Web hosting Custom Email SiteBuilder ‘

1 Distribution and reticulation system Part

(1)



http://www.fortunecity.com/
http://www.fortunecity.com/?sid=fcnavhosting
http://www.fortunecity.com/email/
http://www.fortunecity.com/sitebuilder/?sid=fcnavmpa

CHAPTER 1I
TRANSMISSION OF ELECTRICAL ENERGY

Transmission by Low Voltage Direct Current. The Radial System,
The early supply of electrical energy was by means of low voltage
direct current, and a number of such systems still exist. A popu-
lated area is served by one power station, and the system is
as shown in Fig. 16. Feeder mains, F, which are cables of large
current-carrying capacity, carry the current in bulk to feeding points,
where distributors, D, tap off the current to the service mains, §; the
latter are small cables which lead the current to the consumers’
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premises. Such a system is called a radial system, as the feeders,
distributors, and service mains radiate outwards from the generator.
The size of the feeders is determined mainly by the current to be
transmitted, as the volt-drop along them can be allowed for by
regulation or compounding. The size of the distributors, however,
is determined by the fact that the voltage fluctuation at the con-
sumers’ terminals must not exceed the Regulation limit of 4 6 per
cent. The disadvantage of the radial system is that the consumer
is dependent on a single feeder, so that a fault on any feeder or
distributor cuts off the supply from all consumers who are on the
side of the fault away from the station.

The Ring System. This disadvantage is removed by the ring
system, in which each consumer is supplied via two feeders. A simple
example of the ring system is shown in Fig. 17; for simplicity the
two (or three) wires of the supply lines are represented by a single
line. If there is a fault on a feeder at a point A, the section between
B and C can be switched out without interrupting the supply to
any consumers,
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32 ELECTRICAL POWER

When the ring main is employed, the electrical energy can be
supplied by two or more generators at the same or different points
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of the feeders. Fig. 18 shows a simple case of an inderconnected
network linking up three stations, -

Three-wire System. If the electrical energy to be supplied is
great, the current must be large and the feeders and distributors
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must have 4 large cross-section. A considerable economy is effected
by the use of a 3.wire system, which is shown in Fig. 19. One
generator supplies current via the wires 7 and N, and the other
via N and 2; N is the neutral and is earthed. If the generators
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supply equal loads, the currents I, and 7, are eq
- carries no current. In practice, /, and /, are n
~ the neutral carries a ourrent whiel: is small com
- The neutral wire cannot be made of very small
- unbalance current I, — I, will cause a large vol
~ different points and vary the potential from the
- usual for the neutral to have a cross-section eq
~ the outer wires. The saving in copper is found in
Let V be the voltage between the wires in th
_ between the outers and the neutral in the 3-wire
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p, and R, the resistance per cm. per outer wire
ance of the neutral is 2R, per cm., as it k
on of the outers. We have to find the rel
d R, so that there are the same I*R losses in 1
ire case the current per wire is P[¥, and the

B two wires are
: 2(P|V)*R,.

® In the 3.wire oase, if we assume balanced loa
‘kbe outers is (P/2V) and zero in the neutral, The

2PJ2V R,
- We get therefore
2(P|V)R, = 2(P[2V)*R,,
R‘ = 4Rl’

- The cross-section of the outer is thus one-fou
2-wire case, so that the copper ratio is

Swire  @xH+GXH_ 5 _g4
2.wire 2x1 16 i

- If the neutral has the same cross-section as the

CxP+0xP_3_ .
2x 1 =g R

3-wire
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If the currents in the outers are not equal, the main consideration
is that there shall not be an excessive voltage drop along the neutral
due to the unbalance. In this case the 3-wire system must be made
of larger gauge cable and the saving is much reduced. It is there-
fore essential that the loads be balanced as far as possible.

Balancers. The 3-wire system shown in Fig. 19 has two generators
which can be regulated independently, so that unbalanced loads
can be allowed for. It is more usual to connect a single generator
across the outers with a great saving in cost. In this case a balancer
must be used to deal with the unbalance in the loads. The balancer
consists of two shunt-wound dynamos coupled mechanically, the fields
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and armatures of which are connected in series across the outers,
whilst the middle wire is connected to the junction of the armatures,
as shown in Fig. 20. If the loads are balanced the balancer dynamos
run as unloaded motors and take merely their no-load currents.
Suppose now the load on the upper half is greater than that on the
lower, so that I, is greater than I,. The voltage across dynamo 1
drops and that across dynamo 2 rises, with the result that the latter
acts as a motor and drives the former which then generates and
tends to equalize the voltages between the outers and the neutral.

If the armature resistances were zero and the windage and friction
losses negligible, the balancing action would b‘t:‘fafeot For then
the voltages across the machines would be equal to their e.m.f’s,
which are the same since the fields are the same and the machines
run at the same speed (as they are coupled mechanically). Morcover,
one-half of the unbalance current, $(/, — 1,), goes up through one
machine and down through the other as shown in Fig. 20; this
follows from the fact that the dynamo 1 acts as a generator with
an output equal to its e.m.f. times its current, whilst the dynamo 2
acts as a motor to drive it and must therefore receive this same
value of current.

If the armature resistance and losses are not negligible, the
balancing action is not perfect and may be caleulated as follows.
Let us consider the case when I, is greater than I, mg:oae that
dynamo 1 gives a current i, upwards and dynamo i iy downwards
ss in Fig. 21, Then

bkl » % e wa s )
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Let the e.m.f’s of the dynamos be e (equal,

same field end speed). The voltages across the

the voltages between the outers and neutral, are
B, = e—ri, and B, = ¢ + ri,

 where r is the resistance of each armature, Le
and friction losses, Then

W= eiy — ef) = (i — 1)

-
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B Equat_ions (i), (ii), and (iii) are sufficient to
f, and i, Eliminating e from equations (ii) v
unbalance as

=)

Ey— By = rily + 4y) = r(I; —

To find {; and 1, we proceed as follows. Adding
E, 4 E, = 2E = 2¢ + r(ig— 1

Substituting from this equation in (iii) for e w
w=(iy— 1) [B — §r(iy

:iyhich is o quadratic equation for 4, — 1,, the sol

, B B 2w
h—h=T—yw T
~£-§(1_'")
== r i

-

BE.
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With the help of equation (i) we get
=4 —1)— 2%'

W= }— 1y +%.

It is clear that the terms -2% represent the current drawn from
the mains of voltage 2F to provide the friction and windage losses w.
The voltage unbalance £y — E, can be reduced by using cross-
connected field windings for the balance dynamos, as shown in

E% 50
Fio. 23. Rurostario CONTROL
AND Cross-coNNEoTED Fretns

Fio. 22, CROS3-CONNECTED
FizLns roR BALANCERS

Fig. 22. It can be shown in the same way as used above, that if
the dynamo fields have a linear characteristic tho voltage unbalance
with this system is

ir(h— 1)

instead of (I, — I,) for the straight through fields. Since E, is
greater than #,, the field of dynamo 1 is increased and that of
dynamo 2 is decreased, so that the e.m.f. of dynamo 1 is inoreased
and that of dynamo 2 is decreased.

Hand regulation of the balancer may be employed in addition
to the cross-connecting of the fields, as shown in Fig. 23. If the
rheostat is set to give equal voltages E, and F, on half the maximum
unbalance current, the unbalance voltage from zero to maximum
unbalance current is then about 4 }r(I; — Iy).

Boosters. These are generators inserted into a circuit to com-
pensate for a variable voltage drop. For instance, if the ourrent in
a feeder varies, the voltage supplied to the distributors may vary
more than the legal amount. difficulty may be overcome by
using very large gauge feeders, but this is costly. A more economical
method i8 to insert a feeder booster in the feeder. This booster is a
series generator in which the e.m.f. is proportional to the field
ourrent, which is here the feeder current. By proper choice of the
constants of the booster, the e.m.f. can exactly neutralize the voltage
drop in the feeder. Fig. 24 shows the method adopted in practice.
The booster is clearly a low-voltage, heavy current machine,

‘The effect of voltage drop in the feeders can be overcome by
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asing compound d.c. generators, but the
convenient when there are feeders of diffes

In a tramway system it may be desiral
the line at a distant point. This can b
feeder from the generator to the point
and inserting a booster in series with
the feeder.

NecaTIVE BoosTERS subtract from
the voltage, and are used in earth (
return systems in order to keep the
_potential of all points of the return rail
. within the Board of Trade regulation

limit of 4-2 volts (to avoid the troubles
~ of electrolysis), Fig. 25 shows how the ne
~ this case a known fraction of the feeder cu
R, is used for the field winding.
~ If a d.c. system is subjected to violent
traction system, it is usual to “'float” a bat
~ as shown in Fig. 26. If the resistance of
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__:tontial difference would be constant anc
~would then be the voltage between the by
d the %anerator will send charge into t
line; but when the load is heavy the v:
minals will drop, the battery will cea
I send it out on to the line. But the t
tance, r; if its e.m.f. iz F, its voltag
disoharge it is £ — rI. The voltage flu
be nentralized by means of a battery !
0 i8 an additional voltage fluctuatio

on charge and discharge. There ar
'z booster, which attempt to allow for |
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Advantage of High Voltage. It was shown in the last section that
the use of a 3-wire system causes a saving in the amount of copper
required, the reason being that the voltage of transmission is
effectively doubled.

It can be seen that if the voltage of transmission is multiplied
m times, the copper in the conductors can be reduced 1/m?® times to
transmit the same power with the same ohmic loss. For if the
voltage is increased m times, the current is 1/m times the previous
value for the same transmitted power. The ohmic loss is equal to
the resistance multiplied by the square of the current, so that for
the same loss the resistance can be m? times the previous value
and thus the copper in the conductors need be only 1/m? as much
as before.

It can be scen that if the criterion is that the voltage drop be the
same percentage in both cases, the conductors can be made 1/m? of
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the previous section as above. For the voltage drop is equal to
the product of resistance and current; if the voltage is increased
m times and the power is the same, the current is reduced to 1fm,
and the voltage drop can be m times the previous value. The
resistance can therefore be increased m? times,

Transmission by Alternating Current. It has been shown that it
is economical to transmit large blocks of electrical energy at high
voltage. The maximum voltage in d.c. transmission was limited
by the voltage that was considered safe for the consumer, about
200 volte; the 3-wire system was a method of doubling the effective
vol of transmission, As there were no convenient means of

orming d.c. from one voltage to another, the main trend in
the last forty years has been in the direction of high voltage,
alternating current transmission.

For transmission and primary distribution the three-phase, 3-wire
system of high voltage has been universally adopted. For secon
distribution the three-phase, 4-wire system has been standardiz ;
as it gives 400 volta three-phase for large motors and 230 volts
single-phase (between one line and the neutral) for small consumers.
Radial and ring mains are used. There is still a fair amount of
d.o. 3-wire distribution, and a main obstacle to the conversion to
the three-phase, 4-wire system is that new 4.-core cablea would e
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re . A single-phase 3-wire system 46
be supplied, but is not welcome because of
- working of single-phase motors,
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down to 33 kV. and feeds the substations, which step the voltage
down to 3-3 kV. (3 300 volts) and radiate out in a system of high
vol distribution mains. There are transformer stations at various
populated places, where the voltage is stepped down to 400/230 volts
{400 volts between phases and 230 volts between phase and earth),
at which voltage the consumers draw their loads. A large consumer
will have his own transformer station, so that he is fed at 3 300 volts.

There is now, however, an important swing towards very high
voltage d.c. transmission, which will be described later.

Alternating Current Systems. There are various ways in which
alternating currents can be transmitted.

SivoLe-puASE, Two- AND Turee-wire Sysrems. The generator
may produce an alternating e.m.f., which is called a single-phase

(i) Single-phase, (i7) Single - phase, (iii) Single-phase,
2-wire, one wire 2-wire, mid- point 3-wire

earthed earthed
" Fio. 20, SINGLE-PHASE SYSTEMS

voltage. The transmission may take place along two wires one of
which is ecarthed; or the wires may possess equal and opposite
voltages to earth, in which case the mid-point is earthed. These
cases are shown in Fig. 29; the earthing may be done on the
secondary of a transformer, as shown in the figure, or it may be
done on the generator winding itself. There may, however, be three
wires, as in the case of d.c. transmission, the mid-wire being the
neutral and earthed; this method also is shown in the figure.
Single-phase 3-wire transmission has the same advantage over
single-phase 2.wire with one wire earthed, as 3-wire d.c. has
over 2-wire d.c.

Two-pHASE, THREE- AND Four-wire SysteEms. The generator
may have two windings spaced 90° apart electrically, so that their
em.f.’s are in quadrature. There are then said to be fwo phases.
There are two important types of transmission using two phases;
and these are shown in Fig. 30 and are called fwo-phase 3-wire and
two-phase 4-wire systems. The generator windings are placed at
right angles to indicate that their e.m.f.'s are in quadrature.

In the case of the two-phase 4-wire system, the mid-points of the
phases are joined.

' TeEREE-PHASE, THRER- AND Four-wirk SysrEms. The most
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~ common method of alternating current |

~ three-phase system. In this case the gener
kS 120° apart electrically, so that th

~ magnitude but 120° apart in phase.

4 . 31 shows the three-phase 3-wire sy
* practice. They are called the star or A ane

Two-phase, 3-wire Two-
Fio. 30. Two-riasm Sysr

jons. The common point in the star col
t O and is generally earthed, either dir

ce or an inductance coil (Petersen coil).
- In the star system the line currents are equ
but the voltages between lines are 4/3 times
g behind them by 90°. In the delta syste

Fro. 31. Tarnn-raase Sys

to the phase voltages, but the line cul
currents and lag behind them by 90°.

both the star and delta arrangement:
on by E,'I.' cos ¢ per phase, where .
I, the r.m.s, phase current, and
them ; the total poweris 3E,'I,’ co:
‘vtbat in both cases the power is eq
2 and I are the rm.s. values o
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ourrents. For in the star system /' = I}’ and (1/3)E,’ = E;’, whilst

in the delta system (4/3)I,' = I;" and E,’ = E,’. Thus the power is
P =3E,'I, cos ¢ = (1/8)B,'I," cos ¢

In low-voltage distribution a neutral wire is used, so that house-

hold loads can be taken between one line and neutral. We have

thus a three-phase, 4-wire system.
Oomﬂﬁ'unciu. The cost of the copper is one of the most

important charges in a system, and it is interesting to compare the
cos:h l:d tllg vmozs systems described in the previous section. The
me op to compare the quantity of co in any system
with that in a simple d.c. 2-wire system, it bemgpmumed’;.hat the
same total power is transmitted with the same loss and with the same
maximum voltage to earth or the same maximum voltage between
conductors.

Both of the last conditions are important, the maximum voltage
to earth being the quantity of importance in overhead lines and
in single core cables, the maximum voltage between conductors
M{“gbllm tin imlti-oorefcablee.

able gives the ratio of copper in sny system compared with
that in the corresponding d.c. 2?&; uynwm?' cos ¢ is the power
factor in an a.c. system,
TABLE VII

Correr EFFICIENCIES

Same Maximum Vol Same Maximum Vol
System to Earth s betweon Oonducto:s.

D.C. 2-wire . B 3 1 1
D.C. 2.wire
Mid-point earthed . . 025 1
D.C. 3.wire
Neutral = § X outor . 031256 1.25
D.C. 3.wire
Neutral = outer . ? 0-375 1-5
Singlo-phase, 2-wire 2feos’d T 2cos’$

-phase, 2-wiro
Mid-point carthod . 0-5fcon’d 2ln0s%d
Single- , 3-wire
Neutral = } X outer 0-625/cos*d 2-6/cos*$
Two-phase, 4-wire 0-5/coss 2:0fcos’d
Two-phase, 3-wire 1-46/cos*d 2:01Jeos?d
’Fhm-phua. J.wire 0-5/cos$ 1:6fcoa’$
Threo-phaso, 4-wire
Neutral = outer . 0:67/cos’d 2fcos'd

Two of the cases of the d.c. 3-wire system have been worked out
on page 33, and two cases of three-phase systems will be discussed
to show the method.
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. To compare the copper required in a d.c.
e-phase, 3-wire system having the same maxi
~ Let E be the voltage between conductors i
[ the current. The power is B/ and the los
resistance of each wire per unit length.

