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10.1 Introduction 

chapterlO 
Transient stability studies 

Transient stability studies provide information related to the capability 
of a power system ~o remain in synchronism during major disturbances 
resulting from eith•r the 1068 of generating or transmission fncilities, 
sud.den or sustsined load changes, or momentary faults. Specifically, 
these studies provide the changes in the voltages, currents, powers, 
speeds, and torques of the machines of the power system, as well as the 
changes in system 7oltages and power Oows, during and immediately 
following a disturbance. The degree of stability of a power sYStem is an 
import.nnt fnctor in the plaruiing of new facilities. In order to provide the 
reliability required by the dependence on continuous electric service, 
it is necessary that power systems be designed to be stable Ullder any 
conceivable disturbance. 

The ae network analyzer was used for transient stability studies to 
obtsin the operating performance of the power network during a disturb
ance. The step-by•step calculations describing the operation of the 
machines were perfotmed manually. The use of the digital computer to 
perform all computation for both the network and the machines " 'as a 
natural extension of the digital load Oow studies that pro\•ed so successful. 

The performance of t he power system during t he transient period 
cBn be obtained from the network performance equations. The perform
ance equation using the bus frame of reference in eitber the impedance 
or admittance form has been used in transient stability calculations. 

In transient stabil ity studies a load Oow calculation is made first to 
obtain system conditions prior to the disturbance. Io this calculation 
the network is composi>d of system buses, transmission lines, and trans-
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formers. The netw:>rk representation for transient stability studies 
includes, in addition 1-0 these components, equivalent circuits for machines 
and static impedances or admittances to ground for loads. After the 
load flow calculation, therefore, the impedance or admittance matrix of 
the network must be modified to reflect the changes in the representation 
of the network. 

The operating claracteristics of synchronous and induction machines 
are described by set; of differential equations. The number of differ
ential equations reqored for a machine depends on the detail needed to 
represent accurately the machine performance. Two first-order differ
ential equations are required for the simplest representation of a syn
chronous machine. 

A transient staO!ity analysis is performed by combining a solution 
of the algebraic equm.ions describing the network with a numerical solu
tion of the differential equations. The solution of the network equations 
retains the identity cf the system and thereby provides access to system 
voltages and current; during the transient period. The modified Euler 
and Ruoge-Kutta. methods have been applied to the solution of the differ
ential equations in ttansient stability studies. 

10.2 Swing eq•ation 

In order to determin~ the angular displacement between the machines of 
a power system during transient conditions, it is necessary to solve the 
differential equation describing the motion of the machine rotors. The 
net torque acting on the rotor of a. machine, from the laws of mechanics 
related to rotating b-,dies, is 

WR' 
T = -a (10.2.1) 

g 

where T ~ algebraic sum of all torques, ftrlb 
WR' = moment ~f inertia, lb-ft' 

g = accelemtlon due to gravity, equal to 32.2 ftjsec' 
a = mechanical angular acceleration, rad/ sec' 

The electrical a-ngle l, is equal to the product of the mechanical angle 6m 
and t.he number of J=airs of poles P /2, that is, 

p 
8. - 2 8,. (10.2.2) 

..J The frequency f in cycles per second is 

f~ ~ rpm 
2 60 

(10.2.3) 
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Then from f!Ql:.~tions (10.2.2) and (10.2.3) the electrical angle in radians is 

60! e. ~ - e. (10.2.4) 
rpm 

The electrical angular position o, in radians, of the rotor with respect to a 
synchronousc;• rotating reference axis is 

0 - 8.- wot 

where"'' - :~\ed synchronous speed, t ad/ sec 
t • -:: oe, see 

Then, the a~ulo.r velocity or slip with respect to the reference axis is 

d& d8, 
-= - - .... 
dt dt 

and the ang-.llar acceleration is 

d'o d'B, -=-dt' dt' 

Taking tbe le(Ood derivative of equation (10.2.4) and substituting, 

d'6 60! d'"' 
dl' .. rpm ll~!' 

where 

d28. --a dt' 
Then, subslltuling into equation (10.2.1), the net torque is 

T - WR' rp:1 d'& 
g (•): dt' 

1i is desira:l!e to express the torque in per unit. The base torque is 
defined as the torque required to develop rated power at rated speed, 
that ia, 

( 
550) base kvo. Q.746 

Base torqut - ( ) z,. rpm 
60 

where the ·Je.3e torque is in footrpounds. Therefore, the torque in per 
unit is 

WR• ~~ (rpm)'0.746 . 
g J 60 550 d'l 

T- -
base kva dt' 

(10.2.5) 
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The inertia. constant H of a machine is defiLed as the kinetic energy at 
rated speed in kilowatt seconds per kilovolt-: mpere. The kinetic ~nergy 
in foot-pounds is 

1 WR' Kinetic energy = - --.,,, 
0 2 g 

where 

""O- 2r rpm 
60 

a.nd rpm is the rated speed. Therefore 

! WR' (Z.-)' (rpm)' 0.746 
H=2 g 60 550 

base kva. 

S~bstituting in equa.tion (1-3.2.5), 

H d'B 
T • -

"f dt' 
("10.2.6) 

The torques acting on the rotor of a gen~~ator include the mechanical 
input torque from the prime mover, torques due to rotationf..! losses 
(friction, windage, and core losses), electrical output torques, and damp
ing torques due to prime mover, genera.t<n, and power system. The 
electrical and mechanical torques acting on the rotor of a motor are of 
opposite sign and are a rest:!t of the electrict.. input and mechanical load. 
Neglecting damping and rotational losses, (-.e accelerating torq·..te T. is 

To ::~ T,..- T, 

where T. = mechanical to~que 
T, = electrical air gap torque 

Thus equation (10.2.6) becomes 

H d'6 
;;j dt' ~ T. - T, 00.2.7) 

Since the torque and power in rer unit are •qual for small deviations in 
speed, equation (10.2.7) become> 

d'B _ "!. (P m - P,) 
dt' - H 

where p m = mechanical power 
P, = electrical air gap power 
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T his second-order i:;:"crl!lltial equaticn can b~ written ns two simultaneous 
first-order equn.tio1:o: 

. d' 6 :j., "'' 
dl' • dt • IJ (P ~ - p ,) 

and 

do t:e, -=-- ... 
dl dl. 

(10.2.8) 

Smce :he rated S)'IC:lrc::ous speed h ndiRn> per second is 2::J, equation 
(:0.2.&) becomes 

d6 
- -.,- 211/ 
dt 

10.3 Jllachboe CCjlolations 

Syn cltronous n~ :..'tines 

In transient stab:J.ily s-·Jdics, parti>uhrly !.hose involving short periods 
of analysis in the ::>:-:ier :>f a second ~r I !!lOs, r.. synchronous machine can be 
r~presented by a vooltag> source, in back cl transient reactance, that is 
tonst.E..nt in magai.;>Jde but changES its a!lglllnr position. Th.s repre
~ent.ation neglects the effect of ;;al:ency and 8S11Umes const::ult flux 
Enka~es and a srol cbange in s~. The voltage back of transient 
reactr..nce is dctemoinet from 

E' - E, + r.I, + .. -;~1. 
11·hcrt E' • volt"!!" b3~k of transiEnt reactance 

E, • mac::.i.ce terminal volt:ge 
I, • mnc::.me terminal curren~ 
r. - u.rm~ot:Kre r~sistance 
:t~ - tra.TJ3iznt reactance 

The representatiJ• of the syncbro-:>OilS mschine used for netw:>rk solu
tions and lhe cotrc>po-.ding phaso1 diagrru:n are shown in Fig. 10.1. 

Saliency nnC: =a~cs in field flux linka.,-.es can be taken into aeeount 
~Y representing t=-e cects of thE three-phase ae quantities of a. syn
chrot.ous macbil:e :~y components :oct:ng along the direct and qudrature 
ruces. The direcl. :.xis is along the ~ederlbe of the machine poe and the 
quadrature axis euls -.be direct a.-.:is by 90 electrical degrees. The posi
tion of the qund."T.m-e axis can be detenn.;ned by calculating a fictitious 
voltage located e t: this axis. Thif is a voltage back of quadrature-axis 

. 
I 

• 

j . 
11 

' 

I I 
I 



I· 

u II 

I I 
~ 

l...i 

l..l 

3:0 Computer rnethod..'f in. poroe-r ~\!tern onalyd1 
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~ 
I 1' 
(at E' 

E, 

r.I, 

I, '--...... 
.......... _ -~'•.r,...._ 

' - .•. ;:,:~~1( 
.......... (b) 

FiJ. 10.1 Simplified ~pru•nUJtion 
of o .synchronou.t '"-OChine. (o t 

Eq;1..tivalent circuit; (0) plw1or dio· 
sr•rn. 

synchronous reactance and is determined from 

E, • E, + r.I, + j%0!, 

where E, = voltage Lack of quadrature-axis synchronous reactance 
x, • quadrature-a."<is synctrooU3 reacta.nce 

l'b~ rep=entation of the syncbuncus machine used for network solu
:.ions and the correspending phase'!' diagram are shown in Fig. 10.2. 

The sinusoidal flux pr :xluced by -.he field current acts along the direct 
uis. The voltage ioduced by fiEld current lags this flux by go• and, 
~herefore, is on the quadrature a.xb. This voltage can oo determined by 
:>dc:ing to the termin&l voltage E, t~ vGltage drop across the armnture 
~esista.nce and the vo. tage drops M!prese:~ting the demagnetizing effects 
illong the direct and ~ua.d::ature aJoe& Then neglecting saturation, 

Er - E, + r.I, + j:z.--, + jx,l, 

"''here Er - voltage pcoporlional t) li.eld current 
:, - direct.-axis ~ynchronocs oeactance 
:z, = quadrature-ruds syncho:tous reactance 
I, • direct.-axis component ol machine terminal current 
I, = quadratu.!-&-aT.is compon;nt of machine terminal current 

l 
l 
; 

·" 

J 
~ 



f 
f 

'-' 

o.J 

:..J 

..... 

-
... 

u 

L.. 

u 

Ch(1pU r 10 r ,.on3ient s.tald li t,y IJtudiu 371 

Tl:.e phn$0r diagram showing E, as well as the voltage back of trnnsien~ 
reun.ance is shown in Fig. 10.3. 

T he quadrature component of voltage bllck oo transient reactance 
frcm the phasor diagram is 

E~ = E, - j(z, - z~)J, 

w!lere E~ is the voltage proportional to the field fLix linkages resulting 
from the combined effect of the field and armnture currents. Since the 
field flux linkages do not char.ge instantaneously fo!;owing a disturbance, 
E~ also does not change instantaneously. The rate ·)f chnnge of E~ along 
thE quadrnture axis is dependent on the field voltage controlled by the 
re;;ulator and exciter, the voltage proportional to t:le field current, and 
the direct-axis transient open circuit time conswnt and is given by 

dB'. 1 == = -, (E" - E,) 
dl T4, 

wl:.ere Eu • term representing the field voltage actiag along the quadra
ture rucis 

T~, - direc~axis transient open circuit time constant 

c+J E £, 

l 
(o) 

q( 
\~ ,. -· 
. j_ r

0
l, 'Jf-e ...... ,,..~-- ...... 

~/ \ -----
\ I , --- ~-
\ -----~~ 
\ ---\ 

\ (bl 

r,_. let.z Repre:~~ntal~on. oj o •ync:hron.ou# m achin-e for 
d~&f!f"lt'rinin1 £,. (o) .&qu..it!Oient circuit.; (b) p h.atsor 

di.qra.m. 
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Fig . 10 .. ! Phaaor diagranfor determining t.he quodrature-a.xi.s co~um.L 
of t:Oltoge behind trant~ie~t reactar~ce. 

J:ra.duction maclrines 

b power system tranS:ent stability studies loads, including inclu.::tion 
motors, usually can be represented adequately by shunt impeda.•ces. 
However, in studies invJlving large induction motor loads it is nree.;sary 
frequently to represent t he induction motors in a. more detailed ma,ner. 
Induction motors are ued extensively in industrial processes 311C. can 
have significant effects :m the tra:nsient response of a power system. 

A reasonable linear representation of an induction machine cut be 
oo~ained by taking into account the effects of mechanical trausie•t• and 
r Jtor electrical transients. The effects of stator electrical tu.m:ient3 
on system response usually can be neglected. The equivalent c.rcuit 
shown in Fig. 10.4 bas been used to represent the transient bebav.or of 
an induction motor induding t.he effects of mechanical transieat! and 
rotor electrical transien:s with a single time constant. 

The differential equation describing the rate of change of the vc.ltage 
behind transient reacta::>.ce X' is 

oE' i2 i E' l E' "(X X') } - = -J r 8 -- ' - J - I, 
!II T, 

where the rotor open circuit time constant T, in seconds is 

'" X,.+ X,.. 
• 0 = 

2trfr, 

' 
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r. X' 

~ E 

I I 
Fig. 10.4 Simpliji«td ~pruentation of an 
induor.ion m..(JCI•inefor fnln.ttient ann.lyais. 

and the terminal current is 

J, - ;g, - E') __ 1 
• r, + jX' 

The reactances X and X' c&.n be obtained fn:m the conventional 
steAd;;- stt>t.e equivalent circuit • f an induction Lachine a.s shown in 
Fig. 10.5, where 

r , is ibe stator resistance in per llnit 
<, is lhe stator reactance in per c:nit 
-, is lhe rotor resistance in per u:Ut 
£. is the rotor reMta.nce in per uLit 
""" is the magnetizing reactance ir per ·.mit 
• JS tlle rotor slip in per unit 

The resistances and reactances are all an the same rn base. The ratio 
·lf the base voltages of the stator and rotor is eqU£1 ~ the open circuit 
7oltug~ ratio at standstill. The per uuit slip is 

Synchronous speed - actual •peed ·- :Synchronous speed 

Sinee the rotor resistance r, is sma l con:parcd with •he reactances, it can 
0e ::~e~:lected in the calculation o' X and X'. Fr)n) the steady state 
equivalent circuit, then, the open ~ircuit reactance;,; approximately 

x -=.+z"' 
The blocked rotor reactance is approxioately 

x..z. 
X' • =• + %-. + %r 

•• 
o--J\/ r, j .. &, 

;f....i. -~· 

Fig. 10.5 Steady 8Ultc po:ritiVf!l 
fequence- equil.:olent circuit oj 
on. in.duc:rio--1 m4chine. 
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10.4 .P01oer susten• equations 

Representation of lo<tds 

Fower system loads, other than motors represented by equivalent cir
cuits, can be t reated in several ways durir; the transient period. The 
C•)mmonly used representations are either sto.tic impedance or admitt<.nce 
to ground, constant current at fixed power :Jletor, constant real and ~ac
tive power, or a combination of these representations. 

The constant power load is eit.her equal to the scheduled real :~nd 
reactive bus load or is a percentage of the s;:~cified values in the case •?f a 
Mmhined representat.ion. The pa:amebers associated with static 
impeC.ance and constant current represenbtions are obtained from the 
sehed·~led bus loads a.nd the bus vo:tages calculated from a load :Oow 
So)lutbn for the power system prior t.~ a disturbance. The initial v;.lue 
of th~ current for a constant current repreE~ntation is obtained from 

I 
Pt. -jQr., 

r:O ~ * E. 
'l"her~ PL. and QL• are the scheduled bUll !loads and E, is the calcub.ted 
trua voltage. The current I .. flows from bus p to ground, that iE to 
hus 0. The magnitude and power factor angle of I,o remain const:o.nt. 

The static admittance "•'• used to ret·resent the load at bus p, can 
te obtained from 

(E, - E 0)y .. - I,, 

where E. is tlie calculated bus voltage anC: 3, is the ground voltage, e~ual 
to zero. Therefore 

I,, 
, · , =-E ,. . (10 U) 

Multiplying both the dividend and divistr of equation (10.4.1} by E! 
:;,nd Eeparating the real and imaginary ccD>ponents, 

PL. 
~ .. = ... +f.' 

where 

••• = u .. - jb,, 

and 
QLp 

b -- • •• = c.'+ f, 

~'Vetworl' perforntance equations 

The network performance equat.ions used for load flow ca.lculationf can 
be applied to describe the performan~e o: 'lhe network during a traruient 
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peric~ (Stagg, Gabrielle, ::\loore, and Hohenstein 1959). Using the bus 
3dm· tt3.nce matrix vo1th ground as reference, tte voltage equation for 
bus ;J is: 

., • CP, -jQ.)L, _ ~ YL "' 
_. ' E• L ,.,u • 

, t•l .... {10.4.~) 

Ihe te-mP, - jQ,/E; in equnbon (10.4.2) repr~sents the load current 
.>t bLS p. For the constant current load represcr.tstion 

_o, -J"';J, I 1/., 
(E~· - I,, "• + ~. 

vhere 6, is the power factor an~le and 8~ is the angle of voltage with 
respe!t 1.o the reference. When the const.ant power is used to represent 
dle lea:!, (P, - jQ,)L, will he constant but th~ bus voltAge E, wil 
chanr;e every iteration. When lhe load at bus p is represented by a. 
ru~tk a:lmittsnce to ground, the impresl!e<i curren~ at the bus is tero and 
(bere'ore 

cP,- ;Q,)L,% O 
z: 

In using equation (10.-1.2) tc• describe the performance of the net.
vork ro- a transient analysis, the parameters must be modified to include 
L.~e efeots of the equivalent elem•!Dts •·equired to represent syncbrono\1.! 
!llld id.Jction machines and loads. The line puuneters Y L .. must bE 
oodilie<i for the new elements and an additional we parameter must be 
:.aicuhtzd !or each new network element. The system shown in Fig. 
1).6, .. ~eh was used also to illustrate the load flow solution techniqu~ 
,. Sec. :.3, has two machines and o. load at each bw;. Representing all 
leads ~ static admittances to ground, the voltage equation for bus 1 is 

F1 - -YL11E:- YL1,E,- YL,,E,- YL,,E, 

V'bere FLu • Y uL, 
FLu- Y.,L, 
FL,. = l' ,.L, 

The de111ents Y u, Y 11, and Y" from the bus acbcittance matrix of tbe 
:etwc:-k are the same as in the load B.ow represent::d;ion. However, 

1 r,-Y_, 

nere 

F n - !lu + Yn + !/a + !/10 

! 
l 

.. ' ,; 
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- - - Nttworlt elfment4 --- Elemenu reprt~tnlin.jf machine# and loatU 

Fig. 10.6 SittflfJ line diagram of pou:er #Y~ternjor tro,...,{ent nnoly .. a,. 

includes the stntic admittance representing the load. Since E, is zero, 
the line parameter Y L,. does not have to be calculated. 

The voltnge equation for bus 2 is 

B,- -YL,1E1 - YL,,E,- YL,,E, - YL,,E, 

where b\1$ 8 ia a new bUB. In this cue the diagonal admittance eleme:1: 
for bus 2 ia 

f U - 1/11 + 1/U + y,. + Yto + Y21 

where 1/to is the static admittance representing the load and y,. is the 
machine equivalent admittance. The formulas for the Gu\155-Seidel 
iterative solution of the network shown in Fig. 10.6 11re, then, 

Et'' - - YL,e,• - YLuE.' - YL,.E,• 
E~+'- -YL,E~+'- YL,r,E.'- YL,,E,•- YL..Eo 
E:••- -YL.,E:••- YL,.E,• 
..e:"' - - Y LuEt'' - Y L .. E,• - Y L.,E, 
E!+'- -YLnEr-'- YL,.Et"' 
e,+' - - Y LnEt'' - YL,~' 

Tbe initial bus voltnges are obtnined from the load Bow solution 
prior to the disturbance. The initial voltages for the new buses 7 and 8 
are obtnined from tbe equivalent circuit representing the machine; 
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c:»umt.S corresponding to machines, oonstar:t power, and coDEtant 
c:~rrm~ sources need to be •~tained for t':le net•vork solution. All row< 
a.:J.d •)o!umns would have tc· be maintained, ho,.,ever, if system voltageE 
a.:~d :;>ower flows are required during the t.ransie.1t calculations. 

