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WART I - OVERVIEW * - - 4

. ’ . t
- ' ' ) - ' ? h 3 S T P

4 1. INTRODUCTION ' . S ¢

,4.

N .
~ T . - . o .
N . ., . - * - Lo

- - ¢ P P “'}’z
< ( . . . ‘ , 1
% ) . )

The 1nsulat10n reculrements of electrlc power

systems are determlned by llghtnlng and’ sw1t£h1ng over-
~

o

voltages and not by the power frequency voltage. -The.

{ ! ‘ 2

.y reliability of supply prdviaed'by‘an electric\power Sys=—-

qm

{

tem, as judgeﬂ by the frequency and duratlon of supply

- 1nterruptlons, depends to a great extent on“the surge ot

i s o

’ - 1

performanoe of the system. Although.thefe are .many other ’

.

g'
: B
causes of 1nterrupt10ns, fallure of. 1nsulat10n 1s one of - %-‘
. ’ . N o ‘. .- " R , , Q
“the mos(tf frequent. - N - v ' i
- . It is‘not always possible to provide insulation ?”
c .

- whlch wlll w1thstand the hlghest overvoltage stress that

0 .
*:.may occur. An economlc llmlt 1ntervenes well below the

»

- o v

technlcalxllmlt. The englneer places this’ 11m1t at the .

. .

p01nt whlch the cost of ach1ev1ng a further 1mprovement

1n rellablllty cannot be justlfled by the savxngs the re—

duced number of fallures may B;lng. - ]
v e . . v " . 7 - ) , o ., ’

& . - - ' - =
"‘Thé’ ffective protection of substations against

P, -

surges has—ever 1ncrea51ng lmportance w1th the expan51on"
e

' t(
- . rof transm1351on systems énd 1ncreased 1nvestments 1n“more;
s" ’ N "." . . "M.
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. and largerfsubstations serving the load atea.

the grdWrng use of larger capacity power transformers,

v
“

now,commonly 'in sizes of 500 MVA, entails enormous loss

4

R

in, the event 'of a transformer failure.

-

_'ing,-the selection of the insulation of substations and -

the proteétion aga}

- f L]

PR J

nst'surges,'and specifically against

llghtnlng surg s, is considered for systems up to -and ’

}

1nclud1ng 230 \'4

- 27

- ‘4

. OVERVOLTAGES

]
L3

1 ¥

-7 s

b . 2 ' - ' . . , o
*Overvoltages can be of an origin external to

elements) or by the initiation of 1nterrupt10n of short

\

4

y -

>c1rcuLts is accompanled by translent and steady—state volt-

age varLatlons

ol

ové/;oltageS' The
3.

present between th

. )

A tr

~

sient condltlon w1ll therefore be )

-9 O

:

N

-

ege two states glVlng rise: to transient

*‘%

arameters 1nfLUen01ng the‘hature of the

v\ EY »:

* ' v . ¥ _‘
.Also ;

) . R . .
5

-
"In the follow-j - 3: X
¢ (.

L ;

. . . . . "
the power system, i.é.-those caused by atmospheric , - . . -
. o ' ‘ B ) ' "
(lightning) discharges or tHey.can be generated with- S
4 ' ) ) v . 5
in the system itself. vAny change in system conflgur~. ’_’_} ) %

- . "1

atron, from oné to another steady state, brought about. ) 3
~ o - &
by the Opening or closing of.switchinq devices (connept—, . %
,> . . . - i ' ' - 3 " - .- \ i} .o . ‘
fions or.disconnections of loads, iffterruptions of circuit ¥



tran51ent a,thhe characterlstlcs of, the 01rcu1t before

and’hfter the swidching operationl and the ine and | .

tlmlng of the sw1tch1ngk_peratgon Htsel%, . ' n

_The switchidg transiénts are of a great &ariety ‘ -

‘ef forms, magnitudes and.durations. The overall p1cture

1
-~

fis compllcated since SW1tch1ng surges are traVelllng waves. _ g
o ' v » “ . ':¢
The initial value changes w1th the - trQiLa:n magnitude and - %

) ’ j
_ form, due to’ e successive reﬁle%flons d transmtssions . i)

, . ' s . . .
. Y
- 4 . . .

The ﬁagnytade\a?“Tightning surges, appearind on

[ L

. ) ' ¢ ;."
‘helght of he towers and»fhe helghts 4re much less than o ,~’4/// "

+

proportlonal to the' 0perat1ng vpltages. The peaks of sw;tch-

+

T

e

‘-

1ng surges on ;he othgf hand are substantlally Rroportlonal A .

rd
~

r

A s _
,,/’ . s —««’j : ) 6\-— o -
k
i
e
4

of the wave at the poiﬁts of:disqontinuity. ‘ B L : ° i

transm1551on llnes,.lncreases only modprately with the . Py

to- the oper;fa /lng VOltagﬂ. ‘Up to.a voltage\ of about 220 kV | e
the 1nsul;‘ ion- de51gn 1s gqverned by the need to guard a-- \ ‘ﬁ ‘
galnst’£:ghth1ng surges, dlsregardlng the steady-state pheno— .- %“

' mehon of - 1nsulator contaminatron. Beyondwthat vpltage,rln | :u ;‘
the extra hlgh»voltage range, bBth llghtnlng and swr;phlng 'fg f
surgesahave E; be taken into account } For the ultrahigh ?.
voltages Of 765 kV and above,'sw1tch1ng surges'becgme the:‘ ‘gif
’ ) - o SR (V)
maahqcrlterlon. C o ; ; - '*‘5— . .~ *M/TXNI. g;{
\ . g

) -



3.1 AIGHTNING PHENOMENA R ST

Before codsidefing the effect of 1i§htning‘di§;
) , . , P .

-

charges on power systehs, _some of their ﬁatural cha-
racteristics will be dLscussed Thé\th51cal manifes-
tat;dﬁs of lightning ggxbeeen present Trom the re-

mctest times, but only comparat1Vely recently have the

. . PR B
o p bz T 5w TR -
ot AT W

phenomena become'even partly understood ;
- ., v . v ) )

¢ - . "

Durlng thunderstorms p031t1ve and negatlve'chépges

e AL

become separated by the lnterplay of alr curren@s, 1ce L -
} ]

crystals Ln thevupper part of the cloud and rain in the

© lower part. Thje process 1s the‘subject of many theorles o

“but it is thef@ Servable facts whlch are of lnterest. the @ /éi\
N . ' g
¥

great mas; dggcloud becdhes negatlvely charged, w ;th a lay- . :
er: of p051t1ve chargebon the top, whlch maf‘ée 16 000 m ., o é-
hlgh,*and a, smallnbosltlve 1nclu51o; near the baee.t The ~ . ‘_i
negatlve cha;ge centres may be from 450 to 10 000 m hlgh - ;“”'g

y v ‘ h

" the cloud‘base may - be as low ap 150 m’ But in some 1nstances ’ .

SR

o
-

il © rising from :

;a
e [

-a plain. The potemtial gréﬁlent in the'r g n between cloud

the Storm clouds’ may actually envelop moy

base and ground is of the ordér of 5.to 10 kV/m. A“3.000 m

. N - . « " ..
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high cloud could thus have a potential of the order of
20 M. - - g

’ b

-t

A lightning stroke. to earth usually appears to the

0~

"eye as a single luminous distﬁarge‘although sometimes
T . -‘,_ o - ) A
rapid fluctuations of light intensity.can be seen. Photo-
C, ." L oy Y -
graphs by rotating oameras‘reveal that moSt.strokes are

fpllowed by ressat strokes, which travel a10ng the path

established by the. first discharge, at intervals of 0.5
/’J >~ . - L
" to 500 ms., e ) c u ]

k)

1
RS

The first component of a stroke is initiated by a

. 'leader” which starts 1n a cloud region where a local charge'

Fy
concentratlon causes the voltage gradient to reach the crits

1c!! breakdown Value. In a. reglon filled w1th water droplets

thls gradlent is approx1mately l MV/m, a third of the value

o , ’ 4 -* o, S /
in dry air. N . -, '
- ,‘ .o '“" S » "

The leader consrits of a thin conductlng core or channel,

which has the characteristics of an arc ‘plasma. .It is pre-~~°
. « " .- "l. ) . 0 4. . L )

ceeded andzéurrounded la-:eorona envelgpe which has a diame-

ter.of aﬁout 30 m and extends'about 451m in'front~of the chan—‘

K 4

nel.  The- channel tlp moves rapfdly in steps of- 10 to 80 m -

{average 50 m) and pauses at er each step whlle ‘streamers




<* !

- tense lumlnous dlscharge starts from earth to cloudA travel—th s

- N . K —

emanating/ﬁrdﬁ it chargéﬂthe corona sheath that enables
- &

-
-

it teo proceed. The avergse shbeed of propagatlon is
1/500 to 1/2 OQO of the velocity of light (300 X 106m/sqc)

If the‘distance @rom stroke centre to qround is say 3000 m S

- f s *
it may \ake the leader 20 ms to bridge itu .
. . o . -

The steps\are‘etrei4ht put each,new‘step cheﬁges ;
direction. Braﬁches appear whieh may terminate in midai&,_
whllst the main channel continues a,zygzag path to earthan,
During thlS relat1Vely leW'descent,‘the Stepped leader
deposits a negative charge along itsepath. As the head of

the léader:approaches theléround, the positive charges in-
b

duced in the.general target area 1ntens1fy' hdwever, tﬁe

p01nt of 1mpact remalns 1ndeterm1nate untll the 1eader has ot
arrlved at a certaln strlklng dlstance %rom the ground sur~

: e )

face. At this stage, short positive streamers\rlse,from
the earth, usuélly‘from'high projectione. ‘ﬁt ;he ihstant .

the negative ieader endounters‘the"positive streamer, an“in-

l&ng at a veloclty varyLng from/ig/z6 50% of.tqif,of llght. _

" This phenomenon is usually-referreﬂ as the "return

t
e '

stroké"f What Happens‘ie that_ the stéfiqnafy'negaﬁive\chafge:

s\
L4

~
>




~and heated path of the first stroke.’

3
v . ! v
[

lald down by the leader stroke along 1ts path.is, belng
5 \

N S

rapldly‘neutrallzed by the upward‘movrng pOSltlve charge-‘:

v

'
preV1ously Lnduced in the ground and rnaobjects on' the .

: ground The lumlnous pornt 1nd1cates the. boundary to f

whlch the 9051t1ve dharge has penetrated at any . 1nstant
. !

"~ . The” qurrent whlch develops below that poant can be consrd—

ered either &s a negatlve current flow1ng downwards or- a

positive current flow1ng upwards.

)
proportlon of lrghtnlng flashes, the downward current 1s

\p051t1ve.‘, ‘ Co S

- - v -

The current in the réturn'stfﬁke Varies from 1 000 to.

200 000.,A. It is very much hlgher than thre furrent in the
—6.

leader since the same quantlty of charge is involved in-

-

both stages, the currents are in the ratlo of thelr veloc1tles.

¢

As the cloud charge Is lowered dUrlpg the process of

leader formatlon, the potentlal dlfferences between thls =

S +

charge and.other charge centres 1n the cloud anreaseh )

Streamers develop between them and create channels by-whlch

addltlonal cloud charges are‘connected-to-the stlll'lonlzed

.

- Ad

between cloud and earth whlch follows thlS path w1thout branch—

bl

-

1ng,‘and at hlgher veloclty .than that of the leader the P

Q\\z,\ o -

For a, relat1Vely small';n

A "dart“ leader develops

o
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Do \ Veloc1ty 1s abouE‘ € of the llght velocrty "Upon gtrik- ‘-
L7 '1ng the und " a second” stroke_travels back to the cloud
SR S Ehls process may repeat 1tself several times. . '
bt . PR e :
e, -'% . Y ftthas been established thaﬂ@many more discharges take” 3
: (:: ‘q -;“ » - “0 ] . N ;
R oo .'place- from cloud to cloug than between cloud and ground LT A
: IR .h The ratio oq cloud—cloud to cloud-ground strokes varles s i
: . ©- - from (2 or 3) to 1 in temperate zones to(S to 9) to l ;n .
v ‘ ' 5'\
. ; tropical zones. | ; . n‘ N
- .+ 3,2 LIGHTNING STROKE CHARACTERISTICS AND - o ' , %
c ISOKERAUNIC LEVEL - S ..
o s ' : A great number of fleld 1nvest1gat10ns was conducted L t oy
) v . . - '-‘K
. eto ascertaln the characterlstlbs of llghtnlng whlch affect ( ‘ I
b = overall transmlsSLOn llne performance. The flrst 1mportant , Y i
B ' ) “ L - = ~ . ) j:,-
L - fleld studles of llghtnlng’voltages on transm1551on llnes L T
: ‘were:begun'ln 1925 on 27 systems‘varylng 1n voitage ‘from 2
t P ' : , : S 8
'§ . 6.6 to 220 kv, (12). SuBsequently other studles were be— ) ;lnm,' ; %
‘ng KRN gun in the United‘States, (13) 414}, in South Afrlca and RS
.?. IR -Jgpan (15) .~ B BTN W Li\ o 53
: :~‘“ o] nghtnlng current osc1llograms indlcate ah 1nrt1al ‘ f'i?”T7§ g
;13 .- A hlgh current portlon whlch 1s characterlsed by short front g‘
- . ) 1 «ﬁ
K tlmes of up to,6 FS and tlme to half value of about 50 ps. H
. PR re . Y N .‘Av PR . i?{' J
s . ~ ~ , : i . " ! 3
¢ PR - re el . ‘ 27
v , By - - o L
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- The front-is usually concave ‘upward. 'The highacurrént' ‘ o 3
. . ' ’ ~ . y Y e ~ [y ¥
' portion 1s‘Tollowed by a long%auratlon, low—current tall ) N |
t » ‘_—§ 4
1 w
o  -which may last hundreds of mllllsecoﬁds and 1s respon51ble g
- - ‘ . ! L / 4‘
] . for thermal damage (Hot.dlgntnlng) A recordea llghtnlng
. <, - LI . ! )
- e Lo . . - - . . h
. - | current osgillogram,iSJShown_in’fig.eI.3;1. : S ,
. g ‘s - - 5‘-00 _l ,f",°°f“n5;‘,5' , /? ol - - /‘0'/9{'5 b . v )
, e . t T 1 v T , ‘ . . T — -~ 4 |
T .\ ‘__ =~ o . ! I ' 4 ' |
e .t .
- 100+ low current, long du.ratmn o - : _ ‘ - J
. . 4 , I 7:5 & A \