~ We shall consider a star-connected, thre
‘maximum phase voltage is ! and the r.m.s.
is the r.m.s. value of the line currents, the po

EI = (3[+/2)EI' cos ¢
2RI®* = 3R'I",
R = R'[3 cos® ¢.

~ Each wire in the three-phase system ha:
1/3 cos® ¢ of that in the d.c. system. As the
n the d.c. system and three in the a.c., the d

(3/2) % (13 cos® $) = 0-Bfc

a8 much copper. The delta system will req
i as the star system, since the power
in both systems.

To compare the copper required in the d.c
hree-phase, 4-wire system having the same me
ines and a neutral equal to the ouders.

- We consider again a star-connected system.
oltage between lines, the maximum phase
he r.m.s. is Ef4/6. If the line current is I’, t
008 ¢ and the loss is 3R'I’*, Therefore

EI = (3/+/6)EI’ cos ¢
2RI* = 3R'I*,
R = R'Joos* .

he cross-seotion in the a.c. system is 1/c
system, and as there are two conductors
former, the copper ratio is (4/cos® ¢) =
effect of raising the voltage has al
plying the voltage m times reduces the
us value,

h Voltage, Direct Current. There ar
tages to be gained by the use of high
mission. If we consider overhead lines
L alone are used with extra high voltage
to earth is the coriterion, the ratio

with earthed mid-point and ¢
25) + (0-5fcos® ¢) = 0-5 cos® ¢
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factor is 0-85, the d.c. system requires only 0-36 as much copper
as the a.c. system. Furthermore in a.c. systems the charging our-
rents contribute to a continuous loss even when there is no load,
whilst the d.c. system will have losses only when the load is on. It
is held that the losses due to the charging current are a determining
factor in the economics of long distance transmission.

Furthermore the transmission of a.c. for great distances is
attended with instability, i.e. a synchronous machine will not be
pulled back into phase if it departs from its correct ition; and
it is necessary to inject reactive power at intervals of about 100 miles
to limit the reactive drop which is the cause of instability. D.C.
transmission is not affected by instability and the lines may have
any length.

Insulation difficulties are much greater with a.c. than with d.c.,
and the adoption of d.c. will raise the permissible transmission
voltage without extra cost or trouble. Thus the current-earrying
capacity of buried cables used for very high voltages (100 kV. an
above) is determined ly by thermal instability due to the rise
of the power factor of the dielectric with temperature. As there
are no appreciable dielectric losses with d.c. the current-carrying
capacity can be increased considerably.

ntil recently there was no adequate method of transforming
electrical energy from low voltage a.c. or d.c. to high voltage d.c,,
and from the latter to the former. The only method of utilizing
high voltage d.c. was the Thury method. In this system series-wound
generators are connected in series, the current is kept constant and
the power is varied by varying the voltage of transmission. This
is done by varying the speed of the generators or by inserting more
generators into the circuit. The Tlgxeury system between Moutiers
and Lyons, 112 miles apart, has a constant line current of 75 amperes
and a maximum voltage of 60 000 volts, so that the maximum output
is 4 500 kW. The generators have to be insulated from earth for
the maximum voltage.

Power is taken from the circuit by motor-generators, the motors
being series-wound and connected in series with the main cirouit.
The generators driven by them can give d.c. or a.c. at any desired
voltage. The motors have to be insulated from earth for the maxi.
mum voltage, and are short-circuited when they are not required.

The main disadvantages of the Thury system are the facts that
the line losses are constant at all loads so that the efficiency at low
loads is very poor, and an increase of power of the system necessitates
fresh insulation of the line for higher voltage since the current
is constant.

There are now available various rectifiers, of the mercury vapour
and atmospheric arc types, which can handle 30 000 kW. at 400 kV.
Energy can be transformed from a.c. to d.c. and from d.c. to a.c.
with a very high efficiency and at reasonable cost.
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EXAMPLES II

1, Discuss tho advantages, possibilities and difi
large amounts of power over long distances by mear
current as compared with tho usual three-phase syste

2. Discuss the advantages of a 3-wire system as .
systom for o d.c. distribution network and explain ¢
maintain c:gproximntoly equal voltages across the
systemn at the end of a long radial foeder with a heav

3. A power of 150 000 kW. is to be transmitted
miles. Discuss the relative advantages of (a) three.
rent, transmission. Explain why, at the present time
systems are three-phase,
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2. LOAD CONNECTION AND SYSTEM
COMPONENTS (Part 1)

LOAD CONNECTIONS
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System Component (Computerised System)
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Switch Gear Principle

Contacts




Figure 1

Butt Contact












Powered by FortuneCity,

Get vour free website today!

oaw

web hosting ¢ domain names
web design e online games

4 r + -
-" Fr--lin-r1;'_'_ai.'

Get your free website today!

Web hosting Custom Email SiteBuilder ‘

3 CIRCUIT BREAKERS (PART 2)

Components of Oil Circuit Breaker



http://www.fortunecity.com/?sid=fcfootergif
http://www.fortunecity.com/?sid=fcfooterhosting
http://www.fortunecity.com/?sid=fcfooterdomains
http://www.fortunecity.com/web-design.shtml?sid=fcfooterdesign
http://www.hotgames.com/
http://www.fortunecity.com/
http://www.fortunecity.com/?sid=fcnavhosting
http://www.fortunecity.com/email/
http://www.fortunecity.com/sitebuilder/?sid=fcnavmpa



















Powered by FortuneCity,

Get vour free website today!

oaw

web hosting ¢ domain hames
web design e online games

Get your free website today!

‘ ?"-f""""”f.'-“_." Web hosting Custom Email SiteBuilder ‘

3 CIRCUIT BREAKERS (PART 3)
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3 CIRCUIT BREAKERS (PART 4)

Vacuum Circuit Breaker
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3 CIRCUIT BREAKERS (PART 5)

Semi Enclosed Fuse
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3 CIRCUIT BREAKERS (PART 6)

Arc Interruption
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3 CIRCUIT BREAKERS (PART 7)

Tripping of circuit breaker
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214 ELEOTRICAL POWER

In tho same way it is found that the resctance of
genorator ia 1:31 0. It is nssumed that the rated volmgtgoino‘:t:?:
case also is 6:6 k., although the generated voltage is 6-5 kV.
Similarly the transformer reactances roforred to the low voltage
sides are 0-292 and 0:525 Q. The line reactance transferrod to the
low voltage side is 20 =~ (33/6:6)* = 0.8 ., The system ia then as
shown in Fig. 168, We then apply Thévénin's theorsm to the
system to the left of 4. The voltage when the line is disconnected is
3820 - (3 820 — 8 750) (0727 + 0-202)
07727 + 0:202 |- 1-31 + 0525
=3795 V.

0-7270. 02920,

3820V,

The impedance is
(0727 4 0-202) (1-31 + 0-525)
0727 0202 + 131 + 0:625 — 0004 2
The short-circuit current is thus
3 795 P
0854 - 08 — 2000 A,
The actual short-cireunit current is
2 600 x (6-6/33) = 520 A,
520 A. is the r.m.s. of the steady short-circuit current, whi
peak value is 520 X /2 = 735 A. Thare may be minw s
;;luo due to a dolgb!ing eﬂ;eoe," which, in cireuits of normal value
reactance to resistance, is 1-8 times the stendy peak. Thus a
maximum peak value of 1-8 x 735 = 1 320 A, may ocour.
Short-circuit Current of Alernators.

FECIARC 0e s r
t instant at which the vo i3 zero there i

doubling aﬂ'egt. and the current wave is offsot f:ﬁ tho zero. Fig. 11'65
chow_l the kind of current wave obtained. If th it
persists, the wave becomes symmetrical ; then armature reaction

v

Custom Email

SiteBuilder
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 reduces the excitation and the current falls 1o tead

he y be 5 od as followa, Lat the
- gemerator be considered as an e.m.f. E sin (wf + 0) in series with
" an impedance (R, L) which is the transient or true impedance. If &
_short oceurs at ¢t = 0, the equation for the short-eircuit ourrent is

; L(difdt) + Ri = E sin (i + 0).
The complementary function is given by
L(difdt) + Ri =0,

e, § o= Ag— (RILY . (101)
Full A " Contiruous

‘ éud NN Shone-corcunt
- Current . Current

Fro. 160. Dounuvoe EsvEcT IN sion-(;mwncunnrr
The particular integral is
B

7 5 i 4°_’§)

i vm+(mb)=1“(“‘+” tan~t = ). . (102)
‘which is the steady ocurrent under these conditions., The actual
_eurrent is the sum of the currents given in equations (101) and (102).
" At ¢ = 0 the current ia zero. This gives
’ : B X 5

0w 4+ ViE+ M},]m(o tan 7
The current is thus

»

(103)

E
+ 7 Frm o\ + 0 —taay

We may consider ol as much greater than . Then the first term,
rhich i considored as a d.c. component which decays exponentially,

F . EA T
_Si'm(o’i)’ (RILX

-;kzcoc@.a""m‘.
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HO-O,!A.MW]&@M zero and the current is a maximum
at ¢ = 0, the d.c. component has the initial value of EfewL. As.the
alternating part of the current has a magnitude of nearly EfaL,
the d.c. component doubles the current at the instant when the
former has its peak value, and reduces it to zero when the former
reaches ite negative maximum. The current is thus on one side of
tho zaro to begin with. If, however, 0 = nf2, i.c. the voltago i &

7 AU
urrent

Fro. 170. Smont-cixoutr Comzmwr wirsoor Dovstine Errmor

maximum and the eurrent in zero at the instant of short cireuit,
the d.c. term is zero. Thoe short-circuit current has then the form
shown in Fig. 170,

The change from the luﬁo current at the instant of short cireuit
tot.h':do‘om ur'fvdylm lour:;-:tﬂerurmummcﬁonm
A8Ser! is of importance in the design of switeh ation,
The behaviour of an alternator is most easily exprE:redo‘i’:rtumn
of decrement factors, which are found by extensive tests in the

Fra. 171. D.C. axp A.C. Cour oF Ssont Cow

follo way. The generator excitation is adjusted to the value
for full at 08 powor factor lagging, and external resctance is
t in series with the alternator to bring the value up to some
te amount, 8, 10, 20 . , . per cent. This value includes the
transiont reactance. A short circuit is applied and an osel
of the current taken. In order that the test results should be as
severe as possible, it is that the short circuit should take
place at an instant when the full doubling effect is incurred, viz. at
un instant of zero voltage, The oscillogram is analysed so that the
r.m.s. ourrent is found &s & function of time. To do this the current
wave of Fig. 169 is resolved into the d.c. and a.¢. components shown
in Fig. 171, The rm.s. of the a.c. component ia shown by the

SHORT CIRCUITS: SYMMETRICAL COMPONENTS 217

line. and has a valuo I, , at time ¢; the d.c. component,
:ﬁﬁdw:yt exponentially, hn;’s value I, , at the samme insm:t.
and the total eurrent has an r.m.s. value of /[75* + 0]

Curves aro then drawn the r.m.s.
35 of the current (as a mnFﬁple of full-load

current) against time for differont values
20 of the total percentage reactance. Fig.

172 shows a set of such curves for a
25 ghort circuit across all three phases,

looking up the decrement factor,
thoWh'::miant sm!::hneo of the alter.

8

w;‘; X Examrie. Asoooowa.mm. whoss

i of 8% react Find
) ity of eirouit-b 2
which operate in 0-25 sec. and arv on the high
voltage side of the transfarmes.

9
e
]
t

o

.

Shore-circuit Factor
-

- The total renctance is 219%, and from
{ Fig. 172 it is scen that the decrement
FIisal EE=a
8! % T t
3 X } — B =
2“ — - - - l.r = T ,__
3 e
] —— :
5 = 1
T . 30
05 "0 s 20 >
9 Time, seconds

Fio. 172, Dxonzxexr Cunves yoh ALTSRNATOR

i 34
.25 se. i 3-4. The carrent to be interrupted is thus
2:::: t;zofull-li::d current. If we assume that the recovery volllt]AE:
in awwlxuku- i.douml”qu‘l A nufg‘ltl::l k A.(::w bamm:m'iu
i i i il in Chapter 1X),
ik 3 34 x 20 = 68 000 kVA.



Fre. 173, Connzxr Limrrive Reacros
(Bwlish Ktestrie Ca.)
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Current-limiting Reactors: Sectionalization of Networks. It is
olear that the short-circuit currents are decreased by an incresse
of the percentage reactance in the system. In large interconne
systoms the total rating of the gonerators is very high, and unless
g:cautionu are taken, the current fed into a fault be encrmous.

@ short-cireuit current at a fault can be considerably reduced by
the judicious placing of protective reactors in the system. It is
possible to arrange the reactors so that they do not cause a large
voltage drop during normal operation, but prevent = e short-
gircuit current being fed by most of the generators into fauls,
The methods of placing reactors in & system will be considered later.

Reactars are moreaver of considerable importance in limiting the
- ourrents so that tho various eircuit-breakers are not called npon to

R

FeederA  FeederB  Feeder
Fro. 174. GexzmaTos REACTORS

break currents above their rated value, If extensions are made
in o system, it is cssentinl that the additional kVA. be virtuslly
segregated from the existing circuit-breakers when a short-cirouit
ocours. This is done by means of current-limiting reactors.

Fig. 178 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 ar.event their being buckled.

thods of Locating Reactors. Resctors may be inserted in
‘wories with each generator, as shown in Fig. 174. The main dis-
advantage of this methed 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 ia interrupted, and the synchronous
‘machines must be re-synchronized when the faulty feeder is cus
out. Moreover in modern alternators the transient reactance is
sufficiently large to protect the machine itself against short-cirouit
‘qurrents, and separate reactors are used only with old alternators.
The main disadvantage of the last method is avoided by putting
tanoces in series with each feeder, ns shown in Fig. 176. When

Fio, 175. Ferozr Rzacroms
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olbou-t—drcuitoouuuonfoodud,tbominmwiainiu
reactor and the bus-bar voltage does not drop y. The remain.
ing load and plant are therefore able to continue running. It is
true that when a short cireuit oceurs across the bus-bars, the reactors
do not protect tho generators. This is, however, of no importance,
as bus-bar short circuits seldom ocour and the generators are
protected by their internal reactances.

tage from which both the previous methods suffer is
that the reactors take the full-load currents under normal operation,
tolhutheullnmuntlounndnmlhgadmr. The voltage
drop is eliminnged 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

ABC%

| Y
A y. ] ¢

Fio, 176, Brs.nan REacrors, Fia. 177, Bos-sak Roacrons,
Rixe Svavem Tie-pax Sysraw

magnetic field and the reactor has a very small resctance; but
whon a short cirenit ocours and the fuse blows, a large resctanoce
is innr:g into the circuit. The constant loss, however, is not
elimina

The constant loss in reactors can be avoided by inser the
reagtors in the bus-bars in the ways shown in Figs. 176 and 177,
Tho former is the ring system, and the Iatter is the tie-bar system.
In the ring system each foeder is normally fed by one generator,
only a emall amount of power flowing wcross the reactances. The
reactors oun thorefore be made with a fairly high ohmio resistance
and there is not much voltage drop across it. When a short cireuit
oceurs 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 ourrent that flows into the fault will not exceed & 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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‘eurrent, tho system oan be extended to any number of sections
without modig:stion of the switchgear.

mrre. Fiad the ratio of the p 2 of the tom to
thzx:flb- geoorators in & tlo-bar aystem, if the short-virenit current ia nos
"0 oxeaed throe tires the current of & single pection.

- Let the percentage reactance of a gencrator be & and of a reactor
X, and suppose m are » sections, When there is a short circuit

“on a feeder, the remaining reactors and generators are in parallel,

#0 that their percentage reanctance is (7 + X)f(n — 1). This reac.

tanoe is in sevies with the reactor of the faulty feeder, giving a

reactance .