The procedures describod using the bus impedance and admittance 
rr:.atrices and representing e~h machine a3 a. voltage behind the mnchine 
impedance is an applicab:n of Theve:Un's theorem. An alternate 
rr:.ethod is to represent the machine as a cunent source betweea the 
machine terminal bus and ground and in paoallel with the machine 
impedance. T his is an apj:·:..cation of :Nc•rton's theorem (Shipley, Sato, 
Coleman, and Watts, 1966!. This elin1baws ~he need to establish ao 
a.:lditional bus behind the i<npedance of each machine. The machine 
c:~rrm~ are calculat-ed by 13ing the iniemalJLachine voltages arul t he 
naachir:e impedances. Theo;e currents are held constant during thE 
network iterative solution. 

J 0.5 Solutio'• teelaniJiues 

Prelimirurr;y calculation. 

The :first step in a transient ;;tability study is tre load flow calculation tc· 
Cbtain system conditions 1=rior to the distu:bance. Then the network 
~ata must be modified to ~Jrrespond to the &!sired representatic·D for 
transient analysis. In ad<fuion, tile machir:e currents prior to the di•
turbance are calculated frorr:. 

Lu = =-p.::." .,-,;1:c:.Q:.:" 

E: 
i ~ 1, ~ . . . , m. 

where m is the number of ~chines and .?u a.nc Q" are t.he scheduled or 
w culated machine real and reactive ter:niu l powers. T he calcclated 
power for t he machine at 1he slack bus an:l IDe terminal voltages are 
obtained from the initial lo;.-CI flow solution. rinally the voltages back 
ef a:achine impedances mu=- be calculatEd. 

'When the machine i i~ represented by n. v::>ltage source of constan; 
~ude back of transier:.= reacto.nce, t':le 'IOI~age is obtained from 

Z:C1>- = Eti. + r.,,I,i + jx~J~" 
""here 

..., I + :r' 
~.,0) = ei<O) 1Jico> 

..nd E'; .. , is the initial value used b the oolutioa of the differential equa· 
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t1on& The initial internE.! vc·ltage an~le is 

_, .r:,., 
oi(t) - tan -,-

ei(t) 

379 

The tnit<al speed ""<•> in udilllls per second is equal to 2rf where f is the 
ireqt.cncy in cycles per 3CCC1d. The initial mechanical power input 
P .,,., is equal to the elect..;ca: air-gap power P,, prior to the disturbance 
whicl can be obtained frcm 

P._, - P,, + llrtl'r •. 
wher!l ll"l'r., represents the s•ator los~ as. 

When the effects of saliency and changes in field Owe linkages are 
take11 into account a voh.sge back of q .tadrature-axis synchronous react
ance is used to represent ~be machine. This voltage is calculated from 

E,, - Eu + r.,J,. + jx.J,, 

when 

E" - e,, +if.< 
The init.ial internal voltage angle is then 

~<•> • tao-• lo< 
e., 

As ill the simplified representation, the initial speed is equal to 2rf and 
the ix.itial mechanical pow-._r i£ equal tc P ,., the ai,...gap power. 

':'he calculations of the nltage proportional to field current Eu and 
th.e V"Jltage proportional to field flux linkages Ef,;c01 are required also for 
this representation. These vc•ltages are obtained from 

Eu • E, + r.,I, +~,I.,+ ;;:e"J" 

and 

Ef,,,., - E" - (x,. - x'.JI.., 

whe"' E'"'" is the initial valce used in the solution of the differential 
equaions. Finally, th:&in:tial field vol:agc EmcO> is cquo.l to Eu if satura
tion il neglected. 

::be nen step ill to clu.n~ the system parameters to simulAte a dis
turbance. Loess of generLtion, load, or tr&:lSIDission facilities can be 
effec~ by removing from tLe netw~k the appropriate elements. A 
thr~ph118e faul~ can be sirmooted by setting the voltage at the faulted 

d ,. t 
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·, us to zero. Then, the modi ied network equation3 are solved to obtain 
system conditions at the ins!Lnt after the disturbance occun . 

The techniques described for load llow solution~ ca.n be employed to 
obtuin the new bus voltages .fur the network. In the iterati vc solution, 
however, the buses back of oaebine impedances are t:eated differently 
depending on the machine ~presentation. When the machine is repre
Lent.ed by a voltage of constlnt magnitude back of transient reactance, 
the internal machine bus vol~lge is held fixed during tt.e entire iterative 
process. When the machine is represented by the direct and quadrature 
components, the internal ma,bine bus voltage is held fi.xed during an 
it.cration. However, at the e:>d of each iteration, the volta;~e E.; must 
be reevaluated to refteot the changes in the terminal V·Jitage E.,. First 
the new voltage for the intema.l bus is obtained by caiculat.ing the new 
machine terminal current fro:. 

1 • e,+>) -~. z•,~• = (E91 - li r.i + JZ
9

, ' . 
Then the new component of ::urrent ruong the direct a>is is determined . 
rinaJly the vollage back of 1UadrntUr(Hl."\iS synChronous J'Hd:wce is 
computed from 

.,....,, E' + ( ' )J'+' """•' = tit•> :C:fi - zfu 41 

"'here E'.;,., and St<•» the nnie of E.;, are held fixed. 
When the network soluti JD has been obtained, the 111achine terminal 

current becomes the initinl value for the solution of t he differential equa
tions. It is used t.o calculate initial machine air-gnp pcwer from 

P,t(Ol - Re (lrl(o)E;;:,) 

vhen the magnitude of the vo:tage in back of transient react1nce is held 
fxed or from 

P.t<•> = Re (lll<o>E;; .. ,) 

\• ben the effects of saliency IDld changes in field llux liakages are taken 
iato account. The initial voltage E~<•> is obtained 1\lso from the network 
Sllution at the instant alter tte disturbance. 

Modified Euler method 

When a machine is repl'Cl!entec. by a voltage of constant magnitude back 
of transient reactance, it is neeessary to solve two first-order differential 
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eco~tions to obtain the changes in the i:~tcrnal vcltage angle 6, :md 
t:Uch ne speed "''· Thus for an m m:~chine problem where all machines 
E.l"! rcpresen wd in the simp ified manoor, it is MCeSliur;o" to solve 2m sir:ul
t,.._~o.ls differential equations. These equsticns are 

&, ___ ~ 
~ 

~ ~(P· - ~~ -- -~ ~ 

(IO.<i.1) 
1- = 1, 2, ... , m 

Ii JJ.O ~overnor action is considered) P .,., ren:ains const.ant and 

p_ - P ... t(O) 

!II the application of the modiEed Euler method the initial estblute.! 
of tbe internal voltage nn;;les and n:nchin~ speeds at time t + 111 a..:e 
ob :liDed from 

" '" do, I tU .; ......... = 0«o + dl (0 

. .. ( 1) dCtJl l lU 
~it....,fJ - ""•tl) + dt (I) i • l~_ 21 ••• , M 

who;;e the derivatives are ~valuated irom equations (10.5.1) and P....., 
a~ th3 machine powers at time t. When t • 0, tha machine po~ 
P •• " are obtained from tbe network solution at the instant after ILe 
dislurbanee occurs. 

Stcond estimates are obt.ained by evaluating the derivatives nt time 
t + :.t. This requires thut in:tia: estimates be determined for the 
lllldlir~e powers at time t + Lit. TLe~ powers are obt~ned by calcult.1-
iog ::tew components of the nternal voltage from 

.... IE'.I ''" Ci,'l'-~) = ~ COS Uj(I+60 

f ••• I ""I . ' '" iu-Q = .c., $1D O'tf.t40 

Tb..::t £ network solution is obto.ined holding fixed the voltages "'' the 
Ulli""'al machine buses. When there i:s a th.""ee-phase raul~ on bus J, fu 
vobgc E1 also is held fixed at zero With the calculated bus vol~ 
at.C. t~ internal voltages, machine wrminal currents can be calcu:at~d 
.:ro~ 

1 ,., - (E'."' - E''f> :• - - ._, J,.,J.+Con - ,tf.I-AI) h(~ r., + J-4i 

. 
~ 

• . ~. 
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c.l<uloU lood f/4<D 
pr ..ot' UJ d4turbance 

! 
Mcdify nctu.'Ot'k (/Qea 

jf'lr ,lf.&D ~prncnt4ti.on 

l 
Ca!a..Jat..: mochUI~ ~n·Mtt 

P,;-iQfi 
1~~ --E, 

" i • l ,2, . . .. m 

T 
CoWcu oolUJ(n IH:JU.r&d ~fli.nc equi410lc1ttl 

Eico)"" Ea + r.;lti+Jxd;l,; 
i • l.Z, •.. ,m 

T 
I S..tim< I 1-0 

Co~ i.14icl utimlllU of power 
Q.IIR~#cndmachi.rtc~ot l.f.At 

ce• (I) d6·1 OH••~) ... cli tr) + '7f (r) At 

wtO) - wU> + dw; I "' 
i(H.U) t(r) dt (I) 

J No 
i-1,2, .. . • m 

T 

1 
.J 

0 
l 
0 
0 
J 

. ~ 

~ 

Co.~c irJliol u:irn4tn o{ wltnaa 
bchi.nd~lm~ol t+4t 

,co> E' a<o) 
'HIUI) - I i lc:or t(rt~) 

'

,ttl I e', I ' s<oJ 
i(U·~} "" i .bn i(H~} 

i- 1.2,, .. , m 

Sol,.....,.lt~<qw..,.. t±: J 
Jt-1 " .. ~r · 1 

._ ... , __ l:n""Et''-Zn,..s,'-l:n,.E;'J I ,_ I 
q•l ,-p+l 1-1 . 

p•l.2, .. .• ~ p~{(tJJJtmfoulJt:m~•f> 

I 

~ 
c..IctJote ~ (1j1'1'f"/14 

! 0 - (E-'-E•) --1..-r-, roJ+I%dJ 
i • l , 2,. .. , ,m 

~ 
~~tumlncl~ 

?6 -jQ,; - l#E/ 
l - 1,2,,,. , m. 

l 

Calculatt. {irtcl ntimctc• qf pot.«t 
tu~gle. tuN tr..a.cbim ,-pffll& a: r+6t 

(d'•l ~~ ' 
uJ u> Tt (t}+ dt o~ :.o I 

l
, .,,,,,,,- .,,,,+ (""''I 2 ""'I <'' 

(U II) d£ { I) +dt (fHf ) 

tci(r---~)- wl(tJ + 2 "" AI 

i -l.1 . .. ,m 

Fi[.10.7 T ro7l$itnt colculation.s u&ing tl110 modified E~£ler method • 

' 

l 
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and machine powers from 

PCO) R (J<Ol (E'<Ol )• I .;~·~) • e "u~) tt'+l1ll 

The second estimates for ' he inter;~a: voltage IUlgles and xachine 
speeds are obtained from 

(
da,l da, l \ 
di (C) + di HOO I 

d'" - 8111 + ) At \(~ - ((Q 2 

t h 
"-\tt+b.r) (~:·I (I} + ~·I, u.") 

="'~~.+ ... ~t 
where 

- - ( 0) do, I 
dl ~+"'l "'~1+44 - 2rf 

d .. , I w/ 
dt <•+"" - Hc (P "'' - P'.~/,..,o) 

i = 1, 2, ... ' Jr.. 

T he fina.l voltages at timet+ .lt far ~h" internal machine buse nre 

,.,, IE'l ,,., c,;,...,.o.t) ~ 1 cos "'•'+4D 
f.,'f,t • ., - I.Et.l sin ol:/...>o i ~ 1~ 2, . .. , ;;n 

) ~ ~n 

Eqwol(lf" lt• 

Tat 
J: 1 
~ 

Grrt~t~r 
flt1'T f N"l&i:&a 

C4leul4u (iMl tttLmotn rJ_:" volt.;gu 
bUWtd modsl~ i.mPfd4nte 01 t +At 

'"' - IE'1 1t.l ci(H-4f) I cor l tUI) 

ptl) IE.' I ~-t"' '1(1-~)- I na t(r-.,) 
i •I. 2, ••. . ,., 

' 
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Then the network equations are solved again to obtain the final system 
voltages M time t + tlt. The bus vollages ar3 used along "ith the 
internal voltages to obtain the machine c.ments and po~rs and network 

- power Bows. The time is advanced by tl; and a ~st is mr.de t~ determine 
if a switching operation is to be cffeetec or the ;bltus c.f the fault is to 
be changed. If an operation is scheduled, the awr~priate changes are 
made in the network parameters or var abies, o: both. Then the net
work equations are solved to obtain sy.;tem cou:it:ow: at the instant 
after the change occurs. In this calculation th~ interr.nl voltages are 
held fixed at the current values. Then estimM~ are obl~tined for the 
next time increment. The process is repeated unt It equ..ts the ma:-<imum 
time T1~, specified for the study. 

..__ 

.... 

The sequence of steps for transient analysis ty the modified Euler 
method and the load Row solution by the Gauss-3eidel iterative method 
using Y nus is shown in Fig. 10.?: Sl:ow.:1 also are the lllAin steps of t1le 

preliminary calculations. The proceeu~ shown !!SSumes that all system 
loads are represented 118 fixed impedances ~growl:!. 

When the effect,; of saliency and the ehanges in field flux linkages are 
to be included in the representation o: the machines t he following differ
ential equations must be solved simultnruously. 

d &, :5. Clil([l) - 27rf 
dt 

dw, = "'f (P"" - P «<•>) 
dl H, 

~. = _1_ (E,.,- Eu) 
dt r:.Oi 

(10.5.2) 

i =- 1, 2, .. . , m 

Again, if no governor action is considerec, P •• reanins lhed and 

P.-.i = PIIIJ'(O) 

If the effects of the exciter control syetem are not bcluded, E1" remains 
constant and 

E,t~, = Et4•(o) 

If each machine of the system is descn'bed by e1Juatio:1s (10.5.2}, 3m 
:.. simultaneous equations must be solved. 

..__ 

-

/(r.nge-Kutw 17UJthod 

In the application of the Runge-Kutta burth-ordrr approximation, the 
changes in the internal voltage angles ani machine speeds, again for the 

' 
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simplified machine represenlatioll, are determined from 

dO;(I+AI) - Yo(kll + 2k, + ~~.-•• + It,;) 
~i<,•A•J = ~(lu + 21,; + 2:al + !4;) i = 1, 2, ... 1 "' 

The k's and l's are the changes in a, and "''• respectively, obtuncd using 
1erivntives evaluated M preJetermined points. Then, 

••<•+>•> - a,(l) + %(k,. + 2k,. + 2k.,. + k,,) 
"'"+••> = ""<•l + %(1,; + 2b + 2!,; + /,.) 

The inilial estimates of changes are obtained from 

.::1i - (<»;(I) - 2 .. /) 111 

"' l11 • f!, (P ~• - P n(Q) 111 i :: 1, 2, ... , 1n 

(10.5.3) 

-vhere "''"> und Po~(l> are the machine speeds and air-gop powe!"' at time t. 
The second set of estimates of changes in 6, and "'' are obtained from 

~ ... -I ( ... (1) + W) - 2"'} ~ 
!.. = ;{, (P . , - P'J') at : = 1, 2, . .. , m 

where P'J' are the machine powers when the internal voltage :mgles are 
I<<•> + (kt~/2). Thus, before 1, can be calculatod, new comp·)nents for 
-Jle voltages for the internal machine buses must be calculated from 

<"' - IE. I eos ( a,<o + kd') 
.('" • IE; I sin ( ••<•> + k~') i =: 1, 2, .. . ' ,,.. 

':'hen, the network equation! are soh·ed to obtain bus voh.a~ for the 
ealculatiou of machine powclll P!~:. 

The third set of estimates are obtained from 

1:., = \ ( ""<'> + ~) - z,.f} ~ 
. ,., ~ 

lJ< = H, (P ~~ - ~;·)at i • 1, 2, ... , m 

?'here P~' are obtained from a second solution of the network 3quations 
vith the internal voltage ansles equal to ••<•> + (k21/2) and tte compo-

i 

i '• 
J 

j 
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•en~s of the voltages for the :nternal machine buses equal to 

( ; '" = I C. I cos ( Bt(l) + ~') 

J~"' = IC.I sin ( 6t<o + k;') ic:l,2, ... ,m 

The fourth estimates are obtained from 

' L,, = ~ ("<<O + lot) - 2rj} .ll.t 
-rf 

4, = H, (P ., - P!:'l .ll.t i _, 1, 2, ... , m 

vbe:e~:• are obtained from a -:bird solution of the network equatioll.!ll\;th 
ill-:em3.1 voltageaoglesequal tc; 8,,,1 + A·.,=d voltage components equal to 

•"' ~ IE:i cos (8,(1) + ka~) 
f'" - 1£;1 sin (6,,,, + k.,) 

T :1e final estillUltes of the .ntemal voltage angles and machine speeds 
a~ ti:ne t + llt are obtained by substituting the k's n.nd l's into equations 
(:0.5.Z). The internal voltage angles 8,,,.,,1 are used to calculate tbe 
estima.l !lS for the components )f voltages for the int.emnl machine buses 
frcm 

e~-' - IC.I cos c~,,.,..,, 
r .. ~ - IC.I sin c~,,....,, i = 1, 2, ... , m 

The nnwork equations are sobcd Lhen for I he fourth time to obtain bus 
V·)lt,.ges for the calculation of :nnchine cuirents and powers and network 
J:OWu flows. The time is advanced by llt o.nd a network solution is 
obtined for any scheduled switching operntion and change in the fault 
conditir;n. The process is repeated unt.U t equals the :naximum time 
T~· · 

- IO.C E.ra~ttple of transienJ sta bility ealrulalions 

1. 

T~e <mthod for determining lransient stability will be illustrated with 
tl:e s:.u~plc power S)'$tCm used in Sec. 8.5 for the load 6ow problem. In 
tbs ex:,mple the m:l.cbincs are represented by voltages of constant msgni· 
trdes ~ehind direct,.axis tran!ient react:mces. Loads are represented 
b7 fixee admittances to ground.. 

I; 
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Using the bus admittance matrix ar:d the Gauss-Se.idel iterat.ive method 
ior the solution of the network equa.t.ions and the modified Euler mettod 
for the solution of the swi.Dg equat.ions: 

!1. Determine the effects on the sample power system shown .in Fig. 
10.8 of a three-phase -fault on bus 2 tor a duration or 0.1 sec. 
b. Determine the effect$ of the Iaclt on bus 2 for a duration of 0.2 ~ec. 

Solution 

The results of the load flow ea.lcuhtion prior to the fault are given in 
Table 10.1. The .inertia. constants, direct-axis transient reactances, ~nd 
equ.ivalent admittances of the generators at buses I and 2 .in per llllit 
on a 100,000 kva bare are given .in Table 10.2. 

Tobl~ 10.1 B&U t'Olta1e•, •enerotio~ ond looM from Z.Od ji~Ho 
c:olculation prior rofoult 

Ge1Wali<m 

BIUCO<U But 110Uagu 

LoG4 

'P E. Meglli&OU# ltf egavor1 Mcgaw0.U1 Aferaara 

1 I . 00000 + jO.OOOOO 129.565- =-~£4Bo...- 0 .0 0 0 
2 1. 0~621 - jO. 05128 40.0 30.0 20.0 10 0 

3 1. 02032 - jO. 08920 0. 0 0.0 45.0 15 . 0 
4 1.01917 - j0. 09500 0.0 0. 0 40:0 f:lj 

6 1. 01209 - j0.10900 0 .0 0.0 ®.o ~-.o 

} 

. 
r 
! 