s ‘/000_ ) _ - B "‘.' N ? . " e:%,‘
high current, short duration surge b ’ | '
A" < - : R - , & .o A i ‘)r' R ) ; T ‘i‘ :
- = - T ] o J, i € \ - |
Vo) ‘ | G‘g 1
S . - T - o P
vt v S ' . T ‘ . Ci 1
. . | ; ‘
- Fig. I.3.1/ Typical lightiting oscillogram (3). ' -% oot |
’ - gt ’ ‘ * “?} ' \
i L ' ! - ’ w " ‘? |
b - ' ) - 4 . - -: 0 % )
. ' . Lightning™&urrents afe'measured either directly on_ ;
v high towers or buildings, which are not txplcaT'of'tra s~ - .
, . mission 1ines,'or On*the fqur corner legs of transmission\)- ’ f‘
S L " lines, whlch is 1naccuraﬁe because of the unequal lelsgon -g °
. P : i B
v o, of leg chrrents and the presence of ground w1res and ad- . . g
| - ) . ' \ R v , s . ) . Seout
i o “n~3acen; t0wers= o x : ,1\ ' jf '§
| ' h.’ N 1 h . . ' . J f , , N ' ’ ’ g - N ' L
l . . ! o~ M . ¢ v . : ) - ‘%{F
- : .~ . The only measure of thunderstorm‘act1v1ty available : k]
] ’ / ’ - '}f
{ M e from meteorologlcal servaces thronghout the world 1s the : ,g
3 . . ; , . . ‘E' , - ! } ’ b N
e ¥ - ,:;? ' A , - T
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isokerduriic level, defined .as the number of days #n a . -

. . year when thunder is heard at any particular location.,. e

A iy - " N . [ Q
A weakness of thiks indicator is that it dOES not dlStln- R

ST ’ P gulsh between ‘strok¢s to the ground ans'strokes between PR : é
T clouds, and doés ng recognlze the varying 1nten51t1es of ~ ' "\' i
' j' , thunde;storm. The number of flashes in a storm can vary‘

- ’ . tremenddnsly. Attempts a}e being‘made‘tO'remedy this 4
. . . :

N . .4

51tuatlon by the 1nstallatlon of llghtnlng flash counters. . N

As these respond also:to cloud—cloud flashes in dlfferent
. 'x L] o ? - - - .
. n(”;;dprOportions, they have to ‘be G ibrated for groupd flashes . :
at each location. Untll more data from this . dév1ce'become )
41 - ' o ' L

. ‘ 'avallable, estimates of llghtnlng/performance contlnue to . . . T e

, )
be based,onglsokerauh;c levels. : o C
N N B - 4 s ¥ . T

[
v . . ) »

- ) The 1sokeraun1c 1evels used today in "Canada’ are those . g

published by the "Minlstry ofyTransporgﬁ Meteorological -

S e

Department" (1), which are based on ﬁeathex.reports'received {
L ' - - ) o o »

. - . ~‘,“

Tt - ' fromyzéo principal weather's}ations acros “the country during . ° ,'é
) . . L ) SN

) . years 1941 to 0 inclusive. Fig. I. shows the isoke- %/
- ,;; raunic level chart for all Canada.' Tﬁé 15 keraunlc f
’ j - og\@oronto is 22 6 while Montreal.reglon is subje ' E
i v | leyel 20.5. For example there are 20 5days per’year with T %
: e ‘thunderstorms 1n)Montreal, Thls 1s an average obtalned over . ‘ék
i ;, S a period of ZOIConsecutive yearsw o “‘ " . o \ ‘
1 a0 -
l
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" the same day.

‘ probable nuﬂber of strokes on it. "

level as there'can be saveral thunderstorms during

N g ' ! — -

The number Of thunderstorms occuring in-:. ¢, ‘¢
A L Tl ] ,mx

a-given region varies from year to year. The isokerau-

) L - )

- ~ R N | . . -
nic level varies from almost zero in arctic regions to
., | . ‘

100 or more in some tropical regions.

- o

3 3 PROBABILITY OF BEING STRUCK

of partlcular 1mportance Ln evaluatmng/}mghtnlng

- ~

performance of a transmission. line is the k owledge, of -
; . L . )
It is p0351ble to

¢
‘determine the order of magnltude of the frequency with

I3 ‘

whlch transm1351on and dlstrlbutlon llney’ substations, , _ *

bulldlngs and towers are likely to be struck by:lightning. '

Such exp05ure is called the "probablllty of belng strutk" '

and 1s based on a con51derable number of actual fbeld re-

cords. Of course,al].strokes to llnes do not produce flash—
. ¢ l

over andéall flashovers do not produce ouﬁages.

- . . - ’
- . 3 D . -
) N o - R

The probablllty of being strué for d given structure :

Quch as th helght
L
and the drea of structure and the 1sokeraun1c level .0f the

~

Y

. x

conflguratlon depends on several factors

region where th'structurej!s erected. Other-factors such”

. . . ! . rd

i
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.as the relative height and the distance of nearby build~_ |

ings or surroundlng hills and posslbly~the ground re51st—

v

ance have also a direct 1nfluence on the "probablllby of.

’

LD - .
being struck". Y ! -

R -
- )
. e
.

- Several researchers hazs 1nstalled since 1925 stroke
\) - 3
”{measurlng instruments on actual/operatlng systems over-a
(.7t
perlod*oﬁ several years in dlfferent parts of the world t

T establxsh the number of strokes to transm1551on and dls—
@
"tr}butlon llnes and to buiddings and towers as well, Spec

'falized instruments like klydonogréphs, magnetometers, Boy '\jD

//. ¢ . - . T - e
/& Lichtenberg's camera, Fuhéhionographs, magnetic links,”

cathode—ray osc1llograph are sdme-of the 1nstruments commo;—

s >

' ly used. Reference (2), pages 551 to 556, glves,&=§§ecr1p-
“tion of the 1nstruMents for the measZiezjnt of . llghtnlng

surges and an extendéd blbllography

< .

he subject.
(—/ .
. 3

The number ‘of strokes per annum ta a transm1551on

line can be expected to be proportlonal to the number of

- -

Nground flashes per square mlle per year and the area of -

Co attractlon of the llne which 1ncreaées w1th length and helght

On the ba51s of long term observatlons on transm1551on 11nes

K

equlpped w1th magnetlc llnks on every tower, supplemented~

.. by model studres, 1t'1s generally‘accepted that for an

< s
Coton = Mg o &

P



-/ - E isokeraﬁnic'ievel of 30 and forya tower height of 30.m o

S . . the number of strokes is lOO per’lGO km of llne per an— .
‘. N .L,‘,*-,, ' . .
}v' . 1 ) ‘e f ) . . B
; , __ num.. g «éﬁﬁ . Y . . T
v ‘ . .- ’ . .
: Based on the results of these investigations, an

A.I.E.E. Committee (16) has produced the frequenc§ dis-
) - ’

tributiofd curve of fig. I.3.3 which{s Qidely accepted

for performancé calculations. The probability curve of - . . o« *|

flg. I.3.3 is labelleddlrectlyln strokes per 100 mlles—

3 s year for an 1sokeraunlc level 30. For other 1sokeraun1c
. — .’ o -
B lev@is, this curve is adjusted prorata. For heights other: ;

g o ' *.ttian 30 m, the correction factors of ;fig. 1(3 .4 apply (2) - 4

- 2

2 -

Field 1nvest1qatlons have also shown that approx1mate—

A5

ly 60 90 per cent of the llghtnlng voltages are of negative ,

! &

;‘ - ‘ polarlty. Most of. the traqgmlsSLOn llne-data show 80 to 90

¥ *_ - ‘®er cent negative polarity, while measurements on distribu-

- tion systems show'abdut-GO per—{ent hegative polarity. The -

w
PR

‘ﬂ”latter flgure is probably 1nf1uenced by the recorded 1nduced
llghtn ng voltage Wthh is always of’opp051te polarlty from

-

\ : ‘ the dlre‘t stroke yoltage. o <

B
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3 4 SHIELDING AGAINST DIRECT S'I‘ROKES
" M0’ PHASE CONDUCTORS e

?

v o An 1m@ulse,curr of magnrtude 'ip, injected into a
A “’ - > . ‘,v‘
' 'transm1551onx11ne conductor, will produce a travelllng

. wave propagatlng in both dlrecéﬁons ' The conductor po— 3
) \
surge impedance of the condudtOr. Taklng a typlcal flg—

ure of Z=400 ohm, a stroke current as low: as 10 kA, whlch

.

- . 1is reachea,or exceeded 60 times afyear for.160 km of .line

~

at an isokeraunhic level '3Q, would cause a voltage of 2 00

v ~® " only lines insu;atédjfor the highest operating.vo;tages

> could withstand this stres%. ‘Itfis olear.that- efcluding‘

® ’ H

-areas of’ exceptlonallyilow thunderstorm frequency the trlp-

out’ rate would-be umadbeptably hlgh L . j'"\_ )

“If a tower i

.

be of concern." volthge. drop

ne

\5* »aeross the llne &n ulatlbn.: If}thie 1e exceselve,fflash-

Ve

‘ « ) _r"s "_Lg % . BN ' ' '—:4"'. . ¢
‘Qround.‘»Therefﬁfe, tha _ground impedance of tower footing

v ‘ F}

' «. ' must betaken™Nnto consideration. ', . - . . e

v’

v tentlal will rise to approximate}y.lVZ ipZ, QHere Z=JE‘§%hé

I " .
AR, BT s Tl 1T

‘
F
-,
]

étfﬁgk, ‘he impedapce of the tower w1ll

n the*tower w1ll appear

A . over of the‘lnsulatlon will occur and a fault will be oiaoed

. N . s ‘ e ’ N . N R Q. s “
C - én the systems, jﬁhé'tOWer current of course flows in the -

o

i, -

S S e

L

P

il "‘,1\7 2
gl )
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e e B
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_ . i o B Ll v—i-" 11‘
- ¥
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Y : A
r
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. I N In an attempt to avoid this, .one or more ground yires ‘:a
¢ h - ; ' ;. ‘ : \
. ' - PR . s R 4 . "¢
RS . - are. strung on the kowers above the line conductor;s. These o ‘! j
- . . . ‘4 ' |
L :
- . serve to shield the phase conductors, that iss they 1nter- P
L ‘a - l\f - K }: [
cept:-{he lightning strokes 1nstead of the phase conduccors o T
. . '| 5 i
C ' / . fi |
RN them to ground SN / ~ C 3.
S - A f‘
: ' b
. ‘The ground w1res are grounded at ever)utower and the “ ig 1
* . / [ i -

.
"
e

| ) ' L groundlng reSJ.stance J.s kept as lovL as poss:Lble. To achleve ,
, ]

..+ . - aligh degree of suctess in preventlng' shleldlng fallures, e YA
s . s
e ( - J,te. pfeventing strokes from by- gassmg the shleldmg wires ’
L 4

- Fheasgin

and te(rmlnatlng on a phaée conductor, °it 1s necessary to \ -

£, 3

co keep ‘the shielding angle low., ', - i

¢ T~ e . lr a(\/-/ f;.
) '.Wf : The higher the tower the low must'\b the shleldlng . K

angle for a glven probablllty of shielding falluretlla ex- ' ij:,
: . <. ® . . A ) . ‘?’."i
L,‘;;@V"’ .+ ’.pressed 4s a’ percentage of all strcﬁs to llne./}/rule of - ’ R
[ : . thumb is to. adopt a shleldmg angle of 200 to 3\00 for. towers o

;l, , . ’ Y not exceedlng 30 m.  For por 51 type structures, two ground L ;
! - - '-'
w1res are needed %o meet’ this requlrement. %ubstatlons can. . 4
PR ' «’ o
be shlelded by masts or horrzontal grOund,/wi‘res, or both
‘ : e | o ' h - ' ~ ) . ’\{]"" ;"(.'5\ x
B 0, v+ -In the event of a. stroke to a. tow'e'r ithe towez; 1mpedance
el : Y C

e T 1s paralleled by the. surge 1mpedance of the/ground w:.rFs,

SUR T "~ whieh extend i;way in thh dlrectlons so that the total im- .
- ! N ‘ ‘pedance is reduced and the tower top potential is correspond-

‘ '
. tem s L ' ~ . . , .
Yo b

S . ¢ ‘ . »
({'m N \ .. T ‘ . ¢ ) . !
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Alngly less. A tower, for example, with a surge 1mpedance

! of lgSSZ paralleled by two ground wires w1th a surge im- &
' ' ‘,~‘ 2 «',5

Q‘*- pedance of 400 ohm, mlght have an effectlye surge 1mpedance

,.of 75 ohm. Current% of the order of 20 kA lead to voltages

of the order® of 1 500 kv. - o ) t

-

o ey e

°
.

