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I 
SYN a.? S I S 

The transient behaviour of synchronous machines 

has been studied by various authors, by using different concepts, 

to arrive at the results. The present thesis aims at finding out 

a unified and comprehensive method for the analysis of the transients 

of a synchronous generator t„ The analysis has been carried out for 

a) sudden switching on or off of any type of 

balanced loads. 

b) sudden switching on or off of unbalanced loads 

or faults. 

Another method has been presented in this thesis for the 

analysis of single phase loads and faults only. Experiments are done 

to compare the results obtained from tests and calculations., 	- 
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I,IST OF SY OLS 

a,b,c,  = The armature phases lettered along the direction of 

rotation of the field poles. 

d,q  = the direct axis and quadrature axis fixed to the 

field poles of the rotor, the quadrature axis 

leading the direct axis. 

(~}  the angle of the direct axis with respect to stator 

= the power angle. 

$  = any odd integer. Miens = 1, the sth harmonic 

corresponds'to the fundamental frequency. 

ea, gib, !e 	=" the terminal voltages of the phases a,b and c, 

e$, eb, do  = the 5th harmonic terminal voltages of phases a,b and c 

e~ , e2, ea 	= the sth harmonic positive , sequence, negative 

sequence and zero sequence components of the 

terminal voltage of the phase a. 

ed,egpeO 	= the direct axis, quadrature axis and zero sequence 

armature voltages. 

edOeeg0 	: the direct axis and quadrature axis - armature voltages 

for mean position of oscillation. 

E0, Epi = the open circuit induced voltage 

= the voltage behind the quadrature axis impedance. 

Ed,Eq 	= the flux linkages of the armature direct axis and 

quadrature axis due to air-gap flux. 
E ,Eq  The flux linkages of the armature direct axis and 

°  °  quadrature axis due to the-air—gap flux of zero 

frequency during the transients. 
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E1 E2  .thg.6th harmonic positive sequence and negative 

sequence Components of the induced voltages of the 

phase a due to the armature linkage of the air gap 

s~~ S 	flux. 
I'r; I `~' 
1 S S  The air gap flux linkages. 
Ci ' 2 
Edo, Eq0  the flux linkages of the armature direct axis 

and quadrature axis due to the air gap flux 

during the balanced steady state operation before 

the transients. 

Edo, Eq0  the flux linkages of the armature direct axis 

due to the AI-r, gap flux for'the - mean' position 

of oscillation. 

Edo, Eq0  = the initial values of Ed and 4 

Edg' ' EqO' 	the value of Ed and Eq at the dying away of the 

amortisseur transients. 

Ed$  = the steady state value of Ea after the transients, 

ea , ebL,ecL  - the sth harmonic terminal voltages of the phases 

a,b and a of the balanced load in an unbalanced. 

e1L ,e2L'eOL 

systems 

the 8th harmonic positive sequence, negative sequence 

and zero sequence components of the terminal voltage 

of the phase a of the balanced load in an unbalanced 

system* 

i  = any current 
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3af b,3c  the armature currents of the phases a,b and c. 

ia, ib, is  =  the ath harmonic armature currents of the phases 

a,b and c . 

il,1.2,i0 	the sth harmonic positive sequence, negative 

sequence and zero sequence components of the armat-

ure current of phase ar 

s e s_ 
1'I F' 21" OP 	the a harmonic positive sequence, negative 
s s s  sequence and zero sequence components of fault 
1L'i2L''OL 

current and balanced load currents, respectively 

id,iq,io  = the direct axis, quadrature axis and zero sequence 

armature currents. 

i.d0,3gO  = the direct axis and quadrature axis armature currents 

during the balanced steady state operation before 

the transients, 

id®~3q0  = the direct axis and quadrature axis armature 

currents for the mean position of oscillation.. 

e-►1 
3d , iq 1 	= the (s—i) th harmonic direct axis. and. quadrature 

axis armature currents during the transients. 

idO, iq 	= the initial values of id and 10 

1d0 	 the value of is at the dying away of the 

amortisseur transients0 

q q t4'b , 'l)e. 	= the flux linkages of the phases a,b and c of the 

armature. 

= the direct axis, quadrature axis and zero sequence 
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armature flux linkages. 
the direct axle, and quadrature axis armature flux 

linkages for the mean position of oscillation. 
efd,ekd,ekq  = the terminal voltages of the field, direct axis 

amortisseur and quadrature axis amortisseur, 

ifd kd,1kq  the field, direct axis amortisseur and quadrature 

axis amortisseur currents. 

iMO the field current during the balanced steady-►state 

operation before the transients, 

ifdO  the field current for the mean position of 

oscillation, 

s-1 
ifd, 

sr-1 	s-1 
i1d,ikq  = the (s•.1)th harmonic field, direct axis amortisseur 

and quadrature axis amortisseur currents during the 

transients. 

' fda, ikdO, kq the initial values of i fa, i 0. and 1 	« 

1fd01 = the value of 1 0 At the dying away of the 

amortisseur transients. 

~' 	4i ç4 the field, direct axis amortisseur and quadrature 

axis amortisseur flux linkages,. 

q'fd° , ~ d, 	*4o = the field, direct -axis amortieseur and quadrature . 

axis amort.eseur flux linkages during, the balanced 

steady-state' operation before the transients.. 
5-~ $-I 

}th harmonic field, direct the (s -1 axis amo±tiseeur "1'4 t4 	9' 	= 
and quadrature axis amortisseur flux linkages during 

the transients. 



Vi 
0 	0 

the initial values of  fd# kd and kq 
of 

~ b = the value of -td at the dying away of the amortisseui 

transientsf 

r 

	

	the armature •resistance per _phase of the synchronous 

machine, 

c3 	= the leakage reactance( per phase of tie 'synchronous 

Machine. 

xad = the magnetising reactance of the direet a .s 

Circuits. 

xafd = the magnetiti.ng, reactance between direct ax s 

armature 'and the field. 

xakd = the magnetising ractanoe between the direct axis 

armature and the direct axis amortisseur. 

xfkd = the, magnetising reactance between the field and 

the direct Taxis amortisseur.  

xd 	= the direct axis self-reactance 

"Id' rkd 

xf, xkd 

en 
xd 'd 

the resistance of the field and, the direct axis 

amortisseur. 

= the leakage reactances of the field.and the direct 

axis amorti;sseur. 

= the direct axis transient and sub•-transient 

reactances.. 

rt+jxi,r"+jx" = the direct axis impedances in blocked rotor tests. 

xaq = the rnagnctisingg reactance of the quadrature axis 

circuits. 

xakc, = the magnetising reactance between the quadrature 

axis armature and the quadrature axis amortisseur. 

Zq 	= the quadrature axis self-reactance. 
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rkq 	the resistance of the quadrature axis amortisseur. 

xkq 	the leakage reactance of the quadrature axis 

amortisseur. 

Xqt'= the quadrature axis subtranient reactance* 

1d0 • Tq0 	= the direct axis ana quadrature axis subtransient 

open circuit time constants, 	 - 

TdO' = the direct axis transient open circuit time 

constants- 

XO = the zero sequence reactance per phase of the 

synchronous machines 

E+j(xL_.xc)=+jx = the total balanced load per phase of a balanced 

system. 

R+jx 	 the'equiraient balanced load per phase of an 

unbalanced systems  

the resistance and inductance of the neutral 

impedance of the synchronous machine. 
= the 5th  harmonic transferred transient and steady 

state neutral.impedance of the synchronous machine, 

= xci 	the resistance, induótance and capacitance per 

phase of the balanced load in an unbalanced system.. 
th 

ZZL 	= the s harmonic traisferred transient and steady 

state impedance of the balanced load in an unbalanced 

system. 

rfli,xflL 	= the, neutral resistance and inductance of the 

neutral impedance of the balanced load in an 

unbalanced system. 

Z, Z 	the 8th  harmonic transferred transient and steady..nL  
state neutral impedance of the balanced, load In an 

unbalanced systems"  
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. 	=the resistance, inductance and capacitance of the  

fault or unbalanced load. 

ZIP  , Z 	= the sth harmonic transferred transient and steady 

state impedance of the fault or unbalanced load, 

+ jx; r + jx; Z2  = the 5th 	equivalent steady- 

state load impedances; the equi-

valent negative sequence impedance 

of the synchronous machine, 

s 8+1 	zero time phase angles of the 8th and (5+1)th 
harmonic quantities, 

0 	the power factor angle. 

the phase angle between the quadrature axis and the 

current vector in the vector diagram of a synchronous 

machine on balanced loads, 

t 	= time 

w 	= the angular frequency 

I ( 	indicates the rms values of a sinusoidally time 

varying quantity. 

Re 	= the abbreviation for "real part of" 

p 	= d/dt t 	S 	 S  

P,Q 	Power, reactive volt-amperes* 

Im(p) = Maximum value of current, expressed as a function of 

the derivative operator p. 

	

Y 	any angle 

) 	= the angle between the direct axis and the axis of phase 

a at time t=O. 



xd(p)9xq(p) 	= the di.rectaxis and .quadrature axis operational 

impedances of the synchronous machine. 

Em 	 = Maximum value of the voltage before the sudden 

loading or short circuit. 

x2 	 = Negative sequence reactance of the synchronous 

machine. 
A,B,C,D,C1 ,C2, K1,K2 ,1C3 ,K4  

are all constants. 
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C.HAPTER-I 

1.1 

 

INTRODUCTIONtw 

In normal opera on, the synchronous generator, may be 

subjected to transient conditions, Which may result from different 

possible unbalanced loads and fault conditions or from sudden short 

circuits. The nature of the behaviour ,of the synchronous machine 

under all such abnormal operations, is very much necessary, particular-

ly for large machines, in order to apply proper relaying and for 

study of stability. Also, the synchronous machine behaviour under 

sudden inductive loading _and capacitive loading is important, 

especially for interconnected systems, with series and shunt capacit-

ore as found now a days to increase the stability of power system 

and for 'voltage regulation purposes. 

I.z  vIEW F Pz.lE PREVIOC1! e aRK 

Short circuits on synchronous machines have been treated, 

as early as, 1912. Boucherot presented his paper in 1912, after 

following the early work done by Steinmetz and Berg. He dealt with 

alternators of the. laminated cylindrical rotor type, Diamant 

reviewed the work of Berg and Boucherot in 1915, and gave expressions 

for the envelope of short. circuit current. In 1918 he presented an 

analysis of sustained short circuits, dealing principally with the 
nature of flux distribution under that condition. In the -tee year 

Doherty proposed the use of the constant flux linkage theorem in 

dealing with short circuits,. and its use was illustrated in 1921 and 

1923• Franklin applied this, method to a large number of cases of single 

phase and 3-phase short circuits in 1923• Additional cases were 

solved by Laffoon in ' 1924, by using- the same fundamental principles.. 

In 1925 Karapetoff analysed the same cases as those of Franklin and 

Lafton, but he started from a somewhat different thQar tins., hrin1 n ' 
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i.e. from Kirchhoff'a Laws. But, he like Franklin and Laf©on 

neglected resistance, which 'made the fundamental premises the. same, 

since the Constant Plux Linkage °theorem is merely a corollary of 

Kirehhoff's .Second Law.. That is, his equations involved voltages, 
instead of •magnetic linkages, and were therefore the first ddri-

natives of the corresponding equations in Franklin's work 

Involving the same assumptions regarding the circuits, the results 

i naturally agreed. 

In 1923, Lyon. outlived a method according. to which certain 

low frequency transient conditions in electric machinery may, be 

analysed by .a vector method From the vector point of view, first 

proposed by Dreyfus in 1912, the transient voltage or current may 

shrink exponentially as they rotate.. All of the foregoing 

investigations have dealt with cylindrical rotor machines. Granting 

the simplifying assumptions regarding resistance and saturation, 

it may be said that a practical solution of short circuits for the 
cylindrical rotor type has been attained.. 

The important case of salient pole synchronous machines was 

not considered till then.. In 1928, Doherty and Nickle were the 

first. to develope the •expressions for the transient currents in 
armature and..field circuits for single phase short circuits and 

partial short oi.reu.ts, which were applicable to both kinds of 

synchronous machines-.~~ They had considered only one field winding 

In 1930,. they presented another paper for the study of 3-phase short 

circuses, applicable again in both types of synchronous machines; 

though 3-phase short circuit studies were, already carried out for 

eylindrioal,rotor type only., They had applied constant flux linkage 

theorem to arrive at the results. They had not-made another 

assumption that the alternating quantities change slowly and this. 
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had led to'a solution containing an asymmetrical component. Here 

also they had considered only one field. winding. 

In 1936 Miller and Weil extended the operational 

solution given byPark In 1929• Park had neglected the resistance, 

and at the same, tide the alternator was reduced to an equivalent 

circuit, resulting in simplicity in its application to electrical 

circuit theory. arm in its solution, . Miller and Weil had extended 

the solution by using the constants of the ma®hine and cirouiis 

arranged for the particular solution, showing how these constants 

are measured, converted and applied. In 1937, they used the equations 

developed in the previous year, to obtain the solution of the'eurrents 

in the arrature and field circuits under unsymmetrical fault conditions. 

They had applied the syr ;metrical components of' currents and Included 

the resistance 'in both the amature and field circuits. In 1936, they .ht 

had made use of two rotor circuits, but in 193?,  only one rotor 

circuit. Smith and `'eygandt prevented a paper in 1937, in Which the 

starting point was Park's formulae for armature and field flux 

linkages of an ideal synchronous machine, simplified further by 

assuming all resistances, to be neglegiblo but, not in decrement 

factors. They used 2 field circuits in the direct': axis 

Charles Concordia, gave a full theoretical treatment 

of the, various types of short circuits on a synchronous generator 

in 1951. For each case, the expressions - for voltages and currents 
/i 

are given. He had analysect some of the cases by employing " 

components. The method used by him is to derive the initial values 
of the components of the currents by approximate methods and to 

estimate a time constant 'appropriate to each component.,' 

A more rigorous analysis of unbalanced conditions on 
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synchronous machines was given by Ching Y,K. and Adkln Be, in 1954 

by using the Laplace transform method. General'formulation of the 

transient problem are given, and harmonics during steady unbalanced 

opera tion can be calculated. 

