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(2], PURPOSE

fsulation 16 required to keep elecirical comductors separaied from each

Ideally, insulstion should he totally
ally restricted to the intended con:
some current a0d o must be

oiher and from other nearby objects,
snumdueting, for then currents are 1ol
Setons, Hawieyer, insulation dogs conduct
fgurded a5 4 material of very high resistivily. [n many spphicalions, the
sartent flow due o conduetion through the irngulation is so small thak i may
% sotieely neglected, In some Instances the conduction currents, HMHA
"'ﬂ'f i-tnﬂh:'ﬂ: instruments, serye ius iesl Lo delsrmine the suitablry of
i nsulition for use in service, © under erdinary S
- g i ald e un
Although insulating materlals are Very stabie | xtruine GO0V

e, they may change radically in characteristios under paertor
- ; k) in "
fiom of yoltige stress or temperature or under the aEio of eerta

: ins sl becorming
Weh ehanges may, in locnl regions, resultin (he insulating maiers

iW-Wldtlulivg. Unwanted current flow brings

W fapid destruction of the insuliting material, The
| lor & high percentage of the equipt '

8kms, The selection of propes materils, 1

,Mﬂm: and the contral of destructive

he lmutul.mn-:yulmn designer,
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2.2 INSULATING MATERIALS
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12-3. INSULATION BENHAVIOR B semation s illustrated in
SEsm shows = group of polar
SRR Bac an extrs electron at ©
2y e moving with rt:;:ef' 0
l.hta. L& us confine ©

Wien wmsulations = placsd betweesn two met

Becisd 0 & voltage source (Fig. 12-1) several

e mseabion may be idestifed. The aseizton, or dielect
Gapecance beiwesn the plates. a cerrent of ko ::-...::._
a2 body of the imsulstion 2 kikage currest Sows c:-fr
mSiaTon, asn.rﬂ:q:t.w:zr.; £rtal epou
the msaiston WAy make i hig

; Ihnm an 12- -n, T"-f‘ e “‘"‘“‘E
by o agh, sudd . ' ' Wk B dlectron displaced toward 4 and
coadactive. 0 of the electnic field.




FLECTRICAL INSULATION

ich

FlGa- 2" i i
s :nc:;,,;T]m cﬁ'e}:t of electirical stress of insulation. (a) Some
ules under normal conditions. (b) The polar molecule

P changes position under s
ety nder stress. (¢) The charge layers adjacent 10

The effect o .

volume, moving EJS?J“T??-hmz:n} clectron-proton pairs in the dielectric
Fig. 12-2¢. Adj;ccn[ to the - l_ ; example f, is to produce an effect shown In
R el cath::im E_T*f there is an excess number of electrons i
tric. These charges partially e Bis an excess number of protons in the dielec-
placed on the plate and ad{;iu“‘e”ti’ﬂhzc the effect of the charge originally
A and B as the charges in th ?i"fal charges move from the voltage source 10
for the same valtage betw ¢ dielectric take on their new positions. Hence,
the source 1o the plates haf:en i p lates, the charges that have moved from

ve been increased as a result of the presence of the

diglectric, The capaci

- Ihe capacitance betw

. . 2L : :
would be without the dielectric the plates is greater, therefore, than it

2h plate equal in effect to the charge remaining Mt

INSULATION BEHAVIOR
32
r a system of particles is moved from ope

peneve s i
‘_Y m P from the position shown in Fig, 1.,mh 101 10 another

-3 1o thay of Fig.

-»¢ which restrict the moti
are rorLL:"‘ % L= 'ﬂ'j{h._'}n. and llm b i
¢ 15 required
{0

Shange, Such is the case in dielectrics. Tn some materials the ch

in d fraction ol a “‘llffﬂﬁfﬂﬂnd.; in others it may take me;;lchanga
SR ethe period of changs, the capacilance appears 10 increase and CU?TL
P (he external circutt It is sometimes stated that charge is “soaking®
g ielestric- The phenomenon is known as dieleetric absorption :

0 ahen the voltage source is disconnected from plates A and B and th

petween them is made zero by a short-circuiting connection (Fig

:1.]!). the di:‘npl'.ltﬁd particles In the dielectric tend o go back to their

5

FIG. 12-3. Charge conditions in :
gized, (a) Immediately afier being short-circult
short circuil 1s remob ed.

a capacitor that has bezn ensi-
ed. (b) After 1he

- - . ‘ wwill
Sormal state. However, if it took a long tme to get them ontﬂ‘.::e condi-
uke a long time to get them back into the normal stalfﬁ Hmr:mairﬁne 5
fon shown in Fig. 12-3a may persist for some time, @ charge remetis

@ the plates.

