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Abstgact

JIMMY LEUNG

[ “w oe o

g;{;ching Surge Overvoltage on ‘f a
EHV TransmiéSion Line ' :

¢, Tge effeots of Automatic Reclosure, Corona,

W
RErroresonance "Load‘ReJectioq are inqluded in a general

- . review of” various problems associated with switching surge

.; A BI \ overvoltagés on ex}ré high voltage (EHV) transmission li es.’

e Methods of reducing overVoltages are described

-
v

and their effects on insulation cpuordiﬁﬁtion considered

The use of Transient Network Analyzer (TNA) and digital
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. increase the loading capability of a transmission line;.maximum

!

, -vo]tage xpgy be” developed within the system qnd what Ts the maximumL

‘voltage. i -

INTRODUCT £ ON S Lo

" s [}

t

The transient overvoltage due to circuit breaker operation

<

P . ° . \
in power systems has always'been of importance, but in the past

f attention has been focused on restriking overvoltage when a circuit

breaker epe;ns.\ More v‘eeeﬁt'ly, due tgri s.in'g.of syste’m. voltage to

transient overvoltage occurs when a long tramsmission line 1s \-

cof z( oo
energi d and re- energ1zed and rediction of this transient overvoltage

C

has become more important.
W - , \ o
E'Iectr'ical stress in a high- voltage transxmssion 11ne

1s usually caused by hghtning stmke, load_ regectmn and sw1tching
Surge overvo'ltage In general the ‘nurber of outages caused by

'lightning/stmkes decreéses as the system voltage 1ncreases becauSe

"~ of htgher msu'latlon 1eve1 For transmssion Tines such as ‘330 kV
i
(11)

-

‘and below, system 1nsulat1on level is mairf’[y governed by Tightning
At the present times there‘are many e)(tra high voltage. (EHV) : \
system “(500 kV to 1,000 kV) and there is a possibﬂ1ty that still
higher voltage wﬂ] be used 1n the future. A 1 100 kv Tine

1s now untier testszn. At this order of operating vo]tages, ’

switching overvoltages ean' exceed: those ‘due to 'thtning and

hence reductwn of swytchmg surges is*required.

N »

o2 .\' ~

‘ i For the rehab]e operation of a power system netw0rk it

‘m - ———0T
1s 1mp0rtant to know, the conditions under which transient over- .

-

) “\ K . v‘ ’ o

\

g . ‘

P ) SRR s ’ LS
) * & i ‘ . "
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.
& magnitude and to- control or suppress the smtching surge overvoltage
* . .
¥ . . . . -
o, in the EHV transmisswn dine. o ] X .
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This report will i’l'lustrat‘e various prob]ems caused by R z

h'lgh yol tage swi tchil ng, various methsds el‘r&lo_yeﬂ to determine the
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f\it 1s véry difficult tosdesign’ a ‘vhree . .

- phase bresaker where the three poles close in ‘simultan- - E

m'\ eously, mecha,r}ic?].ly and e]’.e@t'rically\‘ In practice, . ¢ '3
~ y . o .
. three, poles of. the breakepr neyer ;lose simultaneously

4 l‘ o e 3_‘ <

~ -

because. of " the ‘mechanical nature of wcircu_’t‘t breaker L

. . ) : .

, A
e construction If" thé three poles of the circuit C e R
b, ‘ . ‘c-.i“
' bngaker close simultaneously ‘and if the system is» A

symme«trical no zero sequence current wil}. flow The

transient phenomena are not‘ influenced by" the zero ,

. : ’

- \Sequenge system or by the i 5round ) wire. The \/" .

trans:t‘ent ‘overvoltages .that -do occur are mainly

governed by the posi ve sequenc—e system. the , .

A
4 Bl

" three’ poles of tée breakeY do nof: close simultaneously,

S

there is unbalance in the system as auresult of whidh -~

.
» 1 -

a zero sequence current Tlow i ~ e
- QUEN, : .
Therefore, the'—properfies of the zero “E

[y

1 se’quence system or the naturq of earth return.influences y

the magnit:ude and shape of the switching surge ovgix‘?'-

.6 volj:ege. The magn_itude éf the swi_.,tching;surge.-is.
" mainly governed\‘by thg damping resistarioe value of

I 4
positive and Zero sequence system and the phase angle

o o!

. of the‘ supply voltage when closing thre -’pircuit breaker. :
o It is wvery difficu.lt to define the zelro ,seqpence ‘

e L impedance anﬁ iﬁ: mainly depends 'On the’ co\nfiguration '

. ~ ) ' de .

N 'I R . of the traﬂs‘?nission liné tower, ground w,ire and gnound
.t . %
SRR . resijstivity Computer- pRograms. are r_;bw availdble ’
*" 'T ! L /




-~

»
.
- . hd
N
t:, 4
N . A %
' >
a’p
J
¢ .7
ﬁ~“
"~ -
@
o
[
o .
i s R
| g
t r ¢ .
4 - !
% & .
Vool
RN
. ]
? .
I
. e 't' -
~) [
- K.
.
P -
'\' 4 .
e
’
» \ 4
~ ‘> ’ *
- e )
3 v
- . .
. Al -
- '-} ‘t)
R ’
-
-
z-
‘ -
' "
. .
-
.
2
\
AN >
9 .
o
-
s .
’
-
i
N -
- ’
[
ra

‘ .
. v e ar -
.
. .
. a
B .
. . -
3 ‘ ~
. " T
" A
. - .
.
.
.

: varying the breaker poles close and open sequences

*
.

-‘available te reduce the swi%chiné’overvoltage caused

»

are ,zero

tively.
gline fpr

‘fnanmmcy

.phasq/angle which breaker poles close or open.

_ . ( L . :
~ . ‘ ~ - te .
. .
.
. , . . Yy

., . R X . ' ! . L4 ‘.
.to’'determine zero seguence impedance of -a transmission .
8 . ' N L. ' {"' . . \ . .;a
line.: £2 - ' ) ‘ L - !
a : The speed of the positive sequence wave is« . ‘,_ o
» . . . L . 2
'equal.to“ 1 where L and C’are positive,seguence '

Jre - .
inductance and capacitance respectively and the speed i |

‘of 'zero sequence is equal to 1 " where h} and C‘

sequence inductance and capacitance respec-

,Therefore, for practical purposes, zero/-

séquence should be included for modelling a transmi!sion

sw1tching surge overvoltage study

I( = -
Zero sequence of a transmission line is
I3 . * ~ ~

dependent, and can‘be[modelled by a non-
linear device for transient network %palyzer (TNA)

study . The extra high voltage (EHV) designer has to

investigate the maximum switching ovérvoltage by

andgthe phase angle which the breaker poles close or |
'ope These.can perfoﬁm easily by transient network .

analyzer (TNA) and the acquracy of the results 1s "y;
transmisqion ‘* ‘.

\‘—-_4

qnainly depencbnt on /tpe modellizg of a

. P
1

line arid source behind e’ transmission lije SR

2
-/

/1
A There is'no known practical riethaod. yet ;.

by random closing and opening of, breaker poles and the, ;

A$ q-

B .
> . N : o
. v l - - < s
s, Iy . . R s . .
. o
. . S e .
.




Experixﬁents iﬁve been.performed, n 1ow voltage

éynthg{: @_breakers .and 'req red further f'esearch for
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3.  PROBLEM Q AUTOMATIC RECLODSURE b RS _

‘ » s — . \' o ) ’ ‘
o P K . d' i '

3.9 Auto- Reclosing After Ogening ‘of 'a Line Without Fault

Automatic T%closure of the line without C

2

‘fault is mainly\a switching error or failure of - .

