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INTRODUCT ION 

number of synchronising relays are manu. 
factured commercially, most of which use dynamic relaying 

elements. They have employed electrically interlocked 
r+'lays i'.hich opt-rate each time the phase angle between 
the mach the and line voltages becomes zero. These 
automatic synchronisers have given excellent service 
in a variety of applications. However, it has become 
evident that.faster and more accurate synchronising 

could be obtained if the interlocking relays were 
eliminated and their functions performed by electronic 
means. The present trend has been to investigate the 
possibilities of, applying transistors and semiconductor 
components to the problems of an entirely static 
synchrotuising relay. All the necessary functions of 
voltage regulation, phase and slip measurements can be 
achieved successfully using static relaying principles. 
The automatic transistorised synchroniser described in 
the dissertation permits taking advantage of faster 
circuit breaker closing speeds and provides more 
accurate synchronising then the equipment 4th mecha-
nical interlocking relays 



SYMBOLS 

Unless otherwise stated, following notations will 

be used* 

Sly a2 	 Control signals derived from sources 
to be synchronised 

w3, w2: f o f2 = Fre uencies of sources to be synchronised l 
rad/spec 	and c/second. 

fs 	 -~ Slip frequency (fl f2) c/s 

bf and OV 	= deviations in frequency and voltage 
which are permissible for synchronisation 

6g 	 Angular displacement at which closure 
is initiated. 

,5a' 5b' Sc and = Slip frequency control signals 
d 

d phase displacement between slip 
frequency control signals. 

Width of slip frequency wave form 

Minimum width of slip frequency waveform 
for synchronisation. 

B = 	Load resistance in diode modulator 

Ra - 	Armature resistance 

Rey Input resistance of Transistor 

rb - 	Base emitter impedance of Transistor 

6 - ' Torq.ze or power angle 

V Terminal voltage 

E = 	Voltage induced 

P - 	Power 

T -- 	Torgze 



T1, T2, T3 	= Transistors 

X 	 Reactance 
Ld 	 Direct axis reactance 

X'd 	 = Direct axis transient reactance 

XUd 	 = Direct axis subtransient reactance 

Xq 	 = Quadrature axis reactance 

Id 	 = Direct axis current 

Iq 	 Quadrattare axis current 

X8 	 - Synchronous reactance 

X2 	 Negative sequence reactance 

Ib 	 = .Base curront 

d" 	 = A iplification factor 

Z e d 	 = (R + j X'd) 

n 	 = total number of alternators 
including the incoming one 
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!YNCHiRQN I 	ER s 

1.1 I:4"t' RoDUcTIOi 

Success of connecting two a.c sources In 
parallel depends upon securing small and diminishing 
deviations in the magnitude, phase and frequency of the 
two sources. In order that .two sources of high power 
ratings and low internal impedances can be connected 
in parallel, some limitations must be imposed on the 
phase and frequency of the incoming source, so that 
no disturbance or discontinuity of power takes place. 
At the moment of synchronisation i.e. when circuit 
breaker connecting the incoming voltage source to the 
running supply should complete the circuit, three 
conditions must be fulfilled.  

1. The difference in time phase between 
the incoming and running voltages must be small and 
decreasing with time. 

2. The difference in the frequency between 
two voltage supplies should be small i.e. slip 'frequency 
of 0.5 of the supply source frequency. 

3. The difference In magnitude between two 
voltages must be small. The permissible difference will 
depend upon the characteristics of the incoming system 
and tha running one. The difference, however should not 
increase 5"'. 



For successful parallel operation of the alternators, 
there are many synchronisers available such as 

(1) Lamp Synchronisers 
(a) Park lamp method 

(b) 'Bright lamp method 

But they are only suitable for small low-voltage 
machines. 

1.2  S VZCHRCSCOPE 

For large machines a rotary syrichroseope is 
almost invariably used. This syncbroscope, ;which Is 

based on the rotating field principle, consists of a 
small motor with both field and rotor wound two phase. 
The stator is supplied by a pressure transformer 
connected to two of the main bus-bars while the rotor 
Is supplied through a P.T. connected to the corresponding 
pair of terminals on the incoming machine. This instru-

ment indicates the difference in phase between two 
electromotive forces at every Instant. By It, one can 
see whether the incoming machine is running fast or 
slow, what the difference in speed is and the exact 
instant when synchronism occurs. it has a pointer which 
shows the phase angle between the running and incoming 
machines. When the frequencies of twoo machines are 
equal, the pointer stops at some position on the scale 
and when the machines are in phase, the pointer coincides 
with the marker at the top of the scale. 

1) 



1.3  F.REQUEx4CY _N,AT+CHING 

simple method of bringing the incoming 
machine to the same frequency as the bus is to provide 
the Diesel engine governor with a speed matcher. This 
consists of to-three phase squirrel cage induction 
motors, and a differential gear mechanism. The hori-
zontal shaft of the differential gear mechanism acts 
through a suitable gearing on the speed adjuster of 
the governor. One motor Is connected to the bus and 
the other to the incoming machine, the first increases 
the engine speed and the second reduces it. The speed 
matcher may be put into operation either by a manual 
switch or by a re .ay of an automatic synehrontsor. 

Since the motors act in opposition to each other, any 
difference in speed between the two machines will cause 
the horizontal shaft of the differential gear mechanism 
to set the governor speed adjuster so as to bring the 
speeds parallel as nearly as possible. When the 
frequencies are equal, the shaft of differential gear 
will, stop operation and remain stationary. After the 
frequent is have been matched, it i.s necessary, that 
before the two machines are put in parallel operation, 
to see that their voltages are approximately equal and 
to watt until the synchronising lamps or syrichroseope 
shows that machines are exactly in phase. 

3 



1.4  SPECIAL S' CHRONISING TRANSFORMER 

The figure 1.3 is a special type of trans-
former for use in connection with a single synchronising 
lamp. If the voltages of the bus bars and the incoming 
generator are in phase with respect to the - external load 
circuit, then appropriate connections to the exciting 
windings on the two outer legs of the core will cause 
their fluxes to neutralise in the middle leg. A lamp 
con;iected to the middle winding will then be dark,. If 
there Is any phase difference between the vottages of 
the two machines to be synchronised, some flux will 
pass through the middle core and the lamp will glow. 

1.5  AUTOMATIC StNcHRaNIgIz G 

Synchronisation by means of manually 
operated switching served well when individual genera-
tors were relatively small, but with the growth of 
system cfWpacity and ratings of the generating units 
themselves, it has become essential to adopt automatic 
devices to ensure the closing of the main switch of the 
incoming machine at the prover instant. Because of the 
size and inertia of the moving parts of the circuit 
hreatf er , . and the time delay in its control mechanism, 
a finite time, varying from 0.2 to 0.8 seconds is 
required for the closing of the main contacts after the 
trig'„er. ing of its actuating mechanism, So unless the 
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closing -coil of the relay which actuates the circuit 
breaker, is energised at the right moment, the main 
contacts may close when the voltages V and V' (Fig.. 1..2a) 
are so far from phase coincidence that a very large 
equalizing current may flog: to cause a serious system 
disturbance. 

Let V and V' be the assumed equal vottages 
of the bus bar and of the incomiig machine. V alter. 
nates at frequency f and V' at frequency f' such that 
f' < f. Phaser V' is rotating slowly in clockwise 
direction relative to the stationary phaser V at a 

frequency f - f' and angle d = 27V(f - f') t, where 
t is the time required for two voltages to be coinci-
dent. If t is the overall time -lag of the circuit 
breaker, thei for a given frequency difference f-f' the 
angle,( is the phase displacement between V and V' at 

the moment when the closing relay should be initially 
started. 

In ordor to design the equipment which will. 
automatically close the main circuit breaker at the 
moment when V and V' are In phase (with. respect to 

the external circuit) , there must be provided two 
contact making relays II and. III, such that one of 
them, say ITT operates only Utien angle d( has a pre-
determined value and the other operates only when 
f-f' has such a value that t 	{ , f ~~ is the 
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time lag of the main breaker. The contacts of relays 
It and. ITT, connected in series, will then serve to 
energise the closing coil of the main circuit breaker 
only when 	and f-f' are simultaneously at the 
correct values. 

