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INTRODUCTION

This thesis is mainly intended tc investigate two
simultaneous faults thot cccured in the power system by Clarke
Components. Supposing the problem constitutes a paper mill
which buys powcr from a big system to run a nctor besides their
owvn station capacity is throwm cut because of a line to
ground fault which occurcd in the 'system' with a simultaneous
opening of a breaker in the motor circuit. (shown in Pig. 3.1)

The origin of this necw method of attack came to the mind
of Dr. Jo. Sﬁfelzoff, Professor of Electrical Engineering at
Michigan State College, during his work in The Consumer
Power Company, Jackscn, Michigan. Though he solved the prob-
lem by the usual Symmetrical Coniponents method, he had an
idea thet it might be possible to solve the same sort of
problem with ease by using Clarke Co:uponents., Clarke Com-
ponents were defined in 1933 by Kiss Edith Clarke of the
General Electric Company and have not been put to much use
as yet. The author was entrusted to sclve the problem
stated abcve by Clarke Components as well as to draw a com-
parison with the Symmuetrical Components.

In view of tnis, the Symmetrical Compcnents method of
solving the problem with a review of a few basic relations

involved was used as well as the Clarike methcd, to show the

simplicity of the Clarke method.



The refcrence books used have been listed in the
bibliography and their numbers occur as exponents through-
out the thesis. An appendix 1is provided at the back for

ready reference of vitally important relations.



Chapter I
SYLIISTRICAL CCLPCIIEIT

History:

The first paper indicating the possibilities of re-
solving an unbalanced system of currcnts into positive and
negative secuence components of current was published in
1612 by L. G. Stokvis. A second paper dealing with third
harmonic voltages in alternators was presented under the
sponsorship or André Bondel at a meeting of the French
Academy of Science in 191, It is intere:zting to note that
positive and negative scquence currents as they are now
knovn were a by-product of Stokvis'!s main endeavor, which
was to find a means of determining the magnitude of the
third harmonic voltage produced by unbalanced line to line
loads. A more detailed treatment of the resolution into
positive and negative scequence currents of the unbalanced
currents in the three phase ungrounded system was given2 in
1915,

In 1918, Dr. C. L. Fortescue prescnted before the
Amorican Institute of Electrical Englneers a paper3 which
introduced the concept of zero sequence currents and voltages
and provided a general method for the solution of unbalanced
polyphase systems. In this paper Dr. Fortescue proved that,
" a system of n vectors or quantities may be resolved when

n is prime into n different symmetrical grours or systems,

one of which consists of n equal vectors and the remaining



(n-1) systems consists of n equi-spaced vectors which with
the first mentioned groups of cqual vectors forms an equal
number cf symmetrical n-phase systemse..."

The method of symmetrical components is a general cone,

applicable to any pclyphase system.

Review of a few basic relations:

In three-phase power systems, sinusoidal currents and
voltages of fundamental frequency are represented for the
purpose of calculation by vectors revolving at an angular
velocity, w=2nf{radians per second. The components which
replace them must therefore be sinusocidal quantities of the
same frequency, represcnted by vectors revelving at the
same angular velocitye. Since the angles between vectors,
Vas Vi, and V,, ancd the somronents which are to replace them
can be represented in the same vector diagram, with any
current or voltage vector rcvolving at the same rate as
reference vector.

Any three co-planar vectors Va’ Vb’ and Vc’ can be
expressed in terms of three new vectors Vi, V2, and V3, by

three simultaneocus linear cquations with constant coefficientse.

Thus:
Va=Cyq Vi+ Cyp Vo+Cy3 Vs (1)
Vp = C21 Vi+ C22 Vo + Co3 Vs (2)
Ve=C31 Vi+C3p Vp+C3q Vg (3)

Where the choice of coefficient is arbitrary, except
for the restriction that the determinant made up of co-

efficient must not be zero.



The purpose of expressing the original vectors in terms
of three known vectors is to simiplify calculation and there-
by to gain a better understanding of a given problem. With
this thought in mind, two conditicns should be satisfied in
selecting systems of components to replace three phase current
and voltage vectors.

(1) Calculations should be simivnlified by the use of the
chosen systems of components. This is pcssible only if the
impedences (or admittances) associated with the ccmponents

of currcnt or voltages can be obtained readily by calculation
or test.

(2) The systems of components chosen should have physical
significance and be an aid in determining power system per-
formance.

A system of three symmctrical vectors out of many possible
systems 1s one in which three vectors are equal in magnitude
and displaced from each cther by equal anglcs. If Vg, Vp,
and V, are a set of voltage or current vectors, referring
to phase a, b, and ¢ respectively, of a tnree phase systen,
the three systcms of three symmetrical vectors replacing
Vas Vps and V, are:

l. A system of threc vectors equal in magnitude dis-
placed from each other by 120°, with the com>onent of phase
b lagging the comroncnt of phase a by 120° and the component

of phase ¢ lagging the component of phase b by 120° as in

Fig. 1(a)e.



2. A system of three vectecrs equal in magnitude dis-
placed from each other by 1209, with the component of phase
b lagging the component of phase a by 2L.0°, and the com-
ponent of phase ¢ lagging the component of phase b by 240°
as in Fig. 1 (b)e.

3¢ A system of three vectors equal in masnitude dis-

placed from each other by 0° or 360° as in Pig. 1 (c)e

N
Ne\ 1 2 Vo.o= Voo = Vo

- N /
> Vo
\V

a
Vez

Ver ® ) ©

Pigure 1. (a) positive, (b) negative and, (c) zero-sequence
of vectors.
Three given vectors VA, Vs and Vc are exprecsscd in
terms of thelr symmctrical components by the equations:

Va= Vai + Var +~ Vao (LI_)
Vo: Ve + Ver + Veo (5)
Ne: Ve + Ver + Veo (6)
Phase A as reference,
Vo = & Vou \ey = aVay
Vor= AVa2 Ver = 0%Vao
Voo = Vao Veo = Vao

Substituting these relations in (L) - (6), the results

Va= Va, + Va2 + Vao (7)



Vo = 02Vay «~ AVoz + Voo

(8)

Ve= O Vai o &Vaz 4 Voo (9)
Again
Vou = & (Vax oVe 4 adVe) (10)
Va2 = Y (Voov ®Vp 4 auVe) (11)
Vao = & (Vax Voo Ve ) (12)

Any three phase systems can be represented by sequence
networks., (This includes the equivalent sequence networks
of generator, transformer; and transmission line etc.)

The method used by symmetrical somponent method in
solving two simultaneous faults on the same phase--a line

to ground and an open wire fault is presented here.*

T y <
Solution by the equivalent wye method. 2xe 1 2 i

3w i ye
The equivalent circult for replacing =a 1

Ixe 1ye

single fault in the positive-sequence network
is a single impedance connected in shunt ( or
series) with the positive-sequence network at the

point of fault. The equivalent circuit for a

dauble fault i1s a 3-terminal network. The 3-

terminals are the two points of fault and the zero-potential
bus. The simplest forms of 3-terminal networks are the wye
and the delta. The equivalent wye circuit is derived by first
replacing the negative and the zero-sequence networks by their
equivalent wye and then combining these two into an equivalent
wye which 1s then connected at the corresponding points of the

positive-sequence networke. From then the computation is similar

to that for a simgle fault.

oxtract from Dr., Strelzoff's wori:.



Zero-sequence \ye Hegative-sequence liye
The values of Cg, Dg, Sy, C2, Do, and Sp may be obatined
by standard me thod of reduction of a network to 1ts equivalent
wye.
For the zero-sequence and the negative-sequence nectworks
reduced to their equivalent wye, we can write now the follow-
ing equations:

(a) Por the zero-sequence network:

0-Vx0= Ix0 (Co+ So)+ IyoS0 (1)
0-Vyo= Ix0Sg x Iyo (Dg Sg) (2)

Solving the above equations for the currents Ixp, Iyo:

5
Tyo: Vo 20150 | Wo 22

Doo Doo (18.)
I—‘{O: VXO%S "‘VYO Co + So
°° oo (2a)

Doo = €0Dp + CoSp + PoSg
(b) For the negative-sequence network, the following two

equations may be written:

0-Vx2 = Ix2 (C2%82) +IypS2 (3)

O-Vyz:: Ix2 + I'y2 (D2 32) (L'—)




Solving the above equations for the currents Ix2, Iyp:

‘1*2 = ..\/X,l —D;_‘\' Ca +\}yZ Sl. (33.)
Dz‘l -DZ?.
Tys = Vea 5t _ yu, GtS
Y2 Vx2 Don Yy2 %2_5_’.‘ (La)

where D2p=C2D2 +C2S2 + DpS2

In general this problem involves 12 unknowms; they are
IxO, I:1s Ix2s Vx0s Vx1, Vx2, IyO’ I, IyZ’ vyO’ Vyl’ VyZ‘
To solve it analytically we have the l equations 1, 2, 3, &
i and the 6 equations determined by the respective fault
conditions. There equations are:

(a) For the line-to-ground fault on phase a:

Vxg =0 Ixo ¥ Iyp = 0 Ixc + Iyc =0
(b) For the open circuit on phase a:
Iy'a'-' 0 Vb~ Vyb =0 Vic = Vyec =0
In terms of symmetrical components, these equations are:
V0 +Vx1 +Vx2=0 (5)
IyO—\- Iyl« Iyo = 0 (6)
Ix0+ Iyo=Ix1 +Iy1  (7)
Ixo x Iy2 = Ix1+ Iy1 (3)
Vxo- Vy0= Vx1- Vy1  (9)
Vgo- Vy2= Vgy- Vyp  (10)

