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A broad 6(tErvievg of the problem areaé assod_ated vwith the planming angl-

. .

desxgn of EHV and UHV tfansmxssmn syst.ems together with t:he varxous

e

i
- .
[ .

governing economic‘,and technlcal ctiteria are given. DT
) e R L . .

o \ , . , o
* ’ e . : r
The applicatios-and problems of shunt reactive compensation of EHV and

- . L P

UHV *long distance transmission lines in the optimal planniné and opefa-“
. \ . ¢

!
. .
o . * . s

. tion of a power system is investigated.

* .
.

’

The -design process for\ determinmg the optimum gizing and location’ of

(lmear) shint react,ox:s on an EHV or UHV traﬁsmssxon network for vollza,ge

. v on
-

control is outlined taki:ng into ,considera_tion various governing‘criteria.
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‘ e S '
1. INTRODUGTION - L . -

" T . X // N
In the last decade major advancements hgve bfen made in the

T - transfer of bulk pbwer over. long distances,/over 300 to 100%, <

4

miles, to .prd;ri&e: o o - o
) . a) Ut111zat1on of remot;ely located lc;w cost epergy. sources
such as hydto and m;.n;a—;nouth thérmal power, and ]
‘ ) b) Interconnectxon of large-power/pools, partlcularly 'those"". .
. y
w1t:h s:Lgtufmant peak load dlvets;lty, for economl.c ener-— o
. . gy mtercha'n‘ge and po‘olmg of the generatlon reserve,
. N - , .

- R}
.

- The transmlssmn of bulk power over long d1stances mherently ﬁ

v

mphes utlh.zat\;on of extra-hxgh vol,tage (EHV 330 kV-765 kW) . .

" and ulvt:ra-hxgh voltage (UHV, 1000 kV and abowve) ovgxh_ead ‘trans— - ¢
+" 'mission on the basis of economic considerations. i L
+ . . N A M - ., . . . . Iy - - . ‘ .

A greater utilization of t‘ransn’xis%ien at the'se ‘voltage 'levels

n

w.111 also be necess:.tated to carry the putput from the very..

- * //'

N . o ‘tlarge generating /plants, resulting from the contlnqed trend of” . A

/ - . '

P increase in size of geperating units to provide reduced invest- '’

> ment cost per kW installed. o ' - -
[N T . / { v
* . A, 0 e '

* EHV AC levels of 300 kV and 765 kV are already in operation.. .

.
; . P N

R . It is envisaged that UHV AC levels.of 1000 to 1500 kV will be
* ' © 5 . ®
- A adopted by the late-1970's and be in service in the early 1980's

-as an overlay for some of the EHV networky:-td/'?eet‘ the projected

oo ) "load growths and overcome problems: of obtaining rights-of-way

_ for the multip]:icity of lower voltage lines of equivalent ca;;a-

] N ' —" ' - Loy
- J. , city. The transmission capacity per line increases in slightly




l‘...

'

_ . quency over voltages in‘ areas with moderate-to high contamina-.

_ tem insulation levels. ;

IS

i e

Introduction (Cont'd) = = -~ o . ‘ N .

.

greater proportionsthan"the square of the 'voiéage; the optimum

3 [3 . -* * t' l N . ~ ' 0
line ‘loading being r‘elat,ed‘ to its surge impedance loading. : ° ‘
Transmission of power by A.C. over long distances brings in |

many ‘complications such as volfage regulation .stability and

7 . r

* 2 ’ LI M . - 2 : +
line insulation. -Bundle conductors are u_xvar1§b1y used at ‘these- ‘
. . . £ R
yvoltage levels, to minimize corona and radio interference. |
. >

v M . - *
. . L. ?

» Thé major problems in” the’ desi grr of EHV and UHV equipmgnt and

v

transmission lines will be caused more by temporary power fre-

- .

L]
e s

. s . \ . - . & .
tion and switching surges than by lightning ever voltage which
was the chief ‘consideration at ‘lower voltages.

8 . ’

It normally becomes'necesgary to utilize.shunt reactors to ab-

0 !
.

sorb the excessive line charging current at light load conditions

»

v:vhep' line loading is below its surge Rnpedanc‘e load, a!{l,'d thus

|
, = -
limit the power frequency.over-voltages in case of Ioad rejection

. , N \
and on enérgizing lines. Application of shunt reactors with p'te"( \

‘Y ,

insertion resistors in the line circuit, breakers also reduces
S . . . - s » > .

s&itchl:.ng sutg"ég,'which helps in effecting a lowéring of t'h.e'_sys-‘

Y o
.

° !

Automatic single-pole or three-pole reclosifig circuit bré&akers
! ‘e 3 ‘I" * ’ ) [3 {\\Q . ' ‘
with fast fault clearing times, series capacitor co:&pes;atxon, oo ]

generator braking resistors and fast resu’onse high ceiling gene- .~ ‘
K , U £ \

3 g

rator excitation systems, may need to be utilized to improve
. . k
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M

' statlc compensator composed of a sat-urable reactor, filters and

< PN . wa
. 5 .« .

