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INTRODUCT ION

A number of synchronising relays are manu-
factured commercially, most of which use dynamie relaying
elements. They have employed electrically interlocked
rrlays vhich oprrate each time the phase angle hetween
the machine and 1line voltages hecomes zero. These
auntomatic synchronisers have given excellent service
in a variety of applications. However, it has become
evident thnt.fastef and more sccurate synchroﬁising
could be obtained if the interlocking relays were
eliminated and their functions performed by electronic
means., The present trend has beeﬁ to investigate the
possibilities of applying transistors and semiconductor
components to the problems of an entirely statie
synchronising relay. All the necessary funétioas of
voltage regnlation, phase and slip measurements can be
achieved suecessfully using static relaying principles.
The aﬁtomatic transistorised synchroniser described in
the dissertation nermits taking advantage of faster
circult breasker closing speeds and nrovides more
accurate synchronising then the equipment with mecha-

nical interlocking relays.



SYMBOLS

Unless otherwise stated, following notations will

e used.

Control signals derived from sources
to be synchronised

i

Sy 82

Wiy Wo £ 4 £2 = Frequencies of sources to be synchronised
1 rad/sec and ¢/second.

£y = S51lip frequency (f; - fz) e/s

8f and &V = deviations in fréquency and voltage

' which are permissible for synchronisation
&g = Angular displacement at which closure

is injitiated.

~Sa’ Sb’ Sc and = ©8l1lip frequency contrdl signals
o3 !
d

o{

H

phasge displacement between slip
frequency control signals.

T

Te = Minimum width of slip frequency waveform
for synchronisation.

i

Width of slip frequency wave form

=
n

Load resistance in diode modulator

e
i

a - Armature resistance

Input resistance of Transistor

oo
o
il

it

Base emitter impedance of Transistor

" Torqiie or power angle

Terminal voltage

H

Voltage induced

i

Power

B v Bod o
H

Torgie



Tl' Tz, 'I'3 = Transistors

X = Reactance

B; = Direct axis reactance

X'y = Direct axis transient reactance
X"q = Direct axls subtransient reactance
Xq = Quadrature axis reactance

Is = Direct axis current

Iq = Quadrature axis current

Xs = Synchronous reactance

X2 , =z Negative sequence reactance

Iy = Base current

S = Kmplification factor

2'4 = (R + x'd)

n = total number of alternatois

including the incoming.one
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SYNCHRONISERS

1.1 INTRODUCTION

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 powver
"ratings and low internal impedances ¢an be connected
in parallel, some limitations must be imposed on the
phase aand frequency of the incoming source, so thst
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 circﬁit, three

cond itions must be fulfilled.

l., 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 0.57 of the supply souree 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 the running one. The difference, hovever shoulé not

increase 57.



D

For successful parallel operation cf the alternators,

there are many synchronisers available such as

(1) Lamp Synchronisers
(a) Trark lamp'method
(b) Bright lamp method

But they are only suitable for small lowe-voltage

nmachines.

1,2 SYNCHROSCOPE

For large machines a rotary synchroscone is
almost invariably used. This synchroscope, which is
based on the‘rotating field principle, consists of a
small motor with both fleld and rotor wound two phase,
The stator 1sysuppliéd by a pressure transformer
connected to two of the main bus-bérs vhile the rotor
is suppliéd through a P.T. connected to the corresponding
pair of terminals on the incoming machine. rThis instru-
ment indicates the difference in phase between two
electromotive forces at every instant, By 1t, one can
' see whether the incoming machine is running fast or
slow, what the difference in speed is and the exact
instant when synéhrbnism occurs, It has a pointer which
shows the phase angle between the running and incoming
machines. When the frequencles of two machines are
equai, the pointer stbps at some position on the scale

and when the machines are in phase, the pointer coincldes

with the marker at the top of the scale.



1.3 FREQUENCY MATCHING

A simple method of bringing the incoming
machine to the saﬁe frequency as the bus 1s tc provide
the Dieéel engine governor with a8 speed matcher. This
“eonsists of twoe.three phase squirrel cage induction
motors, and a differential gear mechanism. The hori-
zontal shaft of the differential gear mechonism acts
through a suitable gearing on the speed adjuster of
the governor, One motor is comnnected 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 |
swiich or by a relay of an sutomatic synchroniser.
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
frequeneies are equal, the shaft of differential gear
will stopVOperation and remain stationary. After the
frequenci~s have bgen matched, 1t 1is necessary, that
before the two machiﬁes are put in parallel operation,
to see tha@ their volteges are appfoximately equal and
to wait until the synchronising lamps or synchroscope

shows that machines are exactly in phase.



1,4 SPECIAL SYNCHRONISING TRANSFORMER

The figure 1,1 is a special type of trans-
foruer 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 ofvthe core will cause
their fluxes to neutralise in the middle leg. A lamp
contected to the middle winding will then be dark. If}
there 1s any phage difference between the vo!tages of
the two machines to be synchronised, some flux will

pass through the middle core and the lamp will glow.

1,5 AUTOMATIC SYNCHRONISING

Synchronisation by means of manually
operated switching served well when individual genera-

tors were relatively small, but with the growth of

- system c@pacity and ratings of the generating units

themselves, it has become essential to adopt automatic
devices to ensure the closing of the msin switch of the
incoming machine at the prover instant. Because of the
Size and inertia of‘the moving perts of the circuit
breaker,fand the time delay 15 its control mechanism,

a finite time, varying from 0.2 to 0.8 seconds 1s

required for the closing of the main contacts after the

trigqering of its actuating mechanism, So unless the



closing -coil of the relay vhich actnates the circuit
breaker, is energised at the righ*t moment, the main
contacts may élose wher: the voltages V and V' (Fig. 1.28)
are so far from phase c¢oincidence thai 2 very large
equalizing current ﬁay flow to cause a serious system

disturbance.

Let V and V' be the assumed equ2l voltages
of the bus bar and of the incoming machine. V alter-
nates at frequenecy f and V' at frequency.f' such theat
f'< f, Phaser V! 15 rotating slowly in clockwise
direction relative to the statiocnary phaser V at a
frequency f - f' and engle | = 20(f - £'1t, vhere
t 1s the time required for two voltages to be cocineci-
dent, If ¢ 1s the overall time .lag of the cirecuit
breaker, then for‘a given freguency difference f-f* the
angle A is the phase displacement between V and V! at
the moment when the closing relay should be initially

started.

- In ordor to deslgh the egquipment which will
automatically close the main circult braakér at the
moment when V and V' ars in phase (with respect to
the extarnal circuit), there must be provided two
contact making relays II and 1I1I, such that one of
them, say III operates only vhen angle J has a pre-
determined value and the other operétes only vhen

_ \ = < is th
f-f' has such a value that ¢t = '51;T§:?7) - °



CMENT

“PL A

" ! . ’ = —~
i p N ‘ P T

A
T B, SAroR \

1
3
M
!
ANGLL OF ; -

Yies 1RO N, L ING TRANSEOMER (a) gianicl "‘m’&’; GIFFERENCE
FIG 1.2 ADUUST4BLE SE T TINGS

OF RELAYS

U .

-~ L] 1

e e < R - 1

— r—— A, .

i’ i [ - NV A . ‘
——— el

—

o o

.o ? ADVANCE PHASE switcH
) Tl devas TIME -] COMPARATOR | CLOSING
. R CiRCUIT o4 CIRCUIY SIGNAL

. ——
e e b »

e e CITAGE e <P
;‘f?\.‘; _“"._., %.,_41-,..\"";“- 5&‘7!*{'}‘{ + -
1
|
i
[}
t
'

R WL - 4 - -
- < s M

TVeLTAGe

D1 FEERENC E fmerd
CiRCUIT

"2 R Sruwe DJAGRANM OF AUTOMATIC SYNCHRONISING RELAY



time lag of the main breaker. The contacts of relays
IT and 111, connected in series, will then serve to
energise the closing coil of the main circult breaker
only when £ and f-f' are simultaneously at the

correct values.