Hence wec have 12 unknowvmns and only 10 equations. By
eliminating negative- and zero-sequence currents end voltages
from the 10 known equations, 2 equations containing only the
2 positive-sequence currcnts and the 2 positive-sequence

voltages at points of fault, x and y remain. Thesec equations
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will be of the form similar to those of equations (1) and
(2), or (3) and (L).
Vx1 = 1Ix1 + mIy] (11)
Vyl= nIxl + kIyy (12)
For these equations to correspond to a set of equations
Involving an equavalent wye, it is necessary that m=n.
Equations (11) and (12) are derived as follows:
From equations (1) and (2) and (9)
Ex0 - Byo=Exl - Byl< - Ixc (Co+ S0} - IyoSp +IxoSo+ Iyo
(Do+ Sp)= = IxoCo+ IyoDo
From equation (7)
Ix1 + I’Yl - Iyo=Ixo
lence
Ex1-Ey1= = Cy (Ixy+ Iyl-Iyo) + Iyo Do= - CoIx1-Colyl +Iyo
(Co+Dg) 113)
Using equations (3) and (L) and (8)
Exo-Eyo= Bxy=Ey1 = =Ip (CovSp) = IppSp+I, ,Sp+Iyp (D2482) -
= ~ CoIxn+ Dylyp

Also from equation (6) -Iyp = Iy0+Iyl

Hence
Exl-Eyl= -CZ (le -\-I-yl) + (02 ‘\'D2) Iy2=-' ‘Czlxl-CZIyl"(ca"Dz)
Exl—Eyl:: -Calxl-(202+D2) ].3'1-(,02 +D2)Iyo (114')

Comparing equations (13) and (1l.), we write:
~CoIx1-Colyy + Iy (Co* D)= =CoIx1-(2C2+ D) Iyz-(Co+ Dy)Iy,
Solving for Iy



t

Let Co"r DO = ZO 02-\- D2= 22
Then
Tyo- Ty, So-G Co-Cam Z
e e (15)

Substituting the value of Iyg from equation (15) in
equation (1l) which for this purpose is rewritten as follows:
Ex1-Ey1= =Ix1Co=I310p +Iyp (Co+ D2)
-Ix1C2-1y1Co=(Iy0 + Iy ) (Co + D2)
T =IxCo-Iyy (Co+ 22)-TypZ2

Q‘\'zz 0‘\'2,_

i

BVl =z Exi o XX\{CZ'F z;(\C";&Z} ~+ XY\‘__CA +2z+§—}@:§3)_](16)
o*f)_

o + 2

Using equations (5), (1) and (3)
=Ex0-Ex2 = Exy= I9 (Co* Sp)+ LyoSg + Ix2(C2+ S2) 4 IypS2
= (Ix1+ Iy1-Iy0) (Co+ Sp) + Iy0So + (Ix1 + Iy]_"IyZ)
(Co+ So) + Iyzsz

Ix1 (Co+Sp+ Co+82)+ Iy1(Co+Sp+Ca48o)-

h

Iy0Co=Iy2Co
Ixq (G5 Sg*Co*Sp) + Iy1 (coﬁso+c2+32)-1yoco
+ (Lyl Iyo0) €5
= Ixy (Cg*Sp+Cp*Sp)+Iyy (Co+Sp+2C2+8,)=Iyg
(Co-Cp)

1]

Substituting equation (15) for Ivo

(o-c)%
Ex1= Ix1 (C0*Sq*C2*8p) » Iy (CotS0+202+57)- (‘;—;12 Y

o+%* 2L
(Co—cz) (Co-C2~Zq_)
zb “* Zl

AP



(Co-C 2
ﬁx\ = IX\Y_CO* So+ Ca2+Sa- ?_:% ‘\'XY\ [(°+S°+ 20, +5,

(17)
- (Co'cz) (Co ‘Ciﬁ)]

. Za
Substituting the value of Exy from equa%fon (17) in the equation
(16)

- (Co - -
Eyi= 1x1\§o+ Se + G~ Sy~ ZL;)—)} l1\[(o + S t202 % G, - L"”CZ)(Q“Q*ZQ}

6 +X2

+ Ly, [cz_,, 220~ ) IY‘[

G kg BallenGom,
o+ i‘l Q"\-zL

Or EY\ = 1)&\‘.(0-\- SO'\-D—CQ_‘\' s2+ ‘Z.ZZ<C° - CZ) _ (ZCO __Q)Z}
O‘Q‘ZL O-\-zz

= 1‘1\‘_(04 So +3C1—* Sg* ZL“‘ zk§c°—Q~é'_)

Zo~ Ly
_(Co—Cz) ((‘o_cz "22) (18)
Zo v £ —— ]
Equations (17) and (18) can now be written in the form
Byl = 1Ixy+ mIyq (17a)
Eyy= nlgg =+ kIgg (18a)

(o~ <3) (Co—cznl,_)

m = o‘\-So-v')-cz—\ Sz -
ZQ‘\‘ f-;_

Co + So+2Cy+ Sa- (Q‘_(zz
o+ Z,
+ X (Ce-Cz_)
2 L s~ ta
zo +Z‘l

M= (o4 S6 4 2¢, + gz-ﬁ-EZ(CQ‘cl) (<o C7—>l
M -— -

Z
o+®y Z, & z,

(1)

\2



'3

Or m=-n, which 1s a necessary condition to be able to reduce the
positive-sequence network to an equivalent wye. The remaining

coefficients are:

2
(CQ—C2> (20)

1= CO-'tSO* C24$2- oz

k= Co+SO+3C2+Ssz2 + Z2(Co~ C2-%3 _ (CO*Cz) ((o—fz*z?)

Eo+ Z,_ ze-‘ zz
= CO*SO+}+C2*S2*D2* (Co—Ca=%2) (Za-(at0,)
. Zo « Z,
= Co+SqrhCor8y+Dp — (G- GFay
Zo. 7, (21)

Equivalent wye of the positive-sequence networke.
Equations (17) and (18) ar (17a) and (18a) represent the

following wye:

)
Zs |} Ty 4 In
VXl: le (C*S) + I'Yls (17b)
Vyl I44S +Iy1 (S+D) (18b)

Comparing (17a), (13a) with (17b), (138b)

Ze=1-m Zq= k-m Zg=m
Then

2

Z,< Cp+ Sp+ Cp+ Spm =) Cou 5, ~2G-5, -2l (Gocy)!

c £y %, o+ %, ZLov Z
Z2 (G- ¢ -

Zo= =Cp- ;M zlm) s JG%e ~QEI-HG+ K6 Gt Gk,

Zoa %, N Z, + X,

(22)



I

2,
~ (o — SO*ZC2~SZ _ Zz2(Cs ~Cz)_* (Cs *Cz)l
——
AorZ, }3(,—&2'2

}b'\'zl

(CQ —~C2)1 zzl 2_
= 2C 4D ~ -2 222G Za(eo-
P Zox %, Zo~Za Lo +Z, - M_"\_)(('o-czl

°o+ZE,y Fo +2,

'{17‘ + zl(Q-Sz)

Zd: 202 + D2- Z

o«-Z,_ zole
X 2
= - 2 “ bz'(' 2C21@1‘2c222*12c° —¥1Cz
ot Zy Lorx,
2
Z'L
- 2 +Dg 4 22F+ Q2F;, +Fat
Zo+Z, £y PSP

= —Z)* p
2 + DyZ, 4 D.Z, + GZov QZat GZax Z2Co
Zb+ i';_

Zd = C?.zo—\- Co ?z

(®2+ @) o + (D,xc
Z, - 2.
Zo 1 £, <+ 2 z.) 2~ %,

ZO + ;1_
Zd = (220 + (o %y + 2230 (23) Z

c= =~ Mz

Co+ 85 2G +s, . (lo~ Gy
01-‘,{1 *

Analytical solutione.

Z5(Co~G)
zo-‘-%l
First stepe To determine the values of positive-
sequence fault currents: le, Iyl: ( or fault voltages Vn,
Vyl)' By analytical computations, we equate the following

two sets of equations:

Vyp= Va=Ipy (Cy+ S3)-IpSy (22a)
Voy = Vy=IxaSy -Iy1 (S14Dy) (22b)
And

Vx1= (Zo+2g) I+ ZgIy) (23a)



\S
VY]..: Zglyq (Zs-'r Zd)Iyl (23b)

Yhere Vx and Vj are the voltages gxisting under normal opera-
tions at the fault polnts, and Cy, Sl’ and D3 are determined
in the same manner as 02, S5y and b e (If the nem tive react-
ances of the generators are the same as the positive-sequence
values, then C3=Co etc.) Solving the above 2 sets of equations
similtaneously results in

Vx = (C3+87+2,+Zg)Ixy +(slyzs)1y1

Vg - (81%¥Zg) Ixy s (S9+Dy*Zg723) 1y
The above 2 equations on solution yield the values of le
and Iyl which substituted into (23a,b) give the corresponding

values of Vil’ 1 Knowlng the values of le and Iyl and

V&
using equation 15, the value of Iyo 1s then found.

Next, equation (7) yields the value of I#O’ and equation
(6) the value of Iy2, and equation (8), the valus of Ixoe
Knowing the values of Ixp, Iy2’ IyO and Iypand using equations
(1), (2), (3), & (l.), the corresponding fault voltages are

evaluatede.

The current distribution 1n the positive-sequence net-
work 1s obtained by superposition of the following values:

(a) The currents for normal operation before the faults
occure.