I 
! 
I 

1 
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Tca:ble 10.= ln~rc:in con.uan.t.t, direcr.-o.ri& tran~ienr. reoctoncn, and 
eC?Uit.t~lerr.: admittonctJ•for 1cnerotor.t of somple .Jyst~'" 

Dirukuis lranaient Equiutalm1l 
e,.. ... a. 1 ttntia eondant recct4-nct admiU4f1Ce 

p-i II %; v.-

1-€ 50.0 0.25 0. 0 - j4 . 00000 
z-i 1.0 1.50 D. 0 - jD. 66G67 

a The 3 nu$3·Seidel iterative equations describ:ng the performance of 
the network, using the bus code numbers given in Fig. 10.9, are 

E~+'- - YLuE/- YLuEa•- YL,,E, 
E~'- -YLuE~'- YLnE/- YL,.E,•- YL-,,E,•- YL,E, 

._, E:+' = -YL.,E~'- YL,er-'- YLuE! 

~ 

.... 

.... 

E:+' = -YL..,e,-+1
- YL,,B:+'- YL .. E,• 

E~+t a - YL51E~+1 
- YL,.E!+ 1 

The line parameters l' L,, Cor these equations can be obtained from the 
efen:ents of tbe bus t<dmittance matrix used for the load Aow solution 
r·rior to the, disturbance nnd the equivalent admittances for ma.cbines 
and loao. · 

-r ® 
I 
I 
I 

<D 
r--------------, 
I .--, I 
I '"' _j_ I I 

I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

r-, I I F -r+ I I 
I '® (§} I I 
I ~ 1 I I 
1 I l I I I I I l 
I I I I 
I -l... r.;"\? 1 I I 
I \V 1 I I 
I 1 I I 
I I I I 

hf•r=:c + 
Fig,. lO.J ReprftJentot.ion of •ample .ystemftw ~_.unt at.abilil~ 
ML.-:ula:=ioru . 



0001<:'11!-OOOUL'C ooo~ n ! + ()()(~;;::·• -
uowt·~ 1 + oooc~ ,_ lllrJii!l'lll:r /9910'1:1 

ooooo·or.! + 009oo·m-

'• ooooo·L ! + ooowr.-ooooo·u r + to ow 1 -

J 1 

___ ...... ----·-

oooon r + oooon -

MnMM(+ lll'•iWUI-~"""' v I + iii\I\IIJ I -
009G9'8C(-l9916'61 ooooo·s ! + L9999'1 -OOML'£ ! + 00096'1-® • ttt• A 

00000'0 f + LU999'1 -OOSWoC!-t~Cii11'01 

oooon r + 00096'1 -00000'91( + 00000'9 -

1 

00000'91( + ,()(lOOO'S-

00069'81! -0()()9t'9 

<D 

® 

<D 

i! '".1111<0 Q)IIV11!t11PV onq Ol(.f, 

1 I ) , 



0 
D 

0 
" 

0 

0 

zro Computer m ethods ia pou:c• system an:J:l_vsb 

:'he line parameters are obtained irom the e:JUation 

( 
1 . 

?L., = Y,..L, = Y., y-) ... 
The modified line parame~r for eiement 1- :C is 

?Lu = l'a (y ~ ) 
n Yu. 

7 L _ -5.00000 + j 15.0C<OOO 
- u - 6.25000 - }22.690-00 

~ - 0.67074 - j0.03t·60 

-.;here Yu and Y, are ele::nents in the bus admittance matrix a::>d Yu 
.isc the equivalent admittance reprosenting th3 m&ehine at bus 1 , wiich is 
g:ven in Table 10.2. The remcining line p:unmeters for bus 1 are 
o':Jtained from the equatior:s 

YLu = Yu (Yu ~ y..) 
iL,. = y 16 (Y

11 
~ y,.) 

?i"here 

Y,. = - y,. 

The line parameter foo elemwt 2- 1 is ootained from 

l'L21 = Yu (Y,. + :, + 1to) · 
<There Y, andY, are eleoents i.::l the bus edmi:;ta.nce matrix; y, is the 
~u:valent admittance reJ)!'esentbg the mn~bine at bus 2 andy,. is the 
~u:valent admittance to ground representing the load at bus 2. The 
~uation for the load equi-alent ~dmittanceis 

PL. - }QL, 
'h• ~ e.' +f.' 

and for bus 2 

0.20 - .]'0.10 
~·· - (1.04621)7 + (0.051~8)' 

= 0.18228 - }0.09114 

I 
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w-h~ the bus voltage is obtn.incd from the loaa :'low solution and is 
given in Table 10.1. The line parameter Y Lu is 

Y 
-5.00000 + j15.00000 Ln e ~~~~~~~~ 
11.01562 - j33.17281 

- -0.45235- j0.00052 

Tlae Y L.,'s for all elements are given in Table 10.~. 
Tl:e volt.•ges behind the equivalent admittances representing tile 

msc:1ines nrc obtained from the equation 

~ • E,. + jx~.f,, i = n + 1, n + 2, ... , n + m 

wl:ere 

I 
p, . -;"Q 

'' sr: ' a 
E~, 

nnd "' is the number of buses of the network nne r.t is the number cr 
maccnes. For the machine at bus 1 

E _ 06 + iO 0 • .0 2 _ (1.29565 + j0.07480) 
• 1. . T ) . ~ 1.06 - jO.O 

- 1.04236 + j0.30558 

Toil'ltt JO.J l..i~ poramet-enjor 
!ra;t.3' ent a1o bilit.y reprosenwtion 
>/:;;aMple ~y•tem 

3 uHO'itl 
lH1 

1-2 
1-3 
1-6 
2-1 
2-3 
2-4 
2-5 
2-7 
3-1 
3-2 
3-4 
4-2 
4-a 
4-5 
H 
5-4 

YL,. 

-0.67074 - j0.03500 
-0.16769- j0.00890 
-0.16383 + j0.04512 
- o. 45235 - ;o. 00();2 
-0.15078 - j0.00017 
- 0.15078 - j0.00017 
- 0.22618 - j0.000l6 
- 0. 01810 + jO. 00601 
- 0. 09625 + j0.00089 
-0.12833 + j0.00119 
-o. 11000 + ;o.001u 
- 0.12866 + jO.OOUS 
-0.77198 + j0. 006S7 
-0.09650 + j0.00086 
-0.65236 + j0.02S66 
- 0.32018 + j0.01433 

' 

t 
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-rh~ the i.us volt.age and generation are obtained from Tatle 10.1 :1nd 
the nachin3 reactance from Table 10.2. The voltage magni;ude is 

IBol = 1.08023 

L!ld the iot:lrnoJ voltage angle is 

•• ~ 16.33~0 or 60 - 0.28517 rad 

The -;olt.age behind the equivtLient admittance representing l 1e machine 
Lt hs 2 is :Jbtained in a similar manner and is 

3, = 1.50335 + j0.49981 

T he -.roltag~ magnitude is 

Jii:rl - 1.5&126 

Uld -.te inbrnal volt.age angle is 

;. - 18.39(• or 6r - 0.32097 rad 

The fsult at bus 2 is simulated by set:.ing the voltage at this bus 
cqua' ~ ze:-o. Then the network equations are solved to o\r:ain system 
eond:tions t.t the instant the fault occurs. In this calculation the voltage 
Lt the fauJ-.cd bus and the voltages behind the equivo.lent ~dmittances 
tepreoentin~ the mnchines are held fixed. T he calculated efs\em volt
;,ges .are gi..-eo in Table 10.4. 

The machine currents, with t he fault, a re calculateC. from the 
• :}ua.;ion 

:u ~ (Ir, - E")!l,< 

. T her 

:u = I (umas + ,u.ao558) - (0.19234 + ;o.oo3ao) }(o.o - j4.0) 
= 1.2082 - j3.40008 

roblc 10.4 Bua tJOltAale•of •ample 
sr.stem ot t oil.Ct i,...tan t rh.e 
,.J4:ul t GttU r.t 

3ua t.)Qt 

)J 

1 
2 
s 
4 
5 

Bv1 '"Uag< 
E, 

O.l92at + jO. 00330 
0.0 + jO.O 
0. 0.1707 - jO. 00096 
0.03758 - j0.00118 
0.01226 - j0.00093 

tl 
--l!l'l 

t 
I 
! 
; 

l 

• 

I 
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and 

J n a { (1.50335 + j0.49981) - (0.0 + j O.O)} ().(o - ,C.66667) 
~ 0.33321 - jl.00223 

T he electrical power oi the machlnes is eE.!CJlatec. from 

p,, - jQ,, = J,.(E;)• 

The real poower of the machbe a~ bus I is 

P,, = {1.20912){1.04236) - (3.40008)(0.3055f.; 
= 0.22134 

.193 

The real p~we:: of the maehi.ae a' bus 2 is zerc •ince bus 2 is the faulted 
bus and its voltage is zero. Caleulating the r~lil po""'r as n check, 

P,1 = (0.33321)(1.50335) - (UX1223)(0.49981) 
= 0.0000067 

The initial estimates c-f the internal voltage angl~ and speed of the 
machines at t + t.t are obt&ined from the d:fier~ntl"l equations. The 
rate of change in speed of ;be m:c.chines is calrn:ated :'rom 

dw; 1rj , dt • a; 1P. , - P,,c,,) 

T hen, at t a 0 for the mach.:ne ar, bus 1, 

dw,l = 3.141o{60) (1 9 g=- _ ,.. 29134) 
dt (O) 50.0 ·- ~vo "· ~ 

= 4.05006 

Similarly, for the machine aJ. bW'2, 

dwd ' leo> = 3. 1 41~(60) (0.40000 - 0.0) 
L l. 

- 75.3984 

Next, the initial estimates of the speed of t'he :n~'lines at t + t.t are 
calculated from 

~ ~ • _ ,q- ~ 
~- -~+~w 

where w)f~ at t • 0 is the rated' speed and E~l..al to Z1rj and :It = 0.02. 
Then, for the machine at :>us 1, 

w~%.0., = 2(3.1416)60 + (4.]5005)0.02 
= 376.992 + 0.081)0 
= 377.07300 
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Sim.ilr..rly, for the machine at bus 2, 

.. :n .... - 2(3.1416)60 + (75.3984)0.02 
- 376.992 + 1.50797 
- 378.49997 

':'he rates of change of the inte~~.al voltage angles are calculated 
next :·rom 

dill 
dt - "''''' - 2;rf 

Sin~e ...,,9 at t = 0 is equsl t~ 2rf, ther:. f~r the machines 

do, I dt IQ • 0.0 and do, I di <O> = o.n 
Th~ nitial estimates of the internal ; .;,Jtage angles of the machines are 
calculated from 

(0) (1) - tlt da, I 
oi(t-<1.) == 6i(t} + dt (I) 

Thllr., for the machines, the internal .,)~age angles in radians are 

oi~1 .• , - 0.28517 
6\~:. .. , - 0.32097 

The new components of the vol::.;,~ behind the equi;alent adm.it
tan c:!lS representing the machines are C.:culated rrvm 
'CD IE'I ,,., 

e,(t+-Qt) - i C08 U((£+.01) 

anj 

.r:{~.aJ) - 1~1 sin a~~6u 

These voltage components replace tt.o previous values obtained from the 
load flow solution prior t~ the fault EnJ again tl:e network equations are 
so.~. In this calculation the new -.-c:J:nges beJ-Jnd the machine equi7a
len~ admittances as well as the zero -..):tuge at :he faulted bus are held 
coo!tant. 

Since there is no change in the -~:term>! voltage angle for the initis.l 
estblate, the system volt,ges and Jr3~::.ine currents and powers are the 
sarr.e as those obtained from the netvcrk solution at the instant the fault 
occlll1!. Consequently, the rates of ±r.nge in the speed oi tho machines 
at t + IU = 0.02 "~II be the same. -:herefore, du,, 
di 10.02) = 4.05006 and ct.., I 

dt k'-m> - 75.39484 
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':'be final estimate for the speed of the machines at I + l::.l is t~~lculated 
froc 

(
a..,, I dwo I ) dt Ill + dt <<-.. ) 

_; I ) (l} 
c.; ~H+.ln - wi(u + 2 At 

:'bon, for the machine at bua 1, 

~~ ... , _ 2(3.1416)60 + e.05006; 4.05006) 0.02 

- 377.07300 

S!lDil.ttly, for the machine a~ bua ~ • 

... ~ •.••• = 2(3.1416)60 + ('5.3984 ; 75.3984) 0.02 

~ 378.49997 

The rates of chango of ~he inler:u~l volluge angles at I + AI are ealcu
.ated trom 

d~. 
- - CJ((II, •• - 2r/ dt ' 1~' 

Thoo, for the machine at bus 1, 

dd, dt C02) - 377.0730 - 376.9920 

- 0.08100 

Somlnrly, for the machine at bus 2, 

d~'lo:.02) - 378.49997 - 376.9920 

- 1.50797 

Tbe final estimates for lbe internal voltage angles of the maohillCS 
nt 1 -'- At are calculated from 

(

dd; l dd,l ) Iii (I) + dt (1 .... 1) 
ltl. r(l) + AI. 
"itc-At - "iW 2 

Then, for the machine at bus 1, 

d~~.tl) - Cl.28517 +eo+ ~.08100) 0.02 

- 1.28517 + 0.00081 
-0.28698 

,, 

~ 

I 

t 
I 
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Similarly, for the machine at bus 2, 

~~:~ .... = 0.32097 + e·0 + ~·50797) 0.02 

= 0.32097 + 0.01;;08 
= 0.33605 

. 