X 4 (G 4+ X)f(n— 1) == (G + nX)(n — 1).

_ This reactance is in pazallel with the reactance of the generator
'hic;i::onuee(ed to d’:’ faulty feeder, so that the total reactance is

@+ nX
ox"(n-l) G+ nX
e G+ nX  wG X
*H-0
The short-circuit current is thus
l><-llox"0+"x
RN IR ¢

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

1 % (100/G).
The last factor gives the effect of the remaining sections, and

increases n = 1to (¢ + X)/X when n is infinitely
large. Thmugg";;rem:t is not m(u:edvtbm times the ehort-
oircuit current due to & singlo section
e, X = {4.
If it is cortain that the number of sections will not exceed a known
mber n we have

(nG + nXY(Q 4 nX) =3
o, X = [(» — 3){2r]0.
Thus if n will not exceed 6, X need not, be greater than 36G.
Choice of Interconnection to Limit Currents. The cost of reactors

“'hrgcuxlthairimhlhﬁon is avoided if poesiblo, It is sometimes
i to make use of the reactance of feeders and transformers
0 that resctora are unnecessary.



CHAPTER X
VOLTAGE TRANSIENTS AND LINE SURGES

ion. There are various ways in which a transmission line
erience voltages greater than the working value, and it

v to provide protective apparatus to prevent or minimize
ction of the plant. Internal causes producing a voltage
(1) resonance, (2) switching operations, (3) insulation
and (4) arcing

!

Q) =
T

Fia. 237. REsoNANCE

ted by their leakage inductance L, and the
citance €. The system is then as shown in Fig. 237,
ts the resistance of the alternator winding, trans-
d cable, and r the resistive load. The total im ce of
is

AAAAN
vy

r‘|,

. i :
¢ .B+'mL+l;jm0;h‘%=R+wL+Tm-’

e - I= EIZ'
"qlt.age on the cable is
V=1Ixr/(l+jwCr),

er expression represents the impedance of the parallel
C and r. Substituting for 7 in terms of E we get

r l A r
(1_+:'m0r)*(" tol+t g +5«»c‘r)
) 1

1— w'LO + Rfr) + jo(Lfr + CE)

of (V/E) is

(1 — @*LC + R[r)* + w*Ljr + CR?]-% . (112)
p 276
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Let us consider the case of an unloaded line first. In this cose

r=w, 80
| VIE | == [(1 —0*LO) + w*CHRE]) -4 . {112a}

If we consider that € can vary, by the insertion of difforent
lengths of cable, , VJE | varies in the manner shown in Iig. 238,
The maximum value occurs when

1 1 1
C= S+ FL ™ &Ll + Bjalh ~ &'k’
1 1 wh

when |VIB|=w i+ A= aR™ &

A reasonable value of L in a 33 kV, system is 0-05 henry, and the
resonating capacitance is then -

0~ G mop 0w — e A
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 harmenie, which is often
present to the extent of 2 or 3 per
cent, we sco that resonance ean oceur.
The eapucitance required is

1
€= = ss0y 005 ~ 1 4P
which is provided by a cable of length nhout 28 miles. If we assume
a 10 per oent harmonic, the value of Vg is
| Vy|=|Bs| X 2x.280L/R = 0-10 | B, | x 2= .250L/R,
where E, is the fundamental, and &y the fifth harmonie, 1f we take
R == 5, we find that
| V| = 157 | By |,

%0 that the fundamental voltage of £, = 33 kV, has a fifth harmonic
of magnitude 52 kV. (r.ms.). The peak valuo botween phases moy
then be % 856 kV. in place of the normal value of /2 X 33 kV.

The effect of a load I8 seen by comparing equations (112a) and
(112), It is seon that the term (Bfr) is an additive constant in the
first term on the right-hand side of the equations and alters the
condition for the noutralization of reactance, whilst the term (Lfr)
eauseas o considerable damping of the resonance. Let us take r we 200
ohms, which corresponds to o load of & 000 kW, Then with the
values of L, O, and &, taken above, we find that

1 — w*LC + Rfr = 5/200 = 00256

snd  a{lfr + OR) = wCOR{l + L|CRr) = T20wCR = 0-46.

Fio. 238, Rzsoxaxom
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The first torm is thus negligible compared with the second, so
that we may take

T, S ol
| Val®s| = o 0 = T2k = T2R*

#0 that ¥, is reduced by the factor 72 and has a magnitude of
52 o 72 = 72kV. The resomance voltage has been therefore

effcctively damped by the load., 2
!ML awil operation produces a sudden changs in
the circuit conditions, and is accompanied by o fransient stale which

leads from the earliee to the later steady (a.c.) states. The behaviour

R
it ¢+ 6)

B C
fa)

’
) H
L e R e
ABNG
\

Fro. 299, Swivemiso-i¥ Ax Isovonive Rssisvance

if the system can be ::ﬁlmmd with exacéness only by means of
lling waves, which will be explained later; but in short systems
behaviour is sufficiently well explained if we consider the cirouit
be composed of lumped resistances, inductances, nnd capaci-
08. 'l'g,o method used is that given on pages 214-16, where
showed that a current of twice the normal peak value can be
ned when an alternator is short-cirenited.
ents in Circuits with Lumped Constants. There are two
osting cases which we will solve, the switching-in of an indue.
Jond and the swil «in of an open-circaited line,
g. 239 (a) represents the switching-in of a lond of inductance L
resistance R. The equation for the circuit is

Lidifdt) - Ri we B sin (! -+ 6},
the solution is (see page 215)

. Iy 2 wl
— Nk X
Ae +7ﬁ( ”un(o:H-O—un '-R-).
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Thomnnbdhdowmimdbyhbomuhni—ontboﬁme
¢ =0, so that wo find that

E wl) _
VIE T (e»L)*J““("“‘““'T)' s

wl

B Z
+ mln(@‘+ 0—“!!"‘}-) + (108)

The first term represents tho fransient current which decays
exponentially, It has an initial value equal and to to that
of the a.0. companent at the time of switching (so that the initial

current is zoro).
thodmuilhvu'ylndncﬁvoob>3,mdmmnyput

VIR + (L)) & wL
and tan* (wLfR) = 2.
The current then beoomes
i = (BJwL) [sin (at + 6 — =/2) — ¢~ VX sin (0 — nj2))
= (BfwL) (&~ " 008 § — cos (xt + 0)].

Durln1 tho early poriod after switehing &= ML doos not deoa,
rapidly from the value of unity, and ztlm current is I.lumfotz

ximi
NS RA: b= (Bfewl) [cos 6 — cos (wt + 8)), (113)

- oand vuries between the values of (EfooL) [con 8 — 1] and (Rfwl)
(008 § -+ 1]. The peak valuo is thus

(Bl (1 + foos O],

Le. (1 4 |cosd )ﬁmntbommdge-kvdu. The maximum peak
is thus o 'bon0=0mdutwicothonormnlpuk. Thia
condition occurs when the cireuit is closed at zero voltage and

the current is
i=(BloL)[1—coswt), . . . (114)

which varies between zero (ut ¢ = 0) and (28[wL) (at ¢ = nfe).

It can be shown that, whatever the power factor of the eirouit
may be, the maximum “ doubling " offect is obtained when the
circuit is olosed at zero voltage. Fig. 230 (b) shows the normal
winusoidal current. If the cirenit is switched in at A the transient
has initial amplitude AA,, if at B the amplitude BB, and if at €
the amplitude 00,, The transients corre ing to these switching
points are repeesentod 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 ap
printe transiont curve. It is clear that if the cironit is switched in
ltpwiﬂmBmmthpuhrMifMtohodnmym

v
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, #ince the transient curves have the same time factor
:g:‘lu'?nmdnhsve the samo decay rate. The topmost memh
~ olearly soen to be that whose slope at the point of contact 0
~ mine wavo is equal to the slope of tho sine wave. Lot ua consider
" {his 85 tho time { = 0, Equating slopes we get

[.. ‘i'.an(o- un"'%‘)e“""]. -0

= [moos(wl 4 9—!&!:"%[:)]‘_0
— (@L{R) = tan [0 — tan~* (wL{R)],

| i = . If 0 == 0 or & the voltage is zero at § = 0,
m&oorﬁamugudro:bﬁlng ocours if the circuit is closed ab the
nt of zero voltage.

the circuit is closed at zero voltage the current is
ol
L [dn(mc-mﬁ%{‘)

b= VI Wiy
+ -'n(m-“-g-')t""“]

=T : 1 Lt b

i nd currents in Fig. 239 (b) must be
Tl?e';:xhi:nmmnt occurs when difdt = 0, i.e. when
008 (wt — 96° 52') = 0-0 X 1:33e~13¢ = (-Re~ 135w,
ot — 36° 52° = ¢, 20 that
@l = @+ 36° 62" = ¢ + 0-B4 radinns.

juation bocomes
C"‘““¢ = (8~ = (34,

MK »

B e ol 3 10 154
| 378 749 776
T U YT 00707 | 00308
aeoosd | S04 062 024
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We may take ¢ = 1:53 radinns = 87° 400", so that
R x L) 10 57 40"+ 0661400
B
= 1 -1.33% 1,63
VIR LT i E o .
- Ty oMl
:l:lthopukdoetxwtumd the normal value by more than
3 oens,
- 240 ropresents the switching-in of an open-circuited line; we
sasume for simplicity that the e.m.f. is constant and equal to &,

i R £

) 1 Ql c
| 4

Fio. 240. Swizeming-tx ax Oresomovmrxn Lise

but the same method is applicable for an a.v. case, 'The equation

for the current is Ry ]
where § = dQJdt. e e
The voltage at the end of the line is V = Q/C. Substituting for
1in torms of @ we get
IAd*Q[dr®) -+ R(dQfit) - QIO = E,
the solution of which is
Q == CF + ™%/ (4 008 at + B sin af),
where & = /[(1/LO) — (R',“.')]. and 4 and B are constants which
are determined by the initinl conditions. At the instant, ¢ = 0, of
switching-in @ and § are zero. Theso conditions give
A == — CF and B = AR[¢La,
sothat V= QJC = B — Ee~(NRIN [oom af - (Rf2La) sin a!]
= E— E[lay/(LC)]e ~ (ML) 008 [t — cos™! (G\/(lla')l-} (18
and & == dQfdt = (BfalL)s~ 2N gin af,
If the resistance is negligible the voltage and curront reduoe to
V= E— E cos [i]y/(LC)) } (116a)
and ¢ = [E+/(C]L)) sin [1f/(LO)), '
#inoo « = 1f1/(LC) in this case.
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. The voltage in this case oscillates sinusoidally between 0 and 28,

 whilst the carrent is a sine wave of peak value B/(CJL). Vig. 241
~ shows the voltage and current for the cass of no resistance {ourves 4)
~ and for some reaistance (ourves B).

‘ 28
v

¢
E'Jtc/ul/’\" /'\
0 P2 %) AR S

(b) MJ Vi O e
‘ \ Fro, 241, On-m}mu/» Lixe

(a) Voltage, (3) Curreat,

. We bave found that when an emf. B is

noo 0, the voltage oscillates sin y betwoen O and 28
. tho curront vories similsrly between — E+/(CfL) and

8
:
3
:
i

5
:
%
-

%“;" P =
L
f

el P .

- = %

T . S

4 r X

® l

o

A b

Fio. 242, Swircmwe Sunor ox Orey.cisovrren Taxs

/(OIL). Tt is cless that this doos not represent the state of
fith oxactness, for any transfor of must travel with
doity less than that of light, so that the far end of & line is
d for the finite timo that it takes the energy wave to reach
fore follows that of the line may bo passing current
ining & voltage w a further part has neither curront
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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 cfmplif i
sssumption that resistance and leakage are nogligible. Fig. 245 ()
shows the arrangement ; the line has inductance L and capacitance
pee 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 44,
and & ourrent i passes to the right in the upper conductor and to
the left in the lower conductor. Supposs that in a very small time
dt the eonditions of & current § and a volhqeﬂmmblhhed
a Iangh‘l:g:b;f ::o line, The ;.m.f. E is balanced by the back e.m.f.
genera o ic flux whieh is produced by the eurrent
in this length of m The inducuncel?i the longthy bz i Ldz,
80 that the flux built up is iLd2 and the back e.m.f. is the rate of
build-up, viz, iL(dx/8). We have therefore

B = iL(dx]&)
= iLw,
where # is the velocity of the wave,

The ourrent § caeries a charge idf in the time &, and this charge
remaing on the line to charge it up to the potential E. Since the
capncitance of the length dx of the line is Cdr, its chargs is R0z,

© have therefore

. (116)

10w ROz,
or i = EQ(dz[dn)
= ECv.
The switching of an e.m.f. £ on to the line results therefore in a
wave of eurrent § und velocity v where § and v are given by equations
{116) and {117). Multiplying these equations we got
Bi = iLvBCv = EilO:3,

. (1m

#0 that v = 1\/(LC). . (118)
Substituting for v in equation (118) wo find that
i = B\/(C[L) = E[Z
s 5 = O, g. . (19

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

L= [1 + 4logh (Dfr}] x 10-" H, per cm.
o 4logh (Dfr) X 10-*H, per em.
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- 1
Ozwom.wm.
1

1
= i< ion .rm—‘ = ¥, per em,
v-v(-lw)- 3/(10* % 9 x 10") em. per sac.
w3 % 10V om, per seo.

- c,

the veloeity of light,

The velocity in a cable is ¢f+/¢, where ¢ is the dielectric constant,
v is thus about 186000 miles per ssc. on an overhead line, and
186 000 = /36 = 98 000 miles per see. in a cable.

We have shown thsat a wave of voltage £ und current 1 = EfZ,
 travels towards the right along the line with a velocity ». Su
ve is called & pure travelling wave. At any part PP of the lino
nothing happens until the wave reaches it (at time ¢ = xfe), and then
the current jumps from zero to 1 and the voltage from zero to B,
goes on until the wave reaches the ead of the line (XX)
ab time ¢ = {fv. When the wave reaches XX, the ourrent there is 4 ;

at this current has no capacitance to charge up, so that it must
immediately.