- ;' Finally there is considerable electriC’and ﬁagnetié

L ) € ¢

¢

coupllng between ngund w1res and the phase conductor which

tends to llmlt the. voltage that can be establlshed between
them. ‘These transjent. dlsturbances travel as waves'along' '3
._‘__" the line 'and ultﬁé;tely ‘reach a termlnal where they‘arexlm—

%
pressed across the equlpment at that point. However, at-

o

3

Sow Ry o sk ek SRR (L
1) i

-

v tenuathon plays an 1mp0rtant role so that damage\toltermln— : : !
>

sral equlpment bébomes llkely only when llghtnlng strikes

»

. close to the term;nal; ' B \

sp LYo

.. 3.5 ,INTERACTION BETWEEN LIGHTNING 4 " -
" AND POWER SYSTEMS : o

It has been postulated tha?’current, conung 1nt53a

tower by llghtnlng stroke from, d'ni;ud dlsappears 1nto the

» .-

ground. Where does 1t flnally return° A useful concept irs. @

tofthink‘of the cloud and earth as forhming a vast.capacitoru

. - .. . ,
'which'is being d'scharged by the stroke. The return,circuit’

N

\ would then,be o] pleted by dlsplace?ent current in the elect- o

g'fleldw“’fh7s is suggested by- &ig. I.3.5.
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It should be possible .to calculate the capacitance
N ) ' o ’
and inductance_from the size of the cloud and its height

v . T - 2

abpve the ground and find a surge ;mpgdance looking up- .
" ‘on the assemblage as a lumped c1rcu1t An example will - Ce

!

show that such a 51mp1e computation can yleld results

in accordance with Qbservable phenomena if it is recogn~
cized that -damping will be present. -

- .

% T%/J \ h
LA J
7 )
N L 2~r' 2

- s 1 . Y

.y . '

nghtnlng stroke from clotd
to earth’dlscharges a vast
. capacitor - (4).

- °
. ‘ .t .
~ o

- Suppose the cloud and earth are.représented as a
. capa01tor hav1ng parallel plates of circular shape with

T a radlus of/l km and a sépzzﬁ*&on (helght of cloud) of _° .

- © <t - L

,

- - -
/ . . f ' s -
: v, : .
.

. .
wi - . N . »




. '
S~ ”
b o °
: . ,
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y : :
1 km, and lit the stroke be 20 cm in diameter,
- . . "7 A} -

T ¢ K l ™
- ) J: - -F
. L= n¥ (1 - X ) dx where BT Anxig
on ./TZZ L . .o °

Y

Ty

| ) - 2)(:1.0'711‘?~ (1-12_) _é(_ A‘ \ (H/rr;) |
>, —‘ ] | . T ) ,Tl : A . i - ,; . CE

¢

oo T

- - - * j ' ) .(%

. A , > 2x 40" fn %’_1_ H /Tﬂ approximately - - :
. N . . N . @ . S

. -7 :/\‘ . . - |f
)/\\\ . For Ti=10 cm, , h

T} 1 km and a path 1 km

A long the total 1nductance is L l.84 mH X 4 L -
The capac1tance is given by . . o 4
) - : ! : K
PO kgdgg; 8854 x 10-12xmx10%6 | 27.8 x 1078 p .. P
: ~ : " 1037 ! : . a
i . o . . , - \ g
| This gives a surge impgdanqe-t . . : ! LT K
| D . . ~~ . ) _ ; ‘ L
L N L N . s, ) - ) - . : ) -‘5
[ - 2o = -JE-F 257.25 ohm ‘ ) S ‘ : &
t - ’ - ¢ ’ - . . "'?
‘ R - D S
, S £, = =22 253,01 Hz S . . . )
\ ‘. 27r\ch : . )
- * and the perlod ‘of osc1llatlon, if qhe current shoﬁId oscil- - i

late — | - I o

o ' Lo
o o Tost = — 1 46 ps..
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£o -22 253,01 | _ - b
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" The resistance of the ionized path would, however, .. -

damp the ¢current. If this resistance amounted to -
-] .

5 000 ohms (from the damped”curve 'fig. 4.4 of ref. (4))
. i ~ . o '/‘ N )
the current would apprgximate.to a 1.5/50 Vs‘wave.' Al-

though this approach may glve us an 1n51ght lnto the cur--

v
. -

rent characterlstlcs ofkthe return\stroke and conform to 7

?:e klnd of waveﬁorms suggested by the A.I.E. E. QZMmlttee,
i

1s~clear1y a very crude approximationh for descrlblng_

the phenomenon as a whole.

"~

Fy

® )

* On the grouhdg;fder a thundercloud, and on'objects
on the groﬁnd sucly as power transmission liﬁes, pharge

.is 1nduced by the prox1m1£y of the charged . cloud When—\

ever the charges in the cloud move or redlstrlbute, the -
S0 ’

charges, on the -ground move or- redistribute. - Such motion

represents current fiow and mementarily potential ditfer-

ences are. establlshed on ground elements., These movements §

)
v

in the cloud are usually relatlvelx slow,/ﬂhless a dls— L
. . ' . , s 'Y .
charge occurs. Consequently, the ground currents are very

. Coe d .
Small. ' - ' . ‘ =

L]

Once a leader has established a conducting-arc channel

L

‘tq\?round the return - stroke represents a process. of progres—

vy o

sive neutrallzatlon of the charges of thlS channel ‘ The
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' neutrallzlng front ‘moves up the dﬂ%nnel with a)veloc éy”

v .
- ’

* from 10 to 50% .of that of llght, as. it has already been' o0t L

"
b o ~"‘:. he

Y

postulated'rn sect. 3,1. Thls }aje and the quantlty and "

dlSpOSltlon of the charge to be n utrallzed determlne

- . - -
- ks

the magnltude and shape of the current Thus 1f/the cur="

rqnt~conta1ns 1 mC/m and the stroke travels at 109 X 106m/s,
g "

the current 1nvolved would be I= lmC/mx100x105 m/s =103 A .

° , - s P -

f

. The electrostatlcally induced 1lghtnlng surge, where -,

bound charges on a line ﬁ}e suddenly released, g&s relatlvely
harmles;. Much more-serﬁous are electromagnetrsally induced - -
surges whiéh arise from lightning‘strikiné clo to the 1tnef
but not actually strlklnq\_ye line itself. The surge produced
1n thls way can be hlgh enough to cause flashover. The’ dls- o

trlbutlon of peak amplltudes of 11ghtn1ng curren!! is shd%n.;

in- fig. Ih3 6 taken from reference (o). .

£ 100 T %
- [ — g .
v e, ' gso z ) o )
n - ' . - e - .
4 \ + ’ ’N' ' v N
g 80 \ R
i g8 . . O ’ ,
R € 20 o y ! »
FAk \\\ ' - o ; 5
. € | A
’ £ 0 4 - ) S i . i e -
R .0 20 40 & -§) 100 120 140 160. - - A
Co- h Curelhe (ka) N \ . . . ~_.,§
. ' iy R . ! - .k
~ . . . . .

_Fig. I.3.6 Freguency of occurence.
A ‘of lightning currents of
. A 5 kA or greater. 6
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' % - System voltage plays %an important role in the inci- .
- '“/". _ ‘\\\oence of lightnin?'probiems op overhead lines. Generally. ‘
w . i
: ' LS ‘
, the number -of 1nc1dents dlmlnlshes as thé voltage goes up
a T L@ ~ - - h
po o betause of the lmproved 1nsulatlon. However, there are - o
T - v some excepklons tp .this trend due to the design wﬁi@h is
- ' ‘ - 7 - =3 o
o ) . a very 1mportant factor»»-w, - A \ , ;
e I N - i - 'y
Y AN , - . ) - . R x -
a , , . \ - f . ’ . N o
- - , _ 4. SUBSTATIDN INSULATION - _ _—
.. . . o~ o . ‘ e
-1' \ B : / : ’ 'z““‘\
. “Burge protection entails two" main objectives: to limit
) . i the 1ightﬁing and switching-surges'to levels which will not :
, - * damage -nor depreciate the apparétus insulation©and assure -,
. : D N . S e L _ ;
B T continuity of. power service.’' o
| . - ' . y S \/ ” - -
F t w ' ) oo ’ ’ ' . <,
- T Substatlogs possess a comp051te of several items of .o ;i;
- ) , [ - . - VA '\
oot 1nsulatLon.thch are electrlcally 1n‘parallel from line to )ﬁ
| ® M >
| v -7 ground These 1nclude apparatus 1nternal insulation and . ' ..
}\‘\\ f ' exposed insutation such as - the line dead—end insulators, air- N
: - ) . . - "f
) - break sw1tch 1nsulators, bus support 1nsulators, cable- pot- . S
. » ! - , . ] i . t " ‘
- : ’ *-fheads, and the air gap between the line and ground. Each, ;
Z‘ . N Q/z N » 3 -~ « ) ) | .
o ' %‘ - of these has a Eertain electrical st;ength-aﬁainst impulse - . ‘#f:
o ) ' voltages different from its continuous or 60 HzZ"voltage . ° ' Q“
<y . : ! . - ) R - , ‘:
S S oereneht. /e e S o
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_ - over or puncture a given insulation bégomes higher the: .
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« In a broad sense, the voltage reqﬁired-to flash-~

-

’

shorter the time of application of voltage. Furthérmore, the
e _— : \ o
.}nsulation strenght varies with the shape of thEﬁgpplled im-

pulse. - This leads to the concept of an impulse; volt-time .

characteristic, which shows howfthe impulse voltage varies. .

I

Ayiﬁh the lengtb of tif® the Vbltagguis qpplied. } x
- ‘ s
Actually, the volt-time characteristiCs:cannotfbe“

Jd-

7

1 . . ‘ Lo -
expressed by a. single curve since the'tesé points cover
broad bands. Their shape is ‘also influsnced. by thexpolar— -
"ity of the impulse wave. ' The,curng}é%'fig. I.4.1 are - ) Lo -

éverage values and illustrate” the impﬁlse_voltftime flash- . k“\’
. - '

over characteristigs of diffefentEitems‘of insulation for

115 kV class systems.. The polarity effects differ for

\

various types of insulation. :

- v
-

o - - : . - ’ ) -

- N . . ¢ T e _‘ R - * ‘
, ., '} ' . (Jv !
nypical impulse volt-time curves are usually plotted

~

over th§ftime range from‘Oﬂé,ps to the critical flashover -
“level which usually occurs in the énge of 8 to ls'psﬂ It
should be remembered that the lightning flashover:level ié\/—

‘not reduded hy‘rain , dew or djrt pohtahinétion of the in-
sulation (21) (22). However the switching surge flashover may L

- be appreciably xréduced‘by. thé’se effects. - é\ s
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The crlt.lcal flashover level is. obtained by apply-

ing on the 1nsulators the _new 1nternat10nal standard

[

wave 1.2 x 5@5 and gradually lncrea51ng the crest. volt-'

age of the wave until _the ipsul‘ation flashes ‘over Qn 50%

of the test appliéationé." Tl"iis,‘ flashover occurs on the

’ \

“tail JY the wave. The crest veltage which causgs fg;ash-.

‘v
-over on B0% of.the appllcatlons is cal.led the "Critical"

1mpul§e flashover voltage. The 1mpulse full—wave "Wlth—

stand" voltage,is & lower crest voltage of 1.2 x '50 ps
PEY N / * kY

-
“

wajve.',wl“l.ich the insulatidn, will withstand for several ap-

[

plications without flashover or damaéie. ~ ) T

O i

y . . . . NN .
N o N -
oo ' A T ‘




o ‘re 7 »
’ A ’ L
) . - 1 Tt ¢ ' e
T , ) - 27 ] =
A | - LT
‘ - ) P\ F—
L . ) AR O . ;’f .
- Fig. I.4.2)shows the critical and the withstand
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- flashover -voltdffes and the terminology involved. Fig.I.4.3 /
— B - -‘\\ AN h . kS . ) "
' shows the method of designating significant char- . ,
—~ X “\ “ : N . ot T :
acteristics of\the wave. The impulse vplt-time curve
R is obtained by apblying the~sta’r_1dlard\;wave 1.2 x 50 ws .
with progressively higher crest woltage which.,will caﬁ?’e i
’ . s , * .
the flashover to occur 'atvshorter times toward the frént
" of the wave as s;hqv'zn' in fig. I.4.4. / .
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. bas10 1nsulatron levé% . st .t

" BIL's for system voltage classes*up to (an 1nclud1ng) 330 kv, < %?