(b) The currents due to the fault voltages Vi3, Vylf

(¢) The currents due to the fault currents Iy, Iylo

The current distribution in the negative - and zero-se-

quence nctworks are obtained by the superposition of the fol-



16

lowing values:

(a)

(b)

The currents due to the fault voltases. (Vxp, Vyg,

The currents due to the fault currcnts. (Ixo, IyZ’
or Igs Iy )
x0 0

Having found the current distributions 1n the positive-,

negative-, and zero-sequence networks, the currents in the

phases a, b, ¢ are found by the usuel procedure of symmetrical

components method.



Chapter II
CLARKE COILICITENTS

History:

Clarke Components9 or o, @,<Dcomponents of currcnt are
not newe Components of current answering to the descrirtion
of &, G, O although not so named were used in a method
developed by Dre. W. W. Lewis, and published in 1917, to
determine system currents and voltages during line to ground
faults. In figure 2 of Dr. Lewlis! papcr, which is similar
to Figure 2.1 of this chapter, phase currents are represented
by arrows both in direction and magnitude, the number of

arrows Indicating relative magnitudes of currents in each

circuit. A = a
.Nll
b ? s
C P \

X \' NN
14

v /3 —Yb

B

«—c

Figure 2.1 Phase currents represented by arrows in
direction and magnitude, number of arrows
showing relative magnitudes of currents in
any circuit.

Currents in the Y-A transformer bank and in the line
to the right of the fault are 0 currents; currents in the
transmission 1line to the left of the fault are X currents;

currents in secondVY- & transformer bank and in the line at



generator terminals are 6 currents; currcnts in the
generator are A currents. In the metzod as used before
symmetrical cﬁmponents were aprlied to unsymmetrical short
circuits, each component of phase current met 1ts respective
impedences, but calculations wcre made with phase vcltages
and currents, not with coniponent networks, and therefore
it'was time consuming if many circults operated at different
voltages were to be considered.

In problems invélving unsymmetrical three-phase circuits,
and in particular circuits with two of the phases synmetrical
with respect to the third phase, the use of the components
of current which flow in one phase and divided equally
between the other two phases is a logical development. Such
components, as yet unnamecd, wcre usedu in 1931, in paper,h:s
both of which deal with transient conditions in rotating
machines where development is materially simiplified by
their use. Two papers have developed exclusively to these
components. In one paper they are called d, 6, 0 components
and the system modified symmetrical components. In the
other paper, entitled, "Two-Phase Co-ordinates of a Three-
Phase System," by Dr. E. W. Kimbark, thc components are
called x, y, and z. Comparing these two set: x and d‘com-
ponents are identical; y and G components differ only in
sign; z components of voltage are O (zero-sequence) com=-
ponents of voltage, 2z components of currents are twice
0 (zero-sequence) components of currents and z impedences

are one half 0 (zero-sequence) impedences.
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Clarke Components8 were introduced in 1938 by
Edith Clarke, but their usefulness in the solution of
the three phase circuit (unbalanced) is not yet fully
appreciateds The paper by Camburn and Gross and another
paper by Duesterhoeft are welcome because they indicate an
increase of interest in Clarke Components,

There are still prcmising opportunities, however, for
further work in exploring the applicaticn of these com onents

to both steady state and transient problems.
Definition of Clarke Components:

With phase a as a rcference phase in a Three-Phase Systeme.
(1) d.components in phase b and ¢ are ecual; they are
opposite in sign and of half the magnitude of the
component of phase a.
(2) @ components in phase b and ¢ are equal in magnitude
and opposite in sign; in phase a they are zero.

(3) 0 @erd\components are equal in three phases,

Relation between phase currents and voltages and their

d, @, 0 componentse.

V(L \Ib \!C

\ -+ %X«

3
° % X
\ \ ) 0
ml
Na \ 0 v ) ’Vel
= - 3

Vo 4 E \ ¢
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SO’ Vo\ = Vd\ + No
(1)

(2)
(3)

The rcqulred condition l.e determinant must not be zero,

\
Ny = ~3Va 2 ‘I_E\J@ + Vo

Ve = -\3_\1& -S-:—E\/@ * Vo

is satisfied.

Again solving (1) - (3)\/0(:2'3‘(\/&*\@“’2)(1!«)
Ve (h-ve) (5)
Vo= 4§ k\lq-rVch)( 6)

The corresponding current equations are

Tar g o (7)
%—1@ + 1, (8)

I =‘L:11*‘§5X@ + 3, (9)

1b: —‘51*-\-

and
Y- % (Ta- ———1”5\1‘) (10)
Te=3 (lu-To) (11)
X.U M~ "\2" klﬁflb-tlc) (12)

0<, 6, 0 one line diagrams:

When components of phase currents and voltages instead
of phase quantities are used in calculations, each set of
coriponents is conviently represented by a seperate one line
disgram or component netwerk for which the components of
currents and voltage in the three phases can be obtainéds
To draw component networks, it is necessary to determine:

l. references for the components of voltage,

2. components of generated voltage and,

3 Impedences offered to the components of current or

adnittances assoclated wlth the components of voltage.



Py

Generated(iv 6, and 0 voltages:

In a synchronous machine with gencrated voltages Ea'
Eps and E,, the Ey, Eg, and Ey voltages obtained by sub-
stituting E , E and E, for V_, V, and V, in (L) - (6)

b
becomes: 2
EJ\ == (E\O\— E\b-&-&)
\ (13)
E@= 3 (Y’:\\o — Ec) (ll,L)
Ro = Lg QEOK‘\'RB-\-RC) (15)
If the generated voltages are balanced
Eb: OG'EO\
Ec_: o F\O\ 6
Ra - Ra (10)
E@ = ’-SEC&
EO = O

and currents in a balanced system:
In a symmetrical system operating under balanced con-
ditions, the currents in phases b and ¢ at any point of the
system are Ib::aZIa; I.= a I a. Substituting these values

for I, and I, in (10) - (12),

1*:! I‘.Q
1@: _'\\]Q (164)
1,= 0

Equations (16) and (16a) show thet gencrated voltages
and load currents are prcsent in both the ok and @ networks
of a symmetrical system during normal operation. Because
two networks must be considered instcad of one, o, @, O

components are not as convinient as symmetrical components
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for the study of symmetrical systems during normal operation

or during three phase faultse.

Re
O(, @ and 0 networks: X I_;Jlxm-?:\@
%? : %z
Zegn boteukial bws ~|(5Ra Ra z
L Ko
- mekwark * N 3%} Rz
=" : Re To--F+2T,
Z2so botendiod bus Foge potendiod ous
-3Ra 2 0- 'B\ojtwo’iK
@—T\(’k«wd‘K
—=’1@ ) —= 1,
© @

Figure 2.2 (a) Flow of (and B currents in balanced
system with equal self impedences in three

phases and balanced appllied voltages. (b)

A network for system (a). (e¢) @ network

for system (a). (d) O-network for system

(a)e

Figure 2. shows a synmetrical three-phase system with

balanced appliecd voltages and equal sclf imredences z in

the three phasese.
Iy » flowing in phase a and rcturning one half in each

of phases b and ¢ flows into a locp circuit. The voltage

applied to this loop, as shown in the Fige. 2.2(a) is

Ra-(=E,/0) = %Ea. The o{-1loop impedence for a symmetrical
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three phase circuit of equal seclf-impedence Z in the three

phases 18 3 Z. The current I iIn phase a is

2
. 2 Ra R
B === 2= (17)

The impecdence met by Iyis Z. The equivalent circuit
for phase a in the Xsystem 1s shown in Fig. 2.2(b), with
the applied voltage L, and the sclf-impedence Z. In this
equivalent circuit, voltages arc referred to ncutral, base
voltage 1s line to ncutral voltaze, and base current is line
current. Since the ol currents and voltages in phases b and
¢ at any point in the system are -1/2 those of phase a at
the same point, it is unnecessary to have additional
equivalent circuits for these phases. The equivalent circuit
for phase a in the o system will be called the & network.

@ currents, flowing 1n phase b and returning in phase
¢, flow in a loop circuit. The voltage applied to this loop,
as shown in Fig. 2.2(a), is -j{3 BEge The @ loop impedence
for the symmetrical three-phase circult of egual self-impedences
Z in the three phases is 2Z2. The @ current flowing in phase

b in the direction indicated by arrow is gI@'

Therefore {3 - {3 R . -
L;_I@:-Jg_z“ ; omok T = —_\é%

The impedence met by I is Z. The equivalent circult for the
@ system 1s shovm in Fig. 2.2(c) with the applied voltage

-J E, and the self-impedence Z. In this equivalent circuit,
vhich will be called the @ network, voltages are referred to
neutral, base voltage is line to neutral voltage, and base

current is line current. The @€ voltages and currents in
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phases b and ¢ are the voltazes and currents in the 3 net-
work multiplied by \% am.d—i;f~ » respectively. The @ network
does not give directly the B voltages and currcnts in either
phase b or phase c. This slight disadvantage is more than
offset by the convenience of having the same line to neutral
voltage and line current as base quantities in the & as in
the o and 0 networks.

With a path for 0 currents through the circuit of equal
self-impedences Z in the three phases, the impedence met by
I, 1s Z. The O network for the system of Fiz.2.2(a) is shown
in Fig. 2.2(d).