Relay YIT is designed so that 4t may be set
to close its contacts when the phase angle d lies
snywhere between definite limits as shown in fig, 1.2b,
but in such a way that the ¢losure is independent of
the frequency difference f-f' on the other hand relay
IT 1s designed to gilve a response proportional to f-f?
but 1ts slove in the graph 1s adjustable. Simulta-
neous operatiqgn is then determined by the point cof

intersection of the lines marked TT and ITI.

leS5.1 AMPLITUDE COMPARISCN SYNCHRONISER

Applitude. comporison underlays the deri-
vation of slip and phase displacement checking signals,
The techniques involved would be dealt iIn detaill 1nvthe

proceediang chapters.

The overall requiranents are indicated
in fig. 1.,3. The two voltage measuring circuits each
supply twvo outputs, Vg1 Vpl and st’ Vpa. Vsl and
vs? are supplied to circuits which measure the slip,
with the provision that Aif initlal voltage difference

1s too great, the slip measuring srrangement will glve



no'outﬁut. The outputs Vp1 and Vpg are applied to

phase measuring circuits witﬁ 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 the clircuit making switch occurs
at a time T, before the precise instant of phase
colnecidence of the incoming end main supply voltages,

T. 1s thus time from the issue of a c¢losing sigazl

¢
from the synchronisiag equipment to the instant that

the closing switch effectively makes the circuit,

1,5.2 PHASE COMPARISON METHOD

~In this frequency and phése displacement
derivations are assessed using methods of phase compa-
rison, The derivation of slip dependent control signals
using a balanced bridge ring modulator is developed.
Two methods of indicating the instant of zero phase |
displacement to allow for the operating time Qf the

connecting circuit breaker are available.

1). This interprets the required perlcd as an angle
deviation and 1s Bccurate 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 vhich synchro-

nisation 1s to he allowed. This'employs logical circuits



for automatic synchronisation shown in block dilagram 1l.4.
A signal 4s generated which causes closure of the
circuit breaker when each 1s simultaneously within a
specified 1limit and senarate control signals, which

are used for manual or automatlic adjustment of vcltage
and speed of the incoming machines unt1l they have
ettained values essentiel for synchronisation. To allow
for the circult breaker operating time, the final
closure pulse should anficipate the instant of zero
phase displacement between the two sources anc the
function - f the time compensation is to allow for this,
the éllowance {deally being independent of slip fre-
quency wheress the phase displacement measurement is
ingstantaneous. The measurement once obtsined 1is

stored until phase conditions are correct for operation
of the connecting circult breaker. Separate stores

are shown in the slip frequency &nd amplitude measure-
ments. The outputs are givén to "and" gote from which
the circﬁit breaker closure pulse 13 given under
cond1tions permissible for synchronisation. The
arrangement is, in general, one of the repeated
measurements in each slin cycle, but tney may take
place at or during different intervals 1in the cycle

and thus requires time cocordination, shown in the’

form of information stores.

ok Bk
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CHARACTERIST TCS_DURT:G SYNCHROW TSAT ION

2.1 If a generator is peralleled with & machine
of identical characteristics vhen its voltage is exactly
equel to and in phase with the bus bar voltage of the
one already under load, i1t will not relieve the latter
of any of its load provided the speeds are exactly equal.
It will merely ccntinue to run without either supplying
any current to the bus bars or taking z2ny current fronm
them. Undér these conditions, veltages Vi and V,
measured at thelr point c¢f connection at switeh S in
figure 2,10 are equal in maegnitude and in exact phase
opposition with respect to the local circult in which
they have a series relation.

.Suppose that at the moment of synchronising generator iig
its terminal voitage Vo while numerically equal to the
bus bar voltage V7 is not exactly evposite in phase to
V., but falls short of complete opposition hecause G, 1s
at the moment is running slightly slower than G,. This
condition is shown in figure b, There is a resultant
voltage E, wvhich sets up current Ic lagging behind E,

by an angle Gs such that

X +
tan gs = ‘81 x52 en e P (2.1)
Ra1 + Bao

vhere Xg) = Xgo = Xg is the synchronous reactance of

each of the two identical machines and Rgy = Rgo = R, 1s
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their common armature resistance.

E
Current Icv = -EEL~ = < - s (2.2)

g 2(R, + JXJ)

from figure2(db) 1t is evident that the circulating
current 1, vhich is in addition to the load current
already being supplied by Gq, has a component in phase
with V3 and hence implies an additional load on G4,

- vhich tends to slow it down. I, has a component in
opposition to;Vg/machine Gy develops motor action which
tends to raise 1ts speed. If on the other hand, Gy 1is
running slightly faster than G;, voltage Vo will be
somevhat shead of V1 as in figure ¢ 2and the resultant
cireculating current will causc G5 to develop generator
power, tendiqg to reduce 1ts speed while &y develops

motor action to ralse its speed,

Another aspect of this interchange of genera-
tor and motor action is evident from a consideration of
the case of two identichl generators running in exacet
synchronism with equal excitations and voltages vV, and
Vo in exact phaée opposition. Hence no circulating
current and the machines will divide the external load
equ2lly. Any change in load, say, 2 sudden increase,
will cause a momentary slowing down 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 1ts share of load incrccent
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for 1instance, Gy takes the grester part of the increased
load, so causing it to slow down relative to Go so that
Gz will relatively pull ahead until Vl’and Va assume the
positions indicated in fig. C. The resultant generantor
action of Gy will then tend to restore the original
equal dividion of the load.

S0 there 1s an automatic synchronising action
which tends to hold the mechenism in step. This inherent
synchronising power 1is primerily due to the elastic
reaction between the magnetic flelds of the stator and
‘rotor of each maechine, which may be assumed as due to a
tension acting along the lines of magnetic induction in
the air gaps. The synchronising pover venishes at the
stability limit, so thot if the two machines swing too
far apart, they wilil £-11 out of step.

L

2,2 PQUER OUTPUT COF GENERATORS IN PARALLEL

In accordance with the synchronous reactaage:
theory, the power developed by a cylindericael rotor
mechine is given by

VE Cos (Fg - §) E2 Cos ¢

*» (2 :‘})
Zg Zg |

-——

where Zs = Ra + JXS

. and g = tan"l X§
Ra

Power developed by a salient-pole machine is given by
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TR
pa & sinsgs o (g - »g)

Xa - -
2&d &q

Sin 26 coe (2.4)

6§ = torgule or power angle
= angular displacement betwoen V and B

V = terminal voltage

¥}
i

voltage induced by excitation

-~

If R, is very small in comparison with Xs, then

g, = tan™t o« = 90°

T - 2 o.
and p = YE Cos (90 8) _ E2 cos 90

’ - VES“& L ] LR LK (205)

= Xg

and if in eguation 2.4, Xg = X

q = xs then it beccmaes

P ‘g % 8in & Sen s s e (2.5)
which is the éharucte*isﬁ.c of a cylindrical rotor.
In order that the generator may supply power to the
line, the angle & must take such a wvulie as to satise

fy the equation P = %ﬂ Sin 8 which means that for

8
given e«citation (i.e. for given value of E), the

rotor of generator nust be forced ahead of tho poéition
of the field structure of a hypot.etic.l generator
which maintains the terminal voltage V and whicih rotates

at constan. angular velocity. It means that if the
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load carried by a synchronous gencrator is to be
incereased when it is operating in parallel with othars
which maintain constant terminal voltage, additional

power must be supplied to it by its prime movér.

