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4.1 INTRODUCTION AND BACKGROUND

The method of symmetrical components provides a practical technology for

understanding and analyzing the operation of a system during power unbal-

anced conditions, such as those caused by faults between phases and ground,

open phases, unbalanced impedances, and so on. In addition, many protective

relays operate from symmetrical component quantities. Thus, a good under-

standing of this subject is of great value and another very important tool in

protection.

In a sense, symmetrical components can be called the language of the

relay engineer or technician. Its value is both in thinking or visualizing

unbalances, and it is a means of detailed analysis of them from the system

parameters. In this, it is like a language in that it requires experience and

practice for each access and application. Faults and unbalances occur infre-

quently and many do not require detailed analysis, so it becomes difficult to

practice the language. This has increased with the ready availability of fault

studies by computers. These provide rapid access to voluminous data, often

with little understanding of the background or method that provides the data.

Hence, this review of the method is intended to provide the fundamentals,

basic circuits and calculations, and an overview directed at clear understand-

ing and visualization.

The method of symmetrical components was discovered by Charles L.

Fortescue, who was mathematically investigating the operation of induction

motors under unbalanced conditions, late in 1913. At the 34th Annual Conven-

tion of the AIEE—on June 28, 1918, in Atlantic City—he presented an 89-page

paper entitled ‘‘Method of Symmetrical Co-ordinates Applied to the Solution

of Polyphase Networks.’’ The six discussants, including Charles Proteus

Steinmetz, added 25 pages. Practical application for system fault analysis was

developed by C.F. Wagner and R.D. Evans in the later part of 1920s and early

1930s, with W.A. Lewis adding valuable simplifications in 1933. Tables of fault

and unbalance connections were provided by E.L. Harder in 1937. At the same

time Edith Clarke was also developing notes and lecturing in this area, but

formal publication of her work did not occur until 1943. Additional material and

many examples for further study are found in Blackburn (1993).
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Only symmetrical components for three-phase systems are reviewed in

this chapter. For these systems there are three distinct sets of components:

positive, negative, and zero for both current and voltage. Throughout this

discussion, the sequence quantities are always line-to-neutral or line-to-

ground and appropriate to the situation. This is an exception for voltage

connections, whereas while in the power system line-to-line voltages are

commonly indicated, in symmetrical components they are always given as

line-to-neutral (or possibly line-to-ground).
4.2 POSITIVE-SEQUENCE SET

The positive-sequence set consists of balanced three-phase currents and line-

to-neutral voltages supplied by the system generators. Thus, they are always

equal in magnitude and are phase-displaced by 1208C. Figure 4.1 shows a

positive-sequence set of phase currents, with the power system phase

sequence in the order of a, b, c. A voltage set is similar, except for line-

to-neutral voltage of the three phases, with equal magnitude and which

displaces at 1208C. These are phasors that rotate in the counterclockwise

direction at the system frequency.

To document the angle displacement, it is convenient to use a unit phasor

with an angle displacement of 1208. This is designated as a so that

a ¼ 1ff1208 ¼ �0:5þ j0:866

a2 ¼ 1ff2408 ¼ �0:5� j0:866

a3 ¼ 1ff3608 ¼ 1ff08 ¼ 1:0þ j0: (4:1)

Therefore, the positive-sequence set can be designated as
Ic1

Ia1

Ib1

120�
120�

120�

FIGURE 4.1 Positive-sequence current phasors. Phasor rotation is counterclockwise.
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Ia1 ¼ I1 Va1 ¼ V1,

Ib1 ¼ a2Ia1 ¼ a2I1 ¼ I1ff2408 Vb1 ¼ a2V ¼ V1ff2408,

Ic1 ¼ aIa1 ¼ aI1 ¼ I1ff1208 Vc1 ¼ aV1 ¼ V1ff1208: (4:2)

It is most important to emphasize that the set of sequence currents or sequence

voltages always exists as defined. The phasors Ia1 or Ib1 or Ic1 can never exist

alone or in pairs, but always as a set of three. Thus, it is necessary to define

only one of the phasors (any one) from which the other two will be as

documented in Equation 4.2.
4.3 NOMENCLATURE CONVENIENCE

It will be noted that the designation subscript for phase a was dropped in the

second expression for the currents and voltages in Equation 4.2 (and also in the

following equations). This is a common shorthand notation used for conveni-

ence. When the phase subscript is not mentioned, it can be assumed that the

reference is to phase a. If phase b or phase c quantities are intended, the phase

subscript must be correctly designated; otherwise, it is assumed as phase a. This

shortcut will be used throughout the book and is common in practice.
4.4 NEGATIVE-SEQUENCE SET

The negative-sequence set is also balanced with three equal magnitude

quantities at 1208 separately, but only when the phase rotation or sequence

is reversed as illustrated in Figure 4.2. Thus, if positive sequence is a, b, c;

negative will be a, c, b. When positive sequence is a, c, b, as in some power

systems; negative sequence is a, b, c.
Ib2 Ia2

Ic2

120�

120�120�

FIGURE 4.2 Negative-sequence current phasors. Phasor rotation is counterclockwise.
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The negativ e-sequenc e set can be desi gnated as

Ia 2 ¼ I2 V a2 ¼ V2 ,

Ib 2 ¼ aIa 2 aI 2 ¼ I 2 ff120 8 Vb 2 ¼ aV 2 ¼ V2 ff120 8 ,

Ic2 ¼ a2 I a2 a
2 I 2 ¼ I2 ff240 8 Vc2 ¼ a2 V2 ¼ V2 ff240 8 : (4 :3)

Aga in, negative seque nce always exists as a set of current or voltage as

defi ned in the foreg oing or as show n in Figure 4.2: Ia2 or Ib2 or Ic2 can

never exist alone. When one current or voltage phasor is known, the other

two of the set can be defined as mentioned earlier.
4.5 ZERO-SEQUENCE SET

The members of this set of rotating phasors are always equal in magnitude

and exist in phase (Figure 4.3).

Ia0 ¼ Ib0 ¼ Ic0 ¼ I0Va0 ¼ Vb0 ¼ Vc0 ¼ V0: (4:4)

Similarly, I0 or V0 exists equally in all three phases, but never alone in a phase.

4.6 GENERAL EQUATIONS

Any unbalanced current or voltage can be determined from the sequence

components given in the following fundamental equations:

Ia ¼ I1 þ I2 þ I0, Va ¼ V1 þ V2 þ V0, (4:5)

Ib ¼ a2I1 þ aI2 þ I0, Vb ¼ a2V1 þ aV2 þ V0, (4:6)

Ic ¼ aI1 þ a2I2 þ I0, Vc ¼ aV1 þ a2V2 þ V0, (4:7)

where Ia, Ib, and Ic or Va, Vb, and Vc are general unbalanced line-to-neutral

phasors.

From these, equations defining the sequence quantities from a three-phase

unbalanced set can be determined:
Ia0 = Ib0 = Ic0

FIGURE 4.3 Zero-sequence current phasors. Phasor rotation is counterclockwise.
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FIGURE 4.4 Zero-sequence current and voltage networks used for ground-fault

protection. See Figure 3.9 and Figure 3.10 for typical fault operations.
I0 ¼ 1
3 

( Ia þ Ib þ Ic ), V0 ¼ 1
3 

( Va þ Vb þ Vc ), (4 : 8)

I1 ¼ 1
3 

(I a þ aI b þ a2 Ic ), V1 ¼ 1
3 

( Va þ aV b þ a2 V c ), (4 : 9)

I2 ¼ 1
3 

( I a þ a2 I b þ aI c ), V 2 ¼ 1
3 

( Va þ a2 Vb þ aV c ) : (4 : 10)

These three fundame ntal equat ions are the basis for determin ing if the

sequence quant ities exist in any give n set of unbal anced three-phase

currents or voltage s. Th ey are used for protectiv e-relayin g operation s from

the seque nce quant ities. For exampl e, Figur e 4.4 shows the physical applica -

tion of curr ent tran sformers (CT s) and voltage transf ormers (VT s) to measure

zero seque nce as require d in Equat ion 4.8 and as used in ground -fault

relaying.

Netw orks opera ting from CTs or VTs are used to provide an outpu t

proportiona l to I2 or V 2 and are based on physi cal solutions (Equati on 4.10 ).

This can be accom plished with resistors , transform ers, o r reactors, by digita l

solutions of Equat ion 4.8 through Equat ion 4.10.
4.7 SEQUENCE INDEPENDENCE

The factor that mak es the concept of dividing the unbalance d three- phase

quantities into the seque nce component s practical is the inde penden ce of the

components in a bala nced system network. Fo r all practical purpos es, electric

power systems are balanced or symme trical from the gener ators to the point

of single-phase loading, except in an area of a fault or unbalance, such as an
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open conduc tor. In this effective ly b alanced area, the fol lowing conditions

exis t:

1. Positi ve-sequen ce currents flo wing in the symme trical or balanced
� 20
network produc e only posi tive-seque nce voltage drops, no negative- o r

zero-se quence drops .
2. Negative- seque nce current s flowing in the bala nced networ k produce
only negativ e-sequenc e voltage drops, no posi tive- or zero -sequence

voltage drops .
3. Zero- sequence currents flowing in the balan ced networ k produc e only
zero-sequence voltage drops, no positive- or negative-sequence

vo ltage drops.
Th is is not true for any unbalance d or nonsymm etrical point or area, such as

an unsym metrical fault, open phase, and so on.

4. Positi ve-sequen ce current flowing in an un balanced system produces
positive- , negative-, and possi bly zero-se quence voltage drops .
5. Negative- seque nce current s flowing in an unbalance d system produces
positive- , negative-, and possi bly zero-se quence voltage drops .
6. Zero- sequence current flo wing in an unbalance d system produc es all
three: positive- , negativ e-, and zero-se quence voltage drops .
Th is important funda men tal condi tion permits setting up three inde penden t

networ ks, one for each of the three seque nces, whi ch can be interc onnected

only at the point or area of unbalance . Befor e continuing with the sequence

networ ks, a review of the sourc e of fault current is u seful.

4.8 POSITIVE-SEQUENCE SOURCES

A single-line diagram of the power system or area under study is the starting

point for setting up the sequence networks. A typical diagram for a section of

a power syst em is show n in Figure 4.5. In these diag rams, circl es are used to

designate the positive-sequence sources, which are the rotating machines in

the system; generators, synchronous motors, synchronous condensers, and

probably induction motors. The symmetrical current supplied by these to the

power-system faults decreases exponentially with time from a relatively high

initial value to a low steady-state value. During this transient period three

reactance values are possible for use in the positive-sequence network and for

the calculation of fault currents. These are the direct-axis subtransient react-

ance Xd
00, the direct-axis transient reactance Xd

0 , and the unsaturated direct-axis

synchronous reactance Xd.

The values of these reactances vary with the designs of the machines and

the specific values are supplied by the manufacturer. In their absence, typical
06 by Taylor & Francis Group, LLC.
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FIGURE 4.5 Single-line diagram of a section of a power system.
values are show n in Blackburn (1993, p. 279) and in man y othe r refere nces.

Generally, typical valu es at the machin es rated MV A (kVA) and k V are:

Xd
00 ¼ 0 .1 to 0.3 pu, wi th time constant s of about 0.35 sec; Xd

0 ¼ 1.2 � 2.0

times Xd
00, with time constant s in the order of 0.6–1.5 sec; Xd for faults is the

unsaturate d value that can range from 6 to 14 time s Xd
00.