) Ihsulation—éoordination adopted basic impulse, insulati

_ent types of apparatus. _The. values of Table I.5. l " columin 2 CA

5. BASIC INSULATION LEVEL (BIL) .

. L4 .
- .
‘

In 1930, the.NEMA-NELA,Joint Committee on Insulf-‘1gl“

ation Coorﬁiﬁation was formed to’consider'laboratory
LN

testlng technlque and data, to determlne the insulation
levels in common cuse, to establ1sh thealnfﬁlatlon strength
of all classes)of equlpment, ‘and to establish lnsulatlon
levelsvfor varloUS Voltage clasmflcatlons.’l After 10 yeakts

of'sﬁudy.in 1941, the joint, AIEE—EEI—NEMA,&bommittee op”

levels accordlng to the followlng deflnltlon-

"Basic impulse insulation levels are reference,
levels expressed 13 impulse, ‘crest voltage with
a standard wave no “longer than 11 x 40 ps' wave.
.Apparatus 1nsplatlon as. demonstrated by suitable
tests shall beé equal, to or greater than the __ o

’ . . )

ThlS requlres that apparatus conforming to these levels

shall have a wlthstand test value not less than the W1t¥f":‘ ; - e

L]

stand test voltage " Pable I.5.1 glves a summary of fhe X =
A v
wigh the low frequency ang impulse withstand tests for dlffer-'ghf? ¥

were selected 1nlt1ally as the standard BfL's u:be applled

regardless of how the system was grounded afg protected If B
m .

the sys;eé is grounded solldly or . 'so as _to llmlt the line-* TN .N\&
,Zx, , - - °o Y o m ! )
. 4 - M “;/ . . ‘A‘ Lu
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to-ground vdltade during"'ground faults 'ixo/)'q < 3) the
_S0 ‘oalﬁed 80% or,';S% arrester can be used, resulting in / "

1 ¢ . ' . . . : ‘. . p
insulation with'BIL's one Or two classes lower as shown 2

a ) * '44

“in table I.5.1, column 3. )
- 3 - {‘2}3 : ’ . ‘ " '

. 6. IMPULSE CHARACTERISTICS :
- OF TRANSFORMER INSULATION R "

- )
. \ ’
. . -
\ . . . . s - - . * i WIFE
- .

. - ) ' ¢ ‘
- Thé most valuable equipment ‘must be protected lit
¢ . ' ! i . - ' . n " b
carefull®¥. A power ‘tran‘sformer is-usually the mos't ex-
¢« -
'pens!ve equlpment in a su‘bstatlon and its fallure may

. 1
|, N .

mean a lengthy and costly outage, 1E 1s, therefore, in-
L] <t - O !
vestlgated nést cr1t1Cally from an 1nsulatlon stand point.

- - . - s ]

. . ¢ , . : ‘0 . . /l ]
- The i'mpulsé' leel -of “a* transformer, can be de'tefinined. a

' « ot ‘

by the breakdown voltage of the major J.nternal 1nsg(11at10n

)

. ,,(:msulatlon to groundﬁ the bre\akdown boltage of the minor -

i 1nsulat10n (1lsu1at10n between turns and w1nd1ngs) and the

dflashover voltage’ ‘of the buéhmgs. 'I‘lgs 1mpulse character—».

-llstlc of the 1nternal insulation in a

ran_sformer .differs -

- -Q =

from flashovér. in ir’in two main'
+ - D

4the 1mpulse ratio (the ratlof‘o\% minimum breakdown on. 1mpulse

spec‘ts.' First of all

to breakdown on 60  Hz peak) ne&hlgher, bemg from 2.1 to
) Ve " . B . © b . *
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g 2.2 for transformer 1nsulat19n,iwhereas, it is\l.5 or

’ *

v - /
less for rod gaps, insulators, bushings etc. econdly -the,

impulse breakdown of transformer insulation does not vary .

\

as much with time as seen from Q:ty 1 voltJtimg,curve,_
shown in fig. I.6.1. After three microseconds, the break- -
down voltage i substantially cdnstant. ‘ \ - E
‘ { . - K , ]
. “}’ s ’ 5
e S 3
. ) 2 5
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o A w g
160 wl
)
! N o
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/l - °
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?9 N 3 ., 4 .5 6 = - ‘
- ) " "~ . MCROSECONDS ‘
) . ) _/l . . A v
X Fig. I.6.1 Wolt-time curve o typical
~major insulation in transformers' (2).
. " The -insylaticn stress between turns or” between coils’
: N ] v A , o
"is dapendert largely upon the steepness of ‘the surge wave
G h . Lo \ ' . cT
front.: To tesf the minor insulation of the transformers,
mL el . e .
tHe impulse withstand tests include a 'chopped-wave. fest ,
4 [ ' -:.’ I ‘o B
in addition to the full wave ‘withstand test.
- ' SR . , .o o
. e | ' ‘ ‘ -
’ ; Al
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The hopped wave w1thstand test involves a 1. 2 X 50 ps

4

impulse v tage wave ( elther positive or negatlve ‘
‘polarltﬁy, about 15% higher crest voltage than the full
wave test.  ~The wave is ¢hopped by flashover ot a éap an_
hparaliel d&th the transformer Thls flashover of the gap o
’and the resuﬂ‘!ng chopplng of the > mﬁst occur in not~ ’

"less than a spec1f1ed tlme Wthh ranges from 1.5 to 3 ps,

S o‘ o

dependlng on the transformer voltage c}ass/ The stan@ard

y -

transformer 1mpulse test sequence is pplications of

chopped wave, followed by an application of the full wave.

It must be remember); that the impulse withstand tests
in table I.5.1 are not the actual flashover or breakdown .
levels. "The de51gner ‘must 1ncorporate some factor of safe-‘

ty, by whlch the ultlmate 1nsulat10n strength is sultably

higher than the w1thstand test levels.

“ v

The volt tlme characteglstlcs of the bushlngs on a
J

transformer dlffer from-the-volt- trme characterlstlcs of
)4

the.transformer internal insulation. In general thexbush—i

.

1ngs,w111 have a higher flashgver,at'ahort time lags than
; by

'the transformer internal insulation . At long tlme lags,

1t§ flashover mady’ be sllghtly more or sllghtfg less than

the-transformer internal 1nsulatlon,as in fig. 1,5.2.
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represents the ovegall volt-time curve of trans- ’ .-
former, to be used when' protectlng agalnst llght—
(2)

- o
. ‘ 4% ‘
‘ | //\/'J‘ N - l ':'} 4
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. ] e N
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- MICROSECONDS - i
Fig. I,6.2 'Typical volt-time curve of trans 4
former winding .and bushing (heavy solid line }
¥

nlng surges)

11 . .

The impulse strength ‘of the w1nd1ﬂg is, essentlally

-
Ll
s
N
]
F e R A

. a o
the same for p051t1ve or negatlve waves; whereas the bush- ) 1
p e . v
1ng s crltlcal,flashover mag be hlgher for one polarity . 3
than for the other. The manufacturer “takes the overall i f
characteristics of a,transformér into account when giving {
its withstand voltage characteristic. - o . T é '
. \ - -t *. "
. —— ’ ’ . - i ’
S _ 7. OVERVOLTAGE, PROTECTIVE DEVICES - ,7 ‘
R . R . o I N . ~ ::
‘ oo
. The function of the protective device is to seé‘that e
_ the electrical strength q%ithe protected“apparatus is not e i
£ T E
exceeded at -any time. ‘Tﬁhs if a surge attempted to Maise Jﬁ
= . c ‘_{‘. “‘ ‘ ‘ . - g
the voltage above' the insulation cépability, the protect— . X |
' X A N M s . ‘\’15 \
ive device would have to by pass the surge to ground and . B é
‘keep the voltage ‘down to an acceptabie level. =~ L ‘@ ‘
: . o 4
. - - ) N ¥
- . a3 . i ' ’1;
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We shall treat here.only the rod gaps and-lightning

y . ’ . « - . ' N »
arresters. '~ Both are cqnnected in parallel with the-equip-

‘ . ment insulation offering a b&rpass tocgéltagés dangerous e 1
‘: S to the insulatioﬂ. ‘ - ‘ | B ,' ' i |

- ’ fhe use of lightning arresters for protection against ‘ ’ %

- . - . o
, °n . ' switching surges is increasing, éi;ce they have reéched a - /§ 1
“higﬁjdegree.of perfection and providé the highest degree ? ‘
of\gfoﬂectioh'of all protective éevices.’ Rod gaps are in- a N ) ? {

; ferior but they are ‘inexpensive and have still a certain

e

field of application. . A - . S .
f g .
" 7.1 REQUIREMENTS FOR PROTECTIVE DEVICES
} . . . : . . : ] ) . el
. . ~+  These can‘%e summarized as follows: . -
. ‘1, They must not spark over under dyhamic voltages. ' ;

., . , N

‘. . capacity is small. o - : S | (’ -

ii Their volt-time curve must. lie below éhe withstand

1

]
|
[ o ) ‘Lightning arresters would be destroyed as their thermal
)
E

volpjtiﬁe.cﬁ;ve of the protected insulation;~_lf these char-

. '

‘acteristics are bands rather than lines, then the highest . .

value the’prptectivé device can clamp must lie below the low- . g

.est value at which the insufation i?‘ié protectfng can fail.-

- Sy,
y
\ ' —
. . - . aF
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_The margin between the'two'cuiées must be adequate to allow

. for ‘the effects of dlstance, polara*y, relative air dens-
. - N al
ity, humidity, & aglng of the 1nsulat10n and llkely changes

in the characterlstlcs of the protective device,

-

i4i "They must be able to discharge high energy surges

v

without changes in their protective levels or damage to

'themeelves or adjacent insulation.. When the protec?ive~

73

device flashes over as a consequenca of the surgé'veltage,

the assoc1ated current is partlally dlverted into the de-

vice, therebJ creating a voltage across it. The maximum -~

voltage would be generated if all the current were -so-div-,

erted This condltlon would Be approached 1f the line term- '

1nat1ng 1mpedance had a particgularly hlgh value. In this
: o7
case, the maximum voltage would be: “1Zp where Zp is the

protective device impedance. It is this'voltage, generated

by the surge current, .that must not exceed the safe value

v

~set for the‘pnotected e$uipment.

- s -

+

_.'iv The forth important factor relates to their_potentia}

o ‘e s PN Y ‘ * oo s ,
» f6r storing or dlSSlpatlﬁE energy.  When current is diverted\

. ; Lo i i o
into.a lightning arrester, and voltage is gen%rated across

L] - . "
it, it is at the time absorbing energy. The amount of en- . _

_ergy involved depends'upoﬂ fhe4magnitude and duration of the

|

*
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'sdrge. The arrester must be capable of handling this

i -

-energy by storlng or d1551pat1ng 1t W1thout damage to

1tself.3 It is not sufficient that it holds the voltage
. down to an‘acceptableAIEQel

v

A%ter djﬁ%hargingma surge, the arrester‘should re-
seal'(beCOMe non-conducting) in'the presence of dynamic

overvoltages.

L3

7.4 ROD GAPS . ) .-

Although rod gaps have +the advantage of being extrem-

S

ly 51mple, they have several dlsadvantages from a protect-

ive standpo;nt. They do n:t meet the requlrements of
. \ ; > .

sect. 7.1, _ . ' - ‘ i

5 K

V\\ First when they o%erate, they cause an outage on the

- b3

The circuit must. be deenerglzed to clear the flash-

-

'system.

over arc,eachftlme the gap Operates. Second, tﬁelr break-

down Voltage4?15es more at short tlme lags than the 1mpulse

volt tlme of‘ﬁnwt 1nsulatlons whlch means that a relatlve— :

K

Yy

- ) ‘q ¢

ly short gap‘is required to’ prov1de protectlon agalnst -surges ,

hav1ng steep wave fronts. They. would thus have a low flash—“—

over at long time lags, and would operate for a proportlon

s

of sw1tch1ng surges, caus1ng :a 1arger gﬁmber of outages

T s

et

I
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= Ry
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. the outages w1th short gags can be tolerdted or compensated .

L Arresters.vary'in,SOphistication‘depending'upon,their. -

" for by hlgh speed reclosing of the circuit energ121ng breaker.~ , 3

B
S

They a;e subjected to atmospherlc conditions and .

respond dlfferently to sgrges of positive and negative . ,li

3

polarity. Thelr Volt time characteristic is therefore
a quite broad band bending dp sharply for short wave
fronts. As.a consequence, ‘their protective level is not :_ -7

clearly defined. - L STy

. “ R - g

The rod gap is, therefbre, generally used-only for "f

i
back-up,protection. They are, used too, on circuits where . ?
- 3

~ [

7.3 VALVESZYPE ARRESTERS C
I _— ,
7.3.1 Principles of Operation -

The - conventional valve“type arresterf provide§ the high-

est degree of protection ‘of all protective devices. Its

A 2 ~r . "
essentially flat volt-time tharacteristic makes it. ideally.
suited for the protection of transformer X¥nsulation. - P S

s . '

Goltage class and duty but they gererally'coﬁprise é‘humber S ;

of gap units,’coil units and valve elements of non lf\pear

resistance material. These are stacked in series and hermet-

v e wmrea B

ically sealed_infporcelain housings. The principle of-their



P operatlon can be understood by referrlng to flg'\§‘7 l

Whléh shows schematlcally the circuit arrangement of

&

.

the elements of' a 6 kV valve-type arrester,

2 °
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_Fig. I1.7.1 Schematic diagram of valve - 7
type arrester showing path of (a) surge .

current (b) Follow. current 6(4). ’ ' .
' | S .

When the arrester i's connected to the power ﬁgequency = n

- - T %y . C

source, it does not operate because its gparkover Voltage o B
- LI
is hlgher ‘than the source-voltage. When a tran51ent voltage, - ﬁ
-+ such as-a.lightning~aur%e reaches the .arrester, the voltage s 'ﬁ
‘across its terminals rises to sparkover voltage and causes .
-—:— ] "‘-[‘ ~ - ' , - > . ‘:}
- . i

J L}



~inoreconsist_erit by the intlusion of a "preicnizing tip"

_flashover. This removes the'coil from the'circuitfand

l
5
:
'
i
]
ks
'
Ve
|
s
i
s
R e AT SRR IR ESIINET. S8 X

.