The internal voltage angles in degrees at I + AI ~ 0.02 are 

~~~ ... - 0.2&98 C!0
) - 16.38540. 

and 

~~:~ .... - 0.33605 C!0
) - 19.25420° 

. ' 

At t + At • 0.02 the final components of voltages behind the 
machine equivalent admi~tances 3re 

t~''' ~ 1.08623 cos (16.38540) 
~ 1.04212 

f.'" = 1.08623 sin (16.38540) 
= 0.30641 

and 

c;<" = 1.584.26 cos (19.25420) 
= 1.49564 

/,"' = 1.58426 sin (19.25420) 
~ 0.52243 

Then the network equations are sclved to obtain the final system voltages 
at t + At = 0.02. The voltage~ obtwncd from this calculation are 
given in Table 10.5. 

TtJbl.e 10.5 Du!ir>OLtageJt of .11omple 
.,..tem ott + 6l • O.OZ 

Bu• ...U 
!' 

I 
2 
3 
4 
5 

Bw roll4il• 
E. 

o.l9258 + ;o. 00358 
o.o + ;o.o 
0.04815 - j0.00114 
0. 03&45 - jO. 00133 
0.01249 -j0.00097 

I 

I 
~ 

I 
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With these system voltttges the machine current" :>nd powers at 
; + At - 0.02 can be calculated. The current of the machine at bus 1 is 

: "<'·"' - 1 (L0-1212 + j0.3o&u) - (0.19258 + ;U.ooa;;a; l (o.o - j4.0) 
- 1.21152 - j3.39816 

U~d the real power is 

]',,( .... , - (1.2llfi2)(l.!M212: - (3.39816)(0.30641) 
- 0.22132 

The current oi the machine at bus 2 is 

i •t(O.OJ) = I (1.49564 + j0.52243) - (0.0 + jO.O) )(0.0 - j0.66667) 
= 0.34829 - j0.997JO 

a:JJd the real power is zero since the fault is at bus 2. 
This completes the calculations for values at t + A! - 0.02. Then 

Ge time is set to t - 0.02 and the process repeated to obta:n estimates at 
t + AI - 0.04. ·when the time is advanced to t • 0.10, however, the 
Mtwork equations are solved without the fault to obtain the post fault 
cc.Jditions before proceeding 'Vith the normal process. In the network 
CLculation only the volt.ages behind the machine equivnJ~t admittances 
1uo held const.ant. The mach:ne currents and powers obtained with the 
D&'l' system voltages are used to obtain new estimates at I + t:.t - 0.12. 
Tlle process is continued until t e T mox· 

The internal voltage anglts and the ratios of actual to rated speed of 
tit;, machines for the complete calculation are shown in Fi~s. 10.10 and 
10.11, respectively. The system is stable for this disturbance . 

b. The procedure for determining the transient stability d the sample 
sy~em for a fault on bus 2 of d·nation 0.2 sec is identical ex:&pi that the 
ne-:.•ork solution without the fault is obtained when t ~ 0.20 instead of 
t - 0.10 as in part a. The internal voltage angles a.nc ~be ratios of 
actlal to rated speed of the machines for the complete ca1culntion are 
sbc"VD in Figs. 10.12 and 10.13. The system is uns-;n'le for this 
dis:Jrbance. 

10.7 .Ex citer and governor c ontrol StJ Ste m s 

ln ..Oe solution techniques described in See. 10.5 the effect~ of the exciter 
and governor control systems on po'ver system response were neglected. 
In Oaat rep~nt.ation the field voltage E,. and the meehanicll pawer P. 
wen. held constant in the transient culculations. When a m're detailed 
evalntion of system response is required or the period of analysis 
exte:::>ds beyond one second it is important to include the eEect.s of the 
excirer and governor systems. 
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The exciter control sys:E:n provides the pnper field voltage to main
uin a desired system voltage usualy at the hig~-voltage bus of the power 
.:ant. An important chara:terist..e of at. excit<:~ control system is its 
ooility to respond rapidly to voltar;e deviatioru during both normal and 
e:nergcncy system opcratict. Mf.!ly different types of exciter control 
Slstems are employed on JXlwer systEms. The basic components of 
a.o exciter control aystem a:< the r~gulator, amplifier, and exciter. The 
r~gulator measures the actuE.. regU:ated voltage and determines the volt
a;;e deviation. Tho deviatic<> sig:cal produced by the regulator is t hen 
3-::lp!ified to provide the sigr.E. reqt.:red t::> chan~;e the exciter field current. 
'I his in turn produces a chan&e in tt.e e."<citu ou tput voltage which results 
iJo a new excitation level for lh;, ge:.erator. 

A convenient form of l'€p reseding a cont: ol system is a block dia
g·am that relates through t.-u1sfer :unctions the input and output varia
b.es of the principal compon=nts o: the sy3tem. A block diagram for a 
simplified representation of E contbuou;ly acting exciter control system 
ie shown in Fig. 10.14. Tb is o:::~e of the important types of exciter 
t«ntrol systems. This repr>-Sent~:etion includes transfer functions to 
d=ribe the regulator, nrr.r<!ifier, exciter, an~ stabilizing loop. The 
stabilizing loop modifies the .espoDSe to el:mwte undesired oscillations 
!Dd overshoot of the reg·.uted voltage. T he differential equations 
relating the input and output variables o: the regulator, amplifier, exciter, 
a.:.d stabilizing loop, respecti.Fely, Ere 

ee> 1 
- = - (Es - E, - E•) 
dt TR 

d.Bill I I ( E'" \ } - = - KA z. + ....!. - E'· - £ill 
dt TA KA ) 

(10.7.1) 
tiE,. 1 
- - - (E" - KaE1.) 

::!t T• 

t!»• = ..!..(K, dE,. - E•J 
dt T, dt J 

"here Es • scheduled volta~ in per ucit 
E';' • output voltage of t he amplifier in per unit prior to the 

disturbance 
Ta • regulator time oonsta<.t 
K -. • amplifier gain 
T ... - amplifier time e:-nstant 
K.,- exciter gain 
r. - exciter time cm:.:;t3.nt 
K, • stabilizing loop r;ain 
'T, - stabilizing loop -oime const..nt 
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Ft(. 10.15 Blt~ck diaeramjor • Mimr-lificd repre:sentation of o l'peecl go11ernor 

cca trol ~3te"'· 

ad the intennediate varia.l:les ar~ designated by £11, £1", £1•, E< and 
E· . The intennediate vamble E-' is 

Eti - Em """': E"1 

w3ere E" is equivalent to tne demagnetizing effect due to saturation in 
tile exciter. This is determined from 

E-· - Ar"'"" 
wbere A and B are constlnts depending upon the exciter saturation 
ctarnet~tic. 

To include the effects of the exciter control system, equatioi'IS (10.7.1) = solved simultaneously with t.he equations •.10.5.2) descr:bing the 
m~hine. 

The effects of the speed governor control during transient periods 
cu. be taken into account by using the simplifie:l representati:>n of the 
gO""emor control system fhown in Fig. 10.15. This representation 
indudes a transfer function ·:lcscribing the steam eystem with a ~ime con· 
sto.nt Ts and a transfer fuaction describing the control system ... ;th a 
titre constant Tc. Tbe different..al equations relati::lg the input and 
ou1put variables of these tr~nsfer functions, respectively, are 

dl'.= _!_ (P1 -P) 
<l T• "" m 

dP'. • _!_ (I"'_ - P' ' 
dll Tc • -' 

(10.7.2) 
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where P. is the meeh&lical p< wer and tile in:ermedinte v\riables are 
design• ted by P 1 P" P111 a:>d P'• 'I he variables P" 'nd P"' are 

"' •• "'' "'' ,... f'l ... .. 

related by the following: 

p~ ~ 0 
p~ = p~l 
P~ -= P • ..x 

P111 < 0 
0 < p~l < Pmn 
pm 2:: P.~ 

where P -~ is the maximum turbine c.>pability. The ir:lermediate 
¥ariab1c p~i is 

_o!!' = P .. <O) - P!: 
'Vhere P •<0) is the initial oeebaucal pnwer. Il:e intermedia;e ..-ariable 
?!: is 

P'' - .! ("'' - "' + DBr) 
- R 2>r/-

<>here R is the speed regulation in per uni • a:~d DBr is the Clead band 
~a vel, that is, the change in speed required 1 o cvercome the de~d band of 
o~e governor system. A typical governo1 t:laraeteristie is shown in 
: ig. 10.16. 

Equations (10.7.2) are solved simultaneously with equatioas (:0.5.2) 
if the effects of the governor control system are included . 

.f0.8 Distance relaY$ 

Coordination in the plaon:ng of generatio~ od transmission fa~ilities 
f..nd the design of :>n effect:ve protective relaying system is es!ential for 
fue reliable performance of a pn"er system The principal purpose of 
ruays is to protect the power syste:n from the efbcts of faults by i nitio.ting 

1.05 

l .. 
E 1.001 I --~- itE: 
~ u u~ 

" ~ • 
.t 

Ptr rm.tr of raud loaJ 

0.95 
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Fis.10.17 Operating choraacristic of d.i•tnnce 
rota, plnttt:d on «rl RX dio("'arn. 

circuit breaker operations to disconnect the faulted ~uipment. The 
design or a protective relaying ey;tem must nssure prope: operation so as 
not to disconnect additional equ.'pmer_t that would nggavate the elTects 
of tile disturbance and it must assure tllat the faulted eqaipment is cleared 
stlliciently fast to mitigate the efi'ects of the fault. In addition, the 
rdaying system must not limit the design capability Ji the generation 
and t ransmission facilities. 

An important type of relay tllat is used for high-vob~.ge transmission 
W.e protection is the distance reiJ.y. This relay responds to the ratio of 
m.ea..oured voltage to measured current which can be expressed as an 
impedance. A convenient means of showing the operating characteristic 
of a distan~e relay is with an RX diagram on which a circle is drawn with 
tbe radius equal to the impedance setting as shown in FiG· 10.17. When 
tbe value of the impedance seen by the relay falls witl::.in the circle, the 
re:s.y will operate. 

To provide adequate primary and backup protectic-n. distance relays 
hve three unita. The operating characteristic of ~eh unit can be 
a.Cjusted independently. Furthermore, the proper fcnctioning of dis
t&lce relays requires the capability •o distinguish di-ection. This is 
provided by either a directional unit, as in the impeda::.ce-type distance 
raay, or is inherent in the operating characteristics, 8.5 in the mho-type 
dista:lce relay. The operating characteristics of thesoo two relays are 
slwwn in Fig. 10.18. The circles associated with the three units are 
labeled zone I, zone 2, and zone a. 

When a faul~ occurs and the, value of impedance eeen by the relay 
faJs within zone 1 and above the characteristic of the Cirectional unit of 
tlB impedance type, the zone 1 ~ontacts wiU close anc trip the circuit 
br9aker immediately. In this case all three units wiU operate because 
'liOlle 1 is the smallest circle. When the impedance :ails only within 
zones 2 and 3, or zone 3, the contacts of the associate] unit,; will close 
and energize a timer. At a specified time setting, the -.imer will close a 
s<l'}ond set of contacts associated with ~one 2. If the finl set of contacts 

I . 
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n.ss~c ated with zo11e 2 is closed the circuit breaker will be tripped. II 
the z~ne 2 co11tacts are not closed, that is, the impedance seen by the 
rehy is not within zone 2, then the t.im~r, at a later specified time, will 
close a second set of contacts ~sociated wi\h :one 3. II the first set of 
coua ~ts nssoointed with zone 3 is closed then the circuit breaker will be · 
trippEd. The time delays for zones 2 a:Jd 3 can be set independently. 
Zones 1 and 2 provide primary protectiOil for a transmission line seetion, 
wh~ress zones 2 and 3 provide hookup p:otection in the event relays or 
eircu:> breakers of adjoining facilities fail to operate properly. 

During a system disturbance and followi:lg the switching operations 
to clet.r the iaulted equipment, power swings wiU occur on the transmis
sion E!stem until a new stable operating condition is established. These 
swi:lg~ sl:ould not cause relays assoeiat.e:i with the ullfaulted equipment 
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Fi~ 10.19 Trajectory of apparent impedance duri.,g o 
~fwinf. 

to Jpcrnte. The operation of the relay system ClUJ be tested for various 
sy.atem disturbances by calculating during the step-by•step t.ransient cnl
C~~-:>tions the apparent impedance, that is, the impedance seen by ~he 
rel:.y. T he apparent impedance calculated at each time increment ~an 
be ~ompared to the operating characteristics of the relay. A convenient 
muns of making this comparison is to plot the impedance values on tile 
RX diagram of the relay as shown in Fig. 10.19. · 

The apparent impedance is calculated from the final results obtained 
frc:n the network solution at timet + /il. First the current in a specified 
tnosmissioo line N is calculated from 

I"= (E,- E,)v .. 

Tbon, the apparent impedance for bus p is 

z, - E, I,, 
or .:1 complex form, 

R + ·x - e, + if. 
' 

1 
• a.,+ jb .. 

L- R e.a,. +!.b .. 
w~e , - , + b' 

a" ,.., 
X _I.a .. - e,b .. 

• a' + b' .. .. 
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The values R, and x. are the coo:Cinat~ in per unit on the RX diagram 
of the apparent impedance at time t + ~t. 

Normal information related to thE operating characteristics or the 
relay includes the diameters oi th) eire!~ for each zone, the angle 8 with 
reepect to the R axis of the line tlcng which the centers or the circles lie, 
and the positions of the centers of the circ..es along this line. This infor
me.tion is used to determine the coordina' es in per unit of the center of 
each circle. These coordinatee are deteni.ned from 

Z X basekva 

(
D ) 

R, - (base kv)' X 10' cos 8 

( ~Xbasekva). X, - (base kv)' X 10' 8ln 
8 

where D is the diometer of the circle in p:-imary ohms. The distanced 
between the center of the circle C c.nd tte impedance point z. is 
d s v'<l>R>' + (t.X)' 

where 

I!.R- R. - R, and ll.X a x.- x. 
as shown in Fig. 10.20. The value oi d i3 compared to the radius r in 
per unit of the circle. 
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The sequence of steps for simwn~in& the operation of mho-type dis
un::e relays in a transient stability stJdJ· is sl:.own in F ig. 10.21. For a 
5;)ecified line I the apparent impedLnoo colt alated at t + Lit is compared 
to t1e operating characteristic of ea•!h ~~ ~e three tones. This is accom
plished by calculating lbe distances r: ·~ ,J,_, e.nd d" from the npJ:arent 
imJHdance point to the centers of tle dn:es for zones l, 2, and 3, rupec
th•c.y. Each distnnce is compare:i '0 ·.he ndiue of the appropriate 
circle, tbat is, du is compared to ru; 2,, ia :Jtr p:ned tor,; and d., is com
pared tor.,. If tbe npparont ilnpedanc~ i£ in ~one l an immediate S\\;tch
ing operation is initiated. If the n_;>parer.t :mpedunce is in zones 2 nnd 
3, 01 zone 3, the corresponding conta~ls c, nod Caz, or C,., ure c:oaed 
and the timer To is started. When tir.lk i3 incremented by Lit in the 
uz.naent calculations the relay timEr ft rlst must be ud vanoed by Lit. 
Wbea the timer reaches tho time setlinr 'I z cr 'l'az for zone 2 or 3, re~pcc
tively, and the corresponding contact!! C,. or C:.r are cloacd, a swito::ting 
o~rotion Is initiated. 

When an operation is initiated t!le a-offieHng time ia determinec. by 
addin; to t + Lit the inherent relay and cir:ui; breaker time T,,, thaL is, 
the ti:nc required for the relay and ciTcuiL ':=a.ker to disconnect the line. 
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High-speed relays and cireuit breakers operate in approximately 0.04 see. 
The S'l\-itching operation is effected in the step-by-step transient calcula
tions at the scheduled time. 

Sy•te.m operoeio""' 

The system operatic 
times du.rinR the t.r 
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6.1 Introduction 

cleapter 6 
Slwrt circuit studies 

Short circuit calculations provide currents and voltages on a power system 
during fault conditions. This information is required to design an ade
quate protective refaying system and to determine interrupting require
ments for circuit breakers at each switching location. Relaying systems 
must recognize the existence oi a fault and initiate circuit breaker opera
tion to disconnect faulted facilities. This action is required to assure 
minimum disruption of electrical sen'ice and to limit damage in the faulted 
equipment. The currents and voltages resulting from various types of 
faults occurring at many locations throughout the power system must be 
calculated to provide sufficient dat-a to develop an effective relaying and 
switching system. To obtain the required information a special purpose 
analog computer, called a network analyzer, was used extensively for 
shart circuit studie.~ before digital techniques were available. 

The bus frame of reference in admittance form was employed in the 
first application of digital computers to short circuit studies. T his 
method, which was patterned after similar techniques employed for load 
flow calculations, used an iterative technique (Coombe and Lewis, 1956). 
This required a complete iterative solution for each fault type and loca
tion. The procedure was time-consuming, particularly if, as was usually 
the case, the currents and voltages were required for a large number of 
fault locations. Consequently, this method was not adopted generally. 

' The development of techniques for applying a digital computer to 
form the bus impedance matrix made it feasible to use Thevenin's the
orem for short circuit calculations. This approach provided an efficient 
means of determining short circuit currents and voltages because these 
values can be obtained with few arithmetic operations involving only 
related portions of the bus impedance matrix. 
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T~Q'Ittm 
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n,. 6.1 Three -pluue representation of 0 poa.oer I)'IUm . 

6.2 Short eireuit ealeulations using Zouo 

System representation 

Eo,t,c 
p 

&~'IM 
' 

The thre&-phnse representation of a power system under steady state 
condition is shown in Fig. 6.1. In general, sufficient accuracy in short 
circuit studies can be obtained with a simplified representation. T he 
simplified three-phase representation is shown in Fig. 6.2 and is obtained 
~: ~ 

1. Representing each machine by a. constant voltage behind the machine 
reactance, transient or subtransient 

2. Neglecting shunt connections, e.g., loads, line ch&rging, etc. 
3. Setting all transformers at nominal taps 

In many short circuit studies, p:~.rticularly for high voltage systems, it is 
sufficient to represent transmission line and transformer impedances as 
real numbers equal to the corresponding reactances. 

Fault currents and voltage$ 

The use of the bus impedance matrix provides a convenient means of 
calculating short circuit currents and voltages when the ground is selected 
&8 reference. One of t he distinct advantages is that, once the bus 

I 

~ 

& ~i 

~ 

J.>;t 

Mtu:hine• 

\._ 

Fi1· 6.2 Three·pho.ae repr 
1taulU1. 

impedance matrb: is fom 
directly to calculate the • 
types of faults and fault !1 

The representation oi 
Fig. 6.3. In this represe 
orem, the internal impedo. 
including machine reacta 
sented by the bus voltage 

The performance equ 
~a.b,e ~ V..6.c - zo.~ .. 
C. BUSCT) .o BU$((1) BU. 

The unknown voltage vee 

E••~•c 

'"' 
... 

......... 5 

.C.Buscn ~ .... .,n 
---
... 

EIJ·"·' ••n 
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Fi1. 6.Z Three·pluue repreaentation of o poUJcr &y&tent for dwrt circuit 
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impedance matrix is formed, the element!! of this matrix can be used 
directly to calculate the current!~ and voltages associated with various 
types of faults and fault locations. 

The representation of the system with a fault at bus p is shown in 
Fig. 6.3. In this representation, derived by means of Thevenin's th&
orem, the internal impedsnce is represented by the bus impedance matrix 
including machine reactances, and the open-circuited voltage is rcpr&- . 
sented by the bus voltages prior to the fault. 

The performance equation of the system during a fault is 
w.a.. n. ... ~ z• .... [-... .e 
L.fOifn ;;a .C.iJO'.!(O) - BO$ liU6tn (6.2.1) 

The unknown voltage vector is 

E··•·• un 
I 

... 
--

!'~~·Sen = ~···· •'n ---.. 

~···· •<n 
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where the elements of Ej;~~"' are the three-phase volt3ge vectors 
E:t;,' i = 1, 2, ... , n 

The known voltnge vector prior to the fault is 

E':···· l (t) 

- --
. . . 
---

£~~(0) = E•·•·• pCOJ 

... 
---

E•·•·• .. it(O} 

The unknown bus current vector during a fault at b~ p is 

0 

... 
---

0 -, 
---

!~~$en - ]•·•·· .. , 
0 

. . . 

0 

The three-phase bus impedance matrix is 

z ..... 
ll 

. . z•>.c •• . . z ..... . .• 
. . . . . .. . . . .. 

z•·"·' .. Z"·"·' . .. z····· •• •• •• z~~i ;;a 

. . . . . . . . .. . .. 

z--•·· . . z .... c •• •• . .. z ..... 
•• 

1 
L 

s .. . (I ..... . l._ "' . 
[ I 

I 

Fi1. 6.$ Thru-pho.se rl!pr~ 

where the elements of z;,; 
(6.2.1) can be written as t 

t!Na,lo •• - :Pe,lt,c - z·····J····· Ltcn Lui) 1., "(" 

E ... , .. - e,,• - Z''·•J•·•·• 
ten t ctJ ,, "'" . . . . . . . . . . . 

~···· - ~·'·' - z•"MJ•·•·· p(l') p{O) JIP p{T,. ............ 
ea .• ,, - EM .• - Z····']'S···· 

lt(l') a(O.) •JI! p(T: 

The three-phase volta 

EeJt·• - Z......_J•-"·~ 
Jl'(n , Jl'(n 

where z~ .... is the th~ 
elements of this 3 X 3 m 
impedance. Substituting 
~ion of (6.2.2) becomes 

z··•·•J•,. .. - E····· - z•·"·'' , ,c n p(O) U ... 

Solving equation (6.2.4) fo 

J·-~· - (Z•·•·• + z·->·•)-•E• JI('J , ,,. ;. 
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H ... <D 
BIU imP«lonct matrix 1 ( tn:uumiu:ion l'.>·•tem and • £, co, . machine read ana:•) . -;:;;: . . ::::: 

::::: ® E "'b,r 
i(l") 

~ 

1 II 
r'~'l y~· • ""' F..U 

I ll 
~ 

Fif. 6.J ThretJ-pluu~ ,.cprc#entction of o poU'ICr 3)'.ftem urit.h afou.lt at bu. p. 

where the elements of Z~~s are matrices of dimension 3 X 3. Equation 
(6.2.1} oll.ll be written as follows: 

:PG,II,e • ~.11,1 - zo,ll,lljOol!o$ 
LIJ,(JP') .G-JCO) lp JJ(r> 

E•·•·• • E•·f)·• _ za.r.,czo.b.c 
2(1') t(O) 2p p<P) 

E•·•:.! • E•·•·• - z•·•·cz•"'·c 
p(" p(t) PP p(1') 

E•·'"' • ~··· - za..•.•z•·•.-.cn •<•, "" JKT> 

-~ 

(6.2.2} 

The tb,_pbase voltage vector at tbe faulted bus p is, from Fig. 6.3, 

~ .... ,- z· .. ···z····· ~n ' ~, 
(6.2.3} 

wbere Z~·· is tbe ~phase impedance matrix for the fault. The 
elements of this 3 X 3 matrix depend on the type of fault and fault 
impedance. Substituting from equation (6.2.3} forE:·~;;, the pth equa
tion of (6.2.2} becomes 

Z·····z····· - ~···· - za.b,tJO.,IIofl , pen ,.co) ,, 11cn 

Solving equation (6.2.4} for I~t;; yields 

I··~~·· - tz•·•·· + z··•·•)-1 EG~ .• "n \; ' P7 p(O) 

(6.2.4} 

(6.2.5} 

~~- . l'*Z!tt1tLJ£~~Ei!fu_}:1§4"!t ~ 

' 

.. -- -_ ;_·-:~:::;;: ~~;;:;.·~,_-_::."~-~.:t:: . ..!.,:;-";~;:::_-.-- -.. ::1-_-._ 
~- ~~~aiiifi~M~:l!lt~~-:.-;~.;r~~~ . ~to~i.~~~~:; .. ;. 

~- ---:::--.:: ~.;.,._ ;.:::;~-----··. -~·_:_ ~ t~~~.:.::W':.. "'~,!j'i~\itif1 .. -. ~: -:.:;::_:;-;-.:_ 
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Substituting for !~;~; in equation (6.2.3), the three-phase voltnge nt the 
faulted bus p is 

Eo.b.~ = zo.o.~:(zll·"·" + zo.to.~)-1E4.b,( -n , , • .~ (6.2.6) 

Similarly, the three-phase voltages at buses other than p can be obtained 
by substituting for I;;•;; from equation (6.2.5). Then 

Eo.'&.~ - E··"·( - zo.l>.e(zo.b,( + zo.b.e)- IEo.b,o 
iCPJ •to) ip P P'P ,co> i~p (6.2.7) 

When it is desirable to express t he parameters of the fault circuit 
in the admittance form, the three-phase fault current at bus p is 
]a.'t~ot _ ya.b,eEo.b,~: 

Jt(F) - p t~<'> (6.2.8) 

where Yj:•·• is the three-phase admittance matrix for the fault. Substi
tuting I;f;; from equation (6.2.8), the pth equation of (6.2.2) becomes 

Eo·"·" = J!o,b,e _ zo.b,oyo.e.,eEo.b,o 
-p(P) pCO) pp P p(T} 

Solving equation (6.2.9) for E;;'Y: yields 

E•·•·• c (U + Z•·•·•Y•·•·•)-•E•·•·• p(P} PJt P 7CO} 

(6.2.9) 

(6.2.10) 

Substituting forE;:,';; in equation (6.2.8), the three-phase current at the 
fa-ulted bus p is 

I 
/ o,b,e _ yo.r..e(U + zo.b,oyu.l>,o)- tE•·"·' 

p(P) - p PP I' p(O) -, (6.2.11) 

Similarly, the three-phase voltages at buses other than p can be obtained 
by substituting for I;M from equation (6.2.11). Then 

Ea,o.~ c: E!·b,o _ zo.r..~y ... ll.c(U + zo.&.cy!l.v,o)-lE~·•·.~ 
i(J') t(O) iSt , SIP P p(O) i r' P (6.2.12) 

Fault currents flowing through the elements of the network can be 
calculated with the bus voltages obtained from equations (6.2.6) and 
(6.2.7) or from equations (6.2.10) and (6.2.12). These currents in terms 
of the voltages across the elements of the network are 
!o,b,o ::;: [y"•'•<'j~·b.o <'> <n 

where the element.; of the current vector are 

.• 
f,·un 

·o,.b,e / ·• t,·;o•, =- 1i}(1'> 

.• 
tmn 

the elements of the. voltag< ..._ 

v~<n 

viln == I v:;c n 

Vi;cn 

and the elements of the pril 

Y
o,b,e _ 
tj.tl -

Yilu 

ifJ.., 

Yf!.., 

?ftt.., y'tj;, 

.. YtJ.Id Ytr .• 

.. 
Yt;.ll Y#.~o 

where y)J. .. is the mutual ad; 
i-j and phase c of network 'i 
network element i-j can be I 
io ,b,n _ go.&.cvo.,b,c 
ii< n - ,·;,/141 /HIC n 

where pu refers to the elemel 
to i-j. Since 

v o ,b,c - E-CI.,b.e E-G,b,r 
,.,(P) - 11(1'• - lf(t) 

then equation (6.2.13) becor. 

i····· - g·····(:t .. •·• - £·····) i.i<'> - i;,,. ·,.en •<n 

The fonnulas for fault < 
can be IL~ed for balanced. and 

6.3 Short circuit calt 
balanced three-phase 1 

Transformation. to symm• 

The formulas developed in tl 
currents and voltages can be 
work by u.sing symmetrical 
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the elements of the voltage vector are 

vij,, 

r:t.,; = I ot .. , 
V~·rn 

and the elements of the primitive admittance matrix are 

....... 
Vij.ll = 

Yti~ I ~.&J 
~ ... I ¥1:~, 
Y~ .. , I 1/j~, 

'Ytt.u .. 
Yv.11 

Yli.tl 

where y)j.., is the mutual admittance between phase b of network element 
i-j and phase c of network element k-1. The three-phase current in the 
network element i-j can be calculated from 

t• ... e: - y-a.rt.-z.U.. 
fj(, - q.,. 111'(1) 

(6.2.13) 

where P" refers to the element i - j as well as to elements mutually coupled 
to i -j. Since 

~.lo.e: - '"'····· - &.. ••• . ,., , - £,11(, L..;fn 

then equation (6.2.13) becomes 

i!"·' - y"!!···( ....... - .E!·•·•) 1J(t) IJ, .. Lii,i) •<F) (6.2.14) 

The formulas for fault currents and voltages derived in this section 
can be used for balanced and unbalanced three-phase short circuit studies. 

6-3 Short eiretclt ealculations for 
balaneed t hree-phase networl< using Z8u1 

Tronsjormar."i.on to syrnmetric~l components 

The formulllS developed in the preceding section for calculation of fault 
currents and voltages can be simplified for a balanced three-phase net
work by using ~etrical components. The primit ive impedance 
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matrix for a stationary bn.lanced three-phtLSe element is 

zo·•·"' •• 

:-.. 
z;, 
tm .. 

.~ .. 

.... 
z;, 

z;, 
.. 
• •• ---
z;, 

This matrix can be diagonali%ed by the transformation (T:)•~·T. into 

2o,1.,t == .. 
%(0) •• --

-, 

zCl> •• 
t" •• 

where ·~~. t:~. and t:: are the zero, positive, and negative sequence 
impedances, respectively. The positive and negative sequence imped
ances for a stationary balanced three-phase element are equal. In 
addition, it is generally accept-ed' that positive and negative sequence 
impedances for rotating elements can be assumed equal for short circuit 
calculations. 

In a similar manner, each !/;;~I in the primitive admittance matrix 
and each Z~l·' in the bus impedance matrix can be diagonalized by the 
transformation matrix T, to obtain, respectively, 

Y
O,l,S t= 
ij,1d 

Ill'' (/,ll 

V:'' j,.tl and z~1.,s ~ 

(I) 
Yti,tl 

Zl? 
zm 

<J 
--- - - -- zm IJ 

It is customary to assume that all bus voltages prior to the fault are equal 
in magnitude and phase angle. Assuming the magnitude of the line-to
ground voltage E~., equal to one per unit, then the ith bus voltage before 
the fault is 

Ei(t~ =: 

Transforming into symm\ 

E'·'·' - (T•)•E.,.·• 
"., - • tel) I 

then 

e•·•·• 1(0) = 

0 

V3 

0 
L.._ 

The fault impedance inatri 
Z~':'. The resulting ma1 
fault impedance and adm 
symmetrical components ft 

Similarly, the equatio 
can be written in terms of 
faulted bus p is 

z•·•·• - cz•···· + z..,·'>-•E ,,, , ., 
or 

z•·•·• ~ ~···•cu + z•····~ p(l') , , l 

The voltage at the faulted 

E'·'·' = z•·•·•cz•·•·• + z···~ ,en , , ~,. 

or 

E!·'·' = cu + z•····~·'·')-P<n ,~ ' 

The voltages at buses other 

E•·•·• - ........ z•·•·•cz•·•·' ten - .c.iel:) - ' ' , 

or 

E!·'·' - £! .... - zo.t,tyo.J,t( i'cn itt• ,. , 

The fault current in the thr< 

....... - ;,G,l,l(£•···· £····') 'J(I') - :tli,,. .,, - •<1') 

Three-phase- to-ground f• 
Fault currents and voltage• 
obtained by substituting tht 

• 
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Transforming into symmetrical components, that is 

Eo.u- (T•)•E•,.·• 
f(O) - • ,(0) 

then 

0 

~;!;'-I V3 

0 

115 

The fault impedance matrix Z~·· can be transformed by T, into the matrix 
Z~'·'. The resulting matrix is diagonal if the fault is balanced. The 
fault impedance and ad.mittance matrices in terms of three-phase and 
symmetrical componenta for various types of faulta nre given in Table 6.1. 

Similarly, the equations for calculating fault currents and voltages 
can be written in terms of symmetrical components. The current at the 
faulted bus p is 

_r..u = (Z'·'·' + Z0
·'·')-1E0

·'·' ~'> Jt PP p(O) 

or 

I•·•·• = yu.•cu + z•·'·'Y'·'·')-•E'·'·' J'{ '> , J'P I' p(O) 

The voltage at the faulted bus p is 

E0
·'·' - Z'·'·'(Z'·'·' + Z0

·'·')-1E0
·'·' Jt< "> - 1' 1 PI> p(O) 

or 

E'·'·' - (U + Z0·'·'Y0
•
1·')-•E0·'·' Jl(1) pp , ;p(0) 

The voltages at buses other than p are 

E!·'·' - E'·'·' - Z'·'·'(Z'·'·' + Z'·'·')-•E'·'·' ccn - i<Ol c, , ,, P'ft> 

or 

..._ 

E!·'·' • E'·'·' - zo.uyo.t.•cu + zt.uyo.u)-•E'·'·' 'fn i(CI) (. , pp r p<O} 

The fault current in the three-phWl element i-j is 

,•.•.• - .r.'·'·'(E'·'·' - '-u·') ii(r) - 1/ijJI' #(J') .c.f, 

Three-phau-to-ground fault 

(6.3.1) 

(6.3.2) 

(6.3.3) 

(6.3.4) 

(6.3.5) 

(6.3.6) 

(6.3.7) 

Fault currents and voltages for a three-phase-to-ground fault can be 
obtained by substituting the corruponding fault impedance matrix, in 

• • 
~ 

• 
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T<tble 6.1 Fault impedance and admittance matri.cu 

Type of f~>uU 

~., ~., ~., 
T 

Three-ph .. e-to
ground 

(J. b c 

W·· 
Three-ph .. e 

• b li . e 
• 

Line-to-ground 

: 

LJ~ 
i· 

Lino-to-lin&-to
ground 

• • LJ. 
Line-to-line 

Three-phase compontnll 

z ...... , ...... , 'I±. 
z, lz7 +:, :1 

:, ' z, z, + :, 

.. 
0 

0 

Not defined 
' 

,, 0 0 

0 .. 0 

0 0 .. 

0 

~, + z, 

0 

•• 
•• z, + z., 

Not defined 

y•.l.• , 

~Y•IY•- y, 

~ , l vo+ 2y, 

I Yo - Y• I Yo - Y• 

I 
where Yo =- zr + 3z,. 

--

0 

0 

0 

~~ 
2 -1 

v;l -1 -1 

-1 2 

y,#=t 0 0 0 

0 0 0 

0 

:, + :, 
~~ + 2t,:, 

- z, 
4 + 2.;,:, 

0 

-·· t.~ + 2z,.z:, 

ZT + z, 

:~ + 2:,:, 

~I o _ ·_, i _, o ~I o 

o _, 1 , 

Symm.elrica 

z~~·· 

:r+a.,~o ~~ 
0 Z7 0 I 

0 0 ., 

.. ~~~ 0 0 

~ •• 0 

0 0 " 

Not delined 

Not defined 
3(:~ -l 

Not defined 

~- ---- ;:;·-· :-: ·· ··o;_, -

.·.~:, "'...;;.t, 
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Symmetrical componc-nt.l 

Z~'·• 

,, + 3z,. 

·~ 0 ,, _o_ 

0 0 ., 

c 0 0 

0 ., 0 

0 0 ., 

Not defined 

Not defined 

Not defined 

1 

V• 

0 

0 

),. ..... , 

0 

y, 

0 

0 

0 

y, 

1 
whore Yo - 1, + 3z, 

y, 

1!! 
3 

0 

0 

0 

1 

1 

1 

2z, 

0 

1 

0 

1 

1 

1 

0 

o I 
1 ' 

F 
--
_, 

3(z}, + 2zrz,.) 
_., 2z, + a., 

-:, -(1, +3>,) 

0 0 0 

!!! 
2 

0 I -1 

0 - I I 

-·· 
- <•• +3:,) 

2z, + 3:, 

177 
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111 Computer mctla.od~ in power •y.stem o.noly1i.s 

terms of symmetrical components into equations (6.3.:), (6.3.3), and 
(6.3.5). Both sides of the resulticg equations can be p:emultiplied by 
T, to obtain the corresponding fo=ulas in terms of phase components. 

The fault impedance matri~ for a three-ph~t~groWld fault is, 
from Table 6.1, 

•• + 3z, 

z~1,2 _ ., (6.3.8) 

•• 
The three-phase fault current and ;he bus voltages are obtained by sub
stituting, from equation (6.3.8), fer z~u in equations (6.3.1), (6.3.3), 
and (6.3.5). The current at the fa.ulted bus pis 

I ' - >r-1 

I'" p(r) 

( 
z, + 3z + Z"' • •• 

1(1) I = 
p(Y) 

I'" p(1') 
\ 

which reduces to 

"" ..... 
I'" .. , -

0 

0 
z, + Z'" •• 

I~t, I I o 

z, + Z"' -, ) •• 
., + z·u •• I 

(6.3.9} 

The phase components of the fault current at bus p can be obt.lined by 
premultiplying both sides of equation (6.3.9) by T.. These currents are 

z;<, 1 

1~(1') = 1 
"' + Z'" I a' .. --

I:,., a 

Q 

v'3 

(I 

.,., 
e~ 

The voltage at t.)le faulted l j 

..... , .. ,, 
E'.u I ;=; .. , 
..,.., 
£,J tJ(I'} 

., + 3z, 

., 

which reduces to 

E'"' "'" 
0 

0:, - z, + Z'" •• 
E<') .., 0 

The phase components of th 

E;,, 

E~m 

.W.m 

The voltages at buses other 

E'·' I "" I~ • ~ 
E~:/.,1 - 1 0 . 

~· 
E'" I I 0 ,,, 
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':he vcltage a t the faulted bus p is 

E CO) 
.cn 

E(l) 

•"' 
""" s:..;,,n 

1., + 3z, I 
I 

I 

.,;.thich reduces to 

E'" p( P) 

~l) 

•"' ·--
E'" JI{ F) 

= 

0 

0zr 
: , + Z'" •• 

0 

., 

--, :---
0 

' 0 . m z, +Z .. 

_:_j 0 

':'he phase components of the fault voltage are ., 

E".cn ., 
~en I = Z'" _.;._J . , + ., 
~m 

':'be vcltages at buses other than p are 

.. ~ H'> 

Ell~ = 0 

Zl" •• 
z <u •• 

- --- - - -
E'" I l(P) I 0 Z'" '• 

- -·-

0 

~ 
., + zm •• 

0 

I 

1'9 
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which reduces to 

E .. , 

'"' 
em.,,_ v'3 

E"' .en 

I 

l-

In phase components, 

E~cn 

C.m ,. (1 
Btm 

0 

z•.~ •• 
z, + ; ru .. 

0 

Table 6.2 Curren' an.d Nltopjormulosfor three-ph.ase-to-sroun.d 
fault at bu1 'P 

Thrte-plunc eompcm.tatt 

E,m [•·•·• • -+zm Jl{'> ,, ,., 

,,E,ctl 
E .. i.c • +Z(I) nrl :, , 

E:;; = ( Btc•, ... ,. z~~e.~,) 
,, + Z~! 

Symmdri<al ompon...U 

V3 E,co> 
I:t;~ • ,, + z~~ 

E .. , .. >~n-

( 
.z!~E .. .,) ~-··· - ~ e, .. , - + zo> 1( , ) z, •• ... ,. 

The fo=ultU deri·nd in th 
lin~t<>-.round Y'O::ege was 
The ion:~ulas in T:.,Je 6.2 i 
which (%11 1x 841' lL any d~ 

The CWTentS ir: the ne1 

Jated hen e:J,uatiob (6.3.7) 
voltage. 11re =ero :o~ a three 
in the J:csit.i.oe S!QU~oce nej 
then eq .:3tion ({.3. i) reduc• 

t."Wn 
•IU 
'mn 

"" t(;,, 

~ 

0 

~"' (<'L> - E' :JiiJ.J.; _ , n I 

0 

In phru;e compoa:e:rta, 

.. l 
111(1') 

-.- , 1 "' ("'" 'mn ~ v-a v.,,._: .C.icn -

"~J :n 

Line-t~rou nd Jc•lt 

The fault admi; lal:.oo matri 
from Tab:e 6.:, 

1 ~ l 

yo.J.t 't"l' . --3 
l J . -

I 1 
l I 

The :ault :url'Ellt ~n:l the hu! 
equation :&.3.1J) lor ?~'·'in 
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The formulas derived in this section are summnrized in Table 6.2. The 
line-to-~:round voltage was assumed to be one per unit in ohe derivatbns. 
The for:nula.s in Table 6.2 include tl:e t<lrm for the line-:;:rground vollage 
whieb on be set at any desired per unit value. 

The cu:rents in the network elements during the fsuit can be calcu
late:! flom equation (6.3.7). Since the zero and nega:..'e seqJence bus 
voltage3 are zero for a three-phase fault and there is no nutua.l coupling 
in t.be positive sequence network, that is, Yl).~ • 0 e.xe;'pt when ~ ~ ij, 
then e<;UAtion (6.3.7) reduces to . ., 

~i:<n 0 

•(1) 
.,.i;'(l') 

· m (Em E(" ) a. YtMJ ~<n - Jcfl .. , 
t"(i(l') 

I 
0 

In ph8.36 components, 

'~<n 

•• "' ~ I 1 "' I"'" em ) ....:.:.:.J • V3 Yv.i;'\..C.itn - ;r, 

1~{P) 

Line-~-ground fault 

--

Th<l fault admittance matrix for a line-to-ground fa"llt. in jlha.se a is, 
from ':'able 6.1, 

-··· y, L, ,_-
3 

1 1 

1 1 

1 1 

1 

1 (6.3.10) 

1 

1 

The fault current and the bus volhges are obtained b;; •ubstbuting from 
equat..on (6.3.10) for Y~ 1•1 in equalions (6.3.2), (6.3.4), £nd (6.3.6). The 

-- . ---· 
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current a·. the f.:.Jted bus p is 

I "' .,, 

I'" Jt(fJ 

y, --8 

1 I I 

---
I 1 1 

I 

I 
I 

1 +Z'"'g 
"J 

Z'" ;u 
.. 3 

Z'" !'! •• 3 

1 + Z"' !'! •• 3 

Z"' 1/r 
- •• 3 \ 

zml!'! 
"3 

-·~ 
0 

-1 
0 

"'" J~cn 1 1 1 \ 
\ 

zm 1.!. 
.. 3 Z'" !'! •• 3 I + zm 11

' ) "3 0 

which rec.uces t.> 

I';,. 

I '" ,,, 
I '" ,,, 

v'3 
- "z:::,-::.,,-+.,...,2-:::Z::,i;,:-. +"7""-=az-, .. "" 

(6.3.11) 

The ploaee compJnents ol the fault ~urrent at bus p can be obtained by 
premU:tiplying b:>th sides or equation (6.3.11) by T,. -. These currents are 

3 
I;tn Z"' + 2Z'11 + a;, .. .. 
l~:n 1 - 0 r 
~~~,., 0 

