1. a®>=a, a® =1, a* =, a* = o ™93 where a denotes the complex conjugate of
a.

2. l+a+a?=0.

3. 1—a=v3230°, 1 —a? =V3,-30°, (1 —a)(1 -a?) = 3.

4. l+a=-a*=1/-60° 1+a%=—-a=1,60°.

5. a,=a_,a_ =a,.

6. af(u =3, diag(oz;,a/f) =1 where 1:=(1,1,1) is the column vector of all Is.
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Exercise 1.9. Prove Theorem 1.2.

Exercise 1.10. Show that the voltage magnitude |V<¢| = 208V in the split-phase Delta
transformer in Figure 1.19(b), assuming the system is a balanced three-phase positive
sequence.

Exercise 1.11 (Line limit). This problem derives bounds on the magnitudes of the
load currents [{ := (19Px, JPkex [ekak) to enforce the limit (1.34). Let the total load
current in each leg of the A configuration be denoted by

K K K

DN R e R D (1.39)
k=1 k=1 k=1
1. Show that the limit (1.34) is equivalent to: |[¢? — [¢%| < ™8 |[bc _ jab| < max
and |74 — I°¢| < I™*_ (Hint: Show that Jo =TT 35 I2)
2. Suppose the current phasors /<’ have the same, and known, phase angle 6., for
all k; similarly for I°%“* and I°*“*. Show that the limit (1.34) is equivalent to the
following convex quadratic bound on the magnitudes of the load currents:

|1ab|2+ |Ica|2 _2|1ab||1ca|cos¢a0al < (ImaX)Z

where cos ¢qyq, 1= 0cq — Oap is known, and similarly for phases b and c.
3. Show that a sufficient condition for the limit (1.34) is the following linear bound
on the magnitudes of the load currents:

K
D (17t peren) < (1.40)
k=1

and similarly for phases b and c.

4. Suppose the load currents are balanced, i.e., for all k = 1,..., K, [%P = J¢iab
1Pxck = JelObe | [orak = Jel%a where I > 0 is the common magnitude of the load
currents, and 6,5 — 0p = 120°, Ope — 0. = 120° and 6., — 645 = 120°. Show that
the linear bound (1.40) is conservative by ~ 13% compared with the exact limit.

Exercise 1.12. Consider the balanced three-phase system in ¥ configuration shown in
Figure 1.24. Show that V"™ = 0 provided z # —(z; +11) /3.7

Exercise 1.13 (Balanced system in Y configuration). Consider the balanced three-
phase system in Y configuration shown in Figure 1.25 where a three-phase voltage
source in positive sequence supplies m three-phase loads in parallel. All transmission
lines have a common admittance ¢ = 1 and all loads have a common admittance /.
Consider the following 10m variables:

3 Suppose the impedances z,z1,/; all have positive resistance, which is the case in practice. Then this
condition is automatically satisfied. If 3z = —(z; +1;) holds, however, then V "0"1 can take any value
and Kirchhoff’s laws will be satisfied because 1701 + I, + I, + I = 0 will always be satisfied for any
value of V01,



1.6 Problems

59

One-line diagram:

> h

Figure 1.24 Balanced three-phase system in Y configuration where the impedances z,z;,/; are

given.

(-]

Ec0m0

Ec0mo —

Co

One-line diagram:

Figure 1.25 A balanced voltage source supplies m balanced loads in parallel.

e avoltage and a current for each phase at each stage k = 1,...,m:
Vaknk Iaknk
Vi o= Vb | I = Ipin | » k=1,...
VCk"k Icknk

for a total of 6m variables.
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e a current for each phase from stage k — 1 to stage k:

Loy
Ji-tk = by by | » k=1,....m
Loy ey
for a total of 3m currents.
e a voltage between neutrals from stage k — 1 to stage k: V-1 'k =1,... m, for a

total of m voltages.
1. Show that V*-1"« =(Qfork =1,...,m.
2. Show that

Vaknk = Bkann()’ kank ZﬂkEbOnO, VCknk = ,BkECOnO, k = 1’ .. .’m
where Sy is:
r{‘rg"(rz -1) —ré‘r’ln(rl -1)

i (ra=1) =r{"(ri—1)

Br =
and ry,r; are given by:

ria = %((l+2) 1\/1(1+4)) (141)

(Hint: Derive a recursion on Vj across stages k and solve the difference equation
for each phase a, b, c separately.)
3. Show that Vi, Iy, Ji_1 x are balanced positive-sequence sets for k = 1,...,m.

Chapter 1.3.

Exercise 1.14. Show that the instantaneous power in the time domain can be expressed
in terms of real and reactive powers in the phasor domain:

|VI|I| (cos¢+cos(Ruwt+6y +67))
P(1+cos2(wt+07))—Qsin2(wt+06y)

p(1)

where ¢ := 0y — 6] is the power factor angle, P := |V||I|cos¢ is the real power and
Q :=|V||I|sin ¢ is the reactive power.

Exercise 1.15 (Instantaneous power). Consider a balanced K-phase system with K > 3
and for k=0,--- ,K—1,

vi(r) = \/§|V|cos(wz+(ev+k%”)), i (1) = «/§|1|cos(wz+(e,+k%”))

Show that pgg(r) = ZkK:_Olvk(t)ik(t) = KP where P := (1/T) fOT vo()ip(2)dt =
[VI|I|cos(8y —0;) and T := 27/ w.

Exercise 1.16. Suppose z = 1/iwc (capacitance).

1. Prove directly in time domain that the average delivered power is 0.
2. Derive the instantaneous power p(v) in terms of Q.
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Exercise 1.17 (Power meter). A power meter measures voltage and current magnitudes
(rms values) (|V|,|1|) and instantaneous power p () over 1 or more period 7'. In addition
to reporting (|V|,]1|), it also reports real and reactive power (P,(Q), apparent power
|S|, and power factor cos¢. Explain how to calculate these quantities from (|V|,|1])
and p (7).

Exercise 1.18. Consider Figure 1.26.

1. Shunt capacitor is Var source: Show that in Figure 1.26(a), S, = S| +iwC|V/|*.
2. Short transmission line is inductive: Show that in Figure 1.26(b), if |V, | = |V} | then
$>=5,.

S, — S, — S — V V, §,—
T - O O - — O
(a) Shunt capacitor is VAR source (b) Short transmission line is inductive

Figure 1.26 Conservation of power.



Transmission line models

2.1

An electric network consists of transmission and distribution lines that transfer power
from generators to loads. In this chapter we develop models for the end-to-end behavior
of a three-phase transmission or distribution line that map the voltage and current at one
end of the line to those at the other end, in two steps. In Chapter 2.1 we derive inductance
and capacitance parameters of a transmission line as functions of line geometry. In
Chapter 2.2 we use these parameters to develop circuit models for single-phase short,
medium, and long-distance transmission lines. These line models are building blocks
for single-phase network models developed in later chapters.

Line characteristics

The alternating currents in the conductors of a three-phase transmission line create
electromagnetic interactions among them that couple the voltages on, and currents and
charges in these conductors. In a balanced operation however the interactions are as if
the phases are decoupled. This allows per-phase analysis where, in each phase, the line
can be characterized as a combination of a series impedance and a shunt admittance
parameterized by:

series impedance per meter z := r+iwl Q/m

shunt admittance per meter to neutral y := g+iwc Q '/m

In this section we present models for these per-meter line parameters (r,/) and (g, c).
In the next section we will use these parameters to derive a lumped-circuit model
of the line. This will justify modeling a transmission line by the II circuit model of
Example 1.3 in Chapter 1.1.4.

A three-phase line consists of multiple wires and therefore we need to derive the
series inductance [ and shunt capacitance ¢ due to currents and charges in multiple
wires. The key property that will be important in our derivation is that the set of wires
carry currents in both directions so that the currents and charges in all the wires sum
to zero at all times, as expressed in (2.2) and (2.5) below.
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2.1.1

2.1.2

Series resistance r and shunt conductance g

The direct current (dc) resistance of a conductor is
PT

Fde = o Q/m

where pr is called the conductor resistivity at temperature 7 and A is the cross-sectional
area of the conductor. Hence the per-meter resistance is inversely proportional to the
size of the line. The alternating current (ac) resistance (or effective resistance) of a
conductor is defined to be

P Pross
ac =
112

Q/m

where Pjogs is the real power loss in W and |/ is the root-mean-square of the current in
A in the conductor. The current distributes uniformly throughout the conductor’s cross-
sectional area for dc. For ac, the current density is lower at the conductor center and
higher near the conductor surface. This is called the skin effect and is more pronounced
at higher ac frequencies. As frequency increases, the real power loss, and hence the
ac resistance, also increase. At 60 Hz the ac resistance is at most a few percent higher
than dc resistance. These effects are modeled by the series resistance r in Q/m in
transmission line models.

Shunt conductance g in Q~!/m accounts for real power loss between conductors
or between conductors and the ground, typically due to either leakage currents at
insulators or to corona. Insulator loss depends on the environment such as moisture
level. Corona occurs when a strong electric field at a conductor surface ionizes the air,
causing it to conduct. It depends on meteorological conditions such as rain. Losses due
to insulator leakage and corona are typically negligible compared to resistance loss
r|I|%. 1t is therefore common to assume zero shunt conductance g in transmission line
models.

Series inductance [

Roughly, the per-meter series inductance / in henrys/m of a wire is the proportionality
constant between the current i in a meter of the wire and the total magnetic flux linkages
A, i.e., A(t) =1i(t), where i(¢) is in ampere and A is in webers. We now study how the
per-meter series inductance / of a wire depends on the geometry of the transmission
lines.

Single conductor. Consider a straight infinitely long wire of radius r with uniform
current density in the wire with a total current i (dropping ¢ from the notation for
simplicity). The total flux linkages Ag per meter of the wire within a radius R of the
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wire is related to the current i and the geometry by:

Ho [ Kr R\ .
AR = — | —+In—
R 2n(4+nr)l

where 1o := 47 x 1077 weber/ampere-meter is the permeability of free space, and u,
is the relative permeability of the wire. If the conductor is nonmagnetic (e.g. copper
or aluminum), then u, ~ 1. The first term is due to flux linkages inside the wire and
the second term is due to flux linkages outside the wire up to radius R. The details are
explained in [ 15, pp.54-59].

Multiple conductors. We will calculate approximately the per-meter total flux linkages
A1 of conductor 1 that carries a current 1. The total flux linkages A, is determined not
only by current i1, but also by currents i from other conductors k =2,...,n, that carry
currents i and are at distances d; from the center of conductor 1. See Figure 2.1.

di R

conductor 1 R,
radius r,
current i,

Figure 2.1 Per-meter total flux linkages in a volume within a radius R from the center of
conductor 1 due to all conductors. Conductors k carry currents iz and their centers are
distances d1; from the center of conductor 1 and R from point a.

Denote by R; the distance of point a from the origin (center of conductor 1) and by
Ry the distance of the center of conductor k from point a. Then the total flux linkages
of conductor 1 is

n
. Mo . (mr R, . Ri
A= dim 22 [ e 2]+ Y i in =X 2.1
= g e S @

where In denotes the natural log. We make the key assumption

n

Zik(t) =0 at all times ¢ 2.2)
k=1
This is a reasonable assumption as in practice the lines carrying power from generation
to load and the lines carrying the return currents follow the same physical path by
design. The implication is that the magnetic inductances due to all the lines cancel
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each other at infinity. Formally, we add —In R; >} _, i into the bracket on the right-hand
side of (2.1) to get

N 1 & 1 to . | R
A =1 — —+In— |+ In—|+— In —
! Rllinoo 271'(”(4 nrl) kz_;lkndlk) ZH;lkan

As R| — oo, In(Ry/R;) — 0. Hence

n
Mo, 1 ) 1
A= 22 lirin =+ > ign—
1 - (11 nr; +k:21k Ildlk)

where r{ :=r e #r/* is the radius of an equivalent hollow conductor with the same

flux linkages as the solid conductor of radius r. For a nonmagnetic wire, y, = 1 and
ri ~0.78r.

In general the total flux linkages A of conductor k& depends not only on current iy
but currents iy in other conductors as well, and is given by

1 1
A= (= ik*z Byn—\iv, k=1,...n (2.32)
21y ot

where r,’( =1k e~Hr/* In vector form this is
A=Li (2.3b)

where A := (A, k=1,...,n),i:=(ix,i =1,...,n), and the (k,k’)th entry of the nxn

matrix L is
&0y if k=k’

Ly = 2m Tk 2.3
K {—é‘—;lndkk/ if k%K (239

The voltage drop v (t) between two points on conductor k that are separated by an
infinitesimal distance is related to the rate of change of the total flux linkages A (7)
(Faraday’s law), i.e., v(f) = A. Hence from (2.3b)

v(t) = %/l([) = L%i(r)

This relation, in the phasor domain, is used in Chapter 2.2.1 to derive a circuit model
of a transmission line. In a circuit model, the term

Lik = —ﬂlnr,'C henrys/m
2r
is called the self-inductance per meter of conductor k and the term
Ly = _5_7(; Indy henrys/m

is called the mutual inductances per meter between conductors k and k’. The larger
the conductor r; the smaller the self-inductance L.
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2.1.3

Shunt capacitance ¢

Roughly, the per-meter shunt capacitance c, in farads/m, of a wire is the proportionality
constant between the charge ¢, in coulombs/m, in a meter of the wire and the voltage
v on the surface of the wire, i.e., ¢(¢) = cv(#). We now study how the per-meter shunt
capacitance c of a wire depends on the geometry of the transmission lines.

Consider the situation in Figure 2.1 with multiple conductors. A similar analysis to
that in Chapter 2.1.2 shows that the voltage, with respect to a reference at infinity, at a
point on the surface of conductor k is (cf. (2.3))

Ve = (%m—)qHZ(Ema)qk,, k=1,....n (2.4a)
k'#k

where € is the permittivity of the medium (e = 8.854 x 10~!? farads/meter in free space

and € = 1 farad/meter in dry air). The details are explained in [15, pp.75-79]. As

before, ry is the radius of conductor k and dyj- is the distance between the centers of

conductors k and k’. Here g is the total charge per unit length of wire k in coulombs/m.

In vector form this is

v = Fq (2.4b)

where v := (vi,k=1,...,n),q:=(qr.k=1,...,n), and the (k,k’)th entry of the n X n
matrix F is

Fri = { 2”5 Iy if k=k (2.4¢)

27re Indgp if k#k’
Taking time derivatives relates the currents in the conductors to the rate of change in
a voltage on the surface of the conductor relative to the reference, v = Fi(t), or

i(t) = C%v(l)

where C := F~!'. The diagonal entries cyx of C are called self-capacitances per meter
of conductor k and the off-diagonal entries cggs of C are called mutual capacitances
per meter between conductors k and k’, in farads/m. The larger the conductor ry the
larger the self-capacitance cyg.

The key assumption (among others) in deriving (2.4) is (cf. assumption (2.2))

n
qu(r) =0  atalltimes¢? 2.5)

Example 2.1. The voltage v, in (2.4) is the potential, or voltage with respect to the
reference at infinity, at a point on the surface of conductor k. The voltage difference
vk between two points on the surfaces of two parallel conductors j and k that are on
a plane perpendicular to conductor j is:

1 dk' d‘k dkk’
Vik = V=V = —— qjln—J—qklnL+ Z qr In —
2me rj Ik oy djk’
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2.1.4

Balanced three-phase line

Consider the simplest model of a symmetric three-phase transmission line in balanced
operation, as shown in Figure 2.2, with the assumptions:

1. the conductors are equally spaced at D and have equal radii ;'

2. ig(t)+ip(t)+i.(t) =0 at all times t;

3. ga(t)+qp(t)+q.(t) =0 at all times ¢.

r

D

Figure 2.2 Per-meter inductance and capacitance of a symmetric three-phase transmission line
in balanced operation.

It can be shown (see Exercise 2.1) that in this symmetric arrangement the effect
of mutual inductances and capacitances among the transmission lines is particularly
simple, resulting in the following equal per-phase inductance for each line:

D
1= E5%Z  wm (2.6a)
2r 1’

where ’ := re #/* and equal per-phase capacitance for each line:
2me

= ——

In(D/r)

Note that / and ¢ include not only the self-inductance and self-capacitance of the line,
but also mutual inductances and capacitances. Two implications are as follows:

F/m (2.6b)

1. Although there is magnetic coupling between phases, the conditions i, (¢) +ip (¢) +
ic(t)=0,qq(t)+qp(t)+qc(t) =0 and the symmetry (equal radii » and distances
D) reduce the effect of the magnetic coupling to the term InD. This allows us
to model the magnetic effect as if it consists of only self-inductance and electric
effect as if it consists of only self-capacitance. Moreover, the inductances and
capacitances are equal for each phase, permitting per-phase analysis.

2. To reduce the impedance due to inductance or capacitance, we can reduce the
spacing D or increase the wire radius r. Both have limitations. Other techniques
are used in practice to approximate condition 1 above on the symmetry of line
geometry, e.g., conductor bundling and transposition of the transmission lines.

Consider any point p that is equidistant from the centers of the conductors a,b,c,

' We use r to denote both the per-meter series resistance and the radius of the conductor; the meaning
should be clear from the context.
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2.2

e.g., the point at the center of the triangle in Figure 2.2. The potential, or the voltage
relative to the reference point at infinity, at this point p can be shown to be

Vp = 271T—€ qalndL+qblni+qclndL 2.7
pa p pe

where d,, = dpp, = dp are the distances between p and the centers of the conductors.
Since g4 +¢qp+¢q. =0 we have v, = 0, and hence p has the same potential as the
reference point at infinity and can therefore be taken as the reference point. We will
construct an imaginary geometric line parallel to the conductors pass through the
equidistance point from these conductors. Every point on this line is the reference
potential. By default we will pick this as the neutral potential that defines the phase-to-
neutral voltages. The current supplied to the transmission line capacitance is called the
charging current and the corresponding capacitance is also called the line charging.
Figure 2.3 shows the corresponding circuit model of a transmission line. When the

a

1

¢ F/m to neutral

Figure 2.3 Circuit model of the cross section of a balanced three-phase transmission line.

phase a line-to-neutral voltage is V4", the phase a charging current is
Ia,charging = iwcVaun A/m

from phase a conductor to neutral. This is the origin of the shunt admittances of
transmission line models studied in the next section.

Line models

Consider a three-phase transmission line in balanced operation in sinusoidal steady
state, modeled as in Figure 2.3. A key conclusion of Chapter 2.1.4 is that for balanced
three-phase lines, we can analyze each phase separately. Consider now a transmission
line on one of the phases. Let

series impedance per meter z := r+iwl Q/m

shunt admittance per meter to neutral y := g+iwc Q!'/m

where the per-meter resistance r > 0 and conductance g > 0 depend on the material
and size of the line, and the per-meter inductance [ > 0 and parameter ¢ > 0 of the
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2.2.1

line can be calculated as in Chapters 2.1.2-2.1.4. In this section we use the per-phase
line parameter (z,y) to model the end-to-end behavior of a balanced three-phase
transmission line, and derive two equivalent models. The first model represents the
terminal behavior, i.e., the mapping of the voltage and current between one end of
the line and those at the other end, by a transmission matrix in (2.10) below. The
second model represents the terminal behavior of the line by a linear circuit with series
impedance and shunt admittances given in (2.15) below.

Transmission matrix

Distributed-element model. We start by deriving the V-I relations between two
ends of a transmission line. Figure 2.4 shows a per-phase model of a balanced three-
phase line of length €. The voltages are phase (line-to-neutral) voltages as illustrated
in Figure 2.3. We will call the left end the sending end and the right end the receiving
end. When we apply a voltage Vi, with respect to neutral, at the sending end driving a
current /1 towards the receiving end, the voltage drops and the current leaks from the
sending end to the receiving end so that the voltage V (x) and current /(x) at each point
x of the line vary. We will derive a relation between the sending end (V;,1;) and the
receiving end (V,, I») by solving for (V(x),I(x)) in terms of (V,,1,) forall 0 < x < ¢.