The purpose of the present thesis is to analyse the 

transient of a synchronous machine under any type of unbalanced 

loads and faults by the use of .equivalent circuits. Equivalent air- 

cult approach is better since they show more clearly how the results 

are obtained. All the fundamental frequency currents and voltages 

and their harmonic components can be obtained from the equivalent 

circuits. 
In Chapter HI., mathematical description has been given for ' 

asynchronous machine, including the vector diagrams. 

In,  Chapter III, the performance equations for solving the 

transients of a synchronous genera tor, including the transient and 

subtransient'stages, have been developed for balanced loads and 

Faults, d*sregarding the voltage regulator action. Armature transients 

are neglected,. Tests are done with a salient pole synchronous machine 

and current and voltage osoillograms are taken_ on sudden switching on 

and on sudden throw off of capacitive loads. Calculated and tests 

results are compared. 

In Chapter TV, , first, the transient equivalent circuits for 

infinite time harmonics. for the synchronous machine are developed, 

neglecting the free transients. Sinusoidal components of currents 

and voltages are assurnedo. Then the transient equivalent circuits for 

the -load involving different frequencies are derived and connected 

with the alternator.. Their simplification gives the ladder. networks. 



5 

In Chapter V, the infinite ladder networks, , are simplified 

for certain types of unbalanced loads or faults, 

In Chapter Vi i  single phase loads . d faults are solved 

in terms of operational impedances Where Park's equations are made 

use of f  Sinusoidal time varying current forms sthe starting point of 

this method }  Then the transients for the unbalanced loads and faults 

are solved with the help of ladder networks derived in the last 

chapter and with the method presented in this chapter. Verification 

with the test results obtained from oseillogram is done. 



M 
C.I A P T ER. II 

A SWCT1RO tOUS MACHINE 

2.1 INTRODUCTTO :.. 

Thi a chapter presents a mat rematieal description of a 

• synchronous machine, its-e ivalent circuits and steady state vector 

diagrams. Certain reasonable assumptions are made.as follows to do. 

away with the troublesome 'equations.1  
The first assumption Is that stator windings are all 

sinusoidally distributed along the air gap as far as all the nuatual 

effects with the rotor circuits are concerned. This assumption is 

justified, since the .ndings are usually arranged so as to minimise a] 

the harmonics. 

Secondly, it is assumed that all electrical and magnetic 

circuits in the rotor are symmetrical about both the pole axis or 

direct axis and 'interpole or quadrature axis. Though there are damper 

bars, the iron in the rotor gives rise to infinite number of.electrical 

circuits and therefore exact analysis is difficult to achieve: lJsu-

ally all the synchronous machines are studied with-one amortisseur 

kd in the direct axis and another k in the quadrature axis and the 

same is done . here. These amortisseurs in the direct € nd 4uadrative 

axis may be thought of as equivalent to all the amortisseur circuits 

in the rotor. 
The third assumption is that the 'stator slots cause no 

appreciable variation of any of the rotor inductances with rotor 

angle., 

!ourthly, the effect of saturation and hysterilisio is 

neglected. 
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Lastly, the effect of the presence of eddy currents in 

conductors is neglected. 

2.2 SYs'CIRON(?tJS MACIfI. E CIRCUITS 

A synchronous machine with all three phases e,, b, o lettered 

in the direction of rotation, the field f4 and the amortieeeurs k,4-

and k 1 is shown in fig. 2,1. Generator action is taken while 

writing down the equations. 

(a) Armature 

ea = P 'J 4i 	r .a 
eb M p 9'b -rib 	 (2.1) 

ec = p ~' c .►ria. 

(b) Field 

efd 	fd + rfd.ifd 	(2.2) 
(c) Amortisseurs 

eltd= d = I'. ~kd + rkd . ikd 	(2.3 ) 

ekq=® ` p 9kq + rkq. .kq 	(2..4) 

where all e's,i's, 9 'e are instantaneous values., 

The armature voltage equations(2.1) can be transformed to 
Park's equations by the following transformation - equations. 

ea Cos 	coo( -120) c.os( +120) e~ 

eq 4 -sin 	-sin(' -120) 	-sin( +120) 	eb  (2.5) 

ep  ed 

Exactly similar transformation equations for the flux linkages 

and armature currents i can be written, once with 9) replacing e 

and then with I replacing e., 
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. . The Part's equations are 

ed p td - p.O q 
Ag =Ptd+p q 
eQ = P ~ 0 " ri0 

The reverse transformation of equation(~,•5) gives 

ea Cos 	-sin 1 	ed 

eb =  cos( -128) —sin( —120) 1  eq 

ec cos( -120) —sin( +120) 1. 	e0 

and 4' 's and l's transform c similarly. 

(2.7) 

Flux linkages and inductance relations:- 

The relations between flux linkages and inductances 

become'much simpler when expressed in dqO variables. 

4'd  -Xd.id + Xafd + xakd id 

: ""Xq iq + xakq iq 

~fd 	-3/2 xafd. id + xffd.ifd ++ xfkd. '1kd. 
9" kd  " `3/2 xakd.ld + x

£kd.ifd + Xkkd.ikt 

•~ kq 	-3/2 xakq. i q + xkk9, • ikq 

2.3. PER TJN 	EPRESENTATION & EQU.V.f_ENP CIRCUITS: 

The relations (2.8) can be written as 

Direct axis 

d 	-xd.1d + xafd 1fd + Xakd ikd 
i fd 	= "xafd id + Xffd. 1fd + Xfkd 1kd 

Ind° -xakd d + Xfkd ifd + Xkkd 1kd (2.9) 
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Quadrature axis 
/ 	/ 

	

Jiq 	—Xq,lq  + 	qsi  iCq 

X̀akg0iq + Xkk%.Ikq 
Zero sequence axis 

	

O 	= 

where the primed inductances are 

in henries, and the currents are 

amperes. 

(2.10) 

(2.11) 

times the unprimed inductances 

? . times unprimed currents in 
3 

(2.12) 

iiqjzatjonr (2.9) suggest as if there are three nagnetioally 

interlinked coils with reciprocal mutual inductances carrying 

currents id'  i fd  and :kd  in the direct axis. Similarly equatione(2.10) 

suggest the existance of two magnetically coupled coils with current 

iQ  and ik9 in the quadrature axis* 

The rotor quantities of equati©ne(2.9) and (2+10) can be 

transferred to the stator or arm ,ture side, as is done in transformers, 

that 3c, all the quantiti s may be expressed in per unit values by 

dividing them with the correp onding base values»  The base values for 

currents are inversely proportional to the number of turns, the base 

values for voltages are directly proportional to the number of turns 

and the base values for Impedances are directly proportional to the 

square of the turns. 

ihen all the quantities are expressed in per unit, then the 

equation (2,9) and (2.10) can be used with primes dropped while the 

unprimed represents the values in per unit.,, Assuming the following 

relations: 

Xafd 	Cakd Xad Xfkd = direct axis rn gnet .sing reactance. 
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xd - xad = armature leakage reactance. 

Xf 	= Xifd - xad = field leakage reactance. 

Xkd 	° Xkkd " xad = direct axis amortisseur leakage reactance. 

Xaq 	= xak$ = quadrature axis riagnetising reactance 

Xt 	ft cq - Xaq 	 (2.13) 

xkQ 	' Xkkcj - Xaq = quadrature axis amortisseur leakage 

reactance. 

the equations (2.9) and (2.10) can be written asJJ,irect axis. 

7'd 	-Xl.id + xad(i d+ikd-id) 

Ifd 	Xf*ifd + xad(ifd+ikd~.id) 	 (2,14) 
Y kd 	Xkd.ikd Xad(ifd+ikd-id) 

Quadrature axis 
ifq 
	N.Xti q + Xaq (ikq- iq) 	 (2.15) 

1kq 	W Xk9.ikq+ Xaq ( 'kq i'Q) 
Zero sequence axis 

4o 	= -xo.bo 	 (2.16) 
The equivalent circuits of the figures 22(a), b & (c) 

can be drawn from the above equations(2t14) to (2.76) and the voltage 

relations(2.2) to (2.4). 

Reciprocal per unit Systems- A system, with similar mutual terms as 

described above, is known as the reciprocal system. The base values 

of armature current i. and voltage ea are ordinarily determined by the 

Machine rating. The base values for idjiq and edteq are the same as 

those of is and ea as the transformation equation(2.5)- suggests. If 
e$ and is are expressed. in' rGm.e. values, they are to be multiplied by 
Ji to g6t the base values for 'Ca e.nd ia.~ 
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The base currents for the rotor circuits, can be 

obtained from the equivalent circuit 2.2(a). The field ourreir i 

in the field produces armature linkages 

On open circuit and at rated speed (p=1) 

	

eq 	'd = Xadlfd 

On normal armature terminal voltage Cq=l,O 

when the actual field current corresponding to rated voltage is 

then 

The required base field current ifd(base) = Xad 1fD 

Lot the absolute value of field resistance rid  in ohms be converted 

to per unit system. From the air gap line of the open circuit 

Characteristics, ifd(base) can be obtained. Then in the equation 

(2.9); 
2 ifd  (base) = 	1fd (base) 

Effective turns ratio between stator and field turns 
.1 

(base 
1a(bas) 

	

rfd 	rf , when referred to stator, will become as in transformers, 

rfd x (turns ratio)2  
I 12 

= rfd x  I d(base) 
 J 	2 

2i (base)1, 
= rf  

1a' 	2 
- . rfd' 	1fd(basej 
- 3 



ip 

When referred to per unit system, this becomes 

2  rfd (p.u.) 	rf 	[ fd(base) ] 	
ia(base) 

3L 1a(bese) 	8a (base) 

(2.18) 

The base value of p 0 = the rated value of p= 2 JTf 

where f is the rated frequency. 

The base value of p or - = base value of p & = 2 )Tf and the 

base value of time 

Thus the inductance in p.uo is the same as the reactance 

in p.u. at rated frequency, with the above definition of base values. 

Henceforth the reciprocal system of units and per unit 

values will be used, unless otherwise specified. 

Preency Loci 4. From the equivalent circuit of fig. 2.2(a), it is 

noted that I4!d is a function of d -and eed. Thus a relation may be 

obtained as 

= Xd() id  + G(p) efd 

when 5•fd = 0 end'd  is varying sinusoidally at a frequency of w, then 

p can be replaced by jw. 

Therefore, 141d  can be obtained from the equivalent circuit 

2.2(a) by putting e ieO and by dividing all the parameters by 

w = p/j. The modified equivalent circuit showing jLYd= -j xd(iw)id 
and the corresponding frequency locus are shown in fig. 2.5(a) and 

(b) respectively. In the figures, 

XadXfXkd 	 (2.19) Xd" X(i ) 	
+ 	d xf + Xf.Xkd + Xkd Xad 
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In the eqjuivalent circuit 2.2(b)9 'k 	xq() 1q 
When 1q is an alternating quantity of frequency w, pjw 

and'~q can be obtained from the equivalent circuit 2.2(b) after 

dividing all the parameters by w = p/j. The modified equivalent 

circuit end the corresponding frequency locus are shown in fig. 2.4 
(a) and (b) respectively. Also, 

U *WXq(ia0 ) 	x1 + 	a1Q 	(2.20) 
Xaq + X q 

2.4 STEADY STATE VECTOR DIA: 

For balanced three phase steady state operation 

00=0 	, i0 
=0 , 	p=O in equation in (2.8) 

and p=1 (at rated frequency). Therefore, tho equation (28) can be 

written as 

ed = - lb  rtd 	 (2.21) 

eq 

In equations (2,3) and (2.4) also p=O, 1kd=° 
.',Equations (2.14) and (2.15) show that 

= 	+ "ad) 1d Xad.fd 

- 
(x + Xaq) 1q 

efd 
Now i = 	-• -- is the steady field current, therefore xad,'fd is 

the open circuit voltage E0 So from the equations (2.21) and (222), 

Cd - x  q 

eq = B0 dd - rLq  (2.23) 
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®— (fid — cq) 1'd 	Ccc d — V;t9 
Putting E'=  

' XqL ` rt 

It is evident from e w tions(2.21) and (2.22) that all the quantities 

referred have steady magnitudes of zero frequency and therefore the 

armature phase voltages and currents are of fundamental frequency as 

is obvious from the transformation eq ations(207). Hereafter, the 

superscripts are employed for the frequencies. Therefore 

e3 	= ed cos -m eq sin 

ta 	=Idcos 	tg51n 

where = t +  being the angle by which the direct axis leads the 

axis of phase a at t=O. The vectors e$ and is may be expressed in 

complex form as 

e8 	=e$' r=ed° + j eo 

andia =i .a+ji 	 (2.24) 

The ecquati (2.23) can be written in terms of these complex values, 

as 

e1 r ed° .;. i eq =  jL t - (r + 	 (2.25) 

It should be re<<<er~bered that B0 and 2e are only the magnitudes and 

not in complex notation. 

The phase displacement between el l and i1 ° is the same as 

that between ea and ia9 since the transformation equations for both 

voltage and current are of the same forme Thus, the phase currents, 

phase voltages and the angle between then, being brnwn the vector 

diagram can be drawn. Md the 4:1 (r+ j xq) voltage drop to the terminal 
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or 

1 
and the Power angle S is the angle by which e leads jE0e So from 

ecoation (2.26) 	
2 

Pm 0 101 Isth 	 lei 	 ) sin 2 	(2.27) 

	

Xd 
- 

	2Xd 

Reactive volt-amperes for a generator, 

	

Qg =el  id 	ed iq  

On similar substitution  
E,. lei cosS 	1 	1 	leit 

	

Q - 

- 	 - - 	

( ._.L___ + - 	)W. 
Xd 

ell ~z 

cos 2S 	(2.28) 
x  

On similar considerations, the reactive volt-amperes for the motor 

2 	X XcL Xd 

2 

2- cos 25 0 !ll cos
Xd 

 S (2.29) 

The generator vector diagram. of fig. 2.5 can be re-dratn as 
• 8,9,10 

shown in fig. 2.6 with the new vectors Ed and Ej introduced 

It is clear from the figure, 

- 'r + Xr + 1 x1 
0 0 

= d + id xl 

air gap flux linkage in the direct axis.. 

zad (i 	-  
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Now E9, -ed+id° r 
- 

iq ice 

=.-( 	+iq x) 

air gap flux linkage in iadrature axis (2.31) 
0 

XXq 'qi 

During steady state, when ik~. o, the line ab Xq f .l 
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C..HAPT E.R -•III. 