The volt:oge a~ :.":te factlted ;,U3 p is 

E"' p(r) 

E(l) I 
•<') 

E'" 
,(,, 

~ 

I 

\ 

J + z"· rr .. 3 

zclJ Yr 
·~ ~ u 

Z"' l: ••• • 

Z'.,J!! 
•• 3 . 

1 + Z:" y, 
•• 3 

zm y, 
•• 3 

.•.• !.~- -: ··:.;;.:;;z,·~:-;.· ~-~~-
''7'' ~~- . .;.,· ... --
;....~,.lo rf.• . ...._.,~ .;. 

.. c ·' ~.;..... · -· ;> '-•~---~: .. ~!"' • ..,-....~-:""~ ..... _. 

-· 
Z'"!!! 

\ 
1 ,. a 

Z"'!!! •• 3 

) 1 + Z"' rr 
•• 3 ) 0 

Chop• 

which reduces to 

E,., ,,, 
E~,', I 

E'" ,, .., 

.,fi 

- Z"' + ~Z'" + 3zr PI' PJ' 

,;JIO) + 
~ .. 

The phase comp:>nents ·of the bwlt vc 

E;c rJ 

"" ,_ ... ,, 
~"' 

a., 
Z"' + nzm + 3t l'P - pp T 

,...(I) 'iC::.J 
t- bn- •e 

a !'" + 2Z'" - az, ,, .. 
~·-~ r Pf 

a - Z'" - 2Z u + .3z, .. ,. 
The voltages at buses other tl:an p 111 

E:r~. 0 
--

E::~. ~- ~0 
E:/"h I I o 

which reduces to 

E'., ''-n 

El1h 1- 1 -va 

""" .O(cr) 0 

Z"" •• 
~:) 

z 
-

...,'a 
W"CO) _ n "''rl) + 
_,JIP LLJ.1' 

In phase compon~nts, 

E1cn 
1 

~en I - ~+2Z,1~+: 

~,, 
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which reduees to 

~(t} 
• pit) 

v'3 
-Z"" •• 

~"' .J.,cn = Z"' + 2"'" + 3 z••• + Z'" + 3• •• Lr",.., Zr ,., •• ' 

E .... •'" I -Z"' •• I 
The pluse components of tht "ault voltage nre 

e;,, 3z:, 

Z"' + 2Z'" - az, ,, ,., 

"' ,_ .,,., z<o- ..,.cu 
t ,., _.22 

a - Z~~ + 2Z:'; + 3z, 

~(,) 
z": _ ~u, 

"" •a 
a - Z'" .l. "Z'" + 3z pp l -,-, , 

The voltages at buses oilier ~an p are 

I E"' .. , 0 Z" ·• 
-~ ·.13 7U> 

~ .. Z'" + 2Z"' + az, pp PJI 
E'" t(r) = 

I E'" 
L "" 

Z~" ., 
.,.hich reduces to 

A1r,, I I 0 I Z'" •• 
E'" -~ V3 v'3 Z"' icn - - Z'" + •z<•> + s.z 4, - ,. ... ,, , 
~·· 0 I Z"' ((.r) ,, 

ln p3sse eompooenta, 

Z'" + ·z••• i p - , ,. ~n 

V;,;, I = 

-
1 

Z"' + ::.Z"' + .,_ I z~t> - Z'" ,F n ~' ,,. ~,, 

.8:(,~ Zl" 7.<11 ,,. - ~~, 

r;-1 
I-

1 
1--

1 
L-

188 
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Table 6.J> Cu,.,.e•r ond t:olt.Ggefurm~tlo$/Of"line-c.q -~roundjault (pi-..art.! • ) ot bu:J p 

Ti\ru-ph0.1c: c:qmponrnJ• S11mmdrUcl QI1'1'X"'C:nU 

..,. 3E,.m 
r;,,., • ZJ.~ + u:.: + aa,. ffi ..;3E.,., ~ 

I!·?A • ~z"~'"• +~2;,z0i~<i'; ";+:-3>:,::, ±J 
s., 

Z'f: + 2Z~ + a,, 
-Z~'; 

E~•F,.ct) , z~~- z~~ 
4 

- z~~ + 2Z~J + 3z, 
O.M- vfaE,.rM 

B,.,_,. z c•> + zzm + &, z: + z~·: + 3~, 
" , 

ztt•- zo> -z~a: 
0 - Z1'~ .;:2z(lt:;. a,, , " 

r--
Z$~' + 2Z~• 

~~-.. H r--1 
z~~ + 2Z~t + 3:,. zr,• -

z~~ - z&, v'3 E,rtl 1-
z~· Et(t,- - "Fjc•> •• - EI<O'I zr: + 2Z~': + :»: •• z:: + 2Z~ + :..,, •• 1-f.- zc•> 

z~~ - z~> " - '--• Z',.~ + 2Z~ + 3!f' 
'----

:if&p ,,., 

The :ormula.s derived in this section are summarized ill. Table 6.3. The 
lbe-i o-ground voltage was assumed to be one per unit in the deriv&tions. 
'Iheformul&l in Table 6.3 include the term for the liDe--;o-ground v:>ltage 
'llilich can be set at any desired p~r unit value. 