2.3 ELEFFECT OF VARYING THg EXCITATION

(a) Excitation E 1is in phase with V but
E > V., Neglecting the resistance, the voltage differcence
E - ¥V wili cauée a circulating current I, in gquadrature
with both E and V. This current lags behind E and so
exerts a demagnetising aetion to countzr acet the

excessive field excitation.

(b) when E < V and 8§ = 0, circulating current
I, leads E and cxerts a magnetising action to compensate
for the deficient excitation.
But inmeithe: cagse 1s there any power developed. So
the adjustment f the field excitation of an alternator
will not affect its output when running in par.lliel
- with other machines which maintain constant bus voltage,
but it will result in the circulating current which is

undesirable becauase of its heating effect.

2¢4 SYNCHROJNISING DISTURJANCA
. The alternator in its simplest asgpects is an
ideal voltage source feeding its ioad through a variable

impedance.
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Under balanced conditlons only one phase need
e considered. Figurespa and b show the equivalent
circuit of a phase diagram of a non salient pole altere
nator and figa23zc, a phasor diagram of a salient pole

machina

From fig2(a) and (b) the terminal voltage

of a non salient machine'is
V:En I(R +de) 'YX R (2.6)
and from fig 2Z.,3cthat of a salient pole alternator is

V = E - JIqu - deId eeow (207)

Impropoer synchronizing of alternatérs results in dips

in the system voltage and a large interchange of powers
bet veen the incoming and the system. [f the effect of
saliency is neglected and values are substituted for
8(torque angle) along Qith values of resistance and
reactance, the locl of the power phasor are two families

of ellionses te-
2.4,k DERIVATION OF POWE 3 EQUAIION

Consider an unloaded bus supplied by (nel)
alternators and to which an alternator 1 is connected

when its voltage leads that of the bus by the angle $§.

Let the voltages be expressed

E, = E| + JO

E; = |E| (Cos 8 + J Sin 8)
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If the effect of saliency is neglected, the current

is given by

[\E\ + Jo] - Y_\E\ (Cos & + J 5in 5)}... (2.8)
I= z§y + Z4
Nel

JEl (1 - Cos & = J Sin &)

s
=

zy o+ 24
n-l

where
n = total number of alternators including the

incoming alternator
ll - + .X’
Z R J a

R = Resistance of the armature plus that of the

leads to tha bus.

X3 = transient reactance of the alternator plus the

reactance of the leads to the bus

The terminal voltage V in terms of |E| and & is

Z3 - 5 Eﬂiﬁiﬂ

The equations for the real and reactive power delivered

by the incoming alternator are respectively

Power = I x conjugate of V



R4+ 3 Xd I'
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(b)

3 a&b. PHASE DIAGRAM OF NON SALIENT POLE MACHINE
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)
FIG 23C. FOR SALIENT POLE MACHINE
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/AN
X 3 l=Coss 3 sin &
- n n

{4

E) () - Cosb - J Sind) ,El
Z'
d .

z'

d +

nel

\EI(1 - Cosd ~ J Sin8) < lmlﬁ'm -J ﬁ%&é]

Y AN Y n

- JElf-—-(B—L) [ L;-m&-gm]*
{zd‘z n n

[1 - Cosd - J 8in 6] (R +J X:})

n-1 [EI® [MQ&Q'J sins |x
-3 B2 Cosb _, Si.
noghe

=

[R(].-Cosé) + xé 8ind - JR 5in & + Jx,; (1-—8056)]

- JOA 2 =]+ [} ﬁlﬂé
Power = 9—*1—“ =3 o -J
d
. t
[R(l~0085) + :(é 5ind +. . ~J{Xgq 1-Cosé-R Lin&)]

Separating this into its real and imaginary parts

psl EI® {@_‘:Lig._oz_)

Real power P = T 'z la

® 1-Cosb+xy sins)+ SABE(xt 155s5.R 51ns)
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- B;l ’,.E}% %[nﬁonﬂ Cosd « R(Cos®5+5in28)
d

- R+2R Cosb + nXd Sinﬁ]

i

2 |3 ~ 2
gﬁl G§¢Tg_ .%, nR(1-Cosd) - 2R+2R Cosd + nX4 Sin&]A
3 ;

]

- ’,lﬂ. l- ‘ n
asl jggrg_ n ‘_(1.cosa)g.nn + 2#) + nXé Sin 6]

_pel B! [RQ2 - coss n=2 . xg sms\... (2.10)
nlga-l-g (1 - Coss) TTE - Fa

Similarly the imaginary part i.e. reactive power

N z-.m.;u ;% &xa B22(1.Cos8) + R ,siné] (2.11)
| d

The dotted ellipses repgresent the loci of the
power shase for eich of the (n-l) alternators already on
the bus and the solid ellipses are the loci for the

incoming alternator. Fi6 2.5

For a 2 « alternator system n = 2, the two ellipges

become one straight line through the origin.

For an alternator synchronised to an infinite bus

bary, n = « the ellipse for the incoming aiternator
becomes a circle and that for any of the other alternatorc,
the maximum reactive power which an incoming alternator
may dellivor is amull compared to that whies 1t way drav

from the systen.
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However, large swings of the real power may
resalt depending upon the value of 8 ut the time of

synzhronising.

If n =2 and the alternators are synchronised out of

phase then for an alternator having R = 0.043 and X&=0.15

. . per unit values,

the ratio of P to Q from equations (2.10) and (2.11)

becomes

P/Q = _x'd 2215 = 3.5
R - 0.043

i

but from the oscillograms, it is found to be

slightly higher

Equation'(@,Q) for the bus voltage shows Shat the power
oscillations are accompanied by a reduction in the bus

voltage, For the most severe condition when 180° out

of phase, the bus voltage goes to zero and the armature

current from equation (2.8) is

1= LB (l-Cosb ~J Sind) cee (2.8)
) zd . 23 '
‘ E:%T,,
Now & = 180 N Cog 8=1y Sin 8 = 0
2 . = R + JX! = 43 + Je O -
d A CRTOR Gt L 0-156

for n=2

S 1BLQ +1 -0 g T%L“s'e = |E] 6.5
0.156 + Qg:fﬁ

I
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Hence armaturc 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 uecomeés for n =

B! (1+1 - O) = ELx2 . |gx130

I =
0.156
0.156 + Qazlcﬁ

is 13.0 per unit or twice the available 3 piase.

Short circuit carrent

Such an extreme transient current as 13.0 per
unit would cause the exciter to reverse its polarity
which causes the gliabilising transformer in the voltage

regulating circuit of melfunction.

2.6 LOSS _OF FifLD EXCITATION

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

circuiﬁ.

The expressions for the real powver delivered
to and the reactive power drawn from the sysﬁem for an

alternator having zero excitation are as follows.

The power developed by a salient pole machine is
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p= ¥ gins+ V(Xa - X

x*d zxdxq Sin 26

and where E = O

p = 1a-% V12 8in 26 .. be.  (2.12)
HFakq

and @ = -’-2%%; {xd IR (Xd-Xq)CosztS} ces (2.13)

If the prime mover input to the unexcited machine
exceads the maximum electrical power given by equétion
(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 VP stnz | er (g - £tedo| (2.14)

where { is the system fre uency, fl is the frequency
corresponding to the speed of the unexcited aiternator,
and 60 is the value of 6 at the instant when the fileld

excitation becomes zero.