Next suppose that the short circult
Wlore the dielectric to its neutral state. With =
Hﬁqn the plates cannot be removed. AS (he dielectric ‘
@Pﬁ_’_ll'mn, the trapped charges on the plates
4d B. This voltage may be a Serious hazard 10

'th.ﬁp“ﬂilﬂnce between the plates to be discharge
cularly 5%

inue 10
1S removed: Forces continu

ith the circuit ope

SU0n of a short circuit. This hazard 18 parli

& apacitance such as high-voltage cables.
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ELECTRICAL INSULATION Chap. 12

windings. For this reason, it is always desirable te keep such equipment

continuously
with the presumably deenergi zed equipment
Referring again to Fig. 12-2a and b, the movement of particles. sy

short-circuited when workmen are to be in physical contac

b ae
the polar molecule P, may result in the movement of other nonpolar m llﬂ'
coles. If the molecular moltion 1s increased. the temperature of the materia)
is increased. I the power supply s an ac source, cach reversal of voltage wij|
rend to cause a reversal of the position of the polar molecules and electrical
energy from the source will be converted to heat in the insulation. This Jass
is known as dieleciric Avsreresis. It increases with frequency and with applied

voltase. It must be considered in high-voltage cable design.

b. Conduction Currents. '-’s'*en volta
two plates separated by a dielectric (Fig. 2-1), those s th
are present in the msulation dnift from utho*-.—: to anode. This is termed a2
conduction current (from anode to cathode) and represents power loss into
the insulation. In insulation, the number of free electrons is low, and as a
t the resssuvily of Ihe maf.r:riai is high. The number of free electrons
may be increased by several processes.
An increase In femperature causes an increase in the thermal agitati
of the molecules of the msulation. As temperature increases
number of electrons are broken loose from their parent molecu
free to dnfl in the presence of an electri held. The resistivaty of ti
jecreases with an increase in temperature. This 1s in contrast to o
resistivity increases with increase of temperature.
Insulating materals have chemical structures designed to have high
clecincal ressstapce. Changes in these structures may result in a substantial

fehactioa of the resstance. Chemical chang.-:s may result from penods of

clevated temperature, :',orn the action of light, or from attack by certan
chemiicals,

The exposure of msulation to radiation
reaciors) ncreases the nember of free electrons,
{tducuan of resistivity. Under extreme expostire. chemical changes result
itom radmton damage may permanently lower insulation resistance.

W
L5

€ Surface Leakage Currents. Leakage currents flow along
paihs between electrodes over the surface of the insulating materal Th-‘
magnitude of these currents is in no way related to the resistivity of the
matena! wself. The valee of the leakage current depends on m? applied
veltage, the insulation material, the sarface contamination. and the moistsre
mﬁ;fltn‘ of the air. On seriously contaminated high-voltage line insulator
aces, teakige currents may be as much as 100 milliamperes.

InsuraTionn Bevavios
: in
,,ﬂ:’

reakdown. Insulatic
]nslﬂlllﬂn B alation may undergo 4.
characteristics in 2 process known as

change in
# nggmfﬂl S

breakdown. Cg
s
hown in Fig. 12-4. Two parailel-plane clectrade 4 ﬁ
-2 A4 and

:

I £ - bmace ¢ ey siressed by e
FIG. 124. Insulanon O thickness ¢ bemng stressed OF &%

voltage V.
= —c -t nl'.*:gn SOUTCS
g2 sepamated by a sheet of dielectric of thi n..'xi"t’.":': {. A vanabie voitage - ;;
¥ provides a difference of potential betweza . and B. S.m-\eaz -.:: :
ssowly raised. At first the conduction curreat S VIY low, pereat -ﬁmh
i ia microamperes. With increased 1'1'1"—":1 voitage, 1he curent Sudden

sereases. and the insulation t2kes oo the ch a3 me ﬂm:‘lﬁ;#:h

& & termed insulation breakdown. On et..."*"'.l"aj 2 =

s may be found extending through the insulation shest Porbams

#il be some charring and perhaps there will be 2 hole T
The voltage at which such breakdown o<Turs S s:?-?- - ;Mw"*ﬁ

W pncture, voltage, V. and the electine Seld mtensity

S b ﬂf e M{%
inowm as the brea.ldﬂhn gradient OT PUnciure SUreag

aracter of

‘:V'

Naere £ is the insulation thickness. il
The puncture strength of 3 particular mﬂm
anes with the thickness of the sample, the g’hﬁtﬁ‘ﬂw
and the rare of application of \d!:is;m it
hlmm the puncture strength usually
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4
'I\ I|II'“.'il'l._ I 3

tests using plane circular electrodes and applyi
breakdow : : PPIYIng voltage
aown may occur in less than 2 or 3 minut EC AL A rate gy
Two mechanis i * oy R thag
INNS s K X By [
o o s t_m: ]; of breakdown are of importance. |
‘ i I ll. although one or the other mav | . Hoth MAY oo
troned in the previous paragraphs, under volt 4y be dominant \ e
.k . ] i “ iy "age o F N 5
tire causes an increase of the ¢ IRC SIress, an INeredse mep.
of the imsulating n ¢ conductance (or a decrense o e lempery
5 ] | il . . al . hy
ergy in the inuf l.l'”erll;"' Conduction current flow im 1t g FesIstance)
" 3 L I 3 I 11 . & 1T . o ) I ] 1 ™
region may l'n-:rc]: - nder electrical stress near the qun t[" i release of gy
= L] ] : ‘: ”] T A ": ¥ i ;
carried away le illbru;cn?rifl“l.lI'L hlff.';l”ﬁ;p heat is [‘flu,ll‘;v :“'T, \.illl{“‘ i 'HJ._':”
Srite Ghitliat Micel wree sed lemperature causes an |'||1.h.“._l,‘t aster than it i
' o, < . . LR T | N A
(B b bvei m.”r (;Fd more current flows, thereh n the condyot.
v r 1: 1 ik M . S
inorensad phE st ur'. Course, the increase of tem }‘:T |i'14.,IL.IH|u!|pI the
= H”“.c.w'r C 1weat away from the region '1.| 1I erature will cause
e JUthe voltage is further increas ’* lh. i stable condition
';E i . I : '.R“‘ ' - b
" e ind the current mav conts v Lhe temperature
changes destroy the insulati ay conlinue 1o increas ¢ may
: on . ase until chemica
thermal breakdown and puncture results, This is i\l ehemical
Anothe : ‘ ! somelimes fil“Cd
- other mechanism of breakdo
?"""“" man msulation volume I‘ ;I Wi involves the acceleration of f
With neutral molecules, knock O theenergy level at which th n. iy
Y . i \ ol il L] " . ¢ Ii " |
thus forming electron avalancs other electrons free of (he pare o
- anches. ¢ A A : parent s 11l A
i:“e high-speed elecirons Bk 'Ih wits discussed in Section 9.4 I'"”htl.”'”
hange 5 Dreak chemical by 40, In 8
i nges. In gases, the high-speed emical bonds and so bring about ¢ olidk,
Ol the resulting chs ypeed electrons generate O SVOUS chemical
and arcs. T 18 charged particles, if suffici rate ton pairs. The movement
S. This may be N sulficiently intense :
W termed bre; : ense, produces il
breakdown by electron collisi AR
- sion.