\\i\\\': ' protection system. ‘If this case is considered and 1if*

<
v

a4 1s presumed tpat the line is discharged Very,slowly

due to.dry weather, absence of shunt reactors, potential

l

%ransformers, ete., high residual charges are maintained

on the _three phases as high as 1 to 1. 73 per unit if

\

the breaker poles do not'open simultaneously and the

<

system is ungrounded - ' »\§ ’ S

-~ —_

~ 8

-
)

i In praq:ice, the EHV circuit breakers
arée’ in mosv ‘cases equipped wﬁth opening resistors. .The ‘f
eéffect of the circuit breaker opening resistors in ‘ |
reducing the trapped~change voltage on the line depends upon

. 1ts resi“tance, thetien f lirie and the time the

T
resisteor is in circuit The resistance and the time it
18 1in circuit are functions of the circuit breaker ! ,
" design. Opeﬁing résistors used are of ‘the order of C.
,;T ‘ 400 to 1, 000 ohms and the contacts of the resistor

., [ (—~/ ) ) o
(f‘break may separate at time of the order of 30 to 60

’ .
~ 1 4
4

ms after main break. "\ The- time\qfnstant of the discharge

: - may be calculated from the resistance and the.shunt' e

capacitance of the line. The follaowing example is :

to show the~percentage > reduotiom of the}oniginal oLt

trapped-charge vdltage through g surge resistor.

! i
B .




o( v ' : ) R " . . .
Let shunt capacitance = 100 a*Fhicro-faréns

'l : : ¥
y Resxstahce e = 1,000 .ohm F
. . e .
Time constant‘of discharge * - 100 s 30 =6 1000 - 100 ms
e © e . M “ .
' If the resistor 18 4n circq}t for 40 ms,. ;/ ‘

-
F] -

the trappquzharge will reduce to 67% of its initial

value. Bas on thils assumption, the 1nsulation

(

‘level of the automatic reclosure to~a line without

fault will reduce\considerably by the\inserted 4

resistor 1n the breaker. oo T -' vy |

\_\f , ‘ ’ . . .

l/Sini\e Phase Fault ; Single Phase 5isconnection,' - .
A Single Phase ﬁlclosure) . ‘ ' S

The wo sound phases which stay closed remain ’ .h

at the vOltage of the feeding system. The overvoltages’

which can be-arisen on these phases consist of. Bpwer g 'ﬁ\nf

frequency/avervoltages which are Hhe function of the

[
£y - -
h

*§z&glo kequence Impedance\of the system as shown ‘
previously of the order of 1 to 1. 73 per unit. The o
fault resistahke in the rfaulty phaSe is generally NS

suff;ciently loy for the mgapped charge of this phase'

to be completely discharée mmhdiately after breaker opened..

K
The automatic single phase recl E&mg cjzditions are

*

zero charge on the phaseJ?f which the
“and power ?req%\ncy overvo

ult ‘occurs ’J
ltage of the order of 1 to '
® 3

1.73' per unit on the other two sound‘phases as showng

previously. * . f = -~ . e .

'
-t



C

'. . Kl %}] Al . ‘,‘
R 3. 3 Single»Phase Fault, Three thbes Disconnect e
B g Three Phases Reclosure' .' - - . o o
- The faulty phase 1s’ tRer partially or M
- : A ~.
- o completely discharged through é'fault\resistahce

as described before , The two sound phases on,the

| N ) )
' (’- J ’ other hand are opened at the instant when their

+
e

_-\voltages are at the maxima and they remain charged - ‘.\

4t a certain level. This level depenps on;uhether or ‘,/’f\.
. N . . v , _— :
< ; not opening resistcrs\are used and on the zero
. i . . * \
' sequence impedance of ‘the system. Thus, in the abserce !

of'openiﬁg resistor and ﬂdr.Scorly grounded system, the

j Co ) _' level of the charges left on the ‘two sound phases can

% "~

7t "%xceed 1.73 per unit as stated before s The initial
) '

threetphase automatic _reclpsure” condit}ons pare zero "

). -
r * '><\7 charged og partially charged on ‘the fault phase and

. partially charged or completely charged for the.tgo
P soufd phases if switching surge resistorssare not used.

CLT Transient (gvervoltage can be as high as four per unit

Y - and will beyshown lat:i. High speed single phase

!'.' Y C
4 ‘ i automatic reclosing and not three phase automatic

¥

reclosing after clearing the fault are the m%st commqﬂly'

‘used by utilities. It can restore the power supply very

( N . ¢ # .~
. s .

quickly without re-synchronizing the system. -
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Mechanics of Corona ) Y

:‘ Corona acts~as a‘damping,effect on switching

\surge OVervoltage. Very, 116t1é6 is known'about‘tﬁe
mech&nism of corona, although attempts have been
made to obt in analytical expressions for the efféet

o# coétrona OF switchingxsurge overvoltage and distortion.

1

. As the. travelling wé&ﬁamoves aleng the transmission .

E line, it Surfers three different changes-

4 -

the crest of the wave 1s attenuated and the shape ‘of. the»

~ .

voltage and current ceases to be similaf, The last

I

' twe chénges that'occur .together are“called gistortian.
“

It 1s theoretically possible to hdve attenuation .

withoﬂt distbrtion as in the distortionless transmission

v

" iine where GL = RC &2] ,\ N

[

~ where, . G = conductance per| unit length
- k oo L = inductahce. perl unit }ength.
- s R_= resistance per unit length’

7

C= cepacitance

. r

' capacitance along the line. .The mec anisﬁczy corona - -




\j\/
. N ¢ .

.There 15 a ®¥ritical electric &radient for a1r> -
, _ N ) \ .

, I teg\zfrge overvoltage qéeetric‘gradient exceeds the
Eritice electric gradfent, then .the air will be lonized
+ and liﬁeréte charges to~ take up such a position ~ . =

in sﬁacé that the gradilent does“not,exceeﬁ this

value < !
3. The supp of' space- charge to khe reglon around .

the conductor increases as the-voitage increases.

After the crest of voltage wave has reached the
» eritical level and begins to decreasep thevcharges/
. return to the’ wave and build he voltage 1

the tail ‘of the wave. Cons Quent
‘Bhear- back As shown in fif. 4.1 a_a reduce ovey-

voltage in the transmissioh line.
. \ ~ b

a

which cannot be exdeeded. 4. N ‘ .

-3

s the wave ‘will

y, Enefgy ioss and distortion is caused by the
exchange of chargdsebetween th® conduc¢tor and
corona reservqir. |
‘4\ . .

{

< * \ , v

4.2 . ° Mathematical Model of Corona
; v S

| p ‘ L Corona distortion has been modelled by

Bpehnéég%d the explanat ons_are as fellows:

- Q

I AN /E"travelling wave 1is divided into a number of
¥iminatdions corresponding'EOdefferent vditage
v T levels, and each voltage level 1s assumed to
’ ! extend the conducting corona envelope by a

‘Q proportionakwamount. I R \ ’




N . g +

Cépacitance to ground ofi{transmission line Qhanges RS
’proportionately to qplta e 1eve1 but the inductance
is unchanged. Hence, in each voltage level there .

will be a cérresponding veloeity of ‘propogation. .o

\ The, trevelling wave will slip back, clip the crest,
- flatten the front end and fill in the tail end of° )
.,othe wave . — [ﬂ 7 ' | .
: - 1 N - e ~‘ o

1. EAEREERREEEEEE (4.1) .

LCL'

A

’

» v ’
. 3

. ’ -
¢V, = Veloclty at voltage letel 1

Oi - Capaeitance at voltage level 1

A ' : e - fe
‘L - = Inductanhce (cohstant)
. .