2.6 CONCLUSIONS

l. When an alternator is synchronised when
its voltage is qiite out of phase with the bus voltage,

a large interchange of real power may occur.
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2 The incowmiing 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 éf the 1lncoming alter-

nator approaches 180°,

3. An armature current équal to twice the
avallable 3 shase short circait current results from
synchronising an alternator to an infinite bus. The
operator may synchronise the machine atrandom and the
Jhase digplacement bvetween voltages may have any value
from 0% to 180°. Automatic synchronising 1s uecessary

so that voltage dips and power swingsAafe negligible.

4. When an alternator logses its field of
excitation while operating in parallel, it draws a large
amount of reactive power from.the system and causes the

system voltage to ab normal and even tc oscillate.

S0 the alternator with the open fiecld circuit
should be immediately disconnected from the syste:..
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TRANSIENT ELJCTRICAL TOR:

2.7 Generators During Synchronising

The calculation of shaft and frame stresses in
'turbiné generators daring synchronising is dependent
apon the knowledge of electrical torque developed at the
rotor air gap. This torque generally coatains unidirec=-
tional, fundamental frequency and second harmonic compo-
nents, all of which are damped. Steady components of
torque are of interest in the calculatlon of system

Stabilitya

For the calculation of torque, a synchronous

machine should have the following assumptions s~

(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 calculiating the alternating components of torque.

(¢c) The field has distributed symmetrical
~windings on both axes. (In the actual machine, there

is no winding on the quadrature axis.



(d) The stator has a sinusoidally distributed

three phase winding.

(e) The air gap flux is sinusoidally distributed

in space.

Now if a machine is synchronised out of phase
with a low reactance systemy the resulting torgues may
attain valaes even greater than those eﬁcountered during
a short circuit. If the synchronising takes place with
all the three circuait btreakers closing at the same inst .nt.
there will c«ist unidirectional synchronising and loss
torques and in addition a fun&amantél frequen:y torgue
regulting from the trapped armature flux., However, if
only two of the poles close (the other pole not closing
at «1l) there will ve, 1in addition to the alLove torgques
a double freguency torque developed by the negative

. seguence 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 place with the maichine
either leading or lagging the system, the armature current
will have a direct axis component which will tend to
demagnittize the main poles causing the direct axis rotor
flux to decay. This gilves rise to the problex of cal~

culating the current in a circuit having one voltuge
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fixed (source) and one voltage varying with time. But
in .any mechanical systems, the maximum stresses are
reached in the first or second c.,cle, so we can simplify

the problem by neglecting rotor decroments.

3. It is.assumed that the angle between the
system and the machine remains sufficliently unchanged
during the first two or three cycles to permit the‘cal-
culation of the synchronising cairrents withoit having
to take into aczount the oscillations of the machine
with respect to the system. (If it 1s desired to cale
culate the torque beyond two cr three cycles, the

decrements of rotor flux will be considered).

In Fig. 2.6 there are shown the elsctrical
torjues for a l1ine to line short :sircait and fwo condi-
tions of synchronising. Though the three phase
synchronising torques does not reach as high a peak as
the line to line short circult torque, its components
are only unidirectional and fundamental fr:quency ones.
These zomponents will produce much more serious'shart

stresse- than the second harmonic topque.

From Filg. 2.7 1t is evident that synchronising
considerably out of phase 1sgs dangerocuas. All conditions
being cqu .1, electrical torque for single«phase synchroe
nising (oniy two poles closing) is not as severe as for

three phuse synchronising.

Equations for the single-phase synechronising

znd for three phase synchronising are given in App. 2.
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' gg ON gﬁasg COMPARLSON MFTﬂgDS

2,1 DERIVATION OF SLIP FREQUENCY SIGNALS

Two a,cs signals having different freguencies
gre fed to a bridge'ring modulator for deriving a diff-
erence fregquency signal as shown in eircuit 3,1a, Two
of the four diodes are malintained in the conduction at
anyone time by one input signal and these provide a
' transmission path into the bdbridge load resistor for the
second signal, For this two conditions are shown,

In Fig. 32.1b the input signal 11?712 flows through
dicdes A and B and the second current input2Iy, after
dividing at the centre tap of the input transformer,.
adds to the current flowing through dicde A and
subtracts from diode B but Iy must be 3able to sustain
the conduction of diode B then the two parts of the
input signel recombine to flow through the upper half
of the bridge ras{stance loed, The éame relative
signal polarities are maintained in fig. 3,1c but now
227’11' The signal current Il’ after flowing through

diocde A 1is unadble %o return through the novw reverse
biased diode B and flovws insteed through both secticons
of the bridge load and through diode C.

84imilar signal transmission paths may be made
for other combinations of the polarity and the relative
amplitude of the in~ut signals, glving eight different

static comditions as follows 2=~
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3.1.1 SUMMARY OF STATIC CONDITIONS IN DIODE MODULATOR

Nead T ' ; N IDicdes) Output IDiode
Xﬁélatiﬁsﬁﬁola~ Relative)lPola- JIcon- X Y1imity

Yampli- JYrity JYampli-~ JYrity Yduet- ¥ Yeurrer
d X ~Jtude X Ing, X '
1 Larger + Smaller + ASB IRt c
2 Smaller - L.arger 4+ A&C I4R lB
3 Larger Smaller - A&R -IoR D
4 Smalier Larger - BA&D oIIR .3
5 Smaller Larger - nee IIR ¢
6 Larger Sﬁaller - C&D IR B
7 Larger Smaller + c&p -I5R A
8 Smaller Larger + ARC -I4R D

The table shows that the greatey current
inputs control the transmission path to the bridge

output, but it is the smaller input that appears there,

Applying these conditions to the signals
having frequencles of &0 c¢/s and 40 c¢/s respectively,
1t will give the output as shown in fig. 2.2¢. Both
upper and lower side-bpads of the modulation process

are present and the unwanted component is to be removed
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by ﬁsing a low pass-filter to get the wvanted frequency
stgnal, The output waveform is shown in fig.32.¢ while
the frequency of the output ofter filtering is shown
tn fig. 3.2d.

3.2 LOGIC TEST CF SLIP FREGUENCY

To test whether the slip frequency is equal
to or less than a prédetermined value, two slip frequency
vaveforms are derlived with a controlled and constant
phase shift between them, 2 width modulator vave form is
generated from them by initiating an “and" comparison
which detects the time for vhich coincident positive
going signels are present. It is shown in fig, 2.2
that 1f the phase displacement <\ between slip frequency
signals 1s independent of the slip, width T of the wave
form after comparison is & measure of the slip frequsncy
given by

T . A vee  {2.1)
360 fg

I£8f 1s the small slip frequency for wvhich synchronism
15 permitted, the width Tc of the waveform corresponding
to the frequency dorivation takinng the limiting value
for synchronisation 1s given by

* TC_ o ——i\-———— son s (4‘2)
360.4F

A pulse indiceting that the condition

(£ = £,)<8F (7.3)



i1s satisfied, may be produced by comparing the width
varying weveform with a waveform having a fixed duration

T » The logic dlagram i1s shown in fig. 3.4. The
leading edges of the width varying waveform and the
interrogation waveform are cynchronised, and the latter
1s generated once each slip frequency cyecle., A con-
firmatory pulse 18 derived from their "and"” comparison
and stored for a2 time long enough to allow for the
measurement of phase displacenent, If circuit bdbreaker
reclosure dces not take place even though the slip test
is within limits, the store is reset each eycle until
the closure is initiated.

3.3 PHASE CONTROL OF SLIP FREQUENCY SIGNAL

‘ A phased between slip frequency signals 1is
introduced deliberately and it 1s independent of slip
frequency. The required phase shift 13 inserted into
one of the signals Say S, before modulation in the ring
bridge modulator.