‘?. v“il rl1
“Time ¢
I P . ¢ Charac ~
ﬂﬂl'.'em!. nf ink‘ulﬂ.“”u hrc_lkl;l L ' cr i Y l l { b q f ll ren k d Owin "U”l
' L) | '

ll c!l fr'l,l d wn l.l sitie r b
m thL Tﬂ““gf SOUrce L\LIIhL‘I ”h”\ C l'k't’|llil'l‘ I:IIL‘I].!,‘I.' o hE

¢ . 1o the ;
oty 2 quired for breakdown. T e insulation volume. This means that

e l)’ 0es the breakdown « Uhe lower the applied voll T
N St a1 = . ' Th ‘ g
&_”»1. breakdown. At o) process proceed, and the | S “h. P
llp““ﬂﬂ h}' normul Ihcr. u'ﬂi:'l hf.'h'l\lr i\ ‘-'T'iliclll Rl ] onger the time to
O pr mal ¢ ’i alue, the rate ol energy dis
mir:;:w?*m the growth of (he htfnfluumn and L.U,“.EL.“‘;" I“"I'H.'t”ﬁt‘l- L"F rﬁ{lh“
val Insulidtion ix aur‘-lxm-l‘i‘fulc indefinitely without | -uh :L B

ue a =7 IMes fesie yreakdown.

second :xdp;mm‘“ g the time ‘::jd‘ I;}' applying a voltage above the criticdl

I"I"‘It‘nl Hneh t‘lu e . ] .

repeated 15 perfor - pses belore breakdown, Tl
and finall wmed with a diffe down, Ihen d
£ "‘;L applied voltage €18 drawn showing the time 1l| t;.:b.‘t T:}'HHL' I[h“ ";
or solid i € ’ o breakdown plotiec
Insul;
;*It Lurve shows g {;hl“m"II whare the
List

181 above the grigj

I minutey op Sven

| break |
aracteristic like (hat "-dif?.,,“ process is busically therme
in Fig. 12-5a, Note that for voltages

al valye, ¥
» fl' lhl‘.‘ Il '
hours, me lag of breakdown may be measured

INSULATION BEHAVION

o bwien mads o

qoross insulators
Hetween
splinres

Ted vltaEpe

)
10 0 i)

I il et
2 !

| ;
P (e rosecondsl

e thouis)
L

(i)
cterlstics of insulation breakdawn, (n) Solid

116G, 12-5, Volttime ghirn
res pind belween rods,

Insulation: (b) Alr between sphe

ye breakdown process iy basically by

ars (s shown in Fig. 12-5b. Note
of the electrodes
ypaced

re
Fve appe
conds, The shape
ve. Metween closely
ag iy very small,

For paseous insulation, whe
ectron collision, the volt-time cu
is measured in microse
qces the shape of th
1d is almost uni
field is very not

¢l
that the time here
of the test system influe
spheres, where the electric he
Retween rod gaps, where the glectric

greater.

¢ cuf
form, the time |

uniform, the time 1og 18

[ service may
ation condition
breakdown of insulation.
nereases rapidly with
qust be such as 1o

[nsulation |

Dclorlnrnllun. _
ks of insul

, Insulation
lies that periodic chee

deteriorate, o facl which imp

must be made to avoid equipment failure due 10
and liguid insulation

The conductivity of solid
moisture content, Designs and maintenanee pmccdurﬁ n
minimize the amount of maeisture that moy be absorbed.
Clemical changes due 10 pxcossive temperitire and
to chemicals, sunlight, and nuelear encljation may porman
value of solid and liguid insulation,
Gaseous insulation, qieh as wir,

decrensed, either by o reduc
Some puses, such o8 sulfur
taminated with air, moisture, oF

due (o exposure
ently impait the

loses strength A purticle density 18
in temperature.