The fpllowing mathematical derivatian acklieve he
the same® result: .. o : '

« : l yt  ‘7

W -_l.Ce dx +‘1'Li?dﬁﬂ....(4 2)Eﬂ€r%y stored ‘section
2 ~ 4 the wgvefat voltage——
. . ) & e and current i

I , 4 ) ' ' £ - _— t . I3
‘1'.- e- ' bnd . 9_ . ‘.-0‘0(403) .',“
. z - J L .\ o ' : ‘ .

Z = surge impedance: . I R

+ = capacitance per unit length . T /;~———‘7
. B s . R .

c
L = inductance ' per unit lengtb " b
{ 5 .

.
0




~»

¢ o o )
u C —ok(e - e,) de dx = 2Ce(Vde + 88 ax
. .( . ‘ dt . .
N o SR ‘de
-~ . dt . :
- k(e - e, ) de « Ce de = Ce Vgg '
C dt - dt
e —de [K(e - ed,) + Ce] l’ﬂd )
: - 1 3 1 Ca n(
©’ . . [ . . .
o R - ... wr‘:f .
v . - '\j .
’ * ‘ . ' . - V4 l '~"
| . L 1 ‘ Te .. ' ) ~f¥. N .

— \
,5 - f(x,t)
dx_. + de . .

de = de de
dt dx dt dt

dx ='v = velociﬁy of propogatiop ';

a e at -

aw = .« 2Cedx{viS +‘%%) :
o & )
Peek's formula flor ¢orona losscé@
W= 172 e-e)é ......... Ceeeeeee (4
l013 2h
= radius -ef conductor ) , : .'1\”

& °R
h 4 distance above ground

e = peak voltage i ' ‘

st o

= peak critiqal corona “yltqge

B O

" Let K = -172 R
1013
‘W= -k(e.~ e )gdx.
N ;O .
. dw = - e-e_) de _dx - .
: N 2(\ otwa? A SR

Assumé other 1osses are’
* ‘%

t (.this 1s true bnly if e >> e )

o
»

\
- .

. toN
k-7
1
— . . .
" —
-
.
Ll .

11 by comparing corona loss

.=t




. The voltage e on the clest of the wave. travels, at

-V

1+ kfe - e
ce

O

)

iy

\s

de
"dx

+

de

‘at

¥

N -3

ce

A}

-

’l + k(e - eo)

A

0

kY

P

[eeseecesesnscnsvcananncns (4,6)

the velocity vi

~of the wave tqe.

/
o
. LN
‘A -
- 1
!
L
*
'
%
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.
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&
. "
. L -
s '
»”
[
* )
[

t

which 1s slower than the"vexocity v

.l

1
i
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H
v
P
~
.
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v
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- £ The magqitude of swiﬁching*surge overvoltage

has been reduced by the corona ‘effect 'ag shown in

fig. 4.1. EHV designers have not yet been abie'to

;ncldég corona effect on switching surge overvoltage ‘.
»«‘(’
studiés. -, This rednced amount of switch*nslsurge
¢ !
overvolﬁage‘caused by corona effect has been added to

the system as an extra safety margin.
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FERRORESONANCE ~' L < s . oo

W ~ ) - A
.General Review of Ferroresonance . e

O~.‘0

’ o -
Iza

Ferroresonanpe is oscilliation due to

’,

* “Q\ansformer shturation ca&se@ by system oVervoltage.

l

It fredhently ocCurs in switching of ,high voltage

i

/ transmission line or load reJection ang occasiona*}y

appears in low voitage system as well -Terminal

s equipmeﬁt damaged by ferrorgsonance have been reported
‘y

e \bx utilities.~ It is difficult to predict or calculate

. under what conditions ferroresonance may occur in the

R 3

system. Many EHV transmiSsion line designers .
; now are using transient net@ork analyffr (TNA) to test
‘ ‘ various awﬁfohing modes, system configurations, system ‘
— ’ ¢ voltage éfz e%ripment parameters to locate_th;\prime L
2 cagse of ferroresonénce ano to eﬁsure that’ ferroresonance
< & ™~
' S « will not occur under normal switching R
I R
L. 5.2 Theoretical Approach to Ferroresonance .
- , Non-1lipnear indubtdnce of the transformer due
” T to iron care saturation .is:the main dause of ferror—
! esonance.oﬁkigureVS 1 is ‘the approximate ‘ T .;‘
: equivalent cirdhit of an open ciréuit transformer )/’7 \\
N with-magnetization curre as shown on fig 5.2. . \
6
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satur:red 1f the voltage is applied &png nough as ’
' <indicdted in equation -2,

That is, the 60

trahsfofmer cannot be used in 50 Hy system hecause

of'saturatiOn of the transformer drbn core.

overvoltage in the systeﬁ; due to 1oao rejection or

'switching, the transformer iron core 1is also saturated.
The inductance drOpS to very Tow value when the flux

"linkage, has reached the saturationfregion. Large .

current flows through the inductor, trans{orming all

energy\stored in the capacitance.

<

region 4s approéaching’ zero.

dw at saturation

across the inductor-drops to zero. The magnetlc

field of the transformer collapses;-transforming all
t * ~ . N | f

energy stored in the transformer back to the capaciﬁbr

1n epposite"polarity. Negative potentlal 1n the \

2
r 9

‘apacitor begins to drive the flux linkage cupve to -

downward direction untii it reaches the saturated

"The cycle will rEpeat 1tself until all éﬁergy

%R and hysteresis lo-sses. p S

region.

dlsappears in I

.
. /
- ' g%"-' eL s o008 0 --0"'*(5'13
. s ’ | K ‘(o . -
o | N | - P’
o " . -lptp Ldt e e o '(-502) _‘ ’
, - £ R
r ‘ — 1 0%;,.
. . The transformer‘iron core will be .

\ -

MIf tha@ is o,

That is, ‘the x)oltage eL .-




v . . . . ) ) ! )
. " Unfortunately, losses in the circuit’ are ;<Tﬁ .
€ . L . ‘

- . ” « oy L. : -
. - '{ -usually supplied from external sources. HenceJ"’
. . ) o ' - 2
R ' .’ sustalned ferrorescnancg osclllation can occur. .o
S R B ' ‘ ) e .
i Lo Thésaexte}nal sources usually are due.to capacitive
3 O o , L | :
. . . .?coupling with the parallel traquissionu .
. Standard methods of prevention or o
, . ° ~ R o . « ¥4 L 1
se "‘ ) ., minimizatlon include: N . )
- - ) . ’ Al . R . ‘ -
1. Increasing the -iron core of Pransformer. 5
. o (Uneconomical) ’

{,~\\ B 2. Varying the system pargmete;s.r \ ’ L g . ‘
. o .3( High speed de-excitation device to reduce '. AN ’
. b ‘ system oyervoltage ¢aused by switchlng or
(/. o ° + load rejqction. ' C ot
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{' 6. DYNAMIC OVERVOLTAGE - e I |
, ' ] , l N 8. ‘ ‘ “ .
[ ] ‘o .
. [ d - " ,0 , ' )
.- 6.1¢ Genepral . - . '
) » ", © Dypamié overvoltage is the maximum power

. 3 o R
v R t . q R ¥

freqdeﬁcy-overvoltage, sualIy caused by load
rejection, g:ound”}ault Ferranti effect and ferror-
esonance. It is diﬁferent from suitching surge ’ C o
.o e overvoltage or maximu£ system voltage. ’Maxi\um
system voltage 1s usually 10% higher than rated
. v e oor nominal voltage allowing for 5% transformer,
tapping and 5% for generator overvoltage. The

duration of dynamic overvoltage, usually a few

n
»

. seconds, is much greater)than switching surge
* overvoltage, usually a few cycles, and its . . o
_— \ . frequency is veéry close to- power rreouenoy.~
. o Equipment 1nsulation must be able to withstand
| maximum power frequency overvoltage ‘because the ‘ .