For system-pr otection fault studies, the almost universa l practice is to use

the subt ransient ( Xd
00) for the rotating mac hines in the positive- sequence

networks. This provides a max imum value of fault current that is usef ul for

high-spe ed relayi ng. Although slower -speed protectio n may operate aft er the

subtransie nt reac tance has decay ed into the tran sient reac tance period,

the gener al prac tice is to use Xd
0 , except possibl y for special cases whe re Xd

0

would be used. There are special programs to account for the decrement al

decay in fault current with time in setting the slower-s peed protectiv e rel ays,

but these tend to be difficul t and tedious , and may not provide any substantia l

advantage s. A guide to aid in the under standin g of the need for special

considerat ions is outlined in Figur e 4.6. The cri teria are very general and

approximat e.

Cases A and B (see Figur e 4.6) are the most common situat ions, so that

the use of Xd
00 has a negl igible effect on the protect ion. Here the higher system

Zs tend s to negate the source decrem ent effects.

Case C (see Figur e 4.6) can aff ect the overa ll opera tion time of a

slower-s peed prot ection, but gener ally the decr ease in fault curr ent level

with time will not cause coordina tion probl ems unle ss the time–cur rent

characterist ics of various devi ces that are used are significantl y differ ent.

When ZM predo minates, the fault levels tend to be high and well above the

maximum -load current. The prac tice of setting the protect ion as sensitive as

possible, but not o perating on maximum load (phas e d evices) should provide

good protectio n sensit ivity in the transi ent reac tance period. If prot ection-

operating times are very long, such that the current d ecays into the synchr on-

ous reac tance period, special phase rel ays are require d, as disc ussed in

Chapter 8.
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ZM 〈 ZS
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local generation.
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local generation.

At generating
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industrial plants
with all local
generation, no
utility tie.

Near generating
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FIGURE 4.6 Guide illustrating the effects of rotating machine decrements on the

symmetrical fault current.
Usually, induction motors are not considered as sources of fault current

for protection purposes (see Figure 4.6, case D). However, it must be empha-

sized that these motors must be considered in circuit breakers’ applications

under the ANSI=IEEE standards. Without a field source, the voltage that is
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developed by induc tion motors decay s rapi dly, within a few cycl es; thus, they

generally have a negl igible effect on the protect ion. The DC offset that can

result from sudden change s in current in the ac networ ks is neglected in

symmetr ical com ponents. It is an import ant consider ation in all prot ection.

An equi valent source, such as that shown in Figure 4. 5, represe nts the

equivalent of all the systems that are not show n up to the point of connec tion

to that part of the system under study. This include s one or many rotating

machines that may be interconnec ted toge ther with any networ k of transf ormers,

lines, and so on. In gener al, a networ k system can be reduced to two equival ent

sources at each end of an area to be stud ied, with an equiv alent interconnec ting

tie betwee n thes e two equival ent sources. When the equi valent tie is large or

infinite, indicati ng that little or no power is excha nged betwee n the two source

systems, it is conven ient to express the equival ent sourc e system up to a specified

bus o r point in short-c ircuit MVA (or kVA). Appe ndix 4.1 ou tlines this and the

conversion to the impeda nce or the reactance valu es. In Figure 4.5, the network

to the right has reduced to a sing le equival ent impeda nce to represe nt it up to the

M terminal of the three-wind ing transf ormer bank.
4.9 SEQUENCE NETWORKS

The seque nce networ ks represe nt one of the three- phase-to-ne utral or

to-groun d circuits of the balanced three- phase power system and docum ent

how their seque nce currents will flo w if they can exist. These networ ks are

best expl ained by an exampl e: let us now consider the section of a powe r

system in Figur e 4.5.

React ance valu es have been indicat ed o nly for the g enerator and the

transformer s. Theoretical ly, impeda nce values should be used, but the resist -

ances of thes e units are small and negligibl e for fault stud ies. Howeve r, if

loads are include d, im pedance v alues shoul d be used unless their valu es are

small in relation to the reacta nces.

It is important that all values shoul d be specified with a base [vol tage if

ohms are used, or MV A (kV A) and kV if per-uni t or percent impedances are

used]. Before applying thes e to the seque nce networ ks, all values must be

changed to one common base. Usually, per-unit (percent) values are used, and

a common base in practice is 100 MVA at the particular system kV.

4.9.1 POSITIVE-SEQUENCE NETWORK

This is the usual line-to-neutral system diagram for one of the three symmet-

rical phases modified for fault conditions. The positive-sequence networks

for the system in Figur e 4.5 are shown in Figure 4.7. The voltage s VG and

VS are the system line-to-neutral voltages. VG is the voltage behind the

generator subtransient direct-axis reactance Xd
0 , and VS is the voltage behind

the system equivalent impedance Z1S.
� 2006 by Taylor & Francis Group, LLC.
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(a)

(b)

FIGURE 4.7 Positive-sequence networks for the system in Figure 4.5: (a) network

including loads; (b) simplified network with no load—all system voltages equal and in

phase.
XTG is the transf ormer leakage impeda nce for the bank bus G, and XHM is

the leakage impeda nce for the bank at H betwee n the H and M windings.

More detail s on these are give n in Appendi x 4.2. The delta- winding L of this

thr ee-windi ng bank is not involved in the posi tive-seque nce networ k unless a

gener ator or synchronous moto r is connecte d to it o r unle ss a fault is to

be consi dered in the L delta system . The connec tion would be as in Figure

A4.2 -3.

For the line betwee n buses G and H, Z1GH is the line-to- neutral impedance

of this three- phase circuit. Fo r open-wi re transmissi on lin es, an appro ximate

est imating valu e is 0.8 V=mi for sing le conduc tor and 0.6 V=mi for bundled

conduc tor s. Typical values for shunt capacitanc e of thes e lines are 0.2 M V=mi

for single conduc tor and 0.14 M V=mi for bundl ed conduc tor s. Nor mally, this

capac itance is negl ected, as it is very h igh in relat ion to all other impeda nces

that are involved in fault calculat ions. Th ese valu es should be used either for

est imating or in the absence of specific line const ants. The impeda nces of

cabl es vary consi derably, so specifi c data are neces sary for these.

The impeda nce angle of lines can vary quite widely, depend ing on the

volt age and type of cabl e or open wi re that is used. In com puter fault

progr ams, the angles are consi dered and include d, but for h and calculat ion,
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it is often practical and conven ient to simplify calcul ations by assuming that

all the equi pment involved in the fault calcul ation is at 90 8. Otherwise, it is

better to use reac tance values only. Sometime s it may be preferr ed to use the

line impeda nce values and treat them as reactan ces. Unl ess the networ k

consists of a large proportion of low-a ngle cir cuits, the error of usin g all

values as 90 8 will not be too sign ificant.

Load is shown to b e connecte d at b uses G and H. Norma lly, this would be

specified as kVA or MV A and can be converte d into impeda nce.

Iload ¼
1000 MV Aloadffiffiffi

3
p 

kV
and VLN ¼

10 00 kVffiffiffi
3
p

Zload ¼
VLN

Iload

¼ kV2

MVAload

¼ ohms at kV :
(4 : 11)

Equation 4.11 is a line-to- neutral value and coul d be used for ZLG and ZLH ,

representing the loads at G and H as shown in Figur e 4.7a. If load is

represente d, the voltage s VG and VS will be differ ent in magnitude and

angle, varying accor ding to the system load.

The valu e o f load impedan ce is usually quit e large com pared with the

system impeda nces, such that the load has a negligibl e effect on the faulte d-

phase curr ent. Thus, it b ecomes practical and simplifie s the calcul ations to

neglect load for shunt faults . With no load, ZLG and ZLH are infinite . VG and

VS are equal and in phase , and so they are repl aced by a com mon voltage V as

in Figure 4.7b. Nor mally, V is considered as 1 pu, the syst em-rated line-

to-neutral voltage s.

Con ventional current flo w is assumed to be from the neut ral bus N1 to the

area or point of unbalance . With this the voltage drop V1x at any point in the

network is always

V1x ¼ V �
X

I1 Z1 , (4: 12)

where V is the sourc e voltage (VG or VS in Figur e 4.7a) and SI 1Z1 is the

sum of the drops alon g any path from the N1 neut ral bus to the point of

measurem ent.
4.9.2 NEGATIVE-SEQUENCE NETWORK

The negativ e-sequenc e networ k defines the flow of negativ e-sequenc e cur-

rents when they exist. The system generators do not generate negative

sequence, but negative-sequence current can flow through their windings.

Thus, these generators and sources are represented by an impedance without

voltage, as show n in Figur e 4.8. In transform ers, lines, and so on, the phase
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FIGURE 4.8 Negative-sequence networks for the system in Figure 4.5: (a) network

including loads; (b) network neglecting loads.
seque nce of the current does not change the impeda nce encoun tered; h ence,

the same valu es as in the posi tive-seque nce networ k are used.

A rotating machine can be visualized as a transformer with one stationary and

one rotating winding. Thus, DC in the field produces positive sequence in the

stator. Similarly, the DC offset in the stator ac current produces an ac component

in field. In this relative-motion model, with the single winding rotating at syn-

chronous speed, negative sequence in the stator results in a double-frequency

component in the field. Thus, the negative-sequence flux component in the air gap

alternates between and under the poles at this double frequency. One common

expression for the negative-sequence impedance of a synchronous machine is

X2 ¼ 1
2 

(X 00d þ X 00q ) (4:13)

or the aver age of the direct and subst ransien t reac tance of qu adrature axes.

Fo r a round- rotor machine, Xd
00 ¼ Xq

00, so that X2 ¼ Xd
00. For salient-po le

mac hines, X2 will be different , but this is fre quently neglected unle ss cal cu-

lati ng a fault very near the machine terminals. Where no rmally X2 ¼ Xd
00, the

negat ive-seq uence networ k is equival ent to the positive- sequen ce networ k

excep t for the omission of voltage s.

Loads can be shown, as in Figure 4.8a, and will be the same impedance as

that for positive sequence, provided they are static loads. Rotating loads, such as
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those of induction motors, have quite a different positive- and negative-sequence

impedances when in operation. This is discussed further in Chapter 11.

Similar ly, when the load is normal ly negl ected, the network is as show n in

Figure 4.8b and is the same as the posi tive-seque nce networ k (see Figure

4.7b), excep t that there is no voltage .

Con ventional current flo w is assumed to be from the neut ral bus N2 to the

area or point of unbalance . With this the voltage drop V2x at any point in the

network is always

V2 x ¼ 0 �
X

I2 Z2 , (4: 14)

where SI2Z2 is the sum of the drops alon g any path from the N 2 neutral bus to

the point of measur ement.

4.9.3 Z ERO-SEQUENCE NETWORK

The zero-se quence network is always dif ferent. It must satisfy the flo w of

equal and in-ph ase curr ents in the three phases. If the connecti ons for this

network are not appar ent, or in doubt, these can be resolved by drawi ng

the three-phase system to see how the equal in-phase, zero-sequence

currents can flo w. For the exampl e in Figure 4.5, a thr ee-phase diagram is

shown in Figure 4.9. The convention is that the current always flows to the

unbalance. Therefore, assuming an unbalance between buses G and H, the top

left diagram shows I0G flowing from the transformer at bus G. Zero sequence
Unbalanced area
between buses G and H

I0G

I0G

I0G

I0S

I0S

I0S
I0L

I0H

I0H

I0H

3

3
3 3

FIGURE 4.9 Diagrams illustrating the flow of zero-sequence current as an aid in drawing

the zero-sequence network. Arrows indicate current directions only, not relative magnitudes.
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+

FIGURE 4.10 Zero-sequence network for the system of Figure 4.5.
can flow in the ground ed wye and to the fault becau se there is a path for it to

flo w in the delta. Thus XTG is connec ted between the zero potential bus and

bus G as shown in Figur e 4.10. This connection for the ground ed-wye– delta

tran sformer bank is als o show n in Figure A4.2 -1.