Figure 2.4 Per-phase model of a balanced three-phase line of length ¢ with impedance
parameters z, y.

To this end consider the infinitesimal segment of length dx at a distance x from the
receiving end. This segment is modeled by the circuit with series impedance zdx and
shunt admittance ydx to neutral as shown in Figure 2.4. Let the voltage and current
at point x be V :=V(x) and I := I(x) respectively. Let the corresponding quantities at
point x +dx be V(x) +dV and I(x) +dI. Applying Kirchhoff’s laws to the segment, we
have

av
di

zI(x)dx
(V(x)+dV)ydx ~ yV(x)dx

where the approximation results from ignoring the second-order term dVdx. Hence
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we have
dv
ar 0 \%
[?’—’l ) [y 8] H @9
dx

Transmission matrix. The ordinary differential equation (2.8) can be easily solved
using standard method (see below for details), and the general solution is:

V(x) e 0 ||k
= 2.
I(x)] U[ 0 e‘”] [kz] (2-52)
for some constants k1, k>, where
|z -z R U I
velt e L[N E o
Here
Z. = LAY and y =2y m™! (2.9¢)
y

are called the characteristic impedance and propagation constant of the line respec-
tively. At x =0, V(0) =V, and 1(0) = I;. From (2.9) we have

] = o[i]

V(x)| _ erx 0 1|
ol =0 S

and hence

The sending-end voltage and current are therefore related to the receiving-end

(Va, 1) as
V1< _ evt 0 -1 V2—
[11_ - U[ 0 ew}u I |

Expanding, we have

(2.10)

Vil _ [ cosh(yf)  Zcsinh(y0)| |V
I |Z- sinh(y¢)  cosh(y0) ||L

where coshx := (e¥+¢7¥)/2 and sinhx := (e* —e™) /2. This defines a linear mapping
that maps the voltage and current (V;, I,) at the receiving end to the voltage and current
(V1,1) at the sending end. The matrix in (2.10) is called a transmission matrix.

The ratio V) /1I; at the sending end is called the driving-point impedance. 1t is the
equivalent impedance across the two sending-end terminals.

Example 2.2 (Driving-point impedance). Consider the terminal model (2.10) of a
transmission line. Suppose the receiving end is connected to an impedance load Z;.
Show that the driving-point impedance V; /1 is equal to the characteristic impedance
Z. of the line under one of the following conditions:



2.2 Line models 71

e if the load is matched to the line, i.e., Z; = Z.; or
o if the line length £ grows to infinity, since the line parameters satisfy r,x,g,c > 0.

The second condition implies that as the line grows in length its impedance comes to
dominate the load impedance Z;.

Solution. Since V, = Z;I,, we have from (2.10) that when Z; = Z.

Vi _ cosh(y{) +sinh(y{)
I, “sinh(yf) +cosh(yt) ¢
For the second case, we have from (2.10)
Vi Zicosh(yl)+Z.sinh(yl)  _ Z;+Z.tanh(yf)

I 7°Zsinh(yl) + Zocosh(y) — € Zjtanh(yl) + Z,

Now y = V3 =: v where § = (rg — w*lc) +iw(rc +gl). Note that Im > 0 and hence
9 € (0,m) and y € (0,7/2). If we write y =: a+ip then @ > 0. Hence
cosh(yf) = l(eyf_i_e—y{?) _ l(e(a+i,8)€+e—(cx+i,8)[)
2 2

sinh(yf) = % (eyt’ _ e—yt’) _ % (e(a+iﬁ)€ _e—((t+iﬁ)[’)

and
hve) = e(a+i,6’)f _e—(a/+i,8)€ B 1_8—2(a+i,8)£’ | /
tanh(y{) = @B 4 g (@Bl |4e2@upl a  t—o
Hence Vi /I} — Z. as £ — oo. m]

Example 2.3 (Matched load). Suppose the line is terminated in its characteristic
impedance Z., i.e., Vo = Z.I,. Then (2.10) yields

(cosh(y€) +sinh(y0))V> = Voe?¢
(cosh(y€) +sinh(y0)) I, = L et

Vi
I

Therefore the driving-point impedance V; /1, is also the characteristic impedance Z,.
of the line, as shown above. Moreover the ratio of the receiving to sending end voltages
and currents are

&_Q:eﬂf

i L
The ratio of the receiving power to the sending power is

a _ Ve e (e—yl’)H
S12 Vil

Using y =2y = \/(rg —w?lc) +iw(rc+gl) =: a+iB, we have

_S21 _ 6—2(1/[’
S12

—2at

Since e is real, the powers have the same phase angle /(—S1) = 2512 =: 6. This
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implies that the ratio of the complex powers is the same as the ratio of the real power
—P» received and real power P, sent, or the transmission efficiency n:

=Py —S3c080 o2at
P Siacosd

Hence for an impedance load that is matched to the line impedance Z,., the transmission
efficiency 1 decreases exponentially in the line length €. For high-voltage transmission
lines, @ = 0 so the loss is small and n = 1.

Indeed, for a lossless line, » = g = 0. Then z = iwl and y = iwc. Hence
z = [Fo JE_ L
y cl C

is real, where L and C are the total inductance and capacitance of the line respectively,
and

y = 2y = iwVic
is purely imaginary (@ = 0). The transmission efficiency is n = —P» /P12 = 1. We will
study lossless lines in more detail in Chapter 2.2.4. O

Solution of (2.8). First we note that even though (V,I) and the parameters (y,z) are
complex variables, the variable x (distance from terminal 2) is a real variable. Hence
the ordinary differential equation (ode) (2.8) can be solved in the same way as an ode
in the real domain. To see this consider a general ode:

dz
;= — =M 2.11
di= z (2.11)
where z:=x+jy € C" with x,y in R” and M := A+ jB € C"™" with A, B in R™",
with the interpretation x + jy = (A + jB) (x+jy). Rewrite this in the real domain:
x| _|A -Bf|x
B Ay

————
M

2.12)

The two matrices

. - |A -B
M = A+jB and M = [B A]

are equivalent, written M < M, in the sense that for any z = x +iy with x,y € R",

-l

Im(Mz)
M? = (AZ—BZ) + j(AB+BA) and M? =

Since

A2-B> —(AB+BA)
AB+BA AZ-B?
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222

we have M? < M?, and by induction M* < M¥* for all k. Hence e™ <« M. This
implies that a trajectory z(¢) € C" is a solution of (2.11) if and only if (x(), y(t)) € R>"
with z() =: x(¢) +iy(¢) is a solution of (2.12). Hence solving (2.12) using M in the
real domain is equivalent to solving (2.11) using M directly in the complex domain.

‘We now solve the ode (2.8). Let

A = [O Z]

y 0
Then the eigenvalues of A are £y where y := 4/yz is the propagation constant defined
in (2.9¢). Recall the characteristic impedance of the line Z. := % also defined in

(2.9c). The corresponding eigenvectors are (any vectors proportional to) the columns
of the matrix U defined in (2.9b). Let U~! be its inverse. Since AU = Udiag(y,—y), if
we define

Vol _ [V
[im] =Y [ux) @19
then
d v e V)| - V@ V(x)
i lr] = oaligs] = oo (o [1E5]) = ameon 765

ie.,Vand T are decoupled. Hence
V(x) = k1™ and  I(x) = kpe ¥

for some constants ki, k,. Then (2.13) implies that the general solution of (2.8) is
(2.9). O

I1-circuit model

If we are only interested in the terminal voltages and currents of a line, then we can
represent the line by a lumped-circuit model as shown in Figure 2.5 that consists of a
series impedance Z’ and a shunt admittance Y’ /2 at each end of the line. This is called
the IT model or I1-circuit model of a transmission line. We now derive the parameters

1 I,
ro—» Z] S o+

L
‘/]

V,

Figure 2.5 Lumped-circuit I[1 model of a transmission line.

(Z’,Y”) in the IT model in terms of line characteristics (Z.,y).
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Applying Kirchhoff’s laws we have

I = Y,V +Y’V+I
1 = ) 1 ) 2T 12
(Y
Vl—V2=Z 7V2+12

Hence, in terms of the transmission matrix,

il [ 1+zv')2 A Vs
- 1A

Y (1+2'Y'/4) 1+Z2'Y')2| | 2.14)
Comparing (2.14) and (2.10) we find that the IT model in Figure 2.5 is given by:

inh
7' = Z.sinh(yl) = \/z sinh(y0) = zSmh&O (2.152)
y 14
Y’ 1 cosh(yf) -1 1 sinh(y¢/2 Y tanh(y£/2
_ 1 cos (v0) _ 1 sin (y(/2) Y tan (v€/2) (2.15b)

2~ Z. sinh(yf) Z.cosh(y€/2) ~— 2 y€)2
where Z := z{ is the total series impedance of the line and Y := y{ is the total shunt

admittance to neutral of the line. An equivalent representation of (2.14) is in terms of
an admittance matrix that we will use extensively in later chapters that maps (Vy,V>)

to (I1,—-1):
L _(z7'+y')2 -z7' v
-L| | -z-! Z7tey 2| (Vs

When |y€| < 1 then sinh(y€)/(y€) = 1 and tanh(y£/2)/(y€/2) ~ 1, in which case
the IT model in Figure 2.5 can be approximated by the total series impedance Z and
total shunt admittance Y to neutral of the line.

In summary each phase of a balanced three-phase transmission line can be modeled
as follows:

o Long line (€ > 150 miles approximately): Use either (2.10) or the II-circuit model
with Z’ and Y’ given by (2.15).

o Medium line (50 < € < 150 miles approximately): Use the Il-circuit model with
Z :=zf and Y := y{ instead of Z’ and Y’. Here Z = R+iwL is the total series
impedance of the line and Y = iwC is the total shunt admittance to neutral of the
line. In particular, for medium lines, the shunt resistance is negligible.

e short line (¢ < 50 miles approximately): Use the II-circuit model with Z only and
neglect Y.
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2.2.3

Real and reactive line losses

The power injected at terminal 1 towards terminal 2 and that at terminals 2 towards 1
are (from Kirchhoff’s laws):

512 .

_ 1 Y’
i, = _—(V 2—VVH)+—V 2
ih == V1l 1V, 2|1|

521 .

- 1 Y’
Va(=L) = E(lelz—VleH)+7|V2|2

They are not negatives of each other because of power loss along the line. Indeed the
total complex power loss is their sum:

1 7 , 7
StSu = 2 Vi-VaP+ 3 (VP +1VaP) = Z1,P + 5 (P +1vaP?)

where I}, denotes the current through the series impedance Z’. The first term on the
right-hand side is loss due to series impedance and the last term are losses due to shunt
admittances of the line. Suppose Z’ = R® +iX® with R® > 0, X* > 0 (inductive) and
the shunt admittance is purely capacitive, i.e., Y’ =iB™ with B™ > 0. Then, over the
transmission line,

real power loss Re(S12+821) = RS|If2|2
! B™
reactive power loss Im(S12+S21) = Xslllez—T (|V1|2+|V2|2)

Remark 2.1 (High voltage reduces line loss). Consider a load supplied by a source
through a transmission line modeled by a series impedance R +iX and zero shunt
admittances. Suppose the load draws an active power Pjo,q With power factor cos ¢ at
a specified voltage magnitude |V}y,q|. It can be shown that, given a desired active load
power Py,4, the active line loss Pjiye 1S inversely proportional to the square of the load
voltage magnitude |V>| and its power factor cos ¢ (Exercise 2.7):

2

P
Piine = Rlhowd|* = Rﬁ
2

Therefore a higher voltage (magnitude) reduces line loss.

Note that the higher voltage refers to the voltage |V,| across the load (and eventually
the source voltage |V]), not the voltage across the transmission line which is |V| — V5 |;
see Figure 2.5. It is derived in Example 1.9 that, given a desired load power, the active
line loss is inversely proportional to | V5|, rather than |V5|2. This is because, in Exercise
2.7, the line resistance R is given and independent of load power and voltage |V;|,
whereas, in Example 1.9, the line resistance R is chosen to be proportional to |V;]
(reducing the dependence of line loss R|Ijpaq|* from |V3|* to |V5)). O
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2.2.4

Special case: lossless line

In this subsection we consider the special case where the series resistance and the shunt
conductance are negligible, i.e., where the line parameters = g := 0. A lossless line is
an important model because a high-voltage transmission line typically has very small
power loss compared with the power flow on the line, and can be modeled as a lossless
line. As noted above the characteristic impedance and propagation constant of the line

become:
z. = [ _ fiel _ \ﬁ o
y iwc c
y = Vzy = V(iwl)(iwe) = iwVic = i m™!

with B8 := wVlc. Therefore Z. is purely resistive while y is purely reactive. The
characteristic impedance Z. is called a surge impedance for a lossless line. This
implies

cosh(yx) = cos(Bx), sinh(yx) = isin(fBx) (2.16)

IT-circuit model. Substituting (2.16) into (2.10) the transmission matrix reduces to

Vix)| cos(Bx) iZ. sin(Bx)
Ix)| ~ [iZ;lsin(Bx) cos(Bx)

VZ] . xe[0,] (2.17)
I

The circuit elements Z’ and Y’ in the II-circuit model of a transmission line reduces
to (from (2.15)):

Z' = Z.sinh(yf) = iZ.sin(Bf) =: iX Q (2.18a)
Y’ Y tanh(y£/2) Y tan(B¢/2) .wC’ _1
2 T2 2 27 B2 ' (2.180)

where X :=+/l/csin(B¢), Y :=iwcl and C’ := ¢l (tan(B€/2)/(BL/2)). If £ is small
then C’ ~ ¢f. When B¢ < m radian, both X > 0 and wC’ > 0, i.e., the series impedance
is purely inductive and the shunt admittances are purely capacitive. In practice, for
overhead lines, 1/VIc ~ 3% 10® ms™!. At 60 Hz (using B := wVic)

T bis
B 2x(60)Vic
Hence a lossless overhead transmission line less than 2,500 km can be modeled by the

simple circuit in Figure 2.6 where X and C’ are given in (2.18). It is a model for either
a single-phase line or the phase-to-neutral of a balanced three-phase line.

~ 2,500 km

Voltage profile. Usually power must be delivered to a load at a specified nominal
voltage magnitude |V;| at the load. To see how the voltage magnitude changes along a
line from the source x = ¢ to the load x = 0, we determine the voltage V (x) for x € [0,{]
using (2.17):

V(x) = Vhcos(Bx)+iZ I, sin(Bx) (2.19)



2.2 Line models 77

Figure 2.6 II-circuit model for a lossless line with length ¢ < /8.

Suppose the line terminates at an impedance load Zjgag := Rioad +1X10ad- Then the
voltage V(x) at each point x depends on the load impedance because V, = Zjgaq /5.
There are four cases of load impedance:

1. Noload I, =0: Then V(x) = V, cos(Bx) and hence the voltage magnitude |V (x)| =
|V2| cos(Bx) increases from the source at x = £ to the end of the line at x = 0 as
long as B¢ < x/2 radian.

2. Surge impedance load Zjoaq = Z.: The voltage magnitude |V (x)| = |Z.I,| is con-
stant, independent of x. Moreover the power delivered S(x) at every point x € [0,¢]
is real and constant |V;|?/Z., so only real power is delivered. See Exercise 2.4.

3. Full load: Since Iy =V, /Zjoaq We have

V(x) = (cos(ﬂx)+i Ze sin(Bx) |V
Zload
= (cos(ﬂx)+z 1024 gin (,8x)+1 Rioud > sin(Bx) | V2 (2.20)
IZI()ad|2 | load

In Exercise 2.5 we derive sufficient conditions under which the voltage magnitude
|V (x)| decreases from the source at x = £ to the load Zjo,q at x = 0.

4. Short circuit V3 = 0: V(x) =iZ.Isin(Bx). Hence the voltage magnitude |V (x)|
decreases from the source at x = £ to the load at x = 0 as long as B¢ < /2 radian.

This is illustrated in Figure 2.7. The general trend of decreasing voltage magnitude

Figure 2.7 Voltage magnitude |V (x)| on a lossless line.

towards the load (case 3 above) can be problematic because loads are generally designed
to work with specific voltages. As mentioned above low load voltage also increases line
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2.2.5

loss in the network. Voltages are regulated tightly around their nominal values through
various voltage compensation devices in generating units and inside the network.

Example 2.4 (Steady-state stability limit). To derive the power delivered to a generic
load we have from (2.18) that
V] - V2 _ ia)C !

iX 2

I, = Vo

Hence the complex power delivered is

WVal> -Vl wC’

~So1 = Vol = - X IT|V2|2

and the real power delivered is

_ Wlval .
= ———sin

-P> 0

where 0 := £V — £V, is the angle difference between V| and V,. Hence the maximum
power is delivered on a lossless line if ¢ = 7/2 and the maximum power would have
been |Vi||V2|/X. This § = /2 is called the steady-state stability limit. If the load
exceeds this limit, there is no solution for § for this equation. In practice a transmission
network operates with § < /2 because a line is typically limited by three other factors.
First the voltage drop from the source to the load must be small, e.g., [V,|/|Vi| = 95%.
Second ¢ is usually limited to 30° or 35° by transient stability. Third ¢ can be limited
by the thermal rating of the conductor insulation materials. O

Special case: short line

In this subsection we consider the special case where the shunt susceptance is negli-
gible, i.e., where the line parameter y := g +iwc := 0. This is a good model for a short
transmission line which can be represented by a I1 circuit with only a series impedance
Z = R+iX and no shunt admittances. We explain some properties of the complex
power transfer over this line.

Let V; and I; be the voltages and currents at buses i = 1,2. Let S;;, i, j = 1,2, be the
sending-end complex power from bus i to bus j, i # j, and I;; be the complex current
from bus i to bus j. Then

_ Vi - ‘_/j 1 2 _
Sy = Vily = Vi === = S (viP-vi¥,) (2.21)

If the voltage magnitudes |V;|, i = 1,2, are fixed, the branch powers depend only on the
power angle 6;; :=0; —6;:

1 i0:
Siy = 5 (VP =1villvjle®s)
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Taking the sum of the branch powers in (2.21), the complex loss over the line is

Vi = Vo

Si2+821 = = Z|Ia|

where [, is the current from buses 1 to 2. In particular the real power loss is Py + Py =
R|I2 %

Nose curve and voltage collapse. Suppose bus 1 has a generator with a fixed
V1 :=|V1|£0° supplying a load at bus 2 through a line with impedance Z. Let the power
supplied to the load be —S3| = |S2(|(cos @ +isin¢) =: P(1+itan¢) where P > 0O is the
active load power and ¢ is the power factor angle. The power flow equation (2.21)
hence becomes

P(1+itang) = 1 [Va]? = Vs | V] el (2.22)
V4

where 6,1 := £V, — £V| = £V,. Voltage support is typically available on the generator
side, so we assume |V;] is fixed even when the load power varies.? Voltage support
may not be available on the load side and we are interested in the behavior of the load
voltage |V,| as the active load power P increases while keeping the power factor angle
¢ constant.

Fix V| and ¢. For each P, (2.22) defines two real equations in two variables |V;| and
6,1. For this simple system we can analytically solve for |V,| for each P. Depending
on the value of P, there may be zero, one, or two solutions for |V;|. As P varies, the
solutions |V,| trace out a curve called a nose curve. As P increases from zero with
fixed power factor angle ¢, there are exactly two solutions for |V;|, one with a high
voltage and the other with a low voltage. The difference between the high-voltage
solution and the low-voltage solution of |V,| decreases until they coincide. This is the
point where the active load power P = Py 1S maximum and represents the limit of
power transfer from the voltage source V; through the transmission line Z to the load.
If P increases further, real solutions for |V;| cease to exist. This phenomenon is called
voltage collapse. This is studied in Exercise 2.9.