Introducmqn (Cont d) e

.,-:.. .o .-

transient stablllty, and an excxtatlon stab:.hnng s1gnal used

a i ~ .

to improve the dynamic stability ;ierf,orman/ce- of the‘sys tem.~ "

- ' a
N [} . . .

ey . . . -

' ¥ r ‘y -
Permanently connected shuynt reactors increase the surge impe-

denee and hence limit the capacity-of the c-i.rcuit,st; their

. . : ’ .

removal and addition -of shunt capacitors increases the load
- \’{~ .

carrying capability of the lipes. -

° . ’
r .
“ ) . ~

- . e, D .
Switching large banks of reactors or ¢apacitors is a somewhat

St . ' L . .
crude method to control the voltage. The two static reactive

1
»

devxces cat be replaced by a synchronous condenser or by a

’

: N

shunc capacitors. . . : L

. R . 1ay . i
o "

Y i

’

The recent development of the latter form of non-linear and con-

~

trollable shm{nt: ‘reactors for react1ve power compensatﬂqn has led

to the productmn ‘of the Enghsh Electnc 8 Trl.ple—'l‘reb’ler, the

‘ ( * * P |
" C.G.E."'s dn’ect thyristor (SCR) controlled linear _reactor, and

the Brown Boveri's non-lmear shunt reactor transformer.
Ly o ." I‘

P -t - [

. The obtimdl-solutu’.oq of the combined_'voltage, stability and

.v; R ¢

switching problem is the location, sizing and functdon_ of the .

» . ~ L ] =
feactive compensation in the system.
. ’ s w

. N . .

It is po‘s,sible to ‘iuprove the.oerformancé of a Eystem by adding

~

series capac1tors, howeve; an element in sekxes, in’ general, re-

o
. 5 ot

presents a greater r:.sk than a shunt: element:. More emphasa,,s isg ’

[ .
2 ) VL, s s !
. h

.

. o
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1 ’ . [y )

\;‘ . oL . therefore placed on shunt reactive.equipment to improve system ° .
v H ‘) . L Y B

L ) «  performance. ) 9

- -

. o The capability of high°voltage direct current (HVDC) systems of v

the order of % 400 'kV'to provide an eco,nomi'cél, high capaéity. o '

‘ 1ong distance link and advantages of 1ta asynchronous property oy
‘. , o . s Y . ™ " ~ LA -

. ) . ’vhas already been proven in operatlon.' Th@ role of. HVDC at levels

- : PR , of the order of + 800 kV will become app reh\: in, the next few DN

. .~ .

N Y

. ’ . years as apparatus Bevelopment contxnuea_‘and expenence 13 B e

. B he N ' . S e,
. . . gained. ' : - \ . ) - < A

. » . : P e s .
. [ . . . ~ J

o ~ ! .o ' ~ - o )
. \u In this report, consideration is given only to EHV and: UHV A:C.. ° %
, . e ' ) [ Yo E . AL

: - s “transmission systems and problems relating ma_inly'qto‘t:h‘i selec- ,

7

. *  tion of t:he)proper shunt reactive compensatign, for these sys- . *

+ v A ¢ ct : . * ! - ‘

A , tems. . RN
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ASPECTS OF-A:C. TRANSMISSION SY.STENM PERFORMANCE

S .
. . S . . D e
. .

b LR . - ’ P
}w.l ‘ VOLTAGE CONTROL"},(Steady Stat;e) . ~.
’, Yt - One of the major problems in en EHV and UHV system is that of _
‘ ’ A volta&e control to provxde gdod steady-state voltage regulauon.

\ g . . ' 3 * : / *
J Under hght load condlgons the surplus ‘amount of reactive power
DO 2 'h »

ptoduced by the h‘nes has' to be either absorbed by the synchro—

- . * < <

nous' pachmes or compensated by shunt reactors.’ _The 'rea_ctive ’

e

’ ' . -~ o” z ' AR AN . ‘Y
‘ '+ power compen'sat:lon "should be able to m}aintamﬁsteady-sta.te vol-
3 8 ° ! . . .
<, "i-‘ r N . » .\ * R . .
h "tage levels 'close to their fisminal value ‘'under the various pro- -
. babie system“‘operating conditiuns i.ncluding vsrying system 1bad

o

. levels. ioad° re3ect1on, 11ne energ1zat1on, and contingencies
", ;such as line, transformer of machlne ‘outage. - : "
o 'l‘tfe proflle of the 11ne vgl.t:age, in other words the voltage '

levels along the length of th‘e‘ lme, has to, ‘be’ consxdered and

- . . 3o
not just .the terminal bus voltages. % LS.
N !. ‘. . . A% .
’ A , » R e . -

i ¢ . : q

~

o
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/""':

w

s
43T

... based on stability considerations.

. » . . . .
-~ The .total angular spread between the internal voltages of the
" : . - . -

STABILITY (Line Loading)
B \,

- 1

Func’l.amental to the system'"Blanning and design study is the ‘ton-

cept of power angle or the angular spread in ttans‘mission line

voltage as an indication of relative stability; systems having

?
A3

the same angular difference of its terminal Voltages will have
the same degree of stability. - . .
The transmission system design must ensure that {111_ generators

remain in synchronism under steady-state and transiernt operating

o A A b
conditiors. L8 o

The immediate' consequence of ‘a loss of synchronism is' a-partial
loss of the feed that a part of the system-was previously im-
porting. The~prob1em is often aggravated by the transfer of )

loads onto certain elements -of the system which cannot’ suppg'rt
them and which' drop dut. causing other losses of synchronism and o8
s R ’ . & . e ] .
) R R - . . ) ’o . . ] s -
""resulting in-a cascading effect. e ‘ ~

- .
3 = .