Zero-sequ ence impeda nce for transf ormer banks is equal to the p ositive and

negat ive seque nces and is the transf ormer leakage impeda nce. The exception to

this is three-phase core-type transf ormers , for which the construc tion does not

provi de an iron flux path for zero seque nce. For these the zero-se quence flux

mus t pass from the core to the tank and return. Hen ce, for these types X0 usual ly

is 0.85–0.9 X1 and, when know n, the specifi c valu e should be used.

The lower rig ht-hand diagram in Figur e 4.9 is for the system connecte d to

bus H (see Figur e 4.5). Currents out of the three- winding tra nsformer will

flo w as show n in the L and M windi ngs. The three current s can flow in the M-

ground ed wye becau se the equival ent sourc e is shown ground ed with Z0S

give n. Thus, the three- winding equi valent circuit is connecte d in the zero-

seque nce network (see Figur e 4.10) as show n, which fol lows the connections

docum ented in Figur e A4.2 -3b.

Note that in the right- hand part of Figure 4.9, if any of the wye connec-

tion s were not ground ed, the connec tions would be different . If the equival ent

syst em or the M windin g wer e ungrou nded, the networ k would be open

betwee n ZM and Z0S , since zero-se quence current s coul d no t flow as shown.

Lo ads, if desired, woul d be show n in the zero-se quence networ k only if they

wer e wye ground ed; delta loads would not pass zero sequence.

Zero-sequence line impedance is always different, as it is a loop impedance:

the impedance of the line plus a return path either in the earth or in a parallel

combination of the earth and ground wire, cable sheath, and so on. The positive-

sequence impedance is a one-way impedance from one end to the other end. As a

result, zero sequence varies from two to six times X1 for lines. For estimating

open wire lines, a value of X0 ¼ 3 or 3.5 X1 is commonly used.

The zero-se quence impeda nce of generat ors is low and variable, depend -

ing on the windi ng design. Except for very low-vo ltage units, generat ors are
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never solidl y ground ed. This is discusse d in Chapter 7. In Figur e 4.5, the

generator G is shown ground ed through a resisto r R. Faults on b us G and in

the system to the right d o not invol ve the gener ator as far as zero seque nce is

concerned because the transf ormer delta bloc ks the flow of zero-se quence

current, as show n.

Con ventional current flow is assum ed to be from the zero-potent ial bus N0

to the area or point of unbal ance. Th us, the voltage drop V0x at any point in the

network is always

V0 x ¼ 0 �
X

I0 Z0 , (4: 15)

where SI0 Z 0 is the sum of the drops alon g the path from the N0 bus to the

point of measur ement.

4.9.4 SEQUENCE NETWORK R EDUCTION

For shunt fault cal culations, the sequence networks can be reduced to a sing le

equivalent impeda nce com monly designated as Z1 or X1, Z2 or X2, and Z0 or

X0 from the neutral or zero -potentia l bus to the faul t location. This is the

Thevenin theo rem equiv alent im pedance, and in the positive- sequen ce

network, it is terme d as the Theveni n voltage . These values are dif ferent for

each fault location. Short-circuit studies with computers use various tech-

niques to reduce complex power systems and to determine fault currents and

voltages.

For the posi tive-seque nce networ k in Figure 4.7b consider faults at b us H.

Then by paralleling the impedances on either side, Z1 becomes

Z1 ¼
(X

00
d þ XTG þ Z1GH)(Z1S þ XHM)

X
00
d þ XTG þ Z1GH þ Z1S þ XHM

:

Each term in parentheses in the numerator, divided by the denominator,

provides a per-unit value to define the portion of current flowing in the two

parts of the network. These are known as distribution factors and are neces-

sary to determine the fault currents in various parts of the system. Thus, the

per-unit current distribution through bus G is

I1G ¼
Z1S þ XHM

X
00
d þ XTG þ Z1GH þ Z1S þ XHM

pu (4:16)

and the current distribution through bus H is

I1S ¼
X
00
d þ XTG þ Z1GH

X
00
d þ XTG þ Z1GH þ Z1S þ XHM

pu: (4:17)
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FIGURE 4.11 Reduced sequence networks where Z1, Z2, and Z0 are the equivalent

impedances of the networks to the fault point.
Th e reduction of the positive- sequence networ k wi th load (see Figure 4.7a)

requi res determin ing the load curr ent flow throu ghout the networ k befor e a

faul t, determ ining the open- circuit v oltage (Theve nin vo ltage) at the fault

point , and then the equival ent impeda nce looking into the networ k from the

faul t point with all cal culations. The total current s in the networ k are the sum

of the prefaul t load and the fault curr ents.

The negativ e- and zero-se quence networ ks can be reduced in a

man ner simi lar to a single impedance to a fault point and with appro priate

distri bution factors. These three inde penden t equival ent networ ks are shown

in Figure 4.11 with I1, I 2, and I 0 represen ting the resp ective seque nce curr ents in

the fault and V1, V2, and V0 repr esenting the respective seque nce voltage s at the

faul t.

As indicated earli er, the seque nce networ ks, such as thos e show n in

Figur e 4.11, are completely independe nt of each othe r. Next, we discuss

interc onnecti ons to represe nt faults and unbalance s.
4.10 SHUNT UNBALANCE SEQUENCE NETWORK
INTERCONNECTIONS

Th e principal shunt unbalance s are faul ts: three-phase , two-ph ase-to-p hase,

two -phase-to- ground , and one-p hase-to -ground. Two fault studies are n or-

mall y made: (1) thr ee-phase faults for applying and setting phase relays and

(2) one-p hase-to -ground faults for appl ying and setti ng ground relays. The

othe r two faults (phase-to- phase and two-ph ase-to-gro und) are rarely cal cu-

lated for relay applications. With Z1¼ Z2, as is common, then, a solid phase-

to-phase fault is 0.866 of the three-phase fault.
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The ph ase curr ents for solid two-ph ase-to-gro und faults will vary de-

pending on the zero -sequence impeda nces, but general ly tend to be near the

phase-to-pha se o r three- phase fault valu es (see Sect ion 4.16.1) .

4.10.1 F AULT I MPEDANCE

Faults are seldom solid, but involve varying amounts of resistanc e. Howeve r, it

is general ly assumed in protectiv e rel aying and most fault stud ies that the

connection or cont act with the ground involves very low and in gener al

negligibl e impeda nce. For the higher v oltages of transmis sion and subtrans -

mission, thi s is essential ly true. In distributio n systems (34.5 kV and lower) a

very large to basically inf inite impeda nce can exist. This is tru e, partic ularly at

the lower voltage s. Many faults are tree contacts, which can be high imped-

ance, intermi ttent, and variable. Cond uctors lying on the g round may or may

not resu lt in sign ificant fault curr ent and yet can be highly vari able. Many tests

have been conduc ted over the year s on wet soil, dry soil, rocks, aspha lt,

concrete, and so on, with quite a different variabl e and sometim es unpre dict-

able result. Thus, in mos t fault studies, the practice is to assume zero ground

mat and fault impedances for maximum fault values. Prot ective relays are set as

sensitive ly as possib le, howe ver, to respo nd properl y to these maximum valu es.

Con sequently, although arcs are quite variable, a common ly acce pted

value for current s betwee n 70 and 20,000 A has been an arc d rop of 440 V

per phase, basical ly independe nt of current mag nitude. Therefor e,

Zarc ¼
440 l

I
� (4 : 18)

where l is the arc leng th in feet and I the curr ent in ampere s: 1=kV at 34.5 kV

and higher is approximately 0.1–0.05. The arc is essentially resistance, but

can appear to protective relays as an impedance, with a significant reactive

component resulting from out-of-phase contributions from remote sources.

This is discu ssed in mor e deta il in Chapte r 12. In low-vo ltage (480 V)

switchboard-type enclosures, typical arc voltages of about 150 V can be

experienced. This is relatively of current magnitude.

It appears that because arcs are variable, their resistances tend to start at a

low value and continue at the same value for an appreciable time, then build

up exponentially. On reaching a high value, an arc breaks over to shorten its

path and resistance.

4.10.2 SUBSTATION AND TOWER-FOOTING IMPEDANCE

Another highly variable factor, which is difficult both to calculate and

measure, is the resistance between a station ground mat, line pole, or tower,

and the ground. In recent years several technical papers have been written,

and computer programs have been developed in this area but there are still
� 2006 by Taylor & Francis Group, LLC.



man y variabl es and assum ptions. All this is beyond the scope of this book.

Th e general prac tice is to neglect these in most fault stud ies and relay

appl ications and set tings.

4.10.3 S EQUENCE I NTERCONNECTIONS FOR THREE -PHASE FAULTS

Th ree-phas e faults are assumed to be sym metrica l; hence , no anal ysis is

neces sary for their calcul ation. Th e positive- seque nce networ k, which is the

norm al balanced diag ram for a sym metrical syst em, can be used, and the

connec tion is show n in Figur e 4.12. For a solid faul t the fault point F1

is connec ted back to the neut ral bus (see Figur e 4.12a) ; with fault im pedance

the connection include s this impeda nce, as show n in Figure 4.12b. From these,

I1 ¼ I aF ¼
V

Z1

or I1 ¼ I aF ¼
V

Z1 þ ZF

(4 :19)

and IbF ¼ a2I 1, I cF ¼ aI 1, accordi ng to Equation 4.2. Th ere is no differ ence

betwee n a thr ee-phase faul t and a three- phase-t o-ground fault.

4.10.4 SEQUENCE INTERCONNECTIONS FOR SINGLE-PHASE-TO-GROUND

FAULTS

A phase-a-to-ground fault is represented by connecting the three sequence

networ ks toge ther as shown in Figure 4.13, with diag ram 4.13a for solid faults

and 4.13b for faults with impedance. From these:

I1 ¼ I2 ¼ I0 ¼
V

Z1 þ Z2 þ Z0

or
+

+

+

+

(a) (b) (c)

V1 IaF IbF IcF

V

V

Fault area

N1

I1
F1

Z1 ZF ZF ZF

Z1

F1

I1

ZF

V1

N1

F

c

W
W

b

a

FIGURE 4.12 Three-phase fault and its sequence network interconnections: (a) solid

fault; (b) system fault; (c) with fault impedance.
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alternate

(c)(b)(a)
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V2

V2
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3zF
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V

V

+
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+
+

+

+

+

+

FIGURE 4.13 Single-phase-to-ground fault and its sequence network interconnec-

tions: (a) solid fault; (b) system fault; (c) with fault impedance.
I1 ¼ I2 ¼ I 0 ¼
V

Z1 þ Z2 þ Z 0 þ 3ZF

, (4: 20)

Ia F ¼ I 1 þ I 2 þ I0 ¼ 3I 1 ¼ 3I2 ¼ 3I 0 : (4 : 21)

From Eq uation 4.6 and Equation 4.7, it can be seen that IbF ¼ I cF ¼ 0, which is

corrected in the fault. In addi tion, VaF ¼ 0, which is supporte d by the seque nce

connections becau se V1 þ V2 þ V0 ¼ 0.