TRANSIENT PERFO ANCE OP A SYNCHRONOUS- MACHINE 

ON BALANCED. LOADS OR FAULTS. 

3,1, INTRODUCTION: 

In this chapter, the transients of a synchronous generator 

without any voltage .regulator, have been analytically solved in two 

stages -. subtransient and post-  subtransient, the -former being of very 

short duration compared to the latter. 

In addition to the assumptions made in the article(2.1), th 

following assumptions are made here for the solution of the transient 

The solution of transients is divided in two parte(as in a 

linear static .system) - free transient or complementary function,. whip 

is obtained by equating all voltages in the different circuits to zer+ 

and particular solution or particular integral which is obtained by 

solving the simplified differential -e cuatio s of the circuits with 

their respective voltages. The actual initial armature current is 

equal to the sum of the initial value of the free transient of the 

armature current and the initial value c ' the partidular solution. 

Since the rotor `circuits have larger time constants, the ra* 

of variation of the d—q axis currents in the particular solution is vi 

slow compared to p 9 which is unity. 

So, it has been assumed that the amplitude variation of the 

srmetrical components of the armature voltages and currents is small 

compared to their frequency variation. This assumption simplifies th 

particular solution and the Whole operation during the subtransient 

and post-subtransient stages may be referred to steady state vector 

diagram as deduced for a synchronous machine. 
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The free transient dies away very rapidly i.e., it lasts 
for a few cycles only a very short duration as compared to the sa c  

of the particular solution , so it can be neglected easily. 

It is assumed that she frequency or the speed does not 
change appreciably during the transients. 

The voltage regulator action is disregarded that ie, the 
field voltage is assured to be constant. 

3.2. DIFFERENTIAL EQtJA.TIO1IS OF THE goAAACliINE CIRCUITS:- 

Let the total impedance per phase of the loads or a fault 
be R+ j (XL .•xc) = R+jx in per unit referred to the machine bases. Th.E 

the voltage equation of all the phases can be written as 
ea = p 'Ja 0» ria s (B +xjp  

P 

eb = p T b rib = (B ~xLp +L e__ —) ib 	 (3 61) 
p 

cc W pTo ~. ric = (R +XLP + 
P 

p2\ a 	¶(r +R) p + xL.p2 + Xc 	is 

p2 1 b 	{(r+R)P+XLP2+xo1 	~.b 	 (3.2) 

P2 '{' 0 	(r +R) P + zL p2 + xc 	10 

The above relations when transformed to the i - q 0 axes by means of 

equation (2.5) and similar to it for ,T and i fl become 

p[ 'D JJ d +XLP id + (r+R) id +p6'q -gypea L iq}+ Xc id 

q p6 r""p 7(I + XLP 1q +(x+R)ig 4p®tid +p6XT 'd1 
	

(3..3) 

M 
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P [-Oq + XLP 1q + (r +R)iq 	6'i'd 

+. 	

d] 
t>, ±q 

= 	J'd + XLP d + (r +R)id + P&~q 	L 1q] 

In balanced loads, the zero sequence currents and voltages are absen*  

In the above equations P6 = I 

For an inductive load only, X. =0 and equation (3.1) becomes 

Paj(r+R)+XLP} a 

P ~ b - [(r +R) + XL P 	 (3 	) 

P 9 - r +R) + 	Ic 

The above relations can al be transformed to the d-0 axes as is do 

in obtaining equation (3.3); The result is 

P[Td Xid  (J1q Xtq) - (r +R) d 	(3.4) 
and 

P 	q} + 	
(r + R)iq = 0 

where XL = X 

The equation (3.4) can also be obtained from equation (3,3). 

The solution of this equation and the equtions (a.2) (.3) and (,4) 

determine the Performance of the synchronous machine completely. 

3.3 THE SOLUTION OF TRAIT; 

Since the free transient is neglected, p is assumed to be 

zero in the particular solution. The equations (3.3) or (34) can 

therefore be written as 

J1q r'd H i 	Lq Gd 
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and 	 V . 

Jd -r1q =Riq +Xi.d meq 

Which is similar to equation (2.21) 

Thus the whole operation can be referred to the steady state vector 

diagram, as derived in. the az ti ele 2.4. So, the above equation is 

valid even though the load does not consist of series impedances oni; 

R + j (X •- X) = B +j X stands for the equivalent total load 

i1aped ante I 

During transients, in the vector diagram 2.6, 

air gap flux linkage in the direct axis' 	m Zed (ifd + 1kd  
and air gap flux linkage in -the quadrature axis, 

~Loq W Xaq Fikq —10 

As explained earlier, the analysis of transients for the armature an 

field circuits is. divided in two parts •. subtransient stage, where t2 

amortisseur bars are assumed to carry appreciable currents and the 

poet—  subtransient stage, where, they have died don to negligible 

values:. 	 - 

All sinusoidally varying quantities are represented, by the 

complex notation, unless otherwise stated-,; 

3.3.1. AR . TTIRE CIRCIJI-T T ANSIENTS s 

(i) St]BTRiNFM TME 

At this stage, the solution of tale transients for an 

unsaturated synchronous machine' is not appreciably different from the 

same with non—linear magnetising cheracteristic., 

The following relations may be obtained from the vector 

diagram of fig. 2.6'.. 
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 f_ 2 ______+x2  

= tan 	_L. 
R 

) 	=tan1 Zd- 
io 

. E0 	(R +r) 1d
0 	(X + x1)i q 

(R +r) i + (X +x1) io  

(3.6) 

(307) 

(3.8) 

(3.9) 

(310 

The equation (3.10) can be written as 

(3.11) 

i 	 EO  

where 

A- 	- 
(1 +r)2  + 

B 	2 	2 (R +r) + (X +x1) 

Determination of the initial values (E 0 9  E) ofBO  and 

The flux linkages of rotor can't change suddenly and so 

they will remain at the same value initially as they were before the 

sudden switching operation.,. 

Therefore 

Tk =rkg   
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or 	2d0 " Bd0 + Xkd ipdoo  (3.12) 

and 	
'fd0 = fro

o 

o  F'do + 2f 'fd0 = 	+ f 1fd0 	 (3.13) Edo  

Also 	:Ed0 "2 xad (if~10 `~ id0) 	 (3.14) 

Edo Xad (ifd0 + ~ kd0 	 'do } 	 (3.15) 

Eliminating 1fd6 and a dd from (3.15) by means of relations 
(3-012), (3.13) and (3.14)• 

Edo + (XV - ;) id® = Edo + (Xd" -xt )ido 	(3.16) 

wher.e q as defined earlier, the direct axe subtransient reactance 

Xd
~,  Xad ~f Xad  

(2.19) 
 Xad Xf + Xf Xkd + ld Xad 

Now eliminating 3.dd from (3.16) by the equations  (3.11) and (3.16), 

x,dO + (Xd It _x) d.0 r "dg + (xd" —z) [A Eg + B Eq® ] 
	

(3.17) 

Similarly for the quadrature axis, 

T1kgo 	k Oo 
® 	o 

or 	.- ~q4 °" ~- Eq0 + a g~a ikgO 

Also 	ioBgo == 	aq iq0 
0 

r 

(3.1$) 

(3.19) 

(3.20) 



Eliminating i 	from (3.21) by the relations(3.18) & (3.19) 

Bq0` (-tq"-xt) :.qo =Bq0 - (Xq" x.) iq0 	(3.2 

where, as defined earlier, the quadrature axis subtransient rea 

Xa g..4. Xk ....~..,...._. ~.. 	 (2 ..2 

Eliminating iq® by the equation Boll) 

Eq0 - (xq" x)  1q = 8~~ - (Xq" -x ) LB Eci A E 	(3.2 

Solving (3.1?) and (3.22) for Edo C qQ ,, the following relatio 
are obtainecd . 

[1 +A (Xq" -xt )) [' +A (Zd" . Xt )J+ 

0 	
C1 +A (xd 	] 1 {Eg0a " " c? i q( 

[: '  ( q ,.x )3 [i +A (Xd" -xt )] 

'I 	B(xd " xi [E 	..(xq 
(xq" -tX ) (xd" ix.,.:) 

+ B(xo" -x) IEdO+(Xd"-W 
+ B (xq" -'x) (:Kd" --29 

..... (3.2 

Solution of the amortieseur voltage equations: The amortis seur 

equations must be expressed in terms off' fide and Eq . The soluti 

thee equations will then determine ~~ and E as functions of 

Assuming 'constant field flux linkage in the subtransi~ 

stage, which of very short duration 

jfd ~= fd0 
or 

0 	0 
Eci Cfifd4" Ba8 	£c1O 

With the help of equation (3.14) 
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E° +x i °& E +A ("w' + , d fd do f x®~ d° 

r Edo (1 + ag ~--) + x3' idO 
ad 

' xad E..fd + kd - 3d 

(3.24) 

(3.25) 

Eliminating i fa and i0 from (3.25) by equations (3.24) and (3.11) 

ikd = CE d +EES .- [ Edo (c4) + dO I 	 (3.26) 

where, 	C  

and the direct axis transient reactance 
I _  Xf Xad 

Xd=xI+ ~f + "ad 
Nov voltage equation (2.3) for the direct axle amortisseur can be 
written as, 

rkd (EdO (C-A) +'d® 
, ~ 	[(1  +xkdc) p +CrlCd + Eq (x1 d B p +rkdB)1 .. 

1.  

Again 
.Ei = xaq (.kq - 9.q). 	( 3*28) 

Eliminating i°0 by equation (3.,11) 
ikq = 

 
B Ed -D EQ 	 (3.29) 

where D=A+ X xaq 

Again the voltage equation (2.4) for the quadrature axis amortisseur 
can be written as 
o = (xicq 131) +rke) Ed. - [(',+Xkq 1) )1) + l? q 	~q 	( 3..30 ) 

Even if saturation is considered, the change in values, of xd ' and. Xa 
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not appreciable,' 'since . x f and xkd are very small 

.3b) yield the result as 

[Edo ( C-A) + ido J. rkd 

dB p + rkdB) ± C(1 +xkgD) p +rkgD } 

x C(1+xkdC) P +rkdC ] 	 (3.31) 

and 

{ak Bp +p B [rkd ~~~  k  
9. 

(1 +x C) A + rkdC (1 +xkgD) p +rqD + [xkx~ Bp + rkgB J 

X [xkdBp + rkdB] 

Ob iously the solution of the above equation is 

0Ed ~. C,~ e~-a1 t 
+ 0e` 0&2t + d0

• 

where 	Bd0 	[BdO (C-.A) + id0 }X 	D 
B2 + CD 

c nd Bq = C1 	+ C2e. 2t + EqA 

1 
where DqO _ [Edo  (0.-A) + id0 }x 	B 

 B2 +CD 

(3.32a) 

(3•,32 b) 

}Iere of and °(Z are the roots of the equation in p obtained by putting 

the denominator equal to zero# 

The constants C1 end C2 can be calculated from the initial 

values Ed0 and Bq0 ap already obtained in aqn. (3.23) 
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When B0 and iare completely known at any time t, then 

from the vector dia ;ram fig. 2.6, through the rely tions (3.6) 

to (3010), ie I 	i, 3q , X etc. can be determined. 

!~s a special case, consider the sudden throw off of all 

loads. In this case 

A =0  B =0  

S0 , Ed0 & 'E9t0 from equation (3.25) are 

Ed®  Edo } (xd" - x1) 'd®  (3.34) 

2 0 	Eq0 - (xgIt .~.x1) 3q0 

Also 	C 	=--- --~- 	end D n 	 (3.35) 
xd -xI  aq. 

Therefore, the equations (3.,27) and (3x30) take the form 

rkd a EdO + id01 = Ct 1 +Xkd e) P + rkdC J E 	 (3.36)  

and 

(1 +z D) F + rk, 7] E 	0 	 (3.37) 

The solution of the above equations,  gives 

Ed 	Ed®t "* (' d0' "' ' d0 ) e~ ( tI dO er ) 

Eo 	 o e-(t/TgOoo) 	 (3.38) 

where 
of 

Dd0 = Ed0 + (xd - x1) 1d0 
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and the open circuit direct axis subtransient time 
XO C 	x + x 

constant Tdon = s + ~kd 
 ar 	kq 

rCd 	 k 

Thus it is obvious that if the machine does not contain 

amortisseur winding, the subtransients do not occur. 

ii) POST.. SUBTRANSIENT STAGE 

When the amortisseur' currents have disappeared, in the 

vector diagram of fig. 2.69 the line ab F Xq - (i11 	Thus 

the following relations can be determined from fig. 2.6 

1d =1i sin, = k1 I i 

ig =/ill cos A = k2 	1 	(3,39) 

where 

ern + Xg ~~rr- 

1 
(R .+r)2 + (# + Xq)2 

k2 	 R+r 

(R + r) + (x + xq)2  
o 

Also 	Ed = (R+r) iq +.-(x + x1) id + k3 id 
(3.40) 

Eq = (xq —xl) q 	; J i1( ° k4Ed 

jell = + 	.K E° 
4 d 

where 

3 	k' 	 ]. 	4 	31 

Therefore, the transients can be determined in term✓  of only one 



unknown Ed  
O f 

Determination of the initial value EdO - The initial value of 

Ej for the poet—eubtransienttage, (E) has been determined 

already in the equation 3.32 as 

Edt. 	(ci) + 

The initial value 	(E 1) can also be determined in terms of the 

constants of the equation (3.40). 