: | se
tlon of yressure or by o inered it
| lose insulation strength if cons

hexafluoride,
conducting particles.
geristics: The relative

o Insul 3
B gth, and roxistivity of several materials of impors
ble |2:1. The punciiee atrength and

pcrmiuivily. puneture stren e
(unce in electric power are shown i 14 A ol e
cesistivity will vary considerubly, dependent .08 PU”?’--_ ;‘:ﬂ‘:ﬁﬁ?’&"igp":}
coxses used, and molsture content, For comparison; thet $ Nk

is also shown,

atlon Charnt
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! be required. In addition. larn
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or covenng, would be more difcalt
e . : 2 Bt e
< pul on reels would be reducd b
F"‘h : I"-- . -
thermal insulation. Increased
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'|.'|.=-1 1! 23 P L. e
of heat removal from the power

msulan X | .
Nm;..an thickness increases the prob

conduciors 2nd requ TUELE
I:;; s L: reguires @ reduction of
A thickness of insukat b

‘ their current rating.

bet MCreases o0 In transformers increasss the sie of

ARITESES O ' 3 - g

- “ oy T, W - . n i wh ~ ] .
SR QOIS results m incress ipp& s o losses. The larger specnd
Incressin SaSed per unit impedance.

2 the number of
r":‘f‘s oy ‘1. - = J = L ai SE‘SWQ_i‘J ' - - oy - -
IRCCSSHAS aa incresse in SIOn units in transmission line sl

g »
COUS 200 cores and

cross-arm lenasth g e B FAL.
SEnilsr statecments ’“'“L.:--: wider nights :?i:h which In turmn rRQUIRS
Erﬁm'*m’m“: ;jld made reganding other equipment, SUCh 85
B sin ::!harr:h and circuit breakers. An arunRD
e f:: b-i::::*:i ,. mereased costs of associated pars
X of the pﬁ}bkm;-} ; : uzrm{n‘_g .:_h.arfacter*;smﬁs. ’
B s ke SO
“ETlurers attempt to nn;dm efforts are made 1 € i
emnt 1o maiﬂlaiqrm,_; _-H:‘Elrn:‘.’ul:.um.r} of u.m.mrmi_* high

TS attempt to pla - msuiaion with minmum &mnu:

S are limited 1o BAycms m “'htch overvoltages due 1@
o values only slightly above the syster

Sources OF OVERVOLTAGES

12-3. SOURCES OF OVERY OLTAGES

o traceable to three basic causes: hghtaing,

ges on power sysiems arn
and contact with circuits of higher voltage ratmg The power-

seks to minimize the number of these occurtences, 10 bt
and to control their effects on operat

Ovel™ olta
switchima.
system designer §
the ma
ing equipment.

ges produced,

enitude of the y oltag

g. Lightning. Lightmng recults from the presence of clouds
which have become charged by the acuon of falling rain and vertical &
dition commonly found m cumulus clouds. Yoltages may be

skes (Fig. 12-6a) and dus 10 incdirect

\:ui"n:ﬂl?",. 4 con
nes due to direct Sird

sef up on O erhead b

1) Direct SIroke
Note: Clouds m=ay he of vither polanty

FIG. 120 Lizhtning sUOkE 1@ 3 lige. (a) Dirct. (B) Indizect.
roke, the lightmng current path & directly
: th 5 Gu
«ubiect equipment—3ant ovechead hoe 1B Fig. 12-%a
“ath may be over the ‘nsulators and down the pale
bhe that necessary © fash over

strokes (Fig. 12-6b). In & direct S

from the cloud to the
From the line, the current pat ‘ |
to sround. The voltass set up on the line M2

X » ground. 1 _
e Pij:l:ht u‘?d;rtﬂ stroke, the current path is 10 soIRC mrh:;_ ub;_u-.:u:. suc?x:s
the tree shown Fig. 12-8t oltage }pgcanng L"{llhi: ine 1S : :
as follows: As the cloud comes QVeE the hine, lmdﬁﬁﬁ:bgmwun& :m !:ﬂ‘ﬁlm
draw negative Charses from distant poinis and hold t t:]m ﬁ;mh o
under the cloud in position s shown. The mlra@:‘en 1 R BARES m_l o
y sed. 1f the cloud is assu _ S

ine | SIS
ing that the hne 15 pol endrs : i
" roke in Ze00 UmS, the positive charss

~ocurrence of the st :
. ¢ chanxs unbound, Their presence on

leaving the pegaliv 5 o

: i oL 1O 8T <

Jtive voltags with respect 10 5 . | -i

il { a stroke, ligntaing cle _
ke current rises from e 'illllF _
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Oor many &St and desien DurDo<e:

TLI\ h‘k‘LlL?j t'l.. I'-_,: as HE"_..,,:-—r

33-1,_. crest value of the voliz
nd the 50 P’f cent point on the tail of the
v all voltages set up by .

SDEC

do not conform io this specification

er ceint

FIG. 12-7. A 1.2 ¥ S0 test wave used to ssmul

prodisced voliage.
Direct lightning strokes to lines as shown in Fig. 12-6a are of concern
on iines of all voltage class, as the voltage that may be set up IS in most
instances limited by the flashover of the path to ground. Increasing 11;-.-:
leagth of insulator strings merely permits a higher voltage before fiasho .-,_E
ocTurs. The most generally accepted method of prote-:;ion against direct
strF-l;ea is by use of the overhead ground wire (Fig. 12-8). For s?mphﬂ:;ﬂ.:er:
only one ground wire and one power conductor are shown.