Running’ out of synchronism also subjects synchronous machines to

severe mech. stresses. ’

PO hd e .
H

It is evident that if the new generation source is in a remote
o

" location then the transmission system associated with it must be

: ) *
! .
! .

. \ . )
exj,sting generators (receiving end, say) and'the new system T
(sending end, sa&)-mgu(be close to 90° (allowing for resis‘tanp'e .

.
. - . b

I




2,2 , STABILI.TY (Line Loading) (Cont'd) 3

- ' N A =

& sahency) at t _steady-otate stability limit. It follows .

that at limit the angular .spread across the ‘transmission

[ system should® be the 'difference betweeo the 909’and .the sum

of the voltage angles across the equivalent maechine reactances*

at either ends of the transmission s§stem. This angulq'rjspread

\s

across the transmission system at time of 1107 of the maximum

r

power tra"nsﬁ'er; »i.e. when the output of the-new generating ﬁ&

e ‘station (sending end) is 10% above their ratipg,” will provide ° «
: ‘ . .a 10 margin to the steady-stat bility limit which is-a lnovr- .

) . q - ‘-maily adopted dgsign criterion. The phase Arﬁngle across the line

-should- normally not exceed -30%" for stability reasonms.

- . !
v -

« . ' ' . i
'l’he equlvalent machine reactanee normally considered for —steady-
. Y .
] !

‘ ) . . .gtate’ condltlons correSponds to the saturated synchronous reaqt-

. e . ance value, o{ the arithmetic mean of “the syﬁchronous and tran-

K

' . sient reactances. T . ‘ -

. i ' The stability of the transmissioh system is finally established
. . _by investigating the Dynamiythbiliéy p_erformaﬁce of the trans-

o ‘miLssion s'y'st,em 't:é_-La system- isturbance such as load rejection,

<
¢ . & -

or to a series of system d1sturbances such as a system fault
followed by sw1tch1ng out of t:he faulted system component and
its restoration to service. It neec(s to be ensured that the

® . . -
- R . ’ (

-. gystem response is gtable over and pastbthe transient state that

-

.

includes effects 'of machine extitation, governor actiom, machine

'sotutaqion, machine damping, variation of frequency and voltage %)
’ . . ’ :? l * !

S




2o.é ’

. on the maximum power which can be transmitted over it and thus

 STABILITY (Line Loading) (Cont'd)

[l ~

v

dependent loads, and relay1ng operatlon causing load shedding

and changes in the network ;onf1gurat10n.
¥ * T Yo

- \ . .

J - ]

>

The maximum allowable power angle across the EHV or UHY trans-—

mission line as determined frqm steady-state considerations may
. N . <
need to be revised from dynamic stability considerations..
. | A
1
In effect the reactance of the t%ansmggaion line'sets a limit

A

% L. ) .
high voltages are-required to transmit large amounts of power

v

over long distances.

Methods to improve stability : . -

. . ! . [ T
- -The main methods recommended for improvement of system stability
N . . \ .

L4

are: b

’\"(1) Increaslng the 1nert1& of rotaC1ng sets:, and decreasing’

the transient reactance of the’ machlnes and the trans™

x ’
o

- former leakage reactances. These ‘means are, however

. - L. n

- .. limited by their costs. . ’ \ .
) ' N : . [ . o
» ro. L4

w
(2) . Use of damper windings for positive-sequence damping -

s and negative—dbquence braking. ” .o .
(3) °High speed over-excitation of alternators and. synchi¥onbus

! condensers by means of con;xollers hav1ng very low 1nert1a

and rapid response éxcxters witha cezlxng several times

1y hd »

FRY

their rated voltege; the object being to prolong-as long

- @ "

as_possible maintenance of the rotor flux. - A

“

]




. . ’(4). .

Methods of imprdyve stability;(Contfd) S

»

Use of ultra~high speed circuit breakerg and selective *

‘. .

protection to effect the fastest possible e¢limination \ -
* \ » .

a .

of the portion affected by a fault. Three-pole and Sy
| ] LT

o

v v

- ().

V|

AR ' (é) :.

IS . ‘ '(.8)

- - .

" -Decreaging the line reactance by use of séries capa¢itors
1 ) ‘ ’ [ N o,

A

< ogpTe of transmission lines
A N - Al '

. . v L .
for transient faults greatly decreases the relative slip

of the voltages at both ends of the line. This feature

3 - e

is most effective since transient faults constitute 70%

. Y - o N

to 907 6f.th§ total number of overhead line faulté‘ . ) ' °

- il N

7 -
* .

Installation of intermediate switching sfations-in the S
oy N I ° v ' 1 4

casg of two or several lines in parallel so as to limit :

the length of the sdction of the line to be tripped out _
: . . A\ : : L. 5 ' . A

in the case of a line fault. Lo - .

- - . -.I’ - ' ‘ ;n *

. .0

Installation of synchronous-.condehsers or static reactive .
! o ‘

- ~
- «

A v
< . - - - o X : . .
compeﬁsators in the interinediate stations to contribute '
p= . : ’
4

to the\maintenance of the voltage by the injection of . .

» \ “ M 4 ': . ot )
reactive power during’ and after g fault:
4 3 . _ . .

0 Al .
- 4 é [ 4 x * ot

- 2

- 2 ¢ . - . n

and bundled conductors. .

