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1 osite directions through R, so that there is no current
Ev?htnmff I;PIE and i, = 4,. This method is called the circulating

nt method.
cugfg. 208 shows an alternative method, known as the opposed
voltage method. The relay is in series with the two secondaries,

which are connected so that their e.m.f.’s oppose.
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A very important disadvantage in simple balance systems 1s
to thaegaquglitiea of current transformers. Thus an external fault
may lead to a large current; then, although the currents in the
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i maries of the current transformers are equal, they may produce
Eﬁfﬁ;ﬁl’ﬂch :u.ry by more than the permissible difference if they

are ten or twenty times the normal current.

i ' ! i hows
is disadvantage is overcome by the use of bias. Fig. 209 s
a rbrt'};lssed beam relEy. The system is still the circulating current

ig. 207, but there is in addition a restraining coil which
e i e Thus if the currents are large,

training force which cannot be
the current transformers. It can b:a seen
that the relay operates when the ratio I,]1, differs from unity by

carries both eireulating currents.
there is a comparatively large res
overcome by an error in
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more than a certain amount, which is adjustable by varying the
number of turns of the restraining coil. '
I A similar result can be achieved by biasing the relay mechanically
' by moving the fulerum nearer to one side, or magnetically by
: having two operating coils each of a different number of turns.
E 5 Protection of Alternators and Transformers. It is not considered
advisable to have overload protection for alternators, which are
now designed to withstand their complete short-circuit current
without danger. They are disconnected by hand.
If the steam supply ig cut off, there is no occasion to disconneot
the alternator, as it will run as a motor and take a small current.

- e L0000 200 oo [

} T o / i E iz i” \ fa¥a¥al 000

o == RELAYS
mAvav) ' rm\——t@eﬁhu

C.Ts, STATOR WINDINGS C.Ts,
Fia. 210, Merz-Price SysSTEM FOR ALTERNATOR
{ Automatic Protective Gear (Henderson))

It will keep in synchronism, and operate when the steam supply

. 18 restored.

- The result of a failure of the field of an alternator is very uncertain

- and depends upon the load and the condition of the machine. The

.~ machine can be switched out by means of an under-current relay

- in the field circuit. The occurrence of a field failure is, however,

- rare, and automatic protection is not often provided.

- The most dangerous fault in an alternator is a failure of the

~ insulation, for then the machine will feed current into its fault and

~ destroy itself. |
- If an earth fault occurs on the stator windings whose star point

- 1§ earthed, power will flow through the fault to earth. If this power

. 18 greater than the load supplied, the machine will receive power

~ from other generators and reverse power protection will suffice.

- The reverse power relay can contain two wattmeter elements, as

- used in measuring three-phase power, or three single-phase watt-

‘meter elements. As the reverse power relay will not act unless the

‘power sent into the fault is greater than the output of the machine,

‘the method is not satisfactory and is obsolescent.

- Self-balance protection is the most useful method for alternators

8&nd transformers. Fig. 210 shows the Merz-Price system, in which

:IT ee pairs of current transformers are connected to relays. When
A6 ourrents at both ends of each winding are equal, equal e.m.f.'s

s
A



CHAPTER X
VOLTAGE TRANSIENTS AND LINE SURGES

Introauction. There are various ways in which a transmission line
y experience voltages greater than the working value, and it is
sary to provide protective apparatus to prevent or minimize
estruction of the plant. Internal causes producing a voltage
are (1) resonance, (2) switching operations, (3) insulation
e, and (4) arcing

3: a very impor- - K L
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ay be represented by their leakage inductance L, and the
yr a capacitance C. The system is then as shown in Fig. 237,
R represents the resistance of the alternator winding, trans-
formers and cable, and r the resistive load. The total impedance of
the circuit is

- , (1jwC)r : ?
P o — P el g
ihe current is
B - I = BJZ,
'::_-.T:}.' o voltage on the cable is
4 Vi=1T % fH]- -[-.ijT),

e latter expression represents the impedance of the parallel
ation of €' and ». Substituting for 7 in terms of & we get

+ :;-,;. v o 5. . r
:.'_!L-m"- ( +.fw0r) ‘ (R Tdek by +jwc"f)
:I a5y 1

1+ (B 4 jel) (fr + jo0)
e 1
. (—'LO + EBJr) + jo(L]r + CR)
fie magnitude of (V/Z) is

[V | = [(1— w*LC + R[r)* + w?*(Ljr + CR)*]-¥ . (112)
- 275
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The voltage at the termination is thus
_ _ _2B[(1 + pCOR)
R bt o e
o 2R P
 Z(1 4+ pCR) + B.
It must be remembered that p = dfdt and & is a voltage which
is zero until { = 0 and & after { = 0. &, may be found in the follow-
ing way.

B

_ Z( +pCR) + B,
°R r
= }(p0Z + ZJR + 1)E,
= Y0Z(dE Jdt) + YZIR + 1)E,.

This is a linear differential equation for &, of which the solution is

E

2K
= —— ~UZ + RYCZR]
B, ZIR 1 + Ae ;
where A is an arbitrary constant and is determined by the fact that
E, can rise at a finite rate from its zero value This gives

A = —3BI(ZIR + 1)

go that By= zﬁ%ﬂf [1— e—lZ + R}ICE.RI:]

= By [1 — &~1Z + RICZRY],

where fi;, is the voltage at the end when there is no capacitance,
Fig. 251 shows the graph of F,.

The effect of the capacitance is to
cause the voltage at the end to
rise to the full value gradually
instead of abruptly, i.e. it flattens
the wave front. It is usual to
specify the condition of the wave-
front by stating the time the wave
takes to increase from 10 to 90

per cent of its value and multiplying by 1-25. If the wave reaches

z of its value in time ¢
1 — g~lZ + RJOZRY — g

CZR 1
f = ZTR logh ( - )
The specifying time in this case is therefore
125 . [CZR[(Z + R)] [logh 10 — logh 1:11] sec.
= 275 CZR|(Z + R) sec.

Time
Fia. 261. FrarreNing or WavE
DUE TO SHUNT CAPACITANCE

so that
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~ Tn the case of a capacitance at a point of a line which stretches
~ in both directions away from it, Z = R and the time is

58 B 1-37CZ sec.

- 'Thuﬁ a 10 000 puF. capacitance in a line of surge impedance
. 500 ohms flattens the wave so that the time of the wave-front
~ becomes

a3 1:37 X 10-% x 500 sec. = 6-9 usec,
B ~ Flattening the wave-front has a very beneficial effect, as it reduces
‘the stress on the line-end windings of a transformer connected to
‘the line.

- Lightning. With the increase of high-voltage overhead lines the
‘problem of lightning is assuming greater importance, and much

| f
e o T T T T T o o 2
F1a. 252. B STrRoOxE

amage is done yearly by lightning. There are two main ways in
lightning affects aline : by a direct stroke, and by electrostatic ,
on, The way in which thunderclouds get charged up to very
otentials is complicated and not known precisely.
direct stroke can take place in several ways. In one way the
cloud induces a charge of opposite sign on tall objects,
tall masts, church spires, ete. The electric stress at the top
these objects causes ionization of the air, and eventually
,15:__"{31!:& takes place between the cloud and the object. Such
0ke 18 known as the 4 stroke, and is characterized by the
‘ﬁlvely long time taken to produce it and the fact that it
the highest point, usually a lightning conductor. Another
8 1n & much more sudden stroke, which is produced in
ier shown in Fig. 252. Three clouds are involved, and the
Of cloud 3 is decreased by the presence of the charged
._man clnqd 1 flashes over to cloud 2, both these clouds
' _ged rapidly; then cloud 3 assumes a much higher
i _'_i.ﬂﬁaﬂhas to earth very rapidly. This is the B stroke,
?__-?Mtﬁl'lzed by its rapidity and the fact that it ignores tall
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7 p] ects and reaches earth in a random manner. A direct stroke may

use a potential of 10 million volts, and shatter insulators and

ff’ wers in its vicinity. The most that can be hoped from protective

"/rfavices is that they will limit the damage and prevent the resulting

3}, avelling waves from affecting the plant. IFortunately direct
gokes are rare.

The majority of surges in a transmission system are due to
8 }htning, and are caused by electrostatic induction in the manner

¥

7/
Negative Induced Charge

Fra. 263. Soree nvn To ELEcTROSTATIO INDUCTION

dicated in Fig. 253. A positively charged cloud is above the line
: f;d induces a negative charge on the line by electrostatic induction.
Lf;}e induced positive charge leaks slowly to carth via the insulators.
%’ 7hen the cloud discharges to earth or to another cloud, the negative
[ ,arge on the line is isolated as it cannot flow quickly to earth over
1se insulators. The line thus acquires a high negative potential,
gfpinh is & maximum at the place nearest the cloud and falls slowly
‘/ Original Voltage
Distribution Ly

i
e il =

f Fia. 2564, ProracaTiON oF VOLTAGE DISTRIBUTION

a small value at a distance. The charge will flow from a higher
a lower potential and the result is travelling waves in both
‘?factiuna. The two waves will be equal and thus each will have
? the potential of the charge at the time of the discharge of the
foud; they will also have the space-voltage distribution of the
?’;iginal charge, as shown in Iig. 254, The waves travel in exactly
pe same way as the waves due to switching, so that the current
1; any point of the line is the voltage divided by the surge impedance.
ﬁr{’ a line without resistance or leakage the waves travel without
fﬂa,nga of shape, but the effect of resistance and leakage is to
‘} 1r,{;ifﬁ_]luad:t:-\: the wave and to flatten the wave-front.

/ The steepness of the wave-front depends upon the space-voltage
igt,ributiun. If the wave reaches its maximum in 1 000 ft., the time
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;t_fr'_!'-.'- that it takes for the wave to reach the maximum when it passes
- apoint is
T 186 000 x 5 280

L
‘ Ay A

sec. = 102 usec.

' .~ Waves have been recorded with wave-fronts of 1 to 80 usec,
~ and wave-tails of 3 to 200 usec. A very steep wave-front may be
. obtained when a thundercloud is near a building which the line
/) R *?Ent-ers. The building screens the line inside from the cloud, so that
- the induced charge stops abruptly at the building. Extra pre-
~ cautions are therefore necessary where an overhead line enters
- g building.

- Arcing Earths. In the early days of transmission it was the
5 'qa to insulate the neutral point of three-phase lines, for then

)
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IF1g. 255. Ancmve GrouND 1N THREE-PHASE LINE

arth on one phase would not put the line out of action; this
eliminated the longitudinal (or zero phase-sequence) current
resulted in a decrease of interference with communication lines.
ated neutrals gave no trouble with short lines and comparatively
oltages, but it was found that when the lines became long and
oltages high a serious trouble was caused by arcing earths,
i produced severe voltage oscillations of three to four times
ormal voltage. These oscillations were cumulative, and hence
destructive. Arcing earths are eliminated in this country and
amerioa by solid earthing of the neutral, whilst in Germany the
ibral 1s earthed through an inductance (a Petersen coil).
1016 are two accepted theories of arcing earths, in one of which
¢ 18 extinguished at the normal frequency, and in the other
> -requency of oscillation of the line. Let us consider the
wrequency arc-extinction theory for a three-phase line.

2§5+_EI_I_QWE 8 three-phase line. Suppose that line 8 arcs to
. Jvaen 1ts voltage to neutral is a maximum — F. At this

vBng o £198 1 and 2 have voltage + 3#. Before the arcing earth
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objects and reaches earth in a random manner. A direct stroke may
cause a potential of 10 million volts, and shatter insulators and
towers in its vicinity. The most that can be hoped from protective
devices is that they will limit the damage and prevent the resulting
travelling waves from affecting the plant, Fortunately direct
strokes are rare.

The majority of surges in a transmission system are due to
lizhtning, and are caused by electrostatic induction in the manner

/
Negative Induced Charge

Fra. 2563. Sorer pvn 1o ELECTROSTATIC INDUOTION

indicated in Fig. 253. A positively charged cloud is above the line
and induces a negative charge on the line by electrostatic induction.
The induced positive charge leaks slowly to carth via the insulators.
When the cloud discharges to earth or to another cloud, the negative
charge on the line is isolated as it cannot flow quickly to earth over
the insulators. The line thus acquires a high negative potential,
which is a maximum at the place nearest the cloud and falls slowly

Original Voltage
‘7 Listribution -fg v

1. 254. ProracaTioN oF VOLTAGE DISTRIBUTION

to a small value at a distance. The charge will low from a higher
to a lower potential and the result is travelling waves in both
directions, The two waves will be equal and thus each will have
half the potential of the charge at the time of the discharge of the
cloud; they will also have the space-voltage distribution of the
original charge, as shown in Fig. 254. The waves travel in exactly
the same way as the waves due to switching, so that the current
at any point of the line is the voltage divided by the surge impedance.
In a line without resistance or leakage the waves travel without
change of shape, but the effect of resistance and leakage is 1o
attenuate the wave and to flatten the wave-front.

The steepness of the wave-front depends upon the space-voltage
distribution. Tf the wave reaches its maximum in 1 000 ft., the time
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that it takes for the wave to reach the maximum when it passes
~ apoint is

£ 1 000

186 000 x 5 280 "o = 1-02 psec.

B
- Waves have been recorded with wave-fronts of 1 to 80 usec.
- and wave-tails of 3 to 200 usec. A very steep wave-front may be
- obtained when a thundercloud is near a building which the line
v SR ',gn_tﬁrs. The building sereens the line inside from the cloud, so that
 the induced charge stops abruptly at the building. Extra pre-
. cautions are therefore necessary where an overhead line enters
= bullding
- Arcing Earths. In the early days of transmission it was the
_practice to insulate the neutral point of three-phase lines, for then
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Fra. 255. Ancive GrounNp 1IN THREE-PHASE LINE

Learth on one phase would not put the line out of action; this
eliminated the longitudinal (or zero phase-sequence) current
esulted in a decrease of interference with communication lines.
ted neutrals gave no trouble with short lines and comparatively
tages, but it was found that when the lines became long and
tages high a serious trouble was caused by arcing earths,
produced severe voltage oscillations of three to four times
rmal voltage. These oscillations were cumulative, and hence
Structive. Arcing earths are eliminated in this country and
ica by solid earthing of the neutral, whilst in Germany the
18 earthed through an inductance (a Petersen coil).

ére are ﬁ:m accepted theories of arcing earths, in one of which
¥ extinguished at the normal frequency, and in the other
equency of oscillation of the line. Let us consider the
Jrequency arc-extinction theory for a three-phase line.

255 shows a three-phase line. Suppose that line 8 arcs to
. ruen its voltage to neutral is a maximum — %, At this
S v ines 1 and 2 have voltage - 35. Before the arcing earth
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occurs the capacitances of the lines cause the neutral to be at or
near the earth potential, so that the earthing of line 3 causes a
sudden voltage of + & to be applied to lines 1 and 2. The ultimate
steady state would then be for the lines 1 and 2 to be at potential
4. DBut we have shown that when an e.m.f. % is suddenly switched
into a circuit of low resistance, the voltage in the circuit oscillates
between 0 and 2F with a frequency 1/274/(LC) (see equations (115a)
el seq.), where L and C are the inductance and capacitance in the
cireuit. The voltage of lines 1 and 2 will therefore oscillate rapidly
between the original value of 1E and iF +- 2 = LE. The high
frequency oscillation dies out rapidly. The are is fed through the
capacitances of the lines, as shown in Fig. 255, and will go out
when the sum of the capacitance currents passes through zero,
The capacitance currents lead the voltages by 90°, so that when
their sum I, 4 I, is zero the line voltages are B, = — 3},
By = — 4B, and By = 0. If the arc were to remain extinet, the
voltages would have to be these values plus B, viz. B, = — 15,
By =— %, and By = 4 . Thus the faulty line 3 would have a
maximum voltage again, and so arc to carth again. In other words,
when line 3 ares to earth the capacitance currents of lines 1 and 9
maintain the are until the voltage of line 3 attains its opposite
maximum voltage with respect to the neutral: then at the instant
when the capacitance currents would allow the arc to go out, line 3
arcs again to ground. We saw that at the instant that the arc is
extinct the lines are at potentials — 58, — 31, and 0. The charges
due to these potentials diffuse rapidly through the system in an
oscillatory manner, with the average voltage }(— 38 — 4B + 0)
= — 4 as the mean position. This is equivalent to an insertion of
an e.m.f. of 1/ in lines 1 and 2, so that an added voltage f is applied
to these lines. When the arc restrikes, lines 1 and 2 acquire potentials
of — &% plus this new value — %, so that the maximum voltage is 12,
We see therefore that the healthy lines are subjected to a voltage
of 34 times the normal value. As this state can be maintained for
a considerable length of time, in & known case 80 min., by the
continued arcing, it is very dangerous.

Petersen Coil. We have seen that the capacitance currents
I, and I, maintain the arc even when the voltage of the faulty line 3
is too low to restrike it. In fact these currents have the particularly
harmful effect of maintaining the arc until the very moment when
the voltage of line 3 is sufficiently high to restrike it, If the neutral
18 earthed through an inductance L of such a value that the current
it passes neutralizes I, - I,, the normal frequency follow current

through the are is
& L+ 1+ 1L,=0

The arc is then extinguished except for the brief moments when
the voltage of line 3 passes through its maximum value and can
restrike it,

VOLTAGE TRANSIENTS AND LINE SURGES

1t has been found that the Petersen coil is completely effective in
eventing any damage by an arcing earth, and is therefore used
extensively on the Continent. The coil is usually provided with

pings, 8o that its value can be adjusted to suit the capacitances
the system. It is found that effective operation is secured when
the inductance is 90 to 110 per cent of the theoretical value for
act meutralization of the capacitance currents.

297

1
A

'.'I :ff-i 3 °
Coil ]i ’ E.Tf; Iz¢;; ;;¢f1

Fia, 2566, PerErsky CoIr

Lightning and Over-voltage Protection. The insulation of a
panamission system is always designed to withstand voltages of
fice the normal value for a reasonable length of time, as switching
often produce voltages of this magnitude. It is clearly
nomical to design the system so that the insulation can
tand the very high voltages that may be encountered from
eous or fault conditions, and recourse is had to protective
ices which are adjusted to break down before the insulation,
Frwiﬂﬂ prevent a dangerous voltage from damaging the
10n,
gerous voltage rises are found to be due to the following :
ges due to direct lightning strokes or induced voltages,
cing earths, (3) comparatively low-voltage high-frequenacy
ions, (4) static overvoltage. The protective apparatus for
lasses are: (1) ground wire and lightning arresters, (2) earth-
utral solidly or through a Petersen coil, (3) surge absorber
ioltance, (4) water-jet earthing resistance, earthing inductance,
earthing of the neutral point.
‘brue to say that with the advent of high-voltage overhead
uch as the Grid, the main cause of damage is lightning, We
éen that most travelling waves due to lightning are caused
ostatic induction. The latter can be reduced considerably
56 of earth wires running above the transmission line and
Y every pole or tower. If ('; is the capacitance of the cloud
e and () the capacitance of the line to ground, the induced
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voltage on the line is Cyf(C; + C,) times the cloud voltage. The
presence of the earth wire above the line causes a considerable inerease
in €, and reduction of the line voltage. The induced voltage could
be very much reduced by an array of earth wires above the line,
but this is too expensive to install in practice.

The earth wire also provides considerable protection against direct
strokes (of the A type), provided the earth resistance of the earth
wire is kept low. If the current in the stroke is I and the earth
resistance is R, the voltage of the earth wire is IR, and unless It
is low this voltage may be sufficient to cause a flash-over from the

earth wire to the lines. The

?Tr_*ansfarimer earth resistance should be of
Breakdown insulation  the order of 10 to 20 ohms.
Voltage The earth wire affords an

GapA  additional protective effect by

Gap B causing an attenuation of any
| travelling waves that are set
<t/  Microseconds up, by acting as a short-

circuited secondary. For this
reason its resistance should
not be too large. It is usually
made of steel, which has a high permeability and thus posscsses
a resistance which increases with frequency.

Having reduced the magnitude of induced voltages by means of
an earth wire, we still find it necessary to install protective apparatus
to prevent, or at least minimize, the damage due to the surges
that do oceur. It is, moreover, essential that the system shall be
considered as a whole from the point of view of protection, so that
the least cssential and most accessible parts protect the more
important apparatus; this involves the co-ordination of system
insulation. The problem is rendered difficult by the fact that the
breakdown voltages of the various parts of the system and of the
protective apparatus behave differently with time; thus a horn
gap which is set to flash-over at 100 kV. at 50 eycles may require
200 kV. in a wave lasting for 20 usec., or 300 kV. in a wave lasting
for 5 usec. We define the impulse ratio of any piece of apparatus
ag the ratio of the breakdown voltage of a wave of specified duration
to the breakdown voltage of a 50-cycle wave; thus the horn gap
has an impulse ratio of 2 at 20 usec., and 3 at 5 usec. When 2

Fra. 257. VARIATIONS 0F BREAEDOWN
Vorurage witH TiMm or APPLICATION

method of co-ordinated insulation is considered, the impulse ratio

of the various parts must be known or the protection will not be
adequate. Fig. 257 illustrates the point. Suppose that the insulation
of a transformer to be protected has the breakdown voltage-time
characteristic shown. Gap A may be set to break down at a lower

voltage than, say, 80 per cent of the breakdown voltage of the

insulation at 50 cycles. The gap, nevertheless, does not protect
the transformer, as its characteristic rises more rapidly than thab
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- of the transformer insulation as the duration of the wave decreases.
. Then for waves of duration less than ¢, the transformer insulation
. breaks down before the gap. It is necessary to narrow the gap so
. that the characteristic is as shown for gap B before the transformer
~ ig completely protected. In practice it is not possible to narrow the
~ gap so much that the insulation is protected for waves of the smallest
* duration, as then the gap would flash over at very low voltages at
- 50 cycles; a compromise is reached by protecting the insulation
" for voltages of waves down to a certain minimum time, which is
~ found experimentally to be comparatively harmless.