Short and lossless line » := 0,y := (. Suppose the series resistance is negligible
(which is a reasonable approximation for high voltage transmission lines), Z = iX.
Then (2.21) reduces to

Sij (|Vi|2—Vi‘7j)

L1
= 1—
X

2 An ideal voltage source whose complex bus voltage is fixed regardless of its power generation is called
an infinite bus.
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Hence

Py =

Vi| [V
% sinfp, = —Pay (2.23)

1
On = X (|V1|2— |V1||V2|005912)

1
0o = }(|V2|2—|V1||V2|008912)

where 61, := £V| — £V,. This has the following implications.

1. Transmission efficiency. The transmission efficiency 1 := —P5; /P12 = 1 since there
is zero real power loss. The maximum power transfer |V;||V;|/X is proportional
to voltage magnitude product. This is another reason why transmission networks
tend to operate at very high voltage levels. Indeed doubling the voltage increases
the maximum power transfer capability by fourfold.

2. DC power flow model. When voltage magnitudes are fixed, the real power depends
only on the power angle 6. When the power angle is small |65| ~ 0, sinf, = 61,
and the real powers P;; are roughly linear in the phase angles (61,6). These
assumptions are called the DC power flow approximation (R = 0, fixed |V;|, small
|0; 7], ignore Q; ;). This model is studied in Chapter 4.6.2.

3. Decoupling. When (01| =~ 0, there is a decoupling between real and reactive

powers:
0P, _ _ 0Pn _ |V1||V2|cose _ lval
001, 901, X 2 X
Py Py Vil . .
— = —/—— = ——sinfpp = 0, ,J=12
avil ~ Tavil T x TR v
i.e., the real powers P;; depend strongly on 61, but not on the voltage magnitudes
[Vil.
On the other hand
0Qij _ VilVal
—— = ———sinfp # 0
(9912 X Smdoip
i.e., the reactive powers Q;; depend weakly on the power angle 6,>. Moreover
9012 Vil 002 1
= ——cosfpp < 0, = =2V -1V; 0
A ¥ cosfiz A + V2l = [Vifcos 1)

Typically |Vi| = |[V,| and hence the second expression above is positive. Hence to
maintain a high load voltage |V5|, we should increase Q5 and/or decrease Q1, i.e.,
the load should supply reactive power and the generation should absorb reactive
power. This motivates the use of reactive power to regulate voltage magnitudes.
The decoupling property holds in a network setting as well and leads to a fast
algorithm to solve power flow problems studied in Chapter 4.4.3.

4. Out-of-step generators. When generators are not synchronized, i.e., they operate
with slightly different frequencies, the long-run average active power transmitted
across a lossless line is zero. To see this, consider voltages at buses 1 and 2:

vi(1) = V2|Vi|cos(w't +64), va(1) = V2|Va|cos(wt +65)
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2.4

2.5

where the frequency w’ at bus 1 is slightly out of step, with w’ ~ w. Write
vi(t) = V2|Vi|cos(wt+6 (1))

with a slowly-varying phase 6(z) := 6; + (0w’ — w)t. If the phase 6](z) varies
slowly enough, we can still use the steady-state expressions above as reasonable
approximations of powers. Then the short-term active power is given by (from
(2.23)):

_ liva

P sin ((w’ — w)t +012)

Hence the long-term average of active power transfer is zero. This is not only
ineffective, but highly undesirable because the line current can be very large. In
practice protective devices would remove the out-of-step generator.

Chapter summary

1. Electromagnetic interactions couple the voltages and currents in different con-
ductors in a three-phase transmission line. In a balanced operation however these
interactions are as if the phases are decoupled, giving rise to a single-phase model
in which a line is characterized by per-meter impedance z and shunt admittances
y.

2. These line characteristics yield a lumped-element IT circuit that relates the voltages
and currents at both ends of the line in terms of a transmission matrix (2.10) or
(2.14), or equivalently, an admittance matrix.

Bibliographical notes

There are many excellent textbooks on basic power system concepts and many materials in this chapter
follow [15]; see also [95, Chapter 4]. The line characteristics in Chapter 2.1 depend on basic results in
physics that we do not elaborate on. For example, the derivation of the shunt capacitance ¢ of a transmission
line in Chapter 2.1.3 is explained in [ 1 5, Chapters 3.7-3.8] or [95, Chapters 4.8—4.12]). The expression (2.7)
for the potential v, at the center of a balanced three-phase transmission line is from [15, Example 3.8, p.
79]. Some of the materials on lossless lines follow [95].

Problems

Chapter 2.1.

Exercise 2.1 (Balanced three-phase line). Derive the per-phase inductance and capac-
itance per meter (2.6) of a symmetric three-phase transmission line.
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Chapter 2.2.

Exercise 2.2 (Line characteristics). Consider the per-phase transmission line model

described by (2.10). We are to determine the line characteristic impedance Z. and
propagation constant y{ from two measurements:

1. Open-circuit test. The load side is open-circuited so that I, = 0 and the driving-
point impedance is measured as Z,. :=V, /1.

2. Short-circuit test. The load side is short-circuited so that V, = 0 and the driving-
point impedance is measured as Z.. :=V,/1;.

Derive Z. and y{ in terms of Z,. and Z;, (sign ambiguity is fine).

Exercise 2.3 (II circuit representation). Consider a transmission line modeled by a
general transmission matrix 7" that maps the receiving-end voltage and current (V5, )
to those (V1,1)) at the sending-end:

1. Show that the transmission matrix 7 in (2.10) has the property ad —bc = 1.

2. Suppose b # 0in T. Show that ad —bc =1 is a necessary and sufficient condition
for the transmission line to have a II circuit representation (with possibly different
shunt admittances at the sending and receiving ends).

Exercise 2.4 (Surge impedance load (SIL) on lossless line.). Consider a lossless line
with » = g = 0 that terminates in an impedance load that is equal to the characteristic
(surge) impedance Zjgag = Zc = \/l/_c Q of the line. The power delivered by a lossless
line to the resistive load Z. is called the surge impedance loading (SIL).
1. Show that the voltage magnitude |V (x)| is constant over x € [0,{].
2. Calculate SIL in terms of the load voltage magnitude |V5| (a load typically has a
known nominal operating voltage magnitude).

Exercise 2.5 (Voltage drop along lossless line). We have derived in Chapter 2.2.4 the
voltage V(x) at each point x € [0,£] along a lossless line terminating at an impedance
load Zjoad = Rioad +1iXjoad to be (from (2.20)):

V() = [cos(Br)+ 2808 G gy +i ZeRiond G gy v

| Zi0ad]? |Zload 2

Assume B¢ < r/4. Prove the following:

1. If the load is purely resistive Zjoag = Rjoag then [V (x)] is an increasing function for
all x € [0,£] (i.e., the voltage magnitude |V (x)| drops from the source at x = £ to
the load Zjp,q at x = 0) if and only if Rjpaq < Zc.

2. If the load is purely inductive Zjgaq = iXjoag With Xjoaq > O then |V(x)| is an
increasing function for all x € [0,¢] if and only if

sin(28¢)

X; - 7
load = T cos(280) ¢
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3. If Zjgad = Ri0ad (1 +1) then |V (x)| is an increasing function for all x € [0,£] if and

Only if
R < 1 + 1 Cot(Zﬁf)
load = Si 2( )

Exercise 2.6 (Voltage, reactive power compensation). Consider a generator with volt-
age and power injection (V;,s;) supplying a load with voltage and power injection
(Vi,sk) through a transmission line parametrized by series and shunt admittances

-1
Zc

y;k,y;."k,yfj . Power balance at the load bus % is (with yij = yj.k)

st = T (VePP = ViV ) + 57, Vi (224)

Let y;‘{j =: g‘;(j +ib‘;<j and y?{”}. =: gkmj +ib7<"j and suppose g‘;q. >0, b;ij < 0 (inductive)
and gZ’j >0, b;(”j > 0 (capacitive). Let s; =: py +igg, and V; =: |V;| el i = j, k. Use
(2.24) to express the receiving real power —py and receiving reactive power —gqy in
terms of the voltage magnitudes |V;|,|Vi|, and the angle difference 6y ; := 6 —6;.

Suppose y’k"j =0 (zero shunt), gjk =0 (loss line), and 0 < |0 ;| < 7 /2 (power flow
solution stability).
1. Show that real power is delivered to the load (i.e., —py > 0) if and only if —7/2 <
ij <0.
2. The next few questions study the relation between load voltage magnitude |Vi|
and reactive power injection gj. Show that:
(a) For DC load (i.e., gx = 0), we must have |Vi| < |V;]|, i.e., the load voltage
magnitude must be smaller than the generator voltage magnitude.
(b) On the other hand, |Vi| = |V;| implies that gz > 0, i.e., the load must inject
reactive power to maintain a high load voltage magnitude.
(c) If —gx > 0 (i.e., the load withdraws reactive power), then |Vi| < [V;|cos 6
(i.e., load voltage magnitude will be further suppressed).
3. The power factor angle is ¢ :=tan"! (gx/px) and the power factor PF is cos ¢y.
Show that
Vil

1 +tan ¢y tan@kj = WlCT@k
J J

When |Vi| = |V|cos 8, what is the PF and is the load withdrawing or injecting

real power?

4. Suppose further that V; :=1/0° and bjﬁk = —1. Suppose that the load voltage
magnitude |Vy| must lie between [1 —¢,1 +€].

(a) At unity power (gx = 0), find the maximum received power —py and the
corresponding load voltage phasor Vi = |V | ei%. Conclude that the maximum
received real power satisfies —py < %

(b) Show that the maximum received real power is —p; = (1 +€) when the load
must inject the reactive power g = (1+€)?.
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Exercise 2.7 (Voltage, line loss and voltage drop). Consider two buses 1 and 2 con-
nected by a transmission line modeled by a per-phase II circuit model with series
impedance z and shunt admittance (line charging) y/2 at each end of the line, as shown
in Figure 2.8. Let S, be the sending-end complex power from buses 1 to 2 and Sy

8

One-line diagram:

Figure 2.8 Two buses connected by a transmission line.

be the sending-end complex power from buses 2 to 1 (or, equivalently, —S»; is the
receiving-end complex power at bus 2). Note that the direction of load current I, is
opposite to the convention we used in Chapter 2.2.2.

1. Calculate the complex line loss as a function of voltages (V;,V,). Can you express
the complex line loss in terms of the load voltage and current (V,, I5) instead?

2. Suppose bus 2 is connected to a load that draws a fixed active power Pjoag With a
fixed power factor cos ¢ at a fixed voltage magnitude |V;|. Suppose z = r +ix and
the shunt admittance y/2 = ib /2 is purely reactive. Calculate the active power loss
Piine over the line in terms of the active load power Pjoag, the power factor angle
¢, and the load voltage |V;|.

For the following subproblems, assume y = ib = 0 (short transmission line). Suppose
the active load power P)yyq is fixed and given.

3. Show that the active line loss Pjine derived in part 2 of the problem is

2
Pload

Pl' =Vr—-
T Val2cos2 ¢

i.e., it is inversely proportional to the squared load voltage |V>|? and to the squared
power factor cos? ¢.

4. Suppose now the load at bus 2 is an electric vehicle that draws an active power
of Pjoaqg = 20 kW with unity power factor at a voltage magnitude of |V,| = 200V.
Calculate the ratio of the active power loss to the active load power if » = 0.04Q
(wires with gauge number 6 at 100ft).

5. Show that the relative voltage drop across the transmission line is:

Vi =Vs| = 12| Pioag
V2 [V2|?cos ¢

Hence the larger the load voltage the smaller the voltage drop across the line.

Exercise 2.8. Consider the short-line model Sy = (2)™! (|Vi|?>— Vi V,) of a transmis-
sion line with z := y‘1 1% that connects bus 1 and bus 2, where y € Risreal. Let V1, V,
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be the complex voltages at buses 1 and 2 respectively and assume |V;| = |V,| = 1. Let
012 := LV = LV,
1. For what value of 61, is S real and nonzero?
2. What is the maximum real power —P;; that can be received at bus 2 and what is
61> that delivers it?

Exercise 2.9 (Nose curve and voltage collapse). Consider a voltage source with a
fixed magnitude |V}| supplying a load through a line modeled by a series impedance
7 = |z] €% with |6,| < /2. Let the complex power supplied to the load be S, =
[S2](cos ¢ +ising) =: P(1+itan¢) where P > 0 is the active load power and ¢ is the
power factor angle. The power flow equation is:

1 .
P(1+itang) = —E(|v2|2—|v2||vl|e'9ﬂ) (2.25)

where 05 := £V, — £V}. Suppose |V| ;=1 and ¢ are fixed and given. As the desired
load power P changes, |V;| and 6 vary.
1. For each P, solve (2.25) for |V;| as nonunique roots of a polynomial equation in P.
2. Show that, as P increases from P = 0, the resulting nonunique roots |V;| trace out
a curve called the nose curve. As P keeps increasing, eventually, the polynomial
equation has no real root, which is the phenomenon of voltage collapse.
3. Find the maximum power transfer P = P, at which solutions for |V;| exist.
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3.1

3.1.1

A large electric network is composed of multiple areas that have different nominal
voltage magnitudes. These areas are connected by transformers that convert between
different voltage levels. The ease of converting between voltage levels is an important
advantage of AC over DC transmission systems. It allows, for example, the transmission
network to operate at 765 kV to reduce power loss and household appliances to operate
at 120 V for safety. In this chapter we develop transformer models and explain how to
analyze a balanced three-phase system that contains transformers.

We start in Chapter 3.1 with models of a single-phase transformer and use them
in Chapter 3.2 to develop models of three-phase transformers in balanced operation.
We describe in Chapter 3.3 how to refer impedances from one side of a transformer
to the other side. We apply this method in Chapter 3.4 to simplify per-phase analysis
of circuits that contain transformers. We explain in Chapter 3.5 per-unit normalization
that further simplifies the analysis of balanced three-phase systems.

Single-phase transformer

We first model an ideal single-phase transformer by a transmission matrix and then
describe circuit models of a nonideal single-phase transformer.

Ideal transformer

An ideal transformer has no loss (zero winding resistance and core losses), no leakage
flux, and the magnetic core has infinite permeability. Let N; be the number of turns in
the primary winding, N, that in the secondary winding, and

N, 1 Ny
n= —, a:=—-=—
Ny n N>

An ideal transformer is represented schematically in Figure 3.1. We will call n the
voltage gain and its reciprocal a the turns ratio. The voltage gain n relates the voltages
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3.1.2

+ . . 2 + . NZ
N,
v v,
a= N,
_ o- "N,
N, : N,

Figure 3.1 Single-phase ideal transformer.

and currents in the primary and secondary circuits, both at all times in the time domain:

@ _ oM _
vi(1) ' i1(1)
and in the phasor domain:
Vo L
v n, o a
This relation can also be written as
% a 0Of |V
) =16 [ @

The matrix on the right-hand side is called a transmission matrix of an ideal transformer.
It maps (V», I5) to (Vy,1;). The dot notation in Figure 3.1 indicates that the currents I, I,
are defined to be positive when one flows into and the other out of the dotted terminals.
This notation is convenient when we use single-phase transformers to construct three-
phase transformers.

The ratio of the complex receiving-end to sending-end power is
—Sa Vol _
S Wil

i.e., an ideal transformer has no power loss.

|
—_

Nonideal transformer

A real transformer has power losses due to resistance in the windings (r|1|?), eddy
currents and hysteresis losses. It also has nonzero leakage fluxes and finite permeability
of the magnetic core. Figure 3.2(a) shows elements of a (nonideal) transformer. The
primary winding has Nj turns around the magnetic core and the secondary winding
has N, turns. The mutual flux ®,,, due to the currents i; and ié links all the turns of the
primary and secondary coils. The two dots indicate that the mutual flux components
due to i; and ié add when these currents both enter (or exit) the dotted terminals
according to the right-hand rule. The leakage fluxes ®;; and ®;; links the individual
coils. The flux linkages A;; =: L;1i1 and A5 =: leié due to ®;; and ®;, are proportional
to the currents 7; and i} respectively. The proportionality constants L;;, L are called
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N N )
(a) Nonideal transformer (b) Circuit model

Figure 3.2 Single-phase nonideal transformer. The dotted box represents an ideal transformer
with a := Nj/N,.

inductances. Then the total flux linkages 41,1, of the primary and secondary circuits
are the sums of the leakage flux linkages and the mutual flux linkage:

A1 = A+ N1 D@y, Ay = A1 + N2 @y,

The voltages are

da d do

V) = r1i1+d_l‘1 = r1i1+L11%+N1 dtm (323)
L, dd ., di; do

vy = r2l2+d_t2 = r212+L12d—t2+N2d—tm (3.2b)

where 7171 and r,i} represent power losses due to winding resistances. The model for
an ideal transformer neglects losses (r; =7, = 0) and leakage fluxes (4;; = 4;2 =0) in
(3.2) and hence vi = N, df;% and v, = N, dg)t’”, yielding v /vy = Ni/N5.

The total magnetomotive force F due to the currents i; and i), is proportional to the
mutual flux ®,,:

F = N]l'1+N2ié = RO®,, 3.3)

where R is called the reluctance of the core. The model for an ideal transformer assumes
infinite permeability of the magnetic core and hence R =0, yielding i; /(=i}) = N2/ Nj.
In practice the magnetic core has finite permeability, i.e., R > 0, and the magnetomotive
force F' is nonzero. When the secondary circuit is open, i}, = 0. The resulting primary
current, denoted i,,, is called the primary magnetizing current and satisfies Nyi,, =
R®,, from (3.3).! Define

do,, dim

=N = Le

~ d®,, Ny,
V2 = 27 T ~ V1

! Instead of iy, := (R/N)®,, we can define i/,, := (R/N>)®,,, as the secondary magnetizing current
when the primary circuit is open i; = 0. In this case the shunt admittance y,,, in Figure 3.4(a) will be in
the secondary circuit.
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where L,, := le/ R. Substituting into (3.2) yields, denoting 75 := —i/, we have

. . diy R di,
Nonideal elements: vi = rii+Ly— +71, P| = Ly——
dt dt
L dis “h
Vo = —riy—Lp—+7,
dt
N N2 N . Nl . ~
Ideal transformer: Py = —Pq, i = — (i1=im)
N] N2

where the last equality follows from substituting R®,, = N\i,, into (3.3). This set of
transformer equations in the phasor domain is

Nonideal elements: Vi = zp14 +\71, fm = ymVl (3.4a)
Vs = 251+ Vs (3.4b)
N N A N .
Ideal transformer: Vo= =2V, L = —1(11—1,,,) (3.4¢)
Nl N2

where z, :=r; +wL;; and z; :=r, +wLj; model the winding losses and leakage
fluxes in the primary and secondary circuits respectively, and the imaginary part
1/(wLy) =R /(a)le) of y,, models the finite permeability of the core. The real part
of y,, models core losses due to hysteresis and eddy currents in the magnetic core,
which is much smaller and often neglected. The model (3.4) can be interpreted as the
circuit in Figure 3.2(b). Variables with hats denote internal variables. With respect to
this circuit model we will call (z,,,z5) the leakage impedances or series impedances
and y,, the shunt admittance of the transformer.

The end-to-end behavior of the nonideal transformer can be described by a trans-
mission matrix that maps (V,, ) to (V1,1;). Eliminating the internal variables (with
hats) from (3.4), the transmission matrix is given by (Exercise 3.1)

[Vl] _ [a’ a’zs+nz, [Vg] (3.5)

11 aYm n+azsym 12

wheren:=N>/Ni,a:=N1/Nz,anda’ :=a(1+z,y,). We will refer to such a model that
describes the end-to-end behavior as an external model. An equivalent external model
to the transmission matrix is an admittance matrix that maps (V;,V3) to (I1,-1):

Il _ l V1
EARY | 59

V2
where 17 := a’z; +nz,. We will freely use either the transmission matrix or the admit-
tance matrix for describing the end-to-end behavior of a two-terminal device such as
a transformer or a transmission line.