1ightning arresters’ reseal voltage must be set

‘above the level of the overvoltage in’ order‘to‘
2 o

anOid damaging the arresters. : fi -0 N
" N ) ‘;“ M -" 0 ’ ' ) :
6.2 . Ferroresonance Overvoltage - -
- . ) Ferroresonance oscillation caused by T

‘ tranpformer saturation has been explaineq}in detail .

1q chapter 5 Part J. Oscillation voltage superimposes .

; . Lo the fundamental voltage to cause. the system dynamic, o, “;AD

overvoltage. SR (R - C o




- 6.4

o

. ?"‘.‘/‘,/" - o . N \
Ferrantf‘ﬂise oo Q‘._ ‘ T

The voltage ‘at the receiving-erd caused by

\ the system reactance rises somerat higher than the .

)

" Load Rejection Overvoltage

nominal voltage 1s ealled Ferraﬁzi Rise . and 1s-descaibed
by the following equation 6.1. This overvoltage can be

\1mprovéd by adding ® shunt reactor or series

L4

capacitor ‘to thé system. ' L
ov. s 1 a cs .
. .__2_ =coSB “!ﬁ..'ﬁ.....ll...'....;..(6.1)‘ ‘
’ Vl y f‘, - )
V2 = Vvoltage at‘ﬁézgiviﬁg end ‘ 2
vV, = . voltage at sending end,
] "L = leéngth of transmission line in mile . .
B = phase constanif the 1ine (12°/100 mile’
. for 60 H, syslem) o )
* . . Pt

- +
M ’ ¢ ’

‘Eéad rejectidn causes the system dynamic -

-

overvoltagge and the mggnitude of the voltage at the //

. receiving end 1s governed by the follcwing formula.

If the load rejected 1is a. substantial portion of the.
»

system load, -the generator speed will 1ncreasq and
" the system becomes synchronously unstable-

e

‘. hd . L v -"

- o'o'.-to--'o-o-uoo----'-o-(ﬁv.Z)

1
xs ' - ’ 1 IS -
Xe . . oL e T




‘voltage at receiving end

I
.

. véitaéé at sending'end )
. »
' system reactance

. M J'
capacitance of the line

L]
v

. ’ ¢
Ground Fault Ovérvoltage : y, s

‘ For a symmetrical three phase to grogpd fault

there is no voltdge ri§e in the system. For single

: line—to-ground fault,’ﬁhiéh very'coﬁmonl§ occu}s3'.
there 1s a vol%age'rise in the'other two healthy

/ phases and the magni’cude) is dependent upon the
effectiveness\of the ‘system grounding If the system
is ungrounded, line—to—groqu“vgltagé of two sound
phgées becomé; line-to-line voltage ér 1.73 times
higher than nominal voltage. . '

. \\ If the system 1s effectively grounded

line~to-gromnd voltage of two healthy phases will

rise above their nominal voltage but below }1né-to—'

line voltage. Hencé,Lfor high voltage s&stem, an
' 24 -

effegtivie grounding system 1s commonly réquired.
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where
.
s - q\
P
R
' ~— - ,’.
Y
¢}
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¢ - o

.V_..= +fdulted phase voltage

a C -

R - v &V,  J3aR-3(zy - all) .
° : ViL %o + 2L #3R.
.;, I - ) ' .

a

V., ‘=

.

hea;th& phase voltégi

‘health} phase voltage

<
i

* o

-
.

positivel sequence impedance

Zl =
,ZO = 2Zero sequence impedahee g
R =

‘faull zesistap;:e

[N LR

+ ,j,/' 3 phase operator
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"voltage transient occurring when a circult breaker ‘*hﬂgfy

4 open circult receiving end will rise 2.0 per upit -

demonstrated by a simple example.. For simpliciuy,,

. 2. ‘No-loss r distortion d
. 3.0 Sinéie bZase circuit with open circuit
- © at remote end

LY - : . .-
« \ . o o
A JU . = . *
.

-, R .

Energization of a Completely Discharged Traqgmission

Line ) ' - .

9

\ Among the different types of switching

¢

[ =
surge transients, \the@highest swltching overvoltage
1
is to energixe a high voltage transmission 1ine with

open~circuit at the rempte end. )‘o_r yolta.ge below .

330 kV_ attention has been focu®ed on the restriking l
~ - ' - . .

opens. In order°to reZuce the capital costs by -
reducing the system in ulation level, transient
overvoltage caused Ey energlzation of transmission

l .
liné beeomes very important. fhe voltage at ‘the a [

due to reflection coefficient of fl fhis can be

w

[4
assumption§ are made as follows:-— . - . ' . .

\

< ~ ‘ 4

1. 'System iinear, therefore, super-position applies

4

. Completely discharged.or no trappedycharge voltage..
5. Infinite sinusoidal source supplx
60H2 1. 0'per unit. .




k The pow‘er-jf‘reque‘ncy‘ voltaige 'appfl.ied at' o
the sending end is.aoosix‘mSoid startiné with the . \
“inst'antaneous w}aiue of the voltage at the instant

- . &’ of cloging Ii‘ no loss or distortion, the same B ] ., | -

9

sinusoid will® arrive at the receiv g end of trans— ®

_“

mission line at time T = L/V where L is leng’ch of ) -

v ¥s (travelling velocity. If .super ‘Rgsition : .
applies, the incident voltage obéys the law of )
- ) . }'éfléction and doubles ‘at the open end of the A
tr.{ansmi '

glsion line because the ‘re-fMed voltage . ( .

supe\rim/poses to the arrival of incident voltage:
i Reflect on lcoefficientR.,Z’Z 4 (See ,Appendix
+ . N
: Zl A" fo proof)
e sdrge impedance of line . ’

LY
' N Z'l

( . Z, = surge impedance at discbntinuity
> ) at the remote end.

N 2 a ©0 For opén circuit at thenplmote
. o end of trdnsmission line.

i - M ! .. 0
_ , ee R = 1 i
Al h v t
. o )

Starting at time T, a qeflected wave

\Z Y, v iden‘cical )‘yith the incident wave,f; travels towards

v [

. the sending end where it arrives at 2T. It is o
' cancelled by & wave “of equ/Magnitude and ’ ’J
‘opposito pol'z;'\g:y, ‘because the coefficient of . o

reflection equals to -1 and Z~2 = ‘0 for 1nfi}qité .
e N N b ‘\
source of supply. .The remaining voltage at. the .’ .




source terminal 1s the source voltage. The voltage

/ .

at the rece;&iqg end can be expreséeq as a series .,

%ag/ﬁﬂjE;;; | t

— , :
! 9

ER='

$

un' )
‘»‘Z N (-l.)k e ~JSk
k

= R @

2
.
(7

v
. .o-y c
s . - O
number of arriva; times
at the recelving end.

sk = 34%360 'angle of supply ,

ER voltage at‘receiving‘end
/ .
k

'\—/“ ' , N
L = length of line '

A= wave laggth'of,60HZ supply

#. .
To- Sk, phasor angle of supply '

J ’

\ At kK = 0, then the voltage at the recelving
. \ [

A . .
end 1s 2.0 per unit which is unacceggably high for

’