4.10.5 S EQUENCE I NTERCONNECTIONS FOR PHASE -TO -PHASE FAULTS

For this type of fault, it is conven ient to show that the fault is betwee n phases b
and c. Th en, the seque nce connection s are as shown in Figure 4.14 . From these,

I1 ¼ �I2 ¼
V

Z1 þ Z2

or I1 ¼ �I2 ¼
V

Z1 þ Z2 þ ZF

: (4 : 22)

From the funda mental Equation 4.5 thr ough Eq uation 4.7 ,

IaF ¼ I 1 � I 2 ¼ 0,

as it should be in the fault
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FIGURE 4.14 Phase-to-phase fault and its sequence network interconnections:

(a) solid fault; (b) system fault; (c) with fault impedance.
IbF ¼ a2I1 þ aI2 ¼ (a2 � a)I1 ¼ �j
ffiffiffi
3
p

I1, (4:23)

IcF ¼ aI1 þ a2I2 ¼ (a� a2)I1 ¼ þj
ffiffiffi
3
p

I1: (4:24)

As is common, Z1¼ Z2; then I1¼V=2Z1; disregarding +j and considering

only the magnitude yields

Iff ¼
ffiffiffiffiffiffiffi
3V

2Z1

r
¼ 0:866,

V

Z1

¼ 0:866I3f: (4:25)

Thus, the solid phase-to-phase fault is 86.6% of the solid three-phase fault

when Z1¼ Z2.
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4.10.6 SEQUENCE INTERCONNECTIONS FOR DOUBLE-PHASE-TO-GROUND

FAULTS

The connections for this type are similar to those for the phase-to-phase fault,

but only with the addition of the zero-sequence network connected in parallel

as shown in Figure 4.15. From these,

I ¼ V

Z1 þ
Z2Z0

Z2 þ Z0

,

N1

N1

N2

N2

N0

N0

V0

V0

V2

V2Z1 Z2

F2

G0

3ZFG

F1

ZF

2

V1

V1

I1 I2 I0

I0I2I1

V

b

a

F

W

G

c

(a) (b)

(c)

+ +

+

+

+

+

+

Z1

IaF IbF
IcF

Z2

ZF

ZFG

2

Z0

Z0

F0

W0W1

ZF
2

ZF
2

ZF

2
ZF

2

FIGURE 4.15 The double-phase-to-ground fault and its sequence network intercon-

nections: (a) solid fault; (b) system fault; (c) with fault impedance.
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I1 ¼
V

Z1 þ
ZF

2
þ (Z2 þ ( ZF =2))( Z0 þ ( ZF =2) þ 3 ZFG )

Z2 þ Z0 þ Z F þ 3Z FG

I2 ¼ �I 1
Z0

Z2 þ Z0

and I0 ¼ �I1

Z2

Z2 þ Z0

, (4 :26)

r

I2 ¼ �I 1
Z0 þ ( ZF =2) þ 3ZFG

Z2 þ Z0 þ ZF þ 3ZFG

,

nd

I0 ¼ �I 1
Z2 þ ( ZF =2)

Z2 þ Z0 þ Z F þ 3Z FG

: (4 :27)

quation 4.5 thr ough Equat ion 4.7 provide IaF ¼ 0 and faul t mag nitudes for

bF and IcF .

.10.7 OTHER SEQUENCE INTERCONNECTIONS FOR S HUNT SYSTEM

CONDITIONS

he impeda nces at the fault point in Figur e 4.1 2 thr ough Figure 4.15 were

onsider ed to result from the fault arc. However, they can also be consi dered

s a shunt load , shunt reactor , shunt capacit or, and so on , connec ted at a given

oint to the system. Various types and their seque nce interc onnectio ns are

overed in Black burn (1993).
.11 EXAMPLE: FAULT CALCULATIONS ON A TYPICAL
SYSTEM SHOWN IN FIGURE 4.16

he system of Figur e 4.16 is the sam e as that show n in Figur e 4.5, but

ith typi cal constant s for the various parts. These are on the bases indicated,

o the first ste p is to transfer them to a common base, as disc ussed in Chapte r

. The posi tive- and negative-s equenc e networks (nega tive is the same as

ositive, excep t for the omission of the voltage ) are shown in Figur e 4.17. The

onversion to a common base of 100 MVA is shown as necessary.

For a fault at bus G, the right-hand impedances (j0.18147þ j0.03667þ
.03¼ j0.5481) are paralleled with the left-hand impedances (j0.20þ j0.1375¼
.3375). Reactance values, rather than impedance values, are used, as is typical

hen the resistance is relatively small.

(0:5763) (0:4237)

X1 ¼ X2 ¼
0:3375 � 0:2481

0:5856
¼ j0:1430 pu: (4:28)
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H
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busG bus

FIGURE 4.16 Power system example for fault calculations.
The division of 0.3375 =0 .5856 ¼ 0.5763 and 0.248 1=0.5856 ¼ 0.4237, as

shown, provides a p artial check , for 0.5763 þ 0.4237 mus t equal 1.0, which

are the distributio n factor s indicating the per-uni t current flo w on either side

of the fault. These values are added to the networ k diagram. Th us, for faults at

bus G, X1 ¼ X2 ¼ j 0.1430 pu on a 100 MVA b ase.

The zero-se quence networ k for Figur e 4.16 is shown in Figure 4.18.

Again the reacta nce values are conver ted to a com mon 100 MV A base.
.16 ×

 × .11.4237

100
80

100
150

100 × 24
1152

100
80

N1 Values in per unit at 100 MVA 

j1.0

= j.1375

= j.20

j1.0

1.0

Xd �

XTG

F1

F1

I1

N1 N2

F2

I2

XIGH

XHM = .055 ×

X1S = 
j.03

.5763

X1 = j.1430

X2 = j.1430

ZM

ZL

ZH

G

V

H

=

= j.18147

= j. 03667

+

+

FIGURE 4.17 Positive- and negative-sequence networks and their reduction to a

single impedance for a fault at bus G in the power system in Figure 4.16.
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1.0
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.1184

j.1950
= j .04

.1701

.0517

1152

N0

F0

FO

XO = j .1141

IO

XOS

XTG
ZM ZH

ZL
XOGH

j.1375
HG

FIGURE 4.18 Zero-sequence network and its reduction to a single impedance for a

fault at bus G in the power system in Figure 4.16.
Th e three- winding bank connec tions are as indicated in Figure A4.2-3b with

ZNH ¼ ZNM ¼ 0 becau se the neutrals are shown as solidly ground ed.

The conversi ons to a com mon 100 MVA base are show n, excep t for the

thr ee-windi ng transformer . For this bank,

XHM ¼ 0: 055 � 100

150 
¼ 0: 03667 pu,

XHL ¼ 0: 360 � 100

150 
¼ 0: 2400 pu,

XML ¼ 0: 280 � 100

150 
¼ 0: 18667 pu,

and from Equation A4.2-13 through Equat ion A4.2 -15,

XH ¼ 1
2 

(0 : 03667 þ 0:2400 � 0: 18667) ¼ 0: 0450 pu,

XM ¼ 1
2 

(0 : 03667 þ 0:1866 7 � 0: 240) ¼ �0: 00833 pu ,

XL ¼ 1
2 

(0 : 2400 þ 0:18667 � 0: 3667) ¼ 0: 1950 pu :
(4 :29)

Th ese are show n in Figure 4.18.

This networ k is reduced for a fault at bus G by the first para lleling

X0S þ ZH with ZL and then adding ZM and X 0GH;

(0 :6964) (0 :3036)

0: 1950 � 0: 0850

0: 280
¼ j 0: 0592

� j0: 0083 (ZM )

j0: 620

j0: 6709
( X0GH ) :
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This is the right- hand branc h p aralleling with the left-hand branc h,

(0: 8299) (0: 1701)

X0 ¼
0: 6709 � 0: 1375

0: 8084
¼ j 0: 1141 pu at 100 MVA : (4 : 30)

The values (0.829 9) and (0.1701 ) add to 1.0 as a check and provide the current

distributio n on either side of the bus G fault, as shown on the zero-se quence

network. The distribut ion factor 0.17 01 for the right side is further divided

by 0.6964 � 0.1701 ¼ 0.1184 pu in the 230 kV system neut ral and

0.3036 � 0.1701 ¼ 0.0517 pu in the three- winding transf ormer H neut ral

winding. These are shown on the zero-se quence networ k.

4.11.1 T HREE-PHASE F AULT AT B US G

For this fault,

I1 ¼ Ia F ¼
j 1:0

j 0:14 3 
¼ 6: 993 pu

¼ 6:99 3
100,000ffiffiffi
3
p
� 115

¼ 3510 : 8 A at 115 kV : (4 : 31)

The divisi ons o f current from the left ( IaG ) and right ( I aH) are:

Ia G ¼ 0:42 37 � 6: 993 ¼ 2:963 pu, (4 : 32)

IaH ¼ 0: 5763 � 6:993 ¼ 4:030 pu: (4 : 33)

4.11.2 S INGLE -PHASE-TO -GROUND F AULT AT B US G

For this fault,

I1 ¼ I 2 ¼ I0 ¼
j 1: 0

j (0: 143 þ 0: 143 þ 0:1141) 
¼ 2: 50 pu, (4 : 34)

IaF ¼ 3 � 2: 5 ¼ 7: 5 pu at 100 MVA,

¼ 7: 5 � 100,000ffiffiffi
3
p
� 115

¼ 3764 : 4 A at 115 kV: (4 : 35)

Normally, the 3 I0 currents are docum ented in the syst em, for thes e are used to

operate the ground relays. As an aid to under standin g these are illus trated in

Figure 4. 19 alon g with the p hase currents. Equat ion 4.5 thr ough Eq uation 4.7

provide the three-phase currents. Because X1¼X2, such that I1¼ I2, these

reduce to Ib¼ Ic¼ –I1þ I0 for the phase b and c currents, since aþ a2¼ –1.

The currents shown are determined by adding I1þ I2þ I0 for Ia, –11þ I0 for

Ib, and Ic and 3I0 for the neutral currents.
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FIGURE 4.19 Phase and 3I0 current distribution for a single-phase-to-ground fault at

bus G in Figure 4.16.
In the 115 kV system the sum of the two neut ral current s is equal and

opp osite to the curr ent in the fault. In the 230 kV system the current up the

neut ral equals the current down the other n eutral.

The calcul ations assumed no load ; accor dingly, prefaul t, all curr ents in the

syst em were zero. With the fault involvi ng only phase a, it will be observed

that current flows in the b and c phase s. This is becau se the distributio n

factor s in the zero -sequence network are different from the positive- and

negat ive-seq uence distri bution factor s. On a radial system where positiv e-,

negat ive-, and zero -sequence curr ents flow only from one source and in the

sam e direction , the distribut ion factor s in all three networ ks will be 1 .0, in

spite of the zero -sequence impedances . Then Ib ¼ I c ¼ –I 1 þ I 0 becomes zero,

and fault current flows only in the faulte d phase . In this type Ia ¼ 3I 0 through-

out the system for a single-p hase-to-gr ound fault.

4.12 EXAMPLE: FAULT CALCULATION FOR
AUTOTRANSFORMERS

Autotransformers have become quite common in recent years. They provide

some different and interesting problems. Consider a typical autotransformer

in a system, as shown in Figure 4.20, and assume that a sing le-phase-

to-ground fault occurs at the H or 345 kV system values that are given

based on this consideration. For the autotransformer, the equivalent network

is as in Figur e A4.2 -3d, with values as follows: On a 100 MV A base,

XHM ¼ 8� 100

150
¼ 5:333% ¼ 0:05333 pu,

XHL ¼ 34� 100

150
¼ 68% ¼ 0:68 pu,

XML ¼ 21:6� 100

40
¼ 54% ¼ 0:54 pu, (4:36)
� 2006 by Taylor & Francis Group, LLC.