-1 a’

n+azsym —1]

In the following we present three circuit models derived from that in Figure 3.2(b).
Their relation is shown in Figure 3.3. The circuit model in Figure 3.2(b) is equivalent
to a T equivalent circuit (Chapter 3.1.3). The T equivalent circuit can be approximated
by a simplified model whose parameters can be determined by short-circuit and open-
circuit tests (Chapter 3.1.4). The circuit model in Figure 3.2(b) is also equivalent to
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3.1.3

I transformer equations |

I transformer circuit model |

T equivalent unitary voltage
circuit network

5
simplified model

Figure 3.3 Relation between different circuit models of transformers.

a circuit consisting of two ideal transformers connected by a unitary voltage network
(Chapter 3.1.5). The unitary voltage network can be generalized to model nonstandard
transformers with multiple windings, e.g., split-phase transformer. These models re-
duce to the same model when the shunt admittance y,, in Figure 3.2(b) is assumed
zero (i.e., open-circuited). We emphasize that, by equivalence, we only mean that two
circuits have the same end-to-end behavior, i.e., same transmission or admittance ma-
trices, but their internal variables may take different values. This is important, e.g.,
when we try to determine transformer parameter values from measurements using
these circuit models; the derivation should use only terminal variables, not internal
variables, as we discuss in Chapter 3.1.3.

T equivalent circuit

Figure 3.4 T equivalent circuit.

It is shown in Exercise 3.1 that the circuit model in Figure 3.2(b) has the same
transmission matrix (3.5) and hence the same end-to-end behavior as what is called the
T equivalent circuit of the transformer shown in Figure 3.4. The difference between
the models in Figure 3.2(b) and in Figure 3.4 is the position and the scaling of the
leakage impedance z,; this is called referring z; on the secondary side to the primary
side and is discussed in Chapter 3.3.1.

Remark 3.1 (Internal variables). Even though the circuit model in Figure 3.2(b) and
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the T equivalent circuit in Figure 3.4 have the same transmission matrix (external
behavior), their internal variables are generally different because of the reference of z
to the primary side. The internal variables in (3.4) are for the model in Figure 3.2(b),
but not the T equivalent circuit in Figure 3.4. For instance, when the secondary circuit
is shorted, i.e., setting V, = 0, the internal variables V, and V, in Figure 3.2(b) are
determined by (3.4) and generally nonzero. The T equivalent model in Figure 3.4 will
however incorrectly predict that the internal voltages on the ideal transformer will be
zero. This is because the circuit model in Figure 3.4 is equivalent only in the sense that
it has the same external behavior as that of the model in Figure 3.2(b). ]

Parameter identification. Two tests are often used to determine the transformer
parameter (2p, 2, Ym):
1. Short-circuit test (V, = 0). With the secondary circuit short-circuited, the primary
voltage V. and primary current /. are measured. The primary short-circuit voltage
Vi is called the impedance voltage. Let I » denote the secondary current.
2. Open-circuit test (I, = 0). With the secondary circuit open, the primary voltage
Voc and primary current /. are measured. Let V2 denote the secondary voltage.
These tests measure the external behavior of the transformer whose parameter
(2p»2s,ym) is the same in the models (3.4), or Figure 3.2(b), or Figure 3.4. We can
therefore use any of these models to determine (z, s, ym) from the measurements. It
is easy to use the T equivalent circuit in Figure 3.4.

During the short-circuit test, the voltage on the primary side of the ideal transformer
is zero in Figure 3.4. Hence

-1
1
Ve = (zp+(ym+2—) )ISC (3.7a)
a’zs
During the open-circuit test, the secondary current /> = 0, and hence there is zero
current on the primary side of the ideal transformer. Therefore

1
Voe = (zp + y_) Ioe (3.7b)

If the secondary current /i » during the short-circuit test and the secondary voltage
Voc.2 during the open-circuit test are also measured, then KCL and the voltage divider
rule at the T-junction in Figure 3.4 yield respectively

1/ ym
alye = (1+a2zs)’m)lsc,27 aVocp = /—yvoc (3.7¢)

p+1/ym
These equations do not involve any internal variable, and therefore can also be derived
from (3.4) or the circuit model in Figure 3.2(b) (Exercise 3.2). These are four nonlinear
equations in three unknowns (zp,zs,ym). Solving these nonlinear equations can be
difficult, especially in the presence of measurement noise.

In general, given a set of noisy measurements of primary voltage and current

(Vi If,k=1,...,K) and secondary voltage and current (Vy,I5,k =1,...,K), their
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relation (3.5) provide K nonlinear equations in the unknown parameter (z,, 2, Ym) in
the transmission matrix. These data can therefore be used to identify (z,,zs,ym) by
regression. Specifically write (3.5) as
vk vk i
I:I}<:| = T(ZP’ZS9ym)|:I%( +§ ’ kzl,...,K (3'8)
1 2
where ¢* are (unknown) measurement errors. Then a popular method to estimate the
transformer parameter is to minimize the measurement error, i.e., choose (zp,Zs,Ym)
to be a solution of the optimization problem:
K X PR
V. V
iy Slrcen4] - 4]
(2p2s-ym) e ; U P I P18
subject to constraints such as Re(z,) > 0, Im(z,) > 0. Here ||al|> is the Euclidean
norm of vector a.

If y,, is assumed to be zero (open-circuited) so that (3.7a) becomes Vic = (zp, +
a’z,)Ic, then just the short-circuit test will yield the total leakage impedance z p+ a’zg
in the primary circuit where a”z, is secondary-side impedance in reference to the
primary circuit. (This is the same as the model in Figure 3.5(b).)

3.1.4 Simplified model

In practice the shunt admittance y,, is much smaller than the leakage admittances
(see Example 3.1). Specifically when |y,,| < 1/|a’zs| or |e| := |a’zsym| < 1, we
interchange y,, and a’z to obtain the simplified model in Figure 3.5(a) with z; =
Zp +a?z;. An even simpler model assumes y,, =0, as shown in Figure 3.5(b).

=<
=
S .
=

(a) Simplified model (®) ym =0

Figure 3.5 (a) Simplified model of nonideal transformer including power losses, leakage flux
and finite permeability of magnetic core with z; := z), +a%zg. (b) Simplified model assuming
infinite permeabilitiy.

Transmission matrix. Apply KCL, KVL and Ohm’s law to the model in Figure
3.5(a) to get:

Vi = zil1+aVa, Iy = ym(aVa) +nlp
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Hence the transmission matrix M is given by

[Vl} _Ja(+ziym) nzl] [VZ]
L~

aym n L
We mostly use the simplified model in Figure 3.5, or equivalently, in (3.9a). The
relation (3.9a) can be equivalently expressed in terms of an admittance matrix Y:

I Vi —ayj [Vl]
- 3.9b
[—12] [—ayz a?(yi+ym) | |V (3.99)
Y

(3.92)

M

where y; :=1/z;. When z; = y,,; = 0 the model (3.9a) reduces to (3.1) for an ideal
transformer.

Approximation to T equivalent circuit. We now justify the model in Figure 3.5(a)
withz; =z, + a’z as a reasonable approximation of the 7' equivalent circuit in Figure
3.4(b) when y,, is small. Let M and M denote that transmission matrices in (3.5) and
(3.9a) respectively. Their difference is

MM = [ ‘”Zﬂ]
0 -n

where € := a?z,y,,. The conductance in the shunt admittance is negligible in practice
and hence the shunt admittance y,, due to the primary magnetizing current takes the
form y,, = (ix,,)~' = —ib,,, with b,, > 0. The leakage impedance Zp takes the form
Zp =rp+ix, withr, > 0 and x,, > 0; similarly for z,. Suppose z,, = 5z, for some real

number 1 > 0 and |e€| < 1. Then the relative error can be shown to satisfy (Exercise
3.3)

1M - M|
1Ml

where the matrix norm [|A|| is the sum norm ||Al| := %, ;|A;;|, or the [, vector norm

< lel <1

when the 7 x n matrix A is treated as a vector in C. Note that for a < 1, the model
parameters (z;,V,,) should be on the high voltage side. When the shunt admittance is
neglected y,, = 0, these two models are the same, i.e., M=M.

Parameter identification. The parameters (z;, y,,) of the simplified model in Figure
3.5(a), or equivalently, in (3.9a), can be uniquely determined from two simple tests:
1. Short-circuit test (V, = 0). With the secondary circuit short-circuited, the primary
voltage Vi and current /. are measured. Then, from Figure 3.5,

z _Vsc
;= —
I

The primary short-circuit voltage Vi is called the impedance voltage.
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2. Open-circuit test (I = 0). With the secondary circuit open, the primary voltage
Voc and current I, are measured. Then V. = (z;+1/y,,)Ioc and hence

1 VOC VSC

ym IOC ISC
Example 3.1 (Parameter identification). Consider a single-phase distribution (step-
down) transformer with the following ratings: 2.9 MVA, 7.2 kV /240 V. Construct the
equivalent circuit model in Figure 3.5 from the following test results:

1. Short-circuit test (V, = 0). With the secondary circuit short-circuited, a voltage
|[Vse| =500V is applied to the primary circuit that causes the rated primary current
|Isc| to flow.

2. Open-circuit test (I, = 0). With the secondary circuit open, the rated voltage
[Voc| =7.2KV is applied to the primary circuit. This caused a current of |I,.| = 7A
to flow in the primary circuit.

Assume z; = ix; and y,, = (ix,,) . Determine x; and x,,,.

Solution. In the short-circuit test the secondary voltage V, = 0. Since the rated primary
current is |Is.| = 2.9MVA /7.2kV = 403A, we have |Vi.| = |Iscz7| = |Isc|x;. Hence
x; =500V /403 A =1.24Q.

In the open-circuit test the secondary current I, = 0 and hence there is zero current
on the primary side of the ideal transformer (see Figure 3.5). Hence |Vic| = [loc (27 +
1/yu)| = Hoc| (X1 +Xpm), and x,,, = Vel /| oc| —x1 =7.2kV/TA - 1.24Q = 1.03kQ.

As expected, |y,| < 1/]z]. =

In transformer ratings, the ratio of secondary open-circuit voltage to the primary
open-circuit voltage is usually taken to be the voltage gain 2, even though more precisely
it should be

Va 1/ Ym

Lo tm

Vi 2+ 1/ ym
In practice the resistances due to winding losses are much smaller than the reactances
due to leakage fluxes and finite permeability of the core so that z; ~ ix; and y,, = —ib,,.
Moreover b,, < 1/x;. For Example 3.1

Va Xm 1.03kQ2

vi  "Nax,  'To3kQ+124Q "

If y,, := 0 then the model parameter is just the leakage impedance z; in the primary
circuit, which can be determined from the short-circuit test, z; = Vi, /Is.. Moreover its
magnitude can be determined from typical transformer ratings; see Chapter 3.2.3.
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3.1.5

Model with unitary voltage network

As far as the end-to-end behavior is concerned, the transformer model in Figure 3.2(b)
is equivalent to the model in Figure 3.6(a) where the ideal transformer with turns ratio
N1/N, is replaced by two ideal transformers in series with turns ratios Ny and 1/N,.
Referring the leakage impedances (z,,zs) and shunt admittance y,, to the other sides

N, o 1

unitary voltage networl

(a) Equivalent model (b) Unitary voltage network
Figure 3.6 Models of nonideal transformer with unitary voltage network.

of the ideal transformers using (3.16) in Chapter 3.3, this model is equivalent to the
one in Figure 3.6(b) where

2 Zp s
Y0 = Ny Ym. 2= =, = — (3.10)
Ny N;

The network between the two ideal transformers is sometimes referred to as a unitary
voltage network because the nominal voltage of the network is 1 pu if the scaled
nominal voltages V" /Ny = V;°™ /N, on both sides of the (nonideal) transformer is
used as the voltage base for per-unit normalization (per-unit normalization is studied
in Appendix 3.5). The transformer model does not assume, and allows, any node to be
grounded. The main advantage of modeling a nonideal transformer this way is that the
unitary voltage network can be generalized from the simple network in Figure 3.6(b)
to a more general network that can be used to model nonstandard transformers with
multiple windings; see below.

We now derive the admittance matrix that maps (V},V2) to (I1,—15). First focus on
the unitary voltage network, shown in Figure 3.7, where y; :=1/z; = leyp, yai=1/zp=

N3y, with yp, :=1/zp, ys := 1/z,. Variables with hats denote internal variables.” The

iu:o

+

v Vi [5] v

Figure 3.7 Unitary voltage network of the model in Figure 3.6(b).

2 The explicit separation of internal variables (e.g., V;, I;) and terminal variables (e.g., Vi, 1;) may not be
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variables (Vp,V;,V,) are defined as voltage drops as shown in the figure and (Io, 11, 1)
are the current injections at these nodes with fy := 0. Then

I = y1 (Vi =V0), L = y(Va=Vp), lo+Ii+h = yoVy (3.11)
or in vector form:
io Yotyir+ty2 —Y1 —»m Vo
L = =y1 Y1 0 [V
I -y2 0 y][V2

The matrix above is called an admittance matrix, which we will study in Chapter 4.
Let V := (V;,V5) and I := (I}, 1>). Since Iy = 0 we can eliminate V; and write I = Yy, V
where Yy, is called the Kron-reduced admittance matrix and given by the Schur
complement of yo+y; +y2 (see Appendix A.3.1 for details of Schur complement):

i 0] L[)’l][yl N L[)’I(YO"‘YZ) 2 | (3100

Yoo = — =
o 0 y2| Xivily2 Yivil —yiy2  y2(o+y1)

Next connect the two ideal transformers to each side of the unitary voltage network;
see Figure 3.6(b). Let I := (I;,—1I>) and V := (V},V>). The conversion between internal
variables (V, ) and terminal variables (V,I) is V.= MV and [ = M~'I where

/Ny 0 ]

0 1/N (3.12b)

|

Substitute into [ = YuvnV to get the relation between the terminal variables V to I:
I = (MYyuwM)V (3.12¢)

where MYy, M is called the admittance matrix of the transformer. It can be shown that
(3.12)is equivalent to the T equivalent circuit (3.5) (Exercise 3.4). As a consequence the
model parameters (yg,y1,y2) cannot be uniquely determined by just the short-circuit
and open-circuit tests.

We often do not know the numbers Ny, N, of turns of the primary and secondary
windings respectively, but can determine the turns ratio a := N /N, from the specified
rated voltages. The admittance matrix MYy, M can also be written in terms of the
turns ratio a (Exercise 3.4):

YpYs 1+a2ym/yx —a

Yyy = MYyyM = ————F——
Yy uvn azym+a2yp+J’s —a a2(1+)’m/)’p)

(3.12d)
If yo = y;» =0 then both (3.5) and (3.12) are equivalent to the simplified model in
Figure 3.5(b). In this case the model parameter is just the leakage impedance z; in the
primary circuit, which can be determined from standard power ratings as described

significant for single-phase devices but turns out to be crucial in modeling three-phase devices; see
Chapters 14 and 15.
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3.1.6

above. Recall that z; = 7, + a’zs and hence the leakage admittance in the simplified
model is

y 1 1 YpYs

] = — = =
2] l/yp+a21/ys a2yp+ys

Indeed, when y,, = 0, the admittance matrix Yyy is the same for both the simplified

model and the unitary voltage network model, from (3.12d):

1 -a
Yyy = MYyuM =y, [_a a2:|

which is the same as (3.9b).

The single-phase circuit model in Figure 3.6(b) can be generalized in two ways,
or a combination. First, multiple copies of the single-phase model can be connected
in A or Y configuration on each side to create models for three-phase transformers.
This is derived in detail in Chapter 15.3 for unbalanced three-phase systems. Second,
the unitary voltage network can be generalized to model nonstandard transformers
with more than two windings. This is illustrated in Chapter 3.1.6 in the modeling of a
split-phase transformer.

Split-phase transformer

In the US, single-phase or three-phase stepdown transformers are typical in the distri-
bution system. The most common three-phase nominal voltage on the primary side is
12.47 kV, serving more than 50% of loads. This is the line-to-line voltage (magnitude)
and hence the line-to-neutral nominal voltage is [V | = 12.47//3 = 7.2kV. A typical
primary side current rating is |[/%"| = 400A. Hence the total (three-phase) rated apparent
power is [S34| = 3|V |[I14"] = (3)(7.2)(400) = 8.6 MVA. Other common distribution
system voltages and their total power at 400A are shown in Table 3.1. The advantages

line-to-line voltage (kV)  phase voltage (kV) total power (MVA)

var| ver| 1531
4.8 2.8 3.3
12.47 7.2 8.6
22.9 13.2 159
34.5 199 239

Table 3.1 Typical distribution system voltages (line-to-line) and their total (three-phase) power
rating at 400A current.

of a higher-voltage system include:

e It can carry more power for a given ampacity.
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o It has a smaller voltage drop for a given level of power flow, requiring fewer voltage
regulators and capacitor banks for voltage support (see Exercise 2.7.5).

o It has a smaller line loss for a given level of power flow (see Exercise 2.7).

o It can cover a larger service area since it has a smaller voltage drop and a smaller
line loss. Roughly, for the same load density, the area covered increases linearly
with voltage.

e It requires fewer substations since it covers a larger service area, which can be a big
cost saving.

The disadvantages of a higher-voltage system include:

o It may be less reliable, since a longer circuit can lead to more customer interruptions.

o Crew safety is a bigger concern with a higher voltage.

o Higher voltage equipment costs more, from transformers to cables to voltage regu-
lators.

The 12.47 kV system on the primary side seems to strike a good balance. One end of
the winding typically connects to one of the primary phases and the other end connects
to the transformer case which is connected to the neutral wire of the three-phase system
and also earth ground. See Figure 3.8.

The secondary side connects to the meters of residential customers and is typically
the split-phase 120/240V systems in the US. The 240V is center-tapped and the center
neutral wire is usually connected to the transformer case which is grounded. This
makes the two ends “hot” with respect to the center tap. These three wires run down
the service drop to the meter and electric panel of a house as shown in Figure 3.8.
Connecting a load between either hot wire and the neutral gives 120V while connecting

ana

lsz o é%
%g | v —l: , %@

|
- v, L 2

Figure 3.8 A typical single-phase distribution transformer in Southern California, US,
supplying 8 houses arranged in A configuration. The center tap is grounded (V" :=0) and V;
and V) are defined with respect to the ground.

it between both hot wires gives 240V. Note that the transformer is single-phase.

Case study: Southern California residential distribution circuit. We now
present voltage and current measurements from a split-phase distribution transformer
in a Southern California municipal utility grid. The transformer supplies 8 houses in a
residential area in a A configuration. It is rated at 75 kVA, with 12 kV grounded-Y on
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the high-voltage side and single split-phase 240V/120V with grounded neutral on the
low-voltage side as shown in Figure 3.8.

We measure the voltage and current phasors V := (V{,V,,V,,) and I := (I1,1>,1,)
respectively at the low-voltage terminals of the transformer (the notation is shown in
the figure). The neutral (center tap) is grounded and used as the common reference
point, i.e., V,, := 0. The terminal current is defined here to be into the load which is in
the opposite direction to what we usually use elsewhere in this chapter, corresponding
to the direction in Figure 3.8. We assume that the line loss between the transformer
and the load (8 houses) is negligible, and hence V and I are also the terminal voltage
and terminal current respectively of the load in A configuration.

We illustrate in Figures 3.9 and 3.10 the behavior of the circuit using the noisy time
series of (V,I) measured from the field on March 28 Thur, 2024.

180

121 90

Phase (°)

-90

119 —180
(a) [Vi| and [V3] (b) 2Vi: =0and 2V

90

Phase (°)
-

(¢) [I] and |I| (d) 21, and 21,

Z 0

12AM 06AM 12PM 06PM 12AM 12AM 06AM 12PM 06PM 12AM
(¢) Re(s1) and Re(s») (f) Im(s,) and Im(s;)

Figure 3.9 Voltage, current and power behavior.