Relay III is designed so that it may be set 
to close its contacts when the phase angled lies 
anywhere between definite limits as shown in fig. 1.2b, 
but in such a way that the closure is independent of 
the frequency difference f-f' on the other band relay 
TI Is designed to give a response proportional to f-f' 
but its slope In the graph i.e adjustable. Gimulta-
neous operation is then determined by the point- of 
intersection of the lines marked TI and ITT. 

1.5.1  AMPLITQI COMPARISON SYNCIHRONIaER 

Amplitude , conparlson underlays the der-- 
vatlon of slip and phase displacement checking signals. 
The techniques Involved would be dealt in detail in the 
proceeding chapters. 

The overall requlrrments are indicated 
in fig. 1.,3. The two voltage measuring circuits each 
supply tleo outputs, Vs1, Vpl and Vs2, Vp2, V and 
V $ 

 
are supplied to circuits which measure the slip, 

with the provision that if initial voltage difference 
is too great, the slip measuring arrangement will gLve 
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no output. The outputs Vpl  and Vp2  are applied to 

phase measuring circuits with the provision that there 
will be no output if the slip is too great. Control 

from the slip measuring circuit is exerted through a 

time advance arrangement which ensures that any output 

signal for closure of thr, circuit making switch occurs 

at a time T. before the precise instant of phase 

coincidence of the incoming and main supply voltages, 

T C  is thus time from the Issue of a closing signal 
from the synchronising equipment to the instant that 

the closing switch effectively makes the circuit. 

1.5.2  PHASE COMPARISON 1ETIIOD 

In this frequency and phase displacement 

derivations are assessed using methods of phase conmpa. 

risen,, The,  derivation of slip dependent control signals 

using a balanced bridge ring modulator is developed. 
Two methods of Indicating the instant off° zero phase 

displacement to allow for the operating time of the 

connecting circuit breaker are available. 

l.) . This interprets the required period as an angle 

deviation and is accurate at one slip frequency, while 

the advanced time features of the second method more 

accurately mrtch the fixed delay of the circuit breaker, 
at least over the frequency spectrum for i-hich synchro. 
nisation is to be allowed. This employs logical circuwts 
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for automatic synchronisation shown in block diagram 1.4. 
A signal is generates: which causes closure of the 

circuit breaker when each is simultaneously within a 
spc cified limit and separate control signals, which 
are used for manual or automatic adjustment of voltage 
and speed of the incoming machines until they have 
attained values essential for synchronisation. To allow 
for the circuit breal1er operating time,, the final 
closure pulse should anticipate the instant of zero 
phase displacement between thy± two sources anc: the 
function f the time comp@ns at ion is to allow for this, 

the allowance ideally being independent of slip fre-
quency whereas the phase displacement measurement is 
instantaneous. The measurement once obtained is 

stored until phase conditions are correct for operation 

of the connecting circuit breaker. Separate stores 
Are shotirn in the slip frequency and amplitude measure-
ments. The outputs are given to "and" gate from which 
the circuit breaker closure pulse is given under 
conditions permissible for synchronisation. The 
arrangement Is, in general, one of the repeated 
measurements in each slip cycle, but they may take 
place at or during different intervals In the cycle 
and thus requires time coordination„ shown in the 
form of information stores. 
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CHAPTER - II 



tRARACTERIST !CS DUR7'.G SYNCURQI ISATION 

2.1 	If a generator is paralleled with a machine 
of identical characteristics tihen its voltago is exactly 
equal to and in phase with the bus bar voltage of the 
one already under load, it will not relieve the latter 
.of any of its load provided the speeds are exactly equal. 
It will merely continue to run without either supplying 
any current to the bus bars or taking any current from 
them. Under these conditions, voltages V1  and V2  
measured at their point of connection at switch S in 
figure 2.10 are equal in magnitude and in exact phase 
opposition with respect to the local circuit in which 
they have a series relation. 
Suppose that at the moment of synchronising generator 122 
its terminal voltage V'2  while numerically equal to the 
bus bar voltage V1  is not exactly oopostte in phase to 
V1 but falls short of complete opposition because G2  is 
at the moment is running slightly slower than Gl. This 
condition is shown In figure b. There is a resultant 
voltage E. which sets up current I c  lagging behind Ec  
by an angle Vs  such that 

tan OF8  = X  $1  * Xs2 	... 	... 	(2.1) 
Rai + Ra2 

where Xsl = Xs2 = Xs  is the synchronous reactance of 
each of the two identical machines and Rai  = Rae = Ha is 

11 



their common armature resistance. 

Current tc -- 	= ~E' 
(Ra -` JXs) 

from figure2-I(b) it Is evident that the circulating 
current ' c which is in addition to the load current 
already being supplied by G1, has a component in phase 

with V, and hence implies an additional load on GIs 

which tends to slow It down. lc has a component in 
opposition to V2 machine G2 develops motor action which 
tends to raise its speed. If on the, other hand, G2 is 
running slightly faster than 0, voltage V2 will be 
somewhat ahead of V , as in figure c and the resultant 
circulating current will cause Gp to develop generator 
power,, tending to reduce its speed while G, develops 
motor action to raise its speed. 

Another aspect of this interchange of genera. 
to'r and motor action is evident from a consideration of 
the case of two identtcnl generators running in exact 
synchronism with equal excitations and voltages VI and 
V2 in exact phase opposition. Hence no circulating 

current and the machines will divide the external load 
equally. Any change In load, say, a sudden increase, 
will cause a momentary slowing don of both machines, 
but even a slight difference in the sensitivity of 
their governing mechanisms will cause one of the two 
machines to take more than its share of load iner ent 

12 
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for Instance,, G1 takes the greeter part of the increased 
load, so causing it to slow down relative to + 2  so that 
C#2  will relatively pull ahead until Vl  and V2  assume the 
positions indicated in fig. C. The resultant generator 
action of G2  will then tend to restore the original 
equal d ividian of the load. 

So there is an automatic synchronising action 
which tends to hold the mechanism in step. This inherent 
synchronising power is primarily due to the elastic 
reaction between the magnetic fields of the stator and 
rotor of each machine, which may be assumed as due to a 
tension acting along the lines of magnetic induction in 
the air gaps. The synchron±sing power vanishes at the 
stability limit, so that if the two machines swing too 
far apart, they will fn ll out of step. 

2.2  POWER OUTPUT GF GE ERA' ORS IN PARALLEL 

In accordance with the synchronous reactance: 
theory, the power developed by a cylinderical rotor 
machine is given by 

VECos (0s -8) 
Zs  

E2 Cos s . (2.^) Zg 

where Z s  = Ra  + JXs  
and 	9Is 	tan "  X  

Re  

Power developed by a salient-pole machine is given by 
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p=E Sin 6+ 	0-d̀ 	''~ Sin 26 	.., 	(2.4) 2 dq 

6 = torqiie or power angle 
= angulaa, displacement het*4oez V and E 

V == terminal voltage 
S - Voltage indt1ce; by excitation 

If Ra is very small in comparison with Xsf then 

0s = tan l̀ ct = 9O' 

and P = .VE ..COE 	-  

	

xs 	`s 

	

T din A 	 (2.5) 
9 

and if in equation 2.4 , 	Xq = X then it becomes 

p_  Y9
Sin 6 	 l.. 	S... 

X5 

which is the char:Acte" ist s: of a cylindrical rotor. 
In order that the generator may supply power to the 
line, the angle '$ must take such a v"l'ie as to satis- 

fy the equation P = 	' Sin 6 which means that for 
s 

given excitation (i.e. for given value of E), the 

rotor of generator r:.ust be forced ahead of tho position 
of tho field structure of a hypotetic.~.l generator 
which maintains the terminal voltage V and whicii rotates 
at constan _ angular velocity. It means that if the 



load carried by a synchronous generator is to be 
increased when it is operating in parallel riith othr:rs 
which maintain constant terminal voltage, additional 
power must be supplied to it by its prime rover. 

2.3  EFFECT OF VARYING G Vi EXC TATIUrT 

(a) Excitation E is in phase with V but 
9 > V. Neglecting the resistance, the voltage difference 
E • V will cause a circulating current Tc  in quadrature 
with both E and V. This current lags behind 9 and so 
exerts a demagnetising action to counter act the 
excessive field excitation. 