. A iy AR 0
< . . ’ W T T O
the gap units to sparkover, thereby creating a path ﬁor:\.@-

:
ol s 3 K, R ki«

the'surge current through. the ¢oil and the valve element.

- ) . ‘ B
In'the example shown, breakdown of the gaps is made

. b e N i y = )
which maintains a higher than. normal number of electrons

. . i ’ . Wt . -
in the gap, ready to initiate a breakdown when overvoltage
- -~ . . . L
appears. The: surge.current quickly?aevelops across the .
) i\ s . ! N . .

coil- a . voltage sufficient to cause the bypass gap to

Tor

leaves only the 1mpedance of the _valve element. The flew '

of surge current through the valve element produces a dlsr

i

e

\\
charge voltage wh1ch is a function of the surge current ‘ B . -

1 n
S e e S AT S5 o
B &

’

magi?tude. Conditions at this time ‘are those-shown in ) +

3

fig. I.7.1 (a).

e . ‘ -, 1 3

t

*I-Qtﬁ; zgsv;-"ié'»!mlw

o

,-' N ' -»«’ 4’-‘ ! : T .'( . ;Y{,
After a few mlcrosebonds, the surge dlscharge is com~ g

pleted, but current contlnues to flow through the arcs that

¥ ..-:;%L.‘

have been established. The initial magnltude;oﬁrthersof‘

i Ki

called power-follqw~curreﬁt depends‘on the source voltage

and impedance and the arrester valve element impedance. ‘ .
N . O - i - \ . — ;

When power frequency conditions aré restored, following

.

the passage of'the surge current, the>;ﬁbedance of the coil -
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§ Z | * z
t_' + . » ) if‘\
? . ° . B
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-is. much lower. This causes the arc in the by-pass gap g
L N Y ' ) —
to become instable and extinguish. The current is trans- R -

,
»
*
.
.
L}
¥
[}
N
I
BRES omms. FHRS Wit g

ferred to“the coil. This condition is shown in fig I.7.1(b).
The magnetlc field created by the-follow current in S b -
- ' .
the: 0011 reacts upon the current in the arcs of" the gap T
- Vo

assemblles, causing them to be driven into arc quenchlng .i
€hambers,' which are an integral part of the gap units. .

, - _ S o ( ) ‘

' This is the magnetic blow-out effect of the arrester current.

- I

Arc extlnctlon 1s brought about at the first current .Zexo

B - ©

‘*by elongatlng and coollng the arc. The arrester returns

i

to its qulescent_state and the surge voltage has been success— o
»

fully llmlted L , .

SRt K e B2

e el v B AT
- . -

¢ N

As ghagh in fig. X.7.1 the main gaps are shunted by

s~

.

other nonlinear re51stance elements that prov1de autpmatlc
4
self regulatlon of the- power frequency voltage across each
. R
set of: gap elements. They reduce, thereby, any electrical

effect of external surface deposits of stray fields.. =~ . -
. _ o : : e

'7.3.2 Some .Fundamental Consideration

ConSiderable control of the volt-time curve of arrest--"

°

ers.'is p0581ble by the- re51st1ve gradlng of the gaps, by ST

¢

’ whlch the voltage dlstrlbutlon across the ‘gaps at low fre- . .

b
3

4

quencies is controlled, and capacxtlve gredlng which affects ’

i
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- the impulse voltage‘distribution The prelonlzati?gﬂhy

» -
L] . N 9‘

.",‘.
,corona points and ceramlc auxrllary gaps asststSﬂxlobtalnlng

v
'

fast and consrstent}front~ofrwave sparkover.

. The most impprtant property of the series gap is its . . °

o I - -
ability to interrupt power follow current. For any -design
' ' ' . r ’ ‘v Ar-..
of spark-gap tHere is’a maximum power followecurrent -which
it can safely interrupt at -the first current zero. - This' . N -f ,

a8,
-

- crltlcal current whrch is of the order of 100 to 300 A,

A . " . "\ "
for arrestgiijﬁlthout magnet&’/blow—out eﬁfect determlnes ' k 1

the| resistance at rated voltage of the current llmltrngch
M - 'u: , L4 N - ‘
-val element and hence, the dlscharge voltage. A 10Wer- .7 p C o
. ing of the. dlscharge voltage can therefore be achleved by '.";:S

1ncreasrng the quenchlng current. ThlS has led to the " T
, ) - A 3
development of - the "assiste " spark-gaps, usrng the magne— . % 3

tic "blow-out" effect of the arrester up to’ l 000 A ) . 2 1

. . .
N ) . . u, w
- . a

.o “The non—llnear characterrstrcs of the valve element ,

can.be eXpressed by the relatronshlp I= kV where " d'&

approaches 5. *AIn modern heavy—duty arresters, the’magne— l ¢
o N S = ! -
tically controlled arc 1n the serles SPark gap GOnsumes a;
" ¥
substantlally portion of the power frequency voltage. The

re31stance blocks can therefore be of lower resistance

by
A -

than for the arresters with. natural arc extinction and as
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the arc voltage is subStantially independent of current, .-

i

thlS leads to lower discharge voltage than the glven by

‘ )
2, . .

EEY
o lEelt ok T
A sl

3

i

or more, fortunately a vergararé occurence.: Field medsure-

@

N

e ments 1nd1cate that - 10 to 30% exceed 2 000 A

S 2 I Va

t

-l
S

NP : “: i 5 3'to~10% exceed 5000 A - .. -

-

ooy T S 4% exceed 10, 000 A e

-t ‘ - E -~ .
. . % ' - - N

g

| T

et

. “~
- Long - duratlon, low current surges caused by the dls— -

f -

£ 4w et seaepd

ines are, however, a-problemu They can e e

reach”peaks of‘ OOO A and duratlons of 2 000 us or more.

. ®

4

The. llghter desi/gn of arresters cannot -cope w1th heavy -,

R S

' currdht discharges. . Therg&u%j the spark—gaps mgst not Oper- . :
.ate on 3w1tch1ng rges: However heavy duty arresters aqEP " S
’ .o ‘ = - 5]
.not so restrlcted. - When operatlng on switchlng surges th . .b\ \%'
. - R

'

. slower,rate of rise*bf tﬁb current permits-a stronger‘blo -

e
A
-

\(’
4

N

out - actlon to develop Manufacturers claim that even,dyna—

.

mlc power: frequency exCeedlnq the rated arrester voltage by

N

3

s |

- as much as.35%vfor severallseconds.will;not damage the arrest-

. %
- Pl i Nt -

"er and will not preveﬁt reSeallng The use of arresters for a

} M i B S ‘e
™, .

protectlon against sw1tch1ng surges permlts savrngs on .
” . ? [ ..
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1hsulatlon in the U.H. V. range and has been adOpted 1n

C the plannldg of 765 kV system (18) B
. - o

7:3.3  TERMS AND DEFINITI,ONS -

Y

. The characteristic of 1lghtn1ng arresters are very
» lcarefully deflned in Standard Spec1f1catlons. In the

follow1ng, a rev1ew of the most lmportant of them is made.

@ -

-~

<‘ C Rated Voltage- Actordlng the IEC Recommendatlon (9. this

deflnltlon reads. R e

"The ratedvoltage<3f an arrester is the designated @ ‘ -
maximum permissible r:m.s. value.of power—frequency ’
n»  voltage between its termrhals at which it is designed "

’ ' . to operate correctly.. , This voltage may be applled
‘ . to the arrester contlnuously whlthout thanglng its- - )
- . . operating characterlstlcs."', ] . A _—
. 3 ’ ‘fy M_', -

s

‘ / It 1s the voltage ratlng Spele ed on the nameplate

; .

* -~

J..;;;;,.‘;g RGP L o w&"WMW
S ) B

LS

..
- Bt e

-
A

and at(whlch the arrester 'is deflgna ed to. perform 1ts o -

. duty cyclea\\The technlcal data of.. partrgular type of

2
WAL

e arrestér ‘is dlrectly related to the Rated Voltage.

\

. .
- Y

‘ﬁ"z,: , Operating Duty Cycle.Test: Aécqrding the iEC Recommend- . - "

o ..~ ation (9), this definitlbn reads:ﬁ . -

-
E 3
Ve
e
LY
Ny g g.;gggg;
H
i

Y3

i3 Sk

-
e
. ap

o (“Thls is,a test in whlch -service conditions’ are- - ;I
C Lo . simulated by the appllcajlon to the' ayrester ' \ e B B
. R ’ 6? a stlpulated ‘number of speq;fled impulses - 4 B T
i while it is energized by a-power:s pply of spec— ' - 2
.o 00 ified frequency, voftage and 1mp§d§nce - .

. . Y . L N . M ; . " 3
M N [N e ‘. R +
.
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Ve g
er- follow Current must be _establighed by each

»m

1mpulse, and the arrester shall 1nterrupt the foliow
-erent after each apgllcatlon of the 1mpulse.‘ Afterl

these tefts, ‘the sparkover voltages and the residual

Vbltage'shall not haveqchaqged by morg than 10%.

o
,

‘ ,_,' * ' . EE ) e
Nominal Distharge Current: Lightning arrestess are

classified by their nominal discharge currents. Accord-
ing the IEC Recommenéation (9), thiS'aefinition reads:

"The peak value of dlscharge current hav1ng
an 8/20.waveshape, which is used - to ClaSSlfy
an arrester. It is also the discharge current
which is used "to initiate follow current in the

"f\geratlng‘ﬁuty test " - .

[y

v

a

‘4- . . : ..

‘Wlﬁp tpe 'ame wave shape 8/20%;5, but varylng curren}

peaks of élther .5, 2.5, S or lQ,kA the nomlnal Dis-

9 charge Current is determlged from the peak value‘whlc fis

-

1

l
,used throughput the operatlng-duty test:'i.e. a lO'kA; M
v N “‘;'-',7 h . ! R N ‘ : ‘
arrester has- beeh subjectéd te initiating'impulsee/of 10 kA
! :
A
peak and 8/20 HS wave shape. The’ arresters in addition, \
" [ -“v

shall meet the érformance"characterlstlcs llste

-

table T.7.1.
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TEST REQUIREMENTS “

CLASSIFICATION

, . N . °
\ .

[}
ASA TEC. Duty Cycle - |Lohg Duration High

-

. +'| "Current . | Current

|station 10KA heavy dutyl| 10kA,8/20 P.s'"; ,2000 ps 3 100KA,
L '
10kA light dutyl /{150 A, 2000 ps| 4/10 ps
/ ( B ,.' .
-3 3

Intermed. 5kA series A 2 ' B ' VRS
Distribution 5kA, 8/20ws | 75A, 1000 ps - 65kA, 4/10
- 5kA series B 2 I, e b

/ o : s : , .

KIOTT SO/

-

ng 2.5k 2.5KA,8/20 ps | 508, 500 ps | 25ka, $/20.ps

oy
. N oo 1
e =~

Secondary 1.5kA . JL.5kA,8/20 ps | “None

10ka, 4/10 ps

, .

'
'

- 7 .
. q' e , . -

,
- Lo
At £ e b e TN
. .

s

Table»I—?”I Afrester cla551f1cat10n and test requlrements (9).

,J\ -
}

For therl0 000 A arrester, there @re tw
types, . llght duty and heavy-duty, which
are dlfferenplated by the amplitude of
. the long duration impulse current , which ’
they are. capable of w1thstand1ng

-

Serles A .arresters are bated on perform—
ance characteristics in practlce in all
countrles.‘ Series B. arresters are based .

.on performance~9haracterlstlcs in practlce
in Canada‘and-UiS.A.

S ' SN

&4 B .
The peak curreht is defined in clause - :
63; 3 .2 oﬁ IEC recommendatlon (9) -

e oo
[..\: Y
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~Power-follow Current: ACCordlng the IEC Recbmmendatlon

o h ' (9), thls definition reads- . -
= "The current‘from the connected power source .
which flows through an-arrester fOllOWlng the~

passage of discharge-curreht." .

.The standardﬁimpqlse current 8x20 ps is of extreme-

ly short-duration. It may be considered asfhavihg’ahdur—

ation of about 20 ps which is only 0.24% of the 60 Hz half

wavé‘ﬁuraﬁicn. The thermal stress on an arresterlls, there—

fore, to a great extent determlned by the power-follow’

- - 4
f
{

Dlscharge or Re51dua1 Voltage

o

) Accordlng the IEC Recommend-

thlS deflnltlon reads. “

'

" ation (9),
"The voltage -that appears betyeen the terminals

. of an arrester during the passage of discharge

¥ current." . > -

’ ’ " - -

7

. - . - -

Power—FrequencY’Sparkover Voltage (§.0.V.): According the

QSIEC Recommendation (9), ‘this deflnltlon reads:

P

"The value ‘of the power-frequency voltage- measured

- " -as-the peak value diyided by v/2 applied betieen" ' At
- the *terminals of -an arrester, which causes spark- '
- ) over of all serles gaps." .

. e
o

£

The IEC and ANST standards (9) (lO) spe01fy7 for all

‘current. : o - P
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.arresters, a minimum power-freguency s.0.v. equal tp'l;5
timgs tﬁe rated afreéterfﬁ%}tage. This is agrequire@entA
teLassure-that the arrester does not discharge-unnecessari—,_
ly_en system ovefvolteges.