1. Voltage behavior. Figures 3.9(a)(b) show the magnitudes and angles of the terminal
voltages (V,V,). Their magnitudes are roughly 120V but their phase angles are
approximately 180° apart most of the time due to the split phase. Hence V| -V, =
240V. The voltage measurement v{(¢) on line 1 in the time domain is the voltage
drop between terminal 1 and the neutral, which is grounded. This means that, in
the phasor domain, /Vj is arbitrary and it is set to 0° in our calculation. Relative
to the potential on the neutral, v,(¢) is approximately a half cycle off from v (¢)
(see their waveforms below).

2. Current and power behavior. Figures 3.9(c)(d) show the magnitudes and angles
of the terminal currents ([, 1). Similar to the voltages, the current magnitudes
are similar but their angles are 180° apart when [,, = 0 due to the split phase. The
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Voltage (V)

Voltage (V)

currents exhibit prominently the effect of solar generation between roughly 8am
to Spm.

This is revealed more clearly in powers s; := V;I; calculated from the measure-
ments of voltage and current phasors, as shown in Figure 3.9(e)(f). For example,
from Figure 3.9(b) during 9am—5pm the power factor angles /V; — 21; ~ —180°
for both lines 1 and 2, resulting in negative real powers Re(s;), i.e., real powers
flow from the loads towards the transformer on lines 1 and 2 (Figure 3.9(e)). The
reactive powers Im(s;) are small most of the time (Figure3.9(f)).

1501 60
100 [40
501 r20 -
<
01 0 :;)
3
-50 r—20
100 |40
~150 F-60
230 240 250 260 270
Time (us)
(a) Voltage and current waveforms around midnight 12am (in phase)
r7s
150 1
1001 50
501 25 4
<
01 -
=
S
=507 -25
~100{ |5
—1501
F-75

270 280 290 300 310 320
Time (ys)

(b) Voltage and current waveforms around noon 12pm (out of phase)

Figure 3.10 Voltage and current waveforms around midnight and around noon.

3.

Voltage and current waveforms. Figure 3.10(a) shows the voltage waveforms
v1(2),v2(¢) (solid lines) and current waveforms (i1 (¢),i2(¢)) (dashed lines) around
midnight where the currents and voltages are roughly in phase, indicating that real
power flows from the transformer to the loads. Figure 3.10(b) shows the voltage and
current waveforms around noon where they are roughly out of phase, indicating
that real power flows from the loads to the transformer.
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Admittance matrix. We now derive the external model of a split-phase transformer.
A schematic of such a transformer is shown in Figure 3.11. The derivation of its
external model follows the same procedure as that in Chapter 3.1.5.

1, I A

o + f\y_|]+ \L] +
i I 74

v 3 aphg e[
: M +
: V-‘
o - : - -
N]Il ............................... 1

unitary voltage network

Figure 3.11 Single-phase split-phase transformer.

The internal voltages (Vo,V1,V»,V3) and currents (fo, 11, >, [3) on the unitary voltage
network are defined in the figure (different notation from that in Figure 3.8 as we do
not assume any line is grounded). The admittance matrix that maps these voltages to
currents is given by:

I -y N 0 0 ||W
I -2 0y 0|V

fo‘ I it S AL
I -y3 0 0 y3llVs

Let V := (V,,V»,V3) and [ := (I}, 1>, 13). Since Iy = 0 we can eliminate Vj to relate
I = Y4V where Yy is the Kron-reduced admittance matrix:

yi 0 0 | 1
Yom = {0 y2 0= —=—|n|[1 » 3]
0 0 y; i=0Y1 | ys
| yi(Yo+y2+y3) -y1y2 -y1)3
= S —y2)1 y2(yo+y1+y3) —y2)3 (3.13a)
i —y3)1 —y3y2 y3(yo+y1+y2)

This extends in a straightforward manner Yy, in (3.12) from two to three windings.

Next we connect ideal transformers to the unitary voltage network as shown in
Figure 3.11. The terminal voltages V := (V,V»,V3) and currents I := (I1,—1>,—13), as
well as the internal current f3 into the third winding, are defined in the figure. Let
M :=diag(1/Ny,1/N>,1/N3). Then V = MV and, using KCL,

I
[=M" - |= M'Al
-L-1
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where
1 00
A=1(0 1 0 (3.13b)
0 1 1
Substituting into I =Yy, V we obtain a relation between the terminal variables V to I:
[ = AN (MYyuM)V (3.13¢)
where Yy, is defined in (3.13a).
3.2 Balanced three-phase transformers
In this section we develop models for balanced three-phase transformers and derive
their per-phase equivalents.
3.2.1 Ideal transformers

The primary and secondary circuits of a three-phase transformer can be arranged in
four different configurations: YY, AA, AY, YA. Figure 3.12(a) shows a primary three-

It It I I
Vi Vio—>—— \%3 \%3
q B
n <£ }>
11— M
n G n
Vlh > > Ovzh
< =3
;%E %i
Iy : L
vy Iy I vy
Vi Vs ;
Vl‘ g B —»—OVZ’
If | < P L
(a) Primary winding in Y configuration (b) Secondary winding in A configuration

Figure 3.12 Primary and secondary windings in ¥ and A configurations respectively. The thick
lines in the schematic diagrams represent transformer windings.

phase winding in Y configuration and its schematic diagram. The winding on the first
magnetic core goes from terminal a to neutral n and then connects with the neutral
terminals on the second and third magnetic cores. It matches the connectivity in the
schematic diagram where the windings are indicated by the thick lines. Figure 3.12(b)
shows a secondary three-phase winding in A configuration and its schematic diagram.
In both diagrams, the windings go from terminal @ on the first magnetic core to terminal
b on the second magnetic core to terminal ¢ on the third magnetic core. The winding
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of an ideal three-phase transformer in Y'Y configuration and its schematic digram are
shown in Figure 3.13(a). The parallel lines in the schematic diagram indicate corre-
sponding primary and secondary windings in the single-phase transformers. Similarly
the winding of an ideal three-phase transformer in AA configuration and its schematic
digram are shown in Figure 3.13(b), and those for AY and Y A configurations are shown
in Figure 3.14. The different configurations of three-phase transformer banks can also

I c I
Vio—>— —>——oVJ
q Y
=i N It I
e 7 vi vi
n 3
ybo %4 )
q Y
g Iy
4 A
. . vi Vi
Vio Vs
g I
g Iy
(a) YY configuration
)2 e
1 2
Voo »oy
Ll B
= > It 1
— = Vi \%
Vb Vh
1 4 5 2
q Y
VP vy
. . Vi Vs
Vf = s> OVZK
Ll B
S -

(b) AA configuration

Figure 3.13 Ideal three-phase transformers in Y'Y and AA configurations. The parallel lines in
the schematic diagram indicate corresponding primary and secondary windings.

be represented compactly as in Figure 3.15 (see its caption for details).

Recall that the internal voltages and currents are denoted by VY = (V“” Vb n V"") €
c3. IY = (1“" Ib” IC") € C3? for Y configuration and VA = (V“b Vb‘ V‘“) e C3,
I3 = (]“b 17 be ]C“) € C for A configuration. The termmal voltages and currents are
denoted by VJ = (V& VP,VE) € C and [ = (14,1%,15) € C°, with the current 1,
flowing into the primary side of the transformer and I, flowing out of its secondary
side (see Figure 3.12). The external behavior of an ideal three-phase transformer is
defined by the ratio of the line-to-line voltages on the secondary side to those on the
primary side, and the ratio of the line currents on the secondary and primary sides. We
refer to these ratios as its external model. The phases of a balanced transformer are
decoupled and therefore it can be represented by its phase a model, called its per-phase
equivalent.
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(b) Y A configuration
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Figure 3.14 Ideal three-phase transformers in AY and YA configurations. The parallel lines in

the schematic diagram indicate corresponding primary and secondary windings.

The external model of an ideal balanced three-phase transformer and its per-phase
equivalent can be derived using the following procedure:

1. Internal model. Derive the internal voltage and current gains based on the pairing
of primary and secondary windings in different configurations (see Figures 3.13

and 3.14):

YY:
AA:
AY:
YA:

vy
vy
vy
vy

nV]Y s
nVlA,
nV]A,

nVIY,

—I§
_]2A
_[g

A
_12

alf

A
al
allA

Y
alj

(3.14a)
(3.14b)
(3.14c)
(3.14d)

2. Conversion rules. Apply the conversion rules (1.13) (1.14) to express line-to-line
voltages and line currents on both sides in terms of the internal voltages and
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(a) YY and AA configurations (b) AY and Y A configurations

Figure 3.15 Compact representation of ideal three-phase transformers in (a) Y'Y, AA
configurations and (b) AY, YA configurations. For instance, in the YY configuration, the
vertical arrow represents the vector V4" in the complex plane. The arrow from b to a (not
shown) represents the vector vab The parallel lines in the diagram indicate corresponding
primary and secondary windings.

currents respectively:

Y config:  Vi" = TV! = (1-a)V) = V30V (3.14e)
I; = +I} (3.14f)

A config: I = £T71% = (1-) 1} = £ V377012 (3.14g)
vire = v (3.14h)

where we have assumed the balanced voltages V}/ and currents [ JA are in positive
sequence, i.e., in span(a. ), and used Corollary 1.3.

3. External model. Derive the line-to-line voltage gains K(n) € C and line current
gains 1/K(n) € C for the three-phase transformer by eliminating the internal
variables from the internal model in Step 1 and the conversion rule in Step 2:

1
= —1
K(n)
The fact that the voltage gain K (n) is a scalar means that the phases of a balanced

three-phase transformer are decoupled. The results for different configurations are
given in Table 3.2 (see Example 3.2 for derivation).

vire = K(n)vy"e, b (3.141)

Property Gain Configuration Gain
Voltage gain K(n) YY Kyy(n) :=n
Current gain 1 AA Kap(n) :=n
K (n) in/6
Power gain 1 AY Ky (n) :=V3n e P
. 2y . n —in
Sec z; referred to pri RO YA Kya(n): i

Table 3.2 Ideal complex transformer properties.
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4. Per-phase equivalent. The YY-equivalent of a balanced three-phase transformer is
a balanced transformer in Y'Y configuration that has the same external model, i.e.,
they have the same voltage gain K(n) and current gain 1/K(n) given in (3.14i).
Since the phases are decoupled, the per-phase equivalent is the phase a model of
the YY-equivalent, i.e., a single-phase transformer with voltage gain K(n). See
Example 3.2.

Example 3.2 (External models and per-phase equivalents). In this example we apply
the method outlined above to derive the external models of ideal balanced three-
phase transformers in YY, AA, AY and YA configurations as well as their per-phase
equivalents. The external models are derived by eliminating internal variables (VJ).’ , I}’)
and (V].A, 1}4) from (3.14a)—(3.14h).

1. YY configuration. The external model is, from (3.14a) and (3.14¢)(3.14f):

Vzline _ (1_Q)V2Y = (1—a)nV1Y = nVlline
12 = _Ig = alf = al{

giving the voltage gain Kyy (n) := n and the current gain 1/Kyy (n) := 1/n =: a.
The per-phase equivalent is simply an ideal single-phase transformer with voltage
gain Kyy (n) :=n. Since we define the voltage gain n (external model) to be the
ratio of balanced line-to-line voltages (or balanced line-to-neutral voltages), the
external model does not depend on the neutral voltages V;’ (which can be nonzero).
2. AA configuration. Similarly the external model is, from (3.14b) and (3.14g)(3.14h):

V%ine = VZA = nVlA = nV%ine
L =-(1-a»)I5 = (1-a%al = al;

giving the same gains Kaa (n) :=n and 1/Kax(n) := a as those for the YY config-
uration. Hence the per-phase equivalent is also an ideal single-phase transformer
with voltage gain Kap :=n.

3. AY configuration. The external model is, from (3.14c¢) and (3.14e)—(3.14h):

vire = (1-a)V) = (1-a)nV® = (1-a)nvire

a
12=—I§=a1f=m11 =15
giving the voltage gain Kay (n) := (1 —a)n and current gain 1/Kay (n) := a(l -
@)~!. Hence the per-phase equivalent is an ideal single-phase transformer with
voltage gain Kay (n) := (1 —a)n = V3¢"/°n. The AY configuration has several
advantages (e.g., a gain of V3 in addition to the gain n due to turns ratio) and is
the most commonly adopted transformer in practice.
4. YA configuration. The external model is, from (3.14d) and (3.14e)—(3.14h):

I

Vlme — VA — I’lVY — Vlme
2 2 1 l—a 1

~(1-a)I} = (1-a®)all = (1-a*)al; = (1-a@)al

53

giving the voltage gain Ky A (n) :=n/(1 —«) and current gain 1/ Ky (n) := (1 -@)a.
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3.2.2

Hence the per-phase equivalent is an ideal single-phase transformer with voltage
gain Kya(n) :=n/(1 —a) = n/(V3el7/%). -

Therefore the voltage gain K (n) and the current gain 1/K(n) given in Table 3.2
apply to line voltages/currents in both the original transformer and its YY equivalent.
For A configuration on the primary or secondary side, its Y-equivalent in terms of
the line voltage Vj'.i“e and line current /; can be derived from (3.14e)—(3.14h) (also
explained in (1.31a)). Specifically the Y-equivalent of (V,17) is

Ye L A 1 A Ye 2\ 74
vie = — v} = v a9 i(l—a )1. _—
Using the per-phase equivalent of an ideal balanced transformer (i.e., phase a model
of an equivalent transformer in Y'Y configuration), we conclude that its complex power
gain is 1:

S VCLY e Lo
S Ve K(n)
It often simplifies per-phase analysis of a balanced system to refer series impedances
and shunt admittances on one side to the other side of a transformer. This is explained
in Chapter 3.3. In particular, a secondary series impedance z; is referred to the primary
as z;/|K(n)|> according to (3.16) below. When terminated in a symmetric three-
phase impedance load zjo,¢ On the secondary side so that V3" = zj5,4 5" (using YY-
equivalent), the per-phase driving-point impedance on the primary side is:

Ve VIR e
L I5"K(n) K (n)[?

These relations are also summarized in Table 3.2.

Nonideal transformers

In this section we first present circuit models of nonideal three-phase transformers and
then their per-phase equivalent circuits after all A-configured transformers have been
converted into their Y-equivalents. Each nonideal single-phase transformer is modeled
using the simplified model studied in Chapter 3.1.4.

Per-phase equivalent circuits. Figure 3.16(a) shows a model of balanced three-phase
nonideal transformers in YY configuration and Figure 3.16(b) shows its per-phase
equivalent circuit. The per-phase circuit is identical to that in Figure 3.5(a). Figure
3.17(a) shows a model of balanced three-phase transformers in AA configuration.
Its YY equivalent and per-phase circuit are identical to those in Figure 3.16 except
that the equivalent leakage impedance z;/3 is one-third of the value in the original
AA circuit and the shunt admittance 3y, is three times the value in the original AA



108 Transformer models

a
Iy )

+ Z T - +

n : :
\ yen 3, v
b B o

S B

L e

(a) YY configuration (b) Per-phase circuit

Figure 3.16 Three-phase transformers in Y'Y configuration and its per-phase equivalent circuit.
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Figure 3.17 Three-phase transformers in AA configuration and its per-phase equivalent circuit.

circuit. This can be verified by checking the secondary open-circuit equivalent and
the secondary short-circuit equivalent of the original AA circuit. Figure 3.18 shows
a model of balanced three-phase transformers in AY configuration and its per-phase
equivalent circuit. Finally Figure 3.19 shows the model for YA configuration and its
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(a) AY configuration (b) Per-phase circuit

Figure 3.18 Three-phase transformers in AY configuration and its per-phase equivalent circuit.

per-phase circuit.
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3.2.3

a

L

(a) YA configuration (b) Per-phase circuit

Figure 3.19 Three-phase transformers in YA configuration and its per-phase equivalent circuit.

Hence balanced three-phase transformers in Y'Y, AA, AY and YA configurations all
have the same per-phase equivalent circuit, with their respective leakage impedances
and shunt admittances as well as (complex) transformer gains K (n).

Parameter identification from transformer ratings

In this subsection we explain how to determine the leakage impedance z; in the primary
circuit from typical transformer ratings, assuming its shunt admittance y,, is zero.

A typical specification of a three-phase transformer includes:

Three-phase power rating |S34].

Rated primary line-to-line voltage |V},;| and rated primary line current |/p]|.
Rated secondary line-to-line voltage |Vse.| and rated secondary line current |/gec|-

Impedance voltage 8 on the primary side, per phase, as a percentage of the rated
primary voltage. The shunt admittance is assumed zero.

The impedance voltage is the voltage drop across the leakage impedance z; on the
primary side of each single-phase transformer in a short-circuit test. The 3 specification
means that the voltage needed on the primary side to produce the rated primary current
across each single-phase transformer is 3, as a percentage of the rated primary voltage.
We emphasize that the short-circuit voltage and current needed to derive z; should
be those across each single-phase transformer, which depends on the configuration of
the primary circuit. If the primary circuit is in A configuration then the short-circuit
voltage and current on the primary side of the single-phase transformer are (assuming
balanced positive sequence):

V3

If the primary circuit is in Y configuration then the short-circuit voltage and current on
the primary side of the single-phase transformer are:

Lo .
A configuration: |V | = [V¢?| = BlVpril, | = |97 = |22 i7/0

Vpri

V3ein/6

Y configuration:  |V| = |[V¥"| = B , [Ie| = 1] = |l
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Since z; = Vi /I we therefore have,
\/gﬁ | Vpri | ﬁ | Vpri |
| Zpri \/gllpril

We reiterate that Vj; denotes the line-to-line voltage even for Y configuration; otherwise
21| = BVpril /| Ini] for Y configuration if the rated voltage V] is line-to-neutral.

A configuration: |z;| = ;Y configuration: |z;| = (3.15a)

Sometimes the primary line current |/y| is not specified directly. In that case z;
can be determined from the power and voltage ratings (|S3gl,|Vpril), as follows. If
the primary circuit is in A configuration then the short-circuit voltage and current
on the primary side of the single-phase transformer are (assuming balanced positive
sequence):

A configuration: [S3] = 3|5l 3|Vl |14P|

1S3

Viel = [V
¥ 3|Vpri|

B|Vpri|, |Isc| = |Iab| =

Note that J“i“" is the rated primary current produced in the short-circuit test. If the
primary circuit is in Y configuration then the short-circuit voltage and current on the

primary side of the single-phase transformer are:

Y configuration: |S34| = 3|S¢| = 3|V |[1"|

1S54 [S34]
Veel = [V = I = |1¢" =
Vel = Vo] = ,8‘ Faee Vel == T
Since z; = Vi /I we therefore have,
38| Vil Viri*
A configuration: |z;| = "ilTprI'; Y configuration: |z;| = ﬁ||S3pn|| (3.15b)
4 ¢

As mentioned above, Vi denotes the line-to-line voltage even for Y configuration;
otherwise |z;| = 3ﬁ|Vpri|2 /1834 for Y configuration if the rated voltage V), is line-to-
neutral.

Example 3.3 (Transformer ratings). The Adaptive Charging Network (ACN) for elec-
tric vehicles (EVs) in a Caltech garage consists of two three-phase stepdown trans-
formers in AY configuration with A on the primary side. Each of these transformers
is connected to an electric panel, to which charging stations and subpanels are con-
nected. Figure 3.20(a) shows the two three-phase transformers and the two electric
panels. Figure 3.20(b) shows a typical specification of a three-phase transformer in AY
configuration:

o Three-phase power rating |S34| = 150kVA.

¢ Rated primary line-to-line (high) voltage |V}:i| =480V in A configuration with rated

primary line current || = 180 A.
e Rated secondary line-to-line (low) voltage |Viec| =208Y/120V in Y configuration
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Figure 3.20 (a) The two 150 kVA transformers and two electric panels in Caltech ACN to
which charging stations and electric subpanels are connected. (b) The transformer ratings.

with rated secondary line current || = 416 A. This notation means that the sec-
ondary side is Y-configured with a line-to-line voltage of 208 V and line-to-neutral
voltage of 120'V.

o Impedance voltage 8 = 5.45% on the primary side (the shunt admittance is assumed
ZEr0).