A @ and 0 equivalent circuits to replace the various
equiprment, machines and transmission circuits of a three phase
power system in the o , @ and O networks can be determined
when the o{ , @ and 0 self and mutual impedences of the circuits
are knowne. Ay B and 0 impecdences, just as positive, negative
and zero-sequence impedences can be obtaincd by calculation
or test. Before developling equivalent for use in the o( ’ 6,

and 0 networks, relations between symetrical corpponents and

K » Qand 0 comnorents will be established.

o(, @ and 0 components of voltages and currcnt in terms of
syrmetrical comronents of voltage and curreant:

Symnctrical Comnonents in matrix form;

[ Va \ \ ] (vay )
v 1\ (1N \ Va,
Ve L |

L 1} " \ ) a0 |
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Clarke Conponents in metrix form

r\la \ (o) \ Ny
-4 3
Wi=l2 € v (19)
L Ve ‘% —g \ No

Similarly for current,

Symmetrical Corponents in matrix form

1(11 —\ \ ﬂ -ICM

1\0 = [ 0> Qa

{IQ‘J LO\ Ql IJ{IO‘O

and Clarke Com~onents

—Ia-\ [\ (o} \ I&
L=y € | g, | (20
R % \ 1,

From the relaticns showm above, Symmctrical Components
and Clarke Compcnents can be related to cach other.

Form (18) Va.= Vot +Var + Voo

and form (19)
Na = Va =« Vo

So
Vd 4+ Vo = Va,+Vaz + Vao
Vo = Vao ( Can be VI'S\AQ\RSQJ\ g’rom @ owmd @)

Wi: Va\ +Vaz



Now from (13)

Vo = 0& Vo «+ aVaz + Vao

from (19)
So
’ 0 Va,+ QVaz= -5V + 2Ne
‘L .
o= -5 -y 2
A= -% 4 3%
CE-32) Vo + 5+ BVoa = = & (Vo +Vag) B
oy,

E . .
g VQ :—5'(_;2 Na 4 5’?‘0‘2

Np= -3 (Vai-Va2)

In similar way rclations of two components of currcnt

can be found,

Li= Taia Toa
Ig = -y(ai-Taa) (21)
10 = 1&0

Vi= Vai+ Va2

\1@, -3 (Vou —Naz2) (22)
Vo = Voo

Conclusion: ¢components are positve plus negative components,

@compononts are pocsitive minus negative comronents turned

backward by 90° and 0 compoiients 2re same.
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z Ve



Symmetrical Components of voltage and current in terms of

OC.@ » 0 components of voltaze and currente.

Solving simultaneous eguations of (21)
Vai= ¥ (Vs + Vo)
Voa =4 (Va-jVg)
Vaos: Vg (23)

Tais 4 (Iu 4 310)
101: "‘i(ld\ - J l@)
IQ.O= 10

o, @and 0 self and Mutual Imoedences and their relation

with Symmetrical Component:

P Io\ﬁ &
1o —
Te—
Ve v Va Vo Vo Ve’
l In= Ta+ Lo+l = 3lae
LA AAAA A I A A A B A By Ay A NN A ST AN SN Sny ANy Ny AV EEN SN SN BN Y AN GELAY (AN SN BN SN AN A NNy AN SN i SR G SN I EY v By 4
Figo 203

Symmetrical Componcnts:

The 8ymmetrical Component of voltare drop in an un-

symmetrical three phase serles circuit without internal

voltages are expresscd in terms of the symmetrical components

A Cwutemk
of flowing in the circuit and self and mutual impedences of the

sequence networizs. The basic asswnptions that have considered

are:

(1) effect of saturation is nezligible
(2) linecar relaticns between currents and voltarses
assumed,

Vas Vps, and Ve are phase voltoges referred to ground at

Pand Va', Vp! and Vo! are phase voltases referred to ground

at § .

7
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So
f\j(]\': V&"VO\I = xa\ia\ * 10\2-2"0\)_ + X-O\OT{QQ

Yoz Vp_ Vy = AT Zpy » xlazZyps + TaocZvo @4>

Ve = Ve - Vc/ = ATonFer * ®RIgafez YTooZeo
Now

Voo = \/a\o—\/aé = "s &'UQ*-U\D-;.'Uc)

- Vao = %{XQ\ (Ea‘.‘_alib‘—\-afc.) +IC\1&EQ1* AZv2— lec;)

* Tao (iae “+ Bpp+ ic_°>]

Ve = !
oz Vay -~ Vol = 15 ('Ua* A9y 4 O?*Dc)
Va = IO\%&\ - 1&2-{42"\' Iaozao

A Uyp-= I—G\zb( <+ dLI.QQ_ZbJ_"\' Qlatzbo o C3= \ 80

@%
Ve < ToyZe, + 0 Tag Zea+ RlanZe, - od: a0

DV, =

=

%[10&\ (Em + Zbv 1‘0) + Yoa (Foq~ A Z 4 a¥¢z>

* Tao (Zao aZyo + sz“)l

Similarly,

Va2 : Vai - Vaa

% Y_Ua “+ At 9y CL'Ue,_X

= \ -
3{IQ\ &_10\\"‘ aZp 7:0) + XﬁzQzax* Zoa~ zc:}

=+ Jao Q Zag A e+ QEQ)}

with positive-scguence currents only flowing in the circuit,
I,» and I o are zero, and equation (25) becomes

Yoo Ia, i‘m-\-;‘i‘b\-«azc.

Vo = La za'*a‘zb"*i"

(26)

Vazs T4, Far aZp+dZe,
3
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Equations (20) show that, with positive sequence currents
only flowing in the circult, voltage drops of all three sequences
will occur between P and Q unless the co-efficients of Iy are
zero. Likewise, with only negative sequence currents o¥ zero
sequence currents flowing in an unsymmectrical circuit, voltage
drops of all three sequences may be obtained.

The equations of (25) can be rewritten in much more
compact form.

Ve = Vo~ Vot = TonZn+Ya:Z 2 + LacZio
Va2 = Vo, — Voa = Yo Zo) + Yaz Z55 + Yoo k(()27)

Voo = Voo -Nao= Ya,Zo +Xay,fer*TowZ o,

Where

Zy, :r%(?avrib‘+Ic.) - self impedence to positive
sequence currents.
= 41
2 5 (Faa+ Foav Za ) self impedence to negative
sequence currentse.

"

H
(-]
I

'35 (iao + Zuwo + Zco)
self impedence to zero sequence

= currents.

g
[N]
"

-%(za2*<f1b2+&zq> ratlio of the positive sequence
= voltage drop produced by Igo
to 18.2'
L ' (28)
3Qf““*0¥brﬂfza) ratio of the negative sequence
= voltage drop produced by Ig,to

Ialo

1

3 (¥“°*a1\’°+<1’~75c.) ratio of the positive sequence
=voltage drop produced by Igg
to Iaoo

Zm <

L
'3(ZGJ*<fibuﬁaz<O .ratio of the zero-sequence voltage
drop produced by Igl to I,
260 L )
e 3 (ZOO+°32ur+aiqq _ratio of negative sequence voltage
drop produccd by Ian to IaQe
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251= ratio of the zero-sequence

\ 7
3 (& a S =
3 (Faa sz*"az‘z) voltage drop produced by Igp to Igpe.

Equations of (27) express the Symnectrical Components of

volta e drop in an unsymmetrical three phase scries circult

in which there are no internal voltages in terms of Symmctrical
Components of current floving thrcugh the clrcuit and the
sequence self and mutual impedences defincd by (23). Self
Impedences are indicated by 2 with two like subscripts, mutual

- Impedences by 2 with two unlil:e subscripts. 2,7, 2555

Zpp reprecsent the positive, negative and zero sequence self
impedences respectively of the circult and are the impnedences
met by currcnts of positive, nesative and zero sequence flowing
in their respective networlse.

Clarke Components:
,‘9 /
ar= Vay-Vau = Lo Z+ La:Z(34Ta0% o
4
Var: Vaz-Vaz = Lg%, + TayZyy+ LacEao (27)
Vao 2 Vao -Nao = TarZo1+ Ta8er Wasios

How ‘ﬁbvn @)

1«;{: Iql—\- Taz
Te= =) (G- L)
1o~ Too

So, In1s Ign, and Igp of equations (27) in terms of((, @, 0

components are:
Iq, = 3 (kv 3 1)

Taas 4 (L4~ 1)
-XQo = 10

(23)
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The equation (27) beccnes

Yan = [ji (1‘*'\'31@3\Zu *x (‘& kld\‘i\te)l Eia + L E3T

-

- ) .S,‘.* (¥\\_\-Z‘1) ~+ )2_ 31@, (2“—1\1) + TaZio

2
/\90.2_= 'QL_ Xok (11\ —'t-izn.) % ji- 5 I@ (ZZ\"%’-Z) -+ IQ 2’10

’\3(10 = S.i Xd\(zg(-\—zoz -k—‘z 31@ KZQ\"iu2)+10£oo
From (23) again

LY s Va+ Waz Oomnd 19@: -_'Sclsa\ ~Va2)
= § (Baz - Vo)

Vg = ‘\2' T Y_Z\\ + E 2+ Zq\ 222] * A5_ .\-X% ‘_-i: wrEz1- z”‘_z‘u]*xe{zm"z ]
v s N 1 - -
o4 -LY_Z-‘,\-*in Zu-Zal~ $Ie\Z0t Rou-Fp -2 Yoy (Fpe -7 )
S~ Lo

Yo s 3 T (Foir %) + ) To'y (For-Zen )4 To

The equations can be expressed in compact as follows:

s VoV = X +Iata+Te K

e = Ne-Vg =Tufes lgFeerToZgo

Vo = Vo-Vo = InFoa * JpZeg+ToZee  (29)

)[R e Fe| |
Bl = ([Fw  Foe B0 | T
}QQ 20. .10

ov,

Y% A el



Where
Z&O( = Z‘i QZ\\ ba s z\q ¥ 22\ -+ {27-)
Zop = 4 (Zy+Z~Fa-220 )
Zos 2 Foo
zf*@ = ,)Ai \%\‘—221“‘ L= z\z)

. 0
EQ‘*:'A% \{\\"111+¥l2‘ Z21) (30)
Zook: % ({6\ -\-zoz)