L

. TS

. ° .o )
Impulse Sparﬁover Voltage: According the IEC Recommeénd-
!

. . . . —~
ation (9), this definition reads: B
o f ° -
"The hibhest value of voltage attained before .
sparkaver during an impulse of given waveshape T
- and polarity applled between the termlnals of
. -an arrester," \ -

) . * '
\\I T - N LAV )

-
.

This'impulse 8.0.V. is referred‘as a_lDO%fValue,:i.e.
t ‘ .at,ozg’l above which a sparko'\ref will always be obtained.  The

ANSI étaﬁdafds do not specify any limit. The IEC Recommend-

>4
atlon spec1f1es a certain maximum value (in kv crest) whlch

N~ e
_for ratlngs above 25 kV, is equal to 3 to 3.6 tlmes the

'ratedilrrester,voitage. ' T ;;//,//41”7

’ . , < ' - _— . M .

. .
R R B0
~

Front of'Wage Sparkover Voltage: Accqrding the IEC Recommend-

. - P

8 ation (9), this defihition reads: R L oo 3
. ¢ - . Lo . - @ . lv‘;‘;
MThe impulse sparkover valtage obtained on the .. _ 3
. wavefront the voltage of which increases llne— T 8
;o arly with time." ; 3 .
_ . . “ . be
- . . . ) _'g"
. A maximum value is specified, with factors in the range %‘
£ 3.1 td 4,0 times the arrester rating, for a station class . %
- 1\ . ) R " . i , s ° " K ‘i‘ |
". S Y -“ '
N ' “~e Cox
© o - o
- ) -~ - \;‘ \
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B

~arrest¥r. . For other classadly 'higher factors are specified.

Front. df Wave Steepness all the majer standards (93 (1b)

-specify a Steepness of 8.3 kV/ s, per kV of arrxester ratin
B g.

I

Switching Surge Sparkover Voltage: According to IEC Re-

cdmmendation (9),a switching voltage impulse is an impulse
voltage having a virtual front time -greater thanm 30 ps.

None of the standards have yet issued any specific-
ation regarding'éilowea S.0.V. limits for switching surges,'

but they are under consideration. The'IEé_standards spec-

ify a' test for tHe'switching voltdée'fhpuiee_sparkover volt-
age/time'éhrve. This test is applicable only to ﬁ/evy duty

lO ka arresters hav1ng a rated voltage ‘above’ 100 kV and ‘is’

e~

1ntended to prov1de a unlform method of maklng the test so -
¢

that data supplled by manufactuférs will be comparable.
S
¢ ' . e ’

7.3.4 PROTECTIVE_LEVEL

N ) The protectlve level of an arrester isf‘accordlng té
) the IEC Recommendatlon, a comblnatlon of. the follow1ng
- e t .
: a) nghtnlng voltage 1mpulse sparkover—voltege/tlme curve.
L

by The resadual-voltage/dlscharge current curve. . o

¢c) For 10 KA arresters rated lO k¥ and hlgher, the sthchlng—'

voltage impulse sparkover—voltage(time curvel

of .

-
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- Modern étatioq—t&ﬁé arresters

virtually the same impulse sparkover and discharge volt-

ages for either pQ%gtive or .negative impulsé waves, there-

~
: * -

by assufing-a'protection level_whiéhvis‘inaffected'by

e : A

are desigred to have. = -

L

el

-

polarity. Table I.7.2 gives the’ protective bhafécterist;ds

& -

a4
of Alugard Thyrite station type arresters.
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u , Hap, . Myx,n S R Vol c .
A“- us:sl.;‘é ) 1.2 x 304 Switcking 50)'2:1 Maximus Discharpe Voltage (Crest KV) ot
Arrester td, 100 Surge 3 ‘c , . Indicated lcpulse Current, 8 x 204 Sec.
Rating }Front-of-wive *sparkover ¥ ctive Sparkovef :
Y . Spatiguer a0 Charseteristled K o s a0 xa{s.ora]10.0xe 20,0 x40.0 xa
RIS -K Crest o RIS ° .
3, 12 2 12 5.3 5.0 | .5.8 0.6 | T1.3 8.3 | w2,
SRR YE A 16 15 15 1.9 | 7.4 8.7 -] 9.3 10.8 12.3 15.1
U .0 20 18 19 10,5 9.8 | 1.5 | 126 | 1.3 16,3 | 19.9
v o703 5 .22 3 B2 12,2 | 143 15.7 17.7 20,)-| 4.8 ;
- - . .
. 9,0 g 25 2? 15.8 14,6 | 17.1 18,8 21,2 26,3 29.6
12,0 39 32 35 . 21,0 19.64 { 22,7 2.9 8.1 [ . 32,1 39.2
15.0 43 39 . W 26,3 26,2 | 8.2 1.0 35,0 40,0 48,8
18.0 87 4y, 51 31.8 28,9 | 3.7 | ant 41,8 47.8 1 38.3
- Lo Iy . -
21.0 66 54 AR 3 36,8 31,7 {39.3 | 43,2 48,7 55.4 63.0
26,0 16 61 67 42,0 38.4 | 44,8 49.2 55.3 63,5 771.5 .
30.0 ' 78 84 52.5 47.8 56.0 61.% 69.5 79.0 96,5
~36,0 1 90 e 100 63,0 57.5 } 67.0 |- 73,3 83.0 94.5 | 115.0
- v - 1
39.0 13- 97 - | . of% 108 68.3 2,5 | 12,5 79.5 89,5 | 102,0 | 125.0
48.0 151 Cnas  [Te132 7 84,0 76,0 | 89,0 > .97.5 |. 110 125 - | 153
60.0 180 s .* 162 99,0 95,0 J1L.0 | 122,0 | 137 156 | 190 .
72.0 213 66 | 170 118 114 133 146 164 187 227
8.0 231 ‘éaa 184 129 123 1464 158 178 202 246
- B4.0 247 198 198 19 133 155 170 191 217 265 P
90.0 267 214 mn 149 142 166 182 206 232 283 .
96.0 280 - 231, 221 .- 159 151 177 194 218 248 302 ,
= : 3
108,0 | =315 262 ¢ 253 - 178 170 198 218 28 278 339
120.0 3a7-_\ 29 ° 284 198 188 220 241 272 209 376
132.0 380 120 312 218 207 Wy 263 294 Kk} 402 -
144.0 413 A0 | 340 238 226 262 287 321 363 439
T169,0 | - ags |- 396 a9y Ph) 263 |30s 336 374 422 510
1€0.0 | __ 530 _. TR w23 297 281 |37 358 4eo 452 | 330,
1820 540 " Len Tt 4%) =17 100 348 362 4z7 LR2 538
223:0 640 54y 539 376 355 {913 351 310 575 TH
, 1 1 A )
.. 240,80 670 s 561 396 374, {493 476 533 603 730
238.0 710 623 ~ 09 426 402 467 515 515 650 7858
264,0 725 640 - 624 & 411 478 325 585 663 800
276.0 752 672 LR i ﬂs 629 500 550 615 690 53 )
288, 0 785 - j06 1 ce0 475 whg (528 570 6.0, | 720 o7s
300.0 820 e 709 455 Lp7 |33 595 65 ;;g 910 =
Jiz.o £50 771 N 737 (3T .98 568 620 690 945 -

T\-.

41

he impulse voltage which,
op 1ic tion (IEC Standard 99 . :
heseé values are also used for 10 microsecond to sparkover in protecting Ac

rotating machinary,

1 X2

Ninimum

50 cycle sparkover in KV,

uhen applied to the

arrester,

RMS 15 1.5 times the arr

Tre protective characteristic ’“cludos Loth the maximum

end the maximum switching-surge discharge voltage fer
magnicude, '

-
'

.

¥ .

a

o~

causcs sparkover at every

swi
Ly

Table I1.7.2 Protectlve characterlstlcs of
of Alugard Thyrite Statlon Arresters (l9)

rester rating.
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7.4 LOCATION, OF 'ARRESTERS <
It is a good general rule that,all protective devices
! . - - .

be located as close as possible to the equipment they are
’ .f’

5
to protect. If: a(steep rlohted surgé‘apploaches a°trans—

<

Sormer that . is protected by an arrester, the arrester will ¢

!

spark over(when‘its sparkover voltage is reached Ih do-

1ng so, rlt will let through a spike-of Voltage with a crest
equal in magnitude to the sparkorer voltage, which will tra-

vel on and,impdnge on the transformer terminals. If the

-

" arrester is close to the transfofmér, the voltaée on the

transformer will be limited to that Same.level. At tﬁe sa-

me time, a reflected 'wave will travel back down the line,-

modifying the incident wave. - The transformer will present

a comparatlvely hlgh 1mpedance to the surge so that the re-

flected voltage wave from the tenminatlons will add to the

1ncxdent wave. This results in the;termlnal voltage ap--

# . proaching twice the incident voltage. Tﬁis Voltage will

e

persist untll the reflected wave has returned to the arrest—
. er and a second negative- reflected wave has propagated back

" from the'arrester to the twédnsformer. For a wave velocity-
.of 300 x 106 m/s and a_ separation of 30 m, this duration

2x30, - ' :
results in 300 - 0.2 Hs. .
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o {j If the surge front has a steepness\of 1- 000 kv/ps,
H

1 000 kv/ ys -

1t'wx%l reeult }n a gradient of 150 m/ Fs

3 . 3.1‘:-kV/m R

Pt

"on & conductor.. Hence phen the llne to. ground, voltage

I3

‘is zero at one p01nt7 aapther point 3C m away may haVe
14 -

L4
epproximately 100 kv to ground. -

. To 111ustrate the effectuof arrester Locatlon,

- -

consider the 138 kV station shown schematlcally in fig. -
1.7.2 w1th .the arrester located 30 m beyond the dlsconnect
sw1tgh'and 30‘m ahead of the transformer. Consxder a-

v

travellih;>weve having_a rate of voltage rise of 1 ‘000 kV/ps

entering thé station and an arrester which limits the valt-

age to 400 kV. In 0.1 ps after the wave reaches the switch,

1t réﬁches the llghtnlng arrester and O 1 ps later,

- ' —_—

b

. ° . - ‘d
1055 kv\ - .
b ) PER_MS 100 FT 108 FT_ v ‘

~_ 3 o
DISCONNEGT - 3
swiTCH - 1 - TRANSFORMER ) ¢
L . L.A.
600 :
w - ¢ - - -
gaoc
> ) e - 'c
3200 V4 ; .
x . - . . -
0 A .
0D 02 04 06 0 02 04 06 0 02 04 08 .
o B MICROSECONDS - B
. la) 1b) :f te) - .
Fig. I.7.2 Voltages &t 138 kV substation resulting -
~ from first reflectionof 'traveling surge having 1000 kV -
per microsecond wave front(Z) . -

a) Al disconnect switch located 30-m ahead of arrester
- “b) At arrester
c) At -transformer located 30 m beyond arrester
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" or at the end of 0.2 us, it reaches the traqgﬁ;rmer. !

.where it.refleEts and builds up at a rate of 2 000 kV .

‘iper‘Fs. At the end of 0.4 'us after the‘wave first'

reached the switchy the ircoming wave and the reflected

-

~ wave frqm the transformer would total to 400'kV°at the -

_arrester.’ As shown in fig. I.7.2, the voltages at the
switch and at the transformer would also- be 400 kV.

. " 4
The reflected wave from the transformer has just .

reached the switch. The voltage at the arrester remains

ted - ¥

at 400 kV until the crest of the 1ncomrng wave 1is reached

but the voltages at the sw1tch and transformer continue

to rise at 2 000 kV/lAS untll the reflected negatlve waves

from.the arrester reaghes;the sw1tch'anq:transformer atr

the end -of 0.5 ps. ' - P

'\“ B ) ‘s
-y [} - .

- ‘ 7.
Succe531ve reflectlons occur untll the wave spends 7 ?,

1tself by dlscharglng through- the_arrester. As shown in
flg 1.7.2, the voltages at tlie sw1tch and transformer

resulting from the first reflectlons reach 600 kV_or 50%
more than t arrester voltage. The maxlm\~\n31tage Et

at a transf mer at.the end of a line begond an arrester

as a result of the first refléctions of a'travelling wave, -

may_be expressed mathematically as-follows: L,
9 » ) ,‘ Al
tg:;éj\ —— v rF - - . -

22 :"W‘ :
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Ly N . - l ‘. «
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-a—\\-;.—"j ¢ : "
. . -n . R R

) .7 . - ) \ .
~ g de L ‘o h )
N = € e = J o~
Et ‘d +—2 dt X 300 . . 'S
- up to a maximum of 2 €4 where:: - ) \\s__\

-—

- €d="arreste¥ discharde qr sparkover voltage

‘ de€= rate of rise of wave front in kv/ us o :
dt : ] . o ’

) -
»

o
' The same expre551on can also be used to determine -

< the voltage at‘a poiﬁt on a line ahead of an arrester,

., -

.
due to a travelllng wave. In this case, the voltage can

- n

reach ‘as a maximum the crest of the travelllng wave 1f

‘the dlstance to Ehe arrester 1s big enough or 'if the rate

-~ L t .