(b) When E < V and 6 = 0, circulating current 
I. leads E and exerts a magnetising action to compensate 
for the deficient excitatiorn. 
But inTeither case is there any power developed. So 
the adjustment f the field excitation of an alternator 
will not affect its output when running in par llel 
with other machines which maintain constant bus voltage, 
but it will result in the circulating current which is 
undesirable becaise of its heating effect. 

2.4 	NCH ?,Q:4ISINGDIST JANC S 

The alternator in its simplest aspects is an 
ideal voltage source feeding its load through a variable 

16 
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Under balanced conditions only one phase need 
Uc considered. Figuresa-sa and b show the eq:iivalent 
circuit of a phase diagram of a non salient pole alter. 
nator and figa•3c, a phasor diagram of a salient pole 
machine 

From fig23(a) and (b) the terminal voltage 
of a non salient machine is 

V = E - I (tl 4 J Ad) 	•0, 	 • 0 i 	(2.6) 

and from fig 2.3cthat of a salient pole alternator is 

V E•J'2gXq  JXdId 	.010.0 (2.7) 

Impropor synchronizing of alternators results in dips 
in the system voltage and a large interchange of powers 
bet::ieen the incoming and the system. If the effect of 
saliency is neglected and values are substituted for 
6(torque angle) along with values of resistance and 
reactance s  the loci of the power phasor are two families 
,of elli )ses 1- 

2.4. 	DBIV'AT,  O OF, 2O F i EQ 7A1'IQ? S 

Consider an unloaded bus supplied by (n-l) 
alternators and to which an alternator 1 is connected 
when its voltage leads that of the bus by the angle 6. 

Let the voltages be expressed 
En 	I.,( + JO 

El  = 	(Cos 8 + J Sin 6) 



if the effect of saliency is neglected, the current 

is given by 

\E+  JQ} 	\E ti (Cos 6 + J Sin 6)... (2.8) 
I ~ 

ZA * Zd 
n-1 

1 1 (l 	Cos 6 - J Sin 6) 

d n_=1̀  

where 
n = total number of alternators including the 

incoming alternator 

z; = R + Jxc 

B 	Resistance of the armature plus that of the 
leads to the bus. 

XA = transient reactance of the alterntor plus the 

reactance of the leads to the bus 

The terminal voltage V in terms of tEJ and 6 is 

V= En - --=-I =. ~'I 1 - . 	*J 	(2.9 
n-1 

The equations for the real and reactive power delivered 

by the incoming alternator are respectively 

18 

Power = I x conjugate of V 
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IEI O _ Cos6 J Sin$ 
~ X 

n + 	n 

JJ I - Cost . J Sinn) 	I , G-_ 	- J =  	x 1. ~ 	n 	n ;' t.....~,., d n-1 

=r 	( 	) 	1 _ 1..Cos4 	nn,6 x 
(Z U ~ 2 	n 	 n 

d 

t [1cos6_Js1n6] (R + J X, ) 

nom, 	tEl 	p-1+Coed  
n

"r.".r..` 	n 	n 

II(1-CosA) + XI Sin6 - JR in 6 + JX (Cosh)] 

SinA 
Power = n z 	n 	n. 

d 

[R(1.COS6) + : d in6 i-.. 	.. -J(X a.-Cns6..R rAn6) 

Separating this into its real and imaginary parts 

t 	 IEr„ 	~n-y+g : j eal power P L n jzd I 	n 

1-C©s6+X 5in8) + 	lC@sFi_ Sin6)] 



- 	[nR-nnR Cos6 - R(Cos2&+S1n26) 

- R*2•R Cos6 + nX$ 3in6l 

fll — 	n 	- 2R+2R Cosb + nXj Sin6l 

I ' ---(l-Coss) (-nR + 2R) + nXa Sin 6] 
d 

n 
1l 	(1 - Cos8) 	- X 	Sin6 ,.. (2.10) 

d 

Similarly the imaginary part i.e. reactive power 

t 

Q1 s . 	11E 1 
	~xj n (i~►Coso) + it sinb 	(2.11) 

The dotted ellipses represent the loci of the 
power ,)tease for each of the (n-'1) alternators already on 
the bus and the solid ellipses are the loci for the 
incoming alternator. Fi G 2.5 

For a 2 - alternator system n = 2,, the two ellippos 
become one straight line through the origin. 

For an alternator synchronised to an infinite bus 
bar, n = cK the ellipse for the incoming alternator 

becomes a circle and that for any of the other alternator, 

the maximum reactive power which an incoming alternator 
away deliver is i1i compared to that Jhic:i it mm.iy dra 
from the syste-ia. 

21 
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However, large swings of the real power may 
result depending upon the value of 6 ►t the time of 
synchronising 

If n = 2 and the alternators are synchronised out of 
phase then for an alternator having R = 0.043 and : 0.l5 

. per unit values, 
the ratio or P to Q from equations (2.to) and (2.11) 
becomes 

,,~ = 	r*5--- =35 It 	0.043 

but from the oseillograms, it is found to be 
slightly higher 
Equation ( .9) for the bus voltage shows that the power 
oscillations are accompanied by a reduction in the bus 
voltage, For the most severe condition when l80 out 
of phase, the bus voltage goes to zero and the armature 
current from equation F(2.8) is 

~ f E ? (1 Cos 	+J 's + Sinn) 	 Q )  ...  	~ f'y. iJ G 
I 

11+x+ 

Now 6 = 180 	•`. Cos 6 ly Sin 5 = 0 

Vd 	H + JX'd 0.Q43 + J .0 	x.156 ✓ 0 & 043 "+ O.15) * 

forn=2 

I -. SEC (1 + 1 .. 0) = IEI 	6 	(E1 6.5 
0156+ 2.1 



Hence armat zr current for a 2-alternator 
system is 6.5 times per unit. For an infinite system 
the bus voltage is uneffecLed but the current In the 
incoming alternator becomes for n = cc 

MI (1+l -2 
0.156 

IEI x 2  
0.156 

is 13.0 per unit or twice the available 3 pease. 
Short circuit current 

Such an extreme transient current as 13.0 per 
unit would cause the exciter to reverse Its polarity 
which causes the Obabilising transformer In the voltage 
regulating circuit of malfunction. 

2.5  WWI*.&  OF Fl1LD EXCITATION 

An alternator may lose its field of excitation 
as a result of an open circuit or cc iplate short circuit 
in either its own field circuit or in the exciter field 
circuit. 

The expressions for the real power delivered 
to and the reactive power drawn from the system for an 
alternator having zero excitation are as follows. 
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The power developed by a salient pole machine is 



P A $in 6 + Xd XQ) Sin 2b 
2XdXq 

and where .E = 0 

p 
	d 
	 )Y'2 Sin 26 	•a• 	.•. 	(2.12) 

2Xdx 

and Q = I 	 f X - (Xa-Xq)Cos26 s.• (2.13) 
C~ g, 

If the prime mover input 'to the unexcited machine 

exceeds the maieimum electrical power given by equation 

(2.12) (plus the rotational losses) the alternator 

will be driven above synchronous speed. The equation 

for the real power under this condition is expressed 

by 

X g = 	 )VI 	Sin 2 [ 	{fl - f)t+a© (2.14) 2 d X  q 

where f is the system fre..uency, f1 is the frequency 

corresponding to the speed of the unexcited alternator, 

and 6n is the value of 6 at the instant when the field 
excitation becomes zero. 

2.6 `Q,NCLTTS ONS 

1. When an alternator is, synchronised when 

its voltage is quite out of phase with the bus voltage, 
a large interchange of real power may occur. 
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2. The inc o.-ran ,ing machine may draw reactive 
power when connected out of phase to a bus supplied by 
two or more alternators, whereas the maximum reactive 
power it can deliver to the system is relatively small. 
Severe reduction in bus voltage results depending upon 
the number of alternators on the system when the angle 
between the bus voltage and that of the incoming alter-
nator approaches 1800. 

3. An armature current equal to twice the 
available 3 ,ohs. se short circuit current results from 
synchronising an alternator to an infinite bus. The 
operator may synchronise the machine atrando sm and the 
phase displacement between voltages may have any value 
from 0 to 1800. Automatic synchronising is necessary 
so that voltage dips and power swings afe negligible. 