Assuming that the field flux linkage has remained constant 

as it was before the sudden switching operation; 

Therefore 01  

dO 

or 
of 	 o f 

EdO + xt 	o  E 0  + X 1fdO 

Also 	EdQ - Xad fdO "d& 

dO 	X 0 / 
fdQ dO 

ID 

From the equation (3-40); - 3 

Soiiing the above equations for EX 
Edp +(Xd '  h1 Z:) id0 

E 
1 + 

-  - 	--u-- -  
(Xd' 

(3.43) 

As already explained, the value of xdI is not appreciably affected 

due to saturation, eo the above equation (3.43) is applicable 

even when the saturation in the .pole.axis is considered. 

After the subtransiont period i .,e • during the, post- 

subtrañsient period, the air. gap flux 	is given by 
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Ed Xad(ifd ad )  (3.44) 

or 

~d 

The voltage equation of the field, from equation (2.2) is 

efd C . p 7 'td + rfd pfd 	 (3.46) 

Now'  Total flux linked by the field coil. 

air gap flux. 'J : + field leakage flux 
,0  0 + Xf I, 

From equation (3.45) 

i 0 	0 	~,,.. f.._....~.....  f d 	 Xad 	k3 j  

Substitution of the volues 'of 1 fd and fd fott equations (3.45) and 

(3.47) in the ecruntion (3.46). results. 

fd 	d 	Xad k3 	gad k3 

o  efd  (3.48) 

L Xad I.3J Xad  k3 

Clearly, the solution of the above equation is 

+ 	s 	 , (3.49) 

where 
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t 

(I 	a eubtransient -Ic4 R2 e ~ ~ 	
.+ add + le 	poct- 

i1~ 
subtransient  (3.53) 

The current 'I i' l may be obtained from the relation (317), 

3.3.2 PI 1f`ANSI T 

Since the field flux linkage is constant, the field 

currnet for the eubtraneient eta a nay be written as 
0 

. a 
 Edo 	~'fd0 Lpd 	_ 	Ld4 + X f f fdO Ed 	 54)  fd 	---- 	 .. 

f  xf 

But during the subtrancient. period 

C 1 ew c' 	
+ 02e °

t 
 + a V' 

So equation (3154) can be written an 

fd 	fdo 	Xf 	1 	020 
 

(3.53 

where  

ifdO  

For the post.subtransient pert ccs, the epreeion for field cuirent 

has already been obtained in equation (3.45). 
Since the time f.;onctants for the waortieseur transient ate 

small, the equationc(3+45) and (3.55) may be..combined into a single 

equation such as 

. 0. 

1fd 
(I ~ 

Xad 

w•I (C e 
+ 02197 

pit) (3.56) 
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For sudden throw-off of all loads, according to the 

equations(3.38) and (3.55) the field current during the subtransient 

stoeis, 
®  of  7  0  o' -t /T " 

gfd 	'-fdo 	f do - d0 ) e  

During, the post-subtransient stage, the field 8urrent is determined 
E 

by equation (3.45) with l =0 	i fd ° --a — 	So the 
"  
3'  

ad  

combined equation for the field transient is 

i 0 	--- 	.wL (Ed® - Ed01 ) a t/Td0 	(3.58) 
ad  f 

3.4 	AND ERI ICATIONS: 

A salient pole synchronous mt:,w ine (G.E0) rated at 110 volts, 

21 amperes, 4 KVA, 50 c/s, 1000 r.p.m. star was selected for tests 

and vea~jfications. Voltages and current, oscillograme for sudden 

capacitive loading and sudden tart:=w-off of capacitive loads have been 

taken on this rnpj.chine. The quadrature axis amortisseur bars are 

incomplete. The oscillograms are comparedtit~1th the values calculated 

by the ret" od described in the last article. The following tests 

have been conducted to determine the parameters of the machine, which 

are necessary for calculation purposes. They are all in p.u. unless 

stated otherwise, 

3.4.1. TEST..  

Test No. 1 	The resistance per phase of the armature has been 

measured by ordinary voltmeter ammeter method with 

a d.c. supply.. 

The corrected a.c. resistance = r =0..0333  (3.59) 
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Test No.2 The d.c. field resistance has been measured similarly. 

rfd(ohmio) = 29 ohms. 	$. 	 (3.60), 

Test No.3 Block rotor tests have been done on (1) direct axis (ii) 

and the quadrature axis. The values obtained are 

direct axis - 0.0445 + j 0.1122. = r' + jx' 

Quadrature axis - 0.0605 + j 0;.364 
	

(3.61) 

Test No.4 Blocked rotor test on the direct axis has been carried out 

with the field circuit open. The value obtained is 

r" + jxn = 0.0740 + j 0.148 	 (3..62). 

Test No.5 The open circuit and short circuit tests have been 

performed, The curves are shown in fig. 3.1 where the 

induced' voltage is the line to line voltage and the short 

circuit current is the phase current of the star--connected 

acture. The value of Xd  is obtained from the air gap lint 
and the short circuit characteristic. 

Xd  0.900 
	

(3.63) 

Test No.6 The maximum-lagging-current test has been done on unloaded 

machine with a d.,c. motor coupled with it supplying the 

no load losses,{  The negative excitation of the machine 

has been gradually increased till the 'rotor slips by one poi 

pitch accompanied by a sudden drop in current., The 

armature and the terminal voltage of the machine have 

been recorded at this point, that is when the armature 

current was maximum ;, Then the quadrature axis synchronous 

is given by 
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Xq 
rn 

where i. is the t:aximam armature current. 

This test wns carried out and the result was x 	0.432 (3.65) 

Test No, 7 Reluctance motor test: The synchronous maohine is 

run as a reluctance motor and the. load is increased 

till it steps out of synchri nis . At this juncture, i.e, 

at maximum power conditions, current, volts and power 

are recorded, 0 

Now reluctance power P :: j ( 	.. - } sin 2 5 (3.66) 

For iaaxiri m reluctance power b 	450 

.p(-_4.- 	 (3.67) max 2 q, d 

Assume g - 
q 

.2 
• 'max. = 	0 - 	) . (3.68). 

From the vector diagram 

V sin 	xq I$ 

. • Tq = ------ 	... 

Also 
4 = V COES rxd Xd 

• . Id = .. . V 	Here E0 =0, because of no field ~ "d 	ezeitation.• 	(3.70) 
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V I _1 NoYI' 	 i 	.jJ 	+ 	
I'a 
	 ~ 

------ 	k (3.71) 
rrxq 

From relation (3.68) and- (3.71) 

Pmax 	____ 	___ - 3.72 
IT 	 » 

Pmax' V and I being known, k can be determined. 

The value of k which is greater than one is retained. 	Thus the value 

of ' xd and xq can be obtained. 	An advantage o.= this method is that 

the values of xd and xq can be .fouid under approximately normal 

operating conditions. 

This test gave the following results: 

xd = 0.897 p.u. 
(3.73) 

xq = 0.431 p.u. 

Test No.8 	The slip test has been carried out for the verification 

of .the values of xd and xq obtained earlier. 	The values obtained 

are 	 -  
xd = 0.$6 

(3.74) 
xq = 0.393 

These values are in close proximity, with the values already obtained.. 

However, the values chosen for x 	and xq are the following, since slip 

test has some inherent errors. 

xd 	0.897 
(3.73) 

xq 	0.431 
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• The values of r fd, x f and xl can be -Qlculated. o from the 

above tests. ae explained below. In the equation (3.61) , the direct 
axis value r'+ j x' - 0.,0445 + .j 0.1122 is the value of the impedance 
of the circuit oonoi; t:.ng of j xad,rfd +J x f and rkd + xkd ae ie 
evident, from the equivalent circuit of fig. 2.3(a) . Again r" + jx" 
0.0744 + j 0.1480 of the equation (3.62) is the value of the impedance 
of the circuit consisting of r +- j ,xl in series with the parallel - 
combination of j xad and rkd + j xkd ' Ther of ore 

' _r + j (x' 	r'° :r +
j 

	

..' x'° „z 	rr (3.75) 
fd 	f 

in this expression, only xl Is unknown in the left hand side. Thus 

the values of rfd a.d x f have been calculated for different values of 

xi and they have been plotted on the base of x aw shown in fig. 3.2. 

Also the values o:" rfd determined from the ohmic value red obtained 

from test No, 2 for different. values of x3 are plotted on the same 

abscissa of x1 The intersecting point between these two curves gives 

the values of xf , rfd and xl. 
As obtained in the relation (2.18), the per unit value of 

field resistance 

	

2 
	

• 	 (2.18) r 	r (©hm~.o) 	fd (ba 	a base 
fd 	3 	fd 	i 	 J s 	ee a(ba®e) 

where 1fd(base) 	Xad 1f4 	 (2..17) 
i being the actual field current corresponding. to the rated 

veitage. • 
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IOW i£®  from the air gap ling of the open circuit 

characteristic corresponds to 1.497 ampers. Therefore 

1fd(baee) u (xd ' —xl) x 1.497 amperes 

ia(b se) = 21 x Ji 	amperes 	 (3.76) 
ea(base)  = (110 x J) / Si volts 

The value of r fd  are calculated for different values of 

xl  by the relations (3.76) and (2.18) and they have been plotted in 

fig. 3.2. 

The :intersecting points between these two curves give 

rd = 0.01082 

xl  = 00803 

rk$ 

 (3.77) 

xf. = 0.0565 

and xkd  are obtained from equations (3.62) . Thus, the entire 

parameters of the .synchronous machine as determined to a fair 

approximation from the above tests, are listed below: 

xad 	w xd  —x1  = 0.897 —0.0803 0.8167 

xaq 	Xq  -xi  d 0.,431 — 0.0803- 0.3507 

xa 	=0.i33 

Xd1 	= 0.1122 

Xq' 	= Xq" - 0.,364 	 (3.78) 

rkd 	= 0.0482 

Xkd 	= 0.0710 
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1fd(base) = (Xd —x1)x 1497 amperes 

= 1e222 amperes 
	 (3.78) 

3.4.2. AI!T LOAD TEST 

(i) SUDDEN CAPACITIVE LOADINGS— 

The machine initially generating rated frequency and rated 

voltage on no lord, has been suddenly loaded with a capacitive 

reactance of R + jX = O—j5.26. The d.c. supply given to the field is 

assumed to be taken from a constant large capacity generator, The 

field has been connected in series with a resistance to the above 

d .c. supply and the steady field current i 	is 1 .58 amperes. 

After the machine parameters from tests have been 

obtained, the particular solution of the transient can be determined. 

The operation during the subtransient stage is determined approximately 

since the amortiseur has a.  very small time constant. The free 

transients, as d1seused earlier, is disregarded. 

The rarameters obtained from all equations(3.59),(3.64), 

(3.?3),(3.77) and (3.78) are 

r = 0.0333 x 	N kd = 090710 
xl = 0.0803  Xd 	= 0.97 

0.0565 c 	= 0.133 

rfd = 0,01082 = 0.1122 

rkd = 00482 xq' = 0.364 
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(a) Subjriet$te:-  

The resistance in the armature, being very small, is 

neglected for the solution of the subtransient period 

IM 

X = —5.26 

So 

0.1871 

E 
= 

1 + Xd -x1) A 

- 1 =18.763 

d 1 

D = A + 	=2.134 
Xcvi, 

1.006 

0  Eq0 0q =0 

. 0 	Eo IC-A-1 = dO 

1+ 
L 3 

=1.011 

Th.e is a single time constant 
'C 1 1 	1+ kd 	2,675 

'(I 	 .rkdJ 

Therefore 9  for the subtransient stage 
Do 1.011 	.o5et/2575 

As discussed the term O.005e"'2.5?5 subtracted from 

the tiE; fiction of B  in the post-subtransient stage, gives the 

total transients, 

(b) Poet- btransien Stage:- 

H +jX * 0 -j5.26 

From relations (3.39) & (3.40) and fig. (2.6) 
0 

: 	:: 
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where 
X+xq k1 = sin A = 	-- 	= -0.999 	(3.79) 

(R +r)2 + (x +xq)2 

k2 = cos = 0.0446 

and 

Ed = k3 id 

e 	= 	X2 	. 	k4 Ed 

where - 

(R  k  -  +.(X +x1)  = -5.181 k 

k  = -0.193 
3 

(3.80) 

~2 + X2 . k4 . = 1.015 J 

The base field current = ifd(base) = 1.222 amperes 

Therefore 1 ~ $ 

1fdO = 1.222  = 1.293 

The total resistance in the field circuit 

rfd(ohmio) =  = 47.4 ohms  (3.81) -1.58 

-  x 0.01082 = 0.0177 p.u. 
29 

the alternator field resistance being 29 ohms as in equation (3.60) 

Therefore the field voltage 

efd = rfd $ 1fdO  (3.82) 

= 0.0177 x 1,293 = 0.0229 
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From the relations (3.48) and (3.49) 

Also 

E 	O1et (349) 

0. efd 	
1•. 

p • 	+fJ + 	+ 	 (3.48) 
Xad 	 j Xad 

15 

where is the root of the eation (3.48) in p, obtained by putting 

the denominator =0 

Therefore 	- rjk3 + X) 	001728 
xad  Ic3  + Xf (k3  + 

1' 	 1.257 1 	+ 	1 )  
ad 	Ic3 

UO 
20 - C e01?28t + 1.257 d1 

or 

d 1.257 - 0.246 e' 728  

Thus the total transients are given by 

= 1.257 - 0.246 .0.01728t (3.83) 

The values of the terminal voltage 

= 1.015 E 	 (3.80) 

are plotted on a base o time t in the figure 3.3 incorporating 

sub—transient stae also as given in equation (3.83). The current 

is also plotted on the base of time t ir the 
/ R2  + 

figure 3.4. 

Oscillogram: The current and voltage oscillograme. are shovm in figure 
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3.5. The curves—voltage Vs. time and the amplitude o. symmetrical 

comnouent of current Vs. time are also shown in fig. 3.3 and.. 3.4 

respectively, 

(ii) SUDDEN THROW OFF LOADS 

The machine initially supplying current to ar impedance 

R + )X = 0-j5.26  at the rated terminal voltage and at the' rated 

speed is duddenly unloaded. The steady, value of the field current 

is 1.415 amperes taken from a large source of voltage of 50.5 volts 

in series with a resistance. 

(a) Subtransient stage 

The subtransient stage is determined approximately since 

the amortisseur has a very small t1iae constant. 