Verify that the rated line currents on the primary and secondary sides are consistent
with the power rating and voltage ratings. Determine the magnitude |z;| of the leakage
impedance of the transformer.

Solution. The primary side is in A configuration and hence we have
[S301= 31Sap| = 31V | = 3|Vp| [1]
Since (assuming balanced positive sequence)
J4 = jab _jea _ qab (1 _ei27r/3) — b \3einl6
we have |I,i| = V3|14?|. Hence
1S30] = V3| Viil | i

The rated line-to-line voltage |V,| = |[Vab| = 480V. The rated line current [piil = [1a| =
180A. Hence

\/§|Vpri| [Tpril = V3.480-180 = 149.65 kVA
which is approximately the power rating |S34| = 150 kVA.

The secondary side is in Y configuration and hence we have

|Isec| = \/§|Vsec||lsec|

1S361 = 31Sanl = 31V Fon| = 3

sec
\/geinlé

where the third equality follows since Ve, = yab = yan (\/gei”/ 6) is the line-to-end
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3.3

voltage. The rated secondary line-to-line voltage is |Viec| = 208 V and the line current
|Isec| = 416 A, and hence

V3| Vieel lsee| = V3:208-416 = 149.87kVA
which is approximately the power rating 150 kVA.

From (3.15a) the magnitude |z;| of the leakage impedance of each single-phase
transformer is (B is the impedance voltage on the primary side)

@l = V3BIVpil — V3-5.45%-480V
T el 180A

= 0.2517Q

Equivalent impedance in transformer circuit

In this section we explain how to derive an “equivalent” impedance when looking into
the terminal of a transformer, either on the primary side or on the secondary side.
Consider the singe-phase equivalent circuit of a balanced three-phase transformer. A
series impedance zg in the secondary circuit of the transformer can be equivalently
replaced by a series impedance z,, in the primary circuit, and vice versa, provided they
are related by:

p = U(EW or equivalently Zs = |K(n)|zzp (3.16a)
The first operation in (3.16a) is called referring z in the secondary to the primary.
The second operation is called referring z,, in the primary to the secondary. A shunt
admittance y; in the secondary circuit of the transformer can be equivalently replaced
by a shunt admittance y, in the primary circuit, and vice versa, provided they are

related by:

__r
K
These operations will be used as a shortcut in the analysis of circuits that contain

transformers the same way we use the Thévenin equivalent of impedances in series or
in parallel, as we will illustrate in Chapter 3.4.

yp = |K(n) Pys or equivalently Vs (3.16b)

Here “equivalence” means that the external behavior remains unchanged when a
series impedance or a shunt admittance on one side is referred to the other. We consider
two kinds of external behavior. In the first case (Chapter 3.3.1), the external behavior
refers to the transmission matrix that maps (V»,17) to (Vy,11). In the second case
(Chapter 3.3.2), the external behavior refers to the driving-point impedance on one
side of the transformer when the other side is connected to an impedance. We next
show that (3.16) is a simple consequence of Kirchhoff’s and Ohm’s laws.
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3.3.1

Transmission matrix

Consider the per-phase transformer circuits in Figure 3.21 of a balanced three-phase
system, one with a series impedance in the secondary circuit and the other in the
primary circuit. Let Ty and T}, denote the transmission matrices that maps (V»,/>) to

Il 12 I| 13
+o—p— o+ +0 2p f————>—0+
Vi K(n) Vi Vi K(n) Vi
-0 O - -0 O —

ideal ideal
transformer transformer
(a) Series impedance z in the secondary cir- (b) Series impedance zj, in the primary cir-
cuit. cuit.

Figure 3.21 Referring series impedance in the secondary to the primary.

(V1,11) in Figure 3.21(a) and Figure 3.21(b) respectively. We claim that the relation
(3.16a) between series impedances z;, and z, ensures that Ty = T),. It is in this sense
that we say these two circuits are equivalent.

To show that Ty =T, let (V,I) denote the voltage and current at the secondary
terminal of the ideal transformer in Figure 3.21(a). Then V =V, +z,l and I = I, or

\% _ 1 Zs V2

AR
Vil _[K7'm) 0 |1 z] V2] _ [KT'() K'(m)z| [Va
=10 sl IR = 156" S]]

Similarly, for the circuit in Figure 3.21(b), we have

Vil (1 zp|[K7') 0 |[Va] _ [K7' () K(n)z,|[Va
=l |- | II2]

0 K(n) 12 0 K(n) [2
Hence Ty =T, if and only if (3.16a) holds.

Hence

Ty

The relation (3.16b) between shunt admittances y,, and y, ensures that the transmis-
sion matrix for the circuit in Figure 3.22(a) is the same as that in Figure 3.22(b). This
is left as Exercise 3.7. The operations in (3.16) can be repeatedly applied to a circuit
involving multiple impedances and admittances, as illustrated in the next example.

Example 3.4. A combination of a series impedance z; and a shunt admittance y; in
the secondary circuit, as shown in Figure 3.23(a), can be referred to the primary one
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3.3.2

+0O > > 0+ + 0 > > +

v Ky | [] v v 0] | K v

ideal ideal
transformer transformer

(a) Shunt admittance y, in the secondary cir- (b) Shunt admittance y,, in the primary cir-

cuit. cuit.

Figure 3.22 Referring shunt admittance in the secondary to the primary.

element at a time, starting from the element that is closest fo the ideal transformer. The

transformer transformer transformer

(a) (zs,ys) in secondary circuit. (b) Refer z; to the primary. (c) Refer y to the primary.
Figure 3.23 Referring (zs,ys) in the secondary to the primary.

transformer gain is K(n) =n = 1/a := N/N;. Referring the series impedance z to
the primary yields the equivalent circuit in Figure 3.23(b) with an equivalent primary
impedance a’z,. Referring then the shunt admittance yg to the primary yields the
equivalent circuit in Figure 3.23(c) with an equivalent shunt admittance n?y;. O

Driving-point impedance

In the second case the external behavior refers to the driving point impedances on
one side of the transformer when the other side is connected to an impedance. In
general suppose we apply a voltage V across two terminals that are connected to a
network of impedances and transformers. Suppose a current I flows between these two
terminals through the network. The ratio V/I is called the driving-point impedance at
these terminals. For networks consisting of a cascade of impedances in series and in
parallel, the driving-point impedance is also called the Thévenin equivalent impedance.
The Thévenin equivalent impedance of such a network can be derived by repeatedly
applying simple reduction rules for the two basic configurations shown in Figure 3.24.
For two impedances z, z» in series depicted in Figure 3.24(a), the Thévenin equivalent
impedance zeq is defined such that the two networks in Figure 3.24(a) have the same
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I 1 1
+o— +0 + 0—*——‘
-1
1% =2+ 2 1% E] [] 1% 2= (4L
-o——+— -0 - o—‘
(a) Impedances in series (b) Impedances in parallel

Figure 3.24 (a) Thévenin equivalent zeq of two impedances z1,z in series. (b) Thévenin
equivalent zeq of two impedances z1,z; in parallel.

driving-point impedance:

1%
7=21+Z2 =!I Zegq (3.17a)

Similarly the Thévenin equivalent impedance of two impedances in parallel depicted
in Figure 3.24(b) is defined to be:

-1
1% 1 1
o=+ = = z 3.17b
I (11 22 ) “ ( )
These are simple consequences of Kirchhoft’s and Ohm’s laws. Repeated application
of (3.17) reduces a cascade of impedances in parallel and series into a single equivalent
impedance that preserves the driving-point impedance.

When such a network contains not just impedances, but also transformers, the
relation (3.16) allows us to reduce it to a single Thévenin equivalent impedance with
the same driving-point impedance. As we explain below, the key element of this
procedure is the driving-point impedance seen from two terminals of one side of a
single-phase transformer when the other side is connected to an impedance zeq that
may be the Thévenin equivalent of a network of impedances. This yields an equivalent
network where the transformer and zeq is replaced by a scaled impedance and the
number of transformer is reduced by 1. Repeated application of (3.16) and (3.17)
can then be used to remove all transformers from the equivalent network, allowing
the derivation of the Thévenin equivalent impedance of the original network. When
applicable, this technique greatly simplifies per-phase analysis of a balanced system as
we will see in Chapter 3.4.

We now explain the key building block of this procedure. When the secondary side
of an ideal transformer is connected to an impedance z¢q as shown in Figure 3.25(a),
the transformer and the impedance 75 can be replaced by the Thévenin equivalent
impedance z;¢q/|K (n)|? in the sense that the driving-point impedance V;/I; on the
primary side is the same in both circuits in Figure 3.25(a). This is the same operation
that refers z ¢q in the secondary to the primary expressed in (3.16a). Itis a consequence
of the Kirchhoff’s and Ohm’s laws and is derived in Exercise 3.9. Similarly when
the primary side is connected to an impedance zjeq as shown in Figure 3.25(b),
the transformer and the impedance z¢q can be replaced by the Thévenin equivalent
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1, 1, L
+o——| + F—>——o+
|
v | ko v, k| v
-0 -0 o-
ideal ideal
transformer transformer
(a) V1/I; on the primary side (b) V,2/I on the secondary side

Figure 3.25 Driving-point impedances.

impedance |K (n)|? Z1,eq in the sense that the driving-point impedance V,/I, on the
secondary side is the same in both circuits in Figure 3.25(b). This is the same operation
that refers z; ¢q in the primary to the secondary expressed in (3.16a) (Exercise 3.9).

We caution that the shortcut (3.16) and (3.17) are not always applicable. For example
they may not be applied to a circuit that contains parallel paths; see Example 3.8 in
Chapter 3.4.2. In that case we analyze the circuit using Kirchhoff’s and Ohm’s laws.
The shortcut is usually applicable to a radial system that does not contain parallel paths.
We now illustrate its application in the derivation of the driving-point impedances on
the primary and the secondary side.

Example 3.5 (V}/1; on the primary side.). Consider the network in Figure 3.26(a)
where the secondary side is connected to a network whose Thévenin equivalent is z eq.
What is the driving-point impedance V;/1;?

+o—>—1 Zieq > i +o—>— Zieq ‘
, |-
. : - . |
ideal
transformer
(a) Transformer circuit (b) Equivalent circuit seen on the

primary side

Figure 3.26 Driving-point impedance V| /I on the primary side.

Solution. We first derive the driving-point impedance directly using Kirchhoff’s and
Ohm’s laws. We then use the result to verify the shortcut expressed in (3.16) and (3.17).

Circuit analysis: We have for the primary circuit

[Vl _ 1+Zl,eqy1,eq Zl,eq] |:V1,]
5 Yleq 1 I{
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Hence
kvli _ 1'|'Zl,eqyl,eq Zl,eq] [K_l(n) _0 V2/:|
»117 yl,eq 1 0 K(n) Ié
Substituting V; = 73 ¢q I; We have
Vl- _ 1 +21eqYleq <leq |K(}’l)|_2 0 22,eq K(I’l) Ié
11 ] i yl,cq 1 0 1 1
[ 2
_ 1+Zl,eqyl,eq Zl,eq] [Zz,eq/|K(n)| K(n) Ié
Yieq 1 1
Hence the driving-point impedance is
Vi (1+Zl,eqy1,eq) (Zz,eq/|K(n)|2)+Z],eq + (y + 1 )_1
_— = = l, 1, —_—
I Yleq (Z2,eq/|K(n)|2) +1 “ “ ZZ,eq/|K(n)|2

(3.18)

Itis the Thévenin equivalent on the primary side of a network consisting of impedances,
admittances, as well as an ideal transformer. The Thévenin equivalent (3.18) has a
simple interpretation, as we now explain.

Shortcut: Use (3.16a) to refer z3¢q in the secondary to the primary, we can replace
the ideal transformer and z; ¢q by the equivalent impedance 25 ¢q/|K (1) |? and arrive at
the equivalent circuit in Figure 3.26(b) seen from the primary side. The application of
(3.17) then yields the driving-point impedance (3.18). m}

Example 3.6 (V,/I; on the secondary side.). Consider the circuit in Figure 3.27(a)
where the primary side is connected to the impedance zj ¢q. Use (3.16a) to refer zj¢q

Ge] K@) En v,

ideal
transformer

(a) Transformer circuit (b) Equivalent circuit seen on the
secondary side

Figure 3.27 Driving-point impedance V, /I, on the secondary side.

in the primary to the secondary, we can replace the ideal transformer and z1 ¢q by the
equivalent impedance |K (n)|? Z1,eq and arrive at the equivalent circuit in Figure 3.27(b)
seen from the secondary side. The application of (3.17) then yields the driving-point
impedance:

Vs 1 -

7 = | Y2eqt
25} 22.eqt |K (n)|? *Zleq
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3.4

3.4.1

Per-phase analysis

In this section we apply the techniques developed in the previous sections in the
analysis of a balanced three-phase power system consisting of generators, transformers,
transmission lines, and loads, in a mix of ¥ and A configurations. We first explain how
to obtain a per-phase equivalent circuit of the system and then illustrate, through an
example, the per-phase analysis using the shortcut (3.16) and (3.17). Finally we discuss
a circuit that contains parallel paths to which the shortcut is not applicable. We explain
why the end-to-end complex transformer gains on these paths should be equal.

Analysis procedure

We have explained in Chapter 1.2.5 how to convert all sources, series impedances,
shunt admittances in A configurations into their equivalent Y configurations and obtain
a per-phase equivalent circuit. Chapter 3.2.1 shows that an ideal balanced three-phase
transformer has a per-phase equivalent model specified by a complex voltage gain K (n)
that relates the voltages and currents on two sides of the transformer. Chapter 3.2.2
shows how to incorporate the transformer series impedance and shunt admittance into
the per-phase model for both Y and A configurations. Chapter 3.3.1 explains how to
refer series impedances and shunt admittances on one side to the other and Chapter
3.3.2 explains how to use this shortcut to simplify circuit analysis the same way we use
Thévenin equivalent of impedances in series or in parallel. Putting everything together
the procedure for per-phase analysis of a balanced three-phase system is as follows:

1. Convert all sources and loads in A configuration into their Y equivalents using
(1.31a) for sources and (1.31b) for loads.

2. Convert all ideal transformers in A configuration into their ¥ equivalents with
voltage gains K (n) given in Table 3.2.

3. Obtain the phase a equivalent circuit by connecting all neutrals.

4. Solve for the desired phase a variables. Use Thévenin equivalent of series
impedances and shunt admittances in a network containing transformers to sim-
plify the analysis when applicable, e.g., for a radial system.

5. Obtain variables for phases » and ¢ by subtracting (or adding) 120° and 240°
from the phase a variables for positive-sequence (negative-sequence) sources. If
variables in the internal of the A configurations are desired, derive them from the
original circuits.

We illustrate this procedure in the next example.

Example 3.7 (Per-phase analysis). Consider the balanced system described by the
one-line diagram in Figure 3.28(a) where a three-phase generator is connected to a
stepup three-phase transformer bank (primary on the left) in AY configuration, which
is connected through a three-phase transmission line to a stepdown transformer bank
(primary on the right) in AY configuration, and then to a load. The terminal line voltage
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(a) One-line diagram

(b) Per-phase circuit

Figure 3.28 Example 3.7: per-phase analysis.

of the generator is Vjjpe. The transmission line is modeled by a series impedance Zzjine
and the load by an impedance zjp,q. The transformer banks are made up of identical
single-phase transformers each specified by a series impedance of 3z; and a turns ratio
of a := 1/n. Find the generator current, the transmission line current, the load current,
the load voltage, and the complex power delivered to the load.

Solution. The per-phase equivalent circuit is shown in Figure 3.28(b). Note that the
stepdown AY transformer near the load has its primary side on the right and secondary
side on the left so that, going from left to right, the voltage (current) angle is shifted
down (down) by 30° and their magnitudes scaled down (up) by V3n; see Exercise 3.5.
The primary sides of both the stepup and stepdown transformers have been converted
from A to its Y equivalent, with an equivalent series impedance z; that is 1/3 of the
original impedance 3z;. The phase (line-to-neutral) voltage of the generator in the
per-phase equivalent circuit is

Vline

Vi=———
! V3 ein/6

Our solution strategy is as follows. We will use (3.16) and (3.17) to refer all the
(load, transformer, and transmission line) impedances to the primary side of the stepup
transformer. This calculates the driving-point impedance seen at the generator. Given
generator phase voltage V|, we can derive the generator current /;. We then propagate
this towards the load to calculate the other quantities.

Let K (n) := V3n¢™/°. Going from right to left, we cross the stepdown transformer
T from the primary to the secondary. Referring the impedance zi¢q := Zioad + 27 ON
the primary to the secondary (see Figure 3.25(b)), the equivalent impedance at the
right-end of the transmission line is

|K(I’l)|2 (Zload +Zl)
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Hence the equivalent impedance at the secondary side of the stepup transformer 77 is

22,eq *= Zline + |K(I’l) |2 (Zload +Zl)

Referring this impedance to the primary side of 7} (see Figure 3.25(a)), the driving
point impedance at the generator is:

V1 + 1 (

g —
o IKmP

Zline

K (n)]*

Hence the primary side of 77 sees the series impedance z; of the two transformers, a

Zline |K(}’l) |2 (Zload + Zl))

= 2Z1 + ————5 * Zload

scaled down version of the line impedance zjine, and the load zjpaq, all in series. Note
that, seen from the generator, the load zj0ag goes through a stepdown transformer and
a stepup transformer and therefore the scaling effects of these two transformers cancel
each other out.

Given the bus voltage V| of the generator, the generator current is then
Vi
271 + W + Zload

I =

The transmission line current is
I Vi
]2 = — =

R(n) g (211 R Zload)

The load current is
L=K(n)L = I
i.e., the effects of stepup and stepdown transformers cancel each other out and the load

current is equal to the generator current. The load voltage is

Zload
221 + |Kél;:e)‘2 + Zload

Vi=2Zoad 3 = Zioadlt = Vi~

Hence V3 is related to V; according to the voltage-divider rule where V| is the voltage

drop across the series of impedances 2z; + | KZE““ B + Z10ad and V3 is the voltage drop
across Zjoad- The complex power delivered to the load is
2
2
Vi [Viine|

V313 = Zioad - Zload * 3

2]
3 2Zl + ﬁ + Zload

3
221 + g (5 + Zload

O

Simplified per-phase diagram for external behavior. In Example 3.7, only the
transmission line current I, that is in between the pair of transformers depends on the
17/6 in the complex transformer gain K (n). Outside
the pair of transformers, the driving point impedance V| /I, the generator current 7y,

connection-induced phase shift e
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the load current /3, the load voltage V3, and the power delivered to the load do not.
They depend only on |K (1) |%. This is the case even if we use the more detailed IT model
of the transmission line instead of the short-line model used here. Indeed, suppose the
series impedance zjine in Figure 3.28(b) is replaced by the transmission matrix in (2.10)
or (2.14)(2.15) as in Figure 3.29(a). Then the voltage and current (Vy,1;) on the left is

(a) Transformers with complex gains

(b) Equivalent circuit without connection-induced phase shift

Figure 3.29 General transmission line model between stepup and stepdown transformers.

related to the voltage and current (V, I3) by
[ VilK (n)] /0 } _ [A B] . [ VK (n)|e™/0 ]

HKmIé™| = [c D] | Ik @)™
Vilkm)l | _[4 B] [ valk(w)
nIKm| = [c b |Blkm)!