The cu.:-rents in the network elements during the fault can be 'Calcu
l.rle-1 from equation (6.3.7). 

6:.4 · Exwnple of short circuit caf.culatioiU uring Z8 u1 

The method of calculating short circuit currents and voltages will he 
itustrated f Jr the sample system abown in Fig. 6.4a. The orienteoi con· 
n~ctEd graph of this system is sh•Jwn in Fig. 6.4b. This sample s;'Stem 
~ iC:entioal to the one used in Sec. 5.9. 

-· 

-~3~=-~-~-'----'----·::5 _'-~':_~~ ....... ; 

Pro~«--J 

a. ilotng sym.metrical c< 
pha.<e Jault :1t bus -:: 

L Total fa:u!-:. cum 
ii. Bus V·Jlta&es du1 
ii Sh·Jrt <:-.rc'Ait cur 

b. 'J~g s:-mm~tr..cal co 
grolllld fault at bus 4: 

i To~al fe;ul ' curie 
iL BU3 volt.a@es du.r 
ii. Short ~ir'cdt cun 

c. DE-:.ermi:le tlae maxim 
cuit J!"SSker A n:us:: inten 

.SOlutiCIIl 

a. Tbe bus imp~wce m 
detemrined to c~culate t 
using S!fmmetrieel ompon 
n.nce• d the net'l'·:>rk eleme: 
impednces "Jf tl::e networ. 
transicnnatbn a:atcix T., 
z0•1·' = (T* '-'-.,.,'T J't , ) ~,, • 

Assu::n:ng the impedance 1 

using -:ite &oera~ value 
seque~e impecil.o.ces are sJ 

® 
0 I oJ----

~ 
(•) 

3 
--~----,.. .... 

/ 
@ .. ( I I 

'\ <:5) 

~ -
\ 

G-amDV 
(b) (!) 
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Probl~m 

4 . t:sing symmetrical componeals, calculate the following lo: a three
phase fnulL at bus 4: 

i. Total faulL cu:-re.nt 
ii. Bus voltages curing fali_t 

iii. Short circuit currents in lines connected to the facl'-.>0 bus 
b. Using symmetrical componecta, oalculate the followin& fvr a line-to
ground fault at bus 4: 

i. Total fault current 
ii Bus voltages duriDg faU:t 

iii. Short circuit c.uTents in Lnes connected to the fa·.Jlted bus. 
e. Determine the maximum tbr.e-phase short circuit curreat that cir
cuit breaker A must interrupt fo: :o bult on the line sided l:le breaker. 

Solution 

a. The bus impedance matrix iL te:ms of sequence quantities must be 
determined to calculate tbre&-p!:;ue and line-to-ground :"ault currents 
using symmetrical comJ:onents. Iable 5.2 shows the tbree-pl::a.oe imped
ances of the network elements. 'Il:e :ero, positive, and negative seque.nce 
impedances of tbe net\York elem-.ats can be obtained by ::neans of the 
t.ransformation matrix J',, that is. 

:'·'·' • (T*)•z•· .. •T Pe • H • 

Assuming the impedance matricts of the generators are S?Ir..JD>etric and 
using the average vo.l!le -0.0225 tor the off-diagonal elements, the 
seque.nce impedances are shown i:l Tr.ble 6.4. 

® ® 
0 I o o I 0 

0 . 0 tiA B 
(a) (D 

__ J., __ _ ,.,-- -, 
/ .... , 

®~/ I •---7® • <D s 

/ 

--

Fi1. 6.1 & ... pk _,. •• 
um for •kort dreuit 
<Gk .. lacioru. (o ) Sin
,,. U... di4pocm 
of tft.ree~-,.~ .,..te:m; 

(b) CD 
--- Brvn<A ( b ) on...uc! connected 
--- LinJJ 6TGph. 
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Ta.•le 6.4 Zero, positive, and negative sequence im}Mdancesfor 
•ogple •y.steflll 

Sd! Mut•cl 
-

Bu.o Bu.o 
Elolrnl code Imptd4nco code I"' ped4 • :e 
nuober 'P"'<J 

, .. ,,, ..... :~,~~~ 
'''" 

0.035 

I 1- 2 0 . 10'25 

0.10'25 

0.035 

~ 1-3 0 . 10'25 

0 . 10'25 

2.50 

s 2-3 1.00 

1.00 

-
1.00 0.60 

• 2-4 0.40 2-3 

- 0.40 

1.50 0.90 

5 4--3 0 . 00 2-3 I ---~-0.00 

Sinte there is no coupling between the sequence impedances, the bus 
imp;;donce matrix in t<)rms of sequence quantities can be obtained by 
formin.: the positive, negative, &nd zero sequence bus impednnee mAtrices 
indC»endently. First, the positive tequenoe bus impedance matrix will 
be fcrmed. 

Step 1. Start with e 
The positive ~equence l:us 

(!) 

z~~. = <!>I uo25 1 
Step 2. Add element 

(!) (!) 

:v <uo2s[ · I 
z~~. ;a . 

(!) 0.10~ L__.!-__1 
Step 3. Add elemot . 

z,. • Ztt • ~~ 
z,. ~ z.;- o 
Zu - z,. + Zsc.u 

and 
(!) (!) 

CD 0~025 

Z"' - r.. B'CI8 - \!1 _o.102e 

G> 0.1025 

Step 4. Add ~leoeot. 5. 
menta cf the rcw and cohrru 

Z11 • Z21 =: Zu - Z,t 
z .. - z .. - z .. - z .. 
z,. - z., - Zu:- Zu 
Zu - Z., - z,. + Zu.u 
and the augmel!ted me.:;rix is 

~ 0 
I 

(!) 0.1025 0 

(!) 

G> 

l 

0.1025 

0.1025 

0.10"25 

' 
-O. lOU I 
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Step 1. Start with element 1, the bran:h from p = : to q = 2. 
The pos'live .equence bus impeeance matrix :or the part:al network is 

(!) 

Z~h. =@I 0.1025 1 

Ste? 2. A:ld element 2, the branch from, p - 1 to q = 3. Then, 

(!) (!) 

0:!>1 C.!025 
zc:~s = 

O:!)l 0.1025 

Step 3. Add cle:nent 4, the branch from p - 2 to 7 = 4. Thus, 

Zu • Z .. t = Zu 
Zu = Z,.,- 0 
z ., == Z:, + ::,.,u 

and 

(!) 

Z'" - "' BU$ - \!f 

@ 

(!) 

0.1025 

0.1025 

(!) @ 
~ 

0.1025 

0.1025 

0.5025 --
Step 4. ~ed element 5, the link from p - 4 to q - 2. 'The ele

ments ::l the r ()W and column corresponding to the fictit:o\.S node I are 

z,. = z, • Z" - Zu 
z,. = z .. = z .. - z .. 
Zu = z .. = z,. - z,. 
Zu = z., - Zu + Z<Ln 

and th~ augment.ed matrix is 

@ @ @ I 

® 0.1025 0 .1025 o. :ozs I 
(!) 0.1025 -0.1025 

@ .0.1025 0.5025 0 . .;()25 

0. 1025 -0.1025 0.5025 1 .2050 

• 

.•. 
~ 

'"'i 
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To elimin:1te the lth row and column the elements o: the augmented 
m~r.rix are modified as follows: 

Z~, = Zu - Z,.Zii'Z., 
~. = z., - z..z;;•z., 
z~, - z .. - z.a;;1z •• 
z~. = ~. - z .. - z • .z;;• z .. 
z~, - z~J - Zu - Z21ZT, 1Zu 
Z~t :: Z~, - Zu - Za1Zi71Zu 
Th·..s, 

0 0 
(!) 0.0938 0.0087 

Z'i/:-s- 0 0.0087 0.0938 

0 0.0598 0 .0427 

0 
0 .0598 

0 .0427 

0.2930 

Step 5.. Add element 3, the link. from p - 2 to q - 3. As in the 
pre,jous st.ap, 

z" ~ z., - z .. - z., 
z .. = z .. - z .. - z .. 
z .. = z., - z .. - z .. 
Zu ~ Zu - z., + zu,u 

0 

0 

0 

l 

0 0 
0.09(11 0 .0087 

0 .0081 0.0938 

0 .0593 0.0427 

0.0851 -0.0851 

«· r 

0.0598 0.0851 

0.0427 -0.0851 

0.2930 0.0171 

0.0171 1.1702 

Elinrinating the lth row and aolumn, the final positi~ sequence bus 
impe:lance matrix is 

0 

Z"' - ""• 6U~ - \:!.1 

0 

0 0 0 
0 .0876 0.0149 0.0586 

0.0149 0.0876 0 .0439 

0.0586 0.0439 0.2928 

Since positive and negative 
positi .. e IL'ld ::tcgative seque 

The procedure for forn 
is identicel for the first fot 
matri> of the partial netwo 

0 0 

0 0.0345 0.00( 

zc;:,. = 0 0.0005 0.034 

0 0.0209 1 0.014 

S~p 5. Add element 
couple4 with the elements 4 
COtres!=ODdiog to the fictiti01 

z., - z, - z., + y,,,.(Z,. 

Zu - ~~~ - z., + Yn.tt(Zu 

z,, • g
14 

- Zu + Yu.u(Zu 

Zu • z, - z., + 1 + y,.,,., 

The zen:> sequence primitive 

J:.-.2 1- 3 2-3 

1-2 0 .035 

1-3 0.035 

2-3 2.500 

2-4 0.600 

4-3 0.900 
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Since positiTe and negative primitive sequen~e impedances._""" ""-::sl. the 
posit.i.,e a~;d nege.tive sequence bus impedance mntriees = ""=>!. 

'I.h~ P'Otedure for forming the zero sequence bus imJlf'..;p...,_. c:>trix 
is ide:.t.cal for the first four steps. The zero sequence b:::; :::.~oe 
O'l!ltri: of -:l:e partial network, beiore adding eleme11t 3, is 

(!) (!) @ 

<!: 0.0345 0.0005 0.0209 i 

Z':~. - (!: 0.0005 0.0345 0.0141 

« 0.0209 0.0141 0.6182 

aep 5. Add elemmt 3, the link froc p - 2 to q - ~ w~ch is 
coupled witlo the elements 4 and 5. The elements of the ro,.. ""-J rolumn 
co!TflliPOnc.iag to the fictitious node l are 

Za • z
11 

_ z., + 1/ou,(Z., - Zu) + ,,,..,(Z., - Zn) 
Yu.n 

z,. - Zu - z,. + 1/u.u(Zu - Z.,) + ,,._.,:z., - Zn) 
1/u.u 

Zu • z,. - z,. + y,.,,.(Z,. - z .. ) + ,,._.,:z .. - Zu) 
Yn.n , 

Zu • z,. - z
11 
+ 1 + y.,_,.(Z, - Z.r) + 1/u,.,(Z.r z,) 

1/n,:u • .... 

The saro eequenoe primitive impedance :mat:ix is 

~2 1-3 2-3 2-4 4-3 

1-2 ).035 

1-3 0.035 

2-3 2.500 0.600 0.900 

2-4 0.600 1.000 

4-3 0.900 : .500 
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The n ew element 3 i& coupled only to elements 4 and 5 1nd it is suficient 
to irve..-t th~ subma trix containing the coupled elements. 

2-3 2-4 4-3 

2- 3 2.500 0.600 0.900 

[:):~ ~ H 0 .600 1.000 

4-3 0.900 1 .5:>0 

Thu:, 

2- 3 2-4 4-3 

2-3 0.625 - 0.375 , -0.375 I 

111!!~1 = 2-1 - 0 .375 1.225 0 .225 i 

4-3 -0.375 0.225 I 0.892 

and :.he ~ugmented matrix is 

(!) 

(!) 

@ 

l 

@ 

0 . 034~ 

O.OOOt 

0.020£ 

0.013€ 

<!) 

0 .0005 

0.0345 

0.0141 

- 0 .0136 

@ - l 

O.OZ.J9 0.0136 

O.OH1 - 0 .0136 

0.6182 0 .0027 

0 .0027 1.6109 

Eliminating the lth row and collllDll, the final zero seqn nce bus icped
ance:matrix is 

0 

Z"' - "" BUB- - \!I 

(!) 

(!) 

0.0344 

0.0006 

0 .0209 

® ~ 

0.0006 0.•)209 

0 .0344 0.•)141 

0.0141 0.?182 

Combining th3 elem!flta 
bus impedance ::nat.ri:: is 

@ 
J 

10 . (3~ 

I !o.am 
' 

0 

@ I 

2 I 0 

0 o.co:>&1 

ZW41 
- (!) 1 I O.lli49 

2 
' 

0 

0 I O.Cl09 

0 1 {·.0!88 
-

2 I 0 
---- .. . 

A38-.uning the fE'Jlt i 
u..r-pba.se faclt 11.1. l-ua 4 

(i 

v~ 
I'·'·· - I Z"' + z, 4{r) ~ 

,_ 

( 

The pbaae COILJ:On~n::a of 

] ._. .. • "',]•·•·• - ~ • ~ 1 a •en • un - .,-."S;;to 



l 

n 
.. 
. J 

' 
't . i . ~ 

Jq 
, I : ., i 

~ '! i 

, ; . I 
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~ : ~~ 

~ ~1 
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~ ~~ 
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Bus volt.a.ges dcring fault a.re 

EG,l S _ 
4.( Fl -

E l),l.t :II 
2(!") 

= 

Eo 1,t = ., 

= 

~ 
0 

0 Z"' 0 - " Z'" +-~· z, 
0 

0 

o.so0 

0 

0 

0- z~~ 0 
z ( l) + u z., 

0 
__J 

0 

0.850 

0 

0 

0.0586 
= I 0 - 0.2928 0 

0 

0 
-~ 

- 0.0439 0 
y3 - 0.292S 

0 
I 

T'"e ph;se comp•men: 

£-1/r: = T.E~c~i = 

E,,., - T E"·u - 0' 1cn - • t(n - ·< 

.E~M = T,E:M = O.E 

':'he short circui~ curr• 

,.j)..J.• -"'-U 1') -

= 

0 

"' (E"' Yu.u M 1> -

0 

0 

- 1.420 

0 
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The pba.se oomponents of the v:.: t.ages are 

E•·•~c • T ro,1,t _ ..en •c...tcn -

n~-T•u-oso L~n tL~~ . 

....... - T ,., .... - o s~ Utn tLJcn - ' "' 

T~ e shan circuit currents in the lines connected to t be faulted bus ~re 

..,-G.l.t -..... , 

-
I 

0 

Ch (E',I> E'.ll ) Yu,.u tcr, - .,,, 

0 

0 

-:.42 v'3 

0 

' 0 

1 
0.60 (0 - o.ss "~ 

0 
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t:t.l.l ucn _. 

= 

I 

0 0 

:1~::.:~~~ - E!!~) = I oTo (0.80 V3 - 0) 

0 0 

0 

2.0C• V3 

0 

The phase cnnpments of these ~UJ'I'eiJts are 

........ - T ~ a.t -
.. 41<'> - ' 'Utr'! -

.'!-.. • = T...o" • 200 ""J't(l') • '21(1') . 

... 

b. The fault C'lr:ent for 
fau:t impeC.aoct, is 

·.13 
1:y Z"' + 2Z'n + 3z u · 4 . 

0.33"~ 

= · 0 . .33 v'l 

o.ss v':! 

The p!la..<e compoo~nts of 1 

2.49 

]•·•·•- T)'·'·' • 4( , - 4(P) 0 

0 

Bus •oltages durin~ the fau 

v'l E
·····- _,, + 3 4(1'} z~~) + 2o u z, 

= 

-(.5131 0 

0.7561 V3 

-0.2430 ·/3 

"' 
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b. The fault c\ll'N!Jlt for a line-to-ground fault at bus 4, !l3Silming terc· 
fault impedance, is 

. 0 
I:c!.;; - z~~, + 2z~~, + az, 

0 
= 0.6182 + 0.5856 

0.830 

• I 0.830 

0.830 

1 

The phase components of the total fault c11rrent are 

2.49 

r-'·' - T I'·'·' - 1 o un • •(n -

0 

Bus voltages during the fault are 

-Zi!' 

E•·'·' - "3 •en ~ VIol z~~ + 2Zl~' + 3: z~~ + zw 't---_:_:J 
-z~~ 

-0.5131 0 

-I 0.75610 

-0.24300 

--

= 0.83 0 

-0.6182 

0.9110 

- 0.2928 

. -;.. ... 
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E0,1,1 -= 
2(TJ 

' 

-

-

EO,l ,, t= 

'"' 

~ 

~ ' 

0 

V'3 - :zcor-:-.. . 
0 

. 
0 

0 1 z:~· 2Z\\' + 3z, I 

0 .0209 

Z''' " 

v'3 - 0.83 01 0 .0586 

0 

- 0.0173 V'3 

0.9514 V'3 

- 0.04860 

0 

V'3 -~ •• 
0 

0 

0.0586 

Z'., .. 
0 1zw 
2Z"' + 3z, ---: 

u {1) 1 - .. z .. 

0.0141 
--

V'3 - 0.83 0 10.0439 

0 0.0439 

-0.0117 0 

0.9636 0 

-0.0364 V'3 

Tioe phase components oi 

~ 

E···~.,,., -

= 

~.~..c 
c. :en 

= 

az, 
z~~· + gz~~) 

Z'., .. -a'-
z~~· + 2z 

z ct) -
u I 

a- z::• -r 2ZJ 

0 

- 0.77 - ;'0.86( 

-0.77 + J l.861 

;---
z<• 

1 " 
:flf) + .. 

--
a' z~ - z<•• + .. 
--

Z' • 4 Z"' + .. 
0 0209 

1 0 6182 
f--

a' 
0 0209 - 0 6182 

f--
00209 

4 
0 6182 

'---
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TJ:.< phase components of the voltages are 

E•,L -
4' . -.. 

-

E···~ =: 1<1) 

-
3&,. 