Fault H

345 kV
Equivalent
system
X1 = X2 = 8%
X0 = 28%
On 100 MVA

161 kV
Equivalent
system

150 MVA
345: 161: 13.8 kV

X1 = X2 = 5.7%

XHM = 8% On 150 MVA

Per unit on 100 MVAN1

N0

j1.0

1.0

1.0

j1.0

X1 = X2 = j.0464

X0 = j.0653

j.057

j. 032

j. 08

j.28

j.0967

.7669
j.0967

−j.0433

−j.0433

−.01519

j.583

j.583

H

H

XH

XH

XM

XM

XL

XL

L

L

M

M

.4204

.78201

.5796

.2331

M

N1

F1

F0

I1

I0

F1

F0

XHL = 34% On 50 MVA

XML = 21.6% On 40 MVA

X0 = 3.2%

On 100 MVA

L−13.8 kv

N0

44

FIGURE 4.20 Example of fault calculation for an autotransformer.
and from Equat ion A4.2-13 through Equat ion A4.2 -15,

XH ¼ 1
2

(0:0533þ 0:68� 0:54) ¼ 0:09667 pu,

XM ¼ 1
2

(0:0533þ 0:54� 0:68) ¼ �0:04334 pu,

XL ¼ 1
2

(0:68þ 0:54� 0:0533) ¼ 0:58334 pu: (4:37)
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Th ese valu es are shown in the sequence diag rams in Figur e 4.20. In the

positive- (and negative)-sequence networks for a fault at H,

X1 ¼ X2

(0:5796) (0:4204)
(0:0533þ 0:057)(0:08)

0:1903
¼ j0:04637 pu: (4:38)

The zero-sequence network reduces as follows: first paralleling the left side,

¼ (0:032� 0:0433)(0:5833)

0:032� 0:0433þ 0:5833
¼

(�0:0198)(1:0198)
(�0:0113)(0:5833)

0:5720

¼ �0:01156 pu

X0 ¼
(�0:01156þ 0:09667)(0:28)

0:08511þ 0:28
¼

(0:2331)(0:7669)
(0:08511)(0:28)

0:36511

¼ j0:06527 pu:

(4:39)

The current distribution factor through the XM path is 0.7669� 1.0198¼
0.78207, and through the XL path is 0.7669� –0.0198¼ –0.01519. These

current distributions are shown on the network.

4.12.1 SINGLE-PHASE-TO-GROUND FAULT AT H CALCULATION

I1 ¼ I2 ¼ I0 ¼
j1:0

j(0:0464þ 0:0464þ 0:0653)
¼ 1:0

0:1580

¼ 6:3287 pu

¼ 6:3287� 100,000ffiffiffi
3
p
� 345

¼ 1059:1 A at 345 kV (4:40)

IaF ¼ 3I0 ¼ 3� 6:3287 ¼ 18:986 pu

¼ 3� 1059:1 ¼ 3177:29 A at 345 kV: (4:41)

It is recommended that amperes, rather than per unit, may be used for fault

current distribution, particularly in the neutral and common windings. The

autotransformer is unique in that it is both a transformer and a direct electrical

connection. Thus, amperes at the medium-voltage base IM are combined

directly with amperes at the high-voltage base IH for the common winding

current I or for the high-side fault,

I ¼ IH(in amperes at kVH)� IM(in amperes at kVM): (4:42)
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For the curr ent in the ground ed neutral,

3I0 ¼ 3I 0H (in amp eres at kVH ) � 3I 0M (in ampere s at kV M ): (4 : 43)

Both of the foregoing currents are assum ed to flow up the neutral and to the M

junction point.

Corre spondingl y, for a fault on the M or medium-v oltage syst em, the

current flowing up the ground ed neut ral is

3I0 ¼ 3I 0M (in ampere s at kV M ) � 3I 0H (in ampere s at kV H ) : (4 : 44)

Thus, these current s in the com mon winding and neutral are a mixtu re of

high- and medium -voltage current s; theref ore, there is no base to which they

can be referr ed. This mak es per unit diffi cult, as it mus t have a base. When, or

if, per unit must be used, a fictional base can be devised based on the ratios of

the transform er parts. This is quite comple x. Becaus e it is the funda mental

base, amperes are easy to handle and they will be used in the following.

The sequence, phase a, and neutral currents are documented in Figure 4.21

for the exam ple in Figur e 4.20. There wi ll be curr ent flowing in phase s b and

c because the current distribution factors are different in the positive- and

zero-sequence networks. These are not shown, for they are of little import-

ance in protection.
Amperes at 345 kV

F

I1H = I2H = .420431059.1 = 445.24

IaH = 1702.7 Ia = 1474.59

3I0 = 740.64
IaF = 3177.29I1M = I2M = .420431059.1

I1 = I2 = .445.24−954.1  = −508.86
I0 = 812.22−1774.9 = −962.68

I1 = I2 = 0
I0 = −.01519 � 1059.1

= −232.21

345

Ia = −1980.4

3I0= −2888.04

I0M = .782131059.1    

IaM = 3683.1

3I0M =

 = 954.1

 = 1774.9

I1 = I2 = .579631059.1 = 613.85
I0 = .233131059.1 = 246.88I0H = .766931059.1 = 812.22

Amperes at 161 kV

345
161

Just amperes

Inside tertiary
amperes at 13.8 kV

Total
from
ground
5324.7 3177.29

2888.04
6065.33

740.64
6065.34

Total
down to
ground

Up 161 kV
Neutrals

5324.7

Neutrals
Up 345 kV

345
161

3 13.8

FIGURE 4.21 Fault current distribution for the autotransformer in Figure 4.20.
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345−161 1702.2 A

Ampere-turns up = Ampere-turns down
1702.7 3 1.1429 + 232.21 3 .1485 = 1980.4 3 1.0 

1946.02 + 34.48 = 1980.4 
1980.5 = 1980.4 Check.

1980.4

232.21 A 13.8    3

161
= 1.1429

Per-unit turns

1.0 per-unit
turn

M

H 345 kV

161 kV

3683.1 A
161

=.1485 per-unit
turn

FIGURE 4.22 Ampere-turn check to confirm or establish the direction of current flow

in the tertiary.
The exampl e indicates that curr ent flows in the down ward direction of the

neut ral seque nce of the autotransf ormer instea d of the upward direct ion, as

mig ht be expec ted. In addition, in this exampl e, the current in the delta has

reve rsed, becau se the negativ e branch of the transf ormer- equivalent circuit is

larg er than the very solidl y ground ed 161 kV connec ted system. Both these

eff ects inf luence the protectio n. This is discusse d further in Chap ter 12.

There can be a quest ion about the direction of current in the tertiar y. This

can be checked by ampere turns, as show n in Figure 4.22. Arbitra rily, one per-

unit turn was assumed for the 161 kV windi ng and the othe rs were derived.

Any conven ient windi ng or group could be used for the base.
4.13 EXAMPLE: OPEN-PHASE CONDUCTOR

A blown fuse or broke n conductor that op ens one of the three phase s repr e-

sent s an unbal ance series that is deal t mor e in detail in Black burn (1993) . As

an exam ple, consi der phase a open on the 34.5 kV line at b us H that is given

in Figure 4.23. All constant s are in per unit on a 30 MVA base.

The thr ee seque nce networ ks are show n in Figure 4.24. With n o load,

openi ng any phase mak es no difference in the current flo w becau se it is

already zero. Consta ntly, in thes e series un balances, it is necessar y to consi der

load ; theref ore, the 30 MVA, 90 %, is as show n. With induc tion mot or loads,

the negativ e-sequenc e load impeda nce is less than the positive- sequence

imp edance. This is cover ed in Chapter 11.
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System

G H

50 MVA
115: 34.5 kV
XTG = 7%

30 MVA

34.5: 13.8 kV
XTH = 8%

30 MVA
Load
90% P.F.

ZIGH = .21 

50 MVA

718

ZOGH = .64 
Per unit at 30 MVA
34.5 kVX1s = X2s = 15%

678

FIGURE 4.23 Example for series unbalance calculations.

N1

X1S =
XTG

= j  .042

=  .0648 + j.3306 = .3369 =  .9 + j.5159 = 1.037

=.5248  +  j. 3709

ZOGH

XTH

IOH

=.6426 35.258

678

68.398 pu

j.09
= 0.6

.21

ZIGH

I1H
IIG

zIG = x1s + xTG  + zIGH

z2G = x1s + xTG +zIGH

=zIG

I2G I2H

XTG

N0

XTG

IOG

zOG = xTG + zOGH

= .250 + j.631    = .6788

G

.64

j.042

zIGH xTH
G

j.042

X1s

z1H = xTH + zL1

z2H = xTH    +  zL2

ZLI

1.0  25.848

×

XTH

N2

zL2

X Y

X

X Y

Y
H

HG
=.15
= j.09

Per unit on 30 MVA

V = 1.286+ 15.3158

78.918

 298

718

 29.828

j.08

j. 08

j. 08

Open

= .0684   +   j .1986

= .0684   +    j .1986

pu

30
50

30
50

.07

=.250   +    j.589

FIGURE 4.24 The three sequence networks for the system in Figure 4.23.
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IaG = 0

IbG = 1.025 IbH

IcH

H

−154.538

G

System Load

IaH = 0

IcG = 1.265 92.298

3I0G = 1.275 −40.158 3l0H = 1.275 −40.158

FIGURE 4.25 Per-unit current distribution for an open conductor in the power system

in Figure 4.23 (per unit at 30 MVA where 1 pu ¼ 502 A at 34.5 kV).
If we assume the v oltage at the load to be 1.00 8 pu, then the volt age at the

gener ator will be 1.286 ff15 : 315 �. Phase a open is represe nted by connec ting

the thr ee-seque nce X point s togethe r and the three- sequence Y points together.

Th is connec ts the total zero-se quence impeda nces in parall el with the total

negat ive-seq uence impeda nces across the open X –Y of the positive- sequence

networ k. From these data, I1, I 2, and I 0 can be easily calcul ated.

The resu lting curr ents flowing in the system are show n in Figure 4.25 and

are in the order of normal load current s. Thus, it is dif ficult to locate and

provi de prot ection for thes e faults .
4.14 EXAMPLE: OPEN PHASE FALLING TO GROUND
ON ONE SIDE

In the system show n in Figur e 4.23, the phase a conduc tor on the line at bus H

opens and falls to g round valu e on the bus H side. Th e sequence networ ks are

the same as those indicat ed in Figur e 4 .24, but are interconnec ted, as can

be noted in Figur e 4.26. These are simul taneous faults: a series open-p hase

faul t and a phase -to-groun d fault. Thus, three idea l or perf ect transform ers are

used for isolatio n of the open- phase X–Y interc onnecti on from thr ee networks

in series for the ground fault. Becaus e thes e transform ers have no lea kage or

exci ting impeda nces, the voltage drop acro ss them cannot be expresse d by

the current in their windings. The curr ents I1, I 2, and I 0 can be determ ined

by solv ing vario us voltage drop equatio ns around the networks. The resu lting

faul t curr ents are show n in Figur e 4.27. In this instanc e, it is possibl e to obta in

curr ents by negl ecting the load . These are show n in parenthe ses in Figur e 4.27.

The other possibi lity is that the open conduc tor falls to ground value on the

line side. Here, the thr ee ideal transf ormers are move d to the left or X side o f the
� 2006 by Taylor & Francis Group, LLC.