The ground wire is placed above the power conductor at such a position

that practically all lightniag-stroke paths will be to it instead of to the pOwWer
conductor. Stroke current then flows to ground, most of it passing throus‘r.a

= Lo JT',J. Wire

Power conductor

FIG. 128 A ightning :
e by ng stroke 10 2 transmission line with overhead

o

footing E!‘f‘dﬂd res

ﬂ.‘! to Eﬂ"und ihr-ﬁuut- H
Jue to the current [ thro
2 mation)
' appro
8 B
V.= IR,

tely this voltage ap ,,h_l.g hefaee
(mhu:h was not struck). It
ul;ilﬂl‘ ﬁ&bbﬂ‘i =i g% no 1_",::[__‘*

. 3
|1|- nlare g

by using WO carefully placed g _:

m g[ﬂlﬂ'ld Ic
(Chapler 13

Exaneie 12-1. Suppcae tI-,. 1-,gr._:e,_;_

1he tower fooling 15 23

Eg. (12-2), the pc-tmn..l of the tower o

Eﬂlﬂ voltage across the insulator st
25 Q) the voltage is 625 “Lﬂ\

prohabie,

The lightning record of lines support
abstantiates the simple theory of line protectioa just
rcord of lines on towers over 100 ft in height indicat
serhaps the inductance of the path down the t mil_ sh

Tadirect strokes produce relatively low voltagss oa !
ral conicern on low-voltage lines supported on small insuiat
Il importance on high-voltage lines
bundreds of kilovolts without flashover.

w

-

gqistance Ol low

(]
L

W FL i ';u_!a.lﬂﬁ =il

Overvoltages ma) resgit from

b. Switching Transients. dpbart "mﬁ"ih:’s}’dh‘f‘-“-"

switching operations on the closing of circuit
%ithin the breaker, on circuit-opening Opsr= ations.

ig
182 nature of switching transients is shown 1 Fig

: may X
FIG. 129, A circuit in which overvoltass

Swilching
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of the drill-m . el :
shoi) ofor «'Ilﬂd the _rm.[.jl case. Unfortunatel o 4
i r.cun;') rill while standing in a swimming Cly he choge
rigger o ' ™ g pool, When
mﬁfc-m;j t:;e dnill to close the motor switch H]fcf I_- \‘»‘hun he

C irectly to the hot side of the 120 \u]dse of the dyjj
<U-VOIL circuit, T
L. Th
e

o e li.x
! Was |h{1;
Man -

electrocuted.
The importan
ce
p of ground leads on portable tools an
“ 4hd applia

be illustrated from th
¢ above example
(shown dashed) -- _ ple. Had there bee
o hj on _thr.'. Fdefectrxrel drill the closin “efsueh 3 Bround Je..
a short circuit on the 120-volt ci ng of the switch leag
been cleared by the “blowing” 20-volt circuit. This trc Would by
The person who “'ﬂr;: g" of fuse F, without injur 'Uubh: would hyye
pipes, or stands on the sursa?n grounded equipment to}u [}{: the wt}rkman.
i kinp contaict with: orie s'daw of the ground Ehould‘ re ehes plumbing o
[ takes that e docs nml e of an electric power circuit memiber that pe i
The hazard is particularly make contact with the othe - Great care shoyg
Skin reatilo eondiicts b grea.l if the hands of the r side of the cireyy
Specially designegurrepl into the IEQUid-ﬁnndegﬂ_rson‘arc wet, for “-ﬂ'
: : : inte
such as boiler fﬂpairm;qmpmem i1s available for the tt.rmr of the body
relation to grounded e f, miners, and others who mpmtmm" of Warkers
are doubly insulated C:"Ulpmf:nL Portable tools have bL:St work in intimate
the energized conduc greatly reducing the probability een developed which
ment provides hi tor and the hands of the Ity of a contact betwees
few milli igh-speed openin workman. Anoth
milliamperes) flow g of the power circuit i er arrange-
d ows to er circuit if ¢ .
uctor, ground rather than returning i urrent (of even a
Ing in the neutral ¢
of-

12-6. TRAVELING WAVES

As described j
in Section 12-5;
:Lﬂfrn £610 1o maximum V:Id' [!-"3 voltages set up on lines by lightning ri
th‘chmg produce voltage ue 1n a few microseconds. T L
: ose due to lightning 1$h5 that rise very rapidly allh* rAnMEEE e
ines and may PrﬂduL:e D‘ESE vﬂltages may be traﬁsmmﬁgh figh Mf fas! .as
::“Pagatmn of an clcclric;r;?]lag"«'ﬁ In stations far from 1:]3‘”)' n_nlles m«;r
luclasurable rate. When v isturbance down a line is " u;ugm. i
' ¥ er : very rapi &
A E,I:]] methods Dfﬂﬂ&lysi;n terms of fraveling waves cather than by
A dransmission |j : '
unit n line (o
[ﬁi!lt:ij; :d ‘:ﬂd Certain iaf;;f:ﬂcof cable) has a certain inductance P!
: cak - ¢ per unit | : .
are : age wil nit length C. Fo ; analysis,
line Cistributed gl along t!h:Epn eglected. The ind uctgancc and lrh;hct; i:lr;;ll::ncé
gt Ao Coth Land € I Each section, even a very shor! length o
» the inductance ul: th L h"F 15 divided up into small sections @
hat section will be LAx and the capacitan®
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ctions in gach of which the

Fig. 12-11. The length Ax
the line con-

hich is divided into small se
lumped is shown In

x. Aline W
thus uniform distribution of

and capacitance are
as desired;
e rcprcsemcd as closely as desired.