A=O 	C 	A + ._..., ......_. 	18.97 
XdXi 

B =0 	1) = A +--~'--- =2.858 
Xaq 

Load resistance is zero anc the armature reei'stanee .,being small, is 

neglected. Therefore, the quadrature axis 

F 	(ems (x+xl) 
d0 	X 

initial 
1e1 id0 = 	L--'J 	.10.1901, 

initial 
So 

components are all absent. 

0.985 

Ed® 4 Edo + (Xd" —x1) id0 = 0.979 

Ld0 
	

Edo + ($d' _' ) 1d0 0.975 

2.56 
kd 

Therefore, the equation (2.38). gives 
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-= 0.•975 + 0.01 est/2, 56 

(b) Post Subtr ns int Stege:- 
i 	 .4 	= 1.159 

50.5 

fd 	1.222 

rfd 	 41  35.7 ohms. (ohm.c) 	1.415 

rfd =  x 0.01082 0.01331 

Therefore, the field voltage 

efd. = rfd X Lfd ` 0.01331 x 1,159 = 0.01542 

•

1 

J 

(3.84) 

(3.85) 

N or 

B°d a 01e 	+ 
where 

rfd (k + Xad ) +xf k3 + 0 

'3 ,. 	 a 

Here  - =0 

Therefore 

r~
d
x

. 
	a 0.01523 

x ad f 
The initial value 

o f 	Edo + (Id' :a ) ~'d0 
Edo 

	x1 

k 

where 	k3 = 0 
 1 

e~  ° 
Edo 

	o.9S5 
+ k4 initial 

Eo  1 (3.80) 

id0 	k 	 0.01 W .0.19 
~. initial  -% 
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Therefore, the value of 

Ed® = 0.975 

o 	e$d 	 e- 	-~ x 4 	ad rfd 
fd xad , k 

= 1.159 x 0.8167 	4.`946 

• ®O.Q2}e-0.015231 
d 	 + 0.946 

Therefore the total tranvienth are given by. 

Ea= 0.946 + O.®9ept/2.56 + 0.029 a ©.01523 t (3.86) 

The value of terminal voltage' ®1 = Ed Vs. time t 

incorporating suhtransient stare has been plotted in fig. 3.6 

Oscillogram: The oscil.lograsu; for voltage is shown in Fig. 3.7. 

The curve of the voltage STs. time obtained from the oscillograr is 

dravrn in fIg. 3.6 to compare with the calculated values. 
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C HA P T E R— IV 

Ti-fl BQUIVA.IENT CIRCLIT3 OF A SYNCiRONO1JS ACRINE 

UNDER UNBALANCED LOAD A.iD. FAULT CONDITIONS 

`4.1. INT.RODUCTI dN : 

in this chapter, the equivalent circuits of a synchronous, 

machine, for usual type of ,faults and-unbalanced loads, have been 

developed, melting use of the conventional symmetrical components. 

First of all, the transient equivalent circuits of the 

synchronous machine, involving positive sequence and negative sequence 

components of currents, voltages and flux linkages of infinite time 

harmonics have been developed, neglecting the zero sequence components, 

which have been considered along with the load circuits. Then 

the transient equival ent circuits of the load, for ;different types of 

fault.s etc. involging again the infinite time harmonics, have been 

developed and connected with the alternator equivalent circuits. The 

scheme of interconnection is came for different frequencies depending 

upon the type of fault or loading. Further, it has been possible to 

employ complex notation for the sinusoidally varying currents, voltages 

and flux linkages, since the armature transients have been neglected. 

Assumptions nade in tie article 2.1 for the derivation of 

Park's equations are also applicable here. Further, the follovvipg 

assumptions are made here: 

(a) The saturation in pole axis, quadratureaxis and 

leakage paths is neglected. 

(b) At second, or higher harmonics frequencies, xd(jw) 

and xq  (Jw) are assumed -  to be equal. to the , subtronsient 

roactances xa and xg11  respectively. 
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( 	(©) The speed of the machine or its frequency is assumed 
to remain constant at its initial rated value during the 
transients, 
The amplitude v ,riation of the symmetrical components of the 

armature voltages, currents and flux linkages has been assumed to be 

small compared to their frequency variation. This assumption is 
Justified that the rotor circuits have larger time constant end

thus the rate of variation of the d.q axis currents in the particular 
solution is very slow compared to p9 which is unity. -tin this assump- 
tion, the transient equivalent circuits developed are transferred to 
equivalent circuits, simil:yr to the steady-state equivalent circuits, 
developed by Kron. It should be noted that he rms values of currents, 

voltages and flux linkages are slowly varying with tire. After 

simplification of these circuits, the ladder networks are obtained. 
showing the distribution of alternator currents of different harmonics 
at any instant. 	 u 
4.2. 	TEflMINATION OF 'T 4, .ANSIT 	 CIRCUITS 

4.2.1. ALT_,... ER ATOR. EQUIVALENT CIliCUI S  

The linkages, due to the zero frequency air-gap flux in the 
direct axis and quadrature axis can be expressed as 

Tdg 	, xad ( 'fd 	+ . ~'kd " ~'d )=% 	 (4.1) 

and 	qqg -xaq (iq ikq) = 'Eq 
	

(4.2) 

The positive sequence voltage of the fundamental frequency 
induced i 	the armature clue to air gap. flux linkage is given by 

p 4dg 	cos ( t + 6 1 ) •• 'V s:in (t + 6 1 ) 
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cos (t +6) .» 4'd0 sin (t +d _ p4tq°g sin (t +6 
g 

. tçrq cos (t + 6) 

0 0 
P td.9 Cos (t +d) + t~rdg cos (t + 6~+ ~0 ) 

---p q ,sin (t +6~) -' 	n (t + 6 + .fO ) 

:- (P + jf) 	o cos {t +d) 	(P + ii) g  t(f~ sin (t +e~ 

(p+ ji) 1 l d 	C4 (t +6r + 	C:oa ( t + 6'+~;o)~ 

Here. ®1 is the angle by which the direct axle leads the phase a at 

the instant of the starting of the transients, When ti e t is 

assumed to be equal to zero. 

The above can be written in complexor form as 

El 	(p + ji) (Ji 	+ 

or 

	

+ j X 	(3.f°d + 3.ki° 	. ) 

The positive sequence component of is due to i and io 

ld oos (t +d)  
0 

i0 cos (t +d) + io cos (t + 6~+.9O) 

or, in complex notation 

$j = i + j 4 ( 	 (4.4) 

At any other higher even h ,rmonio of (s+1) th order, for the d, q -axis 



 

e+1  s +1 

*dg dg 	.,(Zd" 
a. 

	

+1 	 +1 `  Y  (4.5) 

The (s+l)th  harmonic currents in d, q. axis can be split into two 
parts, such as  

s+1  s+1  s+1  s+1  ®+1 
id 	( id 	+ j iq ) + 	(-d — J iq ) 

and 
s+1 	s+1 	a+1 	s+1  

= - 	(id 	+~ iq ).4j j (Id —i iq ) 

The first part of each of the above expressions corresponds to positiv( 

sequence components of .a of frequency (s+2) times the fundamental, 
that.is, 

e+2. 	a+1 	s--1 
is = . (id 	+ i 1q ) 

	
(4.6a ) 

1 	s+1 	a+1) 
Re * (~,d . + j q 

	
e 	(s+ 1 t 

x cos (t +01) 

(8+1 t + +1) 
+ 	(id. 1 + 

	
a 	 sin (t + 8) 

Re 	
(is+1 + j is+1 ) e 	+ 0+ 01 ) 

d 	q 	, J 

The other - components of iS+land i'+1 correspond . to the negative 
setae nce component of is of s times the fundamental, that is, 

s+1 * 	s+1 
i2 =  (3d  i .q }  (4.6 b) 



as  s+1  s+1  0+y 
Re 	(id •• i 'q ) e . 	t + 8 -' Coe (t + 8~ ) 

s+1  ®+1  j(®7 t + gS+1 J (id - j i 	) e 	, 	1 ein (t + 	 ) 

Re 	(io+1. i®0+1) ej(8 t + 9  L 41 ) 

It is observed from the above expressions that the positive sequence 

comoo.T3ent of i. of fundamental freiuency is introduced by the direct 

and quadrature axis currents of zero frequency and vice versa. Also, 

the fundamental frequency nega Live sequence component of la is 

due to the direct and quadrature axis currents of double the fundaments 

frequency and vice versa. Thus only the even harmonica are present 

in the field. and amortisseur windings and odd harmonics in the parti-

cular solution of the armjc.. pure. It is al so soon from the above two 

expressions, that 

es+1 + gi  0e+2 

and 

ea+1 • @1 

Since the above two . equations are valid for any odd value of s! 

and  
591 = 05 
	

(4•?) 

Now the syr metrical components for the flux linkages may also be 

introduced, as 

e+2  s+1  n+1  - 
~/~ 

 
+j t J 

~1s+1 	~ 	 (4.8) $ $ INNS - it 	} 



Relations (4.5), (4.6a), (4.6b) and (4.8) result in 

ff +2 s+2 	x 	t1 s+2 s 

or 

	r..(~i (xa-xl)il 	+j   
2 

s+2 	s+2 xd"—xqa s+2 s 
(xqn_ x1) i1 	........2 .—. (i~ +32 )] • •.(4~.9a) 

J 

€ n 	 t3 	Rett 	Xd" 	s+2 	s 
(xd"► -xl) i2 — j 	~i~ — a.2 )J...(4110)  

ox 	s 	 $d q~~ s+2 s 
_~~ (xq" 	x1) i2 + j --~2 	{11 + 12 ) .. (4•1 

th 
Nov tie ( x-2) 	harmonic positive sequence voltage induced 

in phase a due to the air gap flux is 

— p 	e 

(p +~ s• 2) . . s+2 et + 
C ~ 

Expressing it in complex notation, 
• s+2  s+2 

p +i s-h2 . 

Similarly for the negative sequence component of 5th b.'.rrionic 

j E2s 	S . _ I12 (4.12) 

8 	S 
Novi E1 and E2 are the induced positive and negative sequence 

Compone .ts of str harmonic of phase a.. So the tcrm.nal voltage with 

respect to either generator star«-point or ground (assuming the gene- 

rC for to be earthed through an impedance) satisfy the following 
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relations 
_.~ w (r + x. 	is 

e2 	.. (r + X, p) 

since. 	 _1 

P (d1 
+5

) (p + je) i.
io 

 

The above erections can be written as 

~ 	e 

P  P Ja  P Ja  ,  

(4.13) 

a  a 
= . 	,. ( —. :—.. + j 

p  Pj  t 2 

Now the transient a divalent circuits for the synchronous machine 
are developed in two. different ways as shown in figurer 4.1(a) and 
4.1(b) . The fundamental positive sequence equivalent circuit is deri.- 
ved from the equations (4.1), to (4.4) and (4.1.3) e- in both the 
diagrams. The harmonic equivalent circuits of fig. 4.1(a) have been 

derived from the equations (4.5), (4.6a) r (4.6b), (4.8) to (4.13), wher 
(~.~ 	i) flows through the co imon branch of reactance 

x " j ( 	) . The harmonic equivalent circuits of fig. - 4.1(b) have 

been derived from. the equations (4. ),(4.6a),(4b6b),(4.8),(4.9x), 
(4.1®x): ,. (4.11) to (4.13) , where iS+2 + is flows. through the common 
branch of- reactance j _d. : 1l . The zero sequence components will 

2 

be considered along with the load equivalent circuits. 
4.2.2., WAD EQCl'I 4LEN CI OUI~ 

The synchronous machine, grounded through a resistance rn 
and an inductance 	in series, has been supplying a balanced 
equivalent star connected load., each phase having a resistance r ~ 

0 
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inductance XL and a capacitance 1/x01 all in series, the star- 

point of the load being grounded through a 'resistance rnL and an 
inductance XnL in series. The transient equivalent circu=its are 

developed for the following cases of unbalanced loads or faults on 
the above machine. 

(a) A single phase load or fault between one line and 

generator star-point. 

(b) A single phase load or fault between two lines. 

(c) A load or fault between two lines shorted and 

generator star point. 

(d) A load or fault between two lines shorted and third 

line. 

(e) One line or phase open. 

(f) Simultaneous opening and connecting of one ph^.se to the 

generator star-point at the alternator end. 

(a) 	A single phase lo.d or fault between one line and generator 

star-point. 

Let the load or fault has a resistance of rp an inductance 

of xF and a capacitance of - - all in series as shown in figure 
ep 

4.2(a). 

From the above figure, the ,following current relations may be 
written as: 

	

~ 	s 	s

"\ 

~1  11y + i1y' 

(4.14) 
122L + ~'2P 

iQ iOL + i®;, 
s 	s 3bP ieF 
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or 
1. 

1T ~` i2F = i'OF 	 (4.15) 
and  

1Z = 1/3 i 

Assuming the generator star—point as the reference 

potential, the following voltage equ^.tio.ns may be written as 

s e s  
eI 	e2 = e2L 	$f? =SOL 

jej 	s 	. - J -- 	ZLLt ' 11L 

P+ j Zit 12L 

jeQ 	05 	a 	s 1  [ZLt + $ (ZnLt + Z!t) ]  

where the transferred transient imoedanees are defined as 

(4.16) 

ZLt =_____ + 	+ 
p+js  tP+js 

a 	jr 
ZnL ta ----~~- 	pn 
S  ~r 

Znt = r+ 	+ Jxn 

In the equation (4.16) the following identity has been considered, 

~ s -~ 	 het+s 1 
g ri.e 	= (P+js) I i.e 

~e 	 1  
and I/p r i.e°  



Also 

 

 

With the equation (4.15) the above can be written as 

® 	e 	e e 	je 	je 	a 	e 
pi e 	+ 	p i s 	+` 	Ft (4.17) 

The zero sequence voltage equation from the alternator side may be 

written as: 
. 
je0 	ae 	(4.18)  
p+jé

~
Qt 10 

where the transient transferred impedance is defined as 

zot 	J S + #0 

Now considering the equations (4.14), (4.15),(4.17), and 
(4.18), the transient' load equivalent circuit can be derived as 
shown in figure 4.2(b) with reference to the alternator equivalent 
circuit of figure 4.1(a) 

(b) A single phase load or fault between two lines— 
Let the fault or load of resistance rp inductance x and 

capacitance 1/x0p be suddenly switched across the phases b and c as 

shown in figure 4.3 (a) 
The current equation (6.14) are also valid here. 