If for modulator A in fig. 4& the input signals &are
SI(A) = “1 Sin (Wlt + gl) e oe (3.4)
SQ(A) = Az Sin (Wgt + ¢2) oo PAFS (3.5)

and for modulator B
Sl(B) = Bl Sin (Wlt - o+ gl) seoe P (P.6)

Sa(n) = 82 Sin (WZt + ﬂz) "o N (357’
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The outputs of modulators A and B are

Sb = 83, Cos K(wl - ué)t * ¢1 - ﬁz -4} (3.9)

Thus if w, w3, 8, leads §, by phase « and
ir Wy Vo Sb loags 8, by phase <

the "and™ comparison of 5, and 8, yields & rectangular wave
form the width of which is Inversely proportiocnal to slip
frequeney, irrespective of vwhether 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 o (slip

in each slip frequency cycle). The engular 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 o introduced into one of the signals. A value of
20° s sufficient, and this is shown in figs55 which
shows the conditions when approaching synchronism at
gspeeds pgreater snd less than the nominal speed,

In case of Wy > Wy and wy - Wy < 274f, a conf irmatory
pulse from the slip test clrcult is generated at time t4
in fig.s5a and closure should take place at to 1f the
amplitude condition 1s met to - tj should be small to
reduce the effect of speed changes during the period.

Delay may not be acceptable for the condition Vg >V



Sa Sp
. <N
Sa,5b 7/ \
/
\
o -t
AN
Y
L]
1 ~
To --‘DELAY?. - POSSIBLE To ™ _ M- POSSIBLE
t, 4 CLOSURE DELAY crosure
1 2 4 ta
WHEN g = W2
£F1G. 3-5(a)
-~
I'd N
/ \
\
4 \
/ \ r—t
) /
\\ L N /
- i ~
| .
t :
'
T0 CaE AL T POSSIBLE
t, pELAY © CLOSURE
t2

WHEN (D5 >ty

FIG. 3-5(b)

3



5\W\3

49

as shown belov in fip. 3.5b because vhereas speed

confirmation 1is given just before the instant of gzero

phase displacement when wyg Yoy it is given Just after
vhen Yy  Wq. The figures are for delays in effecting
closure on completion of slip freguency measurenent.
(Diode modulator gives maximum output vhen phase dis-

placement between the input signals 1s zero),

Now it becomes necessary to determine, once
in each slip cycle the instant of zero sngular dis-
placement between the incoming machine and the supply
system and to generate a circult breaker closure pulse
in advance of zero displacement condition being reached.
This is known as "fixed angle compensation®. This \
compensation to allow for the delay in the circuit
breaker e¢an be expressed in terms of an angular dis-
placement so that the pulse should be generated when
the displacement 1is and the symmetry should be
meintained about the in phase condition for the incoming
machine runaing either fast or slow with respect to
the system, ,

is related to slip frequency in such 2 vay that at
the maximum permissidle 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
from - ring modulator takes place vhen the two inputs

'j‘"l)'dl;:\ 5’7? ,"- ,- PRSI
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are in phase. This condition is attained by "ang"
logic circuit as in figure 3.6b. In the dlagram, slip
- frequency selected for complete compensation is the
maximum permissible frequency for synchronisation but
the principle of coﬁpensation can be applied whateveor
the freguency 1s selected. NAs at this frequency, the
advance time 1s designeé to be equal to the circuit
breaker overating time.

Errors will take place as in fligure 3.6b at slip
frequoncies different from that selected for compen-
setion. Particular combination of variables gives

the variation of timing errors with slip frequency as
in figure 3.72. ’ |

The circult breaker coperating time is 0,35 and correct
compensation has hgen arranged at maximum permissible
slip frequency of 0.5 ¢/s. Tiﬁe compensation period
is given by |

O
Ts = 290" - s
B0 ST

vwhereas tﬁe phase shift 4sin the control signals is
obtained from the limiting value Ts = 0.3S vhen

§F = 045 e/s.

Corresponding errors in phase displacement are shown

in figure 32.7b as a function of slip frequency vhen fg4
takes the limiting value of 0.5 c¢/s, phase displacement
at closure 1s zero, while at smaller frequencies, the

phase errors can be high.
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For example, in the case of a ecircult breaker éperattng
time of'o.is se¢, and maximum frequeﬁcy duration of
0.5, the angular deviation for a 50 ¢/s supply can
take the limiting value of 15.5° when synchronisation

is offected close to zero slip conditions.

ok
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CHECK SYNCHRONISING RELAY

DESIGN _OF THE

Amplitude comprrison underlays the derivstion \
of slip and phase displacement checking signals using
mcdern static relaying techniques of transistors. The
unit consists of four'parﬁs each with a different
fanction.

(1) Slip freguency measuring

arrangement

(2) Phase indicator

(3) Voltage Comparator with the

contreol of permissible voltage
variations

(4) Sequential Control Circuits

Part 1 1s a combination of an electromagnetic
circuit of transformers and resistors and rectifier

‘bridges for signal rectification wtth a filtering circuit.

Part 2, 2 and 4 are all transistorised
eircults, Part 2 is achleved as an auxiliary function

of one of the seguential control units,

4,1 SLIf MEASURING CIRC'IIT

This is an electromagnetic slip frequeney
measuring device and gives a sinusoidal output wave,
the frequency of which is the difference between the

frequencies of the two applled voltages.



‘ The running and incoming voltages ore
connected to the primary windings of the two trans-
formers A and B, (A 1s designed as a ratio of primary

to secondary voltage of 10:2 and B of 10:1).

Thelr secondary wvwindings are so connected as
to 2dd and subtract the two voltages. Outputs arc
" taken scross the two rectifier bridges. Secondary
vindings of transformer & is centre teapped and the
centre point is connected to one side of the secondery

vinding of ﬁrﬂnsfprmnr B.

The voltage applied across each half of the
secondary w&n&ing of transformer A {s 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 waviforms :-
Running supply voltage Vg = Vl Sin wlt
Incoming " " Vg = Vg 8in wpt

Assuming V4 = Vz =V, This condition 45 to be satisfied
for nermlissible 1limits otherwise no synchronising signal

would be issued.
V' = Vp + VG = vl Sin wlt * vV, S1in wét

= V(Sin Wt * Sin wot)
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= 2V Sin ~l—~é--2 t Cos —d——2-t .. (4.1
and V" = VH - Vg = V(8in ¥qt « Sin vgt)

= 2V Cos h—-;—ii?:—t Sin Wl - wzt se (4.2) '
2

Equations 4,1 and 4.2 give forms of shape shown
in fig. b, The pericd of oscillation is proporticnal to
!
Wy = Vg, the slip fregquency.

SUBTRACTIGN OF VOLTAGES

V' 2V wV, = / o '
=R G / v’i*vg-gvlvzcggq(

when Vlmvg = V.

e VR - VG = V' = 2V 8in /2 vss s (4.3

This shows that the resultant veoltage V" 413 provortional
to the sine of the phase displscement,

Bquation 4,2 shows that vhen the two signals are in

phase and of the same voltage marsnitude, the resultent
voltage is gero.