Z\~' + 2Z\~' + 3z,. L 
.. z~~, - z~~· -l a· - Zl~' + 2Z\~ + 3&, 

z~~· - z~~, I 4 
- ZW + 2Z~~ + 3&, L 

0 

- 0.77 - j0.866 

- 0.77 + j0.866 

.--

1 
z~~} + 2z~~> 

Z\~ + 2Z~~ + 3&, 
- -

a• - z~~> - Z~\· 
Z\~ + 2Z\~' + 3&, 

1-

a 
Z~'i - Z~!, 

Z\~ + 2ZW + :~&, 

1 
0.0209 + 0.1172 
0.6182 + 0.5856 

1--

c' 
0.0209 - 0.0586 - -0.6182 + 0.5856 

1-
0.0209 - 0.0586 

c 
0.6182 + 0.5856 

'---

0 

' 0.6:82 - 0.2928 
a - 0.6: 82 + 0.5856 

0.6: 82 - 0.2928 
a -

0.6: 82 + 0.5856 

-, 

o.8ss;; + jO 

- 0.468;" - j0.866 

- 0.4687 + j0.866 
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,.---

Z101 + 2Z"' 
I l 43 u 

Z:.~ + 2Z\\ +l3z, 
I o.o141 + o.os1s 

' 
0.6182 + 0.5Eo56 

-
~.c _ 

"'"'' ... - z~:- z~~, 

Z'..~ + 2ZI\' ..- 3z, 
s 

0.0141 - 0.0439 
0.6182 + 0.;58;56 --

z~~~ - Z!~} 
e 

z~~ + 2Z~!' + az, 
0.0141 - 0.0439 

0.6182 - 0.58;56 
L..-

0.9154 + iO 

~ - 0.47;52 - i0.866 

-0.4752 + i0.866 

3hort cireu:• currents in the lines connected to the faulted bus are 

~-1, 1,.! 
-•:<n 

-0 

= 

I 

l 

11:?. .. <£"~ - E':n> + :~.;: ... <~r, - ~rn> . 
+ II) (E'·' E'" } . Y'H,24 , , ,., - ttn 

' "' (E111 E"' } -, I 

' 1143,4: f(F) - 1(1') 

I 
·"' (E"' E!"' } llt~.u , ,, - acn 

0.81:2(-0.&131 + 0.0117} + ( -0.375}( - 0.0173 + 0.0117} I 

+ ~.225( -0.0173 + 0.51.31} ! 

1 -
0.6 (0.7;~61 - 0.9636} 

1 
0.6 (-0.2430 + 0.0364} 

-0.33 "13 

-034 "~ 

-0 34 v'3 

' 

.. •. 
·~ 

·~ • : 

-
'" (E"'' E"' ) + ~24.14 ~tl') - •<F> 

~·~·:, - y 

~ 

:.~( -0.0173 + 0.51 

1 

0.· -va 
1 

0.4 

O.fOVl 

' 0.49 v1 -
0.4.9 v1 

The pluse c=pcnents of the ct 
bus are 

-1.02 

i•.J·• ~ T1.oot. l ,t =r: uc ,, t c:w I') 0 

0 

c. The ftcul~ cWTent• occurrin1 
can be ~buted by LSSUming t 
electric.1ll!' e1uinlent. When 
opens before bruker B, the in 
current at oo 4less file fault c 



l 
J 

. I 

.. 0.1,1 tun _,. 

~ -v"3 

= 
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cr- (£ '" - E'"' ) + "" "'" E"' ) Yu.::. "'> tC') ~ .... u' ~•en - 3(1') 

+ Yl"' (El" E'" ) 2t,n ten - · Stn 

'" (~' E'," ) Yt4 H n - ten 

" (E'" E"' ) Yu.h Hn - tit) 

1 ?'>5( -0.0173 + 0.513:.)' + 0.225( -0.5131 + 0.0117) 
+ ( -0.375)( -0.0173 + 0.0117) 

1 0 :).1014 - 0.7561) 
.4 

1 
0.4 • - 0.0486 + 0.2430) 

o.sov'3 

0.490 

0.490 

--
The phase components of the correats in the lines connected to the fault 
bus .ne 

-1.02 

t-:tc'A • T,1"!it!, -= 0 

0 

a:ul . .-.. •.~ - T ,:'O.l , : -
•tttn r IU1') -

1.47 

0 

0 

c. The fault currents oecurrir.g fer a. fault on the :One 3ide of breaker A 
C&L !le calculsted by assuming tbe fault on bus 4, since both locations are 
cle·;l.ricaDy eqwvalent, Wher. t,his type or fault OCCUJ1l and breaker A 
Op8ls bEfore breaker B, the intem1pted current <Fill be the total fault 
c~nent at bus 4less the fault :;ontribution flowing from bus 3 over line 5 . 
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This current is 

pa,b,c _ io.!l,e _ 3 42 
4(1) H(JI') - • - L42 

= 2.00 

When breaker B opens first, breaker A must interrupt the total fault 
current which occurs when line 5 is open. The fault current ca.:~ be cal
culated after modifying the bus impedance matrix to cpen lin~ 5. To 
simulate the opening of line 5 a. fictitious link, whose im:;>e.:iance is equal 
to the negative of the impedance of element 5, is added between buses 
4 and 3. From Table 6.4, the impedance of this fictiticu.; link in terms 
of the sequence quantities will be 

O,l,t = 
Zu,ca{t) 

-1.5 

- 0.60 

-0 .60 

The elements of the lth row and column are 

z .. = z" = z .. - z., 
z., ~ Zu = z., - Zu 
z .. ~ z., - z .. - z .. 
Zu ~ z.,- z., + zn.••<IJ 
and the augmented positive s~quence matrix is 

® 

® 

@ 

l 

® <!> @ l 

0.0876 0.0149 0.0586 0.0437 

0.0149 0.0876 0.0439 -0 .0437 

0 .0586 0.0439 (}.2928 0.2489 . 
0.0437 -0.0437 0.2489 -0 .3074 

' 

•, 

The elenent z;, of the mo 

z~, = Z.u - z.,zutz,~ 

Thic ne'<' value is 

Z\~1 = C .4943 

The:~, tl:e total fault curre 

10,1,! -
4( I") 

~ 

I 

0 

v'3 1 -
zm + z, .. : 

• 

0 J 
I 

0 

2.020 

0 

The pb113e components of ' 

I •·•·• = ~ ...... - 2 02 .. ,, ... tool 4:(,) • 

which are the maximull,l ct 

6.5 Short circuit ca 

Short cireuit currents anc 
impHia~e matrix for the 
1957). The loop currents 

.... 
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The elem2nt z:, of the modifiei bus impedance ,;ntrix is 

z~. = z .. - z.,Z;;1Zu 

This new value is 

Zl!l - 0.4943 

Th10, me total fault current is 

J··'·' .,,. = 

-

0 

1 v'3 
z~~· + z, 

-V! 

0 

0 

2.02y'3 

0 

0 

1 

0.494 

0 

-, 

The phase components of the tola: fault current are 

/ ..... ,_ TJ-1 ' 1 ' 1 - 202 .,, • •en ~ · 

which are the maximum currentt t) Joe interrupted. 

6 .S Shert eireuit caleulo:::tiosas using ZLot" 

201 

Short circuit currents and voltages can be calculsl.ed using the loop 
impedance matrix for the aimpifi~d system given in Fig. 6.2 (Lantz, 
1957). Tbe loop currents of the s~lified system are zero prior to the 

1 
• .. 

• 
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fault since all bus cUITI!nts and •)ii-nominal tap setting~ ue neglected. 
It is necessary, therefore, to calculate the loop currents resulting from the 
fault in order to determine short circuit currents a:Jd \ "":>ltuges. The 
fault calculations can he perforrr.ed using either threrph~e quantities 
or symmetrical components. The method will be descdbd using three
phase quantities. 

The number of three-phase eleii:ents in the simplifed ~stem is equal 
to the number of network elemen .. plus the number d D'lJIChine equiva
lents. The number of nodes is equal to the number of buses n plus 
ground, that is n + L The numl:er of links or basic loops, in the simpli
fied system, is, then 

l,. = (e + e,) - (n + 1) + 1 

or 

z.~e+e,-n 

where e is the number of three-phase network elements 1nd e, is the 
number of three-phase machine eqcivalents. 

A fault at bus pis simulated ~ adding a link from the !:us to ground. 
Using the representation of the S:;>S:.em shown in Fig. 6.3, the voltages 
during the fault are 

E- o.,l.c _.,...,l.c +"D•·•·• 
BUatn L•UJ(O) ~BUI (6.5.1) 

where the vector li:E~'S rep~ents changes in bus voltages :'33ulting from 
the faulted bus source voltage E;M. 

The performance equation of s. network in the-locp f:nme of refer
ence is 

E-..... - z····· , ..... c LDOP - UXJT" LOOP 

For the faulted system, shown in Fig. 6.3, the known loop •ol.age vector is 

0 
i 

I ---· 

E;:t;o, -
... 1 

! 

0 

EO···· i 
pCO) 

The dimension of the loop impedance matrix, which iLc!U<ies the fault 
loop, is 3(1. + 1) X 3(1. + 1). The unknown loop cu.-ret,; vector due 

to the faul~ is 

It~·(n = 

1'~1·····. 
~ 

] ··•·· hl') 

I T···L· 
~ 

wher., I;;t;:; ts the e..nent 
rents can be calcuh:::ed, th 

! ..... - (Z•·•·• )"""E-··'·• LQO&,I'l LOOP LOOI 

':'he currents ii: allele) 
lated:from 

fa.a..c- CJ-•.b.e 
(I') LOO" rJ 

wherE Cis the loop io:mident 
vector can be partithned a 

r-
t
"""'' .. n 

~~.c .- I --~- I 
<n r-1 

i ...... 
'"' 

where~~; = bronC::. :urre1 
lj;~ = link ct_ -rent 'i 

Then !.he vector of 'ieltage 

.......... - K•[ ..... '·']••"~ ll.C Sua - .:,. .,..,,... 

~•here K = braneh-J:II,th inc 
lzl't''l - primitive :mped 

The bus vo!Lt.ges d=ng tb 
changes to the volta;'!S prio 

£•·•·• - E-~~···• + Z•[z•·•·' IJUS11': - B&J3((1J &b 

The cu:-rent a; the fa;: ted b 
:oop, ttat is, 1;;.';.~. 

Tbe me4h:xl descoDed c:: 
loeatiou in the syst.- by 



u the fault i! 

J••N 
~., 

. L-- ~ 
•• ~.t ! 

•••• ,(11 - E' 
n 

I ..... 
Len 
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..Jtere T';::;t, is the current associated with the fault loop. The locp cur
:ent.s can be <alculated, then, from 

1..... • (z..>.· )-•2"-'·' ::.OOrtrl WOP VJOP 

The currents in all elements of the network during fault can be calcu
:.tted from 

,....,,, • Clt:o""" .,, (6.5.2) 

-:mere Cis the loop incidence matrix on a three-phase basis. The current 
nctor can be partitioned as follows: 

r~ll.c -•:•> 

i ...... c .,, 
........ 
"I(" 

~ere f}(~j ~ braneh current vector 
t!;~· - link current vector 

Then the vector of voltage changes is 

4:! ..... - Kde-'J!"·"' •u• t » •en 

-, 

'lf'lere K .:. branch-path incidence matrix on a three-pha.5e basis 
(~'·•J - primitive impedance matrix for branches 

':' 1e bus voltages during the fault are obtained by adding the \'Oltage 
choges to the voltages prior to the fault. Equation (6.5.1) beco:nes 

2•·•·• • "•·•·• + K'[zf<'·']t•·•·• 'u.stn L .sus co> bb •en (6.5.3) 

T1e current at the faulted bus is the same as the current in the aW<iliary 
bJp, that is, It,';~. 

The method described can be employed to calculate faults at ~arious 
b:ations in the system by adding links, one at a time, between the 
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fa~t-* bus and ground. This requires the foi'Olation and in~raion oi a 
loo;> impdance mntrix for each different fault location. ThE necessary 
ma~r.x operations required to provide short circuit data for a large number 
of bcatoc.s, therefore, would be timEH:onsumine-. 

An alternate method, in which links art added sim~tLneously 
bet:;veen each bus and ground, requires the fonnntion of a eingle loop 
im~edance matrh and only one inversion or a submatrh {Byerl7, Lo~:g, 
Bal.:! win, and King, 1958). In this method, the ourrents in the auxiliary 
loops are changed tc simulate different fault loa1tions. Pho.s3 currents 
are w;umEd for the auxiliary loop associnted with a faulted bus p depend
ing 0:1 the type oi fault . Assuming one per unit phase currert, the :pth 
auxJi!lry bop current is 

For a. three-phase fault: 

] .... .,_
""'" 

For a line-to-ground :ault on phase a: 

Il'!i'n = 

For e1 line-to-line fault be~een phases b and c: 

0 

li;~;, = 1 

-1 

.,_ 

The currents in all other auxiliary loops are assumed to be zero. 
The :oop voltage and current vectors and the :oop impedance matrix 

in t.h3 pe_-iorma:lce equation for the entire netwo~k, including r.u:riliary 

loop• tUl b! partitioned ! 

Ei: .... z-.•.c 
L 

I a I I 

z• ... 
N 

Et;ri <Zi."'l' 1 z~t· 

In ec,:Jation (6.5.4), the v1 

simp::fied syJtem and £t•; 
Tb~ vecA>; 1t·~ ea.n be 

(6.5.f I by asmming the au 

( 

.. . 

0 

It•;; = ]•~ · ,, 
0 

... 

~ 
wherel~;, it the assumed t 
loop. From !quation (6.5.~ 

Z··•·e:]~· + IS&.~.cr • .-•• _ -rs., 
.t. .: 4Jit -£- Un .LL 

Since .ti, ... ' • 0, equation (6 

z;;•··I:"" + z-.,t•iif;, - o 

Solvin; fcr t~ loop current! 

! ..... - -<z··-.•>-:z·····I····· " - ~ J N Len 
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loo;>!, can ":>e partitioned a.s foUc.,..s: 

Ell·"·' • 
1--l-
Ei:c~ 

zo.b.e 
L 

~z~··c)' 

z~·.o I~"·' 

z-.~ .. 
A JG.'·' L<I'J 
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(6.5.4) 

In '!qUatioa J l.5.4}, the vectors .2?·• and J;;•·• refer 10 the loops in the 
simpli6ed E?rtem and £tt;; and Jtt-;; refer to the aux.Je.ry loops. 

T::te vEdor !;;•·• can be calcti.ated for a fault at '11s p from equation 
(6.L4) by u.<uming the auxiUar;o loop currents tote 

0 

... 

0 

It•~ ~ 1""• :, n (6.5.5) 

0 --
. . . 

0 
L__ . 

whue I!:!<'r i'- the assumed thre&-Jhasecurrent vectcr .Ji the pth auxiliary 
loop. Froc 'lquation (6.5.4) it fellows that 

z··· o]a,l-.• + zil.ll,eJ•·"·· - ~ •.•.• z. L M un .~:~~., (6.5.6) 

Since f:t•·• = 0, equation (6.5.6) becomes 

z··· cJa.t .• + zu.cj-····· - 0 L L M un 

So!Tiog for U:e loop currents of the simplified syste.rn. 

1..._, - ("7a..!:,e)-•z•·•·•1•""'·• L ~ ~L N L(f) (6.5.7} 

~ 

' ~ 
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ne auxiliary loop volb:es, from equation (6.5.4), are 

F:· .. ~ - (Z' .... )•l .. '·' -"- ~···•!•·"' UfJ Jl l. I A Len 

3ubstituting irom eql19tion (6.5.7) for ft .. •, thea 

:E····· - IZ'·'·· - (Z•·'-')•(Z·····)-•Z·····JI····· !.(n A 14 L Jl lA I') (6.5.8) 

EquJ.tion (6.5.8) dete:mi.nes the auxiliary loop source voltages :or the 
..ssumed auxiliary loop c.1rrents given by equation (6.5.5). 

To det.ermine ac•ual f:mlt current the voltage source in ue pth 
auxLiary loop must eq:u.l E;-M. the pth bus voltage prior to -:he fault. 
'the calculated souree .- ~:tage of the pth auxiliary loop Et!i~> is ot.t.a.ined 
trom equation (6.5.8) u>ing the assumed curre:1ts. The act~al fa ult 
current at bus p is 

F cr ?base a: 

it,.,,.,(actual) = It,.., (8.3Sumed) ~"' 
Et,.(n 

J'ar phase b: 

rt.,.,.,(S<ltuall - 1'14"' (IUSUined) :;
Lo<n 

~md so forth. --
The loop currents 1t '·'of the simplified system can be obta.i:ted from 

equa;ion (6.5. 7) using the actual auxiliary loop currents. Tht ·~ranch 
currents can be ealcui1-:.Ed from equation (6.5.2) and the bus voltage, 
then, can be detern:ined from equation (6.5.3). 

In equation (6.5.E), the assumed auxiliary loop currents 17;-';; are 
6owing in the auxil:ary links coanecting network b uses and gr(TJt.d and 
t:lerelore are b us curr-m1s. The auxiliary loop voltages .Btt;i a.te the 
tus Yoltages resulting :.'rom t he assumed currents. In equatioc. t3.5.8), 
tJ.eu, 

z~>.· - (Z~•(z1;' .. )-:z~•·• - Z~,t. 

In th:s method, therefo::e, the loop impedance matrix is used to ddamine 
t.J.e bus impedance maW. for the calculation of short circuits. 

6.6 Example ol daert circuit eafeufatfDJts using z..,.. 
t'sing the loop frame of :-tcferenee, the method of calculating short circuit 
c-ure:1ts and voltages .n:.t be illustrated for a fault at bus 4 in the u mple 
system shown in Fig. 6 44. 

.. ! 
l(t 

~~ 
~ 
~ 
II} 

!If 
~, 

Proltlitm 

Usia;: ~ym:netrical compc 
fault. a' bw 4: 

i. T :>tal fault eum 
ii. Short circuit cu1 

i:i. B..1e voltages du 

Sol.uion 

The posit.i~ sequence Joe 
tbe Enk reJX'CSC:lting the f: 
pbasz fl:.ult conditioas. 1 
orierrt~d connected graph 
innlu::iing the fault link are 

---~-.,..... -, -
/~ 

®< ( cr ' 

(c) <D 

--.. --....... 
/~ 
// <D ®\ : ' i __ ,. 
\) l 
\~ 

<b> CD 
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Problem 

Using S!Jllmetrical components, calculate the following for a thre-phaEe 
fa·Jit at ~us 4: 

i. Total fault current 
ii. Short circuit currents b all the lines of the network 

iii. Bus voltages during tb~ fault 

Solurion 

The positive sequence loop impe!bnce matrix for ihe system induding 
the link representing the fault milS\ be determined to calc-<llate 1he th~ 
phase fault conditioll8. The buic loops prior tQ fault are shown in the 
oriented connected graph in Fi&. 6.5a. The basic loops of the graph 
includ~ the fault link are ahown in Fig. 6.5b. The basic loop incidence 

---~ ,..,.. --
/ .... I~ ', 

I ' 
' ' 

® ( CD ' \ s··· --?® 

B ' 

(c) <D 

---.... ----- -/ / ........... 
I ' 

I ' ' 
®( I @ \ i I \ 

(~) 

)D;---:. -)® 
L f 

I 
I B / 

I 

<D 

-, 

Fi1. 6.5 Bo.tic loo~ cof ori· 
en ud eo nnE cud 6rapAjcw .JOrn ... 
pt. power .yo•Um.. (o) Prior 
f<> /c .. lt; (b ) d .. rv., fault 

·condition .. 