A {ransmission line shown as imfcmnmt sections of

FIG. 12-11.
d capaciance.

inductance an
¢ of inductance

= 0. The natur
gnitude

{ of significant m&
tablished, time will be

Suppose the switch S 18 closed at time
s such that time is req plish a curren
through the inductor AL,. urrent is €8
required to build up

appears here will curre
conditions which exist at
observed at the far en
and current conditions
of propagation, {he relation
energy transmitted, the energy st
may be determined from LWo
In Fig. 12-12a W€ may exam

mental section. Al 1 ﬁ:um ld‘ i
voltage 18 U and the is i, At distan .

The value of Av ma
_ ‘ di

ﬁ“ = L Ax E“

In Fig. 12-12b We
geetian

Ai = C Ax'%
hort, these equations {ake on the differential form:

If Ax is made very 5
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FIG, 12-12. An incremental section of a line. (a) Vol _
( : lage 5
tions, (b) Current conditions, gc condi

Bv = L'-j;'
o (12-6)

di  _dv
- - (12-7)

These are the basic e

: quations, from which much c: el-
ing waves, an be learned about travel

T.ht relation between voltage and current
determined by the {ollowing steps.

dv L g
3?"{:5;_.

Then

d in a traveling wave may be
Dividing Eq. (12-6) by Eq. (12-7) yields

(doy L

iy = ¢

ﬁ,ﬂ
di = Ve

TRAVELING WAVE

(12-19)

it ] stant
nce of the line. Note that it 15 a cons

the characteristic jmpeda

1stor. '
‘ he character of 2 rESISH o
n‘Flﬂlm‘lg'huz velocity of propagation U may be determined

Gx
U::TEE

From Eq. (12-6),

ﬂx___lﬂch:
9 Ladi

int 1S’
The power £ flowing past an¥ pol

1 -
=:-lf—,-=--'ilz¢-
Ze

P=vi .L
. a f the line, PeF
The energy stored in the inductance of th
e 10
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The energy stored in the capacitance of the line, per unit length. e
W, = $Cv?

The total energy stored in the line, per unit length, i

W= W, + W.=3$Li*+ 1C?

Since

Similarly,

W= Cp: (12-14)
If typical valges are substituted into E
found thar the characteristic impedance and

gs. (12-10) and (I2-11), it is
overhiead lines and cable CIFCUits are approxim

velocity of propagation on
ately as given in Table 12-2.

Table 122, karacteristics of Overhead and Caple Lines

Characteristic

Velocity of Propagation U
Impedance Z. ohms

miles/sec feel/p sec

UVERHEAD L1ng Pt
CABLE 0

50

186,000 1000
90,000 500

Let us €xamine the time behavior of

12-11 when it i . 2
*NL1s energized by closing the switch S, connecting it to a conslant

Volt source. This line is shown redrawn in Fig. 12-13a, simplified by

the omiss; : i
im ssion of the inductors and capacitors. This line has a characteristic
Pedance of 400 ohms, a velpe

*¥Cond, and ; ity of Propagation of 1000 feet per micro-
ug,u;:i s aasun::d L0 be 5000 feet in length.
S 0OW that the switch § i« o i o el
Pretile alopg the e SWItCh §'is closed at 7 — 0. A voltage and curr

M appear as in Fig. 12-13b. A voltage and current

the overhead line shown in Fig

TRAVELING WAVES

1 .
~d currenl
_ - :n'\faiﬂF and 1
“?:;i‘ = 6 psct-

nal of the switch, BY

att )
ft-hand (erm

| | zere condit
exist at the NECE ot are 2670  and current S
the voltage and € _{he yoltage

* - fﬂs In_ =E
Armer = =0 & the profiles 8P

e volfage i
propassted TN 1000 fest, the
“c,[jﬂﬂ .

s at all pumti TR

4

(.
i
=
=
-
H

F

o et L e L e
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11N

current 1s

= 2000 S amperes
Z. 400
At all points beyond 1000 feet, voltage and current are

Attime s = 4 usec the profiles appear as in
age 1s 2000 yolts from S to the 4000-foot point.
same distance is § amperes, Beyvond the 4000-
are still zero,

What happens when the wave come
1or will depend on the method of lcrminuling the line.
flow down the line from the power source.

If the line is open-circuited, there
and 5o all received CNErgy must be stored in the line ¢a pacitance, At s-
the conditions on the Jine Will be as shown in Fig. 12-13¢. The voltage from

010 4000 feet is 2000 volts and the current js § dmperes, From 4000 to 50
feet, the voltage is 4000 volts and the current is Zero. This new condition is
moving 1o the left.
If the line is short-circuited at
end of the line and all recejved o
AL T = 6 4 sec. the candition
The voltage from 0 1o 000 f;
From 4000 (o 3000 feet, the
The new condit

stll zero.
Fig, 12-134. Now

and the curre
foot point, voly

the Yoit.
nt over this
age and CUrTen
510 the end of the line? The behay.
Energy Continues |,

can be no current flow at the end,

04 sec,

the end, there ¢
fAcrgy must be store
S 0n the line will be
L 1s 2000 volis
voltage is zero
on 15 Moving to the Jeft.