When they are out of phase by 180°, the resultant voltage
15 maximum 1i.e. V" = 2V sin 180%/2 = 2v,

Hence subdbtraction of voltages gives rise to a sine

wvaveform.
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ADDITION OF VOLTAGES

V' = Vg + ¥, = '[V2+V'2+2‘VV ¢
- RT e T/ M1t T 1Vp Cosd

wvhen V1 = Va = v

V! = 2V Cosd /2 - (4.9)
vhen phase difference is 0° _
V' = 2V maximum

vhen phase difference 1is 180°

Ve = ¢

This gives & cosine wave of the slip fregquency, having
1ts zero potential at 180° electricel degrees displace-
ment and 1ts maximum at phase colncldence. These are

shown in fig. 4.1b,

The two wave forms given by equations 4.1
and 4.2 are rectified to give negatlve half cycle output.
This wave is smoothed and freed from rinples in an L-C
filter circuit (Lovw fregeuncy pass circuit) uSing L=6
henries and ¢ = 32 M Farads,

The outputs appearing across the two potentio-
meters Ry and Ry, (using two carbon variadle resistors
each of 2 K, ohms) are shown in fig. 4.1c. These two

waveforms are fed to the pulse circults.
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A bdridge cennection 1s employed to avoild feed
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 PRLICIPLE OF OPERATION OF THE CIRCUIT (BLOCK DIAGRAM)

814ip signal having its zero at the point of
phase coincidence from the slip measuring circutt is
given to pulse eircuit 1. The pulse aircuit is such
that when the input signal from the slip measuring cir-
cait becomes zero, & conduction vhich lasts for a very
short of time then 2 negative pulse 1s produced a&s
showvn in fig. 4.3a and 4.8b. 81ignal from pulse circait
1 1s fed to & ﬁonostable timing circuit, This is designed
tg give a negstive output sﬁuare wave of duration equal
to the time of operation T, of the circult making switch.
The pulse duration is variable by the R-C components
(RC = Time constant = 0 to 1 second) to suit different
types of circuit breakers. The output is as shown

in fig. 4.3c,

4,3 PBASE INDICATION

As shown in filg. 4.2, two signals are taken
from monostable timing eircuit, one is fed into phase
comparator 1 and othor 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 outpit of phase
comparator 1 is controlled by five signals i.e. running
and incoming voltages,‘mcnostable palse output, delay
output and Bistable 3. If anyone of these five signals
is negative, 1t gives zero oitput. 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 onlf be compared in phase, in
phase comparator 1 during this restricted period. When
ﬁhe two voltages are in phase daring the time Y , a
hegétive going signal is prodiced 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 are in phase during the period then
an output 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 numero is
occasions, but phase coincidence should take place

only when the slip frequency is very small, . This can be
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achieved by 1limiting the phase comparator operating
time and also the operation of level detector should
take place only wvhen the two signals are in phase
during this restricted period. When the signal fronm
phase comparator 1 switches on Bistable 1, this eircuit
together with the delay circuit, will in turn switch
on phase comparator 2, which will again measure the
phase angle between two source voltages, when the
nhase difference attains angle'e, correspond lag to the
time delay Tc of the monostable timing clrcuit, a
signal 1s produced to trigger bistable circuit 3 vhich
controls the circuit breaking operating mechenism at.

the correct 1nstant,

As it makes the system opnerate only when the
élip frequency 1s too lowv. To OVefcome‘this, pulse
circuit 2 and bistable circuit 3 have been added as in
Filg. 4.2, |

Bistable 2 is set by pulse circuit 2 and
reset by'ﬁulse ¢éircuit 1, If slip frequency is near
synchronism and phase comparator .1 picks up at the
angle € in the first half cycle, correct operation:

_ resnlts with pulse cirecuit 2 and bistable circuit 3 -
botﬁ maintained in operative by a signal from histable

circult 1.



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
palse circuiit 1 to start the sequence of operation

all over again.

4.4 TRANSISTOR CIRCUITS
4.,4.1 PULSE TRIGGER CIHCUIT

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 Qill have-the same potential as the emitter,
if the signal at the base is equal to positive with
respect to the emitter, the transistor will not conduct
and voltége at the collecéor will fall. Hence Tor a
short instant when the slip voltage to the pilse circuit
is zero, a sharp negative pulse is>obtained at the
col.ector 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
Vs or byvan RC eircuit connected between the collector
_of transistor Ty and base of transistor Tg. R 1s a
variable resistance. A triggering circult 1s needed to
bring out transition from its stable to semistable. The
time of quasistable state 1is very large compared with the

time-of transition between the two stageé.

This 1s a common emitter type as shown 1in
rig.4.5 + In the stable state, transistor Ty is cone
dﬁcting as 1its Sase takes current from the negative
supply, transistor T, is biaséd to cut off by a resistance
By (in the common emit*er, When the signal at the base of
Tl causes the transition from the stable to the quasi-
stable state, To cuts off, T, starts conducting 2nd an
emitter current Ii flows in T,. This current is

dependent on setting of V.

After the trigger pulse has been applied the
‘collector voltege of T, falls and with this base voltage
of T2 all starts to fall exnonentially towards Vcc, are
the other voltages remain constant until the base
wvoltage of Tg falls to pick up voltage. At this the
guasistable state terminates and the voltage finally -
stabilizes to the level I, Rge The circuit produces 2
positive pulse at the collector of T3 and a negative
pulse at th~ colleector of Ty, cach with a duration

depending upon the time constant and of RBC coupling

N D At o wemBdA -, T



-Nece

%SGKIL
‘;OUTF’UT’V'

33K N

INPUT FROMNM SLIP
MEASURING DOEVICE

| o o

Fra. 4 4@)

20K ‘
o4}
'V' INPUT
PULSE ‘OlME

1Bk 7

FIG. 4 5_ MONOSTABLE TIMING CIRCUIT



97

4,4,3 DELAY CIRCUIT

The circuit in figurd 4.6 consists of a ievel
detector shunted at its input by a capacitor Cyq, when
the starting signal is applied to its inpuf, a delayed
step function going from zerc voltage to - Vaoe 1s pro-

duced at the collector of Tg and a pulse with the same

‘delay is produced at the collector of Tz.

4.4,4 PHASE COMPARATOR DESIGN

Phase comparator is the main relaying element
in the synchronising relay. It consists of a coincidence
stage (phase compsring element) controlled by pulse
circuits from monostable timing circuit,'from delay
cirecuit, from bistable circuit 3 and from two source
voltages to be compered in phases It is fcliowed by

an integrating and level detector cutput stages,

Coinelidence circuit will allow operation only
if all its inputs are zero or positive at the same time.
If any of these signals is negative, no operation takes
place as theo collector voltage of the eircuit will be
at zero voltage 1.é, the transistor will be conducting,
The integrating circuit is an arrangement of a cape-
citor Cy charging through a resistor R,y and sz’ when
the coineldence transistor 1s cut off, In fact the
function of the integrator and level detector circuits
18 to ensure that only 1f two source signals are in

phase during the whole of operating time of the phase
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comparator than only an bntput will be obtained to
operate bistable circuit 1 as shown already. in the
figure 4.7 emitters of transistors T, and Tq ere
connected through the common resistor 3223. As long
as the voltage Vc is lower than certain value Vp
(pick up voltage) transistor T, is fully conducting
due to negative voltage applied to its base, vhile
transistor Ty 1s biased to cut off by the voltage
drop across the common resistor Eegs; Ta will con-

duet ti1l1l Rgon I, = V ..