Therefore the external behavior is as if the connection-induced phase shift e

in/6 is

absent, as shown in Figure 3.29(b). This motivates a simplified per-phase diagram
for external behavior that ignores all connection-induced phase shifts of transformers
as long as every path contains stepup and stepdown transforms in pairs and wired in
opposite directions. This is generally true for radial networks in practice where no
transmission lines nor transformers are in parallel. Radial networks are a special case

of a normal system that we discuss next.
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3.4.2

Normal system

A system is called normal if, in the per-phase equivalent circuit, the product of the
complex ideal transformer gains around every loop is 1. Equivalently, on each parallel
path,

1. the product of ideal transformer gain magnitudes is the same, and

2. the sum of ideal transformer phase shifts is the same.
Normal systems have a normalization that greatly simplifies analysis which we will
discuss in Chapter 3.5. The following example motivates such a system.

Example 3.8 (Loop flows). Consider a generator and a load connected by two three-
phase transformer banks in parallel forming a loop as shown in Figure 3.30(a). The

=
S I

1:K,

(a) Transmission line IT-model (b) Equivalent circuit
Figure 3.30 Two buses connected in a loop with two parallel transformers.

transformer in the upper path is characterized by a series impedance and a complex gain
K. The transformer in the lower path is characterized by the same series impedance and
a possibly different complex gain K,. Suppose line-to-neutral voltage of the generator
bus is Vien, the series impedance z; of the transformer and the load impedance Zzjoad
in the per-phase equivalent circuit are given, as shown in Figure 3.30(b). Derive the
currents fjoad, 11,15 in terms of Vgen, 27, Z10ad- Discuss the implications when

1. K, = K. This is the case if both transformer banks are YY-configured.

2. K» = Ky ¢'?. This is the case if the upper transformer bank is YY-configured with
a voltage gain of n but the lower transformer bank is AY-configured with a voltage
gain of n/V3 and 6 = /6.

3. K» =k-Kj, k> 0. This is the case if both transformer banks are YY-configured
but with different turns ratios.

Solution. We cannot directly apply the shortcut (3.16) and (3.17) to refer the impedances
Zload and z; to the primary side because of the parallel paths, and must analyze the
per-phase circuit using Kirchhoff’s and Ohm’s laws.

We have five unknowns currents /joaq,/ {,Ié,] 1,1. The five equations that relate
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them are
I =I+1 I’—i =1,2
load = 1 2 j_kj’ J=1
Zloadlload = K1 - (Vgen_zlll)a Zloadlload = K2+ (Vgen_ZlIZ)

where the first equations expresses KCL and current gains of the transformers, and the
second equations express the load voltage seen on the upper and lower paths, respec-
tively, and follow from the transformer equation and KVL. Eliminating /ioad, 1|, 15 we
have

L DL\ L DL\
Zload K_1+K_2 = Ki* (Veen—2111),  Zload K_1+K_2 = K2+ (Veen—2112)

or

Zl+Zloz_1d|K1|72 Zload(Kl k2)1] . [11} - [Vgen:|
Zload(K1K2)7l 21 +Z10ad|K1|72 I Vgen

Inverting the matrix, we obtain

Vgen Vgen
— — - -aq, 12 = ) ) %)
21+ Zioad (|K1 |72 +|K2|72) 21+ Zioad (1K1 72 +1K2|72)
where
. Zoad Ki—Kp . Zoad Ko—Kj
ap = 1+ > @ = P
zu Ki|Ks| 2 KKy
Hence
P Vee @
- -2 -2\ R
1 i+ 2o (1K1 172 +1K2|72) K
P Vie s
27 BT ) -2 ‘
Ky 7+ ziod (IKi |72+ K2 2) Ko
and
Vgen ( 1 1 )
I d=I,+I/ = =+ =
o VU gtz (K2 IK) \K Ko

where we have used

a  ay 1 Zload. K, -K; i Zload_ K> - K, — i+ 1
K K

— = = [—+ — + —
Ki K Ky oz IKiPIK2)? Kz IKiPPIK»)?

1. When K, =K, thena; =a> =1 and

I], _ Ié _ Vgen _ ﬂ _ Klvgen
2+ (21K1172) Ky K120+ 2210ad
and
Tioad = &.21(1 = Iy-2K, (3.19)
|K 11221 +2210ad

Io
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2. When K, = K¢, then, fori = 1,2,

I = Veen L L.(a. K;)
. = = - 1 L
btz (21K172) Ko K2+ 2210a

Since a1 K| +@2K> = K1 + K> = K1 (1 +¢9) and |K;| = |K>|, we have
Veen

lowd = ——5———
IK 11221 +2210ad

: (1 +e‘9)1<1 A (1 +ei€)K1

Hence jo,q reduces to the load current in (3.19) when the transformer gains are
equal with 6 = 0. When the transformer gains K and K, are not in phase, (1 + eio)
can be much smaller than 2 and the current |/j,q| that enters the load can be much
smaller than the currents |Il.' [, i =1,2. In particular

[ 0ad| _ |1+ei9| | load| _ |1+ei9|
14 lay| 1] ||

To appreciate the issue, take Kj = 10, K» = 1017/, Ve, = 8kV, z; = j0.05Q,
Zload = 8002£0°Q. Then

I} = 3,754.99 /- 164.85 A, I, = 4,527.24 /1488 A
I I
s = I)+1I, = 77250 £13.57 A, % = 20.57%, ||1;’f‘r| = 17.06%
1 2

Hence |]| and |1}| are much larger than |/j0,q|. The interpretation is that most of
the current loops between the two transformer banks without entering the load.
This is undesirable because the circulating current serves no purpose and heats up
the transformers. The problem arises because the connection-induced phase shifts
in the two parallel paths are different. In practice we will not parallelize these
transformers.

The complex generation power and load power are respectively

Seen = Vea(l1+1) = 182.98 /70.97°MVA
Stoad = Zioad|fioad|* = 59.68 Z0°MVA

Again the apparent load power is a small fraction of the apparent generation
power. However, since the transformers have zero resistance, their real powers are
the same:

Pen = Pioad = 59.68MW

3. When K, = k - K, we have

s KlVgen . I = K Vgen 0_2
VK P+ (14 572) 2i0a 2 KPa+ (14k2) zioa K
Ven 1
lowd = £ . (1 + —) K
oa IK1 1221+ (1+&72) Zioad k
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3.5

Hence
|Iload| _ 1+k7! |Iload| _ 1+k

1771 ] 123 |2

If we take K1 = 10, K3 = 20, Vgen = 8KV, z; = j0.05, 21020 = 800£0°Q. Then

I} = 3,260.76 £76.40 A, 15 = 3,213.39 £~ 86.58 A
I I
howa = I]+1} = 959.23 /=229 A, ||1;j‘r| = 29.42%, ||1;’j‘T| = 29.85%
1 2

Again |I{| and |I}| are much larger than [lj0,| and there is a large loop flow
between the transformer banks. This time the problem arises because the voltage
gains in the two parallel paths are different. In practice we will not parallelize these
transformers. m}

Appendix: Per-unit normalization

In this appendix we describe a normalization method that will simplify the analysis
of balanced three-phase systems. For a normal system where all connection-induced
phase shifts of transformers can be ignored in the per-phase equivalent circuit, the
system after normalization will contain no transformers if there is no off-nominal
transformer in the original system. For general systems, normalization may simplify
the equivalent circuit and per-phase analysis, but the system after normalization may
contain ideal transformers with real or complex voltage gains. Normalization was
important before the widespread use of powerful computers because it simplifies
computation significantly. It is less important today, and some people argue, sometimes
more error-prone than worth the effort.

We are usually interested in four types of generally complex quantities: power S,
voltage V, current /, and impedance z and functions of these quantities. We will choose
base values for these quantities and define the quantities in per unit as:

actual quantity

uantity in p.u. :=
q yinp base value of quantity

The base values are chosen to be real positive values and have the same units as the
corresponding actual quantities. For example a power base Sp will be in unit VA
when it serves as the base value for complex power, W for real power, var for reactive
power. Hence the per-unit quantities generally have different magnitudes from, but
always the same phase as, the corresponding actual quantities. Furthermore they are
dimensionless. The base values are chosen so that the per-unit quantities behave exactly
as the actual quantities do, as we now explain.

Consider a power network that consists of multiple areas connected by transformers.
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3.5.1

It represents either a single-phase system or the per-phase equivalent circuit of a
balanced three-phase system. The nominal voltage magnitudes are the same within
each area and those in neighboring areas are related by transformer turns ratios. It is
common to choose the power base value Sp for the entire network and the voltage
base value V| g for one of the areas, say, area 1. For example the base value V|p can be
chosen to be the nominal voltage magnitude for area 1 and the base value Sp can be
the rated apparent power of one of the transformers in area 1, so that its rated voltage
is 1 pu and the rated power is 1 pu. The base values for all other quantities in the entire
network are then calculated from these two values (Sg,V|g) so that these base values
satisfy:

o Kirchhoff’s laws within each area;

e ideal transformer gains across areas;

o three-phase relations.

We derive in Appendix 3.5.1 the base values within area 1 and in Appendix 3.5.2 the
base values of other areas connected by transformers to area 1. In Appendix 3.5.3 we
describe the normalization of off-nominal transformers. In Appendix 3.5.4 we describe
how to calculate base values of three-phase quantities in a balanced three-phase system.
In Appendix 3.5.5 we summarize the procedure for per-unit per-phase analysis.

Kirchhoff's and Ohm’s laws

Consider a single-phase system or the per-phase equivalent circuit of a three-phase
system. Start with area 1 for which we have the power base Sp in VA (or W or var for
real and reactive powers respectively) for the entire network, and the voltage base V;p
in V. The base values I, z1p of currents and impedances respectively are calculated
as:

! . V 1B ’ ! . SB .

Vie = ziglis V, Sg = Viplip VA

Since

Vil S vih

Vi zighs’ Sg Viglp

the per-unit quantities satisfy Kirchhoff’s laws as the actual quantities do:

leu = leullpu, Slpu = leullpu

We can therefore perform circuit analysis using the per-unit quantities instead of the
actual quantities. We can convert the result of the analysis back to the original quantities
by multiplying the per-unit quantities by their base values.
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3.5.2

Extensions to other related quantities are straightforward. For example Sp is also
the base value for real power in W and reactive power in var so that

P O
Plpu =g leu = o
SB SB
and S1py = P1pu +1Q1pu. The base value for resistances and reactances is zp so that
ri X1
Fipu == —, Xlpu = —
Z1B Z21B

and z1py = Fipu +ix1py. Similarly y1 g := 1/z1p in Q! is the base value for admittances
yi:=1/z1 =g—ib in Q! as well as conductances g and susceptances b also in Q.

Across ideal transformer

Consider now a neighboring area, say, area 2 that is connected to area 1 through a
transformer. We choose the bases for different sides of the transformer in a way that
respects the transformer gains. Consider the circuit in Figure 3.31(a) where areas 1 and
2 are connected through a transformer with a voltage gain K(n). If it is a single-phase
system then K (n) = n, the reciprocal of the turns ratio. If it is the per-phase equivalent
of a balanced three-phase system then K (n) may be complex if the transformer is not
in YY or AA configuration. Given the bases (Sg,V1p,118,218) for area 1 calculated in

I, i I ™ 71 im:IZ)u
+o0—> E :I > + +o—n Zipu u o
Vi EIRALG Vi Vi [P View= Vi
-0 - - -0 0 —

(a) In standard unit (b) In per unit

Figure 3.31 Per-phase equivalent circuit of balanced three-phase transformers with gain K (n).

Chapter 3.5.1, the bases for the other side of the transformer are calculated according
to:

!
Vag = [KmWVig Vo Dp 3= i A

The base power value remains Sg = Vil g = Voplrp for all areas since the power gain
across an ideal transformer is 1. Even though K(n) may be complex all base values
remain real positive numbers.

2p = |[Km)|Pzip Q@ (3.21)

Referring to Figure 3.31(a), the per-unit quantities (\71 pu,f 1pu) at the input and the
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per-unit quantities (Vapu, I2py) at the output of the ideal transformer satisfy (a := 1/n)

. 1% Vo |K :
Ve = 2L = 2 IK(m)| _ Vapue K
Vie  K(n) Vap
. I K(n)I ik
= = — = 12 e 1 (}’l)
TG Kby ™

This also implies that the per-unit power S1py := Vipu(F1pu)" = Vapu (Iapu)™ = Sapu. If
/K (n) can be taken as zero then on the input side of the transformer, (\71 pu,f 1pus S 1pu)
can be replaced by (Vapu, I2pu, S2pu), i.€., the voltages, currents, and power remain the
same, in per unit, when crossing an ideal transformer. Within each side of the ideal
transformer the per-unit quantities (S;pu, Vipu, Lipu» Zipu) satisfy the Kirchhoff’s laws as
explained in Chapter 3.5.1. Hence the per-phase equivalent circuit can be simplified
into that in Figure 3.31(b) where the ideal transformer has disappeared. The voltage
gain angle /K (n) = 0if (i) the system is single phased, or (ii) it is balanced three phased
with transformers in Y'Y or AA configuration, or (iii) it is a normal system where the
connection induced phase shift /K(n) can be ignored as far as external behavior
is concerned. Hence ideal transformers and connection-induced phase shifts can be
omitted in a normal per-phase system if we use simplified per-phase diagram and per-
unit normalization. This simplified per-phase per-unit diagram is called an impedance
diagram. Otherwise the per-unit circuit will contain a phase-shifting transformer with
voltage gain e/“K (") see Example 3.10.

We proceed in a similar manner to calculate the base values (Sp,Vip,lip,ZiB)
in each neighboring area 7, until all connected areas are covered. It can be easily
checked that the per-unit quantities in each area satisfy the Kirchhoft’s laws, as long
as the per-unit quantities in area 1 satisfy the Kirchhoff’s laws and those in other
areas respect transformer gains. This is where system normality is important: on each
parallel path in its per-phase equivalent circuit, (i) the product of ideal transformer
gain magnitudes is the same, and (ii) the sum of ideal transformer phase shifts is the
same. As discussed above these properties prevent loop flows between transformers, as
illustrated in Example 3.8. Note that in Figure 3.30(b) of that example, the secondary-
side voltages of the two ideal transformers are the same but their primary-side voltages
are different when K, = Kje/? with 6 # 0. The first property also ensures that the
calculation (3.21) of base values across areas is consistent, i.e., does not depend on the
order in which the areas are chosen for calculation; see Exercise 3.13.

Example 3.9 (Single-phase system). Consider the single-phase system in Figure 3.32
where the voltage source has a nameplate rated voltage magnitude of vV and a name-
plate rated power of s VA. Calculate the base values for the system.

Solution. Let the base value for power be Sp := s in VA for the entire system and the
base value for voltage in area 1 (where the voltage source is) be Vg :=v in V. Then
the base values for currents and impedances in area 1 are respectively:
2
s v
Lip = — A, 2 = — Q
v s
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3.5.3

Figure 3.32 Example 3.9 with rated voltage magnitude of v and rated apparent power of s.

The base values in area 2 connected by the first transformer with a voltage gain n; are:

IlB N
VllVlB = nyv V, [23 ::n_ = E A
1 1

(viv)? 1 s _1

Q, 2B 1= —— =
Y 2 (vv)?

Vop

2
228 nizip =

The base values in area 3 connected by the second transformer are:

Vop ny ny s
V3B = —_—— = —V V, ]33 = ngIZB = ——-A
ny ny nyv
2.2
o 1 _ nl 1% 0 o 1 _ }'l2 S —1
3B = S02B T 584 Y3 = —— = 5
ny n; N Z3B nyv

Off-nominal transformer

Power systems employ two types of regulating transformers. The first type regulates
voltage magnitudes, e.g., through variable taps on some of its windings that control the
number of turns and hence the voltage gain. Such a transformer is usually connected
at the end of a line to regulate the voltage magnitude at a node. Its turns ratio may be
variable and different from the ratio of the voltage bases in its primary and secondary
areas. The second type regulates phase angle displacement between two nodes. Their
voltage gains may be complex K(n) = pZ¢ where ¢ may be variable and cannot be
omitted in normalization. These transformers are said to be off-nominal. They will not
disappear under per-unit normalization but will appear as a transformer with a different
(normalized) voltage gain, as we now explain.

Consider an ideal transformer with a possibly complex voltage gain % =: K(n) as

shown in Figure 3.33(a). Suppose the ratio of the voltage base in area 2 to that in area

Y Y: ;
lis Vig = P- Since

K(n
Vo = KV = %'pvl

the transformer is equivalent to two ideal transformers in series with voltage gains
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3.5.4

1; 8

1 : K(n)

(a) Off-nominal transformer (b) Equivalent transformer in se- (c) Per-unit equivalent circuit
(standard unit) ries (standard unit)

Figure 3.33 Normalization of an off-nominal transformer.

p and K(n)/p respectively as shown in Figure 3.33(b). Since the first transformer
has an voltage gain of p, it disappears in per-unit normalization and hence the per-unit
equivalent circuit of the original transformer has a gain reduced by p as shown in Figure
3.33(c). For instance for a phase shifting transformer with voltage gain K (n) = pZ¢ its
voltage gain in the per-unit circuit will be 12¢.

Example 3.10 (Normalization with connection-induced phase shifts). Consider a bal-
anced three-phase ideal transformer in AY or YA configuration with a complex volt-
age gain K(n). Let the bases for one side of the transformer be (Sg,Vig,l15,21B)-
Choose the bases for the other side according to (3.21). Suppose we cannot ignore the
connection-induced phase shift. Then the per-unit equivalent circuit of the ideal trans-
former will be an off-nominal phase shifting transformer with a gain |II§EZ;| =/K(n)
as shown in Figure 3.34. O

Figure 3.34 Normalization when connection-induced phase shifts cannot be ignored.

Three-phase quantities

In Chapters 3.5.1-3.5.3 we explain how to choose bases for a single-phase system.
They are also applicable to the per-phase equivalent of a three-phase system where the
voltages and currents are line-to-neutral voltages and line-to-neutral currents. Suppose
the base values (S};’S,V;‘p, I}g‘/’,z}f) for a single-phase system are given. When single-
phase devices (sources, loads, impedances, transformers) are connected to form a
balanced three-phase system, three-phase quantities are created for which base values

need to be defined. For instance the ratings of a three-phase transformer are always
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specified in terms of three-phase power and line-to-line voltages. In this subsection we
will derive these base values, in terms of (S?,V;b,lllf,z?), in a way that respects
three-phase relations. The main issue is to define the meaning of these base values and

the relation they intend to capture in Y and in A configurations.

Let (S'%,V!¢,1'¢ 719) denote respectively the power generated or consumed by
a single-phase device, the voltage across and current through the device, and the
impedance of the device. We are interested in the following three-phase quantities. The
three-phase power S3¢ is defined to be the sum of power generated or consumed by
each device in either Y or A configuration. The line-to-line voltages V'i"® and terminal
(line) currents I°? are external quantities. In an ¥ configured three-phase device, a
line-to-neutral voltage V'>" and a three-phase impedance z>¢ are equal to the voltage
V14 and impedance 7' respectively associated with each single-phase device. For a A
configured three-phase device, V'?" and z3¢ are defined to be the line-to-neutral voltage
and the impedance respectively in its Y equivalent circuit. As explained in Chapter 1
these quantities are related to the corresponding single-phase quantities according to:*

§7 =350, vl = /3Oy (3.22a)
en = ¢ for Y configuration
3¢ _
= { [9b —[ea = \3e7in/6f1¢ for A configuration (3:220)
b vie for Y configuration
V= . -1 3.22¢
(\/531” / 6) vie for A configuration ( )
1o for Y fi tion
30 _ | 2 or Y configuratio
¢ { 71¢/3 for A configuration (3.22d)

Motivated by the three-phase relations (3.22) we define the base values

(S?,Vgne,lg‘P,Vg“ z?) for the three-phase quantities (S3%,V'ine [3¢ yi2n -3¢y jp

terms of the single-phase base values (Sg), V;‘l’, Illf,zgp) as follows:
Sy =350 vine .= \3yk (3.23a)
1¢ .