EHV g;énsmissioh lines. This can be reduced by
1 ‘ - J ' .

insertlon of resistors asshown latér.




d

Energlzation of a Transmissionldne with Trappe&\ harge_

The problem 1nvolved in the energization

- 4

of high voltage transmission lines, that of voltage :

. .; 'doublingoat the receiving end of the 1ine has been A ‘: ‘,w

‘. \ _1llustrated previously wiwg assumption that the line )
-/being energized was initially discharged completely.
This condition does not always hold in.practice as A

<i/ ) ',‘ an example of high speed automatic reclosing. After de- “

energizing a trensmission line, usually leav% a’

ot
“"
~

4 charge Wr-residual voltdge rémains with the magnitude

-
! R4

o or up to 1. 73 per-unit nominal.voltage; .The . C

restoration of supply to a 1ine in this charged -

‘h

: state can resdlt in the appearance of transient \
NN

e . overvoltage at the open pircuited end of the line,T
theoretically, of the order of 4.0 per unit. Although .

in practice, resistance, corona’loss and shunt reactors =
¢ ; ' ¢, -~

act to limit the magnitude of “the tiansient ovérvoltagee

. produced by the trapped charged voltage or residual

. ' voltage. The ‘maximum transient overvoltage on the -
) ., line may be expected to occur when the line 1s S
’7 - "" oy energiqee ét a peak of the suppfy voltage, wave_with -,
i 'opposite polérity to'a trapoeﬁi charged voltage on the
. line. : o ) 3 O : ; E
W o . II | Othef factors which may afﬂect.the transient
'voltage are the nature of the ground> 1mpedance of the

- source, non-simultaneous closure of three phases or b :



o,
PR ¢,

e

the circutt bre‘aker energizing the line , the amount.
[ .

of reactive compensation connected to the line, and .

losses. he trapped voltage may remaixh at its

.initial vajlue for maﬁy seconds after the current Qg
interrupt on or longer for high- speed automatic 7

rqclosure scheme - The line will discharge eventually

3
- througgl paths across insulators, etc., but the rate R 'BJ
at which discharge occurs is governed by the climatic \ l J
conditions lThe time «:onstant of the discharge is § :
o " usually in ‘the range of 20 - 60ms for a damped system, - (
ilut unter extreme dry cond\%ions, it may take 5 - 10 . |

4
i‘nutes to completely dischafgen - Therefore, it 1is . |

..',:.,',_', possible éven in the cage of m" ual reclosure to close T ]
. ';.;1 P ’ . ) ' ) -
"% & line with large trappedj?fa‘.f*ge' voltage. T .
o Ver';\ often othed factors ¥re present which
f, ‘. ]

- act tg’accelerate the‘discharge of the line. The
- 'Qircuit.breake'r may be fit&ted vu;,ith opening resistors, )
.'""‘alt'ernatixfely \shunt reactors or voltage btransformers
may be‘&directli connected to the line, all of which :
";"ﬁ.dis‘charges the 11“%}0 some extent ,before t%e

reclosure oper‘-ation takes place. When & line /is

! compensated by shu.nt reactor, it will discharge

.t

il thrcugh thé reactor in an ojzillatory manner. Th.g/(
frequency of the —oscillation is determined by the
L .
reactor indugtance and line capacitancé and the - -

=1
trapped charge voltage decays at the rate determlned / ‘

L XY

¥

. .
-~
~

Fae



by the losses of the 'liné and the reactor. The »
- ' sien_t'o'sci']]ation frequency is different from-
the sburce *;'requency and, hence, the§~e 1s)a1wa¥s_a

possibility of recPosing the supply on to & line i

oppoéite bo]arif"y of the frapped voltage.

> For better ynderstanding-of the problem
: the “following will illistrate a simple example with
;oo / . ' trapped voltage in the Yransmission line. For A

. . 4 Vo
simplicity, the transmisston i‘s,,,qzﬁmsidered.lossless,

@

distoriqn]ess, and single p aée system.-

. , For single n equivalent circuit Such as ‘.
N figure 8.1. . ‘ o L
) L VgeLdiv ot

S

~ . : ¢ . . !
" substituting- . .. - R
. Vo= LE dVp + v

. ‘._.;.,.'..l,....-........'..‘(8.1). )
-dtz . '.

- =

A}

Taking Laplace transform'” o
L <Y o 1 p <2 ‘ : B ‘
© V()= LCSTUs) - S Vl0) + Vpls) T e

dt R . . ‘ﬁ’\
‘1.=CdVR ' | T 3

~ .'
) ‘9 ‘. ' .'r
. . ; ) ' -
4 . -
- )
A T

' " ~




Let V (t) = unit step function '° .

| ’ Then Vg(s) < N )
Let the transmissign initially chargeq with ‘
& P -VR'(O') = -1.73 per unit (Refer to Chapter 3) —,

V(s)*- LC SZVR(s) + 1,735 + Vg(s) .

.
|
|
1 ) k T -
} Vls) = 1= L.73 s?Le , |
IF | LC S(s? + 1)
i ] ic J
l S . Let 1= W :
- : I e S
; Vp(s)= - - 1735 ™ -
'-. st W) TSt !
"\ , - R(t)-1-coswt:-173coswt o e
|r' VR(t) 1 - 2.73 cos wt . (8.2)
;‘ Letwt = w .
= ‘ * Vg mx = 3.73 perTunit
. ; 'With 4 per unit voltage at the open ®rcui t] v
o ' receiving end, the insulation witl flash over and will
. ' ' v eventually be destroyed. This overvoltage’ can be
suppressed by insertion -of ,reststor to the acceptable
~ "' lév}as shown later in Chapter 9 , P/art 1.
/ .

e )




<G

L]
s ! T ' 2 i P
T~ -~
- - N ? - ..
roe : - 1
- e °
N ' . ¢ . . A 4
Fig. 8.1 Single T Equivalent Circuits
Vg = Source voltaged : .
.o Voltage, at open end \ . '
- - ) e
c - Capacitance of half of transhission line .
L = Inductance of transmission line v '
> hd < ’ N
- » . . . g . :
- ’ ' -t . ' ) i ! P .
) - "C N ) » _"r B
- . . i - -
. N " - aTTT T N e Ty T T
. ‘. L Ll L} 3 ’ ,
' e . - - “ : ’ 3\' ,ﬂ ‘ .t
= 3. ‘ o ¢ . ' v ' - a
N ‘ ) o S
.o v ,’,( T -
oL . - e L .
N *on v Y - ‘ e
ST L S
. . . . N :,,;‘ . v .' ) .
) _.' ) " S "' N 3{--‘ \\‘.('" ‘(":‘ ’ .‘“.
. . 0, . T, ¢ L4 o ’:Lji.
] - ."‘.- . . ' "\“, B “ ,l

e g

¥ oL . M
s T T

Gy ameb ke S, ooty

'
.
v
1
.
.
L]
»
\
= ’
L
. - .
L} -
1 SN, e
[ B
N
R -
PR - ,‘.‘.,‘-:—1
‘ P
PR
“ /“
! b ah
. o




miiﬁioh Line
!'
s

‘ :

.2 Erapped Charge Decay in Trans
™

\
»
r

8

Fig.
@
Q

©
&
v

-

. < - - ‘av 2 .
. - - . *

“38esTS) 3TUn*a8g oLk




Meth of Design fbriSwitchiné Surge

- A !
Overvoltage Suppression, Prediction and Protection
- 0 = r

.