. of rise of the wave ﬁront‘ls sufflclently hlgh. )

o

;s : . >

- Theﬂgufves of fio. I..7.3 show the voltage in excess

‘of the arresten voltage as a functlon of dlstance from

- . -

the arrester for rates of r1se of wave front of 100, 500

and l 000 kV/'as. The ‘curves can be used to.determine -

the actual voltage at 3 p01nt ah&ad of an arrester’ or at

4

[P N .

a- llne termlnum beyond an arrester by addlng to the curve

value the discharge or sparkover voltage*oﬁ the arresten.
: - P . . -

! . - Pt -

;h-the case of sWitching'Surges,_the travelling wave

: ©  effects can geﬁeraliynbe neglected,. considering that a

s . L - . .
¢ . .

L = distance between arrester and-line terminum in-meter.
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IN EXGESS OF ARRESTER VOLTAGE IN KV

-
/

VOLTAGE AT PXOR T

500 .
2 e [
400 s kY -
s o/t R
4
6 ‘
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9 ? -
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200
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" +leo
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o KY PER =5
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‘| ARRE'STER. VOLTAGE
g R = *
o 100» 200 300 . 400 500 _ >

ARRESTER

L IN CIRCUIT FEET .
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[

Flg I.7.3- Max1mum voltage due to first .

,reflectlon of travelling wave
as function of distance.from
‘arrester and steepness of wave
front.(2). s
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\ exrst at the apparatus as a result ot1050111atlons caused " ' ﬂ'ﬂ%
7f .o »by‘the 1nductance of the line between the afrester and t %l
the apparatus.and ‘the capac1tance oﬁ@tbe apparatys. Fur- ‘g
thermore, t‘!’voltage drops in the lead from the llne to - g

the arrester Ahd,ln the leadﬁfrom-the arrester to grodpd, - §
add:to the drop,ac;oi§ the arrester.- .' “(‘ E ) ‘ 2

. ’i s 'In view of the. above factors, it is 1mp0rtant that g
\tbe protectlve devtce be located close to the protected ‘ _»f‘ “{
\apparatush The 1 ds to the dev1ces must ‘be kept as ‘short ’ ~§

~ ki

. dlrect as possrble and‘themarrester and apparatus . '.:%
groun be 1nterconn;§$ed and as low.in resrstanceyas pos- .- - %

A wave frent oﬁ not less than 500. kv/ ps, or 3. 30 kv hi ghér ‘ vi% .

.rr ’ , -

front of only SU?PS‘is‘IS'km fong. However, switching . A

- ‘1 N N . - R ° A
i . »

strges with ‘abrupt changes do occur.

~ . . »

. N
A} -~ ~ - - .
- . » R

- In addition°to”the reflected wave -phenomena, it is | . L

quite pOSSlble that stlli hlgher peak voltages would . : R

T
=

4
~ * s

ni

- and sw1tches located some dlstance from the transformer -

v

~
-
RSP %

RENLESHV S 5

RS

) It is des;rable to assume the p0851bll;ty of an”lhcomlng ~k;}f

stress at»the\iiltches for each meter of separatlon. The L
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R
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Loy ’ stress on a breaker locate& 30 m apart would be: the -

\ S . : 2
] v . ) o B
o T arrester voltage plus lOQ kV Assumlng a wave front f .

. - v , » Ve « “ .

. T, . of l 000 kV/Ps, the streSS on ‘the breaker would be the :

3

o arrester VO]tdgr plus ?OO <"b T erefore, eff1c1ent b,
4

Co protectlon of the larger substa 1ons?requ1res supplement—-

»
X ™

ary Sets of arresters cannected to the llne 51de of the »
- . . ~' -'J:. 1.

breakers and dlsconnegtlng sw1tche§ . o

. . o . ST 'l/?' “.-7' - ' r'
' The rlsk of trouble on swltchlng equlpmentxls not\ rf e
‘S0 serious as it may appear. Oll f;lled breakegs and

o ‘.,:.‘Lp ‘a@ -

'\dlsconnectlng 1tch are so DU1lt that the 1n¥ernal‘1m~~.
JsO P s .

4
pulse ansulation strenght or the flashover dlstance over "l

- t
.

]

open sw1tches 1s greaterathan that to ground from the
o F ~y - . “.m

term;nal. ﬂThus, a surge in excess of the 1nsulatron

Y
ght” 1s llkelx.to ff%sﬁ\to ground w1th&yt damaglng U
[ -
ratus. This may cause anloutage but the‘proba—
. . : . \ o MR
small. - > L oo N . ,
. e , . -~ T
) N ‘\'N‘ K "i- - "~ N - B ) . - * \ - .p - ;k:-.'
SELECTING ARRESTER-RATED VOLTAGE Lt T s K
i The selectlon of the arrester rated voltage ;3' RN R
‘_." , s u“ . 3 ',,)“é' .
. compromise between cost’and saﬁety" A llghtnlngaprrester B .
. ¥ . i

~ 3 . +° < .

is often called upon to: operate ‘during. an earth fault some4

¥
At 0 >
£ S

" < ~ v

where in the system, and the rated voltage of the arrester ' ¢ ju'%
3 . ' . "’:\ ‘4
2 ) ’ E b o"\_
_must therefore be higher, than the sound phase*to—groundf_ , 4% 1
. - » . . C . : '\t i ¢ ;e .
! 2 . - N B o
! . -~ Lt T
ot ’ ) S . \-'.v . 'g, 'n
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N 4‘.

voltage Otherw1;§23the arreste‘ w111 déaw too hl?h a - ) .
pOW€r7f llow cuyrent Whlch may lea to éhermal overloa&(’- —, o i

ing and a;rhre, or at least‘é'reduetloh .in the useful . L
. T~ ‘ ‘ :
“‘life o% the arrester On tﬂe otnér hand the‘hlgher the o, . .;

1
!

" rating, the\h’Gher the cost of‘the arrester and in ad- ‘ ﬂ' g

-

’
«© N

T
T
i
Frp AR T
e

dition, the hlgher the cost of thg'protected equ1pment i
2

4since\the progective level and therefore the BIL of the . 84y
- - [ . ) * * -4 :}u -
.y -, . ay o oo . / ;
'equlpmenr is higher. ' ' . L e ~<-,1,§
[ . ' , L XY “ ’ ‘ - _c ) N T 'g‘;:
’ . . ) ) » . - , . ) - K N 1
The maximum phase-to—ground voltage applled to the = g -
arntster under fault condlfl/n is the real crlterlon . 3
o ‘ :Q‘
in selectlng tie arres?er rated voltage. . Wheh dec1d1ng R Che 3
. e. wa t '

‘ upon a,éultable arrester rating it is, of malor 1mportance i .

"

o )
to know the degree of effectlveness of the‘system,neutral
l

qroundrng. Such Lnformatron 1s usually glven as the ratio

[ - P

v -

of the zero and the p051t1ve seqqence reactances. The

1 A

system neutrals are con51dqxéd to be effectlvely grounded

vy =

when ‘the coeff1c1ent.of“ rthlng doés not exceed 80%.' The -, 3/ :
PP RRA R WY
o .

el
oob

* -

*, 0 o

; earthyng coeff1c1ent is defﬂ”éd as the ratlo of- EheAhlgh—."‘

1)

¢

-est r. m s. vOltage td -earsh the\sound phase 0 phases;

[}

}f .
the hzghest phase -to- -phase r.m.s.. voltage" expressed as .
g a o s i L - ! . !

, a percenﬁaée pf the iafﬁ?r voltage. , . : LT
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¢ VA Value less than 8O%Jj;obta1ned when for all"
T ' ‘system condltlogf the ratio of ' zero sequence reactance‘
- “ . ‘
- ® XO

¢ . to p051t1v5 sequence,reqabance X = 0 to +3, and the - —-
-.' ’ FY - '

. ratio of zero sequence'resistance to positive sequencﬁ

oo - reactance —%?— =0 to +l. n this- case, the arres%eps
. - "~ '

- should have a rated voltag equal to at least’ 80%¥of the ’

hlghest phase-to-phase system voltage (denoted a§ "80%
I/-ha=

arrester") corresponding to_approx1mately 140% bf system

o ' line to neutral voitage. AL '
'0 - ;': ' ‘ e ‘{ (ﬂ\ . - ' .\ ',“ ' ’ LAERY
a [ 4
A //' On many hlgh voltage transm1551oq systems, the co-

efﬁlc1ent of earth;ng w1ll not exceed 75% when for. all

: f system conditions-+ e

Ro ‘ s
i X1 " ;0 to +l and. X3 S 0.5. _ Under

DL ' . these condltlons, the &rester rated voltage may be 75%

. N
/ of the hlghest phas —to—phase system voltage, correspond- /'

{ .. ang to approx;mately 130% of system phase to neutral volt~
. .

T S age. B , '’ E L N\ yo \K
:'. o, ¢ . " . L . {'l ‘a / / ' !' X

:.' . ' 4 °© 2 N — ,/’,/ }" O -f .

; ‘ ¢ FOr thfounded neutral S%Etémﬁ, the 100% a;#ester“ o

: . a shoufd be used It may be goted that in a ndﬁ“%ﬁfeqklvely

__cs_}”
'grouqdedisystemy the. reactance ratlo' X1 lies. betw&en

4 - t - , 7
zero -and minus forty,® resonance condlthps may exlst and
- .. ‘ o 7 : : WV 0 : .
no general.rule for the arrester rated.dgltageﬁis practicable.
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¥.6 PROTECTIVE MARGIN " v ) S

_The @ifference-whichshouldekist between the B.I;L. .

of ‘the insulation to be protected and the proteotive

level'of llghtnlng arresters is a much dlscussed questlon

- P

_(2) (3) (20) This dlfference is calLed the "Protectlve {r

-_ ‘““'\
- Margin". Allowance has . to be made fo% adequate~margln Eo

M0

take care of: l Ty ) 2 ».

i ,The,effeot of separation between the protected appa-
. N . . ° . 3 ) ‘ v' _ . ' -~
~ratus and the arrester caused by travelling wdave ‘effects
. o ’ e s . T Vo

in case of short front liglitming surges, =

%

o o , _
ii  Voltage drops-in the connecting leads from the line .

to the arrester hlgh—voltage term1na1 and from the arrest-'

o

- : 0

L ef}ground terminal to the ground electrode.' : : Q:

iii ‘TheAp0551blllty of Varlatlons bf arrester character-

B

-1stlcs w;th time and reductlon of 1nsulat10n strength of

the proteC%ed apparatus w1th tlme. E N

A - ] » . a
v 4

*
o>

Common values of marglns above, protectlve level are,

» 1

éd to 30% In order to glve hlgher marglns at’ lower volt-

. ages, a figure of 15% + 30 ‘ky is used, but the margln may

‘\

Vs have to be 1arger if the llghtnlng arresters: protect re-

- A

/- ' ’ .

mote apparatus.
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8. INSULATION COORDINATION - . _ 3:

- ~ ;
- . o : )
.t .OF H.V. SUBSTATIONS : . b
' ) - - .. S ey . p
. . \ .
‘ , - \ y
- Tnsulation coordination is a correlation.of thé ine ° ;
sulation of thelapparatus and the overvoltage that will ti
be alldWed by the'protecti%e device. The task is facil- i 2 g
- T
itated by the establlshment of a protectlve voltage level M
by - eans/of a lightning.arrester. A general apﬂroa h P

o

cqnsiéts in compaxging the volt-time insulation w1t stand

curve of the apparatus' to be protected with'the.vo t=-
time~ptoteotiVe level cutve of the protective devi
W ’ ¢ R

-~

A e o T G e 'L W
el

.
1 4
o

protective level by the protegtive margin,dictateéd mainly
» » . .

by the distance of the equipment "from the -arrester. Hence * .

eqhipment remote from arresters is.often of higq;r.éith—

stand level than equipment ciose to them.

e . f -

oo ' ’ b ’
' -~ 1 /

f Although coordlnated protectlon 1s important.through- ’ b

- ' “

3

- NP NV S T

out the_ substatlon, it is most v1ta1 to the power transform— : ',%].

ers. Hence in the followlng, we,shall con51der the coordi-

nated protection of power transformefs.

2

—

- From baSlC de51gn data, it is known that| the-: kV strength S

[y

© Y ' - ¢
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defiming the transformer w1thstand’strength is repre=~ :
) sented by a comp051te curve e.qg. from 0 5. pns through u\\ N
.o o - L

'1 5 or 3 0 ps by the chopped—wave test polnt and then

S et

¢ e

ro.
through the- fu@g wave test ievel (B.I.L.). Ehe

q - B ’}

) The sw1tch1ng surge strength of the transformer de- - g
_pendsmon the duratlon of the sw1tch1ng surges.. For thé %
short“r duratloﬁ sw1tch1ng surges, the insulation w1thstand* -§
‘ Yl
. strength w1ll approach the 1mpul§g,fu£l wave - w1thstand test 3
.J . " kv leqei As the sw1tch1ng surge duratlon ‘extends 1nto thou; - b

J ,' sands of m1crose¢ondsv a flgure of 0. 83 t1mes the B. I L is -

' - - generally taken(ln the llterature (3) (19) as a Qrobable-

-
LI JRPUIWAL TP L
L% -~

. w1thstand value agalnst sw1tch1ng surges. These concepts of

R 7 ? .