4. When an alternator loses its field of 
excitation while operating in parallel, it draws a large 
amount of reactive power from .the system and ca=uses the 
system voltage to ab normal and even to oscillate. 

So the alternator with the o,.7en field circuit 
should be immediately disconnected, from the systar.. 



TALENT  EL.. ,.T ZCAL TOR. UCS OF _MB E 

2.7 Generators_ During$Ynchro_nj.sin$ ~. 

The calculation of shaft and frame stresses in 

turbine generators daring synchronising is dependent 

upon the knowledge of electrical torque developed at the 
rotor air gap. This torque generally contains unidirec-
tional, fundamental frequency and second harmonic compo-

nents, all of which are damped. Steady components of 
torque are of interest in the calculation of system 
stability. 

For the calculation of torque, a synchronous 
machine should have the following assumptions :- 

(a) Air gap is uniform i.e. the presence 

of slots on the quadrature axis of the machine and 

none on the direct axis does not Invalidate this 

assumption. 

(b) Saturation and hysteresis are neglected 

in calf -allating the alternating components of torque. 

(a) The field has distributed symmetrical 
windings on both axes. (In the actual machine, there 
is no winding on the quadrature axis. 
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(d) The stator has a sinusoidally distributed 
three phase winding. 

(o) The air gap flux Is sinusoidally distributed 
in space. 

Now if a machine is synchronised out of phase 
with a low reactance system , the resulting torques may 
attain values even greater than those encountered during 
a short circuit. If the synchronising takes place with 
all the three circuit breakers closing at the same inst .nt. 
there will e.dst unidirectional synchronising and loss 
torques and in addition a fundamental frequen.y for que 
resulting from the trapped armature flux. However, if 
only two of the poles close (the other pole not closin". 
at all) there will ue, _in addition to the above torques 
a double fre uency torque developed by the negative 
sequence armature current. 

1. For faulty synchronising, the loss torque 
is generally much less than the synchronising torques and. 
may be neglected., 

2. If synchronising takes ,lice with the rr.chino 
either leading or lagging the system, the armature current 
will have a direct axis component which will tend to 
den ugnttize the main poles causing the direct axis rotor 
flux to decoy. This gives rise to the problem, of cal- 
culating the current in a circuit having one voltage 
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fixed (source) and one voltage varying with time. But 

in -any rtie z hanical systems,)  the maximum stresses are 

reached In the first or second cc  le, so we can simplify 

the problem by neglecting rotor decrements. 

3. It is assumed that the angle between the 
system and the machine remains sufficiently, unchanged 

during the first two or three cycles to permit the cal-

culation of the synchronising carrents without having 

to take into account the oscillations of the machine 

with respect to the system. (If it is desired to cal • 

culate the torque beyond t' o or three cycles, the 

decrements of rotor flux will be considered) . 

In Fig* 2.6 there are shown the electrical 

for -.jues for a line to line short irc,2it and two condi-

tions of synchronising. Though the three phase 

synchronising torques does not reach as high a peak as 

the line to line short circuit torque., its components 

are only unidirectional and fundamental fr-,quency ones. 

These components will. produce much more serious shaft 
stre ssa thin the second harmonic toque. 

From Fig. 2.7 it is evident that synchronising 
considerably out of phase is dangerous. All conditions 
being equ .1, electrical torque for single-phase syrichro` 
nising (only two poles closing) is not as severe as for 

three phase synchronising. 

Equations for the single-phase synchronising 

and for three phase synchronising are Eaiven in App. 2. 
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S«1 DE 	ION _SLIP. FRS U N+CY 3IGr?AtS 

Two a.o. signals having different frequencies 
are fed to a bridge ring modulator for deriving a dif f. 
erence frequency signal as shown in circuit 3.1a. Two 
of the four diodes are maintained in the conduction at 
anyone time by one input signal and these provide a 
transmission path into the bridge load resistor for the 
second signal. For this two conditions are shown. 
In Ft . ?.1b the Input signal I1 i2 flows thrc gh 
diodes  and 1 and the second current input2I2, after 
dividing at the centre tap of the input transformer,. 
adds to the current flowing through diode A and 
subtracts from diode B but I1 must be able to sustain 
the conductionof diode B then the two parts of the 
input signal recombine to flow through the upper half 
of the bridge resistance load... The same relative 
signal polarities are maintained in fig. 3.lc but now 

The signal current 11, after flowing through 

diode A is unable to return through the now reverse 
biased diode B and flows instead through both sections 
of the bridge load and through diode C.  

Similar signal transmission paths may be made 
for other combinations of the polarity and the relative 

amplitude of the in-'ut signals, giving eight different 
static edttions as follows :~. 
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3.1.1  SUMMARY OF STATIC CONDITIONS IN DIODE MODULATOR 

Ne. 	I 	 I 	 Diodesl Output Diode 

	

Relativ Poly-. iReiativeIPola-. con. T 	Xlimitl 
Xampli- Triter Xamp1i. Xrity 	Xduct- X 	Xcurrer 

1 	Larger + 	Smaller 	+ A&B 12R 

2 	Smaller. + 	Larger 	+ A&C t1R B 

3 	Larger • Smaller A&B -*,T ER p 

4 	Smaller • Larger B&D 7E1  R A 

5 	Smaller = 	Larger 3D I 1R C 

6 	Larger Smaller 	- C :3 I2R B 

7 	Larger • Smaller 	+ Cle- f" I2R A 

8 	Smaller - 	Larger 	+ I1R D 

The table shows that the greater current 
inputs control the transmission path to the bridge 
Output, but it is the smaller input that appears there. 

Npplying these conditions to the signals 
having frequencies of 	50 c/s and 40 eta respectively, 
it will give the output as shown in fig. 3.2c. 	Both 
upper and lower side-toads of the modulation process 
are present and the unwanted component is to be removed 
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by using a low pass- .filter to get the wanted frequency 
signal. The output waveform is shown in fig.-2.c while 
the frequency of the output otter filtering is shown 
in fig. 3.2d. 

3.2  LOGIC TEST  OF SLIP FREQUENCY 

To test whether the slip frequency is equal 
to or less than a predetermined value, two slip frequency 
waveforms are derived with a controlled rind constant 
phase shift between them, a width modulator wave form is 
generated from them by initiating an "and" comparison 
which detects the time for which coine2.dent positive 
going signals are present. It Is shown in fig. 2.2 
that. if the phase displacement -A between slip frequency 
signals is independent of the slip„ width 'T of the wave 
form after comparison is a measure of the slip frequency 
given by 

360 f 

If b f is the small slip frequency for which synchronism 

is permitted, the width 1. of the waveform corresponding 
to the frequency derivation takin the limiting value 
for synchrontsetton is given by 

360. df 
A pulse Indicating that the condition 

(ti.. f2)CSf 	 ..« 	(7.3) 
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is satisfied, may be produced by comparing the width 

varying waveform with a waveform having a fixed duration 

-'c . The logic diagram is shot. in fig* 3.4. The 

leading edges of , the width varying waveform and the 

interrogation waveform are cynchronised, and the latter 

is generated once each slip frequency cycle. A con-

firmatory pulse Is derived from their "and." comparison 

and stored for a time long enough to allow for the 

measurement of phase displacement. If circuit breaker 

reclosure does not take place even though the slip test 

is within limits, the store is reset each cycle until 

the closure is initiated. 

B. 	!!' 	COI TROL Q ' SLI FRE- 3ENCY Si 't~L 

.Abased between slip frequency signals is 

introduced deliberately and it is Independent of slip 

frequency. The required phase shift is inserted into 

one of the signals 	Say S1 before modulation in the ring 

bridge modulator. 