ZAO = (z\o'\' izo)
%o - $4 (%o~ %)
z@n_-_

-.J (Zlo - izo)
Self and rmutual impedances of the seguence networks in terms

of(ﬂa @, o self and mutual lmpedances:

Proceeding in a manncr analogous tc that used to determine

(30) or by solving (30) for Z11s 2,5 ete,

Au s = [ R~ Zga -',\&h@—i@&))

Fazs 3 LA s Fep 4y (e - Ze))

gco = Zoo

A s -\i ildd“ zQQ ) (}xd(rk ?Qoo‘-}

Bos 3 [ R Fep ~y (g o)) (31
Aot 5 (Zuo 'y Zao)

Zo\ 2 (zo‘L _ )io@)

2202 % &Id\o _ 32%0)

Zbl:

(Zou «yZep)

Symmetrical circuit—equal positive and negative sequence

Impedences:

In a circuit with equal positive and negative sequence

self-impedences and no mutual impedances oftained from (30) are

32
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(32)
zﬂ(@: z(bo(= Z,(°= ZQ&:ZQ‘,O: Zo@ = QO

When therc are no rmtual impedanccs between the sequence
networks, the positive negative and zero scquence sclf inpedances
are customarily indicated by Z,, Z2 and Zy respectively instead
of Zy3, 222, and Zgge
Unsymmetrical static circuit:

If Z297=25)5, 210= Zpo and Za)=201. (30)

becomes
2.,4,1 = Z\\ * Ai (ZZ.\'\'ZVL)

z%@= Zu *Ji (zz\*Z\z)

Zoo = Zoo (33)
Z&@: Zod = 3% (fz\-'zn)
Zieo = 2&ed = (Z 1o+ Zae)

;Q° = 1%0(& = -‘_‘ Kz\o'ZZO)
If le: Z22, 2121221 and Zlo——- 202= 220—.- ZOl (30)

becomes
ZM: Zuw~ Eia

EQQ: 2\\— 1\1
2‘00 = ;0' (31!-)
Zdo s Fed s Zoo=Hopz 0
Zde = 2F6s < 2%0
Symmetrical Components can also be represented in terms of

Clarkes Components. From (33)

Zuw = #a-= “;_ (z,u -\'1@?)

Zoo Zoo )
Zao oy (Rad- 2)Ree - Foe) (35)
Fiae L (Fwwr2idde ~Fe)

Zwo = % Kz.to x 3 }(w) 2 iog-\".)"loo
T2 = % (Zye i kge) =k JTewd
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From (3l)
2“ = 122 = T\i (lpu \-igg)
Za:Fa = 5 Fa-%ee)
Foo = Zow (36)

Modified O network:

In eircuits in which Zoy=4 Za and Z‘,%_—-\EZQQ » equations
(27) are conveniently expressed in terms of a modified O

network in which the voltage is O voltage, the current is

2Ip and the impedance is one-half the 0 impedance, Rewriting

(27) in terms of 2Ips
V= W=V = 1,(2,(,(-\-1?5(&@ «.&210)%*—0

Ve - Np "VQI‘- 1.(1@.&-&IQ1@.@*Q1.)1_2°
2

) (37)
Vo= Vo-Vo = YyZoy + 1eZop +§QX o) Z_o{
or -
Oy {2’4.1 Z«@ Zox ) Y X
% = zQA -ZQQ zoe 1@
L Zbe L:ZZ,* ZZ'OQ Ioo Lllo (378~)
or Y 'Ba(-\ ( . Adp z“-‘ 1,
e [ = | &k Fee Feo || I,
(37b)
20, LQ Z oo 25&»9 2 %o0 Io
L P -’
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Equations (37b) apply to a modified O network in which currents
are O currents, voltages are twice 0 voltages, and impedances
are twice'O impedances; Besides, one more fact is revealed
from (37)e Equations (37 can be used instead of (29) in case
where 3—;‘7":?‘:9\ and K%o S e thereby glving receprocal mutual
coupling between the @r@Q network and modified O network

in which the current is 2Ip, the impedances are one-half 0
impedances, and the voltages are O voltagese This impedence

network is used by E. 7. Kimbark7.

0(,@ s 0 self and Mutual Impedances in terms of the Phase

Impedances:

s
PIVC. IC — Ve IQ\
| |
’
| Ve 1o —> Vo |
!
L l Vo Ja—» V(ii
77//ll/}rrrrl//r77/17rrl/rllll/llllillllllr
e

36 = 16\‘\'1\4-\-1(

Fige 24l
Let Fig. 2.). represent a general three phase satic circuit
composed of bllateral circuit elements without internal voltages
between points P and Q@ , with a return path fcr 0 currentse
Wiith phase voltages at P and Q referred to ground or to a neutral
conductor at' P and Q, respectively, the voltage drops vg,

vy and ve in phases a, b, and ¢ in the dircctlion of flow are



Vo = Va —Va'= TaZaa* Lokab + 1. Zae

Vi - Vb =Vb = YaFab + TbAee + Tchoc }

e = Ve Ve’ = YoZacn ToZpe + Lekee (33)

Equations (38) are gencral equations expressing phase
voltage drors in terms of phase currents after all other
currenis in the circult have becen eliminated. For exam:le,
in a three rhase transmission circuit with a neutral conductor
or ground wires, Zga, Zgy = Zpg etc., may Iinclude the effects
of neutral conductor or ground wirese.

Replacing I, Ip and I, in (38) by o, @» O components

given by (7)=(9), vy, Vi, and v, are expressed in terms of

I,s Isand Ipge Substituting these equations for va, v}, and v

A dnd eguating
in (l].)-(é),/\v,( »Vg and vg to the corresponding co-efficients

in (29), the o, @5 O self and mutual impedences in terms of

phase limpedences are

Zyu = %[%«H ﬂfie: - (Rak Rac. Ze))

Ze@ = $[(Fep + Eee-2 Zoc
[ )

}oo: %[20\1 ‘\-zbb"' ch -\-2(?0&,-\-1‘0\: *zbc)]

- \
e - z@kzzﬁ{%[gc‘—z"b*z(z%-iac)] (39)
za(cz QZO,[
X

"

L
5 [2‘1“- Zov-Zco+ (Eap « zapnzbc)]

o - A
e Qio@ ﬁ[(zbb-zce -\'zab‘zac)]

n

36

Two phases with equal self impedances and equal mutual impedences

with the third phase:

Let Zy, = 2y, 8N4 Zy, = zab. Equations (39) then beccmes
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Zaa - %‘_Zaa*%%b- Q"’zz"*\"‘g_;c)}
Z@@ 2 12' [(‘be"\' Zee ‘l;\’c)3

Zoo = —33- [Iaq -+ Zibb - 2 (g‘ Z““J"" Zbc.)]

L Zau

u

Z@o = ZO@:O ()-4-0)

h

Za(cs =2 10.{ %[ZM" Zoo+ (Eab- 2b€)]

Symmetrical circuit:
With all self impedences equal to Zg4 and all mutual

impedences equal to Zgp, (39) or (LO) beccmes

it = Zog » Zo - Zou

Fao - Zaa « 2Zap (L1)

Zal@ = 29& = i@.o:zlie 22:(9—'}%{ =0

Unsynmetrical three phase self 1mpedance circult with finite
0 self impedance:

In a three rhase series circult between P and Q, let the
self impedances of phases a, b, and c¢ be Za’ Zb and Zc’
respectively and with no mutual impedance between phasese.

The O&, @, O self and rmtual impedsnces can be obtained by
replacing Z,,, 2y and Z,, in (39) by Z,, Zb and Z, respectively,

and equating all mutual lnpedances between phases to zero.

then, 2 Zu+Z
- +
s (Fa s Zetie)
Zoe 3%1__ (42)

z.. 2 ‘z‘* Zb '\‘2(
3
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zd:ia{:ﬂ
@ @ e

Alo = R Zog = 2Za ~ Zp-Ze
3

= A (Fa-Fu) (42 cont.)

2‘@0 = 220(5 - zb—ZQ
'EY
Two phases with equal self impedances:
Let Zp=2Zg, then (42) becomes

’ 1
z‘ﬂl ) (%.—t g)__b)
z@@: zb
¥e°: %(}qklzb) (Ll-B)
-zak@: zw-‘ZQa:on:o

Z,La: 2 Za,( = %— qu-zb) ~ 2(;4-2“4)
Syrmetricel self impedence circuit:

Let Z4 = Zyy= Zo= ®. From ([12) or (L3)
s Fep - Zaos 7
Equivalent circuits to replace an actual circuit in the
0(, @, 0 network:

Synchronouns machine with equal positive and negative sequence

impedances:

From (32), tne dand @self impedances are equal to Z, and
the 0 self impedances to Zpe. There are no mutual impedances
between the o, ¥ and 0 networks. With balanced generated
voltages in the machine, the gecncrated voltage in the o
network from (16) is Eg; in the @networlc 1t is -jEgq. The
0(, %, and 0 equivalent circults for a synchronous machine

with balanced generated voltages and equal positive and
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negative irmpedances are chovn in Fige. 2.5. Points T are the
terminals of the machine to which the equivalent o , 6 and
0 circults for the rest of the system are to be ccnnectede
So in a three phase power system consisting of syrmetrical

circuit with equal positive and negative sequence impedances,
the one line impedance diagrams for thed and { systems are
the same as the vositive sequence impedance diagram. Generated

t(voltages are positive sequence generatcd voltages; the o{
network, is the same as the positive sequence network. The

8 network differs from the positive sequence network only in
its generated voltages, which are positive secquence voltages

rmltiplied by -j.