G

G

G

G

X

X

X

Y

Y

Y

H

H

H

V

V

N1

N2

Positive sequence

Negative sequence

Zero sequence

Equivalent
system

Phase a
open &
grounded
on H side

Three
ideal 1:1
transformers

H

LoadZ1GH, Z0GH

Z1GH

Z1GH

Z0GH

ZL

XTG

XTG

XTG

XTG

XTH

XTH

XTH

I1H

I2H

I0H

I1G

I2G

I0G

No

ZL

ZL

IO

IO

IO

IO

IO

IO

Z1S = Z2S

Z1S

Z2S

XTH

+

FIGURE 4.26 Example of the sequence network interconnections for phase a open

and grounded at bus H (broken conductor has fallen to ground value).
three-seque nce networ ks: there is now no option—l oad mus t be consi dered.

The faul t current s are show n in Figur e 4.28. Note that, as in the open phase (see

Figure 4.25), the current s are still quite low, not highe r than load current s.

4.15 SERIES AND SIMULTANEOUS UNBALANCES

Series and simulta neous u nbalance s certainly occur in power system s. One

type is a blow n fuse or open (bro ken) phase conduc tor. The broke n conduc tor

can cont act the ground mak ing a simul taneous unbalance . Several instanc es

of these are covered with exam ples in Black burn (1993) .
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LaG = 0

IbH

IcH

G

System

Open

Load

H

LaH = 1.26  −58.818

(0.74  −73.778)

IbG = 1.01  5.058

(0.74  −73.778)

IcG = 1.68 −91.898

(0.74  −73.778)

3I0G = 1.85  −59.028

(1.48  −73.778)
(0.74  −73.778)

IaF = 1.26  −58.938

(2.22  −73.778)

3IOH = 3.12  −58.988

FIGURE 4.27 Per-unit current distribution for a broken conductor at bus H that falls

to ground value on the bus H side in the power system in Figure 4.23. Top values are

seen with a 30 MVA load. Values in parentheses are with load neglected (no load). Per

unit is at 30 MVA where 1 pu ¼ 502 A at 34.5 kV.
4.16 OVERVIEW

Fau lts and the seque nce quantitie s can be visualize d and perhaps be better

und erstood by an overa ll view in cont rast to the specifi c represe ntations and

cal culations. Accordingl y, several overv iews are pres ented next.
IaG = 3.43  −58.918

IbG = 1.10  −178.938

IcG = 1.71  101.328

IaH = 0

HG

System Load

IbH = −IbG

IcH = −IcG

3IOG = 1.32  −75.738
IaF = 3.43  −58.918 3IOH = 2.20  −48.858

FIGURE 4.28 Per-unit current distribution for a broken conductor at bus H that falls

to ground value on the line side in the power system in Figure 4.29. Per unit is at

30 MVA when 1 pu ¼ 502 A at 34.5 kV.
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4.16.1 VOLTAGE AND CURRENT PHASORS FOR SHUNT FAULTS

The first overview is a review of shunt faults, which are the common types

experienced on a power system. These are illustrated in Figure 4.29, with

Figure 4.29a showing the normal balanced voltage and load current phasors.

Load is slightly lagging, normally from unit power factor to about a 308 lag.

With capacitors at light load, the currents may slightly be direct.

When faults occur, the internal voltage of the generators does not change;

that is true unless the fault is left unattended for long, and the voltage regulators

attempt to increase the terminal voltage of the fault-reduced machine.

A three-phase fault (see Figure 4.29a) reduces all three voltages and causes a

large increase and higher lagging by the system, and usually varies from about

a 308 to 458 lag, and sometimes nearly a 908 lag (see Figure 4.29b).

The single-phase-to-ground fault (see Figure 4.29c) is the most common one.

The faulted-phase voltage collapses, and its current increases, as shown. Load

current is neglected, for it is usually relatively small, and Ib¼ Ic¼ 0. As has been
(a)

(d) (e)

(b) (c)

Ib

Ia

Va

IaVa Va

Ib  =  Ic  =  0

Ib

Ia = 0Ia  =  0

Vc Vb

Ib

IaVb

Vc

Ic

Vc Vb

Ic Ic

Va
Va

Vc Vb

Vb

Ib

Vc

Ic

FIGURE 4.29 Typical current and voltage phasors for common shunt faults: The fault

currents are shown at 908 lagging or for a power system where Z ¼ X. During faults the

load is neglected. (a) Normal balanced system; (b) three-phase faults; (c) phase-to-ground

a-Gnd faults; (d) phase-to-phase bc faults; (e) two-phase-to-ground bc-Gnd faults.
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indicated earlier, fault current flows in the unfaulted phases on loop systems in

which the distribution factors for the three sequence networks are different. Once

again the fault current lags normally. It is shown at 908 in Figure 4.29c.

The phase-t o-phase fault is seen in Figur e 4.29d . Neg lecting the load, for

a b-to- c phase fault, Va is normal, I a ¼ 0. Vb, and V c collaps e from their

norm al positions to v ertical phasors at a solid fault point where Vbc ¼ 0. I b
and Ic are norm ally equal and opposite and lagging is 90 8 , as shown in

Figur e 4.29c.

The two-ph ase-to-gro und fault (see Figure 4.29c) resu lts in the faulted

phase voltage s collapsing along their normal po sition until, for a solid faul t,

they are zero. Thus, at the fault, Vb ¼ Vc ¼ 0, whi ch is not true for the phase -

to- phase fault (see Figur e 4.29d) . Ib and I c will be in the gener al area, as

show n. An increas ing amoun t of zero-sequ ence current will cause Ib and I c
to swing clos er to each other; cont rarily, a low zero -sequence current com-

ponent will result in the phasors approaching the phase-to-phase fault

in Figure 4.29d. This can be seen from the sequence network connections

of Figure 4.15. Fo r a phase -to-pha se fault, if Z0 becomes infinite (essentially

ung rounded system ), the interconnec tion becomes as indicat ed in Figure 4.14.

On the other hand, for a very solidly grounded system where Z0 approached

zero relatively, the negative network becomes shorted, and this fault becomes

simi lar to the three- phase fault as shown in Figur e 4. 12.

Total fault current in per unit

Based on V¼ j1 pu; Z1¼ Z2¼ j1 pu; and Z0¼ jX1 pu

I30¼ 1.0

I00¼ 0.866a
Fault X0 pu: 0.1 0.5 1.0 2.0 10.0

10 Gnd 1.43 1.2 1.0 0.75 0.25

00 Gnd 1.52 1.15 1.0 0.92 0.87

3I00 Gnd �2.5 �1.5 �1.0 �0.6 �0.143

Angle of Ib00 Gnd �145.298 �130.898 �1208 �109.118 94.698

Angle of Ic00 Gnd 145.298 130.898 1208 109.118 94.698
For the phase-to-phase fault:

I1 ¼ �I2 ¼ 1=1þ 1 ¼ 0:5: Ib ¼ a2I1 þ aI2 ¼ (a2 � a)I1 ¼ �j
ffiffiffi
3
p

(0:5)

¼ �j0:866:

In some parts of a loop network it is possible for the zero-sequence current to

flow opposite the positive- and negative-sequence currents. In this area Ic may

lag the Vc phasor, rather than lead it as shown, correspondingly with Ib leading

the position, as shown.
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a

Icff
Icffgnd

Ibffgnd
Ibff

I3f and Ifgnd

bc

FIGURE 4.30 Comparison of solid shunt-type faults.
These trends are further amp lified b y Figur e 4.30, whi ch com pares the

various solid shunt faults . The eff ect of the zero sequence for ground faults is

illustrated by vari ous valu es of X0 reac tances relative to X1 ¼ X 2. As has b een

indicated, the zero-seq uence networ k is always different from the posi tive-

and negat ive-seq uence networ ks. Howeve r, X0 can be appro ximatel y equal to

X1, X2 for secon dary bus faults on distributio n feeders connecte d to large

power systems. In these cases, the syst ems X1, X2 are very small relative to

the pri mary delta- secondary wye -grounded distributio n transf ormer. Th us, the

case of X1 ¼ X2 ¼ X0 is quite practicabl e.

4.16.2 S YSTEM V OLTAGE P ROFILES DURING FAULTS

The trends of the sequence voltage s for the various faults in Figur e 4.29 are

illustrated in Figur e 4.31. Only the phase a seque nce voltage s are show n for

an ideal case whe re Z1 ¼ Z2 ¼ Z0. Th is makes the pres entation less com plex

and does not affect the trends show n.

With the com mon assumptio n of no load, the system voltage is equal

throughout the system, as indicated by the dashe d lines. When a solid three-

phase faul t occur s, the voltage at the fault point becom es zero, but as

indicated earli er, does not change in the source until the regulators act to

change the generat or fields. Mean while, the fault shoul d have been cleare d by

protectiv e relays. Thus, the voltage prof ile is as shown in Figur e 4.31a.

For phase -to-pha se faults (see Figure 4.31b) , the positive- seque nce v olt-

age drops to half value (Z1 ¼ Z2). This unbalance fault is the source of

negative sequence and the V2 drops , which are zero in the generat ors, are as

shown.

For two-phase-to-ground faults (see Figure 4.31c) with Z1¼ Z2¼ Z0, the

positive-sequence voltage at the fault drops to one-third of V1. The fault

at this moment generates both negative and zero sequences that flow

through the system, producing voltage drops as shown. The voltage V2
� 2006 by Taylor & Francis Group, LLC.



Source transformer Transformer source

Fault

No load

V1

Va1 Va1

Va1

Va1

Va1

V1

V1
V1

V2V2

F

V1

Va1

3
V0 V0

Va1

F

2

Va1

V2

V1

V1

V2 V2

V0 V0

Va1

3

F
V1

Va1

Va1

V2

F(a)

(b)

(c)

(d)

F

HG

2Va1

3

FIGURE 4.31 System sequence voltage profiles during shunt faults: (a) three-phase faults;

(b) phase-to-phase faults; (c) two-phase-to-ground faults; (d) phase-to-ground faults.
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becomes zero in the generat ors, whe reas V0 is zero at the ground ed

transformer neutral point.

The fault voltage for a phase-a-to-ground solid fault is zero and as docu-

mented in Figure 4.31d, the sum of the positive-, negative-, and zero-voltage

components at the fault add to zero. Thus, the positive-sequence voltage drops to

2=3V1 when Z1 ¼ Z2 ¼ Z0 at the fault point, where � 1=3V2 and � 1=3V0 are

generated. Subsequently, they drop to zero in the generator or source for the

negative sequence and to zero at the grounded transformer bank neutral.

The fundame ntal conce pt illustrated in Figure 4.3 1 is that positive-

sequence voltage is always max imum at the generat ors and minimum at

the fault. The negative- and zero-sequenc e volt ages are always max imum

at the fault and minimum at the gener ator or ground ed neutral.

It is common to refer to the ground ed-wye– delta or similar banks as

‘‘ground sourc es.’’ This is reall y a misnomer , as the source of zero seque nce

is the unbalance , the ground fault. How ever, thus designat ing thes e trans-

formers as ground sources is practical, sinc e, by conven tion ground (3 I0)

current flo ws up the ground ed neutral, thro ugh the syst em, and down the

fault into ground .