. Sphere Gap. A sphere gap in which the spacing is small compared
‘with the diameter of the spheres has the useful advantage that the

\ Linel|  ceeee.
i = Horn Gap™.
ﬁamsfqrmer
suplying, b
/ines Choke b
l Coil

Fia. 2568, Horw Gar witeE OHoxm CoIn AND RESISTANOR

.'n*-u ratio is unity. If vhen the apparatus is protected against
o0-cycle waves, it is protected against a wave of any duration.
ortunately, when the sphere gap flashes over, the power current
intains the are, which requires only a very low voltage to main-
1 1t, and the are is not self-extinguishing. The circuit-breakers
vould have to intervene to break the are current and the service
terrupted. For this reason the sphere gap is not of use.

orn Gap. Fig. 258 shows a simple sketch of the horn gap. The
8 86t 80 that a flash-over occurs between 4 and 4’ at a voltage
0 to 200 per cent of the normal voltage. The power current
°8 an are, which may be considered to be a flexible conductor.
exible electric circuit moves so as to embrace as many lines of
guotic force as possible, so that the arc is forced up to the position
Another factor tending to blow the arc up to BB’ exists when
8 above 4.4’, for then the arc heats the air and forms a vertical
ht. The result is that the arc is forced up to BB’, where the
18 wide and the normal voltage is insufficient to maintain it.
B 2X0 18 thus extinguished, usually in about 3 sec.

: ?_»hnm gap cannot rupture arc currents much in excess of
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10 amperes, and as the arc is a dead short eircuit it is necessary to
limit the current to a small value. This is done by inserting a
resistance, between the line and the horn on the line side, which

reduces the current to about 5 amperes,

The efficacy of the horn gap is seriously
reduced by the resistance. The resist-
, ¥ ance is a water column, oil-immersed
| | v metal wire, carbon rod, or carborun-

dum, and is made as non-inductive as
possible,

It is found that high-frequency
waves concentrate at the line-end
turns of a transformer, so that although the magnitude of the wave
on the line is not very great, the stress at the turns near the line is
very high and may cause puncture between turns. This difficulty
is overcome by the insertion of choke coils, as shown in Fig. 258,

Fra. 259, Honw Gar wire
ATUXILIARY FELECTRODE

I'rg. 260, BunrEe ARRESTER
{ Matropolitan-1ickers)

The high-frequency wave is then reflected back to the horn gap,
where the doubled voltage causes a flash-over. The choke is without
effect on the low-frequency power wave, ' .
For small settings the horn gap is sensitive to corrosion or pitting
of the horns, so that it does not maintain its setting. This difficulty
is overcome in the arrester shown in Fig. 259. The main gap 18
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ah

- set for a voltage well above that to be protected. The auxiliary
- gap has a platinum electrode, which possesses the character of
- permanence. When an over-voltage oceurs the auxiliary gap
- flashes over and ionizes the air, and then the main gap flashes
: R Over.
. Burke Arrester. Fig. 260 shows the Burke arrester. The line
. ocurrent passes through a triangular paneake choke coil, one side of
 which forms half of the main gap. Severe over-voltages flash across
. the main and auxiliary gap direct to earth. Less severe voltages
flash over the main gap only, and
the current is then limited by the
- resistance,
. Multi-gap Arrester. This consists S o .
- of a number of small gaps in series 4 1 Line
~ with a limiting resistance. Another 5
resistance is placed across some of =4
- the gaps adjacent to the limiting & R ¢
. resistance.
. Impulse Protective Gap. It was _
. pointed out that the sphere gap Electrofytic

Arresten

T

has an impulse ratio of unity, but
‘suffers from the disadvantage that
the arc between its electrodes is  Fio. 261. Inrursm Gar wite
o Eelf_extingujghjllg‘ The horn- ELECTROLYTIC ARNESTER
‘gap, however, extinguishes the arc

‘but has a high impulse ratio, 2 or 8. The impulse protective gap is
~designed to have a low impulse ratio, even less than unity, and to
‘extinguish the arc. Fig. 261 shows a diagram of the impulse gap.
- Sy and S, are sphere-horn electrodes, and are connected to the line
and an electrolytic arrester, respectively. An auxiliary needle elec-
‘trode I is placed mid-way between 8, and S,, and is connected to
‘them via (R, 0) and . At the power frequency the impedance of
- the capacitances €' is very much greater than that of R, so that the
- potential of I is mid-way between those of §, and S, and the
“electrode has no effect on the flash-over between them. At very
- high frequencies the impedance of ¢ is small, so that £ is at the
- potential of S, and the gap is effectively half the previous value,
?‘Ela.ah-over takes place between S8, and ¥ at a voltage less than
“hat required to flash-over between S, and S,. An impulse ratio less
“than unity can thus be obtained. The electrolytic arrester on the
earth side extinguishes the are.

- Blectrolytic Arrester. This is the carliest type of arrester with a
targe discharge capacity. The action depends upon the fact that a
vhmn film of aluminium hydroxide immersed in electrolyte presents
hlgh resistance to a low voltage, but a low resistance to a voltage
&ove a critical value. The critical breakdown voltage is about
,_ volts, and voltages higher than this cause a puncture and a free

-
)
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flow of current. The insulating film of hydroxide is formed by

applying a direct voltage up to the critical value to aluminium
plates immersed in the electrolyte; during the formation of the
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film, current passes fairly readily, but when the film is formed
the current ceases.

Stacks of films are arranged one above the other and the total
critical voltage is equal to the critical voltage of cach film multi plied
by the number of films.

Daily supervision and reforming of the films is essential, and for

i film arrester of the pellet type
~ ‘column of 2}in. diameter, the length of the column being 2 in.

Metal slesve mal,
intimate contyo
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this reason the arrester is being replaced by the more robust oxide-
film and auto-valve arresters. The electrolytic arrester is used in
conjunction with an impulse gap, for the continual Icakage and
capacitance currents would damage the arrester.

Owxide-film Arrester. Fig. 262 shows the construction of the oxide-
. The lead peroxide pellets are in a

per kV. of rating. The tube contains a series spark-gap. A single
tube system is available for voltages up to 25 kV. when the neutral

i' is solidly earthed, and 18 kV. when the neutral is isolated or earthed
~ through an inductance coil. For higher voltages several units are

placed in series.
The pellets have a diameter of approximately % in. and are
made of lead peroxide with a thin porous coating of litharge.
Aulo-valve Arrester. This consists of a number of flat dises of a
porous material stacked one above the other and separated by thin
mica rings. The material is made of specially prepared clay with a
small admixture of powdered conducting substance. The discharge

- occurs in the capillaries of the material and is thus constrained to

be a glow discharge, in which there is a voltage drop of about

. 350 volts per unit. The narrow gaps between the blocks are of

sufficient total width to prevent flash-over due to the normal voltage,
go that no current flows in the arrester under normal conditions.
This arrester is very effective, robust and cheap, and is being

~ rapidly introduced into modern high voltage systems.

Thyrite Arrester. Thyrite is a dense inorganic compound of a
ceramic nature, which has a resistance that decreases rapidly from
a high value at low currents to a low value at high currents. The
current increases 12:6 times when the voltage is doubled; thus if

- the current-voltage relation for a given block of thyrite is

B = kv,
. then 28 = k(12-61),
. o that 2 = 12-6n,
B io. n = log 2 = log 126 = 0-27.

Thus the voltage varies approximately as the fourth root of the
current. Iig. 263 shows the current-voltage curve of the 11 kV.
thyrite arrester of Iig. 264. There are eleven thyrite dises sprayed
on both sides to provide a good surface contact; each disc has a
diameter of 6in. and thickness $in., and will discharge several
thousand amperes without the slightest tendency to flash over the
outside edge. When passing 2 000 amperes each disc has a voltage
of only 5 kV. At the normal voltage of 11 kV. to earth, the peak
voltage is (114/2 =~ 4/3) kV. = 9 kV. and the current in the arrester
18 only 3-2 amperes. When one phase is earthed the pealk voltage

on the other phases is 11 X 4/2 = 15'6 kV. and the arrester passes
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25 amperes. A series gap is provided to prevent current from
flowing at the normal voltage. The value of k for the stack is 6 500,
or 600 per disc.

When the gap and arrester flash over, a high current flows for the
duration of the surge, which is discharged to earth rapidly as is
shown by oscillographic records; there appears to be absolutely
no time-lag in the thyrite itself. The normal frequency follow-
current is very small, 3-2 amperes in a healthy system, and only
25 amperes in a system with an earthed phase. The gap is easily
able to clear this small follow-current.

Some modern modifications of the thyrite arrester include a type
in which resistance blocks of a ceramic nature are spaced at equal
distances from one another. The total gap length is adjusted so

40r

30
kV
20

0

0

! 1 1 |
a 200 400 600 a00
Amperes
Fra, 263, VorrageE-ounieNT CUrvE ofF THYRITE ARRESTHER

that the gaps flash over at twice normal voltage; it is claimed that
the distributed gaps behave better than a single gap. Round knobs
are provided between the electrodes of the gaps so as to reduce
the time-lag. The action of the resistance blocks is similar to that
of thyrite.

Condensers. We have shown on pages 290-22 that the effect
of a condenser, placed between the line and earth, on a travelling
wave is to reduce the steepness of the wave-front. This effect
protects the windings of a transformer near the line, since a steep
wave-front causes very high stresses in these turns.

The condenser, moreover, protects the transformer against
comparatively low-voltage, high-frequency waves. The normal-
frequency voltage produces only a very small current in the
condenser, so that negligible loss is caused during normal operation.

The latest type of condenser used for protective purposes has a
dielectric of acetyl cellulose, the electrodes being silver plating on
the strips of the dielectric.

Surge Absorber. A pure condenser of the type described in the
previous section cannot dissipate the energy in the wave-front of
a travelling wave or in a high-frequency oscillation. It merely reflects
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L
E f the energy away from the apparatus to be protected, and the energy
- isdissipated in the resistance of the line conductors and the earthing
~ resistances. If a resistance is placed in series with the condenser,
i the combination can dissipate part of the energy in addition to
diverting it from the apparatus. Such a combination is called a
surge absorber.
Another type of absorber consists of an inductance across which
is placed a resistance. This combination is placed in series with the
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.-'iinﬂ Stee ' i i

- 'ne. Steep wave-fronts or high-frequency waves find the inductance
'fﬂhlgh impedance path and are forced through the resistance, where
mgﬁ t&re dmsllpute:d. E[l‘hﬁ normal-frequency currents find the
~ Inductance a low impedance path a 5 it wi
o p path and pass through it without
_- The Ferranti surge absorber consists of an inductance coil, which
18 coupled magnetically, but not electrically, to a metal shield and/or
jine steel tank which contains it. The coil is of a ecylindrical or
3 ._tltiﬂ;ka form! c_iapem.hng' upon the voltage; for voltages above
e £ the coil is cylindrical and has inside it a metal shield in
e currents are induced. The absorber is enclosed in a cylindrical
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boiler-plate tank, provided with poreelain-guarded terminals, and
is vacuum-impregnated with a light transformer oil. Fig. 265 shows
a 66 kV. surge absorber of this kind. The equivalent circuit of this
absorber is shown in Fig. 266. There is a filter effect which prevents
high frequency currents from passing freely through the absorber;

Frg. 265. FERRANTI SURGE ABSORBER
(I.E.E. Students’ Journal)

1 ' tion
also energy is transferred from the wave by the mutual induc
between il?:c coil and the shield and tank into the latter two, where
the energy is dissipated as heat.

;Leuur%g of Trg.nsmissiuu Line Surges. There are three methods
of recording transmission line surges, by the high-voltage cathode-
ray oscillograph, the klydonograph, and the surge-crest ammeter.

These will be deseribed briefly. il
Hier-voLTAcE CaTHODE-RAY OsorLrocrapH. This is the only
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instrument capable of delineating the voltage-time characteristic
- of a wave. Fig. 267 shows a high-speed cathode-ray oscillograph
1 manufactured by Metropolitan-Vickers. The tube is continuously
~ evacuated and the pressure in the deflection tube is 10 -4 mm. of
mercury or less. The cathodeis eold and at a potential of 50 or 60 kV.

- above the anode, which is earthed.
L The essential process is the following, A supply of electrons is
~ obtained by the jonization of the residual gas in the discharge tube,
- and these are made to travel with an enormous velocity under the
~ accelerative effect of the applied voltage. The electrons pass through
& hole in the anode and proceed in a straight line, until they pass
~ between the time deflection plates. The time deflection plates have
- applicd between them a voltage which varies rapidly and uniformly

Line Apoaratus

&

F1g. 266. EqurvarLenT Cirouir oF Fra. 268

~ from zero to a maximum value; the electron beam then undergoes
~ a deflection, that is proportional to the time from a given instant,
. The beam then passes between the voltage deflection plates, between
- which the wave (or a fraction of it) is applied. The voltage deflection
- plates produce a deflection at right angles to the time deflection, so
- that the electron beam, which strikes the photographic plate at the
end of the tube, traces out the voltage-time curve of the wave.
- Inorder to photograph waves of only a few microseconds duration
. the utmost sensitivity is required. This sensitivity is achieved in
- the following way. The electron beam impinges directly on the
- sensitive plate, which must therefore be inside the evacuated tube.
- The velocity of the electrons must be very great, and a high voltage
. of 50 kV. or more is used to accelerate the electrons. It is quite
. olear that the electron beam must not impinge on the plate when
there is no wave, otherwise the plate would be completely fogged.
The beam is diverted from the photographic chamber by beam trap
~ Plates and a beam trap tube. When there is no wave, there is a voltage
- between the beam trap plates which deflects the beam from the
- 8traight path that leads through a small hole in a diaphragm at
. the bottom of the beam trap tube. It is seen that the axis of the
 discharge tube is inclined at an angle to the axis of the main tube.
~ The reason for this is that although the electron beam is prevented
from reaching the photographic plate by means of the beam trap
- plates during the absence of a surge or wave, there are retrograde
1
.!

I
L
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rays consisting of atoms that are not much affected by the beam
- trap. These rays consist of relatively heavy particles and are thus
* not easily deflected, so that if they are moving along the axis
~ towards the plate they will do so whether the beam trap is operating
- or not. Their very property of not being deflected easily is used to
- get rid of them by inclining the axis of the discharge tube. The

.I 'r‘ : [

.n * "' i C} it JE ----- , I Va;tﬂlgf
L Surge EW e A R L : mE—=deflection
. Com= — plates
-- G

1 -
i Y
1 I"'tg, 268, PoreENTIAL Diviper axp DeEray Casre

retrograde rays and the electron beam travel along the axis of the
discharge tube towards the anode. Magnetic coils then deflect the
electron beam along the main axis, so that the beam can enter
the beam trap tube; but the retrograde waves are not deflected
- from their inclined path and are prevented from entering the
. main tube,
The electron beam is focused and positioned by magnetic coils.
When a surge arrives it is sent direct to a trigger device which
removes the voltage between the beam trap plates, and the electron
"~ beam travels to the
- plate. Meanwhile the
surge is put across a
potential divider con-
nected to a delay cable,
which transmits a =
known fraction of the | = "= Fe R EEEIT
wave to the voltage | = Midroseconds = il
deflection plates after . N
aid BIE‘L}" of & fraction of Fra. 269. Fg;m%giﬁ.:ﬁéf;i ELINE Tunns
a microsecond. The (IL.E.E. Journai)
delay cable is a con-
centric cable, with air or rubber dielectric. Fig. 268 shows the
- arrangement of the potential divider and the delay cable: R is
- equal to the surge impedance of the cable. If the capacitance C
18 ten times the capacitance of the cable, no distortion is introduced
and the ratio of step-down is C,[(0, - ).
~ Fig. 269 shows a cathode-ray oscillograph of the voltage appearing
across 10 per cent of the line end turns of a transformer winding, *
- It is seen that in this case the time base is not quite linear,

* Reproduced by kind permission of the Institution of Electrical Engineers
from the paper by Miller and Robingon, Journal of the 1.1 .E.

1r—(T.54}
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Let us consider the case of an unloaded line first. In this case
r = w, 80 that
| VIB | = [(1 — w*LC)* + w?C*R?]—4 . (112a)
If we consider that C' can vary, by the insertion of different
lengths of cable, | V[E | varies in the manner shown in Fig. 238.
The maximum value occurs when
S S T
T wil ++ RYL w*L(l + RYo?l®) T L
1 1 wk
Ry wCR+/(1 + Bw?Ll?) = wCR = R~
A reasonable value of L in a 33 kV. system is 0-05 henry, and the
resonating capacitance is then

when

5 1
2 =~ (27 . 50)® x 005

= 202 uF.,

which is the capacitance of some
hundreds of miles of cable. Resonance
in short lines will thus never occur at
the fundamental frequency. If we con-
sider the fifth harmonie, which is often
0 C present to the extent of 2 or 3 per
cent, we see that resonance can occur.
The capacitance required is

1
= Br 2507 X 005~ 1 HE.,

which is provided by a cable of length about 28 miles. If we assume
a 10 per cent harmonie, the value of V is
| V5| = | B | X 27 .250LfR = 010 | B, | X 27 . 250L/R,
where &, is the fundamental, and E; the fifth harmonie. If we take
R = 5, we find that
| V| = 1:57 | By |,

so that the fundamental voltage of #, = 33 kV. has a fifth harmonie
of magnitude 52 kV. (r.m.s.). The peak value between phases may
then be 4/2 X 85 kV. in place of the normal value of 4/2 X 33 kV.
The effect of a load is seen by comparing equations (112a) and
(112). It is seen that the term (&fr) is an additive constant in the

I
I
|
i
1
1
I
1
1
]
i

Fig. 238. REsSoNANCE

c

first term on the right-hand side of the equations and alters the

condition for the neutralization of reactance, whilst the term (L[r)
causes a considerable damping of the resonance. Let us take r = 200
ohms, which corresponds to a load of 5 000 kW. Then with the
values of L, C, and F; taken above, we find that

1 — w?LC 4 Rfr ~ 5{200 = 0:025

and w(Lfr 4+ CR) = wCR(1 4 L|CRr) = T-2wCR = 046.
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The first term is thus negligible compared with the second, so
that we may take

L . ! 1 1 wl
| Vsl s | =~ w(lfr + CR) _ T2wCR =~ T2R’

S CEEE o T

“‘,7 " g0 that V; is reduced by the factor 72 and has a magnitude of
@ 52 =72=172kV. The resonance voltage has been therefore
0 effectively damped by the load. ,

B Switching. A switching operation produces a sudden change in
the circuit conditions, and is accompanied by a {ransient state which
leads from the earlier to the later steady (a.c.) states, The behaviour

| o — a2 & K
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(b)

Fia. 239, SwircHiNg-IN AN INpucrivE RESISTANOE

" the system can be explained with exactness only by means of
~ travelling waves, which will be explained later; but in short systems
~ the behaviour is sufficiently well explained if we consider the circuit
~ to be composed of lumped resistances, inductances, and capaci-

tances. The method used is that given on pages 214-16, where
- we showed that a current of twice the normal peak value can be

- obtained when an alternator is short-circuited.

-~ Transients in Circuits with Lumped Constants. There are two

;5- interesting cases which we will solve, the switching-in of an induc-
tive load and the switching-in of an open-circuited line.

- Fig, 239 (a) represents the switching-in of a load of inductance L
and resistance R. The equation for the circuit is

e L(difdt) + Ri = E sin (ot + 0),
f“ the solution is (see page 215)

' B
VIR + (wL)?

8- -._i-:'= Ae—(RILE 4 ] gin (.:u! + § — tan *‘1% )
; o—(T.54)

i - 1
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KrypowograrH. It is found that if a potential difference is
applied between the faces of a photographic plate, the emulsion is
affected and on developing a figure is obtained. When the emulsion
side is at a higher potential than the other side, the figure consists
of fine lines radiating from the point of contact; when it is at a
lower potential, the figure is a complete and fairly definite circle.
The latter, or negative, figure is the more useful as its size is definite.
The magnitude of the figure depends upon the magnitude of the
potential and its frequency or steepness of wave-front. Thus
50-cycle potentials produce only a small figure, whilst high-frequency
or steep-fronted waves produce a large figure. If the film is allowed
to run past the electrodes (that on the emulsion side is usually pointed
and the other flat), the developed film gives a long line with wide
bands. The long narrow line corresponds to the normal operating
voltage, and the wide bands to high-frequency discharges or steep-
fronted surges. Useful qualitative information has been obtained
by the use of the klydonograph, but because of the dependence
of the size of the figure on frequency or steepness of wave-front the
results are not quantitative,

SuraE CrEsT AMMETER. The principle of this instrument is the
measurement of the residual magnetism in a piece of magnetic
material, which has been magnetized by the surge current. IFrom
the residual magnetism the peak of the surge current is deduced.

EXAMPLES X

1. Explain what is meant by the surge impedance of a transmission line
and derive its value in terms of the line constants. Derive expressions for the
values of the transmitted and reflected waves of current and voltage relative
to those of the inecident waves at a point where the surge impedance changes
from Z, to Z,.

A rectanpular wave of 200 kV. amplitude travels along a line having a
surge impedance of 500 {). to a transition point where it is connected to a
line of 50 0. surge impedance. Determine the values of the transmitted and
reflected voltage and current waves. { Lond. Univ., 1954.)

9. Describe and explain the occurrences immediately following the sudden
application of a steady voltage to one end of a transmission line open at the
far end.

A surge voltage e is travelling along a line of surge impedance Z, connected
at its far end to a line of surge impedance Z,. Show how to calculate the
magnitude of the voltage surges transmitted through and reflected from the
junction, explaining all assumptions and approximations,

(B.Se. Lond. Univ., 1933.)

3. Describe with the aid of sketches one good type of lightning arrester.
What auxiliary equipment is used in conjunction with the arrester to safe
guard the apparatus in the power stations ? (Nat. Cert., 1935.)

4. An overhead line is joined to a three-phase underground cable. What
apparatus is necessary to protect the cable against surges? Give a diagram
of connections. Knowing the surge impedance of each circuit show how to
ocaloulate the proportion of the surge that enters the cable.

(B.Se. Lond. Univ,, 1831.)
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5. Enumerate and explain briefly the causes of surges in a transmission
line. Describe methods of preventing such surges and of protecting
substation apparatus against damage due to them other than by the use of
lightning arresters which discharge the surge to earth. -
(Lond. Univ,, 1832.)

6. Explain the reasons leading to the general practice of earthing the
neutral point of a power system and discuss the relative merits of earthing
' it (u) solidly, and (b) through an impedance.