If for modulator A in fig. 4 the input signals are 

	

Al sin (w,t + 01) 	o.. 	.• 	( )  

S~{ } 	A. Sin Cy22,t ' ` Qr2) 	 ••• 	s w 	(3r6) 

and for modulator B 

	

S1(B) = B1 Sin (wit - 4. + Sri,) ... 	.» 	( ,6) 

	

B =- B2 Sin (w2t + 9'2) 	., .0 	.. 	(2.7) 
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The outputs of modulators A and B are 

Sa = 	A2 	Cos ~(Vl-  w2) t + 	'11 - 021 	,► 	X2.8) 

Sh = 	B2. 	Cos ~(Vl • w2) t + 	di w- S 2 - 

Thus if w2 wi, S. leads 6a by phase .Z and 
if v1 tai,, 5h logs Sa by phase .& 

the "t ad" comparison of Ss and 8b yields a rectangular wave 
form the width of which Is inversely proportional to slip 
frequency, irrespective of whether the incoming machine 

is running slow or fast in relation to the system speed. 
The slip Is assessed by measuring the time taken for the 

phase displacement to change by a given amount d (slip 
in each slip frequency cycle) . The angular range of 
measurement should be small so as to minimise the errors 
caused by changes in phase displacement during the 
sample period. Angular range corresponds to the phase 
shift -( introduced into one of the signals. A value of 
24° is sufficient , and this is shown in fig.' 5 which 
shows the conditions when approaching synchronise at 
speeds greater and less than the nominal speed, 
in case of w,. '> w2 and :r i - err, < 2 IT 6f' I a confirmatory 
pulse from the slip test circuit is generated at time tl 

in fig, .5a and closure should tale place at t2 if the 
amplitude condition 1s met t2 - tx should be small to 
reduce the effect of speed changes during the period. 
Delay may not be acceptable for the condition w2 Sri 
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as shown below in fig. 3.5b because whereas speed 

confirmation is given just before the instant of zero 
phase displacement when wl w,,, it is given just after 
when wp wl. The figures - are for delays in effecting 
closure on completion of slip frequency measure'ent. 

(Diode modulator gives maximum output when phase dis-

placement between the input signals is zero), 

Now it becomes necessary to determine, once 
in each slip cycle the instant of zero angular dis-

placement between the incoming machine and the supply 
system and to, generate a circuit breaker closure pulse 
in advance of zero displacement condition being reached. 

This is 1unou.~n as "fixed angle compensation". This 
compensation to allow for the delay in the circuit 

breaker can be expressed in terms of an angular dis- 
placement so that the pulse should be generated when 
the. displacement Is 	and the symmetry should be 
maintained about the in phase condition for the incoming 
machine running either fast or slow with respect to 

the system. 

is related to slip frequency in such a way that at 
the maximum permissible frequency, closure is effected 

at the correct instant. The waveforms in 3.6b narrate 
the method of compensa;ion and the way in which error 
may arise from it. 

The peak in the slip frequency signal output 

113 	from ` ring modulator takes place when the two inputs 
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are in phase. This condition Is attained by "and" 

logic circuit as in figure 3.6b. In the diagram, slip 
frequency selected for complete compensation is the 
maximum permissible frequency for synchronisation but 

the principle of compensation can be applied vhatevor 

the frequency is selected. As at this frequency, the 
advance time is designed to be equal to the circuit 
breaker operating time. 
Errors sill take place as in figure 3.6b at slip 

frequencies different from that selected for compen-
sation. Particular combination of variables gives 
the variation of timing errors with slip frequency as 
in figure 3.7a. 

The circuit breaker operating, time is 0.2!S and correct 
compensation has been arranged at maximum permissible 
slip frequency of 0.5 c/s. Time compensation perioa 
is given by 

7s 	` ° ' d 

whereas the phase shift 4s in the control signals is 
obtained from the limiting value 7s = 0.S when 
Sf ~= 0.5 c/s. 

Corresponding errors in phase displacement are shown 
in figure 3.7b as a function of slip frequency when fs 

takes the limiting value of 0.5 c/s, phase displacement 
at closure is zero, while at smaller frequencies, the 
phase errors can be high. 
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For example, in the case of a circuit breaker operating 
time of 0.15 see. and maximum frequency duration of 
0..5e' , the angular deviation for a. 50 c/s supply can 
take the limiting; value of 13.5°  when synchronisation 
is effected close to zero slip conditions. 
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DE9 TT ..,C 	.-SYNQllRON ISI G P :LM, 

Amplitude compxnrison underlays the derivation 
of slip and phase displacement checking signals using 
modern static relaying techniques of transistors. The 
unit consists of four parts each with a different 
function. 

(1) Slip frequency measuring 
arrangement 

(2) Phase indicator 
(:3) Voltage Comparator. with the 

control of permissible voltage 
variations 

(4) Sequential Control Circuits 

Part 1 Is a combination of an electromagnetic 
circuit of transformers and resistors and rectifier 
bridges for signal rectification with a filtering circuit. 

Part 2, P and 4 are all transistorised 
circuits, Part S is achieved as an auxiliary function 

of one of the seq*.Iential control units. 

4.1  8L P M SUR I NG C RC1 T 

This is an electromagnetic slip frequency 
measuring device and gives a sinusoidal output wave, 
the frequency of t hich is the difference between the 
frequencies of the two applied voltages. 



The running and Incoming voltages are 
connected to the primary windings of the two trans. 
formers A and B. (A is designed as a ratio of primary 
to secondary voltage of 10:2 and B of 10s 1) . 

Their secondary windings are so connected as 
to add and subtract the two voltages. Outputs are 
taken across the two rectifier bridges. Secondary 
wind ings of transformer A is centre tapped and the 
centre point is connected to one side of the secondary 
winding of transformor R. 

Tbc voltage applied across each half of the 
secondary winding of transformer A is equal to that 
across the secondary winding of transformer B. When 
the two input voltages on the primary sides are equal 
then considering two voltage w cw...forms :- 

Running  supply voltage V. = VI  Sin grit 

Incoming 9 
	

it 	 V0  = V 2 Sin w2t 

- 	Assuming V1  = V2  = V. This condition is to be satisfied 
for nermissihle limits otherwise no syncbronising signal 
would be issued. 

V' =V R +V 0 =V 1  Sin wit+ v.Sinw2 

= V (Sin wit + Sin wr2t) 

46 
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= 2V Sin 	- 	t Cos 	 L 	is (4.1) 

and V" _ VR  v0  = V (Sin wit Sin w2t)  

2V Cos 	1 + t  t  din ari w2,t 	.. (4.2) 

Equations 4„1 and 4.2 give forms ©f shape shown 
In fig, b. The period of oscillation is proportional to 
w, — w2, the slip frequency. 

SUTMCTIO4 OF VOLTA GZS 

'r;2: 	t 	12 Cos( 

when V I  V 2  = ' 

. . VR  .. V0  = V" = 2V 5th a&/2 	. s : 	... 	(4,3) 

This shows that the resultant voltage V" is proportional 
to the sine of the phase displacement. 
Equation. 4. ? shows that :then the two signals are in 
phase and of the same voltage magnitude, the r-sultant 
voltage is zero. 
When they are out of phase by 1800, the resultant voltage 
is maximum i.e. V" = 2V sin 180°/2 _ 2'. 
Hence subtraction of voltages gives rise to a sine 
waveform. 
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ADDITION OF V'OLTAG 

V' =VR+V 	V +V+ 2V1V2  Cosa( 

when V1  = V2  = v  

, = 2V Cos/2 	... 	(4.4) 

when phase difference is 00  

V 1  = 2V maximum 

when phase difference is 1800  

V , = t 

This gives a cosine wave of the slip frequency, having 
its zero potential at 1800  electrical degrees displace-
ment and its maximum at phase coincidence. These are 
shown in fig. 4.Ib. 

The two wave forms given by equations 4.1 
and 4.2 are rectified to give negative half cycle output. 
This wave is smoothed and freed from ri!ples in an L-C 
filter circuit (Low freqeuncy pass circuit) using L=6 
henries and C = 32 µ Farads. 

The outputs appearing across the two potentic-
meters Rl and R2  (using two carbon variable resistors 
each of 2 K. ohms) are shown in fig. 4w lc. These two 
waveforms are fed to the pulse circuits. 
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A bridge connection is employed to avoid food 
back between the two voltages. The 1:1 isolating 
transformer In one arm of the bridge is used to make it 
possible for the rectified output signals to have a 
common point. 