: ‘2

Use-éf genérator braking resistors fduring syste? au;t

conditions to limit acceleration of
o ) . ) “n

R . NE N
>

rotors.. -

~ . . - ‘ N
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2.3 INSU'LN&ION CO-‘ORD'INATION AND LIMITATION OF OVER-VOLTAGES —
v 2‘.3.1: : Ty:)e : em Overvoltages o . ' - _—
o The overvoltages that cz;n appear on the system can be classified ni.,,)
. into the following.categories: . N~ - . ) :;
. a) Atmospheric or Lightning Overvoltages; C o (‘“' "i} . .
b) S;vi'tchi;g surgeé; ' ’ B

“

vy ’ * . Q’\

c){ Normal power frequency and ’ .
' " Temporary overvoltages at or near power frejuency -- dynamic ' .
’ . overvoltages. g - ~
L . ’ . Lo
- L. ’ - SN .

The performance of insulation under category (a) is checked by a .

lightning impulse test.

R N
> o ’ . M
JE—

o o . . The categdry (b) is checke,ci by switching impulse test, - ‘ -
" A .

BN
. 5 s
oo ) . - < . N

l -‘ v, . * -

o . -
doa .

(o, . - The cét:egory «(c) is checked by dielectric tests at power freque‘ncy, ‘
with the extemal m,sulat:.on subJecc to atmosph ic pollut:ion and -

' B &,

surface contammat:.on. .

. Lo - : . . . | ‘
2.3.1(a) Lightning Overvoltages, . . . .

The transmission lines are gen;erglly protected against lightning s
. ' for a deéired performance by: ". | ' '- ‘ .
(a) P,rovic\:ling‘gromd wires with adequate shielding ang'le‘ to avoid -
direct strokes to the line conductors. o -

. (b) Securing low tower-footing resistances within economic levels.

-

(c) Maintaining adequate clearances between the gr'ound‘ wires and

~ the conductors, particularly at the mid-span, to prevent flash

® overs to the conductor.




“circuits, interruption of low inductive currents such as

Switching Surge Overvoltages .o ’ !

[

These overvoltages agé generally of ogcillatory nature and are
caused by

’ -

switching operations suth as energizing and de~

energizing of long lines on no-load, clearance of short
4

+

o -
N N

transformer magnetizing currents, and load rejectior. In

-

addition, there 'are over-voltages on the‘sound'pbases when '

. .

one phase has a fault to ground. . ’% '

A

I3
°

At EHV levels an important technical and economic consideration
affecting the insulation design of the transmission lines and

station'gquipment ié the level of switching over-voltages.

o TN

-

At UHV levels the most serious problem is that of switching

ver -

snrgeé. The surge strength per unit length of long gaps and

3

_insulators decredses as the gap length is ihqreased. 'Thi’s

drooping curve indicates the upper limit of practical levels
(4] 7 .

-
v

of UHV transmission. . o '

h L [ N -
< [

However, the limitation of switching over voltages to 1.5-1.6 ,-.-

Al .

per-unit can be effected by the following techniques:
(i) Circuit breaker one step or multiple step closing ‘“', '

resistors. : S :
(ii) Controlled closing of circuit breaker poles; "point

- of wave switching"., . ) e
(iii) Reduction of trapped .charge on the lines by insertion

! A .

of a non-linear resistor in the neutral of shunt reactors.

.




\
.

2.3.1(e)

LA . *
»
-

(iv) Surge diver;eré designed to opéaéfe for the small per- i
. centage of‘pver'voltages exceeding 1.5 1.6 pu.;. ' .

If switching over-voltages are.reduced to 1.5 pu. the 1nterna1

dimension of a '1500 kV tower will only be 507 larger than those

\
LY

of a 765 kV ‘tower. . o s e

‘o . -
Temporary Over-Voltages -

porary | g K e f\\J
A temporary over-voltage is an osclllatory phase-to-ground or

-

,‘phasé—to—phase;over-voltage,of relatively long duration at a .

me
3

'given location, which is undamped or only weakly damped in. - ;

l:
contrast to sw1tch1ng and llghtnlng over—voltagcs which are ‘.

’hSually h1gh1y or very hxghly damped and of short, duration.:

‘The temporary over—voltagé pertinent to insulatio* of'EHV and -

e,

\74

UHV AC systems in having a direct bearing on the selection or

performadce of surge diverters can be classified into three groups’

- (1) power frequency over-voltages such as caused by . -
} 7 ’ o
energization of an open line or loss of load,

2 Y
©

.(' Y higher harmonic over—vbltages such as caused, by- steady-

state resonance due to the non-linear magnetizing dn-
ductance of the power transformer, or by transient

reson%ch due to the switching of transformer taer-

- minated (but unloaded) lines, and

(iii). sub-harmonic over-voltages, characteristic for O/H 1lires

. . .. .
, with-series compensation and caused for e.g. after the

clearing of a fault by the series capacitor remaining.

. ' .
‘ . . 4 . ~

b

2

e




- 13 - . ~ . s ~ r .
. -, . , .
. ' .
\ ! . . * ’

. \ ‘( ’
2 3 l(c) TJorary Over-Voltages(Cont'd) \, ’ con

3

. . | ‘
vt . , .

i o ’ e .
! T i ‘ . . connected between\the\source\et\nf and a non-linear induc-

) : tance (such as a shunt reactor) of a power transformer ° ?
b " * 3 ) 1" ., . ' . [ . :
' remaining connected to a source thru lines of high line .
!