B s An earth electrode consists of a pipe 6 ft. long and 1 in, dia. buried vertically
. with its upper end at ground level in soil having & uniform resistivity of
10000 Q. per em. per cm.? lstimate the potential difference between the
g " electrode and a point on the ground 5 ft. away from it when 100 A. are flowing
- through the electrode to earth. (Lond. Univ., 1934.)
' 7. Explain the principle of the cathode-ray oscillograph and describe
i briefly the construction of such an instrument suitable for recording trans-
~ mission line surges.
E \ What means are employed in an instrument used for this purpose to secure
. good photographic sensitivity and to prevent fogging of the recording plate
;: . by the ray before and after the passage of the surge?
. (Lond. Univ., 1933.)
© 8, T'wo single transmission lines 4 and B with earth return are connected
. in series and at the junction a resistance of 2 000 (1. is connnected between the
. lines and earth. The surge impedance of line A is 400 0. and of B 600 (), A
~ rectangular wave having an amplitude of 100 kV. travels along line 4 to the
~ junction.
; Develop expressions for and determine the magnitude of the voltage and
. current waves reflected from and transmitted beyond the junction. What
- value of resistance at the junction would male the magnitude of the tranemitted
wave 100 kV.? (Lond. Univ., 1949.)
9. An underground cable having an inductance of 03 mH. per mile and a
- ‘capacitance of 0-4 uF, per mile is connected in series with an overhead line
having an inductance of 2:0 mH. per mile and a capacitance of 0014 uF.
er mile.
P Calculate the values of the reflected and transmitted waves of voltage and
- current at the junction due to a voltage surge of 100 kV. travelling to the
junction (a) along the cable, and (b) along the overhead line,
b Explain how the waves would be modified if the cable and line were of
- considerable length, (Lond., Undv,, 1947.)
-~ 10. Explain the function and principle of operation of an arc-suppression
- coil for use on a 3-phase system.
. A 33.kV., 3-phasge, 50 ¢fs, overhead line, 60 miles long, has a capacitance to
~ earth for each line of 0:016 uF, per mile.
k. Determine the inductance and kVA. rating of the arc-suppression coil
- suitable for this system, (Lond, Univ., 1947.)
L 11. Describe the construction and aexplain the operation of a modern type
.~ of surge or lightning arrester, and explain at what part of the circuit it would
- be most satisfactory. (Lond. Univ., 1947.)
~ 12. Deseribe with the aid of diagrams, the function and operation of the
. Petersen coil protective device, and derive an expression for the reactance of
~ the coil in terms of the capacitance of the protected line. What are the merits
~ and demerits of the system ? (Lond. Univ., 1949.)

.
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The constant 4 is determined by the fact that i = 0 at the time
! = 0, so that we find that

& . L
- VIE T (L] sin ( 0 — tan -1 E—uﬁr)g—ffﬂmf
I

) wl
-+ VIE ¥ (L] 8in (mt + 0 — tan‘l—g-) . (108)
The first term represents the tramsient current which decays
exponentially. It has an initial value equal and opposite to that
of the a.c. component at the time of switching (so that the initial
current is zero),
If the circuit is very inductive L > R, and we may put

VIE* + (L)) ~ wL
and tan—! (wL/R) = n/2.

The current then becomes
i = (BJwL) [sin (0t + 6 — 7/2) — &~ (RILk sin (0 — 7/2)]
= (EfwL) [e~(BID cos 6 — cos (wi - )],

During the early period after switiching &~ (®IL) does not decay
rapidly from the value of unity, and the current is therefore
approximately

t = (BfwL) [cos 0 — cos (wt + 0)], (113)

~ and varies between the values of (BfwL) [cos 0 — 1] and (Bfw L)
[cos 6 + 1]. The peak value is thus

(BlewL) (1 4 | cos 0 rj:

i.e. (1 4+ Luua 0 |) times the normal peak value. The maximum peak
18 thus obtained when 0 = 0 and is twice the normal peak, This
condition occurs when the circuit is closed at zero voltage and
the current is

t = (EfwL) [1 — cos wt], . . . (114)

which varies between zero (at ¢ = 0) and (2E[wL) (at t = nfw).

It can be shown that, whatever the power factor of the circuit
may be, the maximum * doubling” effect is obtained when the
eircuit is closed at zero voltage. Fig. 239 (6) shows the normal
sinusoidal current. If the cireuit is switched in at A the transient
has initial amplitude 44, if at B the amplitude BB,, and if at C
the amplitude OC,. The transients corresponding to these switching
points are represented by the curves A4’ BB', CC' and must be
subtracted from the sine wave. The total current at any instant is
thus the vertical distance between the sine wave and the appro-
priate transiont curve. It is clear that if the circuit is switched in
at position B the current is greater than if switched at any other
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1 1 1 the same time factor
ition, sinece the transient curves have '
gfiﬁ}i and have the same decay rate. The topmost curve is

int of contact with the
ly seen to be that whose slope at the poin :
g:%:zrgﬂve is equal to the slope of the sine wave. Let us consider

this as the time { = 0. Equating slopes we get

V5
[— IE? gin (6’ — tan~! EEE-)E'_{ML]’] {0
wl
= |:.r:u ﬂus(mi + 8 — 1;3,11—1?)] =0

e, — (wL/R)=tan [0 — tan~ (@L/R)]

k: - i ti=20
~ whi ives @ =0orm. If0 =0 or 7t the vp]ta.ga 18 zero a )
:F;lmirslltég maximum doubling occurs if the circuit is closed at the

instant of zero voltage. _ ]
mssgposa the load has a power factor of 0-8 lagging,

| wL|R = 0-6/0-8 = 0-75.

e  If the circuit is closed at zero voltage the current is

g B . L 0L
= ery L : — tan™ —
= -,_.'-1._. & $ = > I = [ BinN (m.ﬁ B )
R, VR + (wl)?]

-+ sin ( tan—! %E ) g —{Rfm‘]

— e [0 (0l — 36° 52) + 0:6et e

: ¢o8 (wt — 36° 52') = 0-6 X 1:33¢~ 13t = ()-8 13801,
\ Lot wt— 36° 52’ — &, so that
B wt = ¢ -+ 36° 52’ = ¢ - 0-64 radians.

BT _e-equation becomes
£1:33¢ ang q& = U‘EE_G-EES = 0-34.

i

S SRR [ | 16 1-54
g . | 378 7-30 7.76
cos . .| 0540 0-0707 | 0-0308
9% cos g . | 204 0-52 0-24
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We may take ¢ = 1-53 radians = 87° 40’, so that
. B .
gz = VIEE - (@LY] [sin 87° 40" +- 0-6¢—1-83u/ |
. B
VB + (L))
E
= VIE + L %4

and the peak does not exceed the normal value by more than
4-5 per cent.

Fig. 240 represents the switching-in of an open-circuited line; we
assume for simplicity that the e.m.f. is constant and equal to &,

14 0-34—1-33%1.533]

;i R L

P Q
L
— q

Fra. 240. SwiTcHiNg-IN AN OPEN-OIROUITED LiNg

but the same method is applicable for an a.c. case. The equation
for the current is
L{difdt) + Ri 4 QIC = E
where ¢ = d@/dt. : /
The voltage at the end of the line is V = QJC. Substituting for

tin terms of @ we get
L(d*Q[dt*) + R(dQ[dl) + QJC = E,
the solution of which is
Q = CF + e~ (R/2L (4 cos al - B sin «t),

where « = +/[(1/LC) — (R*4L?), and 4 and B are constants which
are determined by the initial conditions. At the instant, ¢ = 0, of
switching-in @ and ¢ are zero. These conditions give

A=—CF and B = AR[2La,
sothat V = QJC = B — Ee=(RI2I)! [cos at + (Rf2La) sin at]
= H — E[1for/(LC)] e =LY gos [at — cos—! (ar/(LC)],
and ¢ = d@Qfdt = (I]aL) e~ (1210 gin g, } s
If the resistance is negligible the voltage and current reduce to
V =E— E cos [{/]\/(LC)]

: ! (115a)
and i = [B/(C/L)]sin [th/rmn,g
since & = 1f4/(LC) in this case.
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The voltage in this case oscillates sinusoidally between 0 and 2E,
whilst the current is a sine wave of peak value £+/(C/L). TFig. 241
shows the voltage and current for the case of no resistance (curves 4)

and for some resistance (curves B).

2F

(@) E

0

EN(E/L)

(b) o
-EC/L)

L - Frg. 241. Open-orrouiTEDd LINg
N (@) Voltage, (b) Current,

','jﬂ,’ ~ Switching Surges. We have found that when an em.f. ¥ is
switched on to a line, which we replaced by an inductance L and
- a capacitance C, the voltage oscillates sinusoidally between 0 and 28

~ whilst the current varies similarly between — F+/(C[L) and

|| -
v gy
I'h "I o &

X

r X

- QT

(&) E
T =)

F1g, 242, Swrircming Suncre oN OPEN-CIRCUITED LINE

L 24/(C[L). 1t is clear that this does not represent the state of
with exactness, for any transfer of energy must travel with

— &

ety less than that of light, so that the far end of a line is

f;;__tgd for the finite time that it takes the energy wave to reach
therefore follows that part of the line may be passing current

84 maintaining a voltage whilst a further part has neither current
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nor voltage. We will consider the case of the switching-in of an
unloaded line from this point of view, and will make the simplifying
assumption that resistance and leakage are negligible. Tig, 242 (a)
shows the arrangement ; the line has inductance L and capacitance C
per unit length and is open at the far end XX.

At the instant of switching an e.m.f. ¥ is placed on the line at 4.4,
and & current ¢ passes to the right in the upper conductor and to
the left in the lower conductor. Suppose that in a very small time
dt the conditions of a eurrent 1 and a voltage ¥ are established along
a length dx of the line. The e.m.f. B is balanced by the back e.m.f.
generated by the magnetic flux which is produced by the current
in this length of the line. The inductance of the length dx is Léz,
so that the flux built up is ¢Ldx and the back e.m.f. is the rate of
build-up, viz. iL(dx/dt). We have therefore

= t'L(JI{ﬁt}

= eLw, (116)

where v is the velocity of the wave.

The current i carries a charge 16t in the time d¢, and this charge
remains on the line to charge it up to the potential £. Since the
capacitance of the length §x of the line is Cdx, its charge is ECda.
We have therefore

10t = FCdx,
or i = EC(Sx/0t)
= ECw. (117)

The switching of an e.m.f. & on to the line results therefore in a
wave of current ¢ and velocity » where ¢ and » are given by equations
(116) and (117). Multiplying these equations we get

Bl = iLvECy = Fil.Cw®,

so that v = 1f+/(L0). (118)
Substituting for » in equation (118) we find that
t = H\/(ClL) = B|Z
(119)
where Z = /(L[C).

Z is called the surge impedance or natural impedance of the line;
it is a pure resistance for a line without resistance or leakage, and has
a value of 400 to 600 ohms for an overhead line and 40 to 60 ochms
for a cable. The velocity of the wave on an overhead line is approxi-
mately equal to the velocity of light, for

L = [1 4 4logh (Dfr)] x 10— H, per cm,
~ 4 logh (Dfr) X 10-°? H. per cm.

=t
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: - 1
g and C'~ TTogh (D7) om. per om,
% - 1 1
= = § % 10% £ Togh (DJ7) F. per em.
i 1
8o that 9= ——— = 4/(10° X 9 X 10") cm. per sec.
B i)~ V! )iom.p
| ﬁgﬁf = 3 X 10 cm., per sec.
|
:L"i"-l" 3 = ﬂ’
F . J
~ the velocity of light,
. The velocity in a cable is ¢/4/¢, where ¢ is the dielectric constant.

v is thus about 186 000 miles per sec. on an overhead line, and
.~ 186 000 = 4/3:6 = 98 000 miles per see. in a cable.
[ We have shown that a wave of voltage F and current ¢ = £fZ,
. travels towards the right along the line with a velocity ». Such a
.~ wave is called a pure travelling wave. At any part PP of the line
~ nothing happens until the wave reaches it (at time ¢ = xfv), and then
- the current jumps from zero to i and the voltage from zero to F.
~ This goes on until the wave reaches the open end of the line (XX)
~ at time t = Ifv. When the wave reaches XX, the current there is ;
- bub this current has no capacitance to charge up, so that it must
gl §p immediately.
'he open end of the line has thus a disturbing influence which
- neutralizes the current completely; this disturbing influence then
- travels back along the line towards 44, and can therefore be
represented by a pure travelling wave moving towards the left and
* oarrying a current — 1. A travelling wave must possess a voltage
and a current whose ratio is Z, the surge impedance of the line.
If the current is to the left in the upper conductor and to the right
“in the lower from the end XX, it is seen from Fig. 242 (b) that the
yoltage is I, i.e. the upper conductor is & volts above the lower.
1r if an e.m.f. ' were switched in at XX the current would be in
- the direction required and as shown. The disturbing effect of the open
~end of the line is thus to introduce another pure travelling wave,
;]‘;,’; ch moves to the left with velocity », has a voltage F, and & current
¢ in the opposite direction to that proviously flowing. It is con-
enient to consider a current to the right in the upper conductor
§ positive, and a current to the left in the upper conductor as
ve. The new travelling wave, which moves to the left, has
ore a voltage I/ and a current — BfZ. In general, a wave
(#3, 3;) moving to the right satisfies the relation

G=E8JZ, . . . . (120)

s

'. ‘waye (X, i,) moving to the left satisfies the relation

iy = — H,[|Z. (121)
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The result of the new travelling wave is to establish an extra
voltage & at any point of the line that it passes so that a resulting
voltage of 2% is produced, whilst the current is neutralized. Thus
the conditions at the point PP of the line are such that its voltage
and current values are (0, 0) from ¢ = 0 until { = xfv, (F, i) from
t = zfvuntil { = (21 — a)fv, and (25, 0) from ¢ = (2l — x)fv onwards.
This goes on until the disturbing wave reaches the generator at A4
at time ¢ = 2ifv; by this time the line has voltage 2/ and zero
current at every point. When this instant occurs, the voltage at
the generator terminals is 2. But the generator is supposed to
maintain a voltage & at 44, so that another wave is called into
play to reduce 2F to E. This wave must therefore have potential
— I/, and as it moves to the right it must have a current — BlZ = —1
by equation (120). As this wave travels from 44 to XX it reduces
the voltage to # and produces a current — ., Thus the voltage drops
from 2 to I/ at the point PP at time ¢ = (21 -+ 2)fv and the current
jumps from zero to — 4. When this third wave reaches XX it
establishes a current — ¢ there, which must be neutralized by a
fourth wave travelling to the left with current -+ 4, and voltage
— 1Z = — I} by equation (121). As this fourth wave travels from
XX to 44, the current vanishes at any point it passes, and the
voltage becomes F/ — B = 0 at every point. The line is thus
completely discharged and has no current, and a complete cycle
of travelling waves has been finished. If the line were com-
pletely without resistance and leakage, this oycle would be
repeated indefinitely., The current at 44, the current and voltage
at the mid-point of the line, and the voltage at XX are shown in
Fig. 243.

It is interesting and instructive to compare the exact desecription
of the switching phenomenon with the approximate description
derived by considering the line as composed of a lumped inductance
and capacitance. In both descriptions the potential at any point
varies between 0 and 2H; but in the exact description the time-
variation of the potential depends greatly upon the point considered
(see Fig. 243, last two curves) and changes in jumps, whilst in the
approximate method the time-variation is sinusoidal. The eurrent
varies between ¢ and — ¢ in both cases, where i = #fZ and
7 = 4/(LJC); but again the time-variations are radically different.
There is one further difference, viz. the periodicity of the two
descriptions. In the approximate method the frequency is
1/274/(LC); whilst in the exact method a complete cyele is of
duration 4/fv, so that the frequency is

ofdl = 1[413/(LC) = 1/44/(LCy),

where Ly and Cy are the total inductance and capacitance. The
difference is therefore in replacing the 2z by 4.

Before entering on a somewhat more general description of
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travelling waves, it is worth while considering the energy properties
 of the simple waves we have described. _
" Pnergy Considerations. A wave of voltage X and current i
. carries a power of /i, A simple travelling wave therilafnre transmits
o b g power 7 with a velocity ». As this wave travels it es'ta,bhahea a
" magnetic field with energy $Li* per cm. length of the line and an
. :"ﬁﬁlﬁgtrnstaftic field with energy }CE? per em. length. From equations
g bo L ZL 3L 4L SLEL LB

b VR 0 U U U T Vv U U D

s . o LI L A LA LA L LA L

[ i L
Current
atAA
-L | -z

i A A
BT Current ,—
N ;. w ﬁt ﬂ:g‘ 0 4] 7] 7] 7]
e A% i -

Z2E 2E

TR
. e
P ¥

Voltage
at miad- _©2_ 0 2

point o7 35

Voltage
at Eng" _0 |
of line

Fra, 243. CurreNT AND VOLTAGE IN SwiTcHING Sumron

a (2]

- e

(1] ) and (117) it is seen that the magnetic and electrostatic energies
delivered by a simple wave are equal, for

b

Bach of these is equal to }#ifv, which is half the total energy
livered by the wave in the time it passes along the part of the line.
lergy of the wave is thus half absorbed as magnetic and half
trostatio energy.
en a ‘pure travelling wave of voltage ¥ and current ¢ moves
right and meets an open-circuited line, we said that the dis.
Ing effect of the open end is to bring into action a reflected
of voltage I/ and current — i (travelling to the left). It will
that this is consistent with the conservation of energy, and
demanded by this principle. For suppose that the distur-
engenders a wave with a current — i, the latter being required

4
5l
e
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in order to neutralize the current at the open end of the line. Sup-
pose that the voltage attached to this wave is B’, When the wave
has travelled a distance X ¥ (Fig. 244), the voltage over X ¥ is & - &'
whilst the current is zero. The energy associated with this part
of the line is now

0. XY . (F + E')*,
whereas previously it was
$C. XY E* 4 L. XY .2=C.XY.E?
since $Li* = 1C0K® The gain in energy has been derived from the
first (incident) wave, which feeds energy into the section XY at a
rate li2; the gain is thus Ji multiplied by the time that the reflected

wave takes to travel from X to ¥, viz. Bi x (X ¥[v). If the prineiple
of conservation of energy is to hold, then

3. XY . (B + B =C.XY .E*+ Ei(XY/[v),
or I+ E)? = E? ++ BifCv = B | E?

(by equation (117) ),
so that (B + E')® = 452,
i.e. = E,
The principle of the conservation of energy thus demands that the

reflected wave at an open end shall have a vollage equal to that of the
mcident wave ; the current 13 equal

A : 0 and opposile to that of the incident

:34 > Y % wave since no currenl can leave the
: open end.

i Sudden Interruption of a Circuit,.

o < 9 5 We have described in full the

A ;Y X surge that takes place when a

generator is suddenly switched on
to a line that is open at the far
end. The phenomenon that takes
place when the far end is termin-
ated by a finite impedance will be considered in the section on the
reflection and transmission of travelling waves. The method
employed above serves to describe the events that occur when a
current in a circuit is suddenly interrupted, by the action of a
circuit.breaker, say,

Suppose that a cireuit hag a current 4, which is suddenly inter-
cupted by the breakers §, § (Fig. 245). The disturbance produces
two travelling waves moving from 8, § to the right and to the
left. The wave travelling to the right has a current — 4, and must

Fia. 244. Exenoy CoONSIDERA-
TIONS IN SURGES
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therefore have a voltage — E, where I/ = 1Z; line A is therefore
— E volts above line B. The wave travelling to the left has a
< ourrent — ¢, and must therefore have a voltage + If, where Il = 1Z;
B C is therefore - ¥ volts above D. These waves progress in a normal
manner until they meet abrupt changes in the line, when they are
reflectéd and transmitted in the ways described later. It should be

~— (E,-t) (-E,-i)—
7 L
TheC. & = LindA
L i
. o 0
!.;'n:D S g Line B

Fig. 245, Svppen InTErRrRUPTION OF A CIROUIT

~ noted that if only one break is made, so that B and D are always
- commoned, the voltage between 4 and C'is 2. .
~ The surge voltage % is superposed on the normal voltage in that
%‘ﬁ:ﬁ of the line which remains connected to the generator,

-~ (~F, E/Z) (~E,-E/2) —
41 = B
E/% [/ EjE
LB

I'rg. 246. Surars pueE To A FAILORE oOF [NSULATION

s
~ Insulation Failure or Earthing of a Line. Suppose that a line
4B, at potential ¥, is earthed at a point P. The effect of earthing
8 to introduce a voltage — B at P, and two equal waves of voltage
. — B travel along PA and PB. The wave travelling to the right has
- acurrent of — /{7, and that to the left 4 L/Z. Both these currents
- pass through P to earth, so that the current to earth is 2E/Z. Tig.
~ 246 shows the waves and currents in the system.
~ As these waves travel to the ends of the line they reduce the
. voltage to zero; and when they reach the open ends, reflected

. waves are set up which reduce the voltage to B — B — K,
Le. — I, and the current is neutralized. When the reflected waves
- reach P, the portions of the line along which they have travelled
be charged to — . The current at P can be reversed by a
shover in the opposite direction, and the result is a periodic flash-
gt with reversals of potential on the line and currents at P until
- the stored energy is dissipated by damping.

- Reflection and Transmission of Travelling Waves. Suppose that
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a travelling wave (&, 1) moves along a line of surge impedance Z
and meets a termination of resistance R (Fig. 247). If R is not
equal to Z, the end of the line cannot have the voltage I and
current ¢ since Bfi = Z. There is therefore a disturbance which

(F,i)— ~

z %R

Fig, 247. RErLEcTioN oF A TRAVELLING WAvE

produces a reflected wave (%, i) moving towards the left. The
following relations exist.

B-=1Z;
B =—1iZ.
The total voltage at the end is # + B’ and the total current is

i - ¢/, so that
B4 8= RE 44,

These equations give

Zi—1")=R(i 4 i)

80 that - vV =[Z—=R)(Z + R)]i
e 'y Ly ) (122]
and B =—14'7Z = [(R—A},’(Z—i—ﬂ]]fy.}
The total current and voltage are
i 14 = [24(Z + B))i -
and E - B = [2R[(Z + R)1B. ta6)

If the line is open at the end, R = = so that the total current is
zero and the total voltage is 2/, as found before.