(Ao open end of the line has thus a disturbing influence which
alizes the current complotely; this disturbing influence then
s back along the line towards A4, and can therefare be
nted by n pure travelling wave moving towards the left and

g & ourrent — i, A travelling wave must possess a voltage
o curront whose ratio is Z, the surge im ce of the line,
o ourront is o the left in the upper conductor and to the right
ower from the end XX, it is soen from Fig, 242 (b) that the
is B, i.e. the npper conductor is ¥ volts above the lower,
an e.m.f, B woro switchod in at XX the current would be in
eotion roquired and as shown, The disturbing effect of the open
the lino is thus to introduce another pure teavelling wave,
mtothodlloﬁwithvdo‘ﬁ:{ v hu:u:]o w&g andln ?umnt
opposite direction to proviously flo . It is con-
to oonsider a current ta the right in the upper conductor
o, and a current to tho left in the upper conductor as
The new travelling wave, which moves to the loft, has
A voltage ¥ and a current — B/Z. In genoral, n wave
oving to the right satisfies the relation

and

80 that

iWw=B/2, . (120)
Ry, 1) maving to tho left satisfies the relation
R B 5 . e
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The result of the new travelling wave is to establish an extra
voltage E' at any point of the lino that it passes so that a resulting
voltage of 25 is produced, whilst the carrent is neutealizod, Thus
the conditions at the point PP of the Jine are such that its voltage
and current values are (0, 0) from ¢ == 0 until t = zfv, (E, i} from
{ = zfv until { = (21 — z)fv, and (28, 0) from £ == (2 — x)fv onwards,
“This goes on until the disturbing wave reaches the generator at 4.4
at time f = 2lfp; by this time the line has voltage 2¥ and zero
ourrent ut every point. When this instant ocours, the voltage at
the generator torminals is 25, But the generator is Bup); to
maintain a voltage E at A4, so0 that another wave is onlled into
pl&g to reduce 2 to B, This wavo must therefore have potential
~ B, and as it moves to the right it must have a current — E/Z e — i
by equation (120). As this wave travels from AA to XX it reduces
the voltago to &' and produces a current — 5. Thus the voltage
from 2 to £ at the point PP at time ¢ = (20 + =)fv and the current
jumps from zero to —i. When this third wave reaches XX it
catablishes a ourrent — ¢ thero, which must bo neutralized by &
fourth wave trnmlling to the left with current + 4, and voltage
— % = — B by equation (121). As this fourth wave travels from
XX to AA, the current vanishes at any point it passes, and the
vol Mbeeomu E—E:g at every poin:’.'dl'ho lln:“l: th;lu
oom:; dinhnged and has no current, & com aycle
of travelling waves has been finished. If the line 5«0 coni.
plotely without resistance and , this cyclo would be
repeated Indoﬁnitolrv. The current at A4, the current and voltage
at ﬂlg«;amid-poinl of the line, and the voltage nt XX nre shown in

t is intercating and instructive to compare the exact deseription
of the wwitching phenomanon with the approximate description
derived by considering the line as composed of a lumped inductanco
and ml::lunco. In both descriptions the potential at any point
varied botween 0 and 28; but in the exact desoription the time
variation of the potentinl depends greatly upon the point considered
(soe E‘if 243, last two curves) and changes in jumps, whilst in the
approximate method the time-variation iy sinusoidal. The eurrent
varics between + ¢ and — i in both cascs, where $ = K7 and

= /{1J0); but ngain the time-variations are radically different.
There is one further differonce, viz. the periodicity of the two
descriptions.  In the approximate mothod the frequency is
1/2x4/(LC); whilst in the exact method a complete cycle is of
duration 4ifv, so that the froquency ia

Bl = 1[41/(L0) w 1[dr/(L40,),
where L, and Oy ore the total inductance and capacitance. The

differonco is therefore in replacing the 2= by 4. .
Bofore entering on & somewbat more general desceiption of
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travelling waves, it is worth while considering the onorgy propertics
of the simple waves we have described. )
 Energy i A wave of voltage & and current i
earries n power of £i. A simple travelling wave therefore transmits
or Ji with a velocity v, ;\u this wave uuv:}ut: uut;:obl.ﬁu a

etic field with onergy {24 per cm. Jength 0 1 an
sotrostatic field with energy §CE® per cm. length. From equations

o 53V FL8 RS
Cwm_j‘ [

Voita
at M’?f

2K
0 o
of fine

Fra, 243, Comnenr axv Vourass v Swmomnsoe Svnox

(117) it ia seen that the mn:fncﬁe nnd electrostatio energies
by a simple wave are oqual, for

A = (iLw) (ifv) = HEifv)
= }{Efv) (ECv) = OB

of thess Is equal to L Bify, which is half the total energy
bytbonvcinthoﬁmon”mumulongump.noﬂheﬁm
of the wave is thus half absorbed ss magnetic and half
atic energy.
pure travelling wave of vol E and current { moves
and moeots an open-circuited line, we said that the dis.
g effact of the open end is to bring into action a reflected
ml‘ and ourrent — i (teavelling to the left). It will
t is consistent with the conservation of energy, and
nded by this principlo. For mp?.aae that the distur-
& wave with 4 current — i, the latter being required
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in order to neutralize the current at the open end of the line, Sup-
that the valtage attached to this wave is B'. When the wave

m"mdm ‘d‘mt _n.xY(I"}%.M),thovolhgeovuXYi-E-*-B‘

wl current is zero. cin i i

N o ¢ energy associated with this part

10. XY . (B + B,
whereas previously it was
0. XY B*+ L. XY.?=C.XY.B,
6inos 4Li* we 0B The gain in encrgy has been derived from th
first (il_\ddent) wave, which foeds into the section X ¥ u:
rate Ei; the gain is thus Ki multiplied gy the time that the reflocted

wave takes to travel from X to ¥, viz. B{ x (X ¥fv). If the princ
of conservation of energy is to hold, then i gy

i0.XY (E+ B =0C.XY.E + Bi(X Y,

or HE - B = B2 | BifCv = £ 4 B?
(by equation (117} ),
0 that (B + B'P =487,
ie. F =85
T'he principle of the conservation of energy thua demands that the
reflect malmapeamdaﬁallh:{vaawzagl al to that of the

2 incident wave ; mcﬂrmubqual

) and opposite to that of the incident
;’l—__LE?—} mm:ﬂ:«cmcmﬂmhﬁww
' open .

(2 Sudden Interrupion of a Circuit.
o= - } Wo have desoribed in full the
A g surge that takes place when a

N genarator is suddenly switched on

Fia. 244, Exenor Coxstozmaa.

T T to o 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 considerod in the section on the
reflection and transmission of travelling waves. The method
employed above serves to describe the events that oceur when
curront in & cirenit is suddenly interrupted, by the action of n
circuit-breaker, say.

Supposs that a cireuit has a current i, which ia suddenly inter-
rupted by the breakers §, § (Fig. 245). The disturbance produces
two travelling waves moving from 8, § to tho right and to the
left, The wave travelling to the right has a current — i, and must
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thereforo have a voltage — E, where E = iZ; line A is therefore
— B volts above line B, The wave travelling to the left has a
current — #, and must therefore have a voltage + B, where F = i%;
(' is therefore - &' volts nbove D, These waves progress in a normal
manner until they meet abrapt changes in the line, when they are
~ reflected and transmitted in the ways described later. It should be

~— (E,-t) (-E-t)—
£ e I
Line C S Line A
é P
Line D s Line B
Fio, 245, § 1 Ti0N or A O

poted that if only one break is made, so that B and D are always
‘sommoned, the voltage betwoen A and O ls 28,

‘The surge voltage & is superposed on the normal voltage in that
2t of the line which remains connected to the gencrator.

s {-£, £j2) » (-5,-E/2) e

B3 [ B
ZE/E

Fio, 248, Sumaxrs pur 1o A Fammuns oy [xsvramiox

alation Failure or Earthing of a Line. Suppose that a line
at potential £, is earthed at a point . The cffect of carthing
0 introduce a vol — B at P, and two equal waves of voltage
teavel along P4 and PB. The wave travelling to the right has
tol—-l’[z.nndl.lmtmutelam+ﬂlz. Both these currents
P to earth, #o that the current to earth is 2E/Z. Fig.
shows the waves and currents in the system.

these waves travel to the ends of the line they reduce the
to zero; and when they roach the open ends, reflected
 are set up whioch roduce the voltage to & — E — R,
£, and the current ia neutralized. When the reflected waves
, the portions of the line along which they have travelled
ehnmw—n. The current at P can be reversed by a
ver in tho opposite direction, and the result is a periodic flash-
b reversals of potential on the line end currents at P until

ed energy ia dissipated by damping.
ot ndhnnlm:xo!’hnﬁ'ﬁw.m Supposs that
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a travelling wave (&, {) moves along a line of surge impedance Z
und meots n termination of resistance R (Fig. 247). If R is not
oqual to Z, the end of the line cannot have the voltage £ and
carrent i since Kfi = Z. Thero is therefore u disturbance whick

(E,i)—

: b

¥ia. 247. ReviecrioN or & Travenuve Wave

mou a reflected wave (A, i) moving towards the left, The
ng relations exist,

E =1iZ,
B = —i'Z

The total voltage at the end is £ - &' and the total current is
i+, 80

E 4 E = R + ).
These equations give
Z(i—i') w R{i i)
s0 that = [(Z— R(Z 4+ Ry}
and B oz e gyt ) O
The total current and voltage are
i+ i = (222 + R)) :
and E 4+ B w [2R)Z + R)IE. v

If the line is open at the end, R == = so that the total ourrent is
zaro und the total voltage is 2K, ns found before.

If the line is shorted at tho 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 tormination is not a puro resistance,
the reault is still given by these equations but they must be evaluated
by the operationnl calenlus.

Junction of Two Lines. Iig. 248 ahows the case of two lines
of surge impedances 7, and Z,. A wave }R. i) travels along the
left-hand line and meets the junction. So far as a teavelling wave
i concerned the right-hand live can be considered to have an
impedance Z,, %0 that the case is the same as that shown in Fig, 247,
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provided Z is replaced by Z, and R by Z,. The reflected wavo is
thus (£°, i) where :

V=Z,— z.)l(% + Zy))i

: . (1222
and B =z 202, 4 2% P
The transmitted wave must clearly have n vol equal to the
: total voltage at the junction and a current equal to the total. Thus
the transmitted wave is (E”, ¢"') where
Vo kol e (277, Z) )i (123a)
and B'=E 4 B = (2Z (%, + ZJIB. }
Exanrerr. Deduos a simple oxpeession for the natural impedance of &
= ission li ission line has cn‘pwhnu f 0-0123 uF¥.
mile and an inductanee of 16 mH, per milo..'l'h ] by "olinc is tinod
(Bi)—>  (E71)—
(Ejt)<—
B o ° 2y

o
O

Fia, 248, Errzer or A SuppER CRaNoR 15 vER LiNg ox
Traveiuxo Waves

by sn underground eablo with n eapacitanco of 0-3 uF. milo and an indwe-
’uoroumu. por milo, c-louhnlhoduorvor;amﬂuudum
junction of the line and cable by n wave with & orest valae of 50 kV, sravelling
alang the cabla, {Lend, Uniw, 1031.)

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

0-26 x 10-?
Z,= [-Om_.—] = /833 = 2849 Q,

whilst the value for the overhond line is

. 00125 % 10
The reflected wave has a crest voltage

B = ((Za— Z)(Zs + Z,)] X 0KV,
w (317:5375-3) x SO KV, w 423 kV,,

£0 that the maximum voltage at the junction is $2-3 kV.
The next example shows the caloulation of the reflected and

tranamitted waves nt a point where a line forks,

 Exasrz. Ob‘.lnuuh'hrﬂnbehvlwol.volmwﬁhm
tical wave-frond whieh, after travelling in & trunsmission i inductance
and itanes C per unit longth, reachos a fork where the line aplits into
two nm having line coustants L0, and L0, respoctively, Nogloot



200 ELECTRICAL POWER

Int and uty ion and obtain the distributéon of vol currel
hmwuu wave-front bas reached the fork. . -
An mnnnhnnunthullw..hnpodwuo!mﬂ..md.
voltage wa of 10 000 V. teavelling along it, Tha wave i assumed to be of
infinite bogth and the wove-front is vertical. At a cartain int sho ovee.

cireuit is continwed by

4
F
|

{Lond, Unis., 1027.)

Fig. 249 reprosents the arrangement schematically. The
Impedances are : ’ 2

Z=\O), Zy = A/(InfCy), and Zy = /(L JC,).

Let tho incident wave be (B, 1) travelling to the right, the reflected

wave (B', (') trawrrﬁing to the loft,
and the transmitted waves (B, ")
and (B, &) travelling townrds the
right. The transmitted waves clearly
have the same voltage as they are
in parallel. Bquations (120) and (121)
give the relations

B =iz,
Fia. 249. Thavewuse Waves E'=—iZ
AY Jureriow ov Lives B - W2,
‘nd E" s ‘I"Zl'

The current on the fork
leaving, so that taring the fork must bo equal to the eurrent

i+ =0" 4 Sl P : . . (124)
The voltage at the junction is
VERmB™ o o 850 5 T (188

These six equations are sufficient to find £ B 644", and 1,
far an incident wave of given magnitude B, Substituting for the
currents in terms of the voltages we see that equation (124) becomes

o L l l
EeE wp z; + Z)
Adding this to oquation (125) we get
2B - E(1 o AE, A 22y,
0 that the voltage at the fork iy

o

s G R
V202, % 702, “NE I E, ¥ )%,
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The transmitted currents are
" = B"[Z, and " = B"[Z,,
whilst the incident current is ¢ = K/Z,
The reflocted voltage is

g pW=12—1
¥ = F-F= B,
‘and the current is i« — E'fZ. It i scen that the reflected wave

Y2 = V[Z + 1|2,

. when the parallel combination of the o impedances of the
i umutboforkhoqudwlhelurgl{mp«lmooefﬂuuu
| g which the incident wave travels.
~ In the example Z = 700, Z, = 100, Z, = 200, and E = 10 000.
We then have

i = 10 000/700 = 143 A.,

O o
r-lomw--smv.
706+ 100 %0

¥ B2 = § 200{T00 = 118 A,
E" = B+ B w= 10000 — 8 260 = 1 740 V.,
b= By = T4 A, and & = B|Z, = 87 A,

Ilu cables thus have the beneficial effect of redu the surge

voltage from 10 kV. to 174 kV.
(%, t)—> Effect of a Capacitance, Sup-

pose that a wave (B, i) meets a
$ R terminationcomposedof the parallel
" combination of a capacitance 0 and
resistance R, ns shown In Fig. 250,
The problem is the same as that
shown in Fig. 247, except that Rin
equations (123) must be replaced by

(IpOR _ R
0+ k™ T 5 p0R




ELECTRICAL POWER

$ p]wu and reaches earth in & random manner. A dircot stroke may
s¢ & potential of 10 million volts, and shatter insulators and

g ywers fn its vicinity. The most that can be hoped from protective

:’/’vioee is that they will limit the damage and provent the resulting
velling waves from affecting the plant. Fortunately direct
are rare.

%/ The majority of surges in & teansmission system are due to

' ;htning, and are caused by electrostatic induction in the manner

' CETED

~—— —_—
Negative Induced Charge
Fio. 263, Sunar pux To B

Tic I

dicated in Fig. 263. A positively charged cloud is above the line
y »d induces a nogative charge on the line by electrostutic induction.
e induced positive charge leaks slowly to carth via the insulators.
",'. hen the cloud disch to earth or to another cloud, the negative
,arge on the line is iuoﬁt«l ns it cannot flow quickly to earth over
",o insulators. The line thus aoquires a high negative potantinl,
:’pieh is n maximum at the place nearcst the cloud and falls slowly
fon

[ Fio. 264. Proragariox or Vorvaas Distuavrion

a small value at a distance, The charge will flow from a higher
/s lower potential and the result is travelling waves in both
w{;ool.lom. The two waves will be equal and thus each will have
J If tho potential of the charge at the time of the discharge of the
foud; they will also have the space-voltage distribution of the
Yl’ jginal charge, as shown in Tig. 254, The waves travel in exactly
/ o same way as the waves due to switching, so that the current
':my point of the line is the voltage divided by the surge impedance.
5' a lino without resistance or leaknge the waves travel without
(#ange of shape, but the effect of resistance and leakago is to
%mumh the wave and to flatten the wave.front.
J The stespness of the wave-front depends upon the space-voltage
jteibution. 1f the wave reaches its maximum in 1 000 ft., the time

Original Valtage
%:mm
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‘ﬂuﬁ it takes for the wave to resch the maximum when it passes
& point is

1 000
i % 5250 % = 102 psec.