‘ . . ¢charging.’

. \ - ‘
Means for the limitation of Temporary Over-voltages ’

_' ‘ Group (1) - by installatibn .of snunlt, congpensation and proper | .
‘ ) ) ' S . relaying. | L .
‘ 1 s K' i Group (ii) - t‘;y Relay’protection, ‘tRe tnird harmonic teing,
, . ’ " ‘\ r 'W" w”f "+ _ practically eliminated !;y delta connected‘transf- )
h A ' iformer windings. e . R o T "‘ .

T Group'f,(iii), - by shunting the series “gapfacitor by a C.B, or by .
o . v A4 . \ i P} . . -
: . . . durge diverters. : . ‘
B e o e e e
’ Y - ) ’ . - . ' .
2,3.2 . Insulation Co-ordination - General P I , ’

\

- ° . -;‘ 4 l’ . . . [ -
- , ; The notion of insulation co-ordinatjen basically implies a corre-

’ ‘lation between the électrical withstand conditions of equipment,

“w ¢ W

C o~ ' . over voltage strehses ‘on the system and characteristics ,pro-

.-
. R

' ~ ‘tective devices ,employed. °,

(-4

¢ [N

\ ¢ .
"Insulation co-ordination comprises. the selectipn of the electric

0 ©

X strength of equipment and its application, in relation to the

¢
- ¢ voltages which can appear on the, system for which the equipment

is intended and taking into account the characteristics of :

&

available protective devices, so as to reduce to an economically /

operationally acceptable level the probability that the resulting

H

voltage sttesses imposed on the equipmentf will cause damage to_

e . o

equipment.insulitic)n or affect continuity of service."




2.3.2

v

—n
5

| Insulation Co-ordination — General (Cont'd)

* - ~ ,'
}{gm of protectlon\’- P .

iof the ins"ulatign is established ‘and so matched as to provide a

" a N .t
N . «

H 1 . . .I
o . oo )

13

l -

This defmltxon of 1nsu1at1on co-%rdlnatlon - abatracted from

o o

IEC Publication 71 - sets forth ‘the“parat_neters'of this problem:

-~ -

©  the electncal strength of the dielectric (external and inteYnal

<

Lnsulatlon - alr, porcelam, etc. ), the voltage stresses and the

QS
/
7

- °
In the classical approach to insulation co-ordination the elet- ’

tri%al stresses on the ‘insulation and the electrical strength
-8 .l
b}

. ‘ . s

- ¢ 5 ' ‘
margin of protection. ’ ' : " - { g
~ N ’

. . ¥ N

However, as voltage levels, increase, above 3(50 kv, it becomes

o

more ‘and more ‘tostly to prov:.de the requued ‘margins of protec-

' etc ) Thus the statlstléal dpproach must be :mtroduced.

"The statistical approach to jnsulation co-ordination takes into

- The insulation level of béth‘the)fxternalﬁaﬁd internal insulatidn

L2

tion using conventlonal‘ methods based, on the charactenstlcs of

g b

protecuve devxces (such|as lightning arresters, surge dxverters,

& . *

.
- ~ . ¢ !

°
.

s

-

account the probabilistic nature of both the electrical stress

and the electrical strength. It assumes that we can determine

¥

the probability distribution o‘f' the systé}h overvoltages and also

. - . ! / e . . y .
the distribution of the dielectric strength. The risk of failure

is calculated from these distributions and thus the concept 6f

system reliability itself assumes an integral part of the process

of insulation co-ordination. o

e v

o o

v K




. 2.3.2 .

2.3.3 ~

o .
- o

Insulation Co-ordination - General -(Cont'd) ‘\\_

is defiged as the.sfatement of two values: R

X .
4

= the switching il(jp?ﬁl&g wifhstam} voltage,( and
\ L .

(._ R .
-

s

the lightning impulse wi thstand voltage. :

.
/ “ .

Particular attention must be paid to temporary ovér-voltages
T < ' ’ s

at UHV, whe‘re the prohabilistic method is applied to external
insulation. For example, a temporary O/V of I.5 pu may give (
as high a risk of failure as a switching O/V of 1.7 pu, beca;xse
oé the higher frequency of occurrence c;f ‘t_:he temporary over-—

voltages, in the form of long pulse trains.

Substation Insulation i)esign J’\

1

-

~which: are invariably located immediately adjacent to the power

In the—choiee—of—the-insula&ion—le\}eléﬁo;—che—sdbst&tion-éqm' p=
ment, th®& first considerations are that the more im%a'nt equip-
ment, namely the power transformer, in the stations is protected

-

by suitably rated lightning arresters and thdt the internal over-’

i

voltages, including the switching aurges, must ‘not cause am® in-

- .

terruption in the service. The value of the insulation level is

based on the characteristics of the lightning arresters availabke

.

\

transformers.The lowest insulation level is, therefore, for the
power transformer and the remaining equipment is given insulation
level slightly higher than that of the transformer.