If the line is shorted at the end, R = 0 so that the current is
doubled and the voltage drops to zero.

The case for a finite resistance termination is given by equations
(122) and (123). When the termination is not a pure resistance,
the result is still given by these equations but they must be evaluated
by the operational calculus.

Junction of Two Lines. Fig. 248 shows the case of two lines
of surge impedances Z, and Z,. A wave (F, i) travels along the
left-hand line and meets the junction. So far as a travelling wave
is concerned the right-hand line can be considered to have an
impedance Z,, so that the case is the same as that shown in Fig, 247,
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provided 7 is replaced by Z, and R by Z,. The reflected wave is

thus (£', i') where
PG LG ),
and B = [(Za— Z)Zu+ 1)

The transmitted wave must clearly have a voltage equal to the
total voltage at the junction and a current equal to the total. Thus

X the transmitted wave is (£, ¢'") where
% v = = (22, [(Z, 4 Zy) ]t
B and =848 = 2Z,/(Z, + Z;) .

Examrrn. Deduce a simple expression for the natural impedance of a
by transmission line. A transmission line has a capacitance of 0-0125 uFF. per
! mile and an inductance of 1-5 mH. per mile. This overhead line is continued

} . (123a)

: it
" (E,i) —> (E517) —
. ; (E: i r =T
[ Z4 Z3
! .;J o
]-f“ Fra. 248, LErreper oF A SUDDEN CHANGE IN THE LINE ON

TravELLING WAvVRS

by an underground cable with a capacitance of 0-3 uIf. per mile and an indue-

ance of 0:25 mH. per mile. Caleulate the rise of voltage produced at the
~ junction of the line and eable by a wave with a erest value of 50 kV. travelling
along the cable. (Lond. Univ., 1931.)

The natural impedance is 4/(L/C). The value for the cable is

[0:25 x 10-3
Z, = 4/_ 03 x 10‘“] = /833 =289 Q,,
whilst the value for the overhead line is

e x10] 2
Zy = 4/_\[}.0125 = 10'“] = 4/120 000 = 346-4 ().
The reflected wave has a crest voltage

B = [(Zy— Z)(Zs + Z,)] % 50KV.
= (317-5{375-3) % 50 kV. = 42:3 kV,,

Bo that the maximum voltage at the junction is 92-3 kV,
The next example shows the calculation of the reflected and
transmitted waves at a point where a line forks.

_Examprm, Obtain the law for the behaviour of a voltage surge with ver-
tical wave-front which, after travelling in a transmission line of inductance
L and capacitance €' per unit length, reaches a fork where the line splits into
two seotions having line comstants L,0, and L,C, respectively. Neglect
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resistance and attenuation and obtain the distrib i urre
unﬁdmtalﬁr :.jter the wave-front has reached thz? f::?xflt;.uf ibpoiend st
overhead transmission line has a surge impedance of 70

voltage wave of 10 000 V. travelling along it. Thana.va is nssun?e?;n“l?;i o?‘
Eﬁmta length and the wave-front is vertical. At g certain point the over-
T;a.d line terminates and the eircuit is continued by two cables in parallel
G'a.le surge impedance of one cable is 100 Q., and that of the other is 200 Q.
Calculate the voltage and current in the overhead line and in the two cableg
Immediately after the travelling wave has reached the fork,

(Lond. Univ., 1927.)

Fig. 249 represents the arrangement sch i ;
_ ematically, 3
impedances are : ¥ S

Z = /(LJC), Zy = /(L]Cy), and Z, = \/(L,[C,).

Let the incident wave be (£, i) travelling to the right, the reflected
wave (£, ¢') travelling to the left,
and the transmitted waves (", 1,")
and (£", 4,") travelling towards the
right. The transmitted waves clearly
have the same voltage as they are
in parallel. Equations (120) and (121)
give the relations

B =iZ,
Fra. 249. TraveLLINg Waves B = —14'Z,
AT JuNerioN or Livgks o = 0" %,
%04 B =12,

The g '
leaving,c;l;r:lﬁt entering the fork must be equal to the current

=gy ; ; : . (124)
The voltage at the junction is
E+ B =pR" ; : ; i . (126)

These six equations : i
are sn : T et oo .

for an incide:?t wave of o fficient to find I—‘; » 457, 8, U, 14", and 1,”
oo ¢ ot given magnitude X, Substituting for the
mn terms of the voltages we see that equation (124) becomes

, P g | 1
E—F =p J(Z—I—F-E;;)
Adding this to equation (125) we got
28 = B"(1 4 Z|Z, + Z]7,),
8o that the voltage at the fork iy

’" 25 y
B = . o 9p 1/Z
U+ 215+ 217, "z, 7 s,
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The transmitted currents are

b W= E"[Z, and & = B"[Z,,
| 1 f whilst the incident current is 1 = EfZ.

d The reflected voltage is

B = E”'—'E=Ellz_ 1!21_ ]‘izﬂ

12 + 1]Z, + 1/,

,-. and the current is ' = — K'[Z. It is seen that the reflected wave
- is zero when

Yz =17, + ]2,

" i.e. when the parallel combination of the surge impedances of the
- outgoing lines at the fork is equal to the surge impedance of the line
- along which the incident wave travels.

"~ In the example Z = 700, Z, = 100, Z, = 200, and F = 10 000.
~ We then have
e, 1 = 10 000700 = 14-3 A.,

I
E'=1{}0{IDT?D l{l}ﬂ 2?D=u-8260 V.

700 T 100 T+ 200
' = — B|Z = 8 260/700 = 118 A,,

E"=HL4 F =10000—8260=1740V,,

1

i = B"|Z, = 1T4 A, and i, = B"|Z, = 87 A.

5 , The cables thus have the beneficial effect of reducing the surge
o : voltage from 10 kV. to 1:74 kV.

Effect of a Capacitance. Sup-

A pose that a wave (#, i) meets a
B Z == SR terminationcomposedof the parallel
R ¢ combination of a capacitance € and
B "Zi!‘-:f;‘ S resistance I2, as shown in Fig. 250.
' CAPAOITANCE ON TRAVELLING The prphleqm is the same as tha}t
o Wave shown in Fig. 247, except that R in
Y equations (123) must be replaced by

(YpO)R R
/pC+ R~ 1+ pOR




CHAPTER VIII
SHORT CIRCUITS : SYMMETRICAL COMPONENTS

Introduction. When a fault occurs on a network such that a large
current flows in one or more of the phases, it is said that a short
circuit has occurred. The fault may be a short between one phase
and earth, between two or more phases and earth, between two
phases only, or across all three phases; a short between one phase
and earth will cause a short circuit only if the neutral point is
- earthed. Itis necessary to know the maximum short-cireuit currents
- that can occur at the various points of a system in order that
circuit-breakers may be selected that are adequate to withstand
- the currents and operate successfully to cut out the faulty section,
~ and also in order that the protective relays may be selected for
correct operation. Moreover, it is necessary to be able to calculate,
approximately at least, the size of the protective reactors which
must be inserted in the system to limit the short-circuit currents

- bo a value which is not beyond that capable of being withstood by
the circuit-breakers.

The short-circuit currents in an alternating current system are
determined mainly by the reactance of the alternators, transformers,

=

Wﬁﬁwﬂﬂbﬂm—ﬂﬂﬂﬂ of phase-to-phase
aults. en the fault is between a phase and earth, the resistance
of the earth path may play an appreciable part in limifing the
ourrents, =

Percentage Reactance and Short-circuit Currents. The method
‘of specifying the impedance or reactance of a piece of electrical
plant, as described in Appendix IIT, pages 471-2, is very conveni-
ent for the calculation of short-circuit currents. The percentage
reactance is given by

(% X )= (IX|E) x 100, . = . (99)
‘where X is the reactance, F the rated voltage, and I the full-load

- ourrent. If the piece of apparatus is the only impedance in the
circuit, the short-circuit current is given by EfX, which by

equation (99) is
Iy =E[X =1 x (100/% X). = - (100)

Thus the short-eircuit current for a single piece of apparatus is

- the full-load current multiplied by (100 E[E'ﬂaed by the percentage
reactance). Thus if’ the percenfage reactance is 10 per cent, the
short-circuit current is 10 times the Tull-load current; if it is 40 per

- cent, the short-circuit current is 2-5 times the full-load current.
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A balanced system with negafive phase sequence is shown in
Fig. 182, The order of maxima is E,"”, F,’, E,, so that the vectors are

EE-‘ EEF — Mﬂ, EEH — AEEE- . . . {].OB]

Suppose there is a system of unbalanced vectors £,, E;, and E,,.
By virtue of the relations (1 + A1+ A%) =0 and A* =1 we may
write

EJ = %(EJ =t Ea -+ Ea] o &(Eg =17 wﬂ S PEE:}
+ HE, + A, + AE,),

By=YE, + By + By) + (Af3) (B, + AB, + A*E)

+ (A3) (B, + A°B, + AE,),

and K, = YE, + Ey + B,) + (Af3) (B, + ABs + AE,)
+ (A%3) (B, + 2By + 1E,).

Putting _
ﬂ‘(EJ + E, + Eu} = Eﬂ!
&[Ed -} Ma ~+ igEcr} o El:} (107)
and 3, + AEEI + -'?-Eu} == -Et:
we have
b, = Ky + B, + B,
By =FE,+ AEE1 -+ wm} (108)
B, = Ey+ AB, + *E,.

It is seen from equations (105) and (106) that the terms in E,
represent a positive phase-sequence system of balanced vectors,
whilst the terms in F, represent a negative phase-sequence system
of balanced vectors. The equal terms F, are said to represent a
zero phase-sequence system of vectors, which are equal. Thus
any system of three unbalanced vectors can be resolved into three
gystems of balanced vectors, a =zero phase-sequence system
B, (1, 1, 1), a positive phase-sequence system E, (1, 4%, 1), and a
negative phase-sequence system FE, (1, A, A2). The values of ,, E,,
and FE, are found from the unbalanced vectors £ ,, B, £, by means
of equations (107) by multiplication of complex numbers or by &
graphical method. The former method is described in Appendix II.
The graphical method follows from the facts that, since 1 = £i(27/3),
multiplication by A turns a vector in the positive direction through
an angle of 27/3 radians and multiplication by A? turns a vector
through 473 radians,

Flg 183 (a) shows an unbalanced system of vectors. Fig: 183 (b)
shows how these are added to give E, + E, -+ E,, one-third of
which is #,. TFig. 183 (c) shows how we obtain E,+ AB, + 21*E,,
one-third of which is £,; and Fig. 183 (d) Eh{JWE how we obtain
E, + A*E, + AE,, one-third of which is &,
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(a)

o
-

,,,,,, T 3E;=E4+AEgtA°E;

—
i,
-

(c)
Eg

Fia. 183. GraPHICAL METHOD OF FINDING SYMMETRIOAL
CoMPONENTS

Examrre. Resolve the system K, = 1500]30°, E, = 1800—70°% £,
= 2000 |170° into their symmetrical componenta.

Ey=§E,+ By + By)
= 3(1 500 |30° + 1 800 |— 70° + 2 000 |170°)
— 3(1 500 cos 30° + 1 800 cos 70° + 2 000 cos 170°
+ 71 500 sin 30° — 41 800 sin 70° - §2 000 sin 170°)
— 3(1 300 + 615 — 1 970 + 750 — §1 690 + j347)
= — 18 — 7198 = 198 |264° 48',
El il HE 3 wﬂ =+ Aﬂﬂﬂ)
= §(1 500 |30° + 1 800 |— 70° 4 120° - 2 000 |170° + 240°)
= 1 250 4 71 220 = 1 740 |4-;1-“ 14',
By = YB, + 2B, + AB,)
— }(1 500 |30° + 1 800|— 70° + 240° + 2 000 [170° + 120°)
= — 70 — 5270 = 280 !252“ 30°.

- It is clear that unbalanced currents can be resolved into sym-
- metrical components in the same way as voltages.

T
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Application pf Symmetrical Components. Let us consider the
voltage drops in a symmetrically spaced transmission line due to
unbalanced currents I,, Iy, I, The line has self-impedances Z,
and mutual impedances Z, as shown in Fig. 184, where Z, per unit
length of line is the resistance plus jwlg, and

Ly = [$ 4+ 2 logh (Rfr)] x 10~? H. per cm. length
according to equation (24). The mutual inductance between lines is
L, = 2logh (R[D) x 10—? H. per em. length

R is a large distance beyond which the total flux is insignificant,

The voltage drops in the lines are
Vi=1,2s+ 174 + 1,7,
Fn = IJZH A IBZH -+ quu
Ve =1,2, + 1,2, + 1,Z,.

Z Zs

S 1111}
'EE Zs )Z M ZM
I zs )

Fig. 184. Geveral THRER-PHASE LINE

The symmetrical components of the voltages are found in the
following way—

I:’;'EI — %(FJ == F.B = Va) = ‘Hza + 223) {Id -+ I.n + 1)
= quzs 7 22_.&:)1
Vl == %(VA o ;'LFB + AEV!J} = %ZS{IA i :{In 4= 3-2!0]
+ 3Z (AT, + AT, + I+ 2*1, + I, + Al,)
= Ilza = %ZH(__ I,.l - ;‘Iﬂ'_ AEIG‘]I
using the relation 1 4+ 1 -+ A% = 0. Therefore
Irl-1 v IL(Z.H == Z.u}-
Similarly Ve = 1%, — 7).

We have therefore

Vs = &yl

¥y = 111,} . (109a)
and V. = 2,1,
where Zy= (Zy + 2Z,)

Ly = (25— Zy) } . (1095)
H.uﬂd z‘ = {zﬂ P Zl}'
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We have thus the important result that the phase-sequence voliage
drops are due to the separate phase-seqrence currents.

Impedances to the Various Phase-sequence Currents. It is seen
from equations (109) that the impedances of a transmission line
to the zero, positive, and negative phase-sequence currents are
Zy, Zy, and Z,. The last two are equal to (Zs — Zy), which is due to
an inductance of

Ly— Ly = [+ + 2 logh (Dfr)] x 10-% H. per cm. length,

which is the inductance to neutral in a balanced system.

It is thus independent of the distance R, but depends only on the
radius of the wires r and their spacing D. The zero phase-sequence
impedance depends on R, or more particularly it depends upon the
return path for the current I, which flows along the three wires in
parallel, since the distance R is to be chosen to include the return
path. It is difficult to calculate Z, and it 18 best found by experi-
ment. If information is not available we may take Z, as twice or
three times Z;. It will be shown later that if the neutral is earthed
through an impedance, three times this impedance must be added
to Z,.

In order to calculate unsymmetrical short-circuit currents it is
necessary to know the various phase-sequence properties of the
generators and transformers in the system.

An alternator generates only a positive phase-sequence system of
e.m.f.’s. We have already discussed in detail the impedance (or more
simply the reactance) of the alternator to positive phase-sequence
currents; there is the initial or transient reactance which increases
to the synchromous reactance by reason of armature reaction. The
initial reactance to negative phase-sequence currents is about 70 per
cent of the previous transient reactance, and to zero phase-sequence
currents 10 to 25 per cent. Under steady short-circuit conditions,
the values are less, The following table gives approximate values
in terms of the reactances to positive phase-sequence currents.

REACTANCE TO REACTANCEH TO
NEGATIVE PHASE- Zrro PRASE-
sEQUENCE CURRENTS | SEQUENCE CURRENTS
(%) (%)
Transient . . . 70 ' 10 to 25
Steady Short Clircuit

Salient pole . . : 30 6 to 15
Turbo-alternator . : 16 Oto b

Decrement factors can be used in the way described above to find
the currents at intermediate times.
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The impedance of a transformer to negative phase-sequence
currents is the same as to the positive system. The impedance to
the zero phase-sequence currents is the same as for the other
sequences provided there is a through cireuit for the earth currents
and the compensating currents can flow, otherwise the impedance
is infinite. Thus in an unearthed star/unearthed star connection the
zero phase currents cannot flow and the zero phase impedance is
infinite. In the unearthed star/earthed star connection, if an earth
fault occurs on the primary side no zero sequence current can flow
and the impedance is infinite; if the earth fault ocours on the
secondary side there is a complete path for the zero sequence
current, but there is no path for the compensating currents in
the primary windings, and the zero phase impedance is again
infinite. In the earthed star/delta connection, an earth fault in the

\ A
Generator}—=2 Z
/] ¢ L7

¥

Fiq, 185. APPLICATION OF SYMMETRICAL COMPONENTS

E, per phase

primary circuit has a complete path and the compensating currents
can flow in the delta, so that the zero sequence impedance is finite;
if the fault is in the secondary circuit, the zero phase impedance
is infinite,

General Method Using Symmefrical Components. From the
conditions of the fault we get three relations between the voltages
Vi Vs V, and the currents 7,, 1,, I,. For instance, if there is an
earth fault on line € only, we have I, = 0, I, =0, and V, = 0. If
there is an earth fault on lines B and C, we have I, =0, V, = 0,
and V,= 0. If the earth fault is across all three lines, we have
V,=0,V,=0,and V,= 0. If there is a short between two lines
Band C,wehavel, =0,I,+4 I,=0,and V,= V,. We can then
express the currents and voltages in terms of their symmetrical
components. We know that the separate phase-sequence voltage
drops are due to the corresponding phase-sequence currents. We
thus have two three-phase balanced systems and one single-phase
system (the earth return system), and we can apply the simplified
method used in a balanced system, in which we replace the system
by a single line and impedances to neutral.

As an example let us solve the case when there is a short between
two lines, as shown in Fig. 185. The generator produces a positive
phase-sequence e.m.f. only of E, per phase; it has impedances
Zgor Leyy and Zgg to the sequence currents. The line has impedances
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Zyys Zyyy 2nd Z,,. Let V,, Vs, V, be the voltages and R U o
the currents near the fault. We have

T=0, L I, =10, a0d ¥y =V
The phase-sequence currents are given by equations (106) as
Io=3I,s+1;+ 1) =0,
I = 3T, + My + 225) = ¥4 — )1, } . (110)
Iz = %(Ig =3 3213 71 Ma] == ‘%{3—2 Yy -FL}IB-
The phase-sequénce voltages are similarly given by
Vo=3Vi+ Vs + Vo),
Fl = ‘HFJ o AF.& =} A“Vﬂ) == 'HP == J-?a == AEFB}, } (111)
FI o= %(Vx A7 3_3]}’" £t AFI‘I} oy %(FJ + REVJ 1= ‘;‘F.B)'
The phase-sequence e.m.f’s are I, 0, 0, so that applying
equations (108) we get
Vo=0— (Zy + Z,5)I = 0, since Iy = 0.
V,= El"" (Zo + Zm}fl:
F: =0— (Z’aa + zmlfa-
From equations (111) we see that V; = V,; so that
EI — (Zg + ZLl}Il = (Zea F Zm]fn-
Substituting for I, and I, from equations (110) we get
By = (Zgn + Zp)y — (Zg + Z o),
= (Zgr + Zyy + Zgy + Zyp) (A — A2 L,
= (Zgy + Zp + Zig + Za) (9[v/3) 15,
go that the magnitude of I is

(v/3)E, _
Zoy+Zn+ Zg+ 2y

Interference with Communication Circuits, When a communica-
tion circuit runs parallel with a high voltage overhead line, high
voltages may be induced in the former resulting in acoustic shock
and noise. The induced voltages are due to electrostatic and electro-
magnetic induction, and are reduced considerably by iransposing
‘the power lines as shown in Fig. 186. See example 9 on page
936. The effect of transposition is to balance the capacitances of
the lines, so that the electrostatically induced voltages balance nqt
in the length of a complete set of transpositions; such a length is
called a barrel. Transposition results also in a diminution of the
electromagnetically induced e.m.f. on the wires, since the fluxes
due to the positive and negative phase-sequence currents will add
up to zero along the barrel. The flux due to the zero phase-sequence
or longitudinal current is unaffected by transpositions of the power
system, since it flows along the three wires in parallel. In order to
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reduce the e.m.f. in the telephone circuit due to the zero phase-
sequence current, which is called the longitudinal current, the tele-
phone line is transposed, as shown in Fig. 186. By a proper co-ordin-
ation of transpositions of the power and communication lines, the
induced voltages can be reduced to very small proportions under
normal working conditions, :

X % Fower
Line

— Jelephone

Line

X X X

Fia. 186, Co-onDINATED TRANSPOSITION OF POWER AND
CommUNICATION CIRCUITS

At the ends of a barrel the induced voltage is small and we have
silent pornts. At points inside the barrel there may be a high voltage
on the telephone line. If it is desired to tap the communication
circuit at such a point, it is advisable to insert an isolating trans-

I2 7
s 2y
208 7
2 7 X
I 04 =
@
S
0" 0z 04 06 08 10 712 14 16 18 20

Freguency in Ailo-cycles
Fig. 187. TerzpEONE INTERFERENCE FAcToR CURVE
(Gill)

former, the insulation between the line and telephone windings
being adequate to withstand the voltage; the telephone winding
is earthed at the mid-point or at one end, so that a high voltage
cannot reach the telephone.

The interference effect of an induced voltage or current depends
greatly upon the frequency. The relative interference effect of
different frequencies is shown in Fig. 187, which shows the T'.I.F.
ourve, i.e. the telephone interference factor curve.
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It is usual to express the interference currents in terms of a current
at 800 cycles per sec. which produces the same degree of disturbance
according to the curve of Fig. 187. Thus suppose that we have
induced ourrents of 20 xA. at 250 cycles and 10 uA. at 350 eycles;
the disturbances caused by them are the same as caused by 800 cycle
currents of 20 X 0-25 = 5 uA. and 10 X 0-3 = 3 uA., respectively.
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Fic. 188, MuTUAL INDUCTANCE BETWEEN A LINE AND EARTH
RETURN AND ANOTHEE LINE (CansoN-PoLLACZEE FORMTLA).
FrEquEncy: 50 Cy¥cLEs

Curves are for different resistivities of soll (in £, per cm, cube),

The total disturbance is considered as due to an 800 cycle current
of value 1/(5% -+ 3%) = 5:8 uA.