.Further 
I,bP + ick, 0 

and 
rap =0 

Expressing in syr-metrical components, 

©F = 0 

i1F + i2F =0 
 (4.19) 

The voltage equations, assuming the ground as the reference potential 
may be written as 
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el 	= e11 f e2 = e2L 60 	e4L 

e 

p js 	 s it 11L. 	-  	= ZLt 12L 	 (4.20) 

s 

js 	= (~Lt + 3 Z.Lt , 'oL 
Also 	je - jec 	s ~+ 

j js 	~Pt bF Expressing in terms of symmetrical components 
a 

jej 	Jet = Z  i~,  (4.21) 

Con iderin,. the equations (4.14) , (4.19) to (4.21) , the equivalent 
circuits of the, lodds may be derived as shown in figure 4.•3(b), with 
reference to the alternator equivalent circuit of figure 4.1(b) 

A load or fault between two lines shorted and generator star point. 

Let the fault of load impedance across the lines b,c shorted 
and the ground star-point have a resistance rp an inductance zV anc 
capacitance 1/xc , as shown in fig. 4,4(a). 

The current relations (4.14) are also valid here. 

Also so 	yap, =0 	or ii? + 12F + 3OF =0 	(4.22) 

The voltage relations (4.16) taking generator-star point as the 
reference potential are also applicable her-e.- 
Further itb jec s e e - 	 --.~.. = 	.e..-~----» p+js ' 	p+js 	't 'bP '~'cP 
Expressing in -terms of synnmetr? cal components and simplifying, 	. 

p+ Js 	p+ js 	p+ j8 	`d Pt OF 	t4.2z) 

From the considerations of equations(4.14),(4.16) 4 (4.22) 

and (4.23) the loRd equivalent circuits can be derived as shove 



in fid;. 4.4(b), with reference to the alternator equivalent circuit 
of fig. 4.1(b) 

(d) 	A load or fault between two lines shorted and third line. 
Let the load or fault has a resistance of rf, inductance 

of x~ and a capacitance of 1/x 	all in series as shown in figure 

4.5(a) 

The current equatione(4.14) are also valid here 

Barther 

ZaF = d 1 bF 1OF} 

•' • 	iag =0 	 (4;24) 

The.voltage equation(4.20), taking ground as the reference 

potential are also applicable here. 
Also 

eb =e. 

and 	jeb ~ je 	_ 	e 	® 	8 
~-e 	(i +LCP)ZPt 

After simplification and introducing symmetrical components. 
S 	 g 	 ® 	 o 

j1 	~ ....e?....... 	s 	e 	(4.25) 
p+js 	p+ js 	" ~iIF + 12F} 	3 

Considering the equatione(4.14), (4+20X4.24) and (4.25) 

the to .d equivalent circuits can be derived as eho m in figure 4•5(b) 
reference to the alternator equivalent circuits of fig. 4.1.(b). 

(e) One line or phase open - 

Let the phase a be open at any point. The following 
ou'-~rent equations can be ,Yai t:erg: 

1a 	1aL =0 
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• 5.0' 	8 
1b 1bL 

'is 	• 	 S  
a' 1oL  

or 
=0 

and 
5 s s $ s 

11L ' 2 	2L' o 	 (4.26) 

The voltage equations, taking generatorstar as the-reference 

potential, may be written as: 
S 	'S 
ebebL =0 

0* eCL 
s =0 

Mis 
S 	 S S S 8 

L 1L 	2 2L  ,O 	 0,  
pi-js 	p+js, 	p+js 

Consideration of the ecluatione (4.16)(4.18)(4.26) and 

(4.27) lend to the load equivalent circuits as shown in figure 4.5(b), 

with reference to the alternator equivalent circuit of figure 4.1(b).' 

(f) 	Simultaneous opening and corn'eeting of one phase to the 

generator star—point at the alternator end. 

Let the phase a be opened and connected to the generator 

star-point through an impedance of resistance rf inductance Xf and 

capacitance 1/x01 as shown in' figure 4.7(a). 

The load equivalent circuit will, obviously be the 

combination o:'figs, 4.2(b) and 4.5(b) as derived earlier. However, io 

avoid Intermixing, an insulating, 1:1 transformer is employed. Thus 

the combined equivalent circuit is shown in fig. 4.7(b). This is 

shown with -reference 'to the alternator equivalent circuit of the fig. 

4.1(b) 



4.3. SIMPLIFIED Et1JIVALENT GI ?QUITS 

The complete. equivalent circuits are obtained by the 

combination . of the alternator, and load equivalent circuits. - the 

simplified equivalent circuits are obtained by putting p=0, Since 

the amplitude variation of sinusoidal currents, voltages and flux 

linkages is assumed to be very small as compared to their frequency 

variation. Thus the transferred transient impedance now becomes 

the transferred steady-state impedance, as defined below: 

9 _ 

Z0 ~' 5 + Jx0 
r 

ze = 	+ jxn 

s 	rL 
ZL = s + j (xZ - 2 ) 	(4.28) 

z, = rf/® + i (xf - r ) 

s 
ZnL ` 	s + IJ xnL 

All the impedances in the above equation (4.28) are 1/s tirm the 

equivalent impedances of. the branch in question at a times the fund- 

mental frequency, even when the branch consists of a number of sersies 

16ara1lel elements. 

After eliminating p and then simplifying the load equivalent 

circuit of fig. 4.2(b) in conjuction with the alternator equivalent 

circuit of the fig. 4.1(a), the 'complete equivalent circuits or ladder 

networks may be drawn as shown in -fig., 4,8(a). Similarly the othe:Vl.oad 

equivalent circuits of figure 4.3(b), 4.4(b), 4.5(b),4.6(b) and 

4.7(b) in conjunction with the alternator equivalent circuit of fig. 

4.1(b) , are simplified t,) fig. 4.3(b). However, the impedances 

z and Z4 are different for different cases as shown below: 



(a) On delta-star oonve -sionof the load impedances of rig. 4.2(b); 

= 	(z (z + 	+ 3 	+ 3 ; ). 	_____ _______ 

(2z ~3 4 (z ~Z + 3  +3Z)~ Z)(z + 3Z+3Z)0 

= 3 g4 (zg +Z +3Z + 3Z) ~Z Z(Z +3Z+ 3Zr) 
4 

(2z~3 	(Z +3Z + 3Z)4  	n 

- 	 I...... 	 (4.29) 

as shown in figure 4.8 (a). 

(b) On delta-star cgnversion of the loed iapedance of figure 4.3(b), 
¼ 12 

3 
• (2Z+Z) 
- 	 (4.30) and 

as shown in fig. 4.8(b) 

(c) By replacing the three parallel impedances of fig. 4.4(b) by 

an equivalent Impedance and- then Xising the delta-star conversion: 

	

3Z s Z15 (Z 't 	3Z 	n +(z 	(Z +3Z 
+  us + 64) (z + 4 + 3 Z +.3 Z) +2 (Z) (z +3 Z +3Z4) 

(4.31) 

and Z =0 

as shown in the fig. 4.8(b)  S 

(d) From fig. 4.5(b),8 	 • 	 - 

5 
3 	3 	 (4.32)  
and Z=Z  - 

as shown in figure 4.6(b) 
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(e) From fig. 4.6(b), 

Z3 w Zo + ZL + 3 Z~ + 3ZnL 

8nd 	~8 w Z2 
~4 L 

as shown in fig. 4.8. (b) 

(f) Simplifying the circuits of the figure 4.7(b) and eliminating 1:1 

transformer as shown in appendix (4.4+1), Z3 and Z4 of, the figure 4.8(b) 

can be obtained as: 

Z® (2e + Ze +3Z +3Z a  
3(Z0 +ZL + 2Zn + 2ZnL)2 

3Z0 +2Z + • 4 Zn + 4 z'nL + ZF 

4906•...  (4.34) 

and s s 
z4` ZL 

4.4 4n, Dendix 

4.4.1. THE SJ APLIPICA I'ION QFTH L4TTV ,!̀ trs; CIRCUIT OF FIGURE 4.6(b 

The figure 4.6(b) can be red ran as shown in figure 4.9 

The voltage equations may be written as, 

S 
e1 	e s ~ 	s 	s 8 s e 
$ = (z) (i1 +.2 -3i0F) +(ZL +3Z +3ZnL)(i1 +i2 -~ iOF)+ZL (3.1 -iOF) 

e2 e s s a a e s e s s° z0) (~.1 +32 -3 i ) +(Ze +3Zn +3ZnL) (i1 +4 '-.Zi ) 

+ZL (i2 - iOF) 

-  
e  Zs (is + i2 -3 ij)  (4.35) 

Also 

e1 +e +e 	B S 

S 	" 3 ZF OF 



71' 

Solving the above equations: 

+ , 	 + 2z 8 

(is + jS ) 	(4•33) 
3Z0 +2Z +4Z+4ZnL +Zp 

Now eliminating i,  in (4.35) by the equion (4.36) 

+Z3Z+3z  
4Z~4Zn~Z  ] (i +i ) 

+Z8 
is 

a  a a a 
 I  3Z +Z  + 2Z _ 

	

L 
000" 	 +3Z aw 
a  o  

flL) 
- 

L 

	

+Z8 i  (4.37) 

In the above equation (4.37), clearly the coefficient of 

(i + 02) is  an the other coefficient is  as shown in the 

equation  



 

H.; 

jI3v?i 	
p#i 	 - 

j 3  2 
1 

2 

3 

Atli fr'z/3 

A2' 
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IL  

I 	

ftJ,Je 
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F H 
Ath 	 fr, j ,  

'IX/.S 
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CIIA_PT ER—V 

A SY CHROUpUS MA.CH 'E UNDER THMALANCED LOAD 4D 

EMILY CONDITIONS 

5.1.  INTRODUCTION:  

In the last chapter, the transient equivalent circuits of 

the synchronous machine, along with the car non types of faults and 

unbalanced loads have b€en developed and therefrom the equivalent 

ladder networks for infinite time harmonics have been deduced on 

neglecting armature transients. The currents, voltages, flux i .nknges 

etc are expressed in complex notation in the equivalent circuits, but 

their magnitudes vary with time. 

The harmonic au :rents, voltages and flux-linkages are 

small in their rragnitudes and their effects on the r.m.s. volae is 

negligible for all practical purposes. So only the fundamental 

frequency quantities are considered in terms of. their ..rms „magnitudes, 
i 

as functions of time, after reducing the ladder networks, that is, 

after considering the effects of other harmonies on the fundamental 

frequency performance, 

5.2. R. '.D(JCTION OP-  LADDER NETWORKS: 

The equivalent ladder networks as deduced in the last 

chapter are shown in fig. 5,1(a) snd 5.1(b) respectively. The valuers 

of. 3 and Z4 have been calculajed in terms of the transferred 

steady state impedane s of the machine. Now the definition of any 

transferred steady—state impedance, corresponding to sth  harmonic, 

for example, 
r 	 X 

13 



shows that with increasing s, the resistive and capacitive part of. 

the impedance decreases., Therefore a, value of s is so chosen that 

the portion of the network at frequencies of s or higher- is assumed to 

consist of reactances only as shown in fig. 5.1(°a.) and 5.1(b). 

aa 	s+2 	s+4 z3 = j x3 = j  = 3 xs 	......=~x3 
s+4 	(5.1) 

Z4 	3x8 = j xs+2 = j x4 	= ..o.. =jx4 

In figure 5,1(a) , the uth fraction of the total current 

entering at the branch 01 is diverted through the branch of 
x 19 -x" d and the same fraction of the total current is diverted 

2 
through reactances at other junctions such as 03'05 etc. as the 

network is spread to infinity following the same pattern. Similarly 

the Vth fraction is diverted through the branch j x3. Now writing the 

voltage equation for the loop 01 02 02/ P 01 

n 	t► 
u (- 	d) _ (1-u) (xd" +xu) +1 (1-u) X3 

which gives 	u 	xq►r _ Xdn_ - xd't + 
X4 	 (5.2) 

v ̀  i-u 	2x3 	x3 

Equation for the loop 01 02 03 03 02 01 01 is 

x u x" 
u( 

 
2 d ) -' (1-°u) (xd" +x4 ) +(1-v) (1-u) (xd" +x49 

n _ x ►► 
+u(1-v)(1-u)( 

x 
x it 	d ) 	(5.3) 

Eliminating v by the relation (5..2) and putting 



- (xd + 	- 	+ 	+ 2x3) 
It 

Xd 	-. 
1-,x3  'x4  

The equation (5.3) is reduced to 

2 (q 	)+uw..w0 

which gives 	-w/2 + 
/2W 	x" d"

I 

Xg  

2 

(5.4) 

(5 15) 

The other value of u is negative which means increasing currents for 

higher harmonics, which is impoasIbleand thus is neglected. 

Similarly, solving for figure 5.1(b) 

W // w2  + d 
u 	2  

Xd 	
xall 

2 

where 	

:: 

+ 4) (x 	+ 	+ 2x3) 	
(5.7) 

2 q. + 3 + 4 	 / 

The network for the frequency ranges upto (s-2) will 

remain undisturbed If the impedance ju - q0 	replace the 
X  It 	H 	 x It  -x It 

branch j - --- across 0 0(  in figure 5.1(a) and ju 	2 

across 0 0 in figure 51(b) and then the rest of the networks for the 

frequency a and higher is removed. The above process, reduces the 

networks to a finite number of hrmonIcs. The networks 5.1(a) and 

5.1(b) are further reduced to the fundamental frequency as shown in 

fig. 5.2(a) and 5.\2(b) respectively by simplifying the parallel circuits 



of higher harmonies, successively, since the solution is needed for 

fundamental frequency only. In the figures Z2 may be termed as the 

equivalent negative sequence impedance of !.he synchronous machine. 