-
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matrix fer the fau.' ccndition is 

~ A B L 

l-2 1 1 1 

c-3 - 1 -1 

24 1 1 
c-

2-3 1 

4-3 1 

4-1 1 

Usir.g !.he se~eo.;e impedances given in Table 6.4 and letting the 
im~dan:e c-f the faclt link be zero, the positive sequence primil.ive 
im~dan:e :natrix is 

\._• 
e ' • 

1-2 1- 3 2-4 2-3 4-3 4-1 

1-~ 0 .1•)2.5 

1-< 0 .1025 
-, 

2-{ 0.4000 
(zUl) • 

2-~ 1.0000 

4-:': 0 .6000 

4-J 0 

The positive sequence loop impedance matrix is 

A B L 

A 1.2050 0.2050 0.1025 

Z~r = C'f~:•l)C ~ B 0.2050 1.2050 0.5025 

L 0.1025 0.5025 0.5025 

.A.ssum:..g the :5n&-to-ground 
unit, th~ 7olU£e source in tl 

E:to;c = 

and the ;,equea::e voltages an 

0 

E'·'·' • 'r)•~·' • 4.(0) \. • ltOl V3 

0 

The pos:i're !leO!Uei:.ce loop cu 

I·m = (Z'" )- • ""' LOOP U;t()P .1¥ L()(JP 

I"' A 

I~, 

/
( I) 

un 

~ 

' 

0.855 -0.1~ 

-0.125 1.44 

-C.05) -1.41 

where IZ'.r, is 12le positive se 
loop and e~als the toto.! posit 
currents= 

0 

r~·;: = 1 :tA2 v3 

0 
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Assuming Ue line-t<>oground ~oll:nges prior to the fa•Jit &rE equal t<> one per 
unit, the vokage source in tLe lc< p associated with tl:.<! Enulted bus is 

E:(~e = 

and the seqaence voltages are 

0 

E'·'·' - (T..,•E····· ~ I . "' t{f) 1J 4(01 V ~ 

0 
.....______. 

The positive sequence loop curr>..:tts are 

1,, - ·zc» )-•"''" LOOP ~ LOOP £1 LOOP 

zm 
" 

pn 
8 

/ rn 
Lin 

~ 

0.855 -0 125 

-0.125 1 442 

-0.050 -1 416 

-0.050 

-1 .416 

3.416 

-, 

.....-
0 

-
0 

-
0 

'---

-0.05 v'3 

• I -1.42'\13 

3.42'\13 

where IZ/,, is the positive sequence current associatei wit::t the fault 
loop and equals the total pcsiti'te sequence fault cur .. n;. The sequencE> 
currents ar;, 

0 

r.:,•;: = I a..i2 0 

0 

.. - t ' 
' ~q 

' 
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Then, the phase components of the fault current are 

]'·'·' = T 70
·' ·' • 3 42 "-1' ) ~ L1n • 

The positive sequence curren:.>; in the elements o~ ;he network ue 

{Ill = Ci'J.lx,, 
A B L 

l-2 I I 1 -0.050 : 95 0 
-

1-3 -1 - 1 -1.42 v'3 : -!7 0 

2.000 I 

I 1 I 3.42 v'3 ~-4 

-0.1)5 0 -
1 

= -z-a 

~3 1 -uzya 

~~ 1 3.42 0 

Then, the sequence and phase coc~onents are 

0 

t.1i1,t - 1.95 0 ii',•·· = r.~i1'' - 1.95 

0 

0 

i~;'·' ... 1.47 v'3 if,•·· = r,!.1;'·' -= 1.47 

0 

~.l.t -

.;0.1,2 -... 

l~i1,1 -

0 

2.00 va 
0 

0 

- 0.05 Vii 

0 

0 

-1.42 v'3 

0 

i; 

I I 
., ,, 

I 

·~ 

The bn.r:ch-path incidence 

'-~ath 

b "" 
(!) <V 

1-2 -1 

-
K • 1- 3 --'1 

2-4 

.-... ~ ........ 
- -·- . - . 
~-~ -~- . -·- -· 
~.~ ..... ~ ... ~_, -~~ ~,J r; ·~ .:.--==-..,.- -~ ::-~ !.~ : ... ::.. :::~::..:z· . ......,_, ..,. __ 



l ... l.t -,. 

~;··' -

t~it.t = 

0 I 

2.00 v'3 I 
' 

0 

0 

-0.05 v'3 

0 

0 

-1.42 v'3 

0 

Chapter 6 Short. circ•it. .stm:diu 

i;.•·• • T,11t1•
1 

• 2.00 

i;t • • T.•1;'·' • 

The branch-path incidence matri"< is 

~ 10 
I 

1-2 

K = 1-3 

2-4 

- 1 

0 Q) ·-
- 1 

- 1 

-1 

211 

... .• 
. 

-·;-.... -····· 
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... ., 8 .... 
c::i c::i .... 
I I I 

I 

~ > > 
V) " 8 ~ .... - .... .,. 

l 8 .... 
0 

M 

...., 
g .... 
0 -f: .. 

.,., 
"' 0 -0 

..,. 
:; .. -"' '£ 

"' -
£ 
! 5: ! l 
~ 
! .., 
.5 
c 
~ 

!!: z 
c 
" ~ "" ~ 
:: --· r:a .. -
"' ~ ~ ~ 
"! I 
,:.~ .. ""' ..t::. e; foo 

I I 17 
! I' _, 
! 1 I ' 

~~ e e e 
11 

1 

c5 ·1 c.; I c.; <I <I <I 

..... 

Since t~ z positive sequenc< 

Em ~m Em - / 
2(0) • ,.t.:~IO) ~ --t;O) = V 

the posnve seqnencs bus ' 

E-,, ..,, • 7ml1 
•ua:, - ~SUEC., T ..tl.Oi!Jt 

E~~~} 

em.) I c "ra -V! 
Em 

•tn 

Then, tLe sequence .and p 
fault art 

e•.u JCn • 

EO,J,t 
a<n • 

e•·•·• ccn • 

0 

o.so v'S 

l 0 

1 0 

0.85 y3 

0 

0 
-

- .,&,e = 0 
b un ~ 

~ 

E •. t( 

E•.t 
"' 

Using th ~ alternative meth< 
1natrix is ? artitio::ted 3.3 foU< 

Zi·t,t J2.l_.l·' 
zo,J,J • 

LOOI' 
j 

(Z:;'·')' Z".i'·' 
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SiLce the positive sequence bus volt.ages prior to the fault are 

E"' C"' - E"' - flS ! G) - J(l) - . ,., =:; v " 
the posit:ve sequence bus voltages during the fault are 

E ... , "'"' + 'A'T.'I(l) 
:~ut~cn • £isusca, ~..&JJu8 

E"' •rn 

~:~ I -~ 

"'"' .c..ccn 

-0.20 0.80~ 

+~I -o.1s l =I o.ss va 
- 1.00 0 

213 

T~, th~ sequence and pbnse components of bus voltages during the 
fati~ are 

EO.J,1 = 
tC7) 

EO,.l ,S et 
3CYI 

Eo...s 
4( ?) -

0 

o.8o~ 

0 

0 

0.85 v'3 

0 

0 
1-

EO·-·· -•en 0 
1-

0 
'--

E•·•·• - T E'-'·' • 0 80 ~en - • ten · 

E:c~~ = T.E:c~: • 0.85 

Usi:J,g the alternative method described in See. 6.5, the loop im~edance 
:ma:rix is partitioned as follows: 

z• ..... 1 z"·'·' £ . II 

z~,- I 

(Z:r'·')' I Z!"'·' 
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For the sample system, then, 

A B L 

A 1.2050 0.2050 0.1<::251 

Z~oP • B 0.2050 1.2050 0. 5C2.5 I 

L 0.1025 0.5025 0 .-')a251 

Assuming lhe fault current equal t•> one per unit, 

0 -It."i;> = and I'·'·' - ,......)'1 ... ·' - I . '3 L4(,. •...._..( I .lA( ,, v 0 

0 

The positive sequence voltage of the f:sult loop with the ssswaed value of 
fault current is 

E'iln = {Z~'- (Z~)'(Z'£')-•Z~Jrrc'."> 
----~ 

= (o.- _~ o . .,,.1 0 ... 3 0 .... -0 .• ., I 0 ·-""I) V3 
~-0 . 145 0:£55 O.i<r-!5 

= 0.293 V3 

The actual positive sequence fault ct:::Tent ia 

E"' [W • JCU t (O) 
Lt(n c.ac:tu1) Lt(1'1 c ... uuatd) Ell> 

lA( I') 

- V3 (0.2;;~3)- 3...2 ~ 
Then, the sequence and phase comp>::>.ents or the fault clll'l'Ct :u-e 

0 

IW, - v'al 3.42 I •·•·• := "'"' -o.l,t • 3 42 £un • - U(n · 

0 

Tho pos..'tive sequence loop curr 

12' ~ -(Z2')-•Z~'IJ!', 

0 .... 1-o .... 
- - - 0.145 0.85E 

Using tl:e loop currenta, the cu 
can be c.lleulated as previously 

6.7 Description of shor 

The maj Jrity of short cirwit stu 
phase at:.d line-t<rground fault! 
Circuit ?rogram, whi:h is desi 
positive and zero sequence bus 
6.3 and 'he simplified sy&.em re 

The input data d~seribing ·. 
and sub•tation names. Data : 
and ter,.inal pcints includes th 
tive and zero sequence ,...actan 
names, cne for each terminal, a 
of two lbes which are mutually 
terminal rod a mutual reactanc• 
names fer each terminal, the nu 
and the positive and zero seqt 
include Elso a study n&me, case 

Tbep:ogram fust asS:gns se< 

the net"ork data to facilitate 
sequence bus impedance matri 
checks ate performed. N ~t, th• 
is formetl. This matrix is tem 
device to provide space b memo 
the zero sequence bU3 illlpedaJ 
sequence bus impedan:e matrix 
tiona. Eince these mntr:ces are 
and uppo.r off-diagonal e:ement 
sequence o: steps in tbe sh.ort ci: 

Shott cireuits in melavol~ 
bua and tf.bulated wilh lhe ap
results a>e obtained: 
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The positive sequence :oop currents are 

l m. - (Z'")-'Z"""' L L N~z..rn 

- - I I : 3.42 0 = 0 l.>M• j-·~ I 
pu 

B .._____. 0 .5025 -1.42 

Using the loop zurrents, the currenL3 in the elements and bus voltEges 
can be ce.lcda·.~d as previously sho'I'I'D. 

6 .1 Deseriptlon of short eireu1t program 

The majority cJ short circuit studies involve only the calculation of three
phase and Ene-to-ground faults. ne American Elee~ric Power Sbrt 
Circuit Progra!ll. whlch is designed to calculate these faults, uses •he 
positive and zero sequence bus impeiance matrices as descr:bed in Sec. 
6.3 and the rin:?lified system represe:~tation presented in Sec. 6.2. 

The inp·1t data desc.-ibing the system is specified using power pl::nt 
and substation r.ames. Data for generators, synchronous condense:-s, 
and terminal pcints includes the stati~n names and co<resj>oodiog ?<Mi
tive and zero s~uence renctances. Lines are specified by two statbn 
names, one for =ach terminal, along with the line reactances. Each aet 
of two lines whi:h are mutually coupi,O requires a staticn name for eaeh 
terminal and a mutual reactance. Ttansformers are specified by stati•n 
names for each =minal, the number of windings and tl:.eir conneetb1115, 
and the positi-R and zero sequence reactances. The input data ma_v 
include also a study name, case num!Br, and identifying remarks. 

The program first assigDB sequential bus numbers and then rearranges 
the network dau to fa.cilitate the fonnation of the pcsitive and zero 
sequence bus impedance matrices. During this phase extensive data 
checks are perfor:n.ed. Next, the positive sequence bus impedance ma~r.J< 
is formed. Thie matrix is temporarily stored on an a'lxiliary ston.&l) 
device to provide space in memory for -~e next program P-gment. The:~ 
the zero sequence bus impedance m~~rix is formed aod the positiv-a 
sequence bus impedance matrix is retr:eved for use in the fault calcula
tions. Since bese matrices are symme;rical only the di~onal elementa 
nnd upper olf-<liagonal element~ need to be formed and stored. 'Ih• 
sequence of ~teps m the short circuit ptogram is shown in Fig. 6.6. 

Short ci:cllita in meg .. volframperes (mva) are ce.lculated for eaeb 
bus and tabulo.tee with the approp.riaoe station name. The following 

r results are obtained: 

,..... 
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l. Tot..I three-phase and line-to-ground bw! fault currents 
2. Three-phase and line-to-ground fault contributions in eE.ch line con· 

nected to the faulted bus 
3. Zero sequence driving poor, t reactance for the inu I ted bus 
ol. Tot..I three-phase and lir.e-to-ground bus £ault currer.~ and cor· 

T<nnin<IU 
job 

_ir;;;\. 
---\:!jl 

r~rmi.n.au 
iob ' 

--~ 'y 
I 
I 
I 
I 
I 
I 

---.J 

---~~ e 

--

Fig. 6.6 Sirripllfieti ~w chart 
for the .4merJcan EZ.c ~ric PoUl•r 
Short Circuit Pro1nM. 
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""', .... ' ' ,.,.._. ... '""'' ..... 
...-.•u \ ... 

·~•••lt.U - lUI,t ... , .. 
.......... , .. ,. u .... ""' ... ,. _, 1

1uu.r ..... 
.... •• ,;.It ., .... ,.,,, 

..... -· .... tl)l.t .. , .. , 
till! htt IC:tU•III' IIIII$ ~~ ... 10 tf~U!Uf '"'' "''' .......... .. ,,, ..• .... , 

C.IU M 

C•H " ,.,., lfllb .... .. 
Ulol (llllll .. ll$!111 - ... , .. .... .. ~-.. \ , .. 

·'"' """"'" .. .. , ... .. ~. '"·' "'·' "' '*·' ~ .. 
..... ••••••u •• .. "'' ... Utl.l tU.t 

'"" ll""'"liHt It .. ,.,. -·· ...... Ul,l 

••••• tt~•nu.u ..... tU,J ...... .. . .. ., .. 
t.IIO(:~ tl ..... tlO.t 

,,~., mu •• .. ..!:~ "" .. ,,, 
.In• "'·' . .... 

F11· ,,1 Sample output of the Americ«n £1•cerlc Power Sh.orc Circuit Program. 
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resJ:on-ling line contributions when lines connected to the faulted bus 
are Qpenec one at a time 

In crier ;o locate !juickly the sl:ort circuit results for indiv;dual 
stations, too printed output include3 a title page "ith a.n index or stn:ions 
listed alph~betically and their corre>ponding page nu-nbers. A sa:nple 
of this aut}lut is shown in Fig. 6.7. 

In odc.iticr. to th~ results 'l"lich are obtained autom:.ticall! for 
each bus, t:Je following remits can be obtained by special options: 

1. Faul• oont:ibutioos in lines not cor.nected directly to the faulted bus 
2. Bus 70.I.ages during iault 
3. Fauit conttibutioos following ~Le s1vitching of lioes not connected 

to the ;aul:ed bus 
4. Fati.t cont:ibutions following the switching of two or more lines con

nected to :be faulted bus 

Problema 

6.1 The r'lac.tance data for the t~.~e-phase systerr. silown in Fig. e.s is 
Ge:le!"ltor: · 

:z:(l) = :z:Ul • 0.1 
:z:())- 0.04 
:z:, - 0.02 

Tr=·onner: 

z<•> = :z:CI) • x<Ol - 0.1 
:z:, - 0.05 

--

Form the positive e.nd zero sec;uence bus impedf.nce matrices and 

@ 

FiJ. 6.8 Sample IJ;f•t>mfor Prob. 6J. 

l 
'A: 

i 

c:nlculat.l ;be to'"'l fa 
@eDeratc r .>nd transfor 
a. Thr-pbe.se-to-gr< 
b Line-to-gi"'und 

6.2 For a fuult at bus p ; 
mu:ral be y,, y,, and 
a:~d groc.nd b€ y,. 
a. Foro 'he rault ndr 
b. Verify tha: each fat 

is a •peeia. esse for 
6.3 Derive the 2Qll2.t:oos fo 

eLl componen~3 and p 
bas ;>: · 
a. Tbre=-pbaae (not g1 

b. Lin~t<rliru 
c. Lin~t<rJin:.to-grou 

6.4 F:om th~> ~uations fo1 
work!l a.n:i r.heir connec-
a. Three-phae.• 
b. LinHo-grnnd 
c. LinHo-lioe 
d. Lin~to-line-b-grou: 

6.5 UEin;; the s&mJ:le SY1Jten 
cu.-n:>t a::1d bu.: vol'"'ge 
a. Tbret-phas.-to-grou 
b. I.in~;o.groJ.Dd 
c. Un~to-line-to-groUJ 

6.6 Usinl the same sample t 
tra:nsmiss>oL liD• B-C is 

0.3 ).1 0 .. 

zo-o"-• - (•.1 0.3 o.: 
-

(.] 0 . 1 o.: 

CODlpl.te the tol\1 fault • 
fau ts at bus B: 
a. TJt.ree..pl:ase-to-grow 
b. L:n~to-groUlld 

c. Line-to-lin~~o-groun 
Comp<Lre these r~ults wl 

.,._-:--:::.:--~-:- ~ "? ::' ... ::: 

-;----- ~ -- --· .... .:., ... 
-~~~~~·~.::;-.;~~ ... <~-.:::; 

·: ~ ... 4.~ed.~·-- -:-~::::-:-:~~- ::~ .. :~ 
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eal<u:lte the total inult current and the contributions from the 
~;eoe:ll.tor and transformer for the following faults at bus <1: 
"· Three-phnse-t~rrrour.d 
t. Lioe-tc-ground 

6.2 For a fault. at bus 1 let the admittance between each pase and 
re.ma! be y,, "- nnd y, and Jet the admittance between neutral 

- and p-ounci be y,. 
a. Form the fault admittance matrix 1'~··. 
b. \ '6rify :hat each fault admittance matrix Y;-•·• given in Table 6.1 

J. a special case for t!le condition that !loa = !h = 11•· 
6. 3 Detive the equationa for tne total fault current in terms of symmetri

c:U oo·>mponenta and phase quantities for :he following faults at 
'--·- -· """ ... 
a. Three-phase (not sronnded) 
b. ::Jn&-t<rline 
c. ::Jne-t<rline-to·ground 

6.! Fro::> the equations for the fault currents draw the sequ=nce net
wor<~ :md their conDecticna to simulate the following faults: 
a Three-phaae · 
b line-t<rground 
c li.oe-to-line 
d. lin&-t<rline-to-gr:mnC:. 

6.S Usi.J:.<!; the sample system ~venin Prob. 5.3, zompute the total fault 
curaat. and bus voltages :'or the following faults at bus B: 
a. Ibree-pbuse-to-ground •• 
b. L.ne-t<rground 
c. L.ne-to-line-l<rgNund 

6.f Usi~~ the same sample system given in Prob. 5.3, and assu:::ting the 
tran=ission line B-C is talanced and its re:octance is 

0.3 0.1 0.1 
-

~···- 0.1 0.3 0.1 

0.1 0.1 0.3 

:ompL"te the total fault current and bus voltages for the bllowing 
ia·JIIa u bus B: 
a. ':'hree-p~t<rgnund 
~. Lbe-t<rground 
c. LUe-t<r:ine-t<rgn:und 
Com;are these results with those obtained from Prob. 6.5. 
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@ ® © Fig. 6.9 &m~lc Ctoo-ph4,c aya
tem for Pro b. ~.7. 

6.7 T he reactance data for ue t wo-phase system shc;wn in Fig. 6.9 is 
Generators A and C: 

··-··-1-ffil 
Transmission lines A- B aaC. B-C: 

~ 
Z,<B .~ Xsc = ~ 

Transmission line A -C: 

XAC = 1!-
8-1 , 0 

20 6 

The bus voltages a.re 

E,. = 
1.1~ 

1.1/120° 

1.2/0" 
Ec=i - I 

1.2/ 90° 

Compute the following: 

·-

a. The bus impedance m&trix with ground as -reference 
b. The phase currents in 'll&ch line 

.· .. · 
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c. The ground current at bus B for a fault with the reactance 

··-Bffi 
d. The fault voltages at buses A and B 
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