4.16.3 UNBALANCED CURRENTS IN THE UNFAULTED P HASES

FOR PHASE-TO-GROUND FAULTS IN LOOP SYSTEMS

A typical loop system is illustrated in Figure 4.32. A phase-a-to-ground

fault occurs on the bus at station E, as shown in Figure 4.33. The faul t

calculation was made at no-load; therefore, the current before the fault in

all three phases was zero in all parts of the system. However, fault current is

shown flowing in all three phases. This is because the current distribution

factors in the loop are different in the sequence networks. With X0 not equal
Station D

j9%

j8%

25 mi

30 mi

40 mi
Station R

Gen

j10%

j 7%

Reactance values on 100 MVA, 115 kV base

70 mi

Station E

Gen

X1 = X2  = j25% 

X1 = 0.150 pu

X1 = 0.182 pu
X0 = 0.640 pu

X0 = 0.500 pu

Equivalent
source
1600 MVASC

X1 = 0.242 pu

X1 = 0.420 pu
X1 =  X2  =  j20%

Load
station K

X0 = 1.250 pu

X0 = 0.830 pu

FIGURE 4.32 A typical loop-type power system.
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A

A

B

C

2.26

Station R

Per-unit currents at
100 MVA, 115 kV base
Ipu = 502 amps at 115 kV Station K

A

B

C

0.77

0.18

0.18

0.41

0.26

0.51 1.21

0.52

0.52

0.18

2.10 0.70 0.70 0.70

0.18

3l0 = 0.26

3l0 = 0.15

3l0= 2.84

3l0 = 0

laG = 5.09

3f Fault at bus E
Ia(3f) = 7.56

3l0 = 2.25

0+

0+

0.16 0.16 2.58

2.52

1.36

0.68

0.68

0.16

0.16

B C

A
0 0 0

B C

a b ca b c

Station D

Station E

FIGURE 4.33 Currents for a phase- a-to-ground fault at station E bus in Figure 4.32.
to X1 ¼ X2, I b ¼ a2I 1 þ aI 2 þ I 0 ¼�I1 þ I0. Likewi se, I c ¼�I 1 þ I 0. Th ese are

the currents flowing in phase s b and c as shown in Figur e 4.3 3.

This will always occur in any syst em or part of a system in which ther e are

posi tive-seque nce sources or zero-se quence sourc es at both ends. In ground

faul t stud ies, 3I0 values shoul d be recorded because the ground relays are

opera ted by 3I0, not the phase -fault curr ents, which can be quite differ ent, as

seen in Figur e 4.33. Thus, there is little or no use in reco rding the phase

valu es. These difference s mak e fuse appl ications on loop syst ems quite

dif ficult, because the fuse is opera ted on phase current , but the ground relays

are on 3I0 currents.

For radi al lines or feeders (posit ive-seq uence source and a wye -grounded

tran sformer at the same end, and no source or ground ed transfo rmer at the

othe r end) Ib and I c will be zero for all phase - a-to-ground faul ts. With the

sam e phase and 3I0 ground curr ents, it is easier to coord inate ground relays

and fuse s.

4.16.4 V OLTAGE AND C URRENT F AULT P HASORS FOR ALL

C OMBINATIONS OF THE DIFFERENT FAULTS

Th e seque nce phasor s from a differ ent perspectiv e are pres ented in Figure

4.3 4 and Figure 4.35. The voltage s and currents gener ated by the sourc es can
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Vb1Vc1

Va1

Vb1Vc1

Va1

Vb1Vc1

Va1

Vb1Vc1

Va1

Vb1Vc1

Va1

Vb1Vc1

Va1

Vb1Vc1

Va1

Vb1Vc1

Fault
type

a,b,c

a,b

b,c

c,a

a,b,G

b,c,G
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a,G

b,G
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Positive
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sequence
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sequence

FIGURE 4.34 Sequence voltages and the voltage at the fault point for the various

fault types. Solid faults with Z1 ¼ Z2 ¼ Z0 for simplicity. Magnitudes are not to scale.
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Ia2

Ic2

Ic2
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Ic2

Ic2

Ic2

Ic2

Ic2

Ic2

Ic2

Ib2
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Ia

Ia

Ia

Ia

Ia

Ia

Ib

Ib

Ib

Ib

Ib

Ic
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Ic

Ic

Ib2

Ib2

Ib2

Ib2

Ib2

Ib2

Ib2

Ib1

Ib1

Ib1

Ib1

Ib1

Ib1

Ib1

Ib1

Ib1

Ia1

Ia1

Ia1

Ia1

Ia1

Ia1

Ia1

Ia1

Ia1

Ic1

Ic1

Ic1

Ic1

Ic1

Ic1

Ic1

Ic1

Ic1

Positive
sequence

Negative
sequence
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Fault
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a,b,c

a,b,G

b,c,G
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a,G
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Ib0

Ic0

Ia0

Ib0

Ic0

Ia0

Ib0

Ic0

Ia0

Ib0

Ic0

FIGURE 4.35 Sequence currents and the fault current for the various fault types:

Solid faults with Z1 ¼ Z2 ¼ Z0 for simplicity. Magnitudes are not to scale.
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only be positive seque nce by design, and nothing else. Yet the unbal anced

faults require unbalance d quant ities. How can this dif ference be resolve d to

satisfy both requireme nts: balanced quantit ies by the generators and unbal -

anced quant ities at the faul ts? The resolutio n can be consi dered as the

function of the negativ e-sequenc e quantitie s and for ground faults the zero -

sequence quantitie s. Th is can be seen as indicat ed in Figure 4.34 and Figure

4.35. Con sidering the voltage s as shown in Figure 4.34, the voltage developed

by the source or generator is the same for all faults. For three-phase faults no

transition help is required because these faults are symmetrical; hence, there

are no negative or zero sequences. For the phase-to-phase faults, negative

sequence appears to provide the transition. Note that for the several combin-

ations, ab, bc, and ca phases, the negative sequence is in different positions to

provide the transition. The key is that for, say, ab fault, phase c will be

essentially normal, so Vc1 and Vc2 are basically in phase to provide this normal

voltage. Correspondingly, for a bc fault, Va1 and Va2 are essentially in phase,

and so on.

The two-phase-to-ground faults are similar; for ab-G faults, the unin-

volved phase c quantities Vc1, Vc2, and Vc0 combine to provide the uncollapsed

phase c voltage. In the figure, these are shown in phase and at half magnitude.

In actual cases, there will be slight variations because the sequence imped-

ances do not have the same magnitude or phase angle.

For single-phase-a-to-ground faults, the negative (Vz2)- and zero (Va0)-

sequence voltages add to cancel the positive-sequence Va1, which will be

zero at a solid fault. Correspondingly, for a phase b fault, Vb2 and Vb0 oppose

Vb1, and similarly for the phase c fault.

The same concept is applied to the sequence currents, as shown in Figure

4.35. The positive-sequence currents are shown in the same for all faults and

for 908 lag (X-only system) relative to the voltages in Figure 4.34. These will

vary depending on the system constants, but the concepts illustrated are valid.

Moreover, for three-phase faults, no transition help is required; hence, there is

no negative- or zero-sequence involvement.

For phase-to-phase faults negative sequence provided the necessary tran-

sition, with the unfaulted phase-sequence currents in opposition to provide

either a zero or a low current. Thus, for the ab fault, Ic1 and Ic2 are in

opposition.

Similarly for two-phase-to-ground faults; for an ab-G fault, Ic2 and Ic0

tend to cancel Ic1 and so on. For single-phase-to-ground faults the faulted

phase components tend to add to provide a large fault current, because

Ia1þ Ia2þ Ia0¼ Ia.

4.17 SUMMARY

A question often asked is ‘‘Are the sequence quantities real or only useful in

mathematical concepts?’’ This has been debated for years, and in a sense they
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are both acce pted. Yes, they are real; positive sequence certai nly because it is

gener ated, sold, and consumed ; zero sequence because it flows in the neutral,

ground , and deltas; and negat ive seque nce, for exampl e, cannot be mea sured

dir ectly by an ammeter or voltm eter. Networks are availa ble and common ly

used in prot ection to mea sure V2 and I2, but thes e are desi gned to solve the

basi c equat ions for those quantitie s.

In either event, analyses of symme trical comp onents is an extrem ely

valu able and powe rful tool. Protection engi neers automa tically tend to think

in its terms when evalu ating and solving unbalance d situatio ns in the power

syst em.

It is import ant to always remem ber that any seque nce quantity cannot exit

in only one phase ; this is a three- phase conce pt. If any seque nce is in one

phase, it must be in all three phases, according to the fundamental definitions

of Equat ion 4.2 through Equation 4.4.
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Appendix 4.1
Short-Circuit MVA and
Equivalent Impedance
Quite often short-c ircuit MVA data are suppl ied for three-phase and single-

phase-to-gr ound faults at vari ous buses or int erconnecti on points in a powe r

system. Th e derivatio n for this and conversi on into syst em impeda nces are

as follows:

THREE-PHASE FAULTS

MV ASC ¼ 3f fault-shor t-circuit MVA ¼
ffiffiffi
3
p 

I3 f kV

1000
, (A4 : 1-1)

where I3f  is the total three- phase fault current in amp eres and kV is the

system line-to- line vo ltage in kilovol ts. From this,

I3f ¼
1000 MVASCffiffiffi

3
p 

kV
, (A4 : 1-2)

ZV ¼
VLN

I3 f

¼ 1000 kVffiffiffi
3
p 

I3 f

¼ kV2

MVASC

: (A4 : 1-3)

Substituting Equat ion 2.15, which is

Zpu ¼
MVAbase ZV

kV 2
, (2: 15)

the positive- sequence impeda nce to the fault location is

Z1 ¼
MVAbase

MVASC

pu, (A4:1-4)

Z1¼ Z2 for all practical cases. Z1 can be assumed to be X1 unless X=R data are

provided to determine an angle.
cis Group, LLC.



SINGLE-PHASE-TO-GROUND FAULTS

MVAfGSC¼f  G fault-short- circuit MV A ¼
ffiffiffi
3
p 

IfG kV

1000 
, (A4 : 1-5)

whe re If G is the total single-line- to-groun d fault current in ampere s and kV is

the system line-to- line v oltage in kilovo lts.

If G ¼
1000 MV AfGSCffiffiffi

3
p 

kV
: (A4 : 1-6)

How ever,

IfG ¼ I 1 þ I 2 þ I 0 ¼
3VLN

Z1 þ Z2 þ Z0

¼ 3VLN

Zg
, (A4:1-7)

where Zg ¼ Z1 þ Z2 þ Z0. From Equat ion A4.1-3 and Equation A4.1-7,

Zg ¼
3kV2

MVAfGSC,
(A4:1-8)

Zg ¼
3MVAbase

MVAfGSC

pu: (A4:1-9)

Therefore, Z0¼ Zg� Z1� Z2, or in most practical cases, X0¼Xg�X1�X2

because the resistance is usually small in relation to the reactance.

Example

A short-circuit study indicates that at bus X in the 69 kV system,

MVASC¼ 594 MVA

MVAfGSC¼ 631 MVA

on a 100 MVA base.

Thus, the total reactance to the fault is

X1 ¼ X2 ¼
100

594
¼ 0:1684 pu

Xg ¼
300

631
¼ 0:4754 pu,

X0¼ 0.4754� 0.1684� 0.1684¼ 0.1386 pu, all values on a 100 MVA 69 kV

base.
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Appendix 4.2
Impedance and
Sequence Connections
for Transformer Banks
TWO-WINDING TRANSFORMER BANKS

Typical banks are show n in Figure A4.2 -1. H is the high- voltage windi ng and

L the low-voltage winding. These designations can be interchanged as

required. ZT is the transformer leakage impedance between the two windings.