4.2 PRI4CIPLQF OPERATION OF T}1 CIRCUIT BLOCY DIAGRAM) 

Slip signal having Its zero at the point of 
phase coincidence from the slip measuring circuit Is 
given to pulse circuit 1. The pulse circuit is such 
that then the Input signal from the slip measuring cir-
c•it becomes zero, a conduction which lasts for a very 
short of time then a negative pulse is produced as 
shown in fig. 4.3a and 4.2b. Signal from pulse circuit 
. is fed to a monostable timing circuit, This is designed 

to give a negative output square wave of duration equal 
to the time of operation T. of the circuit making switch* 
The pulse duration is variable by the -C components 
(RC = Time constant = 0 to I second) to suit different 
types of circuit breakers. The output is as shown 
in fig. 4..3a. 

4.3  PHASE INDICATION 

As shown in fig. 4.2. two signals are taken 
from monostable timing circuit„ one is fed into phase 
co.niparator 1 and other into delay circuit. Delay 
circuit givos a constant delay time, depending upon 
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the decay of the monostable pulse as in Fig. 4.3(d). 

Output from the delay is fed to two phase comparators. 
From fig. 4.2, it is evident that the outp xt of phase 
comparator 1 is controlled by five signals i.e. running 

and incoming voltages, monostable p Ilse output, delay 

output and Bistable 3. If anyone of these five signals 

is negative, it gives zero o .~tput. Output signals of 
monostable timing and delay circait are so arranged 

that they permit phase comparator only during the 

limited period= (Delay time •. Tc) as shown in fig. 

4.3e. This means that the voltages of running and 

incoming supplies can only be compared in phase, in 

phase comparator 1 during this restricted period. When 
the two voltages are in phase d.i.ring the time ' 	a 
negative going signal is prod iced which is fed to a 
level detector through an integrating circuit within 

the phase comparator. The function of the integrator 
and level detector is to guarantee that only if two 
source signals afe in phase during the period then 

an outpit signal will be produced to operate bistable 
circuit 1 as in fig. 4.2. 

Now phase coincidence of the two voltage 

signals to be synchronised takes place on numerois 

occasions, but phase coincidence should take place 

only when the slip frequency is very small. This can be 
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achieved by limiting the phase comparator operating 

time and also the operation of level detector should 
take place only when the two signals are in phase 
during this restricted period. When the signal from 
phase comparator l switches on 3istable 1, this circuit 

together with the delay circuit, will in tarn switch 
on phase comparator 2, which will again measure the 

phase angle between two source voltages, when the 
phase d ffere~ice sttai;as angle e, correspond tag to the 
tithe delay T of the monostable timing circuit., a 
signal Is produced to trigger bistable circuit 3 which 
controls the circuit breaking operating mechanism at 

the correct instant. 

As it makes the system operate only when the 
slip frequency is too low. To overcome this, pulse 
circuit 2 and bistable circuit .1 have been added as in 
Fig. 4.2. 

Aistable 3 is set by pulse circuit 2 and 

reset by pulse circuit 1. If slip frequency is near 
synchronism and phase comparator. .3_ picks up at the 
angle e in the first half cycle, correct operation 
results with pulse circuit 2 and bistable circuit 3 

both maintained in operative by a signal from hts'able 

circuit 1. 
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On the other hand if operation is not 

obtained in the first half of the slip cycle, the 

system will be maintained in operative during the 
second half cycle by a signal from bistable circuit 

3. At the end of the cycle, the system is reset by 

pulse circuit 1 to start the sequence of operation 

all over again. 

4.4 TRANSISTOR CIRCUITS. 

4.4.1 PULSE TRIGGER CI iCUJIT 

This is a common emitter circuit, having 

only one transistor, the input is a slip voltage signal.. 

It will conduct when the input signal of base is negative 

with respect to the emitter voltage. Output at the 

collector will have the same potential as the emitter, 

if the signal at the base is equal to positive with 

respect to the emitter, the transistor 411 not conduct 

and voltage at the collector will fall. Hence for a 

short instant when the slip voltage to the p.tlse circuit 

is zero, a sharp negative pulse is obtained at the 

collector output terminal. When the two applied voltages 

are not equal in magnitude, the slip voltage will not 

attain zero and no output pulse will be obtained. This 

means that no operation takes place unless the two 

applied voltages are of the same magnitude. 

4.4.2 MONOSTABLE TIMING CIRCUIT 

Monostable multivibrator circuit, when 

triggered by a small pulse, generates a large pulse. 
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the width of which can be controlled by either changing 
the potential at the base with the variable resistance 
's  or by an RC circuit connected between the collector 

of. transistor Ti and base of transistor T2.. R is a 
variable resistance. A triggering circuit is needed to 
bring out transition from its stable to semistable. The 
time of quasistable state is very large compared with the 
time- of transition between the two stages. 

This is a common emitter type as shown In 
fi-g.4.5 , In the stable state, transistor T2  is con-
ducting as its base takes current from the negative 
supply, transistor T2  is biased to cut off by a resistance 
Re  in the common emit4er. When the signal at the base of 
P1  causes the transition from the stable to the quasi-
stable state, Tp cuts off, Pi  starts conducting and an 
emitter current Ij flows in P1. This current is 
dependent on setting of Ve. 

After the trigger pulse has been applied the 
collector vottage. of. P2  falls and with this base voltage 
of P2  all starts to fafl exponentially towards Vcc  y are 
the other voltages remain constant until the base 
voltage of P2 falls to pick up voltage. .fit this the 
quasistable state terminates and the voltage finally 
stabilizes to the level I2 Re„ The circuit produces a 
positive pulse at the collector of T1 and a negative 
pulse at the collector of T2, each with a duration 
depending upon the time constant and of FCC coupling 
- 	A.1- - 	- n 
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4.4.2 DELAY C IRC!JIT 

The circuit in figur. d 496 consists of a level 
detector shunted at its input by a capacitor Cd, when 
the starting signal is applied to its input, a delayed 
step function going from zero voltage to Vcc  is pro» 
duced at the collector of P3 and a pulse with the same 
delay is produced at the collector of T2, 

4.4.4  PT 	COMPARATOR D SIGN 

Phase comparator Is the main relaying element 
in the synchronising relay. It consists. of a coincidence 
stage (phase comparing element) controlled by pulse 
circuits from monostable timing circuit, from delay 
circuit,, from bistable circuit 3 and from two source 
voltages to be compared in phase; tt Is followed by 
an Integrating and level detector output stages. 

Coincidence circuit will allow operation only 
If all its inputs are zero or positive at the same time. 
tf any of these signals is negative, no operation takes 
place as the collector voltage of the circuit will be 
at zero voltage i.e, the transistor will, be conducting, 
The integrating circuit is an arrangement of a capa.. 
citor C 1  charging through a resistor Fie, and Rb2 , when 
the coincidence transistor is cut off. In fact the 
function of the integrator and level detector circuits 
Is to ensure that only if two source signals are In 
phase during the whole of operating time of the phase 

5`7 
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comparator than only an output will be obtained to 
operate bisteble circuit 1 as shown already. Tn the 
figure 4.7 emitters of transistors T2  and T are 
connected through the common resistor R 23' As long 

as the voltage V0  is lower than certain value 
(pick up voltage) transistor T i,s fully conducting 
due to negative voltage applied to Its base, -while 
transistor T2  is biased to out off by the voltage 
drop across the common resistor B023.. T will con, 
duct till. R,92 i = v 

The input voltage to the coincidence cir- 
cult is obtained from the five signals being fed to 
it such that the operating current makes the ase of 
T Z  positive with respect to the emitter when base of 

I  is zero or positive, transistor ' . stops conduction 
and the voltage V starts to charge the condenser C 
and V starts to rise exponentially depending upon the 
time ccn stant, + OOb2  + Ro  ,) of charging circuit, 

&e soon as the voltage reaches the pickup 
value,, T. starts to conduct and its collector voltage 
starts to rise. This rise of voltage is transferred 
to the base of T. and reduces its emitter and collector 
currents. This reduction in emitter current of T3  
pushes T.2  to further conduction with rise in its 
collector current which is again transferred to the 
base of T. and the cycle is repeated. If during this 
action gain is greater than unity the circuit will 
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suddenly change to other state of stability where T2 
is fully conducting T3 is cut ofr when. T is out off, 

a negative voltage appears across the collector and 

emitter of transistor T3 which is applied to bistable 
circuits. 

For the design, take voltage as 25 V D#C. 