The equivalent negative sequence impedance has been 

calculated for simplified cases, in the following article. 

5.3 DETER INATION of EQUIVALENT NEGATIVF; S ; ENCL IMPEDANCES. OP A 

SYNCHRONOUSS MACHINE 

.5.3.1. LINE TO NEUTRAL INDUCTIVE .LOADS OR k?AULTS 

Let the synchronous machine having a small armature resistance 

is initially on no load, when an inductance xF is switched across the 

phase a and the neutral, Since r is small, (r/3)., (r/5) m y be 

neglected and the equivalent ladder network may be dram as shown in 

fig. 5.3. The voltage equation for the loop 01 03 03 0~ of is 
~r 	tr 	 n 	rf 

u 	` 2 d y 2(1-u)xd" + u(1-u) 2-= + (1-u) (x0+3xp) 

On solving this, 
X' _x r• 	u 3x 	 x x 	~c 3x 

u --- 2' d:.. xd+~ + 0-- +3 +r: {X4+ 0~ .' ' - ) (xq" + ©"""' 2 " r) 

Therefore the equivalent negative sequence impedance 

3x
/" 	

~1C + 3R  

2 	2 	 2 	 2 

5.3.2. TW"SHORTED LIN S T( TUI..ID LINE "NDUCTIVE LOADS OR FAULTS: 

Let an Inductance, xip be connected across two shotted phases 

h,.0 and the phase a of a synchronous machine on no load. As r is 

email, (3.) ( 	) etc. can be neglected and the equivalent circuit 

of the synchronous machine is drawn as shon in figure 5.4. The 

voltage equ'tion for the loop 0 02 02 0i 01 is 



U ( X 	X ) = (1—u) ggta + v (1—u) 

• v 	_3 (d 
tt _xgtt~ 	— 3 	_+ 

• 1—n  2x3  x3 

and the equation  for the loop 0 i 020303020101 

(5.9) 

U (.0 _ `~ 	 d ) 	(7—u) Xq'° +(1—v) (1—u) xgra +u(1—v) (1—u) 	2` 2 	 q 

Eliminating v by therelation (5.9) 

22 

x tt xA/ 	 x3 +3x"2 ) 	2(2x ìx +"2)
u ( 	) +U 2x3 +3Xd" + 3xgtp 	

., - 2x 3 +3xdtt 	3xgre 

tt —A rr 	 X 11, 	rt •0 U(. )_+ / 

where 	ver 	2 (2 x." x3 + 3xgFt2 ) 
x3+ 3xdtt + 3 xq° 

6o the negative sequence impedance is 

r+ X(' ~ tt — j Wi
G 

t. ~. 	2 	Xdts _X
(

t°`t ' 	

WV J. 	 gran  
4 (5.10) 

5.33. 	TO LINE I3>~DUCT I VE LOAD. OR FAULT 

Let an inductance x , be suddenly switched across the phases 

b and c of a synchronous machine on no load. r being small, 

( 	) etc. may be neglected and the equivalent, circuit of the 

synchronous uachine is d.ravxi as shown in figure 5.5. 

The voltage equ:otion for the loop 010303010 is 
I 

R rt ._X tt 	 g to _X " 

u( 	d2 	q ) r 2(1 -u)xq" + u(7—u) 	 + (1—u)xF 

From which 

	

+t 	to 
U 	a _ q'+ 	+cXgtt+ 2 (xd°t "fes) 

	

2 	 2 

So, the e(r at:L ire sequence impedance is 



nafl 

+ j - 	•+ /'1T. ) (xe" + 	 (5.11) 

5.49 SOLUTION OP TRPNIiTS: 

Pig. 5.2(a) gives 
l  , 3 z) ii 	BI  

3 

	

'2 '2 	 (5.12) 

and figure 5.2 (b) gives 

	

- 	- (r+j x13 	+ 	)
1  2 	-  

Z3  
I 

	

' 	
r7 . 2 

	

eo and i in terms of 	.nd :L can be obtained from the load equivalen"  

circuit as derived in the last chapter. Also the currents in the fau1t 

or unbalanced load can be determined from the same equivalent circuits. 

Thus all the fundamental frequency currents and voltages and 

their harmonic components can be determined from the equivalent circuits 

deduced earlier. 

Pigures 5.2(a) and 5.2(b) can be reduced to the equivalent 

circuit of figure 5.6 which is similar to that for balanced loads# 

is the equivalent load impedance, Pigure 5.6 gives the vector 

diagram exactly similar to that shown in figure 2.6.. 

Thus the whole operation can be referred to the equivLent 

balanced operation and the solution for the subtranBient and post 

subtransient sta--es q  so far as  all IE  1,SI4JJJ  andi 	are ooncerned 

will be similar to that done in Chapter III. Thus, all the qua'ititiee 

can be determined from the ladder networks, 
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CjLAPc,TJR VI  

SINGLE PHASE LOAD NG 	FAULT CODiTI 

6.1. INTRODUCTION: 

This chapter deals with sLngle phase loads and fault 

conditions (both line to line and line to neutral) of a 

syn&'rcnous ch:ine, in terms of operational impedances. General 

eoustions of Park forri the starting point of the present analysis 

and then the short circuit analysis is carried out. 

All the assumptions made in article 4.1 for the derloation of 

the transient equivalent circuite g  are also made here. Usually, many 

machine analyses are carried out with the transformer voltages omitted. 

The advantage is that the resulting equations are much simpler. Neglect 

of the transformer voltages amótmts to dropping out the d.c. and second 

harmonic components in the phase cu-rents or in other words the arnture 

transient or free tranderits are not considered, since they have no 

significant eifect on the currents, voltages and performance of the mach: 

-'soid.ally ly tir.e varying curerit forms the starting -,,Ont of the 

present analysis 

6.2. LiE TO 11.113f, SHORT CIRCIT 

Let the current in phases IbI and 'o having only 

fundamental corm 	and ?ith a varying arnplitude, (the nature of 

variation being unknown at this stage) be given by 

ib 	Im(p)  cos (t +) 
	

(6.1) 

I having any value 

Let "' the electrical rgle botwesu the direct axis and t] 

axis of phase "a be given by 

= t + 
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Also 
1b = 1m (p) cos (t + 	)¼,- /z} as the short circuit current 

is a zero lagging one 

"I or Y= RI,~ 	(6,2) 

V'J'hen 	A, = 0 the linkage in phase 'a' is a rj 	imuin and 
hence in the common axes of ph ,see "bte and 'ref' a minimum. 	'hue, by 
the constant linkage theorem, the currents in phases 'b' d 'a' are 

	

zero, which is satisfied if 'Y-. n/ . Similarly hen 	A, . n/z 	the 
currents in phases 'b' and 'e' must be maximum which is satisfied if 

' O. Thus the relation (6.2) is true. 

Thus, on applying; Park's transformation, there are 

id = 3 [lb eos-(a -1200) + is Cos (® +12(q) 

3 I(p) cos (t +V) [cofl (t + \, -120)-coe(t + Al +12®} 

'm(p) Sin (2t~ ) , +Y) + Sin ( A,-  Y ) 

IM(p)  1+ Sin (2 t+ ~+ r) 7 
J 

 [1., sin (p -120) + is sin (0 + 12t3} 

2 zm (p) coo (t +Y) coo (t +A,)- 
3 

=4 I (P) Cos (2t + Al 	) + coo  

1 I (p) cos (2 t + ),-4-Y) r 
The linkages in the direct and quadrature axis are obtained 

from the currents and the corresponding operational impedancee. 

Constant exe±tation is assumed. 



'd (P) 'd 

1 I(p) [xd(P) + 	sin (2t + 	~ A3 )] 

Jrq  Xq(P)i 

_ 1 	I(p) 
I Xq'I COS (2t + " + 

The linkages of phases b and c may be caleuited from 

expressions of and 	as 

Jb coo (0 1200) - 1q Sin ( 	—1200 ) 

= 	
cos 	+ 1200 ) 	sin (0 + 1200) 

= Net linkages. 

= i'fr 
sin 	oos 

..I 	 +xd II sin (2t + V.1- A1)] sin (t + A, ) 

Im(p) x" cos (2t + Y 4- A, ) coo (t + 	Xi 

(p) 
I 	

I[x' 

u Xd 	+ + 

X 
•i.. 	I 

j sin (t + A,) + 

"1 
+ 	

2 -Jcos (3t + 	+2 A, ) 

Neglecting the third he.ruionie component of linkage, tho voltage 

between phases 'b' and 'o' iay be obtained ae, 

% —e0 	= - irn(p) [XdP + X2 1 cos (t +,) 

=—E m cos (t + A, ) 

95 

•'. 	- 
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where 

Therefore, the 	pone of the current is  .E.  

Here 	is the n:xirum of line to line voltage before 

short circuit. 

6.3. LINE TO NEUTRAL SHORT CIRCUIT 

Let the c1rrent A  phase 'a' having only fuidamental component 

with its varying amplitude be given by 

i) cos (t + y ) 	 (6.4) 

Similarly let O=t + 

1a 	I(l)) COB Ct + A ) 

.'. A,= Y 	 (6.5) 

When X =0 / Y should be eçual to zero for th linkage in the hase 

'a' to be 	duni. 

Since there i zero sequence current also, the transformation 

equation is 

=ic, cos 	¼' sin 0 + io 
where 

2 	Cos d 

= 4. IM(P) 	x) 
= 	i() [1 + cos (2t + 2 A, 

Iq 	 2/3 1a  sin 9 

2/3 I(p) cos (t + A,) sin (t + A1  ) 
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1/3 I(p) xIn (2t ± RAI) 

10 	1/3 'a = 1/3 I() cos (t + 	 ) 

As in the last section, the linkages re 

'kd 	= —1/3 I(p) Xd(p) + xd(j2w) 005 (2t+2)i) 

= 1/3 I(t) Xq  02w) sin (2t + 2 ) ) 
fir = - 1/3 t(p) x0 	+ i  ) 

Thus 
e or, 	 tsir4 Q +\YQ  

[xd(P) + Xd" co (2t+ 
2I)Icos(t + 3 

sin (2t + 2,A, ) sin (t +A, ) 

_±iL) 	X0 CDC (tA,) 

- 	 x 
!m 	 d(P) + 

	
d 2 ' 	+ 

X0  
cos (t + ),3 

3 

	

1m( 	
{_ 	

coo,  (3t + Y+ 2A1)3  

On wtting -x2  and ne1oct:'.ng the third 

harmonic component of linkage, the voltae of the phase 'a' before 

short circuit is 
I (p) 

a = 	H 	[X (p) + 	+ X0 } sin (t + A , 

sin (t + A) 

Thue the current response is given by, 
3L 	 1 	 (6.6) 
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Here IE
M

f io the xirnuv of line to neutral voltage before 

short circuitt. 

64. TESTS AND ITE ? IFI OATI0TS: 

Tests have been conducted on three phase'star—connected 

salient pole synchronous machine (G.E.), rated at 110 volts, 21 aperes1  

4 kvA, 50 c/s 1000 r.p.i. hang the following parameters; all in p.u. 

r = 0.0333 Xkd 0.0710' 

Zi  = 0.0803 'xd = 0.897 
0.0565 Xd = 0.133 

Xf =0.01082 X
d 

= 0.1122 

rkd = 0.0482 Xc  = 0.431 

= 0.364 

Theuacirature axis wnortieFseur bars are incomplete This 

machine is the ac!e as that in Chanter ll. 

6.4.1. cA?AoITivE0Ac 
(1) ' 	- 

The machine is ruining on no load and generating 1 .022 p.u. 

voltage at rated sped when a load 	j3.51, across the line a and 

the neutral oi the machine, is suddenly applied. The field voltage 

efd =96 V and the field current is 1.68 amperes. 

.Neglecting (r/3) (r/5) etc. the equivalent circuit may be 

drawn as torn in fig. 6.1(a). Neglecting the effects of capacitance 
3x, 

on 9th harxuoni an higher that i, neglecting; ( j —)( 	) 
etc. the equivalent re:etarice across 01 01 



 + -f 
= 0.0948 

as deduced in the article 53.1 	-1, !r1plifying the circuit of figure 

6.1(a) step 	step, the equivalent circuit of figure 6.1(b) is obtaino 

(a) 	Su1:—trsieijSte: 

Armature resistance, being oemall q  is nagleefed ,anj the 

fo1.lcw;ig values re ot±.ed. 

A 	= -O.O972 	13=0 

A + Xd' -XI 
16.85275; D =A + Jq 	2.75275 

	

p0 	 ct0 	6 
-; +(xd" 

	

o 	0 

	

q0 	q 0 

Ec10(C_A) 	Edo 
Ed 00 X-

d'1.0 23 

It3  

1+ xkde 
1/ ,= /0(2. 	 = 2.57 

= 1.026 	0.002et1/'2157 	 (6.7) 

Therefore 9  the voltage of phase a 

le 	I =  3XCF 	IiI 3x0 	i 	3 d 
= ;F 	E  

= 1.038 E (6.8) 



(b) 	bipt 

It1 	= -1.0 	k 
	= 10.13 

It2 = 0.0102 	
It3  = 0.0986 

1. 1 	- 	1.375  MO 1.222 

rfd( 00 ) = 	= 57.12 ohms. 

rfd 	 :x 0.01082 	0.0213 

$o the field vo1iage 

rfd 	o = 0.0213 x 1.375 = 0.0293 

NO0 	
= 	+ Eds

0  

where 	It3 rfd + 	d 	0,0226 
3adf +Xf.td 

The jnLtial 'value 
0 	 ___ 	=1.028-x  

= 1+ 

Ed: = 	- 	1.222 
rfd (.l + _. ) 

Xad It3 

Therefore E = 1.222 0.194 e 00226  (6.9) 

T t voia. e of i-ase a 

II 	 E 	 #038Ed3  

The values of the terminal volta:e of phase a have been 

obtained from the e qu : .ti ons (6.7) (6.8) and (6.9) and eoncarsd with the 

values as obaned from osc.11o.ram, ii fture 6.3. Lhe oscillo:rm 
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is shown in figure 6.2. 