- Waves have been recorded with wave-fronta of 1 to 80 usec.
‘and wave-tails of 3 to 200 usec. A very nm wave-front may be
‘obtained when o th oud is near a ing which the line
nters. The building sereens the line inside from the cloud, so that
tho induced charge stops abruptly at the building. Extra pre-
jautions aro therefore necessary where an overhead line enters
| building.
“Arcing Earths, In the ecarly days of transmission it was the
peactico to insulate the neuteal point of three.phase lines, for then

1

LE

£ 2

-F 7
Yoo,

3

f,li i“’
1o, 255, Axcing Grousp v Tunee.wEass Lixs
one tghuo would not put the line out of action; this
ed the longitudinal (or zero phase.sequence) current
ed in a decroase of interference with communication lines.
noutrals gave no trouble with short lines and comparatively
tages, but it was found that when the lines became long and
toges a serious trouble was caused by arcing earfhs,

oduced severs voltage oscillutions of three to four times
Theso oscillations were eumulative, and henoe
otive. Amm are eliminated in this country and
fica by solid ing of the noutral, whilst in Germany the

earthed through an inductance (n Petersen coil),

two nccepted theories of arcing earths, in one of which
extinguished at tho normal frequency, and in the other
equency of oscilla ﬁomt?elin&meltotaunfonnder' the
oy are-extinclion or & phase line,

shows a throe-phase line. Suppose that line 3 arca to
vol to neutral is a maximum — B, At this
sad 2 have voltage + . Before the arcing earth
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ocours the eapacitances of the lincs cause the neutral to be at or
mnﬁamﬁomﬁul.wﬂmtﬂwow:hgofﬁneSuumn
sudden voltage of + & to be applied to lines 1 and 2. The ultimate
uudymtewauldthmbefuttholinulmdzmbettpo&enﬁal
E, But we have shown that when an e.m f, & is suddenly switched
nto a cirouit of low resistance, the voltage in the circuit oscillates
between 0 and 25 with a froquency 1/2724/(LC) {30 oquations (115a)
et u%.), where L and C are the inductance and capacitancs in the
cirouit, The voltago of lines 1 and 2 will therefore oscillate rapid]
betwoen the original value of & and ‘i.R + 2K = }E. The hi f;
frequency oscillation dies out rapidly. The arc is fed through the
capacitances of the lines, as shown in Fig. 255, and will g0 out
when the sum of the itance ourrents pussos through zero.
The capacitance eurrents lead the voltages by 00° so that when
their sum 1‘+1’ is zero the line voltages are K, = — IE,
By — B, and By, =0, If the are wero to remain extinet, the
voltages would have to be these values plus E, viz. B, = — {F,
By=—3E, and Ey = 4 B. Thus the faulty line 3 would have &
maximum voltage again, and 20 are to earth again, In other words,
when line 3 arca to carth the capacitance currents of lines 1 and 2
maintain the arc until the voltage of line 3 attains ita posite
maximum voltage with respect to the neutral; then at the ant
when the eapucitance currents would allow the are to go out, line ¥
nres again to ground, Wo saw that at tho instant that the arc is
oxtinat the lines are at potontials — 8, — §E, and 0, The charges
due to these potentials diffuse repidly through the system in an
oscillatory manner, with the average vol H— 45— 3 + 0)
= — K as the monn position, This is equivalent to an insertion of
an o.m.f, of §8' in lines 1 and 2, so that an added voltage & is upplied
to these lines. When the nro restrikes, lines 1 and 2 aoquire potentials
of — ¥ plus this new value — £, 80 that the maximum voltage ia J 5.
We seo therefore that the healthy lines are subjected to a voltage
of 3} times the normal value. As this state can be maintained for
o considerablo length of time, in & known case 30 min,, by the
continued arcing, it i very dangerous.
Petorsen Coil. Wo have seen that the capacitance currents
I, and J, maintain the arc even when the volufln of the faulty line 3
is too low to restrike it. In fact these currents have the particularly
harmful effect of maintaining the are until the very moment when
the vol:fu of line 8 is sufficiently high to restrike it. If the noutral
is earth an inductance L of such a value that the current
it passes neutralizes 1, + J,, tho normal frequency follow current

through the arc is Lt I+ Iy =,
The arc is then extinguished except for the brief moments when

the voltage of line 3 passes through ita maximum valuo aud can
restrike it.
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5 boen found that the Petersen coil is com letely offactive in

eniting any damage by an arcing earth, unfl- therefore used

vely on the Continent. The coil is usually provided with

gs, 80 that its valuo can be adjusted to suit the capacitances

o system. It is found that effective operation is secured when

B inductance is 90 to 110 per cent of the theoretioal value for
aot neutralization of the eapacitance currents.

1

2

; \tersen i 2
e Ilj 12111 lzki T

Fra. 250, Peresses Cor

ning and Over-voltage Protection. The insulation of &
ion system is always dc:iﬂwd to withstand voltages of
 Bho normal value for a reasonable length of time, s switching
# often produce voltages of this magnitude, It is clearly
; : todadfn the system so that the insulation can
the very high voltages that may be encountered from
us or fault conditions, and recourse is had to protective
88 which are adjusted to break down before the insulation,
isa prevent a dangerous voltage from damaging tho

ous voltage rises are found to be due to the following :
o8 due to direct lightning strokes or induced voltages,
g earths, (3) comparatively low-voltage high-froquency
(4) utatic overvoltage. Tho protective apparatus for
are; (1) ground wire and lightning arrestoes, (2) enrth-
tral solidly or I & Potersen coil, (3) surge ahsorber
Ance, (4} water-jot earthing resistanoe, carthing inductance,
thing of the neuteal point,

to say that with the advent of high-voltnge overhend
aa the Grid, the main esuso of damago is lightning, We
that most travelling waves due {o li tning are cansed
atio induction. The latter can bo reduced considerably
Of earth wires running above the transmission line and
atevery pols or tower. If €, is the capacitance of the cloud
08 and €, the eapacitance of the line to ground, the induced
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voltage on the line is C,/(C, + () times the cloud volta

oo of tho enrth wire above the line causes a considerable increase
[: €, and reduction of the line voltage. The induced voltage could
be very much redueed by an array of carth wires above the line,

but, this is too expensive to install in tice. ; y !
The earth wire also provides cons ble protection against direct
strokos {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 curth
resistance is R, the voltage of the earth wire is IR, and unless I
is Jow this voltage may be sufficient to cause a flash-over from the
earth wire to the lines, The

ge. The

Transformer  enrth resistance should be of

Breakdown insufation  the order of 10 to 20 ohms,
Voltage ) The earth wire affords an
! GapA  additional protective effect by
| GapB oa an attenuation of any
H travelling waves that are set
<t~  Microseconds up, by acting as o short.

vircuited sccondary, For this
reason ita resistance should
not be too large. Tt is usnally
made of steel, which has a high permeability and thus possesses
a resistanco which incronses with frequenay.

Having reduced the magnitude of induced voltages by means of
an earth wiro, we still find it necessary to install protective apparutus
to prevent, or at least minimize, the damage due to the surges
that do ocour. It is, moreover, essential thas the systom ghall be
considered as n whole from the point of view of protection, so that
the least essentinl and most accessible parts m}_arot?ct. the moee
important apporatus; this involves the co-ordination of system
insulation. The problem is rendered difficnlt by the fact that the
breakdown voltages of the various parts of the system and of the
protoctive apparatus behave differently with time; thus s horn
gap which iz set to flash-over at 100 kV. at 50 cycles may require
200 kV. in n wavo lasting for 20 usec., or 300 kV. in a wave lasting
for 5 usec. Wo define i, ratio of any Fieco of apparatus
as the rotio of the breakdown voltage of a wave of specified duration
to the breakdown voltage of a S0-cycle wave; thus the horn gop
has an impulse ratio of 2 at 20 usec,, and 3 at 5 psec. When a
method of co-ordinated insulation is considered, the impulse ratio
of the various must bo known or the protection will not le
adequate. Fig. 257 illustrates the point. Suppose that the insulation
of & transformer to be protected has the breakdown voltage-time
characteristio 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 st 50 oycles. The gap, nevertheless, does not protect
the transformer, a8 its charncteristio rises more rapidly than that

Fro. 957, Vaniartoxs or BReaXpowx
Vorraoe witi TiMr oF APFLICATION
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of the transformer insulation as the duration of the wave decrcuses.
m for waves of duration less than ¢, the transformer insulation
s down before the gap. It is neceswary to narrow the gap so
the characteristic is as shown for gap B before the ormer
oompletely proteeted, In practice it is not possible to narrow the
zap 80 much that the insulation is protected for waves of the smallest
on, 05 then the gap would flash over at very low vol at
cycles; & compromise is reached by protecting the tion
voltages of waves down to a ecertain minimum time, which is
nd experimentally to be comparatively harmless,
phere Gap, A gnginwhlohﬂsecpunn‘ g is emall compared
h the dinmeter of the spheres hus the useful advantage that the

Fra. 268, Honx Gar wirn Cuowm Corn axp Restsrancs

o ratio is unity. If then the apparatus is protected against
le waves, it is protectod against a wave of any duration.
f atoly, when the sphere gap Nashes over, the power current
intains the are, which requires only a very low voltage to main-
Lit, and the are is not self-cxtinguishing. The cirouit-breakers
ve to intervene to break the arc current and the seeviee
ed. For this reason the sphere gap is not of use,
. Fig. 268 shows a simple sketch of the horn gap. The
that a flash.over ocours betwoeen A and A" at a voltage
o 200 per cent of the normal volla%:. The r current
an aro, which may be considered to be a flexible conductor,
lgl' electric cironit moves o as to embraoce as many lines of
force ns possible, so that the arc is forced up to the position
other factor ﬁandlnti:o blow the are up to BB’ exists when
ve AA’, for then arc heats the air and forms a vertical
The result is that the arc is forced up to BB', where tho
de and the normal voltage is insufficient to maintain it.
 thus extinguished, usnally in about 3 see.
KAp cannol rupture aro eurrents much in oxcoss of
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10 amparos, and as the are is a dead short cireuit it is nocessary to
limit the current to a small value. This is done by inserting a
resistance, botween the line and the horn on the line side, which

reduces the current toabout 5 amperes,

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

-indueti
o Hra s BAr dum"bnl;ld is made as non.inductive as

Nt po;:l 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,

Fta. 200, BURKE ARRESTRR
( Metropodides. Vickers)

igh-frequency wave is then reflected back to the horn gap,
?ﬁ:ril the mblod voltage causes a flash.over, The choke is without
effect on the low-frequenay power wave, .
For small sottings the horn gap is sensitive to corrosion or pitting
of the horns, so that it does not maintain its setting. This du]icult‘,\'
is overcome in the arrester shown in Fig. 260. The main gap is
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set for u voltage well above that to be protected. The auxiliary
gop has a platinum clectrode, which possesscs the charaster of
mancnce. When an over-voltage ocours the auxiliary gap
ashes over and jonizes the air, and then the main gep flashes
over.
Burke Arrester. Tig. 260 shows the Burke arrester. The line
~ current passes through a trinngular pancake choke ooil, one side of
which forms half of the main gap. Severe over.voltages flash across
the main and auxiliary gap direct to earth, Less sovere voltages
flash over the main fap onlg, and
the current ia then limited by the
rosistance,

has an impulse ratio of unity, but
guffers from the disadvantage that
le arc botwoen its electrodes is
Bt solf-extinguishing, The horn-
ap, however, oxtinguishes the aro
but has a high impulse ratio, 2 or 3. 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.
&; and 8, are sphere-horn electrodes, and are connected to the line
#nd an electrolytic arrester, respectively. An auxilinry necdlo elee.
ode K is placed mid-way botween 8, and 8,, and is connected to
hem via (R, O) end C. At the power frequency the impedance of
he capacitances @ is very much greater than that of R, 50 that the
ential of £ is mid.-way between those of &, and 8 and the
trode has no effect on the flash.over between them. At very
frequencies the impedance of € is small, 50 that £ is at the
ential of S, and the gap is effectivoly half the previous valae,
&linsh.over takes place betwoen 8, and ¥ at a voltage less than
ifiat required to flush-over between 8, and 8, An impulse ratio less
han unity can thus be obtained. The electrolytic arroster on the

Multi-gap Arrester. This consists S, :
- of & number of small gaps in series Line
with a limiting resistance. Another E
resistance is placed ncross some of
‘tho gaps adjacent to the limiting c R c
0 ance.
Impuilse Protective Gap., It was = .
hoin t th s = E&lectrojytic
pointed out that the phmgnpgl’_m“”
e

Fro, 281, Ismrvrsx Gar wirn
Evperaonymio Amiesven

parth side extinguishes the arc,

Efod_mlyﬁc Arrester. This is the carliest typo of arrester with a
Arge discharge capucity, Tho action depends upon the fact that a
film of aluminium hydroxide immersed in oleatrolyte presents
high resistance to n low voltage, but a low resistance to a voltage
20v6 a eritical value, The critical breskdown voltage is about
W volts, and voltages higher than this cause a puncture and a frec

o
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flow of current. The insulating film of hydroxide is formed by i
upplyng & diwt vltags up to the critical valus o waminun B 2 S ialre Ao, T Serioinis s & ot B
ates immersed in the electrolyte; during the formation of the . conjunction with an impulse gap, for the continual leskage and
ahflmmm.mzmm‘ ~ capacitance currents would damage the arrester.
% JOINe sadchersref sometin ' ide-film Arrester, Fig. 282 shows the construction of the oxide-
£ - film arrester of the pellet type. The lead peroxide pelleta are in a
ccolumn of 2} in. diameter, the length of tho column being 2in.

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

Aredal wleery
%{“ iy o g in solidly earthed, and 18 kV. when the neutral is isolated or enrthed
fhe  petlet

through an inductance coil. For higher voltages several units are
placed in seriea.
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 n number of flns discs of a
porous material stacked one above the other and separated by thin

areelain (nsert p: ‘ i " A s ope
tewlaf R ; i mica ringa. The materiul is made of specially prepared clay with a
SO it it AR R/ foe small admixture of powdered conducting substance. The tglchnrgo

oceurs 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 botween the blocks are of
sufficient total width to prevent flash.over due to the normal voltage,
80 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 o dense inorganic compound of a
oeramic naturo, which hos a resistance that decreases rapidly from
a high value at low currents to u low value at high curreats, The
ourrent inorcases 126 times when the voltage is doubled; thus if
the current-voltage relation for a given block of thyrite is

B =Lk,
Metal pinte (v intic then 28 = k1261,
o AT Al 80 that 2 o 12460,
fermetad sl i Le. n=log 2 = log 12:6 = 0-27.

Thus the voltage varics approximately as the fourth root of the
current.  Fig, 203 shows the ourrent-voltage curve of the 11LkV,

Fra. 202, Oxtox-ries Amnzeren thyrite arrester of Tig. 264. There ure eleven thyrite discs sprayed
(B 720 on both sides to provide a good surface contact; each disc has a
gl:' currotnt passes fairly readily, but when the film is formad ?h‘:umxfi 2{,,::;- :fh:gimm:u:hl:&ﬁgd:ﬂvd;mg o:::m
current ovases, P
outside edge. When passing 2 000 amperes each diso has a volta
.s.::lh ;’f films are arranged one above tho other and the total of only 5 kV. At ux::lormgnl voltage ml kV. to earth, the pag:
critical voltage is oqual to the critionl voltage of each film multiplied voltage is (114/2 = 1/3) kV. = 0 kV. and the current in the arrester

by the number of filma, X y i
Daily supervision and reforming of the films is essentinl, and for f,'n(’&'.’,' fai,:‘; m:igv:r;l o: :?; Ehi.;’s':\gﬁf u:: m:ervm
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25 amperes. A wseries gap is provided to prevent current from
Bovingltthonormlvof:ago he value of k for the stack is 6 500,
or 600 per disc

When the gnp and arrestor flash over, n high current flows for the
duration of the surge, which is di to earth rapidly ns is
shown by oscillographic records; there nppears to be absolutely
no time-lag in the thyrite itself, The normal frequency foliow-
ourrent is very small, 3-2 amperes in o healthy ;y;tom. and only
25 amperes in & system with an earthed phase, o gap is easily
able to clear this small follow-cnrrent.

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

)
&0
kv
20
10
o5 F7 T "
Ampeses

Fro. 263, Vouraomovnnest Cunve or THYRITS ARKBRTES

that the gaps flash over at twice normal vol ; it s claimed that

the distributed gaps behave botter than a dm:gap. Round knobs

are provided between the electrodes of the gaps so as to reduce

:l;amtlyl:ia-lng. The action of the resistance blocks s similar to that
te.