N . ‘
Insulatlon Coordlnatlon are clarlfled in part I) - _ 8
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ON 230 kv, ‘161 kv, 115 kv, AND

34.5 kV INSULATION CLASS SYSTEMS
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. : PART II - APPLICATION OF

INSULATION CO-ORDINATION

L ow—zao kv, 161 kv, 115 KV AND 34.5 kv

- \Q

INSULATION CLASS SYSTEMS ]
/ . '

1. INTRODUCTION .

PN

ThlS study refers to the selection. of the impulse

2,

1nsulat10n 1evbl and the goordinated ratlng of the 11ght-
14

ning»arresters for the power transfo;pers-of the fBllowing'

insulation classes of transmission systems. . -

- 230 kv . -
< . - 161 kv. .
. <+ 115 kv Y

34.5 kv A .,

The protectlve eff1c1ency of the mbdern stathg,type

'arresters enables the reduced insulation approach Whlch

[}

résults in tremendous savings in apparatus cost. The re-

. » .
. duced insulation concerns only the power transformers,

*

with the arresters installed on the transformer bushingsy
[y S - v \

and it is not applicable to the other outdoor apparatus,

like circuit breakers, dfsconnect switches e*c. These

apparatus do not ude-the reduced ﬁasulatlon level because

—r

SUPEIR A




B
’ - . °
\.—_\ s N . .
- . ” s ) » .

" 7 C ~.66 . " ’ ‘ ./t o .

thé.advqnﬁaéeSaiQ savings'resuit%ng iéom‘geQEFed trans-
former wind;ng insulation are not achieved and ‘because,
in many‘lopationé{ the agded'margfn against contamina—§
tion is desirable. Fufthermore, beéause of separation

between the ciréuit.breakeré and arresters at the tréé;;-
Y

formers, a higher insﬁ@ation level fo¥x the breakers may T

-

. be desirable. . : ' ‘o X
a - rd

2. GENERAL PROCEDURE

' ¥y
. - x .

The'following—threé steps are réquiréa ‘for the co-

ordinated protection of the transformers. o

- ’ l R \

- . -~

i ' PROTECTIWE LEVEL- -

_—

The protéctive level.is established by selecting

LY

thellightning arrester'razgd voltage and nominal di51
chargé ;urrgnt.“\The %éted voltage must be not less

than thé maximum power’ frequency voiiage tr;m.é.? to
érgund, at’ the point~of insﬁallaﬁionf'unéer any fault . p
or -operating condition. As far‘as";he nominal discharge -
currént is concerned, 10 kA station txpe_lightning ar- ,
resters are selected for the_preéent épplication, ;ince “

they are intendedvtg proteét transmission power trans-

formers. ‘
R ' N

o . \ .



hiod

' The sparkover and discharge volteges of the ar-
o ) resters can nexﬁ be determihéﬂ-frbm the. mantfacture data’
and thé/grdtecti&e level be established. It will be
motiqea that cdmmertially atailable 1ightning arresters

have more favorah%e'characteristiés than the standards

” demand.- : T ; .

ii 'PROTECTIVE.MARGIN
b . S+ A protective margin of 20% is selected éince<the

«1lghtn1ng arresters are 1nstalled on the transformer

bushlqgs. ) ) ) L
. \“ - ’ N
” . | (\.J | | | - \
iii IMPULSE AND SWITCHING WITHSTAND = : @
.. —— .. LEVELS OF THE TRANSFORMER, ’
¢ It is now possible to select .the basic insulation

v

. . )

level (BIL) from. the list of stanéard.values of table

»

'\{112.1. The switching impulse level (SIL) is estimated
at, 83%* of the BIL (19) These levels-(BIL and SIL) must

exceed at least by 20% the protectlve level of the nght— )

. nlng,arrester,‘establlshed in step i. ' '
- »

S o \ L

* 7 It is not ‘likely that the insulation class, will be

. - ' . N 2 \ ¥

L o o
- *NOTE: For Voltages higher than 300 kv, . table II.2. 2~g1ves

a‘p:op051tlon of I.E. C for the switching 1mpulse

/’uﬁ * l§vels. - . N
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reduced.more than one class, except in,the case’ of trans- g
. EA
formers for 230- kV and hlgher. In the lower voltages, |
the savings are not great enough to justify .the rTe-' N
' duction by more than one class. Also, the 60 Hz strength, ] i
~ ' A 4
- of the equipment, must be considered. The 60 Hz 'strength . ' f
a i } . ‘. . . . - r;i
; and BIL are related.’ "There will be a«minimum 60. Hz strength- “5
' - 3
* . below which it 1s not safe to go for a partlcular system - j
- -r
;J.c
A voltage. This, then, flxes ,the minimum impulse strength oo
) “‘39 . .I
s B or BIL, regardless of whether the lightning protecthn - i
~ might permlt a lower BIL (20). _ e
. ' A »‘\ N ’
- _l .
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Test Voltages.
(Extract from IEC Publ;catlon

.~ ) - .A
- 69 ' -
N\ .
1. . -7 TR . 1
Highest®Volt- Impulse withgtand Power frequency with= -
age for equip~| Test voltage with ‘stand Test voltage with -
ment standard Full wave , respect to earth wnder
positive and negative standard conditions
i polarity
Full ~ Re&uced Full Reduced
> insulation insulation insulatien insulation |
kv r.m.s. kV crest kV crest © w'r.m.s;r kV r.m.s. N
7205 350 140 -
MC : - '
145 650 oas
. 550 - 230 - -
) 450 185
< 4 ﬁ 1 )
245 - 1050 N 460 .
‘ 900 398 .
s . 825 360 ol
‘ 750° 325 o
— , ¥
4 5 ! -
362 - 1300 . - 570 v
a 1175 510°
o 1050 K 460 )
. ‘ , - ) ~ =7 g .
TN . ] v «
525 oo ) 1800 o 790 :
- . 1675 // ¢ 740.
L o L] 1550 0 680
‘ .1425 N 630
_ _ . = \?\ )
Table:II.2.1 Impulse and Power - | - .
> Frequency Withstand™ g N

“71-1967) .
w\

PP

© v, L vt B i

&

t

a

T O
s, [ e .

©

i

Y

807 5 rsiiem ST ARt 10 L
,

. A4

s
R D e




- 70 .
o~ o . B ¢
. \ Hi_ghest | Base for Rated’ Switching | Rated Lightning "Ratio between
-'| Voltage p.u. © impulse impulse Lightning -and
for values . withstand withstand switching impulse
equipment | Uy {2 -~  voltage - -vpltage withstand voltage
Up N3 250/2500 s e : .
i kv xns KV kV peak (p.u.) kV peak B
- lso 0 (3.06) 850 - 950- . |1.13 - 1.27 .
300 245", . - .
- 850 . (3.45) 950 - 1050 ~ |1.12 - 1.24
‘ 362 296 (2.86). | . e Y -
’ 950  (3.20)  |1050 - 1175 _ |1.12. - 1.24
420 CVE A I CRUA ] .
' 1050« (3.08) 1 1175-1300-1425 1.12 - 1.24 -1
: . (2.45) . -
©525 429 * ) N - '
R 1175 (2.74) 1300-1425-1550 | 1.11 - 1.21 -1
) , ’ 13000 (2.08) ° | 1425-1550-1800 |1.10 - 1.19 -1
765, 625 1425 '*(2.28) | 1550-1800-2100 1.09,%~- 1.26 -1
- - 1550 . (2.48) | 1800-1950-2400 | 1.16 =~ *1.26 - 1
AR | e L
1 “Table II.2.2 Propo.sed_s‘tatn'da‘fd insul'atio}x‘leve'ls for -
o Um- 2 300-kV. . —
(From IEC Document, Ce ]
. 35, July 1970). - ®
~ . * -
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© 3. CO-ORDINATION CURVES ' L
The'curv‘esuon‘f-ig. II.3:1, II.3.2, 11.3.3 and T1.3.4
iij:lnetrate'the co—ordir;ation of traqsformers r;aviﬁg vari-_ . \i/
ous BIL‘s with the 1mpulse an;i sw1tch1ng surge character—
istics @ dlfferent ,Thyr:.te station type arresters. 'The 7 . ?
upper volt -time curve on each figure 1nd1cates the max-f i ; g
‘imum lightning/y_oltage ‘that can be delive;ed to ‘the sub- o ,?I
l\statg'.on\.by ti';vélling weves”reaching the station. over the . © *’
connected transmission line. Obviously any lightning volt- :
age on thl llne exceedlng the line 1nsu1atlon level w1ll A ?
'cause line flashove"r and a resu;tlng chopped wav,e of YP.lt-. o ;
age travelling to the st;.Eion. 4 - n ' - ‘
The lower curves on each figure are a 51m11ar represent-— :
"atlon of the arreste\r characteristics under 1mpulse and o " i
T sw1tch1ng surge‘ conditions . The porltont:/atl dotted llnes a§ - . ﬁ?
80% of the selét:ted BIL and SIL dgtermmes the 'desired margln . 2
s 'of safety nghtnmg and s%chlng volta;e stre’sse,s on the . \d\
‘ transformers should ..not exg’eed thls kV-levelf - At the low— -
-er part of eﬂ f.{g,ua;g, the max:rmum IR d;scharge voltages ¢
are shown in. laéde:?;%' m for various values of llqhtnlng ~‘ Q | ' ‘3
cu%r’ents. ™ £ . - : o By ﬁ;:
: - . ) :
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o R Oh ‘the same fiqure, the spgrkssér voltage curves
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\ a . -
for rod gaps.of various spacings are shown. One can

. ‘ easily see that effective protection of the transformers

¥
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cannot be achieved with rod gaps, for the reasons ex-
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. , - 4. MAXIMUM POWER FREQUENCY . ~ .
‘ . PHASE-TO-GROUND VOLTAGE =+ ..
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< e From system data, thefmax1mum,power f;eqz?ncy phase—

o

- " to- ground voltages are known to be_as follows:
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System Insulation class kv 230 161 115  34.5
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" Max. Power Frequency . . P PURaE
' “Phase-to-Ground Voltage va 185 125, 75, 27
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. R " 5. SELECTION OF THE TRANSFORMER BIL ‘s . %
' AND ARRESTER RATED VQLTAGE ' - // ~§%
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For the Arrester Rated Voltage, the lowest standard” |
rating above maximﬁm*power frequency phase;to—ground'volt—
. age, is selected. The BIL's of the transformers and the )
X rated voltage of thé arrestgrs; which have been selected
aré summarized in table II.5.1 ., g _
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éysteh Insulation” Claks - .
Nommal %eratlng Voltage

Max. Pd%jf Prequency
Phase-to; Sround Voltage

'kv
XV’

kv

KV

6]
225/ 1

192 132

\1\15 344, .
/

‘90

75
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Arrester Rated Voltage .

f - . -

N . \g_
Transformer BIL . ¢, +- kv« 825 650 450 Qyibo

84 30
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j' in- exceedlng 20% is obtalned for\both llghtnlng and sw1tdh—. N
: 1pg surges w1th the selecte

' the rated voltages

s 2 e‘
- N [ o :
: 7 . , —.

. ] . S
Summary of Arréster Rated Vcltage and , '»
Transforﬁer BIL's . .-

Table Ji"IE\ I
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.o The’ aépralsal of the co—ord1nated~p‘btectlon of power

transformers can be .made easfly tﬁroqgh the curvés of fig- ~

1

ures II:3.1 I1.3.2, I; 3. 3xand II 3. 4 R protective marg-

t

"BIL's of the transforme;s and . .- ¢

b

i
éf the arresters¢ It can be noted that
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the arresters will revent llgbfnlng voltages from exceed—
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. CONCLUSION ¥

The beneflt tqf e d‘blved from the appllcatlon of

[

the Insulatlﬁn Co ordlnatlon, in selecg}ng the BIL's of

the transformers and the rated voltagejof,thé}llghtnlng
' ’ . .

4 5

arresters, is, ebonomlc. For‘this application‘ it is
imperative to, know the maximum’ power frequency voltaqf

.

to ground at the point of insthllation of the arrespérs.

1 .

The selection of the proper lightning ‘arresters enaﬁjes

the reduction of the.BIL‘e of the transformers’ by one or

)

two kV—ciasses below the stendard’BIL's. ]

ings, thus, can be obtained in the apparatus cost , es%,

1
A

@ecial]‘.y in the range of the extra high voltages..
N ] ‘ ' ‘ ) /’, B ol
For example, in the case of a 100 MVA, 230-161 kv
.8 . B .

- . .. |

f

‘power transformer, the\stanQe}d BIL's are 1050 kv'and 750 kv

reSpectlvely
f

825 kv angl from 750 kv to 650 kV reduce€ the prlce of‘the

transformeJ gﬁ 15% and 7 % respectlvely or * total reduc—

tion of approx1mate1y 22%. ThlS represents an 1mportant

P

sav1ng,'the prlce of the transformer with the standard

‘BIL's being of the order of+ $600 000.00 : .-
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Important. sav-’

The reductlon of*the BIL's from 1050 kV to
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“.apparatus of the substation. For these apﬁ%ratus, the

[
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* The savings are more important in the case of

‘largerltransﬁbrmerstwhoee prices exceed $1 000 000.00.
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Further in the range of the extra high voltages, the-

f

percent dlfference of price from one to the next level

is more than the assumed 7% of the example. In volt- |

ages lower than 150 kv, this percent dlfference of pri-

’ ~

~ces, being 2%_or.less,-does not justify the reauctiqp

of the insulation py,mbfe than one class or even the =~ Aes

N y -4 -
reduced' insulation concept. .
ed . ‘ '

( » D
The reduced insulation concept is not applicable

to theygfrc@it—Breakers, Disconnect Sw1tches and other

o, ~—
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