Now when transistor rS is conducting due to a bias given 

by R2, Rb3 potential divider as sho zn in figure 4.7. 

A current 13 flows through the collector and common 
emitter resistance 8923 and Rea At this time ° 2 is 

not conducting and when TI is not conducting,, the 

capacitor is charged to V 	V~ • When the conduction. 

of T3 ceases,, Tp, starts conducting, Lot us assume the 

voltage drop across Reg be V = V = V. so that capacitor 

can charge upto this voltage easily. Now at critical 

condition 

e i= i c V 
p 

800 volts 

Choosing e23 = 2«.5 K. Ohms, 13 = 2.. 	3 

3.2mA 

Now when P3 is conducting T. is not conducting. Rest 

of the voltage I. e. 25 - 8 = 17 volts should be across 

the collector resistance* 

Collector reststenee 
Rea = 	17 	3 = 5.6 l(, Ohms. 

3,2 x 107 
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Now as the voltage drop across Re23  biases 
the T 2  to cut off so logically that the current through 
T2  should be less than P3  to reduce the voltage across 
Re23` Therefore choosing, a higher resistance in the 
collector circuit of T 2 , we can achieve this by choosing 

Rc2 = 10 K. ohms. 

Current in T 2 	25 9.0 mA , 
10+2.5 

NOWT FOR TRA  TSTOR T1  

s 'T1  Is off, the capacitor charges to Vp  
with a time constant C (Rc1  i Rb2) . Nov time taken is 
about 1„2 m see to charge the capacitor to. 8 volts. 

Assuming C = 0.5 ) Fgrads, (Rc1 + Rh2 ) is determined 

by the formula 

t = C (Re 1  + Rb2) log 	 here E is 
supply voltage4 

f we do not go to a rigorous solu.tioar, we have to 
charge the condenser to about 8 volts.  
Time constant Is (Re., + Rb2&C * ich is time taken to 
raise the voltage upto ?0. 

Roughly 	12 	c1 * Rb2) C 

• 
RC  1 + R b2 	 = 24 K • ohms. 

0*5 x 10 

Choose Rcl  = 22 K. ohms, 

n— A 	'0 	— 	1e 	uv ti 



While discharging the capacitor through Rh2  and 
transistor T, when T is conducting,,, lesser resistrnce 
should be there for quick discharging 

• 
.. R 2 < R01  

Hence the current while ` 1  Is conducting through co .lecw 
tor and emitter is 25/22 = .*14 mA which is within 
safe limits. 

Rh3  should be chosen high so that while T is conducting, 
no current should flow through base and emitter. 
Choosing R 	= 30 K. ohms and ft. = 47 K. ohms.. 

SUMMARY OFJ?SIGNS  

Rc1  = 22 K. ohms, 

Rc2  w l?) K. ohms. 

Rc3  = 5.6 K, ohms. 

Rn = 47K. ohms. 

Rbl 	. 2 K . ohms 

Rb2  = 2 K, ohms 

phi = 30 X. ohms 

Ti" 2.5K. ohms e23 	(von able) 

Re23  is a variable resistor for fine adjustment of 

the phase comparator circuit, 

A SYMMETRICAL BISTABLF TRIGGER CIRCUIT 

It is used as a slave element In relaying 
operations. It reepcsads to an Input pulse or pulses 
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and produces a continuous output signal. which is used 
to control the tripping coil of a circuit breaker. 
The circuit 4,8 has tiro transistors T and T2  with their 
emitters connected to the zero voltage line through a 
common emitter resistance Re12  shunted by a capacitor 
Ce22. The signal at the collector of each transistor 
is fed to the base of the other transistor through 
coupling resistors H11  and H22  and Rl  and H2. The 
circ•iit possesses two conditions of stable equilibrium, 
in either of which one transistor is fully conducting 
and the other is cut off and can remain in one of these 
stages indefinitely unless it is forced to other state 
by some internal means, The capacitor is connected to 
d of -rmine the behaviour of the circuit during the tran-
sition from one state to another„ The circuit is 
triggered by a negative pulse applied to the base of 
T i  through a diode D in series with a capacitor to 
cancel any d.c« component. If after the circuit has 
been triggered, the h. t,. supply is switched off and 
then on again,, the circuit will assume its original 
state of stability with T2  fully conducting and T, 
cut off. It remains in this state until again 
triggered to the other state. The circuit may be 
triggered from one stage to the other state by applying 
either a positive pulse to the base of conducting 
transistor to turn it off or a negative pulse to the 
base of nonconducting transistor to turn it on. 
The later usually demands loss of energy. Initially 
in th nbnvo r 4rnaiit transistor T. is cut off and 
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12 is conducting. The time constant of T l  circuit is 

made larger than that of 'T 2  circuit so that the collec-
tor voltage of P2  will, rise at higher rate than that 
of ¶34 This is necessary because when supply is on, 
both transistor T l  and T',2  race in ce eduction, The 

rise of T2 is transferred to Tl  and oppose Its tendency 

to conduct. This further reduces the rate of rise of 

TI  and the process is commulation with the result that 

¶7  will be driven rapidly for full conduction while Tl 
remains to cut off,. When the negative pulse is applied 

to the base of ` l the circuit is triggered to other 
state i.e. ' l the conducting and T2  Is cut of.  To 

reset, h.t, supply is switched off and then Witch on 

again. The whole trigger circuit will. to triggered 

when the positive half of the input wive is more than 

12 m Sec. 

When P2  is conducting the potential of 

cathode of T2  will increase which will be transferred 

to the base of Ta  through resistance B72 and T, will 
be btesed to cut off by B. Nov neglecting C, for 

the time being which is provided for stability. 

When fit  is conducting and R02  and ol2 Will 

act as a potential divider and total current through 

the collector and emitter should be about 8 mA. Whereas 

most 6f the resistance should be in collector etrcuit. 
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Also current through R22 and R should be minimum i.e ». 

R 1 and R22 should be high as compared  to 8012. 

Total circuit voltage supplied 	25 volts. 

when T2 is conducting (R + R~12~ is 5 3.15 K.ohm 

Choosing R02 = 3 K. ohms and ire ' 150 ohms (used 100 ohms 

is taken to be 4? K. ohms and t22 = 4,,7 K. ohms. 

The coupling capacitor Cc == 0.01 P- Farads. 
The capacitor Celt connected in parallel with .I2 is 
take as 4  grads for the purpose of stability. 
Semiconductor is provided for blocking purpose,  

4,4.6 POWER 1WPLIES 

The power supply requirements for the relay are 

a negative direct voltage of 2. volts capable of delivering 

upto 100 rrmA and a 5 volts positive bias of very little 

current drain. The bias voltage, although it c :n be 

provided by the power unit Which supplies the main h.t. 

voltage was supplied by a t. c. variable source since 

its current is very small and the voltage level required 

is not critical. 
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EXRERIMENTAL PERFORMANCE 

5.1  SLIP LIMITATIONS 

The combination of the monostable, delay and 
phase comparator I circuits are such that the relay does 
not start operating until the slip frequency has been 
reduced below 0.4 c/s, though other choices of slip 
frequency limitations can be attained as required. 

After this has been achieved ,, incoming 
generators have to make one complete revolution before 
the finl closing signal to the circuit breaker 
operating mechanism can be produced. The period of 

this slip cycle will be more than 2,5 second$ and the 
generator must pass slowly through synchronism. 

If for any reason, the circuit malting 
switch fails to close at the required synchronous speed, 
a safe guard is used to ensure that no operation takes 
place beyond 0.4 c/s above synchronous speed. For 
this, a resetting signal has been added to bistable 
circuit I at the end of each slip cycle, the arrange-
ment becomes ready again by the pulse from phase 
comparator I. This means that relay would operate 
only between the selected limits of 1 0.4 c/s. 



5.2  UNBALANCE IN SOURCE VOLTAGES 

Unbalance voltages upto + 511  are allowed, 
otherwise pulse circuit I is not able to trigger the 
monostable circuit, and hence prevents operation. 
This Is due to the . slip cycle not attaining zero 
voltage with unbalance in the source voltages. This 
limit can be further reduced slightly by having a 
wall resistance in the emitter circuit of the pulse 
circuit, which will reduce the cut off voltage. 