Condensers. We have shown on 200-22 that the effect
of a condenser, placed between the line and earth, oo a travelling
wave is to reduco the steopness of the wave-front, This effect
protects the windings of a transformer near the line, since a stecp
wave-front canses very high stresses in these turns,

The ocondenser, morcover, protects the transformer against
compazatively 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 protoctive has a
dieleetric of acetyl cellulose, the electrodes being silver plating on
the strips of the dieloctric,

Surge Absorber. A pure condenser of the type described in the
previous seotion cannot dissi the energy in the wave-front of
& travelling wave or in a high-frequenoy oscillation. It merely reflects
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the onergy nway from tho npparatus to be protected, and the energy
is dissipated in the resistanco of the line conductors and the earthing
rosistances, If a resist is placed in serics with the condenser,
the combination can dissipate part of the energy in addition to
diverting it from the apparatus. Such n combination is called a
Another bype of absorber consista of

0 ype of a oons an inductance aerees which

ia placod a resistance. This combination is placed in series with tho

Poublz - qria
damp terminal
for lise cannection

_Cap castin
Blusinum
Anruxu] urvt )
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wluminum alloy)
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‘ e .loap‘ch,mcmo.
I W T nesiec in wet-
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WL pracess . oim Process porcewini
POrcakin cont singr
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d
=
restar u fer ground

1 canraction

Tryrea discs -

0. 264, 11 &V, Tiwemrs Mn
(Interwtionw! (ot Klectrie Co, of NXew Ford, Lad,)

e, Steep wave-fronts or high-frequency waves find the

& high impedancs path and are I"‘::rgcd tﬁougb the ulhui::el.wwt;na:
they are dissipated. The normal-frequency ourrents find the
me & low jmpodance puth and puss through it without
- The Ferrauti surge absorber consists of an inductarios coil, whi

8 coupled magnetically, but not olecteically, to a mmf:hiem'uu/g:
steol tank which contains it. The ooil is of n cylindrical or
! o form, depending 301: the voltage; for v:?tagm above
S XV, the coil is eylindrical and has inside it n metal shicld in
¥aioh currents are induced. The absorber is enclosed in a cylindrical
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boiler-plate tank, provided with porcelsin-guarded terminals, and
is vacuum.im ated with a light transformer oil. Fig, 265 shows
n 66 kV. surge abrorber of this kind. The equivalent circuit of this
absorber is shown in Tig. 266, There is a filter effect which prevents
high frequency currents from passing freely through the abesorber

Fio. 265, Fxxnanyl SUROR Ansoxsen
(1.E.E. Studentys’ Journal)

1 ryy is transferred from tho wave by the mutual induction
.b::w:t‘; ﬁ)w coil and the shield and tank into the latter two, where

e 8 T souion Lia Dy Thc e thowe intlide
of reconding transmission line surges, by the high-veltage cathode-
ray oscill , the klydonograph, and the surge-crest ammeter.
These will be described briefly.

H36H-vOLTAGE CATHODB-RAY Osomsocwapn, This is the only
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instrument capable of delineating the vol timo characteristic
of & wave. I"ng 267 shows a high.speed ode-ray osolllograph
+ manufactured by Metropolitan-Vickers. The tube is continuously
. cvacuated and the pressure in the defloction tube is 10 =4 mm, of
. meroury or less. The cathode is cold and at a potential of 50 or 60 kV,
above the anode, whiah is earthed.

The essential process is the following. A supply of electrons is
obtained by the jonization of the residual gas in the dischargo tube,
and these are made to travel with an enormous velocity under the
acoclerative effect of the appliod voltage. The electrons pass through
a hole in the anode and proceed in a steaight line, until they pass
batween the time defloction plates. The time daﬂeotlm:llm have
applied between them a voltage which varies rapidly uniformly

lagas)

Line _
CLLELL
D

2
* &

Fio. 260, Equivaukwy Cmourr or Fio, 268

Apparatus

m zero t0 o maximum value; the eloctron beam then undergoes
b deflection, that is proportional to the time from a given instant.
The boam then between the voltage deflection between
- which the wave (or a fraction of it} is applied, The vo?tﬁﬁcﬂoction
- plates produco a deflection st right angies to the time otion, a0

that the electron beam, which strikes photographic plate at the
end of the tube, traces out the voltage-time carve of the wave.

In order to photograph waves of only u fow microssconds duration
the utmost sonsitivity is required. This sensitivity is achieved in
 the following way. The electron beam impin, directly on the
- sensitivo plate, which must therefore be indSo g: evaouated tube.
* The velocity of the electrons must be very great, and a hifh voltage
of 50kV. or more is used to sccelorato the electrons. It is quite
‘olear that the electron beam must not un[:ngo on the plate when

here is no wave, otherwise tho plate would be completely fogged.

> beam is diverted from the photographic chamber by bonm trap
88 and a beam trap tubo. When there is no wave, thore is a vol
veen the beam trap plates which deflects tho beam from the
ght path that leads through & smull hole in a diaphrogm at
bottom of the beam trap tube. It is seen that the axis of the

reason for this is that although the eloctron beam is prevented

from renching the io plate by means of the beam tra
plates during the nm surge or wave, there are mungrmll:



Fio. 207. Higesrexo Caznove-nay Oscizoonars
(Metrapediten -V bokere)
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rays consisting of stoms that aro not much affected by the beam
trap. Thess rays consist of relatively heavy particles and are thus
not easily deflocted, 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 buing deflected easmily is used to
got rid of them by inclining the axis of the discharge tube. The

i
G & : Volt
Surge | W—oooT s £ nE—vdefltion
G Dplates

Fig. 208, Pormwrian Divions axo Dxray Casts

- retrograde rays and tho electron beam travel along the axis of the
discharge tube towards tho anode. Magnetio coils then daflect the
eloctron beam along the main axis, so that the benm con enter
‘tho beam trap tube; bub the retrograde waves are not defiveted
from their inclined path and are prevented from entering the
‘main tube,
The elestron beam iy f 1 and pasitioned by magnetio coils.
When a surge arrives it is sant direct to n trigger device which
moves the voltage betweon the beam trap plates, and the electron
beam travels to the - )
‘plate. Meanwhile the =
wurge is put ncross a
potentinl divider oon.
nected to a delay cable,
which transmits o
known fraction of the
wave to the voltage | osec
:e:;:;ln& ‘p l;r:?um Fio. 260, Vorvaor Acsoss Lovs Tounse
s miccosecond.  The (l.l.lw
dolay cable is a con-
contric cable, with air or rubber dielectric. Fig. 268 shows the
arrangoment of the potential divider and the delay cable; R is
equal to the surge impedance of the cable. If the copacitance 0y
is ton times the capacitance of the oable, no distortion is introduced
and the ratio of step-down is 0,/(C, + Cy).

Fig. 260 shows & cathode-ray o-oiilogupla of the voltage appearing
ascrom 10 per cent of the line and turns of & transformer winding.®
It is seon that in this cass the time base ia not quita lincar,

¥ _ @ prs

* Raprodaced by kind permimion of the Insitution of Eloetrioal Engi
from the paper by Miller and Robinsor, Journa! of the 1.E.K.
n—{Tse
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KrypoxograrH., 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. Irom
the residual magnetism the peak of the surge current is deduced.
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(5) Line Characteristics (Part 1)

CHAPTER 1V
OVERHEAD LINES : ELECTRICAL DESIGN

jance of Overbead Lines. The resistance of a conductor to
t current iz given by the formula

R = plfA,

e p = the resistivity, [ = the length, and A = the area of
otion. The values of resistivity of the various materials
e given in Chapter I1I, and also their temperature coefficients.
a tendency for alternating ourrents to concentrate near
e of & conductor. This phenomenon is called the skin effect
d results in an increased resistance. At 50 cycles the effect is
ible only with conductors of large diameter, Thus the resis-
08 to alternating current at 50 c;:%es of a copper conductor of
T 0752 in., of 97 per cent conductivity, is only 1-02 times
0, resistance ; for the same ratio of resistances to a.o. and d.c.
cent conductivity aluminium conductor can have a diameter
The skin effect is thus of small importance in overhead
e skin effect of a stranded conductor is the same as for a
uctor of the same cross-section, provided the stranded
has no core. If it has a core, the effect is the same as
ow conductor and is still very small.
ffect of stranding is to increase the resistance in the way
in Chapter Ilf In practice it is taken that stranding
the resistance by 2 per cent, which corresponds to a

age in length of a line due to sag is approximately
or & sag ratio, dfl, of 10 per cent this gives an extra length
 per cent, 50 that it may be neglected.
ance of an Overhead Line. A conductor which carries
surrounded by a magnetio field, which reacts upon the
this and other conductors. A long straight conductor
inded by a field in which the lines of magnetic force are
circles with the axis of the conductor through their centre.
W8 a plane section of the magnetio field surrounding a
conductor carrying a current of I e.m. units; the direc-
lines is for the case of & current passing into the paper.
distant z om. from the centre O the force is

H = 2]z,
® at a point P’ inside the conductor depends upon the

ibution inside the conductor. In overhead lines it may
Without appreciable error that the current is uniformly

81
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" OVERHEAD LINES: ELECTRIC.

flux due to the first wire, so that the lin
81 shows the magnetic field due to the
uotor at a distance D from it. The linka
jea for itself between O and @ have been fo

iI* 4 2% logh (R/r).
ages created by conductor 2 round o

R
21
I./I; (—?) =—21*

he total linkages round conductor 1 ar
#1* 4 2% logh (Rfr) — 2I* logh
= §I* + 2]* logh (DJr)

Dl

82 ELECTRICAL POWER

distributed. Then the force at P’ is due only to the ourrents inside
a circle through P’ with O as centre, so that at P’ the magnetic

force is
H' = (2I[z) x (2%]r*) = 2lz|r*,

where r = the radius of the conductor.

If the currents can be considered as flowing along geometrical lines
(i.e. of no thickness) it is sufficient to calculate the total flux and
divide it by the current in order to get the inductance. But when
the currents flow along wires of finite thickness it is necessary to
calculate the linkages and divide by the square of the current, a

R D

F1a, 61, MacweTio Fiatp Sunrounping T
Fio. 60. Maoxeric Figro SunrnouNpiNe A Coxpucror TR

8 8oe is independent of R and is finite
oe per unit length of conductor 1

3 Ly = } + 2logh (Dfr).
ductance of conductor 2 is the same.
per unit length is

| L+ L=1+4logh (D))
¥ires are magnetic and have a permes
e loop per cm. length is

_ Ly + Ly = p + 4 logh (Dfr)
b of inductance in equations (17) and
,T' which is 10— * henry. ’fl‘hz ind

L= L, + L, = [016] + 1-482 lo

linkage bemg the product of a current element and a flux. The
linkages inside the conductor are for unit length along the axis

r y 21' r
ﬁH X 'de_7£ dx = I,

gince the flux H' at P’ links only a ourrent I x (2%[r*).
The linkages outside up to a distance R (considered large) are

n nl > R
f H xldz=2l’f ~dz = 2I* logh* -
r r

1t is seen that the inductance per unit length of a long conductor
is infinite, since R should be taken as infinite. In practico there is
always a return conductor at a finite distance; at very great
distanoes from both wires the flux due to this return wire neutralizes

* logh (Rfr) = natural or hyperbolic or napierian logarithm of (Rfr), viz.
to the bnso & = 2-71828.
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uctors have a slightly higher inductance, the

constant term being gomewhat higher. Thus the constant for
3.strand is 0-125, 7-strand 0-103, 19-strand 0-089, 37-strand 0-085,

61-strand 0-083, solid conductor 0-080.

84
Stranded cond

Examrre. Calculate the inductance per mile of a conductor 0-4in. dia,
at & spacing of 18 in.
L, = [0-080 + 0741 log (18/0-2)] mH.
= (0-080 + 0-741 log 90)
= 0-080 + 1457 = 1-537 mH.

Inductance of Three-phase Lines. Tig. 62 shows a cross-section
of a three-phase system, consisting of three conductors 4y, 4,

Ay
1

&

A3

Az y3)

Iz

Fi1o. 63

CURRENTS IN BAaLaxcED,
THREE-FHASE SYSTEM

I
Fic. 62

Cnoss-seerioN or TERER-
PHASE SysreM

of radius r and spacings D,,

and 4,
which must satisfy the relation Iy + Iy + Iy = 0.

I, I, and I,

by the three vectors

I, and I, are I cos 120° = — 31, whilst their imaginary compo

;t:[,sin (— 120) and I, sin (4 120°), viz. — (34/3)1, and + (33
% IL=1
Iy = [— =iV = ALy, “Y} .
and I = (-} +iGvaL = ¥L,
where j=4+/—1and

where we have put’ A= —}—j(}v/3).
It is easy to prove that 7*=— 3 +iEV3)
1+44+42=0.

and

D,, and Dy. The currents are

the loads and voltages are balanced, the ourrents can be representec
shown in Fig. 63. The real components
nen

OVERHEAD LINES: ELECTRI(

1, A, and A* are the cube roots of unity, f

\’/l - 1 = (cos 0 +jsin0)l == CO08

(cos 360 +- j sin 360) = cos

_: (cos 720 + j sin 720}t = cos

T'his fact is also obvious from the vector g

e fluz linking conductor 1 up to some |
‘own current is, as shown on page 82,

[} + 2 logh (R/r)]I, per em.
flux linking conductor 1 up to the
I, is, as shown on page 83,

; (2 logh (R/Dy) )y,
hilst the flux due to 7, is
1 (2 logh (R/D,);.
' '_total flux linking conductor 4, is thus
logh (R/r)}I; + (2 logh (R/Dy)]l, +
1 2logh (1/r) ], + [2 logh (1/Dy) 11, +
Gl R (I + L+ Ly '
=+ 2 logh (1/r)]7; + [2 logh (1/Dg) 11, +
e 1 <4 I + Iy = 0, even when the syste
hat this flux is independent of R a:x{l is
the flux up to infinity (at which
of conductor 4, in the presence

preceding expreasion by I, and w
+ 21ogh (1/r) + (2logh (1/D)(L/Ly)-
epends upon the currents if they are
s that we cannot represent the :
8 for unbalanced currents. It i

¢ uctances between pairs, If th
uations (19) hold, we have g

f1= 1 + 2logh (1/r) -+ 2logh (1/D;)
3 VDD, | . ]
3 % + 2logh ===+ jv/3logh;

i+2loghl(_]3‘_n‘_)+j1/3]°gh%
;'i+2l'ogh ‘/(I:‘D')+j\/310gh;
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The imaginary terms in Ly, L,, and L, represent the transfer of
power between phases due to mutual inductance, and it is seen that
they add up to zero.

If the line is transposed along its length, i.e. the positions of the
conductors are interchanged so that each occupies all three positions
for an equal length, the inductance of each wire becomes the mean
of the expressions in equations (22), so that

LimLi=Li=%+1% [2 logh ——‘/(E'D‘) + 2 logh ‘/—-—-a:’D‘)

+21°gh_‘/_@'}_])!).]=g+zloghﬂl'ptﬂ (23)
or 0080 + 0741 log .‘./-@‘r——m mH.permile . . (23a)
If the spacings are equal to D, equations (21a) ef seq. show that

Ly = Ly = L= } + 2 logh (Dfr) } o
or 0-080 + 0741 log (Dfr) mH. permile } )
even for unbalanced currents.

Skin effect decreases the inductance but only by a very small
amount. The fact that the current follows spiral paths in a stranded
conductor causes a small increase of inductance, but the increase
is negligible at normal supply frequencies for non-magnetic wires.

Capacitance of Ovatlmu{ Lines. When two cylindrical conductors
have a potential difference V, they acquire charges + Q and — @
per em. length, and we say that they have a capacitance C' per
cm. to each other of

C=Q|V.

The charges are not spread uniformly over the surfaces but are
concentrated at the inner parts of the cylinders. The exact caloula-
tion of the capacitance between two parallel, circular cylinders is
known to give the value

1
. 0.8.11. .1 . (25
D+\/(D'—4r’)]°‘u per cm. length (25)
2r

4 logh [

The e.s.u. (electrostatic unit) of capacitance is the centimetrs
and is 10/9 puF.