It i3 clear that the harmonics in the power system should be kept
as low as possible, as they have a high interference factor. ]

When a short circuit occurs to earth, a large zero phase-sequence
or longitudinal current flows along the wires in parallel and through
the earth return. In this ease the electromagnetic induction is large
in magnitude, and depends upon the spacing between the power
and telephone lines, the resistivity of the earth, and the frequency
of the current, The e.m.f. induced in the telephone line is

E = —joMll,

— e armar
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; w:here I is the zero phase-sequence current, w = 2w X frequency,
l is the length of the parallel, and M the mutual inductance between
bb:a power line circuit (with earth return) and the telephone line.
Fig. 188 gives the value of M for 1 km. parallel as calculated by

S

A

Fra. 189. Dramnvace CoIn

the Carson-Pollaczek theory for different spacings and earth resis-
tivities, the frequency being 50 cycles per sec. It is noticed that M
increases as the resistivity increases, because the current spreads
out further in a soil of higher resistivity.

The e.m.f. ¥ is induced in each of the telephone wires, so that if

Telephone
Line

\me " | Spark Gap

set fo 5000V
x A_{z‘?,fxpfﬁfre;x
type fuses

—W’Eﬂ"— Drainage Coil

- 0000000~ Jsolating
TENET Transformer

x K Telephone-type Fuses

—DJE— Carbon Block Arrester
7 sef to operate at 300V

E Heat Coils

Telephone
Apparatus

Fia. 190. TererronE CiRourr PROTECTIVE SYSTEM

one telephone circuit were perfectly transposed and balanced there
would be no voltage between the two wires of a circuit. There would,
however, be the e.m.f. £ between each wire and earth, and the
telephone insulators must be capable of withstanding this voltage;
for if one wire flashes over to earth, the full e.m.f. is applied to the
telephone circuit with a resulting acoustic and electric shock. The
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potential between the wires of the telephone circuit is kept low by
the use of drainage coils, shown in Fig. 189. The windings 4B
and BC are series aiding, so that the coil has a high impedance
between the terminals 4 and C (of the order 6 000 |70° at 1 000

cycles), and gives an attenuation of about 2 db. to voice-frequency
currents. The mid-point B is earthed, so that the impedance of the
coil is very low to currents flowing along the lines in parallel and
back through earth. In this way the longitudinal potential of the
telephone lines is reduced from the high value E to a very low value,
which depends upon the degree of balance of the windings and
their resistance.

Acoustic and electric shock are minimized by the use of isolating
transformers, drainage coils, spark gaps, and carbon block arresters.
Fig. 190 shows an arrangement for the protection of a telephone
circuit, as used in a successful installation which runs parallel with
a 132 kV. power line in the Punjab.

EXAMPLES VIII

1. Discuss the phenomena of electrostatic and electro-magnetic induction
from power transmission lines to adjacent telephone lines.

State the factors upon which the magnitude of the induction depends in
each case and the precautions taken in both the power and communication
circuits to reduce it. (Lond. Univ., 1949.)

2. Why is automatic voltage regulation required for modern alternators?

Explain, with a diagram of connections, the operation of an automatic

voltage regulator suitable for use with a large turbo-alternator.
(Lond, Univ., 1950.)

3. A 3-phase overhead line has the following constants: series impedance
per conductor, 20 -+ j 50 Q; shunt admittance of each conductor to neutral,
0 4 7 800 micromhos. The line supplies, through a star/star transformer with
g turn ratio of 4 to 1, & load of 40 MW. at 33 kV., unity power factor. The
transformer, at 45 MVA. and 33 kV., has an impedance of 0-5 + j 6 per cent.

Neglecting iron loss and magnetizing current in the transformer, determine
the voltage and current at the supply end of the line, and the phase angle
between them. (Lond. Univ., 1954.)

4. Deseribe and compare the methods of interconnecting the bus-bars of a
generating station.

Three generators A, B, and C, each of 129, leakage reactance and of MVA.
ratings 25, 50, and 25 respectively, are interconnected electrically by a tie-bar
through reactors, each of 109, reactance based upon the MVA. rating of the
machine to which it is connected. A 3-phase feeder is supplied from the bus-
bars of generator 4 at a line voltage of 11 kV. The feeder has a resistance of
0-1 Q/phase and an inductive reactance of 0-3 {) phase. Estimate the maximum
MVA. which can be fed into a symmetrical short-circuit at the far end of the
feeder. _ (Lond. Univ., 1953.)

5. Bxplain what is meant by the symmetrical components of a 3-phase

| 4-wire system.

_ The p.d.’s to neutral of such a system are — 36 + 70,0 4 548 and 64 -
7 0'V. respectively, and the currents in the corresponding line wires R, ¥, and

. Bare — 4 + 72, —1 4+ 75,and 5 — 73 A. Determine the negative-sequence
- power and reactive voltamperes. The sequence is EY B.

(Lond. Univ., 1954.)

—ETE
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6. Explain briefly the advantages to be gained by the insertion of reactances
in the bus-bars of a large generating station. A generating station contains
four identical three-phase alternators 4, B, €, and D each of 20 000 kVA.,
11 kV. rating and having 209, reactance. They are connected to & bus-bar
system which has a bus-bar reactor rated at 20 000 kVA. and having 259,
reactance inserted between B and C. A 66 kV, feeder is taken off from the
bus-bar through a 10 000 kVA. transformer having 59, reactance. If a short
circuit occurs across all phases at the high voltage terminals of the trans.
former, calculate the current fed into the fault. (Nat. Cert., 1935.)

7. The bus-bars of a power station are split into two sections 4 and B,
separated by a 59, reactance (based on 10 000 kVA.). A 30.000 kVA. goenerator
with 109, reactance is connected to section 4 and a 50 000 kVA. genorator
with 129, reactance is connected to section B. Each section supplies a trans-
mission line through a 40 000 XVA. transformer with 69 reactance which
steps the voltage up to 132 kV. If a three-phase short-circuit occurs on the
high-tension terminals of the transformer connected to section A, caleulate
the maximum initial value of current which may oceur at a short circuit.

Describe how you would estimate the current which a circuit-breaker
operating after 0-3 sec. would have to interrupt, and explain why this value
would be different from the maximum initial value as caleulated.

8. A three-phase system of voltages is given by

V,=1000[35° Vp=3000|100° ¥, = 2000 [270°

Resolve these voltages into their symmetrical components, namely, a
balanced positive sequence component, a balanced negative sequence com-
ponent and & zero sequence component,

Explain how the method of symmetrical components can be used for the
calculation of short-cireuit currents under unbalanced fault conditions.

: (Lond. Univ., 1934.)

9. Two 3-phase, 6-6 kV. generators G, and G, feed into common bus-bars,

which are linked by reactors B to a second set of bus-
? £, bars: the latter are also linked to & grid system of large

capacity by an interconnector I. From the bus-bars,
feeders F, and F, supply & network N, as in Fig. 191.
The percentage reactances are as follows—

G, and G,, each 159 at 50 MVA.; R, 59 at 10 MVA.;
F = grid system through 7, 109, at 40 MVA.; N, between I
4 £ and Fy, 109, at 100 MVA., The impedance of each feeder
¥ 18 0-01 4 50-02 ohm per core.
’_ Determine the maximum symmetrical fault current

that a circuit-breaker at X may have to clear, in the
event of either one or the other of the feeders being
Fra, 191 disconnected. (Lond. Univ., 1949.)

E
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If there are several reactances in series of magnitud
_ es X,, X,
and X, the short-ecircuit current is o S

B - E
A%+ X, @D (%X + B0 (% o) + B0 (% X5 < 100
100
(% X1) + (% Xa) + (% X,)'
by application of equation (99) to the various reactances.
It often happens that the system contains plant of different

ratings, and the percentage reactances are given for the respective
values. It is then necessary to allow for the different ratings in

the following way. Suppose the generator has arating of 10 000 kVA.
and a percentage reactance of 7, and a transformer has a rating of
8 000 kVA. and a percentage reactance of 5. The full-load eurrent
of the generator is (10 000 000/E) = I,, say, so that its reactance is

X, = (8 x O(I; x 100).
Similarly the reactance of the transformer is
X, = (E X 5)[(I; x 100)

where I, = (8 000 000/E).
The total reactance is

= I X

B B x5
X =
1+ X I;x1m+15><100_
v J 1] E Bl
S R T RO Bl
L aI00) i T le100[7+5EI?]
SRt 10 000
“leloo_q+5x'sooo}

end the total percentage reactance referred to th -
10 000 kVA. is e referred to the rating of

&,

t% X} ==3 Il(‘xl + ‘Xl}

B

% 100

10 000
=T74+6X 8000

= T + 6:25 = 13-25.

Thus the percentage reactance of the transformer is multiplied
by the ratio of the generator rating to the transformer rating in order
that it may be expressed with respect to the generator rating.

If there are several pieces of apparatus in the cirouit with different
ratings, we choose a basic rating and refer all percentage reactances
to thas raling by appropriate mullipliers. We can then add the
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percentages, if the pieces of apparatus are in series, and the short-
. circuit current is then found by equation (100). The following
¢ example illustrates the method.

. Exawmrre. Find the short-circuit eurrent in the single-phase system of
~ Fig. 185, if the fault is a short circuit between lines at the point I which is

. 10 miles from the transformer 7. The reactance per mile is 0-2 {). The voltage
. is 6-6 kV,

We take 2 000 kVA. as the basic rating, so that full-load current is
I = 2 000/6:6 = 300 A.
‘The percentage reactance of the generator is 8, and of the trans-

" former T, 7 % (2000 = 1200) = 11-7. The line reactance is 2 £2.,
. 80 that its percentage reactance is

300 x 2

6600 X 100 = 9-1.,

2008VA 1000374
g% 7%

g O .
B [ ~—— 0 miles —

- ——

23
5o

8004VA
Frg. 1656

-

The total percentage reactance is

| 8 + 117 4+ 9-1 = 288,

: 'i.-.ag that the short-circuit current is

p I, =1 x (100/% X) = 300 x (100/28-8)
=1040A.

We could use the direct method, which consists in the reduetion
- of percentage reactances to actual reactances. Thus the reactance
. of the generator is

b E X (%X) 6600 x 8
B I x 100 ~ 300 x 100

T

= 176 ().

J The reactance of the transformer is similarly
ke 6 600 x 7

1200

=2'ETQ.
300 x (220 1o

2 000
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The total reactance is 176 + 2-57 4 2-00 — 6
short-circuit current is + 200 = 6:33 ohms, and the

I, = 6600/6:33 = 1 040 A.

If some of the pieces of apparatus are in 1 :
i ; parallel, their re
and hence their peruenta,g_e reactances, must be c'ompound:;t;;i?a’
method used for parallel impedances. Thus a percentage reactanc
of 10 in parallel with another of 15 gives a resultant value of ’

10 10515
I T 10+~ "
10713

This method can be used for '
. generators in parallel, as gh i
the following example. In the caleulation of such ]::roblzm{?;}: lig

1000k VA,
8%
N
3300V gt
1500 %V o T
10%
N
Fia. 166

assumed that the generators have e i i
: . qual voltages which &
phase; the error caused by this agsumption shuuic% not be seriuﬁa. >

Examrre. Two three-phase ' '
generators of ratings 1 000 and 1
and of voltage 3-3 kV. have percentage reactances Ef 8 and ?3, witgﬂge]:;::i;

to their ratings. A short acr 1
Find the shortiaisacte t‘:l.u‘ran';.aﬂ all phases oceurs near the common bus.bars,

Eha system is shown in Fig. 166.

et us assume a basic kVA. of 2 500, which i

. J ; i s the sum of h
ratings. The percentage reactances with respect to this ra;tinzf &?gt

8 X (2 500/1 000) = 20

and 10 X (2 500/1 500) = 16-7.
The resultant percentage reactance is
1 = 1 Rl
I 1 ~605+006 om— "
20 ° 167

The short-cirenit kVA. is therefore
2 500 x (100/9-1) = 27 500.
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" If I, is the short-circuit current per conductor, the kVA. per

| - phase is

T,. X (3 300/1/3) = } x 27 500 000,
27 500 000 X /3 _
o that Iy =T Yo = 4810 A

The full load current is one-eleventh of this, i.e. 437 A.
Symmeftrical Short-circuit Currents. The short-circuit currents are

'- symmetrical, i.e. equal in the different conductors, if the short circuit
. occurs across both lines in a single-phase system or across the three

wires of a three-phase system. The methods developed in the last
section are adequate to calculate such short-circuit currents, and the

- two examples illustrate the methods. If there are several generators

6000k VA. 7500)VA.
5-5}:-!'.@ 3
6-6/33kV. 20 Q. reactance
. 1—'6&6!5 T
4000 kVA. 5000%VA. Short
72% gf’g
5-5&@ 33
66/33kV
Fia. 167

in the system, it is assumed, as has already been stated, that the
e.m.f.’s are equal and in phase with each other. When the system

'~ is complicated, the star-delta equivalence of Appendix III is often

of great help in effecting a simplification of the network. Sometimes

| Thévénin’s theorem is useful in obtaining the result quickly,
~ especially when generators have unequal e.m.f.'s.

Exampre. Find the short-cireuit current in the system of Fig. 167, in

. which one generator is generating at 6-6 kV. and the other at 6-5 kV. The
~ system is three-phase.

- The voltages per phase are 6-6 kV/[+/3 = 3 820 V. and 65 kV.f+/3

. — 3750 V. The full-load current of the larger generator is

6000000 6000000 _ .,
3% (6600/+/3) /3 X 6600 2

80 that its reactance per phase is

(% X)x B _10x380 .,
%100 " BZ5 100 o ok
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In the same way it is found that the resctance of the other
generator is 1:31 Q. Tt is assumed that the rated voltage in this
case also is 6:6 kV., although the generated voltage is 6:5 kV,

_ Similarly the transformer reactances referred to the low voltage
sides are 0-292 and 0525 Q. The line reactance transferred to the
low voltage side is 20 = (33/66)2 = 0-8 Q). The system is then as
shown in Fig. 168. We then apply Thévénin’s theorem to the
system to the left of 4. The voltage when the line is disconnected is

3 890 (3 820— 3 750) (0-727 + 0-202)
0:727 +- 0292 + 1-31 + 0525

=3795 V.
3820V,
07270, 02920,
TS
45 0-8.). % :
3750V, B ——H—— -
7:310. 0-525.0. Short
L1k '
Fia. 168

The impedance is

(0-727 + 0-292) (1-31 - 0:525)

0-727 4 0-292 4 1-31 - 0525 ~ RO
The short-circuit current is thus

3795
0654 08 — 2.000 A.

The actual short-circuit current is
2 600 X (6-6/33) = 520 A.

520 A. 18 the r.m.s. of the steady short-circuit current, whilst the
peak value is 520 X 4/2 = 735 A. There may be an increased peak
value due to a * doubling effect,” which, in circuits of normal value
of reactance to resistance, is 1-8 times the steady peak. Thus a
maximum peak value of 18 x 735 — 1320 A. may oceur,

Short-circuit Current of Alternators. When an alternator is
shorted, across all three phases, say, the current rises rapidly to a

igh value, ab 8 times full-Toad “current in t -alternators
whi ave cylindrical rotors,/and about 12 times in enerators wi
salient poles. The value of current is limited only by the

b:amf nt or leakage reaciance of the armature. Moreover if the short
crreult occurs at an instant at which the vo tage is zero there is a

doubling effect, and the current wave is offset from the zero. Fig. 169
Ehﬂ"ﬁ':‘-"ﬂ the kind of current wave obtained. If the rt_circuit
peraists, the wave becomes symmetrical ; then armature reaction

i E i
VL
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. s 4.to 6 ti : : u}
_ effect of armature reaction is to consider it a8 increasing the transient

. impedance to the synchronous impedance.

. " The doubling effect may be demonstrated as follows. Let the

* generator be considered as an em.f. E sin (wf + 0) in series with

. an impedance (R, L) which is the transient or true impedance. 'If a

short ocours at { = 0, the equation for the short-circuit current is
L(di/dt) + Ri = E sin (wt + 6).

The complementary function is given by
L(di[dt) + B = 0,
¢ = Ag— (BILE | - . . (101)

b 1.e.

¥

[

i Load 0, S T L7
. Current

\

Fig. 169. Dousrixg EFFECT IN SHORT-CIROUIT CURRENT

_ Current

The parvicular integral is
B : r,uL)
) = 6 — tan—! — |, . . (102
' VIEF @D (“" T (199)
. which is the steady current under these conditions. The actual
. current is the sum of the currents given in equations (101) and (102).
. At t = 0 the current is zero. This gives

' & ; 2 —1{”_L)
y “=A+4[Rﬂ+{mm=]““‘(ﬂ B
" The current is thus \
e o E ¥ el -1% —(R|L}
= — ‘\/[ﬁ2+ @I)] sm(ﬁ tan 7
L i = —1‘—'5"—{‘) 10y
1 + e e o+ 0 e o

. We may consider wL as much greater than B. Then the first term,
" which is considered as a d.c. component which decays exponentially,

" has magnitude

E 7T
— EIN — — lg— (RIL}
wl (B 2 )£

R D= (R

wl

. reduces the gx. citation and the ﬂmwtmmm{_ﬂ@ i
times the full-load value. ﬂgg_ﬂ;@r_lmaﬁy_nimmdﬂmgjhp_

P i ][\U{\\}AQA\}AUA\/A\E\[R _]_va St
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dotted line. and has a value I, , at time ¢; the d.c. component,
which decays exponentially, has a value I, , at the same instant,

and the total current has an r.m.s. value of 4/[1p,*+ VP01 ]
Curves are then drawn giving the r.m.s. {

It § = 0, i.e. the voltage is zero and the current is a maximum
at t = 0 the d.c. component has the initial value of EfwL. As.the
alternating part of the current has a magnitude of nearly EfwL,
the d.c. component doubles the current at the instant when the

sl b}as s pefa,k va,]u:a-, and reduces it to zero when the former 35 of the current (as a multiple of full-load !
E}elaches its negative maximum. The current is thus on one side of current) against time for different values |
e zero to begin with. If, however, § = nf2, i.e. the voltage is a 30— of the total percentage reactance. Fig. ,
; 172 shows a set of such curves for a |
[’ ﬂ A 25 short circuit across all t{]:{ree phm:i. . "
Fall oo o /\ /\ NIV When looking up the decrement factor, -.
Load ZATA A /\ N A A /\ gﬁ;ﬁ;ﬁ’;’fjﬁ_‘fﬂf 2088 the transient reactance of the alter- ’
Current V V \/ v U v \j v Current \ nator is added to the external reactance i
T Y : to give the appropriate percentage ]
P reactance. i
1
8- 170 frgem et O NT wirEoUT DousLing Erreor 10 . > Exampry. A 20 000 kVA. generator, whose %
i . ; o t re shown in Fig. 172, has '
maximum and the current is zero at the instant of short cireuit, 5 ol/s ?E‘éfmr:;;t:nﬁﬂinﬁ feeds a line through a i
the d.c. term is zero. The short-cireuit current has then the form g9 \ step-up transformer of 69 reactance. Find 1
shown in Fig. 170. & \ the breaking capacity of the cirnuit-hrﬁalﬁr% l
The change from the large current at the instant of short circuit “§ 8 e whl:ch np_t'a;rat? ::11; D;ﬁ;z;:f% :Ei are on the hig ]
to the comparatively small current after armature reaction has 8 \ L voltage side of the 5 |
asserted itself is of importance in the design of switchgear operation. ] =a X The total reactance is 21%, and from |
The behaviour of an alternator is most easily expressed in terms ko Fig. 172 it is seen that the decrement |
of decrement factors, which are found by extensive tests in the % 6 % \\
D.C.Component X 3 10% s
1
W AL Compornent ] 1 \k\
k TVTTRA-AS "ﬁ"ﬁ‘ﬁ” 4 11‘ X ’ - S -
T VTVv Vv S BEE
e i i
3 ]i \'\- a 1"“"-& —— e ey
P40 —t==r e = = i
| I —— = —
Fia. 171. D.C, axp A.C. COMPONENTS OF SHORT-OCIROUIT CURRENT 2. 50 % : ===
o = —
following way. The generator excitation is adjusted to the value 1 ,:; = I
for f1:1]l Ic;-a_d at 0-8 power factor lagging, and external reactance is fﬂt{‘i{.
put In series with the alternator to bring the value up to some 0 v 1 ' 30
definite amount, 5, 10, 20 . . . per cent. This value includes the 0 0-5 10 &3 40 2

Time, seconds

Fic. 172. DeoremeNT CURVES FOR ALTERNATOR

transient reactance. A short circuit is applied and an oscillogram
of the current taken. In order that the test results should be as
severe as possible, it is arranged that the short circuit should take
place at an instant when the full doubling effect is incurred, viz. at
an instant of zero voltage. The oscillogram is analysed so that the
r.m.s. current is found as a function of time. To do this the current
wave of Fig. 169 is resolved into the d.c. and a.c. components shown
in Fig. 171. The r.m.s. of the a.c. component is shown by the

factor at 0-25 sec. is 3-4. The current to be interrupted is thus 3-4
times the full-load current. If we assume that the recovery voltage
in the breaker is equal to the normal voltage (the matter w;ll be
investigated in detail in Chapter IX), the kVA. to be broken is

3-4 % 20 000 = 68 000 kVA.

[Lames g———3 =R~ |




4:Hr1’|H|

b

PELLL LARLLEE ELh bR
R R E T LTI T R

TR

|

Fig. 173. Current Limrring REscTor
(English Electric Co.)

i
s

L

SHORT CIRCUITS: SYMMETRICAL COMPONENTS 219

Current-limiting Reactors: Sectionalization of Networks. It is
olear that the short-circuit currents are decreased by an increase
of the percentage reactance in the system. In large interconnected
systems the total rating of the generators is very high, and unless
precautions are taken, the current fed into a fault will be enormous.
The short-circuit current at a fault can be considerably reduced by
the judicious placing of protective reactors in the system. It is

ossible to arrange the reactors so that they do not cause a large

voltage drop during normal operation, but prevent a large short-

circuit current being fed by most of the generators into the fault.
The methods of placing reactors in a system will be considered later.
Reactors are moreover of considerable importance in limiting the

- currents so that the various circuit-breakers are not called upon to

EFEEE

ol s-bar

Y Y
Feeder A  FeederB  Feeder A B £
Fig. 174. GENERATOR REACTORS Fia. 175. FErpzr REACTORS

break currents above their rated value. If extensions are made

in a system, it is essential that the additional kVA. be virtually
. segregated from the existing circuit-breakers when a short-circuit

ocours. This is done by means of current-limiting reactors.
Fig. 173 shows a reactor. The turns, which are of copper bar or

strip, experience large attractive forces under the influence of the
. ghort-circuit currents, and they are placed in concrete separators
" to prevent their being buckled.