The behavioy of the line May be analyzed as if an incident wave prop-
agates down the line and reflects when iy comes to the end. the reflected
wave then prﬂpﬂgaling Lo the left. For the incident wave, v, and /,

”; = z'-_- fI-

an be no voltage at the
d in the line inductance,
as shown in Fig, 12-131,
and the current is 5 amperes,
and the current is 10 amperes,

(12-9)
and for the reflected way

]
D =
r

(12-15)
« the current s flowing to the left, hence the

vand the current i where both waves exist are

(12-16)
(12-17)

dent waves and v, and I, apply to the reflected

» Which shows 4 line terminated by a resistor A

' S
TRAVELING WAVE

o

’ / /ﬂ-—’ ; %
S
!/Q_ oy { vallage SOufce:
sonslant v :
) b?{ ﬂ} Licl’::: circult arrangemen
r R

flection.

*n :“Efﬂil
FIG. 12:14. A ling being il

Iy inated by & A(ler re
Pl hrﬁu‘;;z:ulhium on the line A b
Vo 0
(b) oltage wave v and
nty

incid
to the right by the In¢

e v
ed voltage WAve T

ent Wave 1S
[n Fig. 12-14b an incide

¥ . { B
shown, The power carried (12-18)
arc 4

2
Ut N
Py =7 e wave 18

e (12-19)
The power carried 10 the left by

1
.l:r :
— o L ]5
Lo the resistor

Th ine it
he line i

voltage v, on the end of t

e 3

he power Py absorbed by
and the p

vi _ (4 v

-

- g
k. e :
R el R i
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from which the voltage of the reflected wave is

(12-23

This equation has the form of the expression for the vol
circuit of Fig. 12-15.

FIG. 12-15. The circui equivalent of a line ‘erminated in a resistor.

The current through the resistor ar the end of the line js

v 21_.'..

R'=;—Q__T—z;

i ——

(12-24)

& 5:5;)05& the iine of Fig. 12-13 is terminated with » resistance of 600

mﬂmf'. ?“ the 2000-vort, >-ampere incident wave reaches the end, a
tclion will oceur., Tie voltage of the reflected wave will be, by Eq. (12-22),

1 — w = z .ﬁm -

0, = U — 2

R+Z = 50+ 300

=400V

The voltage 4t the end of the line will be, by Eq. (12-23).

600

The current in the reflected Wave is, by Eg. (12-15),

Lage across R in the

TRAVELING WAVES
566 12:6

sistor is by Eq (12-24)
ent through the re
The curren

2400 _ 4 A

P o e

=R = 600

ine is less flected
he line is less than Z, the re ¢

that 1 istance R at the end of t : i
b t_hat. Ifthn':rst:: iegative and the reflected current wavehwﬂ-LI:cdz:c:im
vollage _‘f"ﬂ.?ﬂ ":r}lwmatical analysis 18 cunsistentl with thg t;ezg*;; St

Tlll;: l?sand ¢ If R is infinite (open circuit), by Eq. ( :
- 17 f
;I: ti:f end of the line becomes

i — '),
= 2'-’!] T ZJR ‘

If R 1s zero,

DU
v, = 27 + Ze - ol
m f
Several facts of immediate importance appear tro

traveling waves here presented.

L
» er ¥ -

- ve

o S elapsed for a wav
: i ¢ until sufficient time has <. this may

resistance R, is not fel g spans, thi

e sl st e
b.E Sﬁ‘fﬂrﬂl :E.I:f;g:d voltage 10 rise to a value §

EEE:: lgg;aqver of the insulators at

Reference to Eq. (12-23)

(R = <), the voltage at

L\ Travelling wasve

Ground
Afxffﬂ'.
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equipment on an gp.;n-cndud_hne may c.ﬁ.pcrn‘:ncc a3
than that of the initial traveling wave whick Produced ¢
3. A set of grounds put on a line to prl:"lie{:[ workmen from f'ghlﬂmg.
produced voltages must be placed either at the location Where
men are working or between the workmen and the i:ghlning S0Urce
If placed as shown in Fig. 12-16, the workmen will be Subjected 1,
fullincident wave voltage for the period required for the Wave 1
travel from the men to the ground ance 24 1

oltage highe,

and return, g dist

12-7. LIGHTNING ARRESTERS

Electric power equipment is subjected to overvoltages from
and the equipment must have adequate insulation to avoid
overvoltages can be limited to values only slightly greater th
operating voltage, favorable designs may be attained. The effe
insulation were discussed in Section |2-4.
Lightning arresters, Fig. 12-17. are de
ment to limit overvoltages
WEre not present.

‘r-'afl-(JI.IS Cauﬁtﬁ,

failure, If (he
an the normg|
Cts of excessjye

vVICEs put on ¢
to a value less than they w
Ideally a lightning
normal operation, switch onto

lectric powe; equip-
ould be if the arresters
arrester should be off the line under

the line when the voltage is perhaps 20 per-

343
LIGHTNING ARRESTERS
el T ess of the
¥ | value, limit the voltage to t!ﬂat;allgﬂl;zg:;il eSS
nurnmﬂf‘-’lhe :;;vcrmﬂﬂgﬂ' and switch ::eﬂg“d
ce - n »
i ""'Efur st and normal Voltage ha&' o n in Fig. 12-18. A spark
‘ r
The basic 10

cent above

= Connection 10
power cireutt

! 1 ster.
FI1G. 12-18. A basic lightning arrest

; t a sparkover va'JUE
‘ series with a resistor. The gag :?;:1:1:1]3' non-conducting.
gap is connected in s ‘ne voltage, hence the gap ! ‘< over. and then the vq;t-
greater than normal line vervoltage, the gap spar ot ii'rap in the arrester.
On the oceurrence o7 a: :minals is determined b}*ﬁt_ﬂl Spaiah Qﬂcimuit;“’hﬂﬂ_
el thf‘" a."ﬂter errent flow, avoidingthe e the gap should cease, thus
AL hm“sgt:;if;:nn has passed, the arc in a
the overvoltage ¢