It is interesting and important to find the error caused by assuming
that the charges are distributed uniformly over the cylinders. Fig. 64
shows a uniformly oharged cylinder, - @ per cm. length. The
electric force at every point P is radial and is the same at all points
distant z from the axis. If a cylinder of radius z is drawn about

the axis and has a length of 1 om., the total electric flux crossing

OVERHEAD LINES: ELECTRICAI

oylinder is F X the area of the curved p
. F %X 2zz. But by Gauss's theorem this |

F X 27z = 4mQ,
or F = 2Qx.
lig. 656 shows two oylinders of radius r space
ing charges + Q and — Q. At the point P th
k: 2Q)x + 2Q/(D — ).
he difference in potential between P; and |
ing this force between P, and P,: this sho

o
ETL 7
5

Fia.

e between the cylinders, but actually

)quipotentials for the two line charges.
m P, to the centre of the other cylir

ad from A to P, for the force 2Q/(D — z

D D~r
‘ = f 2Q
L ey ,[ ?dz + _A. D—z
= 2@ logh (Dfr) + 2Q logh (’
= 4Q logh (Dfr).
B 1
- OV Temmp P
htho capacitance given by the

4 logh 7-87 == 0-1212 cm. per om.
approximate value given by equatior
- 1[4 logh 8 = 0-1203 om. per om.

thus only § per cent. In overhes
may thus be used without much e
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The point O which is mid-way between the axes is at zero potential
and is called the meutral. The potentials of the conductors are ¥
and — 3V with respect to O, so that the capacitances C, to the

neutral, are 2C. Thus

1
Co = m cm. per cm. lcngt.h

0-0388 :
Tog (Dfr) X¥- Per mile

Exaxpre. Find the capacitance to neutral of tho conductors of the previons
examplo.

Here D = 18in., r = 0-2in.

88

. @n

or

Therefore
1

1

Co = 3ogh 80 °™ P °™ = 37, 2:303 x log 90

10 x 2:54 X 12 x 5280

=2 x 2303 X log90 x 9
== 0-0198 uF. per mile.

om, per cm.

uF. per mile

It may be noted that
1/V/(LG) = Y~/(L,C,) = 181 000,

which is the velocity of electro-mag-
netic waves along these conductors in
miles per sec. The quantity

VALIC) = v/ (2L[4Co) = 2v/(L]Cy)
= 566 0,

is the surge impedance of the line.

charges
and an

sidered to have a
and B, 4+ Q per cm,,

Fro. 66

A, B, A’, and B'; the field below the earth is,

Effect of Earth, The effect of the
earth may be allowed for by the method
of images. Fig. 66 shows a single phase
line, conductors 4 and B carrying
+ Q and — @ per cm. length,
earth distance & below. Let 4’
and B’ be the images of 4 and B in
the earth. Then if conductor 4" is con-

— @ per om-
» potential at
mypointontheemhinmo,asl‘
should be. The eclectrio field at any

point above the earth may be considered as due to the conductor®
however, zero, 511¢%

OVERHEAD LINES: ELECTRIC/

ho earth is considered to be a perfect con
roe at P, distance z from 4, along 4B is

20, 20 2Qcosx 2
z T D—z V4
=20, 2 20 204

z " D—z WFE BT

The potential V is the integral of this force f

D 2h -
D2k

= 4Qlogh o oy — ek 1

he capacitance to neutral is thus
1

ST

/(0 DEjaRR)

00388 z

| ) pF. per mile

%8 ry/(1 4 DYaR)

aerLe. Find the capacitance to neutral of the
mple if they are 10 ft. above ground.

cm. per o

C. -
2 logh

= 0-0388 _ 0038
90 b
log = log 90
»/ (l TIx lo’)
= 0-0199 xF. per mile.
B revi 0-0388 00388
ihe previous case Cy = log_so”T-eﬁ'

! y 1 per cent less.
rally the effect of the earth on overhead
icifance of Three-phase Line. Suppose
g. 62, and that voltages V,, ;,, J
with the result that the charges pe
2 electric force due to a charged cy
¢ per cm, length and x the distan
culate the potential of 4, we im
n infinity, which is assumed at zerc

d{=?)

s loeh

.
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'tiona for equal distances. It can then be shov

), = O,V and @ = OV, where
Gy = [1/2 logh 1&;1?11_)_,_)] cm. per o

[0-0388/log M] uF. per

re again we call C; the capacitance to neutral
effect of the earth can be found by the
bed above, but the effect is ge y neg
earth wire is found by assuming an induc
) + Qs + Q; + Qo = 0. Furthermore, by
am earth wire to zero we obtain another e
obtained from the potentials of the line
cient to solve the problem. The cha
by about 5 or 7 per cent in practical ca
[l wire.
¢ Stress. The electric force or stress |

2Q/z + 2Q/(D — 2).
is seen that this has & minimum value
‘value for the smallest possible valut

mum stress is thus
9= 2QIr + 2Q/(D—1)
t V = 4Q logh (DJr), so that -
: 9= 3 Togh (DJr)"
Jo i8 the voltage to neutral, By = }V, 2o t

90 ELECTRICAL POWER

If the unit ch: is brought from a large distance R to within 4
distance r of 4,, D, of 4,, and D, of 4,, the work done is

LA R R
[ (2Qu/2) dx + J' (2Qufa)dz + J (2Qu/2)dz
r D, Dl

= 20, logh (R/r) + 2@, logh (R/D;) + 2@, logh (R/D,)
= 2Q, logh (1/r) + 2Q, logh (1/D;) + 2@, logh (1/D,)
+ 2(Q, + @ + @) logh R.
When R is infinite, this work is to be the potential ¥,. It follows
that a necessary condition is @, + @, + @ = 0. Also then
V, = 2Q, logh (1/r) + 2Q; logh (1/Dy) + 2Q; logh (1/Dy)
Similarly &
¥, = 2Q, logh (1/Dy) + 2Q, logh (1/r) + 2@ logh (1/Dy) p  (28)
and
Vs = 20, logh (1/D,) + 2@, logh (1/D,) + 2@, logh (1/r)
Q, can be found from the equations for V, and V, by replacing
Q, by — (@, + @) and solving. Then
Q =1V logh (D,/r) — (V4/ V) logh (Dy/Dy) (284)
: ! fogh (Dyfr) Togh (D,/r) — logh (D,/Dj) logh (Do/Ds)

There are similar expressions for @, and Q. The charging currents
are

1, = jo@, I, = jos, I, = jow@Q.

As the charge in equation (28a) contains a term (V,f V), it is clear
that the currents in a line are determined by all the line voltages.

The representation of the charging currents by capacitances is
complicated except in certain cases.

EQUILATERAL SpAciNG. Here D, = D, = Dy=D. Then @
= V,/2 logh (Dfr), Qy = V42 logh (Dfr) and @, = V4/2 logh (D/r),
independent of the values of the voltages. Then @/V; = Q. Vs
= Quf Vs = 1/2logh (D/r), and this is called the capacitance of each

equation (31) gives a value of 0-91. Tl

line to neutral, i.e.
Co = 1/2logh (D/r) e.s.u. per em. length) o) ol ?m: :na‘l)';:' f:lrmﬂ?a:imas;&

or 0-0888/log (D/r) uF. per mile
TraNSPOSED LINE WITH BArancep Vorraces. In this case
V,=V, Vy= AV, V3 = AV, where A=—1(14 j4/3)
Also the conductors are transposed so as to occupy all thre?

-
9= Flogh (D)
rmula holds for the symmetrically

al case the gradient at the surface

the inner point, and varies round
= 20 and we represent the true ma
 gradient at the outer point is 0-81 a

creases the maximum stress, bu
formula for the corona voltage.

arge. If the voltage is high the
at which the air breaks down, @
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" m, is & roughness factor, which is unity f
en the wire is stranded or rough, m, is
that m, may be taken as 0-72 for stran
aly to occur in local places only; for de
of the conductor he takes the value 0-
a Power Loss, If the visual corona s
loss due to corona is given by
- P = (390/3) (f + 25) [+/(r/D)] (E — BE,)}
per phase, . . .

here [ = the frequency in cycles per sec.,

1 E = voltage to neutral.

Jigh voltage liries are seldom designed tc
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s0 that r increases and the max mum stress decreases. If the spacing
is small enough, the corona may bridge the conductors and cause
flash-over. Generally the spacing is large enough for the corona to
cease spreading long before it bridges the conductors; values of »
and g are reached such that the stress is insufficient to ionize any
more air.

The phenomenon of corona is accompanied by a faint glow and
a hissing noise. There is also an energy loss.

Disruptive Critical Voltage. The breakdown strength of air at
76 cm. pressure and 25° C. is 30 kV. per em. or 21-1kV. (r.m.s,)
per cm. This value is called g,. At a barometric pressure of b cm.
of mercury and 7° C., the breakdown strength is dg,, where

8= " x ! P . (32) pal corona: what corona there is is loca
2713 + 7 ation (36) will not hold accurately.

2. Find tho disruptive critical and vie
o operating at 132kV., the conductors b
pd aluminium at & minimum spacing of
barometer 29-0 in.

ere D = 150 in. and r = 7 X 011 in. =-

7=00°F. =156°C.; b = 73-Tem

If E, is the voltage to neutral that causes this breakdown
equation (31) gives
E, = dgyr logh (Dfr).

In practice it is necessary to allow for the condition of the surface
of the wire, so that

Eq = mdg,r logh (D/r) 33) 3 392X TT_ L
= 21-1mdr logh (Dfr) kV. (r.m.s.) to neutral, =3 +156 .
where m = 1-0 for clean smooth wires; | Ey = 21-Im x 098 logh o.l::;,

0-98 to 093 for roughened or weathered wires; (349
0-87 to 0-80 for stranded wires.

The value of E, given by equations (33) and (34) is the disruptive
eritical voltage. Bad atmospheric conditions, such as fog, rain, or
sleet, may reduce E, to 0-8 of the value given above.

Visual Critical Voltage. When the voltage of the line is the
disruptive critical value, there is no visible corona. This is explained
as being due to the fact that the charged ions in the air must be
able to receive a finite energy before they can cause further ionization
by collision, which is necessary for the corona discharge. Peek
states that the disruptive critical voltage must be so exceeded that
the stress is greater than the breakdown value up to a distance of

=m X 21-1 X 098 X 2-303 X 2-6
= 126m kV. (r.m.s.) to neutral.

the conductors are stranded, we take m -
= (83 x 0-8 for rough weather. We

104 kV. in fine weat

£o=1"83kV. in rough we
0-3 0-3

L+ Jen = voes

E, = 1-30 x 126m,

0-34/(ér) em. from the conductor. Thus visual corona will occur when S
the breakdown value is attained at the distance r + 0-34/(dr) from ) == -
the axis, instead of at the distance 7. This requires that the voltage visual corona m, = 0-72
to neutral be (1 - 0-3/+/(dr) ) times the disruptive critical voltage. E, = 118kV.,
Thus the visual critical vc:::ge is . T

E, = 21'1"'-6'(1 + 7‘3—’-)) logh = kV. (r.m.s.) to neutral (35) E, = 134 kV,
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The actual voltage to neutral is 132[4/3 = 76 kV. Thus there is
no corona under normal circumstances.

Avoidance of Corona. The critical voltage can be raised either
by increasing the spacing or the diameter of the conductors. The
spacing cannot be increased greatly or the cost of the supports will
be very high. The diameter of the conductors can be increased by
using hollow conductors with a hemp core. Steel-cored aluminium
conductors have a large diameter for a given conductivity and

SN AR weight, and are thus good from the
S = point of view of corona.

| For very high voltages, such as the
= 275 kV. of the Boulder Dam trans.
mission scheme, it has been found
economical to use the hollow conductor
ghown in section in Fig. 67. The con-
ductor consists of tongued and grooved
rectangular strips of copper, spiralled

along the length of the conductor.

A line is usually designed to work at
waem o yoltage just below the disruptive
critical voltage for fair weather (taking

=1). It is economical to have a
small corona loss in bad weather,
rather than have larger conductors to
avoid corona entirely, Moreover, corona
acts as a safety valve for surges.

Carrent Effects of Corona. Corona forms when the voltage of &
conductor passes the disruptive critical voltage, and disappears when
the voltage descends through the same value. This occurs on each
conductor every half-cycle and contributes a triple harmonic to the
charging current, since the effective ca acitance of the conductor
increases when the corona is present. Tge triple harmonic currents
pass through the neutral to earth in an earthed system; in a non-
earthed system the neutral has a voltage to earth of triple frequency.

Insulators. Pin-type, suspension and strain insulators are shown
in Figs. 48 and 49. Single-piece, pin-type insulators are used up to
26 kV., and multi-part types up to 80 kV. Above 50 kV. it is more
economical to use suspension-type insulators, as they are cheaper
and lighter. Moreover, the insulation of the line can be co-ordina
by using insulators with more units at some points of the line where
breakdown or flash-over is to be avoided, and less units at other
points where flash-over can do no costly damage. If it is desired to
raise the working voltage at some
are very useful, as extra units can
insulators on the Boulder Dam line are cap- and pin-type
insulators and have 24 units. The suspension t{ge
from the mechanical point of view, as it allows the

04

$12000CM
259 mew

Fic. 67. Horvow Coxvue-
ror ror Hior Vouraoe
(Elactrician)

later date, suspension insulators
be added at small cost. The
suspension
is preferable
conductor 0
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alce up a position in which the insulator exper
only. ermore the earthed cross-arm is
nd protects the line to some extent from light
a flash-over creates an arc from the cond
8-arm, the porcelain is liable to be shatt
g horns and ring, which draw the arc awe
hen the path and help to extinguish the a:
flash-over voltage of the insulator, but
hs this slight disadvantage.
pension-fype Insulators. The voltage ¢
arm and conductor is not shared equally
ension-type insulator because

o earth capacitances of the Low-arm
In consequence the flash-over |
» of a string of insulators is less
the flash-over voltage of a unit
lied by the number of units.

iring efficiency is defined as

ne) X 100 percent . (37)
jere % is the flash-over vol of
at; ,cthatofuunit,miu

the insulator is wet the Conducto
capacitance between units F::. se:‘

paci

are not increased (except for the unit ne
result ia a more uniform distribution of |
n the unit is dry, and the string efficiency
string efficiency can be increased in sever
ign the units such that the direct capa
 greater than the capacitance to earth:
ved. Another method is to increase the
er units: this is very inconvenient, a
that units be interchangeable. A thi
ring placed near the lower units and ¢

in Figs. 40 and 51. This ring screens
their earth capacitances; and it in
noes between the line and the insulat
g greater for the lower units an
across them.
; Skotch the construction of a i
VO distribution ovor a string ofm:
hat is meant by “string efficiency."”

of suspension insulators consists of three
¢ach link pin and earth is one-sixth of the
maximum peak voltage per unit is not to
working voltage and the string efficienc,

(B.Se., L
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The voltage at the termination is thus
=k _ _2R[() + pCR)
Ee=E+E =gt om®
2R B

T Z(1+ 0B + K.
It must be remembered that p = dfdt and £ is a voltage which
is zero until { = 0 and ¥ after t = 0. &, may be found in the follow-
ing way.
P Z(1 +§(;R) -~ RE,.
= ¥pCZ + Z|R + 1)E,
= JOZ(dE Jdt) 4 }Z|R + 1)E,.
This is a linear differential equation for & of which the solution is

2K
= ~UZ + RNCZRYt
A /) S '
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 = —2E)(Z|R + 1)
)

r=ZE 1!
= By [1 — -1 + CZRY],

where E,, is the voltage at the end when there is no capacitance,

Fig. 251 shows the graph of V.
-- 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 00
per cent of its value and multiplying by 1-25, If the wave reaches
z of its value in time ¢

1 — g~IZ + RICZRY — z,

CZR 1
The specifying time in this case is therefore
1:25. [CZR[(Z 4 R)] [logh 10 — logh 1-11] sec.
= 275 CZR|(Z + R) sec.

s that B 1 — ¢=IZ + BjCLRY)

Time
Fra. 261, Frarresive oF Wave
DURE TO SHUNT CAPACITANCE

80 that

VOLTAGE TRANSIENTS ANI

In the case of a capacitance at a point
;j_ﬁ':]jotb directions away from it, Z = R an

1-370Z sec.

hus a 10 000 puuk. capacitance in a
500 ohms flattens the wave so that the

137 X 10-% x 500 seo. =

~ Flattening the wave-front has a very ber
the stress on the linc-end windings of a |
bhe line.