Methods of Locating Reactors. Reactors may be inserted in

| series with each generator, as shown in Fig. 174. The main dis-
' advantage of this method is that if a short occurs on one feeder,
~ the voltage at the common bus-bar drops to a low value and the
" synchronous machines attached to the other feeders may fall out
_ of step. The whole system is interrupted, and the synchronous
" machines must be re-synchronized when the faulty feeder is cut

out. Moreover in modern alternators the transient reactance is

" sufficiently large to protect the machine itself against short-circuit
~ currents, and separate reactors are used only with old alternators.

The main disadvantage of the last method is avoided by putting

" reactances in series with each feeder, as shown in Fig. 175. When
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a short-circuit occurs on feeder 4, the main voltage drop is in its
reactor and the bus-bar voltage does not drop unduly. The remain-
ing load and plant are therefore able to continue running. It is
true that when a short circuit occurs across the bus-bars, the reactors
do not protect the generators. This is, however, of no importance,
as bus-bar short circuits seldom occur and the generators are
protected by their internal reactances.

A disadvantage from which both the previous methods suffer is
that the reactors take the full-load currents under normal operation,
so that there is a constant loss and a voltage drop. The voltage
drop is eliminated in a new type. of reactor in which part of the
windings are shunted by a carbon tetrachloride fuse. Under normal
conditions the windings are such that they neutralize each other's

T
— 1
I

T

A B 4 ¢

Y Y

A B C

Fia. 177. Bus-Bar REacTonRs,
Tig-BAR SysTEM

Frg. 176. Bus-Bar REAUTORS,
Rme Sysrem

magnetic field and the reactor has a very small reactance; but
when & short cirouit occurs and the fuse blows, a large reactance
is inserted into the circuit. The constant loss, however, is not
eliminated.

The constant loss in reactors can be avoided by inserting the
reactors in the bus-bars in the ways shown in Figs. 176 and 177.
The former is the ring system, and the latter is the tie-bar system.
In the ring system each feeder is normally fed by one generator,
only a small amount of power flowing across the reactances. The
reactors can therefore be made with a fairly high ohmic resistance
and there is not much voltage drop across it. When a short circuit
. occurs in one feeder, the current is fed mainly by one generator,
the other generators having to feed through the reactances. The
tie-bar system acts in the same way, but has the following advan-
tage. If the number of sections in the tie-bar system is increased,
the current that flows into the fault will not exceed a certain value
which is fixed by the size of the individual reactors. If the switch-
gear is designed to operate successfully on this limiting value of

=
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current, the system can be extended to any number of sections
without modification of the switchgear.

Examrpre, Find the ratio of the percentage reactance of the reactors to

v: , that of the generators in a tie-bar system, if the short-cireuit current is not

to exceed three times the current of a single section.

Let the percentage reactance of a generator be &' and of a reactor
X, and suppose there are n sections. When there is a short circuit
on a feeder, the remaining reactors and generators are in parallel,
go that their percentage reactance is (G -+ X)f(n — 1). This reac-
tance is in series with the reactor of the faulty feeder, giving a
reactance

X + (G 4+ X)(n—1) = (G + nX)/(n —1).
This reactance is in parallel with the reactance of the generator
which is connected to the faulty feeder, so that the total reactance is

@+ nX

X W=1 . O4mE
@+ nX | nG@ -+ nX
L r—
The short-circuit current is thus
1000 »nG 4+ nX
I'x "8 + nX

where [ is the normal full-load current.
When n = 1, the current is

I x (100{@).

The last factor gives the effect of the remaining sections, and

~ increases from unity when n = 1 to (& 4 X)/X when = is infinitely

large. Thus if the current is not to exceed three times the short-
circuit current due to a single section

@+ X)X =3
ie. X — §a.

If it is certain that the number of sections will not exceed a known
number n we have

(nG 4+ nX)(G + nX) =3

o X = [(n— 3)/2n]G.

Thus if » will not exceed 6, X need not be greater than }G.
Choice of Interconnection to Limit Currents. The cost of reactors

18 large and their installation is avoided if possible. It is sometimes
. practicable to make use of the reactance of feeders and transformers
- 80 that reactors are unnecessary.

T e
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For instance, suppose that two parallel feeders are fed by four
transformers, as shown in Fig. 178, and suppose that a short circuit
oceurs at B. If the paralle] feeders are not connected at their ends,
the reactance from 4 to B is

X(3X +2F)  X(3X + 2F)
X F3X 4+ 2F 44X L oF °

X X
35 C F Dzs
3371 e

gt ! | |
Al X X
s¢8/ F  FEl3s
33 ? 33

F1a. 178

If the feeders are connected at their ends (between B and C,
D and E), the reactance from 4 to B is $X. The latter reactance is
considerably less than the former; thus if F = X, the former is
8 X and the latter only 1 X.

_g
.
=
4

Low Voltage System

Fia. 179. SYNCHRONIZATION AT THE LOAD

As a general rule it is advisable to keep the parallel connections
as few as possible.

An interesting and important application of this rule is shown by
the method of interconnection of Fig. 179. The generators are uncon-
nected in the high-tension system, but connected only at the low
voltage system. This system is said to be synchronized at the load.
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Protection of Switchgear by Reactors. A generating station may
be extended by the addition of alternators or by a supply from
the Grid. It is uneconomical to scrap the existing switchgear, which
was adequate for the former output but is not of sufficient rating
to meet the extensions. In such a case a protective reactor may be
placed between the old system and the extensions to limit the
short-circuit currents to a permissible value. An example will show
how the requisite reactance is calculated.

ExavprLE. A smsll generating station has two alternators of 3 000 and
4 500 kVA., and percentage reactances 7 and 8. The circuit-breakera are
rated at 150 000 kVA. Tt ia intended to extend the system by a supply from
the Grid via a transformer of 7 500 kVA. rating and 7-59, reactance. Find
the reactance necessary to protect the switchgear.

Let us take as the basic rating 7 500 kVA. The reactances of
4 and B are then
(7 5003 000) X 7 = 17-5%

l

and : (7 500/4 500) x 8 = 13-39%,,
so that their combined reactance is
176 x 1383 _ __,
176 + 133 14687

The short-cireuit kVA. with respect to these alone is
7 500 x (100/7-55) = 99 300 kVA.

If no protective reactor is present the short-circuit rating due to
the Grid supply is '

(7 500/7-56) x 100 = 100 000 kVA.

so that the total is 199 300 kVA. In order to keep the kVA. down
the rated value of 150 000 kV A. suppose that a reactor of percentage
reactance X is interposed as shown in Fig. 180. The short-circuit
kVA. of the Grid supply is then 7 500/(7:56 + X), and this must
not exceed the difference between the ratings of the circuit-breakers
and the generators 4 and B

Therefore
7 600
= 50 700,
s - . 7 6500 X 100
giving o+ X = —55w00
— 14:‘8,
so that =113,
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If the voltage is 3 300 V., the full-load ecurrent per phase
corresponding to 7 500 kVA. is

7 600 000
3300 X /3 1310A,
80 that the actual reactance of the reactor per phase is

7:3 X% (3 300/4/3)
1310 x 100 — 2106

3000 kVA.  4500kVA.

7% 8%
ONNC
7500 kVA.
bl
X X
X

[ Q211 T

% x X X X

- |

% Fault

F1a. 180. REAcTor PROTECTING SWITOHGEAR

correspounding to an inductance of

0-106
57 X 50 — 0-000337 H.
= 0-337 mH.

Unsymmetrical Short Circuits: Symmetrical Components. The
methods of calculating short-circuit currents developed in the
previous sections apply only to the cases when the fault ocours across
all phases and the currents in the phases are equal. When the fault
occurs across two of the three phases or between one or two phases
and earth, the currents are unequal and the methods are inadequate.
The currents can be found by Kirchhoff’s laws, but this method is
usually laborious. A method has been devised which uses symmelrical
components of the currents and voltages.

It will first be shown how three unbalanced vectors can be
expressed as the sum of three systems of balanced vectors. Three

it is represented by
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'j.—: balanced vectors are vectors which are equal in magnitude and differ
. in phase by 120°, so that they can be represented by

R if E, is taken as a reference vector. Fig. 181 shows the vectors. It

should be remembered that multiplication of a vector by the factor

. &/ results in a vector of unchanged magnitude but with a phase

angle increased by @; for if the vector has magnitude r and angle «

riE = gl

and multiplication by £ results in a vector

refe X e =ref@+0 = r|o 4 6.

v
Y .E; Y £ ;*
Fia. 181 Fia, 182

PosiTivE PHASE SEQUENCE NeEGATIVE PHASE SEQUENCE
E, leads E,’ leads E,* Iiy laga B, lags E)"

As is pointed out in Appendix III, the values of the alternating

. quantities are the horizontal components of these vectors, which

are assumed to rotate in the positive (anti-clockwise) direction with
an angular velocity w = 2% X frequency. Thus E,, K,’, and E,"

. correspond lo alternating quantities which reach their maxima in the

order given. The system just given is called a system of positive
phase sequence. It is usual to replace #2743 by 4, so that

A= &329) = cos (2/3) + j sin (27/3) = — 0-5+ 50-866 }
(104

~and 12 = /419 = cos (47t/3) + 4 sin (47f3) = — 0-5 — 50-866.

It follows that 144+ 22=0.
A positive phase-sequence system of vectorsis thus represented by
E,, A2E, 1§, . : . . (105)

It would be symmetrical but unconventional to write these as
AEEIJ REE]: lElr

F-e




CHAPTER IX
SWITCHGEAR AND PROTECTION

Introduction, With the continued progress of interconnection and
the increasing capacity of generating stations the need for reliable
protective devices and switchgear has become of paramount import-
ance. When a short circuit occurs, an enormous power can be fed
into the fault with considerable damage and interruption of service.
The aims of protective gear are to achieve (1) complete reliability.
(2) absolutely certain discrimination, (3) quick operation, and
(4) non-interference with future extensions. '

Complete reliability is required, as the protective gear is added
because it is intended to improve the reliability of the whole system.
As protective relays are sensitive and must act within fairly fine
limits, they should be simple, robust, and easy to inspect and
to maintain; furthermore there should be as few as possible.

Discrimination is important, as it is very inconvenient to cut out
healthy sections on account of the necessity for synchronization on
re-starting. Moreover the protective gear on healthy sections must
not be made to operate as a result of fault currents on faulty feeders.
This is specially important, as continuity of supply is expected and
demanded by the users of electrical energy.

Quick operation is required in order that no damage may be
done to generators, transformers, and cables by the short-circuit
currents.

Before the various systems of protection are discussed a brief
account of switchgear, circuit-breakers, and protective relays will
be given; for it is necessary to know the characteristics of the relays
and the circuit-breakers in order that the operation of a protective
system may be understood. :

Principles of Arc Extinguishing. At the instant when the contacts
- of a circuit-hreaker begin to part therg is a la irrents (s

hundreds of thousands of amperes) and a small voltage drop. A

small separati the contacts does not _result in an immediate

cessation of the current, for as the confacts separate the resistance

be them increases and the ohmic loss, J2R, generates su
heat to ionize the air or vaporize and ionize the oil. The jonized air

or_oil vapour acts as a conductor because of the large number of
free_electrons present, and the current Hows without immediate

change, across the arc thus formed. The potential drop b

. Sy v T . o . ¥ :
: the confactsis just sufficient to maintain the are and is quite small.
Separating the contacts draws the arc out, but it is not practicable
to draw the arc out to such a length that the voltage available is

237
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are produced in the secondaries of the current transformers and no
current passes through the relays. The Merz-Price circulating
ourrent system just described is clearly effective for earth faults
‘and faults between phases. If another generator feeds current into
the fault, it is seen that the currents in a pair of current transformers
are opposing and the total current will flow through the relay, and
thus operation is aided. The Merz-Price system is, however, unable
to operate when there is a fault between turns on the same phase,
as the currents at the ends of the phase are gtill equal. _

The alternator can be protected for leakage by means of the
leakage relay shown in Fig. 211.

OVERLOAD FUSES

POWER TRAMSFORMER
C.Ts. C.T1s.

(AT

LEAHAGE
HELAY

FaTaTal %iiié
W

P B . ||1r~

Frg. 211, Mzrz-PrIOE SYSTEM FOR TRANSFORMERS
(Automatic Protective Gear (Henderson))

The Merz-Price system is available for the protection of trans-
formers. Fig. 211 shows the system applied to the protection of
a star/delta connected transformer, in which overload and leakage
protection is added. The latter is performed by the leakage relay.
The former is achieved by the use of overload fuses in the pilot
wires between the three pairs of current transformers. When the
overload blows a fuse, one of the pair of current transformers is
disconnected from the relay, which receives the current from the
remaining transformer. The balance is thus upset and the relay
operates.

It must be remembered that the currents in the windings of a
transformer are not equal, and the current transformers must have
the proper numbers of turns, so that their secondaries have equal
ourrents during normal operation. Thus in a star/star connection
with a ratio of 11 kV./66 kV., the current transformers must have
a turns ratio of 66f11.

Different power-transformer connections demand different con-
nections of the protective transformers. Thus for star/star power
transformers, the protective transformers must be connected in
dolta on both sides, since a fault on one phase of the secondary
appears in two phases of the primary. Fig. 212 (a) shows the case

where the protective transformers are connected in star/star forma-

tion for a star/star transformer with earthed neutral in the secondary.
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Suppose that an earth fault occurs outside th

_ e transformer on th
secondary side as shown, and let the fault current be I. BW(emma;
assume that the transformer has unity ratio for the purpose of
explaining the action. Then the currents in the primary windings
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e Fic. 212. Merz-PricE
" (@) Instar/star connection, R(am S¥ermM

(&) In delta/delta connection.

ii"‘f};!, and }/, the directions being those in the :
-;--..11_1 the three limbs of the tmuffnrmer are duenﬁ'l;gu;:r1 TI inth:
;__;__-E_l_ind they oppose each other, whilst the primary current
1-;-392‘? Phage.aequence current, since it is isolated. The currents
u&ﬂgqnda.rma of the current transformers are }7, 44, §¢, and ¢
Y ﬂ:ﬂ that each relay has a current }i and they operate
& itio transformer is sound. Fig. 212 (b) shows the case
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where the protective transformers are connected in delta/delta.
With the same power transformer and earth fault as in Fig. 212 (a),
the distribution of currents in the protective system is as shown
Fig. 212 (b). It is seen that no current passes through the relays,
and the healthy transformer is not switched out. .
If the power transformer is delta/delta connected, the protective
transformers can be star and star. If the power transformer 18
star/delta connected, “ the current transformers on the star side
of the power transformer must be connected in delta in the same
way as the power transformer, while the current transformers on

=

MOVIN FIXED
COIL CoIL

Ec.-r.

' Fig. 213. Biasing BY INTENTIONAL UNBALANOR
(Automatic Protective Gear (Henderson))

the delta side of the power transformer must be connected in reversed
star relative to the power transformer.” (Henderson, loc. cit.)

The Merz-Price system cannot be used with tap-changing trans-
formers unless the protective transformers can be varied at the same
time, so that the turns ratios are the same In both ocases. This is
a highly undesirable complication, and the Merz-Price 'Byste‘m 13
replaced by the simpler self-balance method of protection illustr &ti
in Fig. 210; both sets of tr&nsﬁmar windings are treated in the

ame way as the alternator windings.

; We hgva already stated that the self-balance method cannot
indicate the presence of short-circuited turns, as the ourrents ab the
end of each winding are the same. The Merz-Price gystem is
nominally able to indicate such a fault, since the presence of short-
eirouited turns causes a change in the turns ratio between the
primary and secondary. In practice it is usually too insensitive

to do so.
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~ Biased protective systems are being increasingly used, to offset
~ the inaccuracies of current transformers with very high currents.
The method is shown in Fig. 209. A biasing method using an
intentional unbalance is shown in Fig. 213. The current transformer
at the star point is arranged to take 7-0 amperes in the secondary.
while the current transformer at the bus-bar takes 7-5 amperes.
The relay, which is a reverse-power relay, has under normal condi-
tions a current of 0-5 amperes which keeps the relay in the open
position, When a fault occurs, the current near the star-point
inereases whilst that at the bus-bar
end decreases and then reverses;
both effects tend to reverse the cur-
Circuit-
Breaker

rent in the relay, and if the fault

||‘I|— current is greater than the set

Trip Coil unbalance of 0-5 ampere, the relay
operates. _

The Buchholz relay is used for

the protection of transformers, and

393
Radad F””TL

@E{Tgcraw
=i

Fig. 214. OveErrLoap ProTECTION Fia. 215. Z-cONNBOTION

- depends upon the formation of gas from the oil. The relay consists
Ay of two floats which carry contacts. The upper float indicates the
= presence of gas which is formed comparatively slowly, and it rings

- an alarm. The lower float is affected only by a sudden rush of gas

% formed by a heavy fault current, and when it drops, its contacts

- complete the trip cirouit,
- Protection of Lines and Cables. The methods used for alternators
- and transformers are suitable, with modifications, for bus-bars and
~ lines: the modifications required are due to the length of the lines,
. Oapacitance currents, and other reasons. Moreover, the need for
- discrimination in supply networks has called forward many pro-
- tective schemes which have no application to the comparatively
- 8imple cases of alternators and transformers. .
- Ovmrroap ProrrcrioN. Fig. 214 shows a simple system of
. Overload protection. Fig. 215 shows the well-known Z-connection,
;*: requires only two relays for the protection of a three-phase
Circut.
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ahle that all the overload relays

. ichly undesir
It is, of course, highly fault occurs, for then the

in a system should operate as soon as a

tem is shut down. *
Whlﬂnlﬂ: iﬁgllsyﬂem the smallest possible part of the system 18

5.5, S.S.
0-5sec.

Generator

Zsec Instantaneous

Fig. 216, RADIAL SYSTEM WITH Grapep TIME-LAG

' i ' i teristic

i t by having relays with an inverse time charac
mﬂﬂh:ddzgnitg mim'n%um. The minimum time 18 .arra,nged to
decrease from the generator outwards, as shown in Fig. 216. The

——
A g
f S0 e e ] )
Generator .N’ar; -directional ﬂmect'mnaf

s

Fig. 217. PrROTECTION OF PARALLEL FEEDERS

same applies, of course, to & number of feeders in series, but not

to feeders in parallel. 4
otected by overload (4 and B) an
Parallel feeders may be pr y A S g

and D), as shown in Fig.
217. If a fault occurs at
X, power flows round
ACDX and relay D oper-
ates, Then B will operate
and the faulty feeder 1s
cut out. This method is
not satisfactory unless the
fault is heavy and re-
verses the power at D.
It is advisable to apply
differential protection t0
both ends of the parallel
feeders in addition to
overload protection.
d by graded time-l&Ein ({Iiir.eatinnal
oad relays, as shown in Fig. 218. A relay of this is repre-
g:*:iid by an me and a number ; the arrow indicates the d.lre];:t;n;:
of the power which can make the relay operate, and the numpe

JStation

Frg. 218. RiNg SYSTEM WITH CGRADED
TIME-LAG

Ring mains can be protecte
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the definite minimum time of operation in seconds. At the generator
I. station the relays are non-directional, and are indicated by double-
headed arrows. The scheme of time-grading is obvious. If a fault
occurs at ¥, the power fed into
the fault is fed by two paths,
ABF and BDCF. The first relay
to operate is that between C |
and ¥, and then the power can  .@4
flow only via 4BF; then the d%
relay between B and F operates,
and the fault has been cleared.
The time grading ecannot be
~ closer than } to } sec., and as
. the longest time that a fault g
should be fed is 2 sec., the maxi-
- mum number of sections that
can be protected in this way is
. Bix.
~ The interlock system has been
. designed to overcome the dis-
. advantages just described, and
. it can be used for any number
- of sections with a very short
© time-delay. It can be used for
. radial or ring systems, Iig, 219
. shows the method applied to a
- radial system. If a section is o
~ healthy the same current passes !
‘at both ends and the overload
‘relays operate. The operation
‘of the relay at the beginning
of the section completes the
‘cirouit of the trip coil (contact
3), but the operation of the relay
he end of the section closes
and causes the locking relay
operate and thus break the
p cirouit. If the fault occurs
. the section, the current
ng 18 high, and causes the
B to close, but the
rent leaving is small, and the
n ay does not operate.
b 0 apply the method to a ring main or any interconnected
1618 necessary merely to have directional relays to close the
or the locking relays. ;
above method it is necessary that the locking relay shall

[ '-‘,1‘.1..

LOCKING
RELAY

|
L A
OVERLOAD

RELAY

|8
CONTACT A MAKES BEFORE B AND LOCKS IN MORE REMOTE O.C.B.

TRIP
CoIL

il
11‘-_'

LOCKING
RELAY

iA
RELAY

|e

C.T.
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: |||| I_::.
——
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=0
ko

Fre. 219, InTtERLocE METHOD 0N RADIAL BysteEm
{ Autsmntic Profective Gear (Henderson))
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be capable of operating before contact B is closed, and for this
reason relay B is made to act in 0-3 to 0-5 sec. _Mﬁ’g.huds han;lrﬁ been
designed for avoiding this delay by sending tripping impulses @stegd
of stabilizing or non-tripping impulses. Duplex telegraph circuits
may be used for the transmission of these impulses. Carrier tele-
graphy along the high-tension line itself has also been used.