: nt
ot g,ﬁ out, curre
-ouit. If the arc does nOL EG U ==
ine the arrester from the cireuit. 1f A ictor and the £3p may
isconnectin
3:35;32“5 Lugﬂuw through

destroyed.
hﬁ +l::'l“lm}::::+hr11i+t: value of t

4
the resistor, and both

L ] h lag.
h

] -+ and the device
s through 1t an CRa
ing the flow of transien® Lure:‘rﬂv?ltage. However, %hcmpo“,' tr
across it is low f.lurtnﬁs a protection against n.'-'nd. will be difficult to int 3 fge
functions effectively a he gap will be high anc dvantage that the voitd _.
follow current through t f?igg .18 has the d;isﬂ. through it. Thus severe
| 2 ow 1 -
The arrester Shﬂ“"‘:‘ ;:arly-wuh the current
» i 1
across it 1NCreases

[ oltages across the
1 high voltages acra e
1l cause PruPurtanalﬂ:e . fe_vempm S
lightning transients W D |
inals. res
arrester termind

- us L]

1541C at
characteristics Sﬁmﬁgﬂ.
' t the re
. it may be noted that the
9. With this behavior, it ng?]: s e B
e Fis.l I:fg.: {}:.tr current) is increased. C
s volt ]
ance drops 2
in an arrester. Equa

{1 - ) g g - I' -
l

1
v,= 2V T ZJR
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urrent

F1G. 12-19. The volt-am :
« 1Ix voil-ampere relationshi . !
of an arrester. Ionship in the Non-linear

It may be noted that as R is decreased, v, becom
LAl U, C £S 3

Heﬂ'ff ﬂn 5 5. = 1..
arrester with 2 nonlinear resistance el-ﬂ‘: malle
- €ment

lerminals a ;=g}mgf that
Incra : . e _ e :
of the mcdent waye reases only slightly with an P ing effect of the arc confined to tht_
| dizcs. [n some instances arc extincti
power-frequency current. : |
Arresters must be placed very near the equipment 10 bcfp.lromedﬁ
Overvoliag: many instances arresiers are mounted directly on the tanks ub:rg: pﬂicd
AP presents transformers. If placed at a distance from the equipment 10 protected,

: g : ' t much
PENINg circyi fraveling-wave conditions may result in a voltage at the equIipmen
the arrester the higher than that permitted at the arrester.

FI1G. 12-20. The confined spark-gap of & ightning aryester.

narrow region between the porcelain
As pointed ' on occurs before the first zero of the
disconnected fr D:I T @ previous section,
Smirn The om the line immediately following
i 'nierruption of the power follow .
€ basic problems as the Interruption of

breaker. In

' one respect the i :

~ robl :
&rl'cmg Contacts are fixed . €M is more

the arrester Fesistor muyst &
the end of the e
Current by the o
Lhe arc in an ope
difficult. |

12-8. TRANSMISSION-LINE [INSULATION
smission lines Fig- 12-21 are supported by
jated from each other by air betwezn the

>

i ;_f,
/]

Power-frequency currents The conductors of overhead tran

applicat I8 showed iC 't breaker. porcelain insulators and are mnsu
108 on high-voltage circui a li ints of attachment - in such

ma},be A - eigt : - pﬂtﬂlﬁ ol atiac ‘- ) = ﬂn‘d manufzetm in na

Put in sery . Modern porcelain msulaturi a;;; i:?i:?:ﬂ - tion. Very seldom

fashion that in themselves il d. Flashmlﬂ" of line insulators is almost

g : in fou
ent voltage rating. It also IS porous or cracked porcelatn fonn hem due to overvoltage

. the air around t = T
through a series of gaps, an always traceable to the breakdown o hose surfaces arc contaminated
from lightning or ot

her causes. Insulators W =2 e

and then moistened by light rain or faf or ﬂasnkidw;:pﬂ?uus and permits
operating-voltage conditions. I8a% F78 body of the insula-

of one design is shown in Fig. 12-20 lightning or power-Tequency & f the fine.

: esultant dropping © .

d B : red. with the resultant droj "

ief 4f€ mounted on a disc of vitreous tor, it may be shat® ductors of a high-voltage transmission line
Piece of similar material fits closely on

ir between the CONTrE= 9 | iately adjacent

curs e h ;a':rml stress. This SIess is relatively great ?mmedmtc:i mp 5 in
Urs across the small gap G. The arc i/ under €1 ow midway beiween them. When t :

5 p . ;

51,2, and 3. This movement is assured

-

-

to the conductors and very 1 ; occurs within that area
. ds abnul 30 kﬂﬂ\!ﬂllﬁ;ﬂmg . s ‘uc w
the air excec transmission line it is possibic

. ISts. Hence on & 2 -
/ the high SLress EXIS : : ors without total
W the gap. The narrow slot | ::::E dielectric breakdown of the air around the ::nnductq '
thickness toward arc position 3. | breakdown between conductors. This condition is termed coronad

ening of the arc and the deioniz-