It is normally designated in per unit or percent by the transformer and

stamped on the transformer nameplate. Unless otherwise specified, this

value is on the self-cooled kVA or MVA rating at the rated voltages.

It can be measured by shorting one winding and applying voltage to the

other winding. This voltage should not cause the transformer to saturate.

From Figure A4.2-2,

ZT ¼
V

I
¼ ZH þ

ZLZe

ZL þ Ze

: (A4:2-1)

Because unsaturated Ze is very large compared with ZL, the term

ZLZe=ZLþ Ze approaches and is approximately equal to ZL, so that for

practical purposes

ZT ¼
V

I
¼ ZH þ ZL: (A4:2-2)

ZT is measured in practice by circulating rated current (IR), through one

winding with the other shorted and measuring the voltage (VW) required to

circulate this rated current. Then.

ZT ¼
VW

IR

V: (A4:2-3)

This test can be done for either winding or as convenient. On the measured

side, the base impedance will be
cis Group, LLC.
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ZT ZT
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ZT

ZT
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N1 or N2
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N1 or N2

N1 or N2

H

H

H

H

L

L

L

L

L

H L

H

H

L

L

H L

H L

H L

H L

H L

H L

H L
H L

H L

H L

H

H

H

H

H

L

L

L

L

Open

Open

Open

Open

Open

Open

L

H L

Positive and
negative
sequence

connections

Zero
sequence
connection

FIGURE A4.2-1 Sequence connections for typical two-winding transformer banks.
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ZB ¼
VR

IR

V, (A4 : 2-4)

where VR and IR are the rated voltage and curr ent, respective ly.

Then, the per-uni t impeda nce from Eq uation 2.1 is

ZT ¼
ZT ( V)

ZB ( V) 
¼ VW I R

IR V R
¼ VW

VR

pu : (A4 : 2-5)

For three- phase– type transform er units, the namepl ate should specify this ZT,

usually in perc ent, on the three- phase kVA (MVA ) rating , and the kV line-

to-line voltage s. When several kVA (MVA ) rating s are specified, the normal

rating, witho ut fans, pump s, and such (lo west) rating, shoul d be used as one of

the impeda nce bases.

For indivi dual single-phas e transform ers, the transf ormer im pedance is

normally specified on a sing le-phas e kVA (MVA ) and the rated wind ing

voltages (kV) of the transf ormer. When three such units are used in three-

phase systems, then the three-phase kVA (MVA) and line-to-line voltage

(kV) bases are required, as ou tlined in Chapte r 2.

Thus, when three individual single-phase transformers are connected in

the power system, the individual nameplate percent or per-unit impedance

will be the ZT leakage impedance, but only on the three-phase kVA (MVA)

base, and the system line-to-line kV.

Example: Impedance of Single-Phase Transformers in Three-Phase Power

Systems

Consider single-phase transformers, each with a nameplate rating of

20 MVA, 66.5 kV: 13.8 kV, X¼ 10%. Considering the individual transformer

alone, its leakage reactance is

XT ¼ 0:10 pu on 20 MVA, 66:5 kV or (A4:2-6)
ZH

V

I

Ze

ZL

FIGURE A4.2-2 Simplified equivalent diagram for a transformer: ZH and ZL are the

components of the transformer leakage impedance and Ze is the exciting impedance.

All values are in per unit or primary H side ohms.
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XT ¼ 0: 10 pu o n 20 MVA, 13 :8 kV:

Con vertin g these to actual ohms using Equation A4.2-5, VWH ¼ 0.10 VRH ¼
0.1 0 � 66,500 ¼ 66 50 volts on the high side, whe re IRH ¼ 20,00 0=66.5 ¼
300 .75 amp eres primary.

Then, we obtain from Eq uation A4.2 -3,

XTH ¼
6650

30 0:75 
¼ 22 :11 V pri mary (A4 : 2-7)

or on the secondary side, V WL ¼ 0.10 � 13,800¼ 1380 V, and

IRL¼ 20,000= 13.8¼ 1449.28 amperes secondary.

XTL ¼
1380

1449 : 28 
¼ 0: 952 V secon dary: (A4:2-8)

Check:

66 :5

13 :8

� �2 

� 0:952 ¼ 22 :11 V p rimary :

Now consider two possibl e appl ications of thr ee of these individual trans-

former s to a p ower syst em. These are intended to demonst rate the funda men -

tals; do not consider if the transf ormer win dings are compat ible or suitable for

the system voltage s show n.

Cas e 1

Con nect the high-vol tage windi ngs in wye to a 115 kV system and the low-

voltage windings in delta to a 13.8 kV system. As indicated previously, the

leakage impedance of this transformer bank for this application is

XT ¼ 0:10 pu on 60 MVA, 115 kV,

XT ¼ 0:10 pu on 60 MVA, 13:8 kV: (A4:2-9)

Now Let us check this. From Eq uation 2.17 ,

XTH ¼
1152 � 0: 10

60 
¼ 22 :11 V primary,

XTL ¼
13:82 � 0:10

60 
¼ 0:317 V secon dary : (A4 : 2-10)

It will be note d that the indivi dual transform er reactan ce per Equat ion A4.2 -8

is 0.952 V, but this is the reacta nce across the 13.8 kV because of the delta

connection. The equivalent wye impedance can be determined by the product
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of the two-de lta branches on either side of the desi red wye branc h divi ded by

the sum of the thr ee-delta branches. Thus, the wye equival ent is

(0: 952)0 :952

(3)0 : 952
¼ 0: 952

3
¼ 0: 317 V as before

Check

115

13 : 8

� �2

� 0: 317 ¼ 22 : 1 V primary

Case 2

Connect the high-vo ltage windi ngs in delta to a 66.5 kV syst em and the low-

voltage side in wye to a 24 kV syst em. Now the transform er bank impeda nce

for this syst em application is

XT ¼ 0: 10 pu on 60 MVA, 66 : 5 kV  or

XT ¼ 0: 10 pu on 60 MVA, 24 kV: (A4 : 2-11)

Now to check this by conver ting to ohms , usin g Eq uation 2. 17

XTH ¼
66 : 52 � 0: 10

60
¼ 7:37 V prima ry (A4 : 2-12)

is obtained .

Now this primary windi ng of 22.11 ohms (Equat ion A4.2 -7) is connec ted

across the 66.5 kV system becau se of the delta. Accordi ngly, the equival ent

wye reac tance is 22.11 � 22.11 =3 � 22. 11 ¼ 7.37 o hms lin e-to-neutral on the

primary side.

On the secondary side, XTL¼ 242� 0.10=60¼ 0.952 V is secondary as

Equation A4.2 -8.

Check

66:5

24

� �2

� 0:952 ¼ 7:37 V primary:

The connections of two-winding transformers in the sequence networks

are docum ented in Figur e A4.2 -1. Note that the connec tions for positive

and negative sequences are all the same and are independent of the bank

connections. This is not true for the zero sequence with different connections

for each type of bank.
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Neutr al impeda nce is shown for several connec tions. If the blan ks are

solid- ground ed, the neutral impeda nce is zero, and the valu es shown are

short ed-out in the system and are zero -sequence diag rams.
THREE-WINDING AND AUTOTRANSFORMER BANKS

Ty pical banks are show n in Figur e A4.2 -3. H, M, and L are the high-,

medium-, and low-voltage windings. These designations can be interchanged

as required. Normally, the manufacturer provides the leakage impedance

between the windings as ZHM, ZHL, and ZML, usually on different kVA or

MVA ratings and at the rated winding voltages.

To use these impedances in the sequence networks, they must be con-

verted to an equivalent wye-type network, as shown. This conversion is

ZH ¼ 1
2

(ZHM þ ZHL � ZML), (A4:2-13)

ZM ¼ 1
2

(ZHM þ ZML � ZHL), (A4:2-14)

ZL ¼ 1
2

(ZHL þ ZML � ZHM): (A4:2-15)

It is easy to remember this conversion, for the equivalent wye value is always

half the sum of the leakage impedances involved, minus the one that is not

involved. For example, ZH is half of ZHM, both involving H and minus ZML

that does not involve H.

After determining ZH, ZM, and ZL, a good check is to see if they add

up as ZHþ ZM¼ ZHM, . . . . If these values are not available, they can be

measured as described for a two-winding transformer. For the three-winding

or autotransformers: ZHM is the impedance looking into H winding with

M shorted, L open; ZHL is the impedance looking into H winding,

with L shorted, M open; ZML is the impedance looking into M winding, with

L shorted, H open.

This equivalent wye is a mathematical network representation valid for

determining currents and voltages at the transformer terminals or in the

associated system. The wye point has no physical meaning. Quite often, one

of the values will be negative and should be used as such in the network. It

does not represent a capacitor.

The positive- and negative-sequence connections are all the same

and independent of the actual bank connections. However, the connec-

tions for the zero-sequence network are all different and depend on the

transformer bank connections. If the neutrals are solidly grounded, then

the ZN and 3ZN components shown are shorted-out in the system and

sequence circuits.
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a

b

c

d

H

H
H

H

H

H

H

H

H

H

H

H

M

M
M

M

M
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Open

Open

If solid
grounded
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ZNH and/or ZNM = 0
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grounded
ZN = 0

ZN = 0

M
M

M

M
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FIGURE A4.2-3 Sequence connections for typical three-winding and autotransformer

banks.
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Appendix 4.3
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Sequence Phase Shifts
through Wye–Delta
Transformer Banks
As has b een indicat ed, p ositive and negativ e seque nces pass thro ugh the

tran sformer bank, and in the sequence networks, the impeda nce is the same,

inde penden t of the bank connection . This is shown in Figure A4.2 -1 and Figure

A4.2 -3. In these networks the phase shift is ignored, but if currents and vo ltages

are transf erred from one side of the transformer bank to the o ther, these phase

shif ts mus t be taken into accou nt. This append ix will docum ent these relat ions.

Fo r this the sta ndard ANS I connec tions are show n in Figur e A4.3 -1.

From Figure A4.3-1a, all quantitie s are phase -to-neutr al values, and in

amp eres or volts; for per unit, N ¼ 1, n ¼ 1=
ffiffiffi
3
p 

.

IA ¼ n( I a � Ic ) and Va ¼ n( VA � V B ) :

Fo r posi tive seque nce (see Eq uation 4.2),

IA1 ¼ n(Ia1 � aIa1) ¼ n(1� a)Ia1

¼
ffiffiffi
3
p

nIa1ff�308 ¼ NIa1ff�308, (A4:3-1)

Va1 ¼ n(VA1 � a2VA1) ¼ n(1� a2)VA1

¼
ffiffiffi
3
p

nVA1ffþ308 ¼ NVA1ffþ308: (A4:3-2)

Fo r negativ e sequence (see Equation 4.3),

IA2 ¼ n(Ia1 � a2Ia1) ¼ n(1� a2)Ia2

¼
ffiffiffi
3
p

nIa2ffþ308 ¼ NIa2ffþ308, (A4:3-3)

Va2 ¼ n(VA2 � aVA2) ¼ n(1� a)VA2, (A4:3-4)

¼
ffiffiffi
3
p

nVA2ff�308 ¼ NVA2ff�308: (A4:3-5)
cis Group, LLC.



(a) (b)

High side Low side Low sideHigh side
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nIa n

n

n

IA IA

IA

IB

IC
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N =
kVa
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N = 3n

n =
kVa
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3

N =
kVa
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N =
3
n

FIGURE A4.3-1 ANSI-connected wye–delta transformer banks: the high-voltage side

phase a leads the low-voltage side phase a for both connections illustrated: (a) wye

(star) on high side; (b) delta on high side.
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