The input voltage tec the coincidence cir-
cuit is obtained fron the five signals being fed to
1t such that the operating current makes the rase of
T4 positive vith respect to the emitter when base of
T, is zero or positive, transistor T, stops conduetion
and the voltage Vcc starts %o charge the condenser C
and vc starts to rise exponentially depending upon the

time ccnstant, C(Ryg * Rea) of charging circult,

X soch as the voltage reaches the pilekup
value, T, starts to conduct and its collector voltage
starts to rise. This rise of voltage is transferred
to the vase of T, and refuces 1ts emitter and collector
currents. This reduction in emitter current of T,
pushes £, to further conductlion 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 1s greater than unity the circuit will
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suddenly change to other state of stablility where T2
is fully conducting T3 is cut off when.TB is cut off,
8 negative voltage appears aeross the collector and

emitter of transistor T, which 1s applied *o bistable

3
circuits,

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

RNow when transistor T, is conducting due to a bias given
by Rcz, Rpa potential divider as shown in figure 4.7,

A current I5 flows through the collector and common
emltter resistonce Rez3 and ﬂea. At this time T, is

not conducting and vhen T4 is not conducting, the
capacltor is charged to V , = vp, When the conduction

of Ty ceases, T, starts conducting, Let us assume the
voltage drop across B o4 be V= Vp = V. so that capacitor
can charge upto this veoltage easily. Now at ceritical

condifion

Roon 13 = Vc = Vp = 8,0 volts
Choosing R gn = 2.5 K. Ohms, I, =375 o 143
= 3.2 mA
Now when T3 is conducting Tg is not conducting, Rest
of the voltage 1.es 25 -« 8 = 17 volts should be aerocss

the collector resistonce,

.. Collector resistance
17

, »
3.2 107"

E~

= 546 Ko Ohms,

. Rca



Now as the voltage drop aecross Reza biases
the T2 to cut off so logically that the current through
To should be less than T4 to reduce the voltage across

R Therefore choosing & higher resistance in the

e23°
collector circuit of Tg, we can achieve this by choosing

25 ,
Current in Tz 2 coummeevesommarn = 80,0 mA,
10 + 2,5

NOW FOR TRATSISTOR Tl

As ?1 is off, the capacitor charges to V,
with a2 time constant C(R,y + Ryp)e Now time taken 1s
about 1.2 m sec to charge the capacitor to 8 volts,
Agsuming C = 0.5 A Fgrads, (Rpy + Ry,) 1s determined
by the formuila

EaV
t = C(Rc:l ¥ R‘bz) log """f'E‘"“n where E 1is

supply voltage.

Tf we do not go to a rigorocus solution, we have to
charge the condenser to about 8 volts.

Time constant 1s (R,y + Ry)C vhich 1s time taken to
raise the voltage upto 70%.

Roughly 12 = (R y + R)C

a3
. . \
e o Rcl + sz = 12 x 10 -6 = 24 K, ohms.
‘ 0.5 x 107

Choose Rcl = 22 K, ohms,

N A n - T ~hhm e



While discharging the eapacitor through sz and
tranststor T, when T4 1is conducting, lesser resistsnce

should be there for gquick discharging

»

c o B By

Hence the eurrent while *rl is conducting through collece
tor and emitter 1s 25/22 = 1,14 md which is within
safe limits,

R, 5 Should be chosen high so that while T, is conducting,
no current should flow through base and emitter.

Choosing Rba = 30 K. ohms and 33 = &7 K. chms,

SUMMARY OF DESIGNS

Ray = 22 K, ohms, Rbl = 2 K. ohms
Rcz = 16 Ko Ohm-‘so sz = 2 K; Ohms
Rez = 5.6 K. ohms, Rpz = 30 K. ohms
Re = 47 X, ohms., R = 2.5 K, ohms
8 * @23 *” (vart able)
R 623 1s a variable resistor for fine adjustment of

the phase comparator circuit,

A _SYMMETRICAL BISTABLE TRIGGER CIRCUIT

It 1s used as a slave element in relaying

operations. It responds to an input pulse or pulses



and produces a c¢ontinuous cutput signal which is used
to control the fripping coll of a circuit breaker,

The circuit 4.8 has two transistors T1 and Tz wlth their
emitters connected to the zero voltage line through a
common emitter resistance 8912 shunted by a capacitor
Colz* The signal at the collector of eiach transistor
1s fed to the base of the other transistor through
coupling resistors R,, and Rag and Rl and Ry. The
circiait possesses two conditions of stable equilibrium,
in either of vhich one transistor is fully conducting
and the other 1s cut off and can remain in one of these
stages indefinitely unless 1t is forced to other state
by some internsl means. The capacitor is connected to
dot~-rmine the behavicur of the circuit during the tran-
sition from one state to @another. The circult is
triggered by a negative pulse applied to the vase of
T4 through a diocde 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 1ts original
state of stability with Tz fully conducting and T4

cut off, It romains 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
hase of nonconducting transistor to turn 1t on.

The later usually demands loss of energy. Initially

in the ahove eirenit transister T. 1s eut off and
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T2 1s conducting. The time constant of T1 circuit is

made larger than that of T, circuit so that the collsc-
tor voltage of Tz will rise at higher rate than that
of T4+ This is necessary because vhen supply is ons
both transistor T, and T, race in conduction, The
rise of Ty 1s traensferred to T; and oppose its tendeney
to conduet, This further reduces the rate of rise of
-Tl and the process 1is commulation with the result that
T will be driven rapidly for full conduction while Ty
remains te cut off. When the negative pulse 1s applied
to the base of T4 the circuit is triggered to other
state 1.e. Ty the conducting and T, is cut off., To
reset, h.t, supply 1is switched off and then switch on
again. The vhole trigger circuilt will he trigpered
when the positive half of the input wave 1s more than

12 m Sec.

DESIGN

When T2 1s conducting the potential of
cathode of T will Increase which will be transferred
té the base of T, through resistsnce Rpp and T; will
be blased to cut off by Rq. Now neglecting C, for
the time being which is provided for stability,

When T, is conducting and 802 end R q9 wvill
act 2s a potentisl divider and total current through
the collector and emitter should be about 8 mA, Whereas

most 8f the resistance should be in collector circult,
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Also current through Raz and Rl should be minimum 1.e.

Rl and Ro, should be high as compared to R, qq.

“Total circuit voltage supplied = 25 volts,

when Ty 1s conducting (R, + Royo) 18 m'~§§- = 3415 K.ohm
Choosing R,o = 3 K. ohms and Relz = 160 ohms (used 100 ohms

Rl is taken to be 47 K. ohms and Rgo = 4,7 K. ohms,

The coupling capacitor Ce = 0.01 K Farads,
The capacitor Cqyp connected in parellel with Ry, 1s
teken as 4 WFarade for the purpose of stability.

Semiconductor is provided for blocking purpose,

4,4,6 POWER SUPPLIES

The power supply rejuirements for the relay are
a negative direct voltage of 28 volts capable of delivering
upto 100 mA and a § volts positiva bias of very little
current drain. The bias voltage, although it cn be
provided by the power unit which supplies the main h.t.
voltage was supplied by & d.c. variable source since
its current is very small and the voltage level required

is not eritical.

PEN T
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EXPERIMENTAL PERFORMANCE

5.1 SLIP LIMITATIONS

v—

The combinaticn of the monostable, delay and
phase comparator I c¢ircuits 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

frequencey limitations e¢an be attained as required.

After this has been achieved, incoming
genergtors have to make one complete revolution before
the final closing signal tec the circuilt breaker
operating mechanism can be produced. The period of
this slip cyecle will be more than 2,5 seconds and the

generator must pass slowly through synchronism.

If for any reason, the circuilt making
switch fails to close at the required synchronous speed,
- a safe guard is used to ensure that no operation takes
place beyoﬁd 0.4 ¢/s above synchronous speed, For
this, a resetting signal has been added to bistabdle
circuit I at the end of each slip cyele, the arrange-~
ment becomes ready again by the pulse from phase
comparater I, This means that relay would operate

only between the selected limits of *+ 0.4 c/s.



5.2 UNBALANCE IN SCURCE VOLTAGES

Unbalance voltages upto # 5% are allowed,
otherwise pulse clréuit I is not able to trigger the
monostable circult, ahd hence prevents operaticn.
This 1s due to the slip eycle not attaining zero
voltage with unbalanee in the scurce voltages. This
1imit can be further reduced slightly by having a
sm2ll resistance in the emitter circuit of the pulse

circuit, which will reduce the cut off voltage.