Rego Potentiol Lo Rewo poterdual bws Zoga boterhiak bun
Ko - N uwetk @_-r\vkwnk 0-nekwevK
Z\ Et'\ zo
LTEN =5 l _(TEBT\. __.1%-‘- m—-’IO‘T
Fige 205

Symmetrical circuit with unecual positive and negative
sequence impedances:
From (30) with Z1#=Z2 and all sequence mutual impedances

zZero,

Zas Zop= 5 (i 7a)

gbb: ZO
(L)

Zd@ =7 zQ" =) AZ‘(Z\“ IZ)
zJ.O ES Zo& = 296 N ZGQ:O
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VVhen the positive and nezative sequence self impedances
of a cilrcuit are unequal and there are no scequence mutual
impedances, the i\ and @self impedances arc average of the
positive and negative sequence impedances. There is no mu-
tual coupling with the 0 networlk; but the o and (3 networks
are coupled through non-reciprocal mutual impedences., BEe-
cause of this non-reciprocal coupling between the o and B
networks in rotating machines in which 21 +# Zp, the £, @,
0 components are not convenient for determoning fundamental
frequency currents and voltages in systems in which the
positive and nezative sequence impedences cannot be assumed
e~ual. However, if there is but one machine or group machines
in which er-# Zss (29) can be rewritten to give a reciprocal
mutual coupling between the « network and a modified @ net-
work, from which an equivalent clrcult can be obtained.
llodifled B netvwork:

Substituting Zie« Zou=Zao= Zop= O from (!13)
in (29), the A, @ » and 0 components of voltage drop in the

circuit In the direction of current flow are
Va = IxFau Tedag = Ta s (F+ %2) ~ _‘\IQAZ- Q??E\“i‘.)

’U(b-_ 1,,(%@ A IQ}QQ . _-‘\ Ioljﬁ_ (;{ l-zz)o\-x_%% (il'\-f;) (‘L!-)

Y- T,

Rewriting vyand vg in (45) in terms of (-Ig ), with =%,

replacing Z@* ’
T Fux ~ (—IQ\) ol (L6)

Tt (Fea- Zou) 4 (H-T@) B
P Mo C10) Fep) =(-Tg) (- Zog-E o) 4 BaIglZ o

n

Vs ks (-36) (%)

Y
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Uy = S Fy SQL@
= Set (Ru- %) + Qu+10) Tug
TR RO I (- gty 1)
- 1@("{@(’-’ — ot ) +<XA +3‘®1dg
In (46) and (L47), the mutual impedances between the
network and a modifiled @ network are reciprocal. In (46),
V3 has been retained, but I@ has becen replaced by (—IQ )
flowing in the direction assumed as positive for I e In
(h?), IQ, has becen retained but Vo has been replaced by
-Ve measured in the direction of VR e
Equlvalent circuilts for synchronous machine with 27 Zp

Zago ‘)o‘\:em\:iml bwo for Okmhoo'ik

Fa Vo,
‘5 [zl * fx*i(f.-f:_}]

___’y

a4 K
"k [zl*‘ %2-3 (zrfx)J

—> -Ig T (e)— Ta
-iRa \I@’
J Zao poterhial bue for @ nek e,

Fic. 2.6 (a). Currcnt in the@ network is -Ig .
Fig. 2.6 (a) satisfies thec ecuation for & and @ components

of voltage drop in the direction of current flow given by

(L6) and (L7).



Revro Poterdiodl Bus Sfov A rofisori

Fa
-k[z'\ *Z -3 (ifzz\)l
S OB

o — 1 T —> D T‘;(
F[E + 2+ (£-2) o

iRa

Xwyo Potertiok bws for @ rokworK.

Fige 2.6 (b)

In Fige 2.6 (b) and equation (l7), voltages in the @
network are negative @ voltages, giving a modified @ net-
work in which currents are & currents. The generated voltages
in the modified @ network of Fig. 2.0 (b) becomes -(-jE,) =
JE5 as indiceted. The points T4 and Tg are the terminals of
the synchronous machine to which the of and @ networks, re-
spectively, for the system exclusive cof synchronous machine
are to be connected, after all impedences in the @ network
have been multiplied by -l. If the impedances in the 8@ net-
work include resistances, negative resistances will be pre-
sent in the network, capacitive reactances will become induc-
tive reactances and vice versa. The modification of @ net-
work presents no difficulties in a analytic solution. Zero
network is the same as in Fig. 2.5.

Connections of { , @, O networks to represent an
unsymmetrical circuilt and a short circuit; (no in-
tervening & - Y transformer bank)

Direct conncections of tThe 0(, @, and O networks to

42
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satisfy the fault conditions of Table I (Appendix) are shown

in Fige 2.7
Zeqo Potenlial GFud Zero Poterdiad Bur Fao Sorendoal Dusr

; “\Ea
o Ra -3 s
P Q P Q F_P_9Q

Case I(a)-Three phase fault

Fige 27

The fault is at F, the unsymnetrical circult between P and Q.
Iutual impedances between the component networks because of
the unsymmetrical circuit are not indicated, but they may be
presente For simplicity, two synchronous machines only are
shown, but the system, exclusive of the unsymmetrical cir-
cuit, may be any symmetrical three phase system with equal
positive and negative-sequence lmpecances. Eg and Egt are
the generated voltages in phase a of the two machines. Case
I(b) 1s similar to I(a) except that F in the O network is
shorted to the zero potentlial bus for the 0 networke.

Case II(b) and II(c) involve modified @ network.
The fault is (a) Line to ground - a and ground

(b) Line to ground - b and ground

(¢) Line to ground - ¢ and ground






a4

‘ |  Zen @o%ov&}ual Ruo o o natuark I Zage Totertiol Bus for o ratumik
Ea on./
F P Q
LT\ —e—T g . R
v Ix= 23,
Zip [Poterdial bus for 0 nebustk F P &
AW Zeo Selly Wwwpedenas 2Vo .
A idad 5\81 A\ pSely Wanpedenan
Mip\&ldb‘al
| F P Q
W a‘:{; \ PotemBiat Buo for o 7ekuavk
. O
e Potemhial Bwo JfﬂY @VM v U TN
¥ P a
“{Kou e’ AN o Sd)y mpedanan
8 3 AEA{? -hu%uip\ic.* by 3. AW @
%MA VYo lka
¥ P & 7 M'\VWA \-\a 3
Zoo Pot emdiak fo @ ok wstk.
Case II(a) Case II(b)
Flge 2.7

Other cases are not shown here because of limited space.

Open Conductors:

"

[ A % 'F IF L1v=o 'F
| I |
l s : ' _-.Ir.,=b '
t — |
| , ! I , |
| —la 1 | —Jla |

| | |

(a) (v)
Figo 2.8

Fig. 2.8 (a) and (b) show one and two open conductors,
respectively. ILet v and I' with different subscripts repre-
sent voltage drop between F'!' and F respectively. Here v is

a serles voltage drop and I' used to indicate voltages to
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ground at a fault and currents flowing from the phases into
a fault. Table II (appendix) gives equations expressing re-
lations between vy , Ve and v, , the components of voltage

drop between F' and F, and between Iy 4, I, f and I, ', the

e
components of line current flowing from F' to F.
Conductor a open: By = 2Ts ,

Conductor b open:

Connection of the A , @ and O networks to represent open

conductors:

Fig. 2.8 (a) and (b) represent cases I (a) and II(a)
in Table II.

Ao potemtol for d-mek vk Kero potentiod fovd metwork
Ra R
g -
K= -1
— 2 Vo —
PP —p 4 .
PEN AZS 217 F’ Fo2x,
Rap polemtial for - netwak Zego Po&w\-i.ol b“ 0 nekwork
Zego potemhial for @ merwork _ Zexo potemtial for @ mektumiK
ifa SES i%a )€
Z % A F _ F Z,’
ol . p Y$ 4. N

Fi[_;o 208
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Fig. 2.8(c) and (d) show direct connections of thed
and 0 networks to satisfy Fig. 2.0(a) and (b) respectivelye.
For simpliclty two generators only are indicated. The sys-
tem could be any system with equal positive and negative se-
quence impedances. Direct connection of the o and 0 networks
is made possible by multiplying the O impedances in Fig. 2¢8
(¢) by 2 and dividing them by 2 in Fiz. 2.3(d)e In Fig. 2.8
(¢), the currents in the C network are O currents but the
voltages are twice O voltage; in Fig. 2.8(d) the voltages
are 0 voltages but the currents are twice O currents. The
network 1is unaffected by one open conductor (Phase a). It
is open for two open conductors (Phases b and c¢).

Two simultaneous faults
open conductor end fault to ground

through impedance on the same phase.

£ F
d ;
b A
0 S
] iz‘
Figag(a)

The conductor is open between F' and F and the fault is at
F on phase a through Impedance Zf to grounds as in Fige. 2(a)e.
The conditions at the fault are:

Ip= Ip= 05 Vg= V4 Vo= InZ¢- (Iy~ I,) 2¢ (B8)
From these equations and those of table II, case I(a), the

following relations exists between the comvonents of I, and

Va at the fault and between the components of V, and Ia' be-
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tween F! and F:

Te=0 B=o
Yo s 2o Y= 20 (23)
Vo v 11 (2%) T o1
The @ network is unaffected by the open conductor and fault.

The 0 network can be replaced by an equivalent Y with impedences

Cos D,

zer0 voltaze dropr between Z

and Sy, the identity of points F and P! being retained

Vo=
Ft and F:

Vo = zero vwoltage to ground at F

Io.
Ig,=] zero current flowing into the , c
¢ Yo . o % T,
ault. 2® (b) ecuivalent Y to

revlace 0 networke

Vi and Vy's o{voltages at F and F!
vy= Vvoltages drop between F' and F

I, and Ia' = o currents flowing

into the fault frcm B!

towards F.