Lightning. With the increase of high-v
problem of lightning is assuming greate:

Fra. 252, B Srroxe

s done yearly by lightning. The:
ghtning affects a line :gby a tisireot st
on. The way in which thunderclouc
entials is complicated and not kno:
t atroke can take place in severa
cloud induces a charge of oppos
| masts, church spires, etc. The
these objects causes ionization of
ke takes place between the clo
D dlcm])wn as the ;l siroke, and
ely long time taken to produce
ln’kheet point, usually zF lightn
ta in a much more sudden strok
shown in Fig. 252. Three clou
cloud 3 is decreased by the
hen cloud 1 flashes over to clc
ged rapidly; then cloud 3 a
flashes to carth very rapidl,
ed by ite rapidity and the
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170 ELECTRICAL POWER

The voltage drop from 4 to C is now 007 x 22:15 «= 1:55 volts

from 4 to D is (004 x 32:85) + (008 x 25) = 206
volts. When the feeder 0D is replaced, the potential difference of
0-51 volts drives a circulating eurrent from € to D via DE and
EAQ and EC in parallel. The resist of EAC and EQ in parallel
is 0-0238, so that the circulating current has the value

TRANSMISSION CALCULATIONS 171

- The potential difference botween 4 and B is

E = (004 x 125) + 0031 + 0-02(1 — 25) 4 (003 x 20)
=510 4 0057 = 6-94 V.,

The resistance of the network betwesn A and B is

0-51
—_—— .- om
002 + 008 1 00236 ~ 00 Mmperes. 2= 004 4 o X000 | 008 - 008875 0.
Of this the part that fows th‘::ngh'hﬂg;a 01014 x 60 = 54 P _ = el P
amperes, and 15 amperes flows throu, . The resulting system ving J; = - =
of currents is shown in Fig. 125 (a). 0 :3 ; :. 004 + 0-08875 512876

T, = Iy e 2365, Iy we — 1325 we — Iy, I, o 60, J; = 31-35,

and T, = 181 amperes. . x
S The method of circulating currents be i
The results ob::nnd by adding columns € and D of the methad fension of Thévénin's th c‘ Thits ":"li“jm;d““%‘::‘:z

I=I1,=236, Iyeu —~ 134 = — [, I, w70, I, = 3144,
and I, = 180 amperes,
which are in good agreement,

(5) Use of Thévénin's Theorem, Appendix IV states and proves
Thévénin's theorem, and gives nlso some applications, The thearem
is the following :

If a network has two terminals A and B belween which there is
placed an impedance Z, the current through Z is given by

I = Ef(Z + Zy),
where E is the potential difference between A and B when 7 is removed,
and Z, is the ymped of the nehwork bet A and B caleulated
by assuming that generators are replaced by impedances equal to their
infernal im, :

By the intornal impedance of & generator is meant that impedance
which causes a drop in the terminal voltage when current flows.
Thus if Z; is the internal impedance of a generator, the vo.ltqgu
when & current [ is taken ia open-circuit e.n.f, less 12, (which
is called the internal drop). In an alternator it is called the
synckronous impedance.

Exawrrr. Find the current 7, in Fig. 122 by the uee of Thévénin's theoresn.

We assume that the feeder AB is removed and the netwark is
then as shown in Fig, 126. The current along AF is 125 A.: let the
ourrent along ED be /. The remaining currents aro then easily
written down in terms of I, which is found by equating voltage
drops along EFC and EDC. We get

0-01(95 — I) - 0-02(76 — I) = 0031 +4 0-02{I — 25),
giving I=2369A.

it n %‘tho feoda:- AB eag:-du current of 53-9 A, to flow from
0 B, This current must ong B to O, from C to K by the
s through D and F, then from E to A. lfwenddtboa:imu
Iinto those given in Fig. 126 we get the full solution,

L terconnected Systems, The method is the same as for
“but complex algobra is required. In systems that are not too
plicated n veetor diagram helps one to visualize what is hap-
. Tho following example illustrates the method,

XAMFLE. A throo.phase dintribution systeen @4 a8 shown in Fig. 127,
0r e supplisd at A ab 11 kV. (line voltage) ansd balanced losds ;7"50 A,
at 0-8 hggxq puwoer factor amd 70 A. at 09 ln 'n; power factor
j:'o)”n"ncc . (60 +;'f$bm..£m' g7 °§s§€a Caleatate tha
" “ - " -
g at B and C and the current in ool be “ Po:n'r' e aro hulhe
: A, (Lond. Uniw,, 1033.)
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The simplest method of solution is by means of Thévénin's
theorem or the method of cireulating currents. We take the voltage
at A as the basic veotor. Then the current at B is

1, = 50 cos T 08 = 40— 330
and the current at C is
I, = 70 lcos T 09 = 63 — j30-5.
The current at A is
I, = I, + I, = 103 — j60-5 = 119:5 [30°0",
80 that A supplies at a power factor of 0-868.

If we assume that the feeder BC is removed, the current in 4B
is I, ond in AC it is I.. The voltage drop per phase in 4B in

(50 + J0)I, = (50 + §0:0) (40 — 730}
= 470 + §210,
= (40 + j8-0) (63
- 406 + §382.
The potential of B is above that of O by

B = 406 4 j382 — 470 — j210

= 26 4 j172.

The impedance of the network is

Zy = 50 + 90 4 40 4 jBO = 90 + j17-0

sndin AC (40 + j8-0)], — j30-5)

and Z = 60 + j100.
The current in BC ia thus
E 26 -+ §172 17417_!1‘ '
Z7% " 150+ 270 300610
- 56|20° 24’ A. = 53 + §1-96.
The current in AB is thus

40— §30 + 53 + j1-96 = 453 — j28:0 = 53-3 [31° 42" A,
and in AC
63 — 305 — 53 — §1-96 = 57-7 — j32-5 = 66-2 [30° 48’ A,
e— e ——
The voltage drop between lines from 4 to B is
(v/3)(5:0 - 70-0) (453 — j28-0) = 846 + 7403,

and from 4 to C
(v/3)(40 4 §8:0) (577 — j32'5) == 850 -+ j474.

TRANSMISSION CALCULATIONS 173

The voltage at B is therefore
11 000 — 846 — §463 = 10 154 — j463 = 10 164 [2° 35’
and the voltage at C is

10 150 — 474 = 10 160 [2° 40",

EXAMPLES VI

LA 125%V. line d with £ 4 each end
delivers 250 kVA. at a p.f. of 08 logging to the low voltage bam in the sub.
station. The line has o total resistance of 10 (2. and an inductive reactance
of 30 0. ; each trunsformer has & ratio 2 00011 000, The resistance and rones-
ance an the low and high voltage sides are 0-04 Q. andd 0125 2, 143 Q. and
45 0. mspoctively.

mnmbuw\mmpmun unopcmungaodudﬂnovmll
eflicieniny of of 2000

S.Aiphﬁwuhmd\m-nhﬁonhm.mwhnhdmhmvnl

end is maintained constant at 33 kV,, has & rosistance per phose IIQ nd
® ronctance per phase of 13 Q.
Deduce an lon for the power delivered over tho lines In torms of the

-0t voltage and the receiving-ond voltage.,
mﬁtm-nﬂ-.m puwtoub.onl En‘duphluhowhw
this curve to detarmine the dynamio stability of

(l.ond. Univ,, 1048.)

4. Discuss the ad of i tin, o’wmaung stations {as in the
 Natioral Grid) compnred with tho operntion of statiors as molated planta.
Explain, with the aid of convections and voctor dingrams, the conditions
poveening the sransference of power from ono station Lo anothor, sssuming the
bus-bar voltage st cach station. Explain ales how the magnitude,
direction, and power factor of such powee transfuronce are controllod.
(Fond, Univ,, 1950.)
4. A 30.mile thm.\-phau tranamission e dolwm %000 kW, nt 33 kV.
Ipflngm of stnghe tors is 000 4 j0-72 0. per
mide. lation, efficiency, g tor voltage nnd power factor.
- &, Construct a line chars for l thsroo-pliaso line delivering o balanced load
A8 30 kV., the imped of each oot bmng(loo-)l‘ﬂjn Find the
Rone uwwhagnnlowk\\'upom of 09 and 0-7 keading and

gi
I}% the procecling exnmplo find the power that can bo recsived at 0-8
P L lagging at 30 kV. if the generstor voltage is 33 kV.
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i reduced to the recelving station voltage. Lat
:g‘on::l!::um Iy the feeders be postulated by considera-
tiona of the current carrying capacities of the foeders: given the
magnitudes of [,, I,, and I,, the phase positions of the latter fzo .;;
fixed in either of two positions by a parallelogram of currents, n

: ‘Pf Z, ]
: P
= B Z; I

Fro. 151

£
Ie

shown . 160. The most economical condition ocours when
;“-f-l hl:?fnixlxlul?m, and this is when they lie on [/, so that
i + Lo 1,. Lat the impedances of the feeders and transformers
nlal'ano:l to the recviving-end voltage be Z, and Z,, Thc.h voltages
at P, and Py are B, ++ I,Z, and F, + L,Z,, aro shown as

Bll:ni‘n’ g;'-ible to prodoce these voltages at Py and Py by means
e
Y- Z
I:n.sﬂvwr

Fia, 162

- induetion lators and one comman
:If fwﬁosw‘q;i"mmphfn shown Ilrlqlllig. 161, in the f.olluw::
w: Let the voltage circles of the induction regulators inter s
v lators are set in positions corresponding i
voltage nt P is given by OC or OC" an

at andhc‘. If the r?u
ints, the v
::yolfo‘a:l:l?evp; by the use of the tap-changing transformer.

Anothor way is to use two tap-changing transformers and on

thres. i i Lot
- induction regulator, as shown in Fig. 152.
volngoph:i:oelol ofuthe induction regulator interscct B, at 0. Let

VOLTAGE REGULATION STABILITY 193

g voltage be represented by OC"., Tho first changing
ornmmust.ina:rethovolhgafmmOCVtoa{mdm
ftumOG'to&,.I!tbogenamorvolugeunbeh:maud
to OC by increasing the excitation, there is no need for a transformer
in series with the induction rﬁ;hwr. and then the socond trans.
former needs a tap.ratio of By; we require then only an
3 e B RS &

Fio. 163. Panarazmt Openation or Gexexarors Cowxzoren sy

A Live

induction nfulnwt in one feeder and a tap- ing transformer in
o other. It is, of course, undorstood that steam has been

gulated to provide the required load,
b tbougur::misnotwrylugeundlholondhnotnnﬂﬁnw

ugz;rit will be sufficient to keep o ﬁxo:iesenmmr voltage. Then
| voltages and the lond will be uced in the proportion
90" to OC. The division of the load will remain as sbove merely by
e use of one induction regu.

and one tap-changing Vg

mnaformer,

Suppase that the t Mﬁe
uppose that WO
ati plahtiom:! and B 7 IR

Operation of Gener-
o supplying loads and that Vet
iirrent / fiows from A to B, PARAtLxL Oxnavion or GxxEnsTans
Conxsorzn wy a Livm

. Suppose now that additional load is
to the bus-bars of station B. The generntor voltage at
back in phase to V,’, a0 that the voltage difference
V,~ V' and the current inereases to I', which is larger
! more in phase with ¥,. Thus station A sends more
e and the steam governor adjusts itself to mee the
Bdition. Tho reverse happens when load in taken off the bus-bars
3 or load is thrown on to the bus-bars at 4. In the vector
igram shown in Fig. 153 we have represented Z, the impedanco of
 in T, 88 4 pure reactance. Whon the interconnector
' pure reaistanco, the vector diagram is as shown in Fig. 154, It

&
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i hen load is thrown on to B the current J diminishes
;"u:zgm' flows from 4 to B, and B is therefore called upon
to nupply more load, This is peogressive and leads o hunting and
instability The eo of reactance in the interconnector is thus
essential for stability.

c ity of an inlerconnector iy defined as the
MTMQWWMMM per radian change of angular
displacement of the voltages of the two systems. It can be shown
to be

(E*X/1 0002%) kW.

1t is stated that if the total capacity of the p.ln:t“in the m.mllor
station s less than this, the inter tor hos b
w#mold tbswauﬁmummuep. Factor. The effect of power factor on
voltage regulation has been worked out on pages 13742, and
a line chart for n partioular example is shown in Fig. 106. Tlu'u
with o given recsiving-end voltage of 10 kV. snd load of 1 000 kW.,
the sending-end voltage is 16-8 kV. at & power factor of 0-5 lagging,
146 at 07 , 183 at 0-0 lagging, 108 at 09 lending, 97 at 07
leading, and 8:6 at 0-5 leading. By cantrol of the power factor we
can therefors vary the voltage of the line over a very wide range
of values. N
example, eanmaht«bevolt:fau'.haundmg-nnd
uerduvrmgmrﬂhequ':.l by a proper choice of the power factor in the
i Y.
fol{;n&wmy = E, wo neo that equation (60) gives
R cos ¢, + X sin ¢, = — IZ3)25,, . . . (69)
or  Roos* ¢, + Xsin g, oos ¢, = — P(R® |- X*)J2E2

or Rooa2p,+ Xain2h, =—(PZYEN—R.

Substituting for B and X in terms of the line impedance angle

m:-voo-% - #in y sin 2, = — (PZ/E} + RJ2)

= 008 (p— 25),
»0 that

For example when P = 0 this reduces to
=iy -+ iy — /2
=p— a2,

. Find the power factor for equal s
nlxm‘lh l.t’nmq:t:nwhcn\bnbodqulmk

é, = $v + 3 cos 1 (ooa p 4 PZIES — (=2) . (82)

ing- and rooeiving-ond
W.
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B =16, X =30, Z =34, y == 90° — 28° 3’ = 61°57", cony = 047,
PZIE* = 0-34.
#p = 30° 58 4 § cos) 081 — 22
- 30° 88" - 17° 57° — 90*
- 411,
the powar factor is 0-75 lending,

- From I-‘oi?. 106 it iy scon that at equal sending- and receiving-end
oltages of 10kV. and lond of 1 (00 kW, the reactive kVA. is

0 kVAR. leading, giving

tan §, = — 086,
# e _‘l-n

‘; agreement with what we have found.
“In this case the in.phase current is 100 am

and the wattless
urrent 86 ampores, 80 that the total current is 133 amperes,
It may be noted that st unity power factor the sending-end voltsge
120 kV. and the current is 100 am . It is then & question
f economics whether it is worth w raising the current from
U0 ampores to 133 amperes in order to achiove zero regulation, If
e plaso angle is adjusted to the negative value to give
regulation, no other regulating equipment is required, But the
rent-oarrying eapacity of the alternater and line or eable must
_greater in the ratio of 133 : 100 than for the cass whon the
factor is unity; in the latter case, however, ‘m:ulohng
Wipment, in the form of tap-changing or booster tr ormors,
required. In practice it is found wu:ti while to operate as near
i power factor aa possible, s then the plant can be used to
B maximom advan and the line loases for & given tranamitted
d aro o minimum. Thus in the case just discussed, the loases at
power factor are only nine-sixteenths of those at the condition
sending. and receiving-end voltages,
Lhe advantages of advancing tho phase to as near unity power
or a8 possible are thus, (1) the load output of a given plant is
Ponsed and with it the earning capacity, (2) line Josses are reduced
& minimum, (3) voltage regulation is considerably reduced, and
there ia o beneficial dﬁ:m upon the stability of the s
Average valuos of power factor for different kinds of loads are
ollowing—

Liglx::: and power, mainly the former , 0-8-0-85

- Lighting and power, mainly the latter . 075
Power . 3 S R : - . 065-070

Single-phuse power . 05
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