5.3 ADVANCE TIME SETTING

It 1s not completely 1ndependent of the
slip. The advance time 1s set to glve a correct value
at 0.3 ¢/s so that the circuit making switch closes
slightly after nhase ccincidence of the two source
signels between 0,4 c¢/s and 0.3 e/s slip freguency.
Alsc the switch would close slightly in advance for

s1lip frequencies between 0.3 ¢/s and zero.

544 TEMPERATURE CONSIDRERATIONS

The transistor circuits are very temperature
sensitive. Large changes in Jjunction temperature will
change its characteristics, As the cocllector power
dissipation in switching circuits is negligible, the
junction temperature remains almost the same as the

ambient temperaturae.



5.5 TEST ARRANGEMENT

In the initial stages of construction, the
slip frequency measurement mathod; pulse circuits,
monostable, delay ecircult, phase comparators and bi-
stables were %tested individually and were found to be
working setisfactorily within the specified limits,
Then the synchronising relay was tested by simulating
the incoming generator by a source variable in both
voltage and frequency (1.e. by changling the speed of
the prime mover and the excitation of the generatcer),
the reference source being the mains supply obtained

by encther generator).

_ The equipment was tested by synchronising
exberiment cn two 3 phase generators as in the'case of
parallel operation of two 3 phase alternators., 1In
these tests, the manual control was exercised cver the
ex¢itation current of the incoming generator., 1Its
performance.was~tested on an actual synchronising
meihod 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.

o o o o o
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CoNCLUSION

As shown by the successful operation of the
autonatic transistorised synchronising relav, the junc-
.tion-transistor circuits ¢on be reliasdbly used in relaying
and control problems., They give.reliable and congsistent
'operation and have all the advantages gained by having

noc moving parts.

The relay impcses a low burden on the voltage

transformers to which i1t is connected.

The relay advance time setting 1s chosen
dellberately over wide limits to cover the range
100»459 ms, which relates to making-switch closing times
‘of 5-12 ¢/s at 50 ¢/s. The advance time set*ing incluces
the time from the 1nstaht when the circult breaker
operating mechanism hecomes energilsed taithe sucecessful
completion of the synchronlsing operation. The relay
is c2lihrated to give a correct advance time at N.4 ¢/s.
If the relay operates at 2 lower slip, a slight 1ﬁaccu-
racy in time setting wlll bhe there, but in any case the
out of phase switching angle w11l not exceed 52, This
deviation is of no consequence as no instability or-

demage to the inccming 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 tiue
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setting. The 1limit of voltage unhalance has been set
for 57.

The automatic-check synchronising reiay 1s
a useful annlication in the rapidly growing use of auto-
mation in power systems, since interconnected systems
introduce many operating préblems which make 1t

undesirable to depend soiely on human factors.

o s o sk



APPFNDIX T

ADVANTAGES OF JUNCTTON TRAWSISTORS IN ELECTRONIC RELAYS

It is a three terminal semi canductor device,
three terminals being calleé, collector, emitter and base,
Provided that the tronsistor is cossidered as a current
operated device, these 3 terminals have functions similar
to the anode, grid and cathode. When transistors are
used as 2 two terminal network, there sre three useful

confugrations.

1., Barthed Collector
2. Earthed bhase |

a, Rartheﬁ enitter

for large inputs, the earthed emitter arrangement
behaves as a relay in which 2 small input power effects
2 change from 2 very high to & very lov resistance in

the cutput cirecuit.

EARTHED.EMITTER CHARACTERISTICS OF A JU:ICTION TRANSISTCR

Fig. (b) shows the eircuit arrangement and
fig. (é} shows the statie characteoristic curves for the

earthed emitter confugretion. A load 1line AB 1is drawn

on the characteristic, haviag slope = ;& and inter-
seeting the V,, axis at - Vg4 volts. If the input
resistance Ry of the transistor 1s made large with

respect to the base emitter impedance ry of the
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transisteor (usually of the order of 400-700N), the

base current to 2 first approximation will be

_vin
Rp

Ib = wvhen Vin is negative

vwhen Vp is positive, no bvase current will flow and the
transistor will be cut off so that the output voltage
will be constont at V4. When Vg, is neg-tive, base
current starts to flow and the output potential frlls
along the load line until the point C is reached. At
this point no further reduction in output veoltage can
cceur, the only effect beisg an increase in the base
current, |

, _ "
It is convenient to introduce A , the

large signal amplificaticn factor or the ratio of

¢ollector current to hase current at the point C.

i

Ii!

‘ Zmh =.
I =g @wr T
b

At the point C, the output potential is so small that
tc & first approximation, 1t can be assumed to be zero,

therefore at that point,

I = ...Y.e..
™ o= Ve
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Vo By

Thus the behaviour of this circuit may be sumnsrised as

follows

v R
for Vm L - - i <IN

o 73& » Vee 0

The overall characteristics are shown in fig. (@)

The transition from the eut off to the fully conduc-
ting condition takes plece for a very smill change of

input voltage,
Typical figures are as follows i~
Ve = 10-volts

p = 10 K. N

R, = 20 kN

= 30

o.o - ve Hb
<" Ry

]

- 04,17 volts

Thus to & first approximation, the ciréuit behaves as
a switeh, 1t 1s in the "CFF" conditicn for positive



inputs and in the "ON" condition for negative inputs,
This argument holds for a large signel conditions.
Assumptioi 1s justified for the relay circuits vhich
have heen developed since the input voltages are taken
directly from the 110 volt test transformer seecondry

windiqgs.

Junction transiétor can be applied to

relays in place of

(1) thermionic valves as it needs no

specinl nower supplies as in valve heaters.

(2) The provision of appreciahble voltages

in case of valve ancdes and electrode bias 1s eliminated,
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PPENDI.L 2

rivation of Single-phage Synchr si ut of Pha

During single phase synchronising, the sequence
components of armature currents can be found by connecting

the sequence networks as shown above in Fig. B8(b).

From the positive and negative-sequence
components of current, the armature current is determined.
Neglecting all rotor decrements, the instanteneous phase
moltages daring the transient can be written |

e, = E Cos (wt + «)

g = E Cos (wt + B)

from which the a.s. symmetrical components of_armatare

current can be solved.

_ 2E Sin{<-f o(+8

ig1 = <1, = ) ) x Sin(wt+ 2 ) per unit
Xig + X + 2%g amperes

The alternating ohase carrents are

KB
2/3 E 8Sin =
ip = =1, = 2. x sin (vt + X8

HMe X + 2 2

Since the currents must start from zero, there is a d.c.
component present in the carrent. The total phase currents

are therefore

W ..y L2v3E sin 4380 x [sm (wt + S22 ) sin (9-‘5“-’-)}
DT e TR F X, ¥ eXg



The instantaneous power is
P= £ (e + 2o +1i,e)
3 a a b~d c “e

a8 )
= g‘ [ib(eb - ec)] = % 2'{’3!3 Sin‘ 2 X
xa@" + )(2 + 2Xg

%.m(wt o 28 “*“) - Sin (-——»):\ x #3E Sin(wt+)

Since in per unit the rotor torque is equil to the jrower

transferred aercss the gap

in &
TsP= (xn +x2+gxs) il e Cos 2(wt + «) - tan'g sin(wt+e

4R
38 TET ) 4 sin(ut + «)]

Cos ('“§ﬂ‘)

where & = (« = B)

and (por phase machine constants in per anit)
X”d = Direct axis sub transient reactance
ko = Negative sequence reactance

E = Effective machine (or system) voltage

Xs =2 gystem reactance



70

SINGLE PHAS/
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Similarly
equation of three phage Synchronising Torgue
OQut Of Phase

_E? 8in d

T = X"d + Xs \1 - Cos wt + tan énSin wt]

2
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