Combining rclations of 2.9(b) and 2.9(c)

Vo= ~Te(Se+Dg)+ I D,
Vo r Vo' ~Vo = ToDe~ 1g (Co+Ds)

(2Q)

Vs N+

Eliminating VO’ Io, Ip's vo and vg from simultaneous egquatlons
of (23) and (2l), Vg and V,(’ interms of I, and Io(’ are obtained

and may be written



L3

Vd\,= L (EL\'?__B_D&)-@ 1&1 Qlco* 3D°)

D

Vo= I, _Q°2*3'bo+33) + (- ) (Do)

(A Cs + 3Do) (-Do) £

-~
e
&
)
+
o
)
—4n

The equivalent Y shown in fisure 2.9(d) satisfies cguaticn
(9%). It can be used to re lace the fault and open conductor
in thé Anetwork. For a fault through 0 izpedences, Zfz Oe
If this equivalent circuit is substituded in the o network,
between F!' and ¥, tlie currents and voltages taroughcut the
system can be determined. The Qcurrents and voltages are
uneffected by the fault and open conductor.

In the 0 nctworir: from Z9.
- 19,{ . '_. — ’,- ‘oa X
Yo 5 I, Id. 2 I-( (5&)

Vo = — Vel + I (3 Z5)
Knowing the ol components, with these relations and the 0O

networix, the 0 com»onents of current and voltages throughout
the system can be determined. The phase voltages and
currcnts at any point are cbtained by substituting the

Xs; @, O components in (1) - (3) and (7) - (9), respectively,

The effect of aAXtransforrner bank:

Fige 2
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The choice of the reference circuit is arbitrarye. With
the circuit C as reference, components of voltage and current
at D can be related with C, Compcnents at D are indicated

by princd symbolse
Ju= 1@”3 Na = V@U
1@"']\*" s, \‘@ = ‘Val“ (55)

Line reactance:

As o, @s 0 impedences are not avallable in reference
books, symmetrical impedences are calculated for stranded
copper conductor on gmde. basis, and they are found out from

latert's rclation with formere
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Chapter III

Solution by Clarke Components

Problem:
25,003 WA_ 20, oooxxivgl\'/a
A Y = ‘°/° Y
50,000 KVA -§ 3 ﬂ} A
: :\3‘\(\1 g—u a0 vwlas wokv § % — B BKY
20 walas G KV 2 | C
Xd: \00% 129 Ya = 1.5%
X\ Xas 207 oA Y Y a X\= X37257%
e N7 25000 kvA |5, 000 KVA ;s 5
Xo-= () ')‘,30/0 K=8./o Xeoa s/.
G emvvodor
No. 1. G:an&n,ai:of
NO. R

g‘,a&\'mob &% Conwchars

)
WO KV ¢ vﬁvm_‘z—\q-a /V\NLN\‘Y 5, 000 KVA

R MW & X =% = X2

9
66 Kv 3 % \0’——$——\é—g

Size 9y Condwmckor

afo  Copre
™)

5,000 KVA
*\ = G% = Xa,
?‘a‘- 1'5%
Motox

$o ywn the
'vvx/CS

Figo 3.1
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Basis assumptions:

1. The fault currents are to be calculated using
transient reactancese. _

2. A base of 50,000 kva for calculatio:

3e All resistances can be neglected.

lle 1003 synchronous impedence is used as reference.

5. The mutual impedence of the transmission line is

neglectasde.
6. Saturation of transformer is neglected.
Terminology: Xy = Positive sequence reactance

Xp> = Negative scecquence reactance.

Xy = Zero sequence reactance.

Eal’z’3 voltage to neutral of phase a at
= gencrator or motor 1,2,3.

Generator cquivalent circuit:

Gq X =X, =207 "t Ry = Fee s 297%
Xo= ©% Zo = Xo = 670
Zero Fortardiol bwo 2o otendial bn
Ea d- Metwork TN é B -NnekworK
Y -
ao(o T Zo% T
8 Zro DotesRinl buns )
0- nekwovik
"R T
Fig 362

©
Go

- 50,000 - . =%
X,= 25 371,500 333 L

Xa = 50,000 - °
° g 31,5006 66’

Z,(‘ = ;@(5 = 7‘\-‘ 7‘2.

'io = 7(6

76 x 50,000  _
X4 > -27’500 = 100/,

e
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Zogp PoteTial Bus

B2
Zas  FoterPiol Bws
e - metwovK N B - nekwork
LOF- - / DOG TN .
® Zop otesdial Bus &)
O- Nefuwak,
(DTN
2N T

X, s (59,000 . Fi§- 3.3
\ ém‘s,ooa ~‘G<%=X,_
Yo =

oo Borerbid Qo |5 DS

—_—

£a

5,000 = 157

Levo @obwhol Q;\,.,o .
A-mekworkk -Jﬁz 8 -nekwoik .,.i
Vg 1)) LORRGIT\
607 Y 60‘/ - |
oo - Cotemtal Rua °
0- nekwork ;
ST - LJ‘
\5%
Transmission lines:

Reactance of 110kv line

For 4focopper or conductor
Xa= ' AF ohws  par e

Xd = %(XA b‘,., \Ab‘%-\v M&ar \46‘-\- Xa fov 18%"')
= § (‘320 « 1320+ '404) = - 348 Ohms por e

Savs T
iz Xg 5 Yax Ka = -AaT+307= -BAS Olms per

%=

Xy- .8AS K40 xS0000 _ 4y, = Zy = Ege
110 x 110 x\0

Ao = —\3- (Za* Zor %) = Za [ Fas Zp- —7&]

I

!

Xo+Xe - % [Xc\ foe 14 x4 for a4 x X4 B‘"as‘]
‘427 1+ 2.89- 2 X-343
= 24 ohms pe ke

-6
Xo- 28X A0xS0,000 W %
\to ¥ \\WO ¥ 10




M

_—

BA
Zagv @ojum ®us Zors  (FoterRiold (Bwsd
o> - merwovK _3503 B - nekoork
Crwp -
353 7, 33-3% T
@ Zop otesndial Dus Q,)
O~ nefwak,
LT
ANV v
- 50, . Fi§. 3.3
*s (50000 (o Ti8
¥o: .5 50.000 .
z‘”@o-\u&\él Rus 'S S, 006 - '5/" Lavo @ohm'\\.ol @\AO
Eg d - nekuor ik -5%3% 8 -nekwork
SO SOTR\—
GO% T 60° T
Levo - Cotermtal Rus 7o
0- nekwork
BT -
\5%

Transmlssion lines:

Reactance of 110kv line

For 4focoprper or conductor
XAz ‘A9 ohws P mwle

Xa= 4 (Xd for 14+ Xa for 14K+ Xa for 28 HY)
= L (‘320 + *320+ '404) = " 348 Ohms por e

Xz Xg =

Las Ko = - AGT % 307 = -BAS Owme eI

\A\Z ﬁz:

1\0 x10 x1\0

Ao = 13- (Za+ Zore) = Za [v Zas %o —Z"’_]

Xo+Xe - % [X¢ b"" 141 XA [or 144 XA tﬂg\sj
427+ 2.8~ 2 X-348

i

= 26 ohms por s

Xo- 28X Q0% 50,000

= )7
\to » WO x 0 \l/o
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Reactance of 66 kv line

For l;/0 copper conductor

XaZ “497 ohwms parmids.

- % &Xa o 108 + Xa fr O™ 4+ xq v 20 t)

=519+ 219 4-%4) <
X‘-:)(Z: Xa * X =

X\L‘ Xz: $04X4O]\SOJOOO

66X 66 x\0

s R 1 K- Xa t 36-9%

ZO‘ Yq *.*e

—_

Z,: X 2-65 X406 ¥ 50,000

66 x¢¢ x\0

Transformersi
\. 26,000 kVvA

X=10%

. 25,000 KVA
X= 8%

3, 20,000 KVA
X=2%

A . 15,000 KvA
X 8%

B. 5, 000 K VA
Xz 5%

= {b= Zc

J

‘307 ahms ?mvrv\h_ .

- 417 t-307 = - 804 ohms pwz_vn;iﬂ— .