I;") - Iy 9y forY conﬁguratllon (3.23b)
V31 B for A configuration
Vé'p for Y configuration

vin = -1 1y . (3.23¢)
(\/5) Vg for A configuration

Z?f, — Z}:BZ forY conﬁgurati.on (3.23d)
7g /3 for A configuration

In light of (3.20) we could also have defined the base values Izd’ and zz‘/’ in terms of
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Sif and V)" as (see Exercise 3.14):

3¢ line 2
po .. s go - V5" (3.23¢)
B - line ’ B - 3¢ )
Vavie 53
These definitions replace (3.23b) and (3.23d) and are applicable for both ¥ and A
configurations (note that Vg“e are different functions of V},d’ for Y and A configurations).

With these base values the per-unit quantities satisfy the following relations (see
Exercise 3.15):

3 1 i 3 1

Spu = Spu» Vou© = Vi, Gy = Zpe (3.24a)
3 1 1
Li| = |y, Vou'| = |Vpu"’ (3.24b)

Therefore in per unit, the three-phase power, voltage, current and impedance equal
their per-phase quantities (at least in magnitude). In particular when one says that the
voltage magnitude is 1 pu, it means that the line-to-line voltage magnitude is 1 pu
(i.e., equal to its base value Vg“e which is \@Vé'p for Y configuration and V},‘/’ for A
configuration), and the phase voltage magnitude is 1 pu (i.e., equal to its base value

-1
Vg“ which is V;‘/’ for Y configuration and (\5) Vy for A configuration). We hence
need not specify whether a per-unit voltage is line-to-line or line-to-neutral, or whether

a per-unit power is single-phase or three-phase. In A configuration the line-to-neutral
voltage VIl,ﬁ“ is related to single-phase voltage Vplu(/’ according to

-l
yi2n (\/ge”’/é) yle
2n ._ _

= = — e—iﬂ/ﬁ V1¢
pu 12n -
Vs (v3) vy’

pu

Similarly for line currents Isl? and I;f .

The next example illustrates the calculation of three-phase bases from single-phase
bases. It shows in particular that impedances, including transformer parameters, will
have the same per-unit values in single-phase or three-phase circuits and regardless of
Y or A configuration.

Example 3.11 (Three-phase system). Consider a single-phase distribution transformer
with nameplate ratings of

o Power rating (1¢): 50 kVA;

e Voltage ratio: 408 V - 120 V;

o Transformer parameter: x; = 0.1 pu, x,,, = 100 pu (referred to the primary).
They are used to build three-phase transformer banks in YY, AA, AY or YA config-
urations. Find the per-unit normalization “induced” by the nameplate ratings and the
impedance diagram of the per-phase circuit in per unit.

Solution. The nameplate-induced base for the single-phase transformer is such that the
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power rating is 1pu and voltage rating is 1pu. Hence

lp . ¢ . _ g . _
Sy = 50kVA, Vip = 408V, Vyg = 120V

Therefore the current bases are

16 _ S5 SO0KVA

l¢
_ jo . S5 _ SOKVA
1B

= ——— = 122.55A, = —/— = ——— = 416.67A
yle 408V 2B yl¢e 120V

1B 2B
Since S = |V|?/z, the impedance base for the single-phase transformer induced by the

nameplate ratings is:

6 (Vf}f)z _0SVR i ial (Vzlg)z (120V)?

- - - - = 0.29Q
‘B T Tl S0KVA “B T Tl S0KVA
B B

Hence the actual transformer reactances x; and x,,, in Q in the single-phase system are:

o= (0.)z) = 0333Q,  x, = (100)7)% = 333Q

Consider now a three-phase transformer bank obtained from connecting three of
these single-phase transformers. We consider first the base values for the primary side;
the base values for the secondary side can be similarly chosen. What we will find is that
if we choose our bases (S?,Vl];“e,lgq) z?f) according to (3.23), then the impedance
diagram of the per-phase equivalent circuit is independent of Y or A configuration.

Case 1: primary side inY configuration. From (3.23), the base values of the three-phase
power and line-to-line voltage induced by the nameplate ratings are

$3 =38, = 3(50) = 150kVA, Vine .= V3v.? = V3(408) = 706.68V

These three-phase quantities are used as the power and voltage ratings on the three-
phase transformer nameplate. Hence a line voltage of 1 pu corresponds to the rated
primary voltage (706.68 V) on the nameplate. The base values for the terminal currents

and impedances are:
3¢y _ 4le _ ¢y _ 1¢ _
Lg =15 = 12255 A, g =z = 3.33Q

It can be checked that (Szd’, Vg“e, 1 2¢,z2¢) as defined indeed satisfy three-phase rela-

tions:

3¢ line\ 2
3y _ S S _ (V5"™)
1B~ line’ 1B~ 3¢
\/gvllge Sp
Since zigY = z}g, x; =0.1pu and x,,, = 100pu as before for the three-phase transformer.

Case 2: primary side in A configuration. From (3.23), the base values of the three-phase
power and line-to-line voltage induced by the nameplate ratings are

$37 = 38} = 3(50) = 150kVA, Vine .yl — 408V
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The terminal current and the impedance bases are:
o 333
3gA . ¢ _ _ 3gA _ B 290

Lg® = V3l = V3(122.55) = 21226A, zjp" = - = == = 111Q
To convert the transformer circuit model in A configuration to its equivalent Y con-
figuration, the transformer reactances are reduced by a factor of 3, i.e., x}’ =x;/3 and
x¥ = x,/3. Hence the transformer reactances in pu are:

Y
X x1/3 X
y ._ 1 _ M A
Xpw T 35 T Tig 3 = s = 0.1pu
Zp  Zypl 1B
Y
y X Xm/3 Xim
xmpu = 3—’2) = 7 = 1—¢ = lOOpll
5 /3 Zp
as expected.

In summary, with the three-phase base values defined in (3.23), the transformer
reactances x; and x,, remain the same in pu regardless of how the single-phase trans-
formers are connected into a three-phase transformer bank. The impedance diagram
of its per-phase circuit is shown in Figure 3.35. O

Ly — Ly,
Vipu Vapu
Figure 3.35 Impedance diagram of a three-phase transformer bank.
3.5.5 Per-unit per-phase analysis

Consider a balanced three-phase normal system. Recall that the nameplate ratings of
three-phase transformers are specified in terms of their three-phase power and line-to-
line voltages. The procedure for per-unit per-phase analysis is summarized as follows:
1. For a single-phase system, pick a power base S}B‘/’ for the entire system and a
voltage base V]%n in one of the areas, say, area 1, induced by the nameplate ratings
of one of the single-phase transformers (either the primary or secondary circuit).
2. For a balanced three-phase system, pick a three-phase power base S if and line-to-
line voltage base Vllige induced by the nameplate ratings of one of the three-phase
transformers in area 1 (choose either the primary or secondary circuit as area 1).
Then choose the power and voltage bases for the per-phase equivalent circuit of
the balanced three-phase system according to (3.23a):
o USSP e v

B - 3’ 1B'_\/§
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S};’ will be the power base for the entire per-phase circuit.
3. Calculate the current and impedance bases in that area by:

2
1¢

53¢ %

hip = —7, 2B = 1o
1B B

4. Calculate the base values for voltages, currents, and impedances in areas i con-
nected to area 1 by the magnitudes n; of the transformer gains (assuming area 1 is
the primary side of the transformers):

Vl.llgj = nivllg, Vl.lgle = nivlﬁg"’, IiB = 1.113, ZiB ‘= l’l%ZlB
L
Continue this process to calculate the voltage, current, and impedance base values
for all areas.

5. For real, reactive, apparent power in the entire system, use S}B‘p as the base value.
For resistances and reactances, use z; g as the base value in area i. For admittances,
conductances, and susceptances, use y;g := 1/z;p as the base value in area i.

6. Draw the impedance diagram of the entire system, and solve for the desired per
unit quantities.

7. Convert back to actual quantities if desired.

3.6 Chapter summary

1. A nonideal single-phase transformer can be modeled as a circuit with the admit-
tance matrix 3.6. It is equivalent to the T equivalent circuit (3.4) or the model with
unitary voltage network described by the admittance matrix (3.12). A widely used
simpler but approximate model is the admittance matrix (3.9b).

2. The voltage gain K (n) of the per-phase equivalent of a balanced three-phase trans-
former can be real (YY or AA configuration) or complex (AY or YA configuration).
They can be derived using Corollary 1.3.

3. The analysis of a single-phase circuit containing transformers can be simplified by
referring impedances or admittances from one side of a transformer to the other
using (3.16).

4. The per-phase circuit of a balanced three-phase system containing transformers
can be derived using Corollary 1.3. Analysis can be conducted on the per-phase
circuit and the results translated back to the three-phase system.

5. The variables such as power S, voltage V, current /, impedance z and admittance
y, as well as functions of these quantities, can be normalized by base values.
These base values are carefully chosen so that the per-unit quantities also satisfy
Kirchhoff’s and Ohm’s laws, transformer gains, and three-phase properties. Per-
phase analysis can be conducted using per-unit quantities. The result in terms of
actual quantities can then be obtained by scaling the per-unit quantities by their
base values.
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3.7

3.8

Bibliographical notes

There are many excellent textbooks on basic power system concepts and many materials in this chapter
follow [15]. A model for single-phase split-phase transformer is introduced in [118] (see also [164] which
also verifies single-phase models using AMI data and quantifies modeling errors). Some of the materials on
per-unit normalization, e.g., off-nominal regulating transformer in Chapter 3.5.3, follow [95].

Problems

Chapter 3.1.

Exercise 3.1 (T model of transformer). 1. Derive the transmission matrix given in
(3.5) by eliminating the internal variables (with hats) from (3.4).
2. Show that the transmission matrix for the T equivalent circuit of transformer in
Figure 3.36 is also given by (3.5).

I, nl, L

+o @ " a’z, +' H o+

Vi 01 Em 41\73 v,

- — — o—
N, : N,

Figure 3.36 Exercise 3.1: T equivalent circuit of transformer with n := N5 /N; and a := N1 /N5.

-

which is the same as the transmission matrix in (3.9a).

3. If y,, =0 then

Exercise 3.2 (T model of transformer). Given the primary voltages and primary
currents (Vse, Isc) and (Vye, I, ) of a short-circuit and open-circuit tests respectively,
derive (3.7) from (3.4).

Exercise 3.3 (Simplified model). Consider the transformer model in Figure 3.5 and
its transmission matrix M in (3.9a). This question shows that when the shunt admit-
tance matrix y,, is small compared with the leakage admittances z,, M is a good
approximation of the transmission matrix M in (3.5). Let € := a’zg V-

1. Show that their difference is M — M =€ g _iqu ]
2. Suppose z, = 1zs = n(rs +ix,) for some real number > 0 with r; > 0 and x > 0,

l|M

Ym = —iby, with by, > 0, and |e| < 1. Show that @7” < |e| < 1, where ||A]|

denotes the sum norm |[Al] := X; ; [Ai;].
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Exercise 3.4 (Unitary voltage network). 1. Show that the T equivalent circuit de-
scribed by (3.5) is equivalent to the transformer model / = (MY, M)V given by
(3.12a)—(3.12c).

2. Derive MYyyuM in (3.12d) in terms of a instead of Ny, N;.

Chapter 3.2.

Exercise 3.5 (AY and YA configurations). Consider ideal balanced three-phase trans-
formers in AY and Y A configurations shown in Figure 3.15(b).
1. Show that their voltage gains satisfy Ky (1/n) = 1/Kay (n).
2. What is the implication on a path that contains a AY transformer followed by the
same AY transformer connected in the reverse direction?

Exercise 3.6 (Nonideal AY transformer). Consider abalanced three-phase transformers
in AY configuration and its per-phase equivalent circuit shown in Figure 3.18. Show
that the transmission matrix of the per-phase equivalent circuit is given by:

[Vf‘”] _ [K;} (n) (1421ym) Ry (n)(21/3) [V;"]
Iy Kg} (n) Bym) Kay (n) I

where Ky () := V3n €17/,

Chapter 3.3.

Exercise 3.7 (Referring shunt admittance in one side to the other). Show that the
transmission matrix for the circuit in Figure 3.22(a) is the same as that in Figure
3.22(b) provided that the relation (3.16) between shunt admittances y,, and y, holds.

Exercise 3.8 (Transmission matrix). Consider a balanced three-phase ideal transformer
with a complex gain K(n) connected to a balanced three-phase series impedance z
and a balanced three-phase shunt admittance y; on the secondary side. The per-phase
equivalent circuit is shown in Figure 3.37(a). Show directly that the circuit in Figure

+o0—>

[
&

>- O +

v K| v I A7 ] | &G v

-0 O - -0 O -
ideal ideal
transformer transformer

(a) (zs,ys) in the secondary (b) (zp,yp) in the primary

Figure 3.37 Referring (zg,ys) on the secondary to the primary of a transformer.

3.37(a) and that in Figure 3.37(b) have the same transmission matrix, provided that
(3.16) holds for the impedances/admittances (zp,y,) and (zs,s).
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Exercise 3.9 (Driving-point impedance). Refer to Figure 3.25.
1. Show that the driving-point impedance V) /I on the primary side is the same in
both circuits in Figure 3.25(a).
2. Show that the driving-point impedance V, /I, on the secondary side is the same in
both circuits in Figure 3.25(b).

Exercise 3.10 (Driving-point impedance on primary side). Suppose the secondary
sides of the (equivalent) circuits in Figure 3.37 are connected to an identical load zjoaq
so that V3 = zj0,q/2 in both circuits.
1. Show that the driving-point impedances on the primary side of the circuit in Figure
3.37(a) is:

Vi 1 1
LA - (3.252)
I IK(n)IZ( ’ ys+zlo‘ad)

without using (3.16). The term in the bracket is the Thévain equivalent impedance
in the secondary circuit, seen from the output of the ideal transformer.
2. Show that the driving-point impedances on the primary side of the circuit in Figure
3.37(b) is:
Vi 1

Y S S— (3.25b)
h Ty KR 2l

without using (3.16).
3. Show that (3.25a) and (3.25b) are equivalent provided that (z,,y,) and (zs,ys)
satisfy (3.16).

Chapter 3.4.

Exercise 3.11 (Per-phase analysis). Consider the balanced three phase system in Figure
3.38 where the line-to-line voltage of the three-phase generator in A configuration is
Vgen. The 3¢ transformer consists of single-phase transformers in AY configuration.
Each single-phase transformer is modeled by a leakage impedance z; (and negligible
shunt admittance) on the primary side followed by an ideal transformer with voltage
gain n. The transmission line is modeled by a II-model with a series impedance Zzjine
and a shunt admittance y,, /2 at each end of the line. The transmission line is connected
to a balanced 3¢ impedance load in Y configuration with an impedance zjy,g in each
phase.

Figure 3.38 Example 3.11: one-line diagram.

1. Draw the equivalent per-phase circuit.
2. Derive the complex power delivered to the load Zj,,q in each phase.
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Exercise 3.12 (Caltech ACN: estimating distribution line impedances). Suppose the
AY transformer in the Caltech ACN in Example 3.3 is balanced. Suppose its primary
side is connected to a balanced three-phase voltage source in A configuration with a
line voltage of |V | = 480V through a three-phase distribution line, as shown in Figure
3.39. Its secondary side is connected to a balanced three-phase load through another
three-phase distribution line. Suppose the system is balanced so that the distribution
lines are modeled by (diagonal) series impedances Zjine,11 and zjine2l respectively
(Figure 3.39), where I is the identity matrix of size 3. The secondary side of the AY

Figure 3.39 The three-phase transformer is connected to a three-phase voltage source and a
three-phase load through two three-phase lines.

transformer is directly grounded so that its neutral voltage is zero. Its phase a line-
to-neutral voltage is measured to be V. The load is a balanced three-phase current
source in A configuration with a known (EV charging) current /jp5g from phase a to
phase b. The voltage is measured to be Vjoag across the load between phases a and b.

Assume without loss of generality that the voltage source has Vi, = 0° and is
balanced in a positive sequence set.
1. Derive the single-phase equivalent circuit.
2. Determine the distribution line impedances Zjine,1 and Zjine2 in terms of the line
voltage |Vi|, the leakage impedance z; of the transformer, and the complex gain
K (n) of the ideal AY transformer, as well as the measured transformer voltage V4"
and load voltage and current (Vipad, li0ad)-

Appendix 3.5.

Exercise 3.13 (Base values across transformers). For a normal system, on each parallel
pathin its per-phase equivalent circuit, the product of ideal transformer gain magnitudes
is the same. Show that this property allows us to consistently define base values between
two neighboring areas using (3.21). (Hint: Show that around any loop, (3.21) holds
only if the product of voltage gain magnitudes around the loop is 1.)

Exercise 3.14 (Terminal current and three-phase impedance bases). Show the defini-
tion (3.23b) (3.23d) for base values 113;’) and zif respectively are equivalent to definition
(3.23e).

Exercise 3.15 (Per-unit properties). Prove the per-unit properties (3.24).

Exercise 3.16 (Per-unit normalization for dynamical systems [183]). Consider the
linear time-invariant system

X = Ax(t)+Bu(t), y(t) = Cx(t)+Du(t) (3.26)
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where A € R™" B e R"™k (C e RP*" and D € RP** Let the base values for
(x(2),u(t),y(z)) be the n xn diagonal matrix Xpg, the k X k diagonal matrix Up and the
p X p diagonal matrix Yp respectively. Per-unit normalization for (3.26) is the similarity
transformation with per-unit variables

xpu(t) = Xp'x(t),  wp(t) = Uglu(t),  ypu(t) = Yg'y()  (3.27)
Show that:
1. The per-unit variables (xpu(f),upu(?)) satisfy a linear time-invariant model

Xpu = ApuXpu(t) + Bputpu (1), Ypult) = Cpuxpu(t) + Dputtpu(t) (3.28)

Derive the system model (Apy, Bpu, Cpus Dpu)-

2. Show that the per-unit system (3.28) and (3.26) have the same system eigenvalues,
i.e., Apy and A have the same eigenvalues.

3. Show that the per-unit system (3.28) is structure-preserving in the sense that the
entries of (Apu, Bpu, Cpu, Dpu) are zero if and only if the corresponding entries of
(A,B,C,D) are zero.
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4.1.1

A power system has two types of components: (i) generation resources and loads
which we will call devices, and (ii) a network of transmission lines, distribution
lines and transformers, called branches, that connect these devices. In Chapter 4.1
we summarize these component models that we have studied in detail in the previous
chapters. In Chapter 4.2 we illustrate through examples the use of these components
to build a power system model, consisting of a device model and a network model.
A network model is a relation between nodal voltages, currents and powers of a
power network. In Chapter 4.3 we derive the network admittance matrix that linearly
relates nodal currents to nodal voltages and power flow equations that nonlinearly
relate nodal power injections and nodal voltages. In Chapter 4.4 we discuss classical
solution methods for solving power flow equations. In Chapter 4.5 we study analytical
properties of an admittance matrix. In Chapter 4.6 we study a linearized model, called
the DC power flow model, that is widely used in electricity markets and power system
planning applications.

Component models

In this section we summarize models of devices, transmission lines and transformers.
They will be used to construct system models in Chapters 4.2 and 4.3.

Devices: sources and impedance

In Chapters 1.1.2 and 1.3.1 we describe circuit models of single-phase single-terminal
devices. They are also per-phase models of balanced three-phase devices. Associated
with each device j is its terminal power, current, and voltage (s;,1;,V;) € C3. There
is an arbitrary reference point with respect to which all voltages are defined. If the
common reference point is taken to be the ground then voltage V; is the voltage drop
between terminal j and the ground. The terminal current /; is defined to flow out of
the device from terminal j to the reference point (opposite to the current direction in
Chapter 1.1.2.). Such a single-terminal device is characterized by relations between its
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41.2

terminal variables (s;,1;,V;). We will refer to these relations as a device model, which
will be used to construct a system model in Chapter 4.2.

1. Voltage source (E 72 j). T