\ i . ! - ' ' - -
- 9: Method of Reduc?ion of Energization Transient /¢

Surge Overvoltage

- \ . . e
9.1 'Geﬁeral - : \‘

. o Pn}or to designing an EHV trahsmission line,

) g

_the maximum switching surge overvoltage has to be )
defined for ai :equipment 1nsulation rating This

. overvoltage levq; is often specified in the range of

!

2.0 to 2.5 per unit depending on the system'voItage~ :

.For 750KV lin the acceptable oygrvbltage level ls

‘ %3 ,
) approximately 2. 0 per unit and below. If the transient .
{ s overvoltage exceeds this level, additional devicesanust

~

nbe used.to suppress the surge overvoltage to.en

. " acceptable level. ,

‘ - o “ In genéral, the suppréssion and'cpntrol of

h Y

. \ o
,‘\ ° the switching surge overvoltage in the EHV system

.

can be aécomplishedby various methods, such as

- . -control of the switchiﬁg“éngles among, | CL
Yo : . . 5
\ the pole€s of the circult breakers'as described in R
‘\‘ | o ) . [
' / Chapter 2, Part I; shunt reactors; circult parametersj

i ' Al

configuration, etc. The most economical and cdmmonly, .

¢ 1

1 ' , across the maln breaker contacts, as shown in fig.. 9.1

: ' , and: 9.2, - - ' } : ! _ m{< .

ﬁ{ ‘ . used method by utilities is to switch the resistors



‘- ’ '-. L ‘ ' 0 - -’ . ~ )
bt .. For sys'cem vqQltage of 500KV and below, ‘1t normally

: . : . ' employs only one stage of resistor as shown in fig

. 9.1 and multiple stages ijistor for extra high

' -
® - voltage, 500kV and above, as—shown ‘in fig. 9.2 ;
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Initially, the switch B is open and the

- * 1ine 1is energized through the resiétor R by closure

*

8f the switch A. After Fenort time, a few cycles

, of power frequency, the switch B ci%iss, short- : i

c¢ircuiting the resistor a; shown in fig. .9.1. The /
line thu§ enefgized in.twojstages anditwo switching

surges are produced; one due to 1n{tial qnerg}zatiPn-
%hrough the‘resistoq.and’the,Second due fo the'sﬂbrt-

é%//circuiting of the resistor. The operation sequence
. ) ' : ' S )

) ) of multipleﬁEEE@e resistor 1s similar.. S S
(LR VY . ! P
“n. . P, .
. 9.2 wInsertion of Resistor to Reduc WMng Surge

W,

0 O‘V'ervo;ége :

o p Determination of the optimal %esistor

-

size :o reduce'swltching surge overyvoltage for the
- . e (ig .

single phéSe case can be illustrated as follows.

.The transient effect of energizatiqn'ghrough a
fh resistor and shorting the reéistor are determined by
assumiﬁg that the transient from energi;ation through
ajgégistof has been damped out, b&fore, shorting the 7
registor."?he overvol&@pat‘éhe open end of gnfidéél |
gomplete discharged line énergizéd t;;oﬁéh a resistor
from an inf‘:gni.te bus can be‘calcvula'ced using the .

standard trave}lin;\wévéfmethod as follows:

B

. ¢ { ) . : g ‘
. . v’ o o -




A "

v Vp= 22 v, EI(t-—T)-MU(t —3T)+MU(t-ST) _‘J

{ % +R . .
' {
e (See Appendix "pe for proof) AR (9q)
. 3 ?.
. L4
- M = 2. - R .
< 77 R S0
‘R = Resistqr across switch ’
YLD = Surge impedance 2 = J K; ‘ - " W{ -
1 ﬁ ; * . .
Vg = Sou ce voltage
. - 1 * N s ’ v
VR = Voltage™ at open circuit receiving end ',,((
j‘\ / . . . ) - L
T 3 _% time in second , L T
V =) Veloelty v . 1., L/ .
Juew ot o
. & . length of transmission line . o B
L = 1inductance per unit length
) C = capacitance per unit length

.

.
gt - T),u(t - 3T),U(t - 5T) ..... delayed step function
’ ‘.. - he \ " ! \

- |

.
) ‘ e

The' solution for transmission line with nT .
trappe@’ZRapged voltage VT where VT can ybry from -
0 to 1.73 per unit as described in Chanter 9, Part i.
. ' : 2 o
. 2% - - - - M t - 57 vees
Vgm Vp 4. 2L (Vg - V) [uce T) - MUCE - 3T) 4 MOO(t - 5T)x =]
: . - . - ) ; . LI (9 2)
. .- --Prior to short circuiting the resistor the\

'maximum v%}tage at the open circuit receiving end for

‘the duration between one tratef’tiﬁe' d the next

. 2

F. travel time is as follows.- ‘ - .



¥yi

—

' 4021 (V.- V) Uit -T) : ‘
;‘ . Il? T Z+R'g T . ’

°

, }/" where U(t - 3T), u(t - ST) ......... =0 4
The vo]tage across the résistor after the energ1zation transient
has damped out is . B :;
« yv.= r v | '
R X X, ¢

. where X = the impedance of the tranmission line

Al

(jwr- 2) 2 L . S
\ - /' ‘lyc JwC - for single = ) :
’ wq - equivalent circuit.
JwC .

Prfpr to shgrt c1rcu1t1ggytﬁe resistbr across the switch, the voltage

a\ at the resistor terminal i
g - X
Xe + R . \

The veltage at the receiving end

"1 = Ferranti Rise (see Chapiefe ) . o .

cosBL
- i

traVe111n%?downq will double when reaching the open receiving end.

The total transient overvolta?: for shorting the resistor will be ~
“~ ' N -

as followi;

'\b “

[



) ‘ o tga v . IR\ .
?‘ ‘ "—X“L + s et st et s e s e ‘
B xe,+ \cOSBL . (9'?)

~N
i ® The function of overvoltage at the recelving
) 7 endyyersus the magnitude q; resistor is plotted in.
fig. 9.3 for énergization‘through‘a resistor with
, \ ! trapped charge -1 per unit and short-circuiting the- )
N o resistor separitely. |
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200 40 600 - 800 OHMS k
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”//bpproximately'2.0‘per unit for energlzing

v 'The solid line indicates the transient

- .
overvoltage per unit when energized thrqugh a-resistor

versus insértion resistor and the dotted line indicates .

the transieptfovervoltage when éhort—circuiting the

e {.
* resistor versus the resistor. ‘In order to optimize

2 the resist&r for two stages of switphing, two curves’

must meegﬂin one point which is épproximately‘at oo L oge i
. ¢ ~ ’ -
ohms, * The -maximum.transient overvoltage will be

"a trans-

mission 1ine through a resistpr and short-cir

the res%stor which is economical for EHV design. h.’///

Y.
[ ]
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Overvoltage Protection and Insulation Co-Ordination

» . L
b . ° 7
B ‘ ¢ .

Overvoltage ProtectiQn ‘ -
: ¥

2 There ah'\two commonly used overvoltage -

b}

protection devices, rod gap and surge divé?ter.

’

- Bdth
rod gap and surge diverter are connected in parallel
with. equipment £o be protected by lowering or dis-
charging the danger%usly ‘high surgé voltage.
‘ The discussion will focus on surge diverters
only beca&se they have reached a high degree of perfection ”.¢.
and are commonly used for EHV protection. i

%
inferiér but still have 1ots e

-, Rod gaps;ajz

. " p ’
of application in ind etries.for hféium and - ;ow7 w ?
' £

For proper protection, the surge divertes

e

Py - .
voltage system owing to thelr cheapness.

4

must perform as follows; -

1. 2 must not spark.over, under dy%emic overvoltage
as described in Chapter 6 Part -I or surge diverter

1s

would be destroyed as its thermal capac t& is
small.