________________ R 000
_l[_@l e PILOT 5:E1TH ______ 1_1
a0l [ H 000
e R S iy it
4000 L
ELAYS
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— AN
LAV
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Fro. 220, MEeRrz-Price oN THREE-PHASE Lixe
(Automatic Protective Gear {Henderson))

Baraxcep Prormorive Systems. The principle of balanced
protective systems is shown in Figs. 207 and 208, and examples of
the Merz-Price system are shown in Figs. 210 and 211. The use
of the McColl biased system to eliminate error due to imperfect

Rl [R| IR
R

e gx CF
" LF R

¢, t4)
&1 : C.I
Uu; 1}‘;”
Ol c.1.
AR 2

fi )

Fig. 221. BeArD-HUNTER SHEATHED PinoT SYSTEM

balancing of current transformers is shown in Figs. 209 and 213.
Tig. 220 shows the Merz-Price opposed voltage gystem npplm-:}} to a
three-phase line. The 3-wire pilot consists of a 3-core, 7/0-029 in.
cable. Distributed-air-gap transformers are rfaqu{red in order that
they may not be saturated when heavy short-circuit currents flow.
When a short-cireuit current passes through a healthy line, the
current transformers may have induced in their aecc::nda-rms equal
o.m.f.'s of about 1000 volts. Although these e.m.f.’s oppose, the
oapacitance currents that flow may be large enough to cause flﬂ.lﬂﬂ
operation. The capacitance currents are diverted from the relays
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by the Beard-Hunter sheathed pilot cable. In this cable each
conductor is surrounded by a metallic screen which is divided at
the centre of its length, as shown in Fig. 221. The capacitance
currents flow in the loeal circuits formed by the pilot, sheath, and
transformer, and do not flow through the relays.

The translay system is one of the modern modificatidbns of the
Merz-Price opposed-voltage system. Fig. 222 shows a simple form
of translay protection for a single-phase feeder. “So long as the
feeder is healthy, the line current transformers 10 and 10a at opposite
ends of the feeder carry equal currents and the coils 11 and lla
connected to them induce equal e.m.f.’s in the windings 12 and 12a
respectively. Coils 12 and 12a are connected in opposition by means
of the pilot wires, with the operating windings 13 and 13a in series
with them.”

The translay relay is of the induction disc type, the novel feature
being of a transformer character.

Fig. 223 shows a modified scheme for the protection of a three-
phase feeder, employing type H (single-element) translay relays.

The upper magnetic circuit has three windings, two primaries,
and a secondary. The upper and smaller primary is a phase-fault
winding and is connected across the red and blue protective current
transformers, whilst the mid-point is connected to the yellow. The
lower and larger primary acts as a leakage winding, and is connected
between the B transformer and the star-point of the current trans-
formers. The secondary on the upper magnetic circuit behaves like
the opposed-voltage transformer in the Merz-Price system and is
connected in opposition to a similar winding, via two pilot wires,
at the other end of the feeder. The windings on the lower magnetic
circuit are in series with the pilot wires. The moving disc is com-
posed of two sectors. Under normal conditions no current flows in
the pilot wires as the opposed voltages are equal. When a fault
oceurs, the voltages in the windings are unequal and a current flows
through the lower elements and the pilot wires. The flux produced
in the lower magnetic elements interacts with the leakage flux of the
upper magnetic elements to give a forward movement of the disc:
the phase relation required for this is obtained as in a watt-hour
meter. The capacitance currents lead the voltages and tend to
rotate the disc in the opposite direction because of a closed copper
ring near the end of the projecting limb of the upper magnetic
circuit (see 18 and 18a of Fig. 222): thus the main disadvantage of

the Merz-Price method has been avoided.

The translay relay can be biased by an unsymmetrical phase
adjustment, which gives a backward torque when the flux in the
upper element is large.

Split-conductor protection has the advantages of a balanced method
of protection without the disadvantage of pilot wires. Fig. 224
shows the basic idea of the Merz-Hunter split-conductor system.
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Each phase of the line is split into two sections which are only
; lightly insulated from each other. A single-turn current transformer
" ig inserted at each end of the split conductor in the manner shown;

. “ the arrangement is identical with that of the well-known chp-nn
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- F1a. 224, Srrir-coNpDUoTOoR PROTEOTION

are anerglzad In the best arrangement, which is shown diagram-
tically in Fig. 224, the splits are carried into the cirouit-breakers,
at the splits are both opened by the breakers. The reason is as
wa. If the fault is at the receiving end of a long line, the
iving-end breakers operate first; then if the breakers merely
_'.'bha common end of the splits hut leave the splits connected to
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a common end, the sending-end impedances will be nearly the same
and the sending-end breakers will not operate, If the splits are both
opened, as indicated, the healthy section talkes no current and the
faulty section takes a current which operates the sending-end

breakers. )
DisranceE or ImpEpANCE PrormcTioN. The cost of pilot wires
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Fig. 225. Disraxce or IMrPEDANCOE PROTECTION

on long overhead systems is prohibitive, and distance protection has
been designed to give discriminative protection without pilot wires.
Fig. 225 (@) shows the simplest system consisting of feeders in series,
such that the power can flow only from left to right. If a short
circuit oceurs at P between € and D, the impedances at 4, B, and C
are Z, + Z, + 2, Zy -+ Z, and Z respectively. The relays are set
to operate with impedances less than Z,, Z,, and Z, respectively,
so that only relay €' will operate. Similarly, if the fault ocours
between B and C, only relay B operates. The principle of operation
and some types of impedance relays have been described. (See
Figs. 205 and 206.)
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A system with instantaneous impedance relays, set to act on
impedances less than or equal to the impedance of a section, would
be difficult to adjust; a fault near the junction of two sections is
likely to cause the operation of two relays. Furthermore, if a fault
of finite resistance occurs near the end of a section, it is possible
that the total impedance is greater than that for relay operation.
For these reasons it is advantageous to use impedance-time relays,
. the characteristics of which are shown in Fig. 225 (), for the system
- of Fig. 225 (a). '

. If a fault ocours on the right-
.~ hand side of a junction, B say,
~ relay B operates in the minimum
~ time ¢, and the breaker at B
{ f f f °f

. operates t, sec. later. If ¢, is i
.
i

" madeless than the time difference }
. ‘between consecutive relays, only Switch
 one relay will operate. Breakap

~ Suppose that the fault at P
. has a resistance which causes
. the total impedance at C' to be
. .represented by the point P’
- (the fault resistance being
. PP’). Relay C operates in time {
 P'C’, whereas in the previous } }
. pystem it would not operate
. atall % l%l [{]
~ An impedance-time relay is a
- delicate mechanism, and it is
. considered worth while toreplace
. it by three simple impedance-
- relays with a definite time of operation. The geries combination
'?,-;E:En be arranged to give a three-step-time characteristic, as shown
- in Fig. 225 (c), which does the same thing as the previous linear
\ characteristic.
~ The effect of arc resistance or the resistance of the earth return
- path of a fault can be avoided by the use of a reactance relay, which
1 perates when the reactance is less than a certain value and ignores
. the resistance of the circuit. The reactance relay is made in the
- same way as the impedance relay, but the flux due to the potential
- coll is shifted in phase.
* Bus-bar Arrangements. There are two types of switches, circuit-
- breakers and isolating switches. The former must he capable of
“breaking the maximum short-circuit currents; the latter are oper-
d only under conditions of no current, are much cheaper, and
8 merely knife switiches in air or oil.
n small substations there is a single bus-bar, and the arrangement
_j:‘ahuwn in Fig. 226. The bus-bar may be sectionalized by a

o

Fra, 226, Sixarne Bus-BAR
LayouUT
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circuit-breaker and isolating switches, so that a fault on one part
does not cause a complete shut-down.

Fig. 227 shows a ring bus-bar system. The circuit-breakers are in
series with the ring, and each feeder is supplied by two paths, so
that the failure of a section does not cause any interruption of
the service. .

Fig. 228 shows a single circuit-breaker station which was
introduced by the C.E.B. and is working successfully. The pro-
tective current transformers are so arranged that, when a line or

= [solating Switch

[:] = Circust Breaker

Fig. 227. Rixg Bus-BArR SYSTEM

transformer fault occurs, both the 132 kV. breaker and the low
voltage breaker on the fault side are opened.

On a large system with many circuits it is usual to have duplicate
bus-bars. A typical diagram is shown in Fig. 229, in which both the
high and low voltage bus-bars are duplicated. In this case it is
possible to split the plant into two entirely separate systems, which
can be worked at different voltages if so desired. If it were desired
to switch a circuit from one bus-bar to another without interruption
of service there would have to be two circuit-breakers per circuit.
This is too expensive, and the scheme of Fig. 229 is adopted, in which
there is only one breaker per circuit and the service must be
interrupted for a switch-over. The bus-bar coupling switch is
required to effect a quick and easy transfer; the use .of a bus-bar
coupler and sectionalizing breakers converts the duplicate bus-bars
into a ring system, which has great flexibility.

Testing of Transmission Systems. It is necessary to carry out
regular and exhaustive tests, in order that the elaborate systems of
protection be kept in perfect working order. When a system ie

: I. % I“ 5”5'6.51"
i 4 i ) & 4 L.a-,‘_:r' Caﬂﬂﬁﬁ

132kV, . 132kV
) Supply from Grid

Circuit-Breaker

o
. ~ By-pass _

wfvﬁ N\{\A
e Iransformers D300

Low Voltage Breakers|

7 132 kV.

Low Voltage Bus-bars

Fra. 228, Smore CIROUIT-BREAEER STATION
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Fia, 229, Dupricarn Bus-BAR SYSTEM
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first installed, it must be tested with short circuits of the various
kinds under normal conditions of voltage; alternatively fault cur-
rents may be produced at low voltage, but this is not quite so good
as the former method. _
Staged faults at normal voltage can be carried out by putting an
isolating switch between a phase and earth, or arranging & copper
conductor to fall across two phases: an arcing earth can be simulated
by inserting a fusible link between a phase and earth. The time for
a staged fault must be chosen so that extensive preparations against

HV Healthy Cable ¢
Voltage Rectifyng = ;
Regulator alce R ;
L 5 Spark i Copper
A (G Gap  Sond
AC Safet ' ¥ |
e afty® Q

GapEL A P”Z .B

ra. 230. Hiee Vorrace Murray Loor TraT

disturbances can be made; important consumers must be provided
with an alternative circuit of supply or they must be advised of
the interruption. Considerable organization is required so that the
system can be made normal as soon after the test as possible; for
instance, telephone communication between the various stations
should be maintained throughout the duration of the test.

Fault Location. The most usual types of faults are earth faults
and open circuits; occasionally there is a short between two
conductors without an earth. '

Loop tests are used for earth faults; the fall of potential method
can be used for earth faults or short circuits; capacitance tests are
used for open circuits ; and induction methods can locate earth f&u]tg

If a core has shorted to earth, the ordinary Murray loop test is
available for location. If the fault scals up after breakdown and
is only apparent at high voltage, the H.V. Murray loop test shown
in Fig. 230 is usually successful. A healthy cable is bonded with
the faulty cable at the far end, and the bridge is supplied with
high voltage d.c. through a valve rectifier. The voltage is raised so
that & small current is registered by the milliammeter A, and a
preliminary balance is made. The current is then increased and
the balance is more closely approached. At balance

R Resistance of (CD + BP) _ r.CD - r,BP
Q@  Resistance of AP r AP

_ Ay r)AB — r AP

- r AP ’

=
A

u
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_ (I 4 1nyfr)
AR= g * 45

where 7, is the resistance per unit length of 4B and r, of CD. I
equal gauge cables are available, r; = r, and

g
1+ R/Q

Although there is very little voltage on the cable when the fault
is present, the voltage will rise to a dangerous value if the fault
clears. It is therefore necessary to insulate the controls for the full
voltage applied and to use a safety gap. Moreover the galvanometer
should be protected by a spark-gap.

Fig. 231 shows the Murray loop test as applied to the location of
a short between two cores. The distance AP is found as before.

8o that

AP = X AR.

D Healthy Core 5
—{?@ P Eﬁm |
= A T
T i Cores >
‘Pf

Fig. 231. MurrAy Loor TesT ror SHORT BETwneNy CoreEs

The Werren (overlap) method is used to locate a fault involving all
conductors, when the conductors are not broken and there is no
gound core available. The cores are tested for resistance to earth,

- o >

o
Y.

Fig. 232. WrrreEN Overvar METEHOD

and the core with the lowest resistance is used in econjunction with

| :.' - that of highest resistance in the way shown in Fig. 232. The loop

test is performed from the left end, keys S, and S, being closed and

8; and 8, open; then the test is repeated at the right end, keys
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8, and 8, being closed and S, and S; open. The distance of the
fault is given by

-

P —Q)+P—Q) "

The method fails if the cores have equal resistances to earth,

gince in that case P = @ and P' = Q.
The fall of potential method is illustrated in Fig. 233. The current

7 -
D
@ - |
= = "’iﬁ

Fig. 233. Fain or PoTENTIAL METHOD

o —

Ah'@'mt

is adjusted to & reasonable value and the voltage between A and C
is read ; suppose it is V;. If the current is ¢ and the resistance per
unit length is r,

Fl == ?':F‘I'.,
gince the resistance of the. voltmeter is high compared with that
of the conductors and all the current flows along 4P. Let now the
same current be fed in at C instead of 4, and let the voltmeter

reading be V,. Then

We have therefore

T .._-VI - - Fl
et T = R

A short between two cores can be located by measuring the
resistances between the cores at each end, the cores being open
circuited at the other. Tig. 234 illustrates the method. The

resistance at A is

r, =2z 42,

where z is the resistance of the fault between the cores and x is now
the resistance of the line up to the fault,

Similarly
ry = 2R — 2z 1 2

Subtraction gives
dx—2R=1r,—1,
or z= %R+ Hr,—15).
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Knowing the total resistance and the resistance per unit length
we can calculate the distance of the fault.

In the induction method of fault locating, current is passed along
the faulty cable through an interrupter. A search coil, which is
connected to a telephone, is moved along the cable. A buzzing
noise will be heard until the '

search coil passes the fault, = R — =
when the noise ceases. The © X 2
presence of a lead sheath or A %2 B
armouring makes this method 20 5

. of detection uncertain, If the
- position of the fault is known
. approximately, a very effec-
. tive method of finding the exact position is to use a telephone
. diaphragm attached to one end of a long stick, the other end of
~ which has a blunt nail driven into it. The blunt nail is run along

Fio. 234. Faurr serwEEN CoREs
BY RESISTANOE MBASUREMENT

! 4 | | B

L e o

—_ 'L O J: C(l-x)
% K3

i

Fﬁ;. 935. Barrastio METEOD oF FINDING A BREAK

- the sheath, and when the position of the fault is reached a loud

buzzing is heard in the telephone.
. The capacilance method of locating a clean break, in which the
~ insulation resistance to earth is high, is indicated in Fig. 235. The

E O - 7 o 0
[ %, @% -L»J_n Cli-x)
7 7

Fia. 236. A.C. Bripgr MeETHOD OF FINDING A BREAX

~ cable is charged up to a potential ¥ at end 4 and then discharged
*gﬁ],;gongh a ballistic galvanometer B.G. The kick is

E d, = kCxV,

*}'i‘i’hﬂl‘ﬂ C is the capacitance per unit length, AP =2, and % is a
. constant of the galvanometer.
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The procedure is repeated at end B when the kick is

dy = EC(l — x)V.
By division we have
d’l[dﬂ == :GHI"_ &E},
&
; __ %
- Le. xT dl + tla

If the ends of the broken conductor have resistances §; and S,
to earth, an a.c. bridge can measure the capacitances. Fig. 236
shows the method. In the condition shown a balance is attained when

Cx = (afb)0, and S, = (bfa)S;".

C(l— z) can be found from a similar measurement at end B,
and z can be calculated as before.

EXAMPLES IX

i i i 1 1 1 ir- kk circuit-
. Disouss the essential considerations in the design of an air-break ci
bre];akﬁ:- for medium power. How can & delay action be incorporated in the
switeh itself? (Faraday House, 1935.)
9. Describe the usual method of rating gircuit-brealcers. What eircuit
features decide the severity of the conditions to be met by the breaker? How

. - ir-blast or oil circuit-brealersa?
do these affect the design of either air (Lond. Univ., 1954.)

i i i ort-circuit testing station. What
3. Describe the essential equipment of a short-circult tes
are the special features of the main generator and its exciter? What records

: . s ircuit-brealker 1
are usually taken in testing a large eircuit-br (Lond. Univ., 1954.)

' in (i ir- ircuit-breaker

4, D be the process of are rupture in (i) an air-blast a.c. circul :
(ii) an g?ﬁll:raak n.E. circuit-breaker with arc control. Discuss the advantages
and disadvantages of air-blast and oil-break cireuit-breakers for large powers

i ltage. .
an]c_-l];:cgrl;bz? t?lﬁ;h a sketch, the arrangement of the contacts and operating

- e ircuit-brealer.
mechanism of one form of air-blast circul (Lond. Univ., 1953.)

5. Give a comparison between the translay, solkor and balanced-voltage
tection. ]
Eyﬂ]giﬁ ifdl?ilz;cé,ram of connections and explain the upﬁra.tl?n nftnuakﬂf these
idi i t ticular part of a supply network.
systems providing protection at & paru 2 . Ui o4,
6. What are the main causes of surges ﬂinﬂ tzlverhead transmission lines?
in how the waveform of a surge is specified. .
E%}:cmuss the protection of the terminal equipment of a line from‘aurggﬂ,ﬂand
describe one method of protection. : (Lond. Univ., lt;i D
7. Describe the principle and construction of a relay whose operation 1n
tripping the circuit-breaker of a faulty feeder depends upon the ;mpudemhna
of the arc between the circuit-breaker and i;ha fauit a.n]rf: show how such a
ged to give sslective protection to a network. o
mlgiuﬁntﬁzbuwith agsyﬂtram protected in the above manner the minimum
possible clearance time for a fault at the far end of a section of a transmission
line consisting of a number of sections geparated by substations 18 equal :u
twice the time taken for the circuit-breakers to operate plus the time taken to

gtart the relay.
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What modification to the above system of protection can be made in order
to render the operation independent of the resistance of the fault?

8. Discuss the advantages of *“‘end balance” methods of protection and
explain the prinecipal difficulties to be overcome in the design and operation
of such a system. Describe one system applied to the protection of an alter-
nator, stating what controls must be operated by the protective gear.

(Nat. Cert., 1935.)

9. Explain, with the aid of a diagram of connections, the principle of
operation of a current-balance system of protection against earth and inter-

ase faults for a star-connected 3-phase generator.

A 3-phase, 2-pole, 11-kV., 10 000-kVA., star-connected alternator has a
reactance per phase of 2.4 (), and a resistance per phase of 0-25 {). and the
neutral is earthed through a resistance of 7 ). If the machine has current-
. balance protection, which operates when the out-of-balanee current exceeds

- 209, of full load, determine the percentage of the alternator windings protected
- against an earth fault on one phase. (Lond. Untw., 1950.)
: 10. Discuss the protection of an alternator running in parallel with others
. against reverse power and describe in detail a suitable relay system with
. inverse time limit for operating the isolating circuit-breaker.
3 (Faraday House, 1935.)
- 11. Describe, with a diagram of connections, a form of biased relay protec-
~ tion for either a generator or a transformer, stating how the correct bias may
- be pgiven to the protection. '
e A three-phase transformer of 220/11 000 line wolts ratio is connected
~ ptar/delta and the protecting transformers on the 220 V. side have a current
~ ratio of 600/6. What must be the current ratio of the current transformers
- on the 11 000 V. side and how ghould they be vonnected ?
AN (Lond. Univ., 1931.)
3 12, Write a short account of protection of cables against overload and
. eakage, giving details of methods employed. (Faraday House, 1935.)
. 13. Describe the principle and draw a connection diagram of the Merz-
. Price balanced protective system as applied to the protection of a three-phase
~ transmission line.
- What are the possible causes of false operation of the above system and
. what modifications can be made to it to guard against this?
; : (Lond. Univ., 1933.)
- 14, Explain briefly the difficulties associated with balanced systems and
. with distance systems of protection for the overhead lines of a power system.
~ _ Describe a form of interlock protection designed to overcome these
‘difficulties and state the circumstances in which it can be satisfactorily
applied. (Lond. Univ., 1934.)

- 15. Describe with sketches the construction of an over-current relay of the
induction type and explain the action. Describe how the over-current and
time-lag settings aro adjusted, and sketch a typical current-time characteristic.
 What advantages has such a relay over one of the plunger type with time-lag ?
R {Lond. Univ., 1949.)
~ 16. Sketch one form of over-current relay operating on the induction
‘principle. Explain its action, and how the current and time settings are
adjusted. Draw a diagram of connections and sketch a typical characteristic
e, Disouss the advantages of a relay of this type over one of the plunger
dor t-he_uver;uurrant protection of a.c. circuits. (Lond. Univ,, 1947.)
. Deseribe a method of locating each of the following types of fault on a
re cable, both ends being available for testing.
A short circuit between two cores, one core being completely broken
ugh but neither core being earthed.
'.A complete break in both cores with no earth at the brealk.
/ ,"_,,l_ An earth fault on one core only, which seals itsell as soon as the voltage
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insufficient to maintain the are; in high voltage systems a, Eapar&tlnn

of many yvards would be necessary for this purpose.

The conductance (i.e. the reciprocal 1stance) of the arc
is proportional to the number of electrons per em.® produced by the
ionization, the square of the diameter of the are reciprocal

of the length. As we have stated, we cannot do much by inereaaing
e of the arc to any reasonable value. What can be done is
to decrease the density of the free electrons, 1 e. reduce the 1sz&tmn

and e the diameter of the aro.
The process of are extinetion in a d.c. circuit is more prolonged
than in an a.0. circuit, and will be discussed first. Free electrons

are produce an arc in two main ways: (1) by thermal ionization n,

i.e. ionization by collision of the atoms due to thermal ag1ta.tmn
(2) by ionization by bombardment of electrons which attain high
speeds under bhe electrostatio field. Free electrons are withdrawn

wm%'@! by re-combination of electrons >
and positive ions; (4) and by diffusion of electrons gut of the arc. *#
ste

nd
nder steady conditions (1) 4 (2) = (3) 4 (4). To extinguish the
are 1t is necessary to decrease (1) and (2), so tha r‘f*.,_,,&b

(1) + (2) < (8) + (4). & em‘r-ﬂ.}h;; L

The only possible way of doing this is to decrea.s{{l! 1:? uooling"b

the arc. To find the cooling necessary, we imagine that the circult
voltage F acts through an external resistance R across the arc
resistance E,. The rate of heat generated in the arc is

B2R,J(R + R,)* watts,

and has a maximum value of E*f4R when E, = R. When the aro
is new R, is small and the heat generated in the arc is small. If
the rate of cooling is high, the arc will get cooler. If the rate of
cooling is less than E?*/4R, a point will be reached when the rate
of heat generated in the arc is equal to the rate of cooling. The are
will then stay at this stable position of equilibrium. If, however,
the rate of cooling is greater than E%[4R, cooling is progressive until
the arc is extinguished. It is therefore necessary that the rate of
cooling be greater than E2*f4R for the extinction of a d.c. arc
by cooling.