(ii) FIELD TANSIENT 

2 +" i. dO 	f fdO dO 
fdO 	-' = 1.270 

So the solution for the subtrandent stage, as obtained 

from the relations (3.55) and  (6.7) 

1f6 	1.27 + 0.0347 	t/2.57 
	

(6.10) 

For the post—euhtranzient stage 

• 0 	
E0(l+ad 

2_ _ _ L + 	i t) 
- 	Xad 	

•0 	(3.56) 

1.1254 E +0.0354 e12157 

1.375 - 0.2185 'O226 t + 0.0354 0t,'2.57 	(6.11) 

The field currents are compared with the test in ilgure 6.4 

The field current oscillogram is shcxin in fig© 5.2. 

6.4.2. INDUCTIVE  LOADING 

(1) ARIV7AVTJETRANI 

The machine initially running on no load, is generating 1.01 

p.uo voltage at rated freiuency. A load of impedmice 0.208k j3.225 is 

suddenly switched across phases b and Co The field voltage Id 	volts 

and the steady field current is 162 amperes. 

ETHOo,1 

The equivalent circuit neglecting (r/3), (r/5) etc. may be 

drawn as shown in fig. 6.5(a)Q The ecuIvaIent reactance across 00 is 
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x 	 P4 (Xq + F  ) + 	px 2 	J( X  ciff  + _2 = - 

= -0.1305 

as deduced in the article 5.3.3. 

So, after eliminating higher harmonics, the equivalent circuit is 

reduced to that shovwn in fig. 6.5(b) 

(a) Sub-transent 

The 	and load res2tenees are neglected, as they 
,are small, tis the following values are obtained. 

0.282 

C . = A 	 =19.232 	 D = A + 	= 3.132 
d 	l 	 a(i 

So 

= 	 = 1.00  

	

1 + ( 	- x1) J 

	

o 	 E0  0 

Of 2d0 (6-A) 	4 

dQ___ = 0.995 

	

C
Eã0 	

- 	1- 
3 

l+XkdC  
1/o 	1/c l = 	jr 	2.545 

Therefore for the subtransient stage 

4 	0.995 + 0.005 e_tul'2n545 	
(6.12) 

The voltage between the line$ b and c (inp.u. of base line voltage). 
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eb - ea 	+ 	, i 	r~ +x 	rp + cp e''Ijd 

k3 
 ° 0.906 Edd. 	 (6.13) 

(b) Po 	btr 	t , j, Lie 

k1 	= 1.0 	?c3 	3.56 

k2 	= 0.717 
	 1 .= 0.281 

11d0  = 1.222 1.328 

rid (ohmic) 	1.62 	 59.3 ohrms, 

r ,d 	- 	x 0•01082 = 0.02235 

o, th.e .l, .Yi;i. 	voltage 

efd  rfd X ifdO = 0.0297 

+ Et 0 

where 
k3 rfd + Xad rfd  0.0308 x 	f + xf z9.d 

The :i niti ,l value 
e 

Ed®1  y  gfe 	
= 0.995 

1 d I 
k 

I. r 0 	 pfd 	= 0.882 
d~ 

Xsd k3 

Therefore, Ed = 0.882 + 0.113 e°'0308 t (6.14) 

The voltage between lin;;s b ancd e is 
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I J4 + ) i M~ 	41 

	

0.906 E 	 (613) 

Tho eqution (Q12), (6i3) and (6.14) give the line voltage 
beteeii b and e. Th UaloulEte vaiue a compared vdith those obtained 

froa the ociHograw in I I. 6.7. The OSCL1O5 is, thOTk in fig. 6.8 

0 
od0 f40fd0 1.573 fd0 

S0 the solution for the subtraneIent as obtaired fro the relations 

(3,55) and (6.12) 

fd 1.573 	0.0874 e -/2.545 	 (6.1) 

or the poubtrrnierit staze, 

fd 2J . 

= 1.503 	0.0885 	t2.545 

= 1.327 + 0.170 00 	0.0874e /'2454) 	(6.16) 

The field currwte are c pared with the test in Figaro 6.6 

The field current oseillograin is ehom in figure 6.8. 

M  i17 

The article 6.2 for obtairIng, the line to line short circuit 

current can also be used to determine arrature transients for the ourren 

under line to line inductive loading. 

(p) 	 (6c3) 

Now 	Xd(p) = .0 

o 
As the anortiseur has a very smell time constant, Td" an T' may be 

neglected 
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Therefore 

xd(P) = xd  
(1  

1+Td P7  

Then, instead of direct short circuit, there is inductive loading 

between line to line, the expressi -n for xd(p) may be written as 

1+Tdfp 
Xd ('p) = (xd +XF) 	1 +T p d 

Therefore 
Fm (1 +pTc') 

p ['(Xd + Xp) (1+PTd!)+(X2(1+p Tdo') 

which, after further simplification, may be written as 

1() 	[i_1_T0')  ..at 	(6.11)  

where  xd +$F +g2  (6.18) 

(xd +xF)Tdu +x2Td®' 

Now 
T 4  xad +xf  39.1 
do 	rfd 

xd-  +xF T ' 	31.85 
Tei 	xd+XF. d0 

Xd + xF +X2 	= 0.0.31 
Ta+ (ad+xp)+Td©l X2 

Therefore from (6.17) expression, 

.(t) =  1 
 1+0.212 e1' 0.o31

t 

The voltage between phases b and c 

~eb .- ea) = rc + F I i(t)( = 3.225 I i(t)\ 	(6.20) 
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The equations (6.19) and (6.20) give the line voltage between b and c 

The calculated values are compared with those obtained from the 

oscillogram in fig. 6.7. 

6.4.3. LINET0 LINE SHGRT CIRCUIT  

The i!iachine initially running on no load and generating 

0.1773 p.u. voltage at rated speed or frequency, is suddenly short 

cirdilited across the phases b and c. The field voltage is 107 volts 

and initial field current is 0.255 amperes. 

METHOD NO. 1 

As the armature reistanceis small 9 neglecting its fractions, 

the equivalent circuit may be deduced as shown in figure 6.9(a) . 
/ 

As deduced in the .rtiole 5.33 the equivalent reactance across 0, of 

x ~ql 1 +~2 ~)( x ~~l I +~4 ~—) — +
af 

j t Xq .0.162 

Simplifying the circuits of fig. 6.9(a), the equivalent circuit of 

figure 6.9(b) is obtained. 

(a) Subtram ent, Stage 

As the armat're resistance is not small, the following 

values are obtained on taking it into coneidoratii. 

2 	=3.29 
(II + 

B = 
	0.76  

(R +r)2 + (x +X] 
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C 	A+ $--1 	 I = 22.24 	D = A + - -- = 6014 
d' i 	 aq 

8o 
d0 

°  
Ed  

= 0.1605 
o  1 + (xd" 

E L0 	Eq =0 

 

Edo  
EdO(C-A)D  

Edo a 	 ct 

	

d0 	B2 + CD 	1+ X, d X1 
0.1505 

There is a single time constant 

~.., 	1 +~kdC 	= 2.38 
C ~j d2 rkdC 

for 
Therefore,/the subtransient stage; 

Ed° = 0.1505 + 0.01 et/235 

The short Circuit current 

11, = k4 Ed  = 0.51 + 0.0339 e~t/2,38 

(b) 'ost-Subtransi.e~t St :- 

(6.21) 

X+ 
ki 

(R +.r) + (X +Xq)2 

k 
k3 = 	R+r 	+ (x +x1) 

1 

It4 = 	k1 	= 3-.39 
3 1. 

0.255  
1fdO = 	1..222 = 0.209 

B. +r 
0.994; Ic2 = 	 =0416 

(R+r)2 + (X +x )2 

= 0.2964 
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rid ( ohmic) = 0, 255 = 419 ohunc-° 

rfd =  x 0.01082 = 0.1565 

So, the field voltage 

Ofd` rid X  fdO = 0.1565 x 0.209 = 0.0327 

'Ce d 

d 	

1  de 

. e (~ w 	rid (k3 + xad~ 	0.562 

The initial value 

'd® 	d 	 0.1505 

~ 	k3 

E ® = 	pfd ' 	-0.0455 de 

 

ad  3 

So 	:: 0.105 e—o.562t + 0.0455 

The short circuit current 

(I( = k4 Ea = 0.356 e~01562t + 0.1542 	 (6.22) 

With the equation (6.21) and (6.22) the short circuit current is 

obtained. The calculated values are compared th the values obtained 

frog, the oscillogram, in fig. (6.14) . The osoillogram is daown in 

figure (6.10). 

METHOD ado:. 20 The equation (6.17) may be modified for line to line 

short circuit as 

	

(t) 	X 
d 

~+ X 
2 

, 	[.1 " (1 "' xTd0+) 0' 	(6.17 a) 

where 	0C 	. Xd + X2 	/ 	 (6.18a) 
Xd. d + X2 1d0 
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Now 

	

dO 	
Xad 

~ ~  ■x.58 
fd 

Xe 

 

Td'  - 
d 
-- x TdOl = 0.827 

	

d 	T"x +T 	x 0.548 0.548 
d d d0 2 

From equation (6.17a) ; 

.(t) 	''1 73 12 	1 + 2.06 50.548` 
1.1351 

 

= f2 (0.1560) C1 + 2.06 e 0.548 t  (6.23) 

The variation of the short circuit current during sudden 

line to line short circuit can be obtained from e qution (6.23) 

The calculated values are compared with the test values in figure 

(6.14). 

6.4.4 • LINE TO NEUTRAL :SHORT CIRCUIT s 

The machine., initially running on no load and generating 

0.1432 p.u. voltage at rated frequency, is suddenly ehort-oircu:l ted 

acroes the line a and the neutral of the machine. The field voltage 

efd = 0.331 p.u. and the field current ifd4 0*1595 p.u. 

METHOD PNQ.1 

The equivalent circuit, neglecting fractions of armature 

resistance as it is small, is shown in fig. 5.11(a). The equivalent 
I 

reactance across 01 0t is 

(ed" + .,.Q') + 	(xd" + -- —) (x" + - '- ) 

a 0.0948. 
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as deduced in the article 5.3.1. Then simlfying the circuits of 

fig. 6.11(a) step by step, the equivalent circuit of fig. 6.11(b) 

is obtained. 

(a) ubtranjt St 

As the armature reslstenee is not small, the following 

values are obtained taking into consideration the armature resistance 

A 	= 	 _2.65 
R +r)2+ (x +x)2 

PL +r 	 7 B 	= 
- ~zW+(x+x1)2 	

0.735 

C 	 A + 21.60 	D = A + 	 5.50 

So 	
0  

E
do- E = -- 	 = 0.1320 

- x)A 

cLO 	q = 
00  Edo(C_A) D 

= 0.1250 
B +CD 	1+ Xd 

There is only single time constant 
4 

-  

- 	 = 2,43  
' 	 r ltd 

Therefore, for the subtransient stage 

Sj 0 	 -t/2 43 = 0.1250 + 0.007 e 

The short circuit current 

3 	= 3 kE = 8.22 	1.028 + 005754 e 2 	(6.24) 
a. 
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(b) 	 Stage  
R +r 

k= 	 _ 	0.989 k2  = _- 	 = 0.1449 

	

jR r)2  + (x + 	 l(R+r)2  + (x +xq )2  

k3 	 + (X +x1  )J = 0.369 	k4 	
- 	

2.74 

OcePt +E0 PS 

where 
rfd (k3 + Xad) 	= 0.667 = 	+ x) + xf xad  

The initial value 

0 'd0 

	

do = - - 	0,1250
Xd 1+ 

E 	= 	 . 0.0406 
-.- + *.- It ' 	3 Therefore, 	 a 

= 0.0844e-0.667t  + 0.0406 

The short circuit current 

l ia 	31i.( = 3 k 	A 8,22 

= 0.694 e 0667  + 0.3340 	(6.25) 

The e qu ati ons 	• 24) and ( 6 125) give the short circuit 

current for line to neutral ebort circuit between the line a and the 

neutral of the machine* The calculated values are compared in figure 

(6.13). The osoillograrn is shown in figure-(602) 
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TIODJo.2 

Prom the equation (E,6) 
3E 

	

(i) = 	 1 	 (6.6) 

Taking 	 1+pP 

	

= 	
- 
	and following the procedure, ste! 
d0 

by etep, as adopted for the derivation of equation (6.17) 

=
{i 	(i 	do 

9) 
	 (6.26) 

where 
x2 +Xc.r 

Xd c'+XOTdO' 

= 0.649 

= 	= 4.21 
V

'Ofd 

TdO = x T o  = 0.623 
Xd 

From the exreseion (6.26) _____ r 
1(t) 	= - 	1 1 	i. -T ') e Xd+x2+XO 	do 

1-.2051 
- •Em  

[i 	(1 	.649 x 4.21)e0'849 t 

= O3565 f2  [1+1.73 0 0.649tJ 	(6,27) 

The short circuit current for line to neutral short circuit 

can be obtained from. eqution (6.27) The calculated values are compare 

in fig. (6,13) 
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CON L C U _I OAS _ - - - 
The transients of a synchronous generator have been 

analyatically described on sudden switching on or sudden throwing off 

of balanced load in Chapter III. Calculated and test results are 

compared and there is a satisfactory agreement between them. Any 

disoripanoy may be due to the approximation of the open Circuit 

characteristic as a straight line.. 

The transient equivalent circuits are developed in 

Chapter IV and from -them the equivalent ladder net-works are derived 

in Chapter IV and V. They are further used to determine the transient 

on unbalanced rind faults in Chapter VI. Analysis of the eingl.e base 

loads and faults have also been carried out by another method presented 

in Chapter VI, The results obtained by these two methods are compared 

with the test resultse The discrepancy is due to the ignoring of the 

effect of higher harmonics, in addition to *hat has been stated earlier. 

In the present thesis, though the saturation has been 

neglected, but it can be easily taken into consideration by approximating 

the open circuit characteristic of the synchronous machine. 99' 10  
By the apliation of equiv.ent circuit approach to 

synchronous machines, it has been possible to shorten the numerical 

calculations. Equivalent circuit show in a better way how the results 

are obtained. This method has also greater flexibility, since the same 

process can handle all possible types of unbalanced loads and faults. 
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