. LN

The insulation co-ordination study in a substation is undertaken ' -

to determine: : . . /




. - 16 = ’ .
) | ) N . ,
. ’; Do o
2.3.3 Subsfatign Insulation Design (Cont'd) - .
(i) Li:ghtnj.ng arrester rating., %i, b ) .
(ii) B Trans former Basic Impulse gBIi.) level. :'
, (iii) Imp-ulse: levels for circuit bfeakers, disconnecting switches
and bus supporps. | -
(iv) Minimum electlrical clea-ra.nc.es. 0 QD - ' )
2 2.3.4 . Trat;sm{ssion Line Insulatioh Design ! ' a
For- EHV and UHV systems above 300 kV, the switéhing surge st:‘a.rt:s

A »

to become the determining factor for external insulationy vis

a vis the line insulation level which in turn determines the

bl

insulator string length and other spacings that in turn affect

the dimensioning of the towers and the widt_h’ of the line route.

-5

- -

. &
t - . » o . 5
In general, the operating voltage determines the conductor size N

~

berause of corona, radio.noise and audible noise which may sub-,
. .

'y

-sequently have been altered from considerations of losses or
MVA capacity, The "conductor size, however, also effects the
o t:%:r dmensmns in lieu of the cotrespondmg mecham.cal loadmg

O stresses (w1n{ and dead loads) Ty : T

o Thus .the fine insulation level and the line 'conductor size:needs
“to.be opt1m1zed in terms of total t:ransm.ss:.on cost and operaung
. L

t 7 .

rehablhty of the EHV network.

The h:.ghet the operanng voltage the greater the powet transfer

? capablllty per mle on per square-foot of nght-'of-way, but

- higher also will be the resulting switching surge overvoltages.




PN . o

v

fwt

[ (’,
The powér-freduency overvolfta

tower dimensions except in lar

7

Transmission Line Insulation Design (Cont'd) "

s Thus thé emphasis is on reducin the switching dvervoltgges.

. N

.

ge will not'gréht1§ﬂéffect the

eas of hea&y bollutidnl Even

2

here hfgh-gieep insulators may provide thé‘necesséry cteepageZ .
. . o - <, e RN 8

distance within the dimension

considerations.

2 . - ~:.
s determined from switchihg-surge

. N Y .
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HIGH VOLTAGE. PHENOMENA

' J i )

Electrostatic Effects - . . -

-

0o
t

Electrostatic effects near lines of 5§0 kV-or more can result.

“ in hazardous conditions. o P . .
o .

: .
! ; . i

The remed>" in most’ cases is'-adequai:e grounding, particularly for

long fencés -and metallic structures negar the lines.

. o . ; )
'.Veqhiéle‘paricing on the’-rig'ht-of-_way should be prohébite'd, be— 4
; - ! ! ’
cause tests have sh‘own_}‘p to 1,700 Volts to ground on a parked
}, . )

, automobile, .and suffi’Qi‘ent energy to ignite gasoline vapor.
s s ; § p

€
¢

B
v ‘ . R 5

. S

©

"Other remedial features are:’ ' . , -

1

(i) raising the mid-épan ground clearance to reduce voltage

N

-
gradient at ground level. .
° . € . , - »
.- (i) ‘-Gz;oundéd. shield wires undet the line, at road and rail L

C . . g . \’r f ’ 1
crossings to prevent indyction of HV static charges on .

* objects on the ground such as vechicles.
o~ . R - - ’
¥ . - TR
' Tests results have shown that the voltage -gradientﬁt .ground .
7. . . :

level should he kept below 15 kV/xh_eter to avoid produting dis-

4

, comfort to people and animals nedr thé lime.
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Corana
-?-ih-—-—

Ry
1

Corona dischaxges form at the surface of a transmission line .

-

“conductor when the electric field intenysity‘on the conductor . .

surface causes a volt:agé gradient n@ar the cofiductor which

exceeds the breakdown strength of air. The breakdown of air

in this region .generates heat, light .and radio interferende,

all manife.ststions of release of electromagnetic -energy that

. 4

-
’

results in power transmission loss, radio interference and

.audible noise.

e

’
o

o .

_ The basic relationship describing Corona initiation on trans- !

where E; = . Corona initiatiom (surface) grj,pliuent‘ in kV

.

mission line conductors is given by Peek's law:

E;, = 30.0.6.m. (L +0,3//T) -

o

. . \ S . .
peak/cm - - _ .

conductor radius in cm
telakive air density’ r

stranding and surface condition factor ) . ‘

The disruptive critical voltage at which -Corona starts is given

Cl
.by’ \‘

\

(o]

= Ey r loge(i)kV. line-to—ne‘utra'l -2
- T/,

* ) ’ ¢ - - . \
. where § = equivalent supconductor spacing in em. -

~
. 3

\ . . .
.

. : A

'

’




Corona (Cont'd) ‘ | .ot

The corona loss as given By‘Pete"rson's formula for fair weather
. , . ) 1

in EHV line insulation design. . .

per Iphase is:

po= 33x107 £viF .- /. A
. [10810 ( )J kW/mile of con;lu;:tor
where f£\= _power freduen'cy in hertz C a . ' -
v - effective 1in-e-to‘~gr0umi voltage; kV
. 8_= spacing betweeﬁ conductors ,‘t )
d = conductor diameter . - . , b
S J function of [V ; where V, is the  Corona ' )
- - (—) disruptive (starting) lipe--

. ‘ torneutral voltage, kV

Corona losses may vary between 2 - 72 of the I R loss at Surge

Impedance loadxng. However, Corona attenuates swltchmg -

surge voltage peaks which are fr'e'quent:ly the controlling factor

M .