Duration of dynamic overvolta

‘.relativel{,long.

. S

".2. Their voltage time eurve must lie below the

withstand insulation level of the protected
'equipment. s : ' T 7
3. It must be able to discharge high energy surges
withodt~chahginé tHeir characteristic or being

damaged. o



©10.2 /' Syetem Insulatidn Co-Ordination
{ /. N

i

[

-

° cost, switehing surge overvoltage has to be reduced

- Y
., 7

4. After discharging a surge, it s oul\d be resealed

to maintain the system voltage.

- A

will cause outage.

! .* The cost of power apparatus 1is approximateiy

given rating and the insulation level is mainly

dominated by switching surge o;ervol%age for high

voltage system. In order to minimize\the capital -

to an acceptaple level' as described in-Chapter 10,

and protective devices ‘have to be provided
(

For simplicity, assume the system voltage
is,SOOKV with acceptaole ewitchigg ;urgexovervoltage-~
of Z,Qer unit. Therewis a small‘probabifity that the
switching shrge overvoltage exceeds.E'perXunit which
would be protected by the %!khtning afres#er or surge
diverter as showr in fig. 10.1 co-ordinating cyrve.

— . |
depending on air contamination, tempera‘ufe, ete.

The arrester operates over a certain voltage ranéfis

The upper limit 1is given by uhe maximumoswiltchipng

surge protection characteristic voltage s#ecified by

*

manufacturer ang-its lower limit iejnormally 20%
LT e - :
below the upper limit. A 440 KV arrester has impulse

N . .
. i .
@ i
.

to gua®d against excessive switchihg surge overvoltage.

~

-



sparkover voltage 1050 XV (specified by manufacturer).
J

)
LA

Thé”%ransformer éIL (basic'impulse level)
must be selected in order to have safety margin of
20% above the 1mpulse sparkover yoltage. This

safety margin 1s mainly dependent upon the‘arrester

location in respect to equipment to be protected.

“ -
) ‘ ~—-,

Lightnlng ar or impq}se sparkover ' -

voltage 1050 (Given by manufacturer)!

Transformér BIL = 1.2 x 1050 = 1260 KV
It 1s normally used by industriesthat the transformer
basic switching surge withstands (BSL)1s 83% of the-

transformer BIL level. The transformer BIL is tested
£ . .
with sharper wave front than transformer BSL.

-

Transformer BSL 1260 x 0.83 =« 1046 kV
Maximum. lightning arrester switching surge sparkover
voltage (BSL). of a LU0 kV is 940 kV (specified by

manufacturer).

¢
i

| Safety margin (10166 - 940) Quo = 12¢%
From- the insulation co ordination curves, there will be'
a slight: possibility the .lightning arrester may .

eparkover during three poles reclosing to a.trapﬁed

L} ’ . i
I

charged transmission-line.
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TRANSIENT NETWORK AﬁALYZﬁR (TNA)

4

¢
(2 o
.

.
.

..Ifr,& -The Transient Network Analv;én (TNA) is a

three phase ana]og system, with each e]ement of the
2 actua] system represented by a modé1 counterpart
It is commonly used by EHV des1gner to 1nvest1gate

the prob]ens of sw1tch1ng overvoltage because of its

%(; . ~ yersats{nty. The most difficult th1ng in using the

Transient Network Analyzer is to model.the system,

socﬁ as‘transformers, generators, transmission lines,
~ . lightning arrester,'etc. with non-]inear or freqd‘nqy
*  dependent parameters socnias resistors, capacitors |

and inductors.

[

. 11.2  Generator Modelling . ' o \

In order to obtain an accurate result from

1 TNA,. the modelling of the generator should include .

$ 2o

the voltage regulator and governor characteristics -
so as to respond to similar disturbances in the system.
However, the ‘response of the governor and voltage regulator
. - (not stat1c excvter) are relatively s]ow so that for '
‘ approx1mat1on, mechanica] power input to the generator ?

is constant. The;generator can be represented

¢ ) ..




P o either by it sub—t;ansient reactance x‘;d or transient
reactance x'd depeqﬂ&ng on applications'which can be
- ' obtained from manufacturers. The approximate model
of the generator 1s shown in fig. 1.1. ' '
. \ 1-

11.3 Transformer Modelling

. Precise modelling of the transformer is "w
‘wery difficult. It requires ﬁhat the magnetic B
N
characteristics such as satutration.curve and losses

match with the corresponding real transformer  as

»

tlose as possible. Transformerscan be simulated by

1

', » mdans of their shortscircuit reactance.

, ) | For approximation, the transformer is assume@’

. ‘to-be an ideal transformer haﬁing a >small short- -

~ . ) r

) eircuilt reactance andalarge open—circuit reactance.

With transformer ratio 1:1, one can gimulate the
- L -
traAgformer for transient network’analyzer as shown

in fig. 1.1 . ¢ B
o N I _ , ‘ -, ‘
} \\\\\‘ < ~ l i
11.4 Transmission Line Modelling

£y

X . '
“transmission lines are simulated in.

]

. Transient Network)Analyze; by connecting in cascade
a ‘ of T sections or ﬂ"sections of the positiVe and.

zero sequence impedance of the 1ine as shown in
]

. fig. 11. 1 The positive sequence components L C

’ -
\ 3
3

and R can be calculated relatively easily, ) =

-

b ° .




.'—‘w49-

The zerb sequence components afé more cﬁmgliiizgd
for the high voltage transmission lines. The

values of the zero sequence reactance and resiftance
"can vary within wide Yimits, d?pendmg on the tower
co}‘if'i gurafion, th?‘ nature ~of the earth wires énd the
cfonductiyi@y of the ground. The distance of current
pene¢ration into the ground is frequency dependent and
hence both inductance and resistance of ‘the zero sequence

are rfreq'ue‘ncy dependent quantities .

. /

° These eff;cts can be included /in the model °

by carefulwdesi'gn of the c;n'ls by se]ecting thé core . - )
material and by matching the air gaps of the

cores’. ,B_y suitably connectmg coi'ls in ser1es wi th
additional parallel and series resistors, it is -
possible to simulate thg frequency. dependerit resisfance

»

ef the zero sequence of the transmission line.

N abae
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Digital CGomputer Solution for Transient Switching

o~

Sufge Overvoltage f &,

The application of the digital computer to
v A mg———"

powgz\fystem transfeﬂt overvoltage studles has beeﬁ

e~ 4

developed to investlgate the’lérge systemswhich the .
transient network aﬂaIyzer cannot handle. The
advantage of the digital computer is its ability to
process a vast amount of data in an extremely short
,%1me. The computer 1s aiso capable of storing,

| retrieving, and matriffoperatign of large volumes oé
data. . Transient studies using the lattice diagram
theory are well pulted fér digital computer.' This
pfogriﬁ hcapa le of a;commodatin%/gﬂy\specified
input Qave S ép , real or complex liﬁé t%gyination

gﬁ/ZOnfiguratiod.‘ (N

. . .
The unit step input voltage proceeds through

&

and aﬁy"Syste

-the discontinuity and generateés a new’ane~equal to the

K]

N . ~
the junction. 'The new wavé‘émanates fr

reflection coefficient at the instant when 1t reaches
éothe

Junction in both directions and the sum of the

original wave and newly generated waves represent

the total response at the discontinuity as shown in

-

fig. 12.1. ’ ' B
' The solution 1s simple 1n concept but it» .-

)

requires large computer memory to store all the data.
§
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For better undeistanding, it is best to

———

: . <1llustrate by a simple example with unit-step inpgf
. SalueklavE Ny ¢ B 3 '

»_///:'F
AW

e \\N e
signal and single phase system as shown in’fig.-12.2. .