Arc extinction in a.c. circuits differs from that in d.c. circuits
because of the passing of the current and voltage through zero at
intervals of {};sec. It can be shown that if the a.c. arc had to
be extinguished by cooling like the d.c. arc, it would be necessary
to have a rate of cooling greater than E2?/2X, where X is the reactance
of the circuit supplying the arc. A circuit-breaker large enough to
dissipate heat at such a rate is many times larger than that required
in practice. The extinction of an alternating current arc is illustrated
in Fig. 192, which represents the main features of many oscillograph
records of a.c. ares, The cirouit current is taken as zero to begin with.
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. A short circuit is applied at the instant when the circuit voltage is
zero, 8o that the doubling effect of the short-circuit current is
obtained. |The short-circuit current is shown as settling down from
the unsymmetrical large value to a somewhat smaller and sym-
metrical value, until the contacts begin to open 6 half-cycles later.
Up to this point the voltage between the contacts is clearly zero,
but the circuit voltage is gradually reduced by the effects of arma-
ture reaction in the generators. When the contacts open, the arc

Instant of
Short &
circurt
I Contacts ﬂfgpgﬁ '
- open i
™~ A CA ‘
: ~d._ ! : .r i I p 2 co ;,.t_'(.:)
Cﬂrrfﬂf through | ~ i /7 : A 5
E | —
Circuit-Breaker | VY W L
' \f:' ﬁecwery

L‘j t.f(fmgem_ﬂ,___/

-
-
-

\;<

o
S
g
|

Power in
Arc

Fig. 192, ExTINOTION OF ALTERNATING CURRENT ARC

is struck, the current is maintained as before, whilst the voltage
between the contacts is of the form shown; this voltage is quite
small to begin with. When the current reaches its zero position,
the arc is automatically extinguished and the voltage between the
contacts is zero. The voltage then increases in the opposite direction
and soon reaches a value which is sufficient to restrike the arc;

~ during the period of quiescence a certain amount of recombination

of ions and cooling takes place, so that the restriking voltage is
somewhat greater than the voltage previously required for the
maintenance of the arc. This goes on for several half-cycles, at the
end of which period sufficient recombination of ions and cooling has
taken place for the circuit voltage to be insufficiently large to
restrike the arec. The arc is then extinet, the circuit current is zero,

" and the circuit voltage recovers and increases finally to its normal
. value. The recovery voltage is somewhat less than the normal

circuit voltage, because of armature reaction; its value depends




274 ELECTRICAL POWER

cable AB having length of 3 miles, the following readings were taken by
means of a Wheatstons bridge—

Reﬂgtanca between cores measured at end 4 with end B open-circuited
= 10 2.

I;afistanca between cores measured at end B with end 4 open-circuited

= 8:16 {).

*  Resistance per mile of each core = 1-77 (.

Determine the position of the fault. (Lond. Univ., 1932.)

18. Give a diagram of connections for, and explain the working of, a system
of protection suitable for a 3-phase delta-star distribution transformer. There
are three line conductors on each side.

What precautions are advisable in current transformers intended for
operating protective gear with the likelihood of heavy through faults, and
what is the meaning and purpose of ‘‘restraint’ 7 (Lond. Univ., 1948.)
~19. Explain the nature and behaviour of the arec in an ordinary circuit-

breaker.

Describe briefly methods which are being developed with a view to reducing
the duration of the arc in circuit-breakers of both the oil and other types.

(Lond. Univ., 1936.)

20. Draw a diagram of connections and explain the principle of operation
of a current-balancing system of protecting a 3-phase turbo-alternator against
internal faults (earth and inter-phase),

A 3-phase, 20-MVA., 11-kV., star-connected generator is protected by the
above system. If the ratio of the current transformers is 1 200/5, the minimum
operating current of the relay is 0756 A. and the neutral-point earthing resis-
tance is 6 ()., calculate the percentage of each phase of the stator winding
which is unprotected against earth faults when the machine is operating at
normal voltage. (Lond. Univ., 1947.)

21. A 5000 kVA., 6600YV., star-connected alternator has a synchronous
reactance of 2 (). per phase and 0-5 (). resistance. It is protected by a Merz
Price balanced-current system which operates when the out-of-balance current
exceeds 30 per cent of full load current. Describe this method of protection
and determine what proportion of the alternator winding is unprotected if the
star point is earthed through a resistance of 6-5 (). (Lond. Univ., 1837.)

22. Explain the terms “symmetrical breaking current,” ‘“‘asymmetrical
breaking current,’” “‘making current,” as applied to oil circuit-breakers, and
show how these currents are determined from oscillograms taken during
short-circuit tests on a 3-phase cireuit-breaker. Explain why at least one of
such oscillograms of current in a 3-phase short-circuit test shows asymmetry.
What is meant by the rated MVA. breaking capacity of a 3-phase circuit-
breaker ? (Lond. Univ., 1947.)

23. Describe the “‘star” or *‘tie-bar” method of interconnecting bus-bar
sections and compare it with other bus-bar arrangements.

A generating station contains three bus-bar sections, to each of which is
connected a generating unit of 60 000 kVA. having 1569, leakage reactance,
the bus-bar reactors having a reactance of 109. Calculate the maximum
kVA, fed into a fault and also the maximum kVA., if the number of bus-bar
sections is increased to infinity. (Lond. Univ., 1949.)

24, Explain why it is necessary to provide surge protection in the terminal
transformers of an overhead transmission line, and briefly deseribe two methods
whereby such protection is obtained.

An overhead line is connected to a transformer by a short eable. If a 50-kV.
surge travels along the line towards the transformer, estimate the voltage of
the surge reaching the transformer. The inductance per mile of cable and line
are 0-56 mH. and 2-8 mH. respectively while the corresponding capacitances
per mile are 0'4 uF. and 0-01 uF. Deduce any formula used other than

surge-impedance = V L/C. (Lond. Univ., 1949.)

i
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also upon circuit conditions. The energy absorbed by the arc can
be measured directly on the oscillograph or it can be calculated
from the current and voltage curves; the form of the power curve
is shown in Fig. 192, Experiment shows that 1 kW.-sec. of energy
liberates about 60 em.? of gas, and it is necessary to design the size
and strength of the circuit-breaker to withstand the explosive

Fixed Contact

Moving
Contact
Water
Receptacle
—+—Air Pressure P
for Opening
Expansion
Plunger ‘Chamber

] Air Pressure
........ : for Closing

Fra. 193A. AIR-BLAST I'tg. 1938. Warenrn Circulr-
CIRCUIT-BREAKER BREAKER

(I.E.E. Students’ Journal)

pressure due to this sudden formation of gas. There is an empirical
formula for the arc energy, namely,

arc energy = kVA. interrupted X 0-1 X arc time in sec.

Thus if the kVA. interrupted is 500 000 and the arc is extinguished
in 4 half-eycles, the energy is

500 000 % 0-1 x 004 = 2 000 kW .-sec.,

and the gas liberated is 120 litres or about 4 ft.° In practice the arc
may last for as long as 0-1 sec. or more.

Any method of decreasing the diameter of the arc or reducing tho
density of the ions will result in an increased restriking voltage and
‘a quicker extinction of the are.

There are various ways of achieving a reduced diameter and
density of ions.

Tig, 1934 shows a sketch of the air-blast circuil-breaker. The
breaker is closed by applying pressure at the lower opening, and
opened by applying pressure at the upper opening. When the
contacts separate, the cold air rushes round the movable contact
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and blows out the arc. Fig. 1938 shows the principle of the water
circuit-breaker. The contacts are in water, which is turned into
steam by the arc and rushes past the opening to blow out the arc.
Both these forms of circuit-breaker are much smaller than the oil
ecircuit-breaker, and operate in one or two half-cycles.
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Fia. 194, Cross-JET IExrrosioy FPor
{Outdoor High Veltage Switchigear {(Todd and Thompson))

Fig, 194 shows a section of a cross-jet explosion pot. Below tha

female contact there is a shroud, consisting of a stack of insulating
- plates with channels at right angles to the are. When the contacts
.~ part the arc breaks up the oil surrounding it into gas at high
~ pressure, and the gas expels a cross-jet of cold oil from the side
. pocket through the channels across the arc as soon as the movable
- contact passes an opening. If the short-circuit current is heavy,
~ the pressure of the gas is great and the cross-jet is sufficiently
.~ powerful to extinguish the arc at the first or second channel. In
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order to break relatively low currents it i8 necessary to have more
channels. Fig. 194 shows a 66 kV. breaker which has four channels.
Fig. 195 shows a three-phase circuit-breaker operating at 33 kV.,
fitted with cross-jet contacts.

A recent development is the single-break switich, which has the
advantage of a much smaller construction. It is not much less

x| "..- L s b ity
ot SR W .

- 2 - A P e S S Es ==t
Fiag., 195. Tarpr-PEASE 33 KV, CIROUIT-BRUAKER
witTlH Cross.Jer CoNTAOTS
(Metrapolitan- Vickers)

effective than the double-break switch for the following reason.
Suppose that the fixed contacts 4 and C have capacitances of
10 uuF. each to the moving contact B, which has a capacitance
of 40 uuF. to earth (See Fig. 196). If an earth fault occurs on C,
the resulting capacitances are 10 uuF. between 4 and B and 50 yuF.
between B and C. The voltage between 4 and C is then taken .as
to five-sixths by the gap AB and one-sixth by BC, so that the arc
AB does nearly all the work, and a single-break switch would be
nearly as effective as the double.break. Fig. 197 shows a single-break

e
L
5

1

B -
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switch, with cross-jet pot and gang-operated oil-immersed isolators
on the bus-bar and cable sides. '

In the deion circuit-breaker (Fig. 198), a stack of iron plates is
magnetized by the arc current, and the resulting magnetic field
forces the arc along the cold surface of a grid of insulating stacks, and
this resulfs in a rapid cooling and deionization. The arc is in two
parts, each of which flows by a stack of iron plates 4 in. thick,
separated from each other by {%;in. and protected by an asbestos
arc-resisting material.

Rating of Girtﬁit-bmkais.
The current is en a8 the :
r.m.s. value at the instant that A c —E
the contacts open. It is seen in
Fig. 192 that the current has a 10uuF,
d.c. component which decays '
rapidly : let the value of the d.c.
component be I at the instant of
contact separation. Let the a.c.
component have peak value 1.

Then the r.m.s. value is

V(1% + 33,

and this is the value taken as
the current broken. Continental
practice ignores the d.c. component. The voltage is taken as the
recovery voltage, which is somewhat less than the normal circuit
voltage; American practice is to take the normal voltage. The
product of the current and the voltage to neutral gives the kVA.
rating per phase. The American rating is thus higher than the

Oupe

B

== 40uur.

T
Fig. 196, DoUBLE-BREAE SWITCH

; rating given in this country. Thus the ratings of a certain breaker
. according to Continental, British, and American practices are
~ 385 000, 456 000, and 526 000 kVA. respectively.

The conditions of severily for circuit-breaker operation are the
power factor of the load, the recovery voltage, and the rate of rise
of recovery voltage. :

If the power factor of the circuit to be interrupted is unity the

. voltage is zero when the current is zero, so that when the arc is
. temporarily extinguished there is no voltage immediately available

to restrike it. If the power factor is zero, the voltage is a maximum

~ at this instant and the arc is more easily restruck. It is found that

the duration of the arc is approximately proportional to sin ¢

- when the power factor is low. British practice requires that the

breaker be capable of interrupting the rated current at 0-1 power

. factor, .which corresponds to short-circuit currents under the worst
- conditiona.

The recovery voltage depends uj_:rnn the oircuit conditions, and

.~ there is a desire to consider it as a condition of severity. Thus if
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there is a three-phase short to earth, the recovery voltage on the
first breaker to open is equal to the phase voltage (less the drop
due to armature reaction, ete.) if the neutral point of the generator
is earthed; but 4/3-times this if the neutral is not earthed. The
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T'rg. 107. SINGLE-BREAK SWITCH WITH
Cross-JET PoT
(Metropolitan-Viekers)

rate of rise of recovery voltage has an effect on the extinguishing of
the are. When the current falls to zero the ions in the are recombine
and the dielectric strength rises at a rate between 10 and 200 V.
per cm. per usec. At this instant the voltage is zero and is rising.
If the rate of rise of voltage is less than the rate of rise of dielectric
atrength of the gas the arc will not be restruck; if greater, the arec
will be restruck. The rate of rise of recovery voltage is affected by
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the high-frequency oscillations of the electrical system. If the
capacitance of the system is high, i.e. the line is long, the frequency
of the oscillations is comparatively low, about 300 cycles per sec.,
and the rate of rise of recovery voltage is smaller than if the line
is short, the capacitance low, and the frequency high (say 3 000
cycles per sec.). It is thus easier for the arc to be extinguished if
there is a large capacitance in the system. Circuit-breakers are
usually tested by direct connection to a generator, so that the

I'ta. 198. DrioN CIRCUIT-BREAKER
(English Electric)

capacitance is low and the conditions are'as severe as will be met
in practice.

Air Circuit-breakers. These are much used for d.c. circuits and
for low voltage alternating currents. Fig. 199 shows a heavy-current
air eircuit-breaker. It consists of an upper and a lower contact
block fixed to the switchboard panel, and a moving brush contact
which bridges under pressure the stationary contacts. In addition
to the main contacts, auxiliary copper contacts are provided to
protect the main contacts, and also springs carrying carbon contacts
on which the final break is made.

To obtain proper contact pressure the link mechanism is designed
to toggle, and the links are held in position by a hardened latch,
which is tripped by the operation of the various automatic release
devices. Various automatic attachments may be provided for over-
load trip with or without time lag, reverse current trip, under
voltage trip, shunt trip, or tripping interlock to ensure simultaneous
tripping of two or more breakers. The time delay device usually
consists of a dashpot and plunger, which is retarded by oil or by
air esoapement.

9—(T.54)
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Fuses. The low-voltage fuse or fusible cut-out consists of a short
length of conductor, which can carry a certain current indefinitely
but will fuse if the current is greater. The time to fuse or blow
depends upon the magnitude.of the excess current. Small current
fuses (up to 100 amperes) are usually the only protective devices
included in domestic installa-
tions. Tuses for large currents
(up to 600 amperes) are made
for low-voltage supply sys-
tems; one very successful
fuse for large currents consists
of parallel strips of silver;
another consists of a copper
strip with a waist which is
cut and soldered together,
These typesof fuseareenclosed
in cartridges of porcelain or
synthetic heat-resisting sub-
stance such as bakelite.

In high-voltage rural dis-
tributionschemeshigh-voltage
fuses are used as alternatives
to the oil circuit-breaker._
Recent research has produced
fuses with a breaking capacity
of 900 000 kVA. at 132 kV.
and 500 000 kVA. at 11 kV.

The tetrachloride fuse con-
sists of a strong glass tube,
sealed at both ends with brass
caps, and filled with carbon
tetrachloride. A flexible
copper conductor is held by a
strong spiral spring (usually
of phosphor bronze); one end
of the spring is fixed to an

1

end cap, and the other end is
held by a high-resistance wire
which is in parallel with the
copper conductor. When the current exceeds a certain value, the
high-resistance wire fuses, the spring pulls back the copper conduc-
tor, and the aro is quenched by the carbon tetrachloride vapour.
The amount of metal vaporized is very small, and the explosive
pressure is not unduly great. Quenchol is used sometimes instead
of carbon tetrachloride.

There is a cartridge-type fuse consisting of a bakelized canvas
tube filled with powdered quartz. The conducting element consists

Fra. 199. HEAVY-OURRENT,
Amr CIROUIT-BRHAEKLE
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of silver and high-resistance wires in parallel : the vaporized silver
forms silver silicate which is non-conducting. .

Both the above types of fuse will clear a heavy fault in one or
two cycles, and thus they compare favourably with a relay-operated
circuit-breaker which takes 0-2 to 0-5 sec. The disadvantage of
fuses is !:he_lr m_:rmpletﬂ lack of discrimination, as they will cut out
any section which carries the excess current.

Relays. There are many kinds of relays in service in protective

systems, and there are many designs of relay for the sam 086.
The name attached to a relay e 4 R

indicates its function, e.g. AC
overload or over-current relay,
reverse power relay with
graded time-lag, ete,

Fig. 200 shows an instan-

taneous relay of the attracted =%

irmature ty}]l_na. The a.c. or E g;ﬁurf
.¢, through the windin h

attracts the armature a,ng ‘-.J.-.-T'!

makes the contacts ¢ and D. i S E

At the same time the catch F

E is released from the mov- G

able blade F which springs [F

into the stationary jaws G, ]

making another contact in

parallel with CD. The blade : ,

F must be reset by hand, and FI?&;T@&ET&“&%E& ’II‘?:;-I];&Y
gerves a8 an indication of the (B. T.-H.)

operation of the relay.

The solenoid and plunger type of relay can be used for instan-
taneous action; a definite time-lag can be obtained by using an oil
dashpot, an air escapement chamber, or clockwork mechanism. It
is advisable that the dashpot or escapement chamber be widened
at one end, so that there should be a free movement over the last
part; of the stroke: this makes for a good contact.

As the time of blowing of a fuse varies inversely as the overload,
the placing of a fuse in shunt with an instantaneous or definite time
relay produces a relay system with inverse time-lag. In the former
case the time tends to zero as the current becomes very great, in
the latter to a definite time.

Figs. 201 and 202 show an induction type overcurrent relay. The
current enters a tapped primary, the turns of which can be chosen
by a plug 7, which thus gives a current setting. A closed secondary

"is wound on the upper and lower magnets. The fluxes due to the

primary and secondary windings are separated in phase and space
and produce a torque, as in the shaded-pole induction disc motor,
The disc experiences a torque, which depends on the ourrent, and
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will move against a restraining spring provided the current is large
enough. The time of travel is adjustable by means of the stop 6,
which adjusts the distance of travel to the contacts 11. The torque
is kept constant at all positions of the disc by means of graded slits.
Since the torque increases with the current, the relay has an inverse
time characteristic.

A reverse power relay is obtained by having a winding on the
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Fia. 203. Revarse Power RurAy
( Metropolilan- Viekers)

CURRENT

~ middle limb of the upper magnet operated by the voltage, and a
- separate winding on the two limbs of the lower magnet operated
- by the current: the current wmdmg has tappings as before. (See
| *-' Fig. 203.) When the power flows in the normal direction the fluxes
' in the windings tend to turn the disc in a direction away from the
- contacts 11. When the power flows in the reverse direction the
utarque is in the opposite direction and the contacts 11 are closed.
- The relay can be made very sensitive by having a very light control
Laprmg, so that a very small reversal of power will cause the relay
'iiu operate,
.A directional overload relay can be made of two induction disc
';'_, - relays, one of which is a simple overload relay as shown in
] 2. 202 and the other a reverse power relay as shown in Fig. 203
- The two relays are fitted in one case. Their contacts are connected
~n e&aﬂﬁﬂ, 80 that the trip-cireuit is not energized unless both operate.
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Induction type relays have an inverse with definite-minimum
time characteristic as shown in Fig. 204. The definite-minimum
time is due to the self-braking effect of the fluxes which produce
the driving torque.

Distance or impedance relays are of several kinds; but a common
characteristic of all is the production of a force or torque in one
direction by the line current and in the other direction by the
voltage. The force or torque
due to the voltage tends to
prevent the contacts from
closing, but that due to the
current tends to close the

L
B contacts. Suppose the forces
=~ are aV? and bI®; the con-
Definite  tacts will close if
1mf._m'mum bI2 > aV?,
time
Current or VE[I* < bfa,

Fia. 204, INvERSE WITH DEFINITE- ie. Z < +/(b]a).
urNTvoM T CHARACTERISTIO Thus the relay operates

if the line impedance falls
below a certain value, which can be set as equal to the impedance
of a complete section.

One form of impedance relay is like that shown in Figs. 201
and 202, except that there are two magnet systems, one on each
side of the dise. One system operates on the line current and the
other on the line voltage, and the torques oppose each other.
Fig. 206 shows another induction type impedance relay. A potential
transformer supplies the cruciform iron path with a rotating flux,
which causes drum D to rotate in one direction. A current trans-
former supplies the iron path X, which has a shaded pole, with a
flux which causes D, to rotate in the opposite direction. Fig. 200
shows diagrammatically the solenoid-and-plunger type, whose action
is obvious.

Impedance relays operate very quickly if the impedance falls
below a certain value. Impedance-time relays are designed so that
the time of operation is small for a certain low impedance, but

increases linearly as the impedance increases. In one type of

impedance-time relay, the current drives a disc round by induction
and a spring is wound up. This spring tends to close the contacts
of the trip-circuit but is opposed by an armature attached to the
spindle and attracted by a coil carrying a current produced by the
line voltage. Until the spring exerts a force as large as the attraction
on the armature the spindle does not turn; when the spring is
sufficiently wound up, the armature leaves the voltage coil and
the trip circuit is made at once.

In many systems of protection it is required that a relay shall
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operate when the currents at two points of the system are unequal.
For example, if the currents at the two ends of an alternator winding
are unequal there is either a fault to earth or between phases.

Fig. 206. InpucrioNn Type IMPEDANCE RELAY
(I.E.E. Journal)
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IE‘IG. 206. SorENOID-AND-PLUNGER TyPm IMPEDANCE RELAY

« 207 shows a method whereby the relay R can be made to
te when 7, is not equal to Z,. The current transformers, C.7'.,
dentical and are connected so that their secondary e.m.f.’s are

ﬁﬂ.l:ﬁﬂtlnna shown. Their secondary currents i, and i, therefore
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