"




3.3. Radio Noise, RI . ﬂ .

In addition to the power loss resulting from Coronas; there are
high-frequency (radio frequeniy) coinponeni:s associated with the

Corona discharge, which causes radio interference. Often rhfdi;p ’

noise sets a‘lower limit td the phage conductor diameter, -

ddminates/ the design of bundled conductors, and creates special

. - I [
77 -requirements for hardware and-line stringing. ‘ ,
. .

. < . »
¢

. . : ¥
“The spectral density of the RI generation surface densigy is’

. : AT { .
' - g1ven by' ’ ) A~
TN SD [co] Kg 10"1(G G0) amp?/tz.u? o
p \\ ‘ « ~u , . v
' «WheresC; and Kg L\re empirical tonstants “ '

.G = conductor surface gradient |

Go = Peek's Corona-starting gradient"'

The specéral denisty of the generation.density $D [GDJ measures

the mean square value of RI for per-unit values ::,f“Band-width

.

w and surface area, d .

l'

The total gener“auon per unit of conduct:or length 18 given by: .

SD [c] - T f (1+x ZZ Cos © ) sp [ep] de | o
au1p2/Hz - m
. . L v
where r = conductor radius, meters .

r N : . i

§ = bundle spacing, meters

.




I 3.3 " Radio Noise, K.I. (cont'd) £ )' _ ' -

. - . -

) - 3 - . N ’ 1 -

ce e o o ; ['o; for single condictor per phase © *
. e : . . " .| 1»  for 2 conductors per phase L .

' K --< .- - 4 ‘ ¢ : b ‘
, ’ . — \[5 »  for 3 conductdrs per phase * .

W < Lfi/_iﬁ,for‘l; conductors p'er‘ phase -
- ) ' l 4
, The partial dischargés of the air (Corgna) in the immediate :

. 'v1cm1ty of the conductor, wh1ch are the pnmary cause of trang-

mission line noise, occur durmg both half-cycles of the applied

.

' voltage, but pdsitive Corona is usually predommant at ‘AM radm

! ’ * ‘. frequenc:.es. " Frequency modulated (FM) broadcast :.svmherently
“ - : less sens:.tlve to RI. A nominal acceptable recepuo;x le.vel is ‘

|

i

1 s . ; v given by a signal-to-noise,ratio greater.than 22 dB. - )

1 . s AP . - R . -
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3.4+ .” Audible Noise . . .
L " At UHV levels, RI w,ill probably not be ‘a problem if the bundle
v . C configuration satisfies audible noise limits. L L
. h . The. principle conductor problem foreseen is audible noise. For .
; - AC lines up to,535 kV, a conductor bundle chosen on the basis
i . ~ .
f " of an acceptable RI level, produces audible moise which is
) . - usually below the acceétable level. At higher voltages, how-
‘ever, the. dudible fioise may become the limiting factor in-con- - ‘
i . " R T M ~
. ductor selection. ' ‘
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4.  GENERAL CONCEPTS RELATED TO EHV  SYSTEMS T N
4.1 ' LOSSLESS NINE | : . |
- The generalized representation of'.a long line in terms of the
§
well known A, B, C, D constants is gfvén by the relation:
. o Es\ /A B\ [k )
- - “IS‘ ) 'C D IR /
A P — Ix : iving - M
5“4‘“?_“4 S AB c.D | R l?ecemm} d
A d 2 T | node.
nod€ —_— R E.
' Es. Transmisslon line R
The A, B, C, D constants gre defined by: ‘
A=Dw Cosh' ¥ { /
: < w » ". ‘
B=2,snh YLl
) "¢ =8inh? _¥U et . .
. . Zo . ) L '
Z, is the chag:acteris'tic impedance’of ‘the line = I-Tz,—
and ¥ .is the propogation cdnstant for the line = /yz = X +J‘ ﬁ
i . Q . , .. -
. where ' - :
¥ - . ‘ .
.2 = the line impedance per unit length )
",,‘ ' y = the line ‘susceptancz,per unit length ’ _ -
0{ = attenuation constant ’ R .
: A .
oo = phase constant ’ T ' ' '
~ . P=» . , . o ‘ . =
RN In case of the uncompensated Loss Less Line: i . ’
. . = v 4
) . ©o ) ' ~ A
€ . Py 0 N , L
7 = [-L " . [Line Inductance - oo - o
"o [ .\ Line Capacitance o ' Y
/ ~ Y -5w e = jp | SN 4 . .

' f ‘-"D"C°‘1ﬁ\£f" . ‘ ‘ . : 4
. N '.P JB - j Zo Sih p't N ‘ - f" . . ) '}To o ,::‘

C=j 'z%‘ sin Bl -
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-The 'wave"leng.Wthe;ﬂﬁf;arfe along the ling between -

I

. . - 4

. - 26 =" T . :
‘WAVE LENGTH : ’ .
S —————— L] ~

vl T N . .
. two points of a wave which differ in phase by-360° or . 2T . -
- M ' i . . . L .
radians. )
A 2 1T .- [ ! . ' '
' 7\ - miles, . . :
, B , .
. if B is in radians per mile. ) o '
. - o ‘., - '- -
- ! '
- s - 2 .
At a’frequency -of 60 Hz a conventional overhead line is - S
- . . Y ‘ .
., associated with a wave length, . .
. . ‘e
AP ) . .
?p‘m 3000 miles - A . . °
. 2T © . g . *
- S / ‘
. ; ‘—7‘&:.‘ .
w \/LC p) .
v A ’ .
i.e. a 750 miles long line is.about one-quarter.wave length
, ~ and a 1500 miles long line is about one-half wave length. ... .
< ) " - .
- ‘ ‘ . .
N e R ]
. ¢ -
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4.3
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. ’ ' 4 o o
SURGE -mnmcr: LOADING . ’