1 .
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Fig. 12.2 One Line Diagram of Five Bus System




The unit, step ;nputiwave generated in. )
. ,

bus no. 1 will arrive at no.'2 3, 4 and 5 pls at times "’

. . ©

&

o equal to travelling times from bus;no. 1l to each

of these buses. Since many of these

analyses must be made before the solution 1s

‘it is convenient to describe the‘travelling

time array as shown in fig.12 3 for 'the system under

““‘*“‘;reached
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g . The(travel time array is symmetrical about the .
.main dlagonal since the travel time from no.'1l to .
no. 2 bus 1i¢ tHe same asfrom no. 2 to'mo. 1 bus.'

The main diagonal is zero since the travel %ime for

. any bus to 1tself 1s zero. The travel time array
_7 . °
will be used to determine the time of arrival of all
response waves on an absolute time scale, at each bus

’

A in the system durigﬁ computer execumion. o )
W LA

s A similar array for reflection coeffiéients
.

can be. defined to establish the m gnitude of response -

" *awaves‘as shown in fig. 12.4. _ -

S ~ B o . ~
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- zero since t?;re is no re

-

:;\*P - The results of all these vent are recorded in

'superimposes to other waves in that location until the

2

o - 58 -, | o | \ (
,[ o ' |

7

]
[,

N\Qf any location, the magnitude of response .

’

waves to the origindl wave, or to any’other response
ﬂwave is determined by multiplying the\incident wave

by the appropriate entry inlthat row of the reflection »

t

COefficient array . corresponding td the bus bigngi - _' \
onsidered. \\The reflection e fficient array ls -

not symmetrical since interchanging subscriﬁts -, N

) > A

\{nplies arrival at a different bus " The main

A

~diagonal of the array mts;T:e assigned g walue of - -

ction at its point of
‘ -~
origin.

i

4

voltage register for incoming waves and'input signal
table for reflected waves which specifies voitage at _

.. s
various buses at specific times. | Once the wa‘i\enters

oF y /'

in the:particulaf location it remajins 1ts valu
i '} .

program is finished. It is corvenient to tabulate all
. ’ J .

arrival waves and reflected waves at all buses in the

table forms as voltage register and ‘input signal table

resKectiyely as shown in figs. 12.5and 12.6.

)

Y
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. . r
{ : : from the signal, table will result in a semichronolo- :

,/’1". signal tabgs similar to voltage regilsters as shown ..

. o . . . . :
L Y % ! o v . “ : " i . ) ! : \ .
T - 'The refledtéd*&aves are tabulated in input

. . s 7\ ; 0

. v f ' -
in fig 12.6 ~ Systematic lection of input signals .

gical build—up of entries in the voltage register .

,'ﬂ‘fo; all buses; The input siggﬁl in anf”given row

. X in the si nal table produces the new inbut signals .

‘4

S for the following rows gﬁ the input signal tablé// NN

and the'corresponding row in the voltage register. e -

> : 3_: If there is a loop in the system suq£~a§ buses

[N
»" -

N and 5 as shown in fig 12 2 is ‘not splitted then .

3 ) it will hqve infinige number of travelling times~
) . “in the.loop and the’ time array. Is meaningless. - e
o . . k‘ n&- ? . . :_,\
- The splitting of the buses” 4 and 5 to create a tree
: NS . cy .

,networ to permit application of the similan . ,
, <

. procedure as described before.

.o L "

When any wave arrives at a split bus, a
. " >

»

w .
0 o . - LR 1 » N 4
wave of equal magnitude must be added to the input -

/ w
signal table for its companion bus at the arrival |

‘n.’

timedn Similarly Jor the reflected wave at the split .
? o

bus, it ‘must: be entered'into the input signal table

L for the companion bus. The reflection coefficients

b"\ . ‘f \
‘ ' must be cglculated Y}th the loop closed. @?hﬁ ?
. C s
’ ’ computer execution. flow chart is shown in fig. 12.7 gg )
: . ¥
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REPEAT FOR ALL ROWS OF
THE SIGIAL TABLE, START-
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LOVANCE TO
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: {

[
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LOF THIS SIGNAL-TABLEYROW, THE NEXT ROW ELEMENT OF THIS i
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REPEAT FOR ALL SYSTEM -
: ] Buscs, sTARTING wiTH THE MEXT ROW BUS IN THE RE-
. | THE FIRST BUS LISTED CEIVING-BUS LIST? |
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-

Co F'ig.: 12.7° Computer Flow Chart
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DISCUSSION ! : : .

3
\ . H §

_ ‘Maximum switching surge overvoltage has been investigated ';'
and occurs when energ1z1ng an opened circuit transmission line with
trapped charge. H1gh speed three- phase automat1c rec]os1ng ‘after c]ear1ng
a line-to-gfpund fau1t, which is very common operation, allows utilities
to avoi& pér&anent interruption of power syhﬁ]y, but leaves the

transmission 1ine with fully ttrapped charge. The~dyqamic~overvoltage

3
A

in the un—fau1ted'phase becohesia trapped charge which is super~

)inposed on the incident imcoming wave to cause the'system overvoltage.

AY

Caution_must be taken to allow the trapped charge to decrease to an
acseptable level, prior to closing the breaker. This can be done by ..

using a voltage sensing device to control the closing coil of the'
' - \ 2
' a ' Zi
Switching surge overvoltage can be reduced‘by the ipsertion
' : N ‘ I

A of single or'multiplé stage Of resistors: as described. This wf]]

- . . \
-

reduce t Ynsulation level of the transmission line design. ;If o
the swifshi g surge overvb]tage_is sqppressed to aizery Tow léyel,

then the power frequency 3vervo]tage has to be considered. Tﬁat

15, there will be an optimal po%nt at which the switching surge is

not critical and the power‘frequeﬁsy o&efvoltage becomes dominant,.

Power frequency overvoltage on which ‘the rating-of the lighting arresfe;

A}

is based, can be reduced by a synchronous condenser or shunt

reactor with a h1gh saturat1on character1st1c to absorb the excessive

) reactxve power when the system vo]tage is r1$1ng Hence for )

reliability and economical design of a'transmission line, optimazation

-~ ! L 4
N
.

* s . N A 4

e 3
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. , . .
of both swi tchlng surge and, power frequency overvoltage factors are

necessary . - : -

The magnitude of swi%ching surge overvoltage for a ‘ {: '

gi venj,system can.be deterjﬁi ned by either a digital computer or .

'transient network analyser. The critical flashover voltage for a

P o
g;ven system depends on the shape of the wave front as well as the

magnitude of the switching surge overvo'l tage. For any gwen " |

system the ¢critical time-to-crest mpu]se wave has to be pre- determmed

-and then simulated ip a digital computer by approx1mation of

mltiple unit step functmns in order to obtam an accurate resu]t

]
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' Appendix AN o -
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Reflectidn coerficient

\

The travelling wave reaching the discontinuity

»
" will be rerl_gt\g and refracted and super-imposed on é&ch

-

other. .
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" Fig. B.1l. Single Stage Resistor Circuit

Appendix "B"

Lattice Diagram \ . )

The travelling wave reaching the opeén circuit
receiving end will be reflected back and forth along

‘ the transmission line. T ' .

.
/ A »
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3 - -
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" Re léction;soefficiené at resistor R = R - 2~

2
L]

' ) = -(é - R); M
o : o 7+ R

Transient voltage aftergbfgaker‘A closes A Ve
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Fig.”" B.2 Laftice
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