5.3  hD 'AN`CF TIME SETTING 

It Is not completely independent of the 
slip. The advance time is set to give a correct value 
at 0.3 c/s so that the circuit making switch closes 
slightly after phase coincidence of the two source 
signals between 0.4 c/s and 0.3 c/s slip frequency. 
Also the switch would close slightly in advance for 
slip -frequencies between 0.3 c/s and zero. 

5.4  T ,1PERA.TIIRE CONS IDERAT IOI S 

The transistor circuits are very temperature 
sensitive.. Large changes in junction temperature will 
change Its characteristics. As the collector power 
dissipation in switching circuits is negligible, the 
junction temperature remains almost the same as the 
ambient temperature. 
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5.5  Tg•.+'.` ARRANGEMENT 

In the initial stages of construction, the 
slip frequency measurement method, pulse circuits, 
monostable,f  delay circuit $  phase, comparators and bi-
stables were tested individually and were found to be 
working satisfactorily within the specified limits,, 
Then the synchronising relay was tested by simulating 
the incoming generator by a source variable in both 
voltage and frequency (i.e.. by changing the speed of 
the prime mover and the excitation of the generator) , 
the reference source being the mains supply obtained 
by another generator); 

The equipment was tested by synchronising 
experiment on two 3 phase generators as in the case of 
parallel operation of two 3 phase alternators. In 
these tests, the manual control was exercised over the 
ex$itation current of the incoming generator. Its 
performance was. tested on an actual synchronising 
method used for parallel operation. It was found to 
conform with the synchroscope method. Synchronising 
took place only when the two machines were in phase, 
running at equal speeds and with almost equal voltages. 
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CONCi,iTS ION 

A s shown by the successful operation of the 
auto-=atic transistorised synchronftsing rela-f, the junc-
tion-transistor circuits can be reliably used in relaying 
and control problems. They give reliable and consistent 
operation and have all the advantages gained by having 
no moving parts. 

The relay imposes a low burden on the voltage 

transformers to which it is connected. 

The relay advance time setting is chosen 
deliberately over . ,:ide limits to cover the range 
100-450 ms, which relates to rnakIngswitch closing times 
of 5-12 c/s at 50 c/s. The advance time set In,g in.cluoes 
the time from► the instant when the circuit breaker 
operating mechanism becomes energised to the successful 
completion of the synchronistng operation. The relay 
Is calibrated to give a correct advance time at 0.4. c/s. 
If the relay operates at a lover slip, a slight inaccu-
racy in time setting will be there, but in. any case the 
out of phase switching Angle hill not exceed. 50, This 
deviation is of no consequence as no instability or 
d,r m ge to the Incoming machine can be caused. 

The maximum: slip can be decreased or Increased 
within certain limits. The maximum slip setting should 

not exceed 0.75-1 c/s even with the most accurate time 

70 



setting. The limit of voltage unbalance has been set 
for 5f'. 

The automatic—check synchronising relay is 
a useful anolication in the rapidly growing use of auto-
mation in power systems, since interconnected systems 
introduce many operating problems which make it 
undesirable to depend solely on human fnctors. 
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APPE NIX I 

ADVANTAGES OFJC NCTTOH TRIGTI ISTORS IN  ELECTRONIC RELAYS 

It is a three terminal semi conductor device, 
three terminals being called, collector, emitter and base. 
Provided that the transistor Is considered as a current 
operated device, these 3 terminals have functions similar 
to the anode, grid and. cathode. When transistors are 
used as a two terminal network, there are three useful 
confugrations: 

1. Iarthed Collector 
2. Earthed base 
2. T"arthed. emitter 

for large inputs, the earthed emitter arrangement 
behaves as a relay in h .ch a small input power effects 
A change from s very high to a very low resistance in 
the output circuit. 

`EARTHED,-F':MI ' S CTTA AC' FR1S TCS O A 3C !ION TRA SI,-'FOR 

Fig. (b) shows the circuit arrangement and 
fig. (c) shovs the static characteristic curves for the 
earthed emitter confugration. A load line AB is drawn 
on the characteristic, having slope - 	and inter- RA 
seeting the Vee  axis at - Ve  volts. If the input 
resistance Rh of the transistor is made large with 
respect to the base emitter impedance rb  of the 
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transistor (usually of the order of 40 700A) x  the 
base current to a first approximation will be 

lb = -nom hen V1n  is negative Rb  

when Vn  is pos tive, no base current will flow and the 
transistor will be cut off so that the output voltage 
will be constant at V0. When Vin is negf-tIve, base 

current starts to flow and the output potential fells 
along the load line until the point C Is reached. At 
tht point no further re diction in output voltage can 
occur, the only effect beI'ig an increase in the base 
current. 

It is convenient to introduce d , the 
large signal ainpltftcat1.cn factor or the ratio of 
collector current to base current at the point C. 

IT* 	
=. 50 

b 

At the point C,, the output potential, is so small that 
to a first appro7tmation, it can be assumed to be zero, 
therefore at that point., 

V 
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and Vj = ii Rb = ~g.. b 

`taus the behaviour of this circuit may be summarised as 

follows s 

for Vth pO, Vee 	=.. ('e 4- IØ A) 

for Vth 	- 	,7 	, 	'f ee 	= 0  

The overall characteristics are sbou in fig. Cd) 

The transittoo from the cut off to the fully conduc- 
t t rig; conch it ton takes place for a very small change of 
input voltage. 

Typical figures are as follows i-

V0 0 10 volts 

fix = 20 k . fL 

= 30 

- v Rb 	-- w o,17 volts 
RA 

Thus to a first approximation, the circuit behaves as 
a switch, It Is in the "OFF" condition for positive 
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inputs and in the "ON" condition for negative inputs. 
This argument holds for a large signal conditions. 
Assumptio -I is justified for the relay circuits which 
have been developed since the input voltages are taken 
directly from the 110 volt test transformer secondry 
windings. 

APP 1CA' I ^ Q JuNcr o { TR4!t:s 	©Pt. 

Junction transistor can be applied to 
relays in place of 

(1) thermioaic valves as it needs no 
specie Z power supplies as in valve heaters. 

(2) The provision of appreciable voltages 
in case of valve anodes and electrode bias Is eliminated. 

5 
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APPENDIX 2 

r vat o of $Jng1ophae, Synehrgnising Out of P a 

During single phase synchronising' the sequence 

components of armature currents can be found by connecting 

the sequence networks as shown above in Fig. 8(b). 

From the positive and 'negative-sequence 
components of current, the armature current is determined. 

Neglecting all rotor decrements $ the instantaneous phase 
voltages daring the transient can be written 

ea =ECos (wt+0() 

es =ECos (wt + 0) 

from which the a. c! . symmetrical components of armatare 
current can be soled. 

2E Si a--) 	 !L 
1a1 =2 -ia2 	2 	x Sin(wt+ 2 ) per unit 

d + x2 + 2X5 	amperes 

The alternating phase currents are 

2/3 E Sin ,b = .'iC = 	 2. X Sin (wt + -- + -) t-"d 	X3 + 2X 

Since the currents must start from zero, there is a d.c. 

component present in the c .Trent. The total phase currents 
are therefore 

I 

	

2 4/3 E Sin ce 	x Sin (wt 2~ ) -Sin ( 	3 
b 	c Xfl d + x2 + 2Xs 



The instantaneous power is 

p 	3 (iaea  + fibab  + is  ec) 

ib( e 	
e] 
	B 2/3E Sin( 	) x  

? d" + X2  + 2X6  

►5in(wt +) - Sin C 	)j x 13E Sin(wt+a) 

Since in per unit tho rotor torque is equA to the . owor 
transferred across the gap 

P =( X'd+X2+2xs  ) 
	 Cos 2(wt + cc) tan A sin(wt+a 

,.2  -.... 	x sin(wt + act 
Cos ( 2 

where 6 = ( 0) 

and (par phase machine constants in per ;snit) 

"d  = Direct axis s b transient reactance 

X2  = Negative sequence reactance 

l 	= Effective machine (or system) voltage 
Xs  = system reactance 
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Similarly 
e uation of three phase Synchronising Torque 

Out Of Phase 
2 

T  = EX"S3+ X 	1 - Cos wt + tan 2 Sin wt 
d 	s 
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