— o

., . ’ w /./ - . . .
Surge-impedance load (SIL) is the load that the line would

!

carry were each phase terminated by a load !mpedgnce equal to' - o

’ . ‘ . ¢ . s
z, = /% = fXLxc' where L is the series 'inductance and C

the shunt capacitance-per unit length' of line.

f
LA

Thus SIL = V2/Z° = (kVLL)Z/Z‘.J MVA. It is approximat:ely equal
to that loading where the loss in reactive power due 'to the -
load current (I2 X;) is equal to the reactive power generated _

by the line capacitancé (EZ/XC)., .
‘ o ! - ’ r

~'

*The curve of Fig.l , taken from the National Power Survey re-

. port prepared by the FPC, is repr‘esencativeIf pracéice with

Q<

respect to per unit surge-impedance loading of uncompensated

B s me

lines as a function of Tine length.

. ‘. -
.. RIS ' - |

' . ’ . . » e T g T e [ A
The surge impedance load of a transmission line is a convenient « 1

. - L) '3 < . |
measure of its transmission capability. , ) S o
“The surge impedance loading of ‘an E.H.V.-line, however, is not ‘
‘ - 2 . : '

necessarily its economical loading.

In .the range of 500 to 1500 kV (assuming bundles of 4 to 8 con- ~ ™~
ductors per pha_sé) the surgé impedance is nearly constant at

e »

260 ohms and the.surge impedance load is. practically proportiona]i e

to the square of-the system voltage. On this basis the follow- T

ing relationship is égtablished: U A

[ N . .
‘o 1 ‘
. 1 N

v




SURGE - IMPEDANCE LOAD

e'Volt:a'ge, KV

-
3

PR

-
v T

SIL,M
1000
% . 2000

ING # (Cont'd)
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: ' . hub ., CONCEPT OF SHORT CIRCUIT POWER . . ]

“Higher fault level at the receiving end will lead to lower

L . ) voltage swings; better voltage regulation, such as at time . o

. v

¥ 2
of switching of reagtive elements on the systems.
Qr

4

! -’ . .8
- . . .

‘ As a rough rule of ‘thumb the voltage fluctuation will be in

.

T the same proportxon as the ratlo 'of the sthched reactance to - .
the short c1rcu1t capab:.hty of t:he switched bus.‘For example,

a 40 M.V.A. reactance switched from a bus with 1000 M.V.A, .

y . fault level will result in a \;oltage change of 4Z. .

B

!

~o

. When short-c:.rcul.t power at the recelvmg end of the 11ne is
. low compared wlgh the power in transnu.ssmn and more or less

. equal at certal.n points in the system, th1s compl:.c.ates the

l . e

. . ! ( .protect1ve system, Such is usually the case when EHV is used .

- . ¢

_A . o , for carrying great quantities of “power ove_r_lon'g distances.
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4.5 . BUNDLED CONDUCTORS B ) . ol
. The conductor size and.élglllin'g érrang’ement- per phase ‘affect

tower loading as well as 12R loss, corona los,s,* and radio in-

. .

' fluence levels. .

. The only practical methéd of limiting the conductor surface N
. ot I
- gradient, as the transmission voltage is increased, is by using

~ bundle conductors; field intensity on conductor surface is

o reduced and with it.- corona loss & radio interference. ' /

1
[

v N -

' e’ .

Bundled conductors reduce line. reactance and ‘cdrrespéndj.ngly

. increase the line sur?e-imbédmce_ loading.

i‘ * ¢

; Reduction of Line 'lieactance Due to change fromd ) 1‘4 , )
20% . 1 to 2' St;b;bondu;:tors
. ) ‘ . 27% ) - 1 to 3 sui:;conductors
" . '302 : ) 1 t:o 4 subfcpﬁducg:;rs \
) ¥
] .\ . . - : . 1
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NATURAL QUARTER-WAVE AND HALF-WAVE LINES - e

A natural quarter-wavel length conventional over-head line is

f ' B
- . : )

NATURAL QUARTER-WAVE LINE . °

A

about 750 n;iles"léng gt‘ a power frei‘\iency of 60 Hertz. - b »
. - '
.In this range long line theory predictsc, inordinate voltage g
, rises necessitating lapplication of,‘:sheun.t reactors at interva‘ls ,
. a.lc;ng the line. “This can bé seen by considering the uncompen—
- sated line t; be 1bosslgss and studying it under thesdpen-
ciréuitéd condit.ion .anc:_ﬂjj normal energized conditionl. E
Open-Circuit Condition:
Eg Cos Z_%Ti .
whexle N Es; - gending-endl vol;:age, . ‘ S " .,
Epo = open-c“ircui’ﬁ fec;iving‘end vol-tage\ | ? ‘ "
For line lengtgh, s = Nla;. ERo — o0 o | L
and line cﬂargitig‘ requirements Qg — OC )
. ) , o S
Both Terminals Energized ~at Nominal Voltage: ~ '