= 36-9%

i —(XA For \0 §t )(d\'Gn\ 1o it + Xa ﬂ-«zob%)
A+ 2sq-ax. 307 = 2.65 ohme b Y

= 42%

on Mew base

X= &o%
x - \Qo/o

50,000
X = A5, 00t 20,000 22. S/,

X = $0.000
8 \5,000 =26 7/
X 5 M.— N 307
S,000 d
Zél'l = z@@ > z°° = Z

53
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Equivalent circuits of the system:

ok-network
Zero-potential bus
A0 149 22.5°
L Yy,
0% , 33.39,
/BION. oSN_—__FE oo |
6% 21.1% B3 1% 261%
}§
Y
Zero-potential bus
Re i} : é Ko™
1-56
TH) 0 [0 5.33
B>

3.431 3¢

l,‘..\o @

Sample calculation:

}J-S¢ x i.am -343 .
Za - 26xd.4 . _ =243 o
“ 356 *'3.36+ }§.43] 31287 s-\8h A

¢ ©

Reé

.
3
3
e
1N

3.2 3131 / jo14¢ 533
T FP

Fige 3.5 @



Zero potential bus

\ (3 , N
F«é 338 F: F 1.43 %{o}
- j\'Q\
Fige 3.5

O-network
Zero ()Do'\emirfc&- ®we
9 Y, aa-5%
20 % e
6% 6. CC%
e N
LT\ T\
16%0 3\SY .5}, 267%
g sor.
% S %
@)
Sample calculation: N
2. ZebxEea J15IX{.q7

-~

— =330
Zab 4 ZotFea 3"5\‘3-31*]-4" 3304

Ko = y.304

Lol _
Rez §:01 zb=3 .239
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Zao FoterRiak Buwo

#%0 Potefal Bus

Ok-ne twork

)36 ‘ i3
g L )0 LA fJUEGU\
é o
|

©

jo30Lx J.06= 3.30
jo239+ joOé()Ej.BO

j00735"\' joés: j072

Fige 346

20e+30¢ =y 2-88
Do = -3.72

Figo 308

Zao Poterdial Buo

56



ST
Substituting Y-network of & in original o] network.
Azso G)O+Q/V\M Buas

. l K} ] g
Ea
3 2
! .
¥ F
338 j2.8% Pi\-ﬂ’ -3 2 1. 48
‘3 iz
1326 - %72 §-48
TN —
B ——d

£ —y- 81 jras Fa-k)

Fig. 3.9
Considering figure 3.8
base voltace 13.8kv
V*;" Va4 = .142

Vao= o Xy (Sof3bo) + 1 (2C +3Do)
2

Vot : Iy (Se43Dey, (u- W) (-Do
p =
or

V= jr23 Ty o~ 2881y

a2 = 3 w23 T+ 3072 (Ik-1)

So WArian
Y, - )uaz
L= -y .87
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Considering fizure 3.9 (b)

33,26 -3 1-43
e A ST —TSN———————

_’ “.— . ‘._

=81 ! S"T FRE LK)
l ? §1.23 N
j(o22 ﬂ'; EQ

Fou
Figo 3010
O-network

Zeso oterdial Bus

,So‘.’;Q 3'3

- o-1c)
Figo 3.11

To = 345 (L22) = .6y

) S, = -y\.22

Qo-10) = 3.6t 22 = 3183
6 network 1s not affccted by the fault and does not coutribute
anything in the calenlation and solution.
Hence it 1s not included here.
So far the effect of A-Y transformer banlt is not considered.
All the rclations develoned are based on Y-Y banke.

Proceeding left of the fault F! and F.

(-

(To)e = (Xdo . (e)o -~ @ac
1o doas mot d‘M?

5%



At Gq

Y

I@ ©-=0
LAy = =337

o = S-A'\"lo’ = O*_:\\-Q:Z

v - "%*%’1@*10’

I'C: - _ZT_‘_; ~ BI@+K;

z

"

At G
2

Y
19(:1):@
T @ jus
XQ: ‘S-,g—\v_[o = ) G\
Ib-—%_,&l@‘\'lo
1c~—.‘\_;(-(}1(“1°

At M
X
la(c)-0
S-A(C_): ).G
Ta = .S'd'\- S: - ‘8\‘33
Yes T Breenys
P

2

In the transmissicn line

(1) -j087" j1022 :—j202
(2)  Jl.5+ j.61 = j2.11
(3)  j.b+ j1.83 = j2.L3

Ef Te Iy

JAN

~ Ty = o

I ~3.89

"BCex § BN~ 3122 = -, 467
A
-lam=o0
I (m = y\S

'SQCY\;\-S -r;).(\ = J\.9)

= ~-%Lo XIS x§.6 -'j.sc\

A
-S-ok(b) = 0
Tem = 3-6

"REC K3 V83 = (235

= - '8CE¥ 6 +\1.63 = .3,



-j.59
o

< T
L b
_j a2 -33'2 u.‘ jo"

T
—

14

—
€8-\ (

ve-f
—
} ?
—
s (

Fige 3412 Phasc currents.
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Chapter IV
Merits of €larke Componcnts System.

In power systems in which the positive and negative sequence
impedences of rotating machines can be assumed equal, use of
Clarke Components entalls far less work in analytic solutions
than the use of Symmetrical Components. They provide simpler
equivalent circult because of the mutual impcdeinces between
component networks resulting from unsyrmetrical static circuits,
if not zero, are receprocale This 1s not the case with
Symmetrical Components. When symmetrical components are to
be used, the self and mutual impedences im the sequence nctwork
can often be derived from Clarke Components self and mubual

mpedences more simply than direct determination. Clarke
Components provide a point of wview whnich 1s helpful in vis-
ualizing a problem even if 1t will eventually be solved by
Symmetrical Components. In an unsyrmetrical circuit, where
the Impedences of two phases are equal, or two phases are
syrmetrical with recspect to the third phase, Clarke Components
give almost an immediate solution to many simple problems

which require appreciable time by other methodse.

Discussion on Symmetrical Somponents System and Clarle

Components System:

It has been shovn that there are twelve equations in

the case of symmetrical eomponents connecting the twelve
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unknown componcnts of current and voltage of phase a at the
two fault points--three for each fault point and two for
each of the three sequence networks. Eight unknown negative
and gero sequence componcnts are eliminated, leaving four
equations in terms of the four positive sequence componentse
Two of these four equations will be in terms of the negative
and zero-sequence system Iimpedences. The other two equations
involve positive scquence quantities only. The twelve un-
knowns mentioned before are to be sclved by ten available
simultaneous equations and as a result, for other two left,
an equivalent circuit has to be drawn.
Va1 = KIgy+ mIpl
Val= nlgy + 1Ip

constants k, m, n, and 1 are then evaluated,

On the other hand, in Clarke Components, we need
nine ecuations as @ -network is unaffected by the fault in
question and these equations are straight forward. The e-
volution of constants in Y-circuit to represent the fault
is quite sinple. Besides, the component networks are tied
by simple relations. From these facts and properties dis-
cussed in Chapter 2, it can be concluded that Clarke Com~-
ponents are distinctively advantageous because they are less

time consuminge.



Appendix

Table I

Short Circuit on Three Phase System

Relations between O( 3 @ s and O components of voltages and
currents at the faulte.

Case Type of Phoases involued | Rapnotions for Rognedaons for
Fault Covr ponents of §°Y“P°“""?:: °¥
WX Howis
Voltage ok Foudk. | o it 3
T Hvue Phaoe o, b, C Va =0 s N@=o =0
) 0,0, ¢ amd grownd | Va0 ; Vpzp; Voo
N @ Lone % Proumd | O omd axowmd Va = ~ Vo :e zo; L-‘Qlo
Lo Al b amd Groumd Vi = {3Vg@ + 2Vo I,..1% <
%) we ip grown ) oL e A 7%;],{:40
© Lo Yo owmd | < amd ProUmA VoL = -GVQ +2Vo I,\ To
= v 1.--3
5 ' 4=
— . : N =
w @ Lims 4 Lune bow-ic ® O\W x*:o;]°:°
y Lme o -1
- A A Al C v N@
(() e ’l= - 3 x‘: ﬁ:(b 3°~°
C\L ) Juso WhTM b, ¢ aud gy ownd Ne =¢;, Na -2V, ,--1,
)] Two Wntty gromed| X, p, dund Qrownd Vot = :\1‘% i Va2=Vo s -31p+2T,
. ,Co Y vl -
@ Two M“AT’““‘H &€ O Y Vo - % 5 V2 -Vp &=Bf(b +23,
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Table II

64

One or Two Open Conductors in a Three-Phase Circuit.

Relations between ok, ? s O components of series voltages v

across openings and line current I' flowing through openingse.

Rqprotisnd & ch&

Case | open :
orons | ot b vl | ot b e
CACFOSS oberinas W “ua o?w
T a Ve=0,; 1Y 20, = -1y
Ly v Dx:-—}’ﬁ = -, IaL'-ﬁI@'—ﬂo' =06
3

1 e W, = l?:_f_ - -, xd\/_iﬁ]?’_zl.: = o
T (e b oud ¢ Va = -, T-.g’= 2%, ; ’_CQ, = o

( 1 / ’
UG |0 and b qu*ﬁ,v@,-zv =0 l"‘:ﬁg:’x“
U_(() &MC Ud~ﬁ19@-.‘113°:o ‘d(:—E,—Idf
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Appendix

Table III

)

Function of Operator aGe? )

Q= \[120= ~0.S+ 0. 866
Ot = | /240 = ~0.5 — j0.866
03 . 1/360 = L.o+}0

2 0= 1126 = -0.5+ )0.866

)"

VN
—0\1 V60" = 0.5 —jo.866
“X= 160 = 0.5 4 0.966
\+ 00+ = 0

A+a = -\

Q- ot O+ § 132 = (3 (90
_o = bO-a\L132 = B/Ag

n

\—a = \.s-so.acuﬁf%’
-0 = \.5+(p.8Ck= (312°

0-1 = -—\.'5—\-:\0-8% = {3 1156

2 .5 — 50.8663"‘3”5:0'
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Symmetrical Component impedences:
Bue 4 Fls < Fro g 2e0)
Faa s L (Zug s 2o+ § (e-Zod) |
Zoo:  Zoo
Ao w (R~ Fop 4 § T + %))
A 7 5 Lhia- 200 -5 (Fap +Fp))
Fo = L (%, . } Fpe)
Eo = (Zoa — )
%205 5 (Zue -} Zoo)
Zor = (Zar+ ) Eo)

Clarke Component impedences:

zold = ’\'2 (zu oy z\l*‘ Zax i‘fn)

¥°o = lco

L (Bun Farm Ea %)

. - k2 ~f‘u‘i“')
Zip = 3 Y Fe-Fn

Zoc —3 % (Fo —Fu ity
ZOJ\’- 15_(10(+¥0‘L)
2&0 = (*\o‘*%"&a)

.Zocbt 3 li_ ( .Le( - %o])
ZQ’O = -"s L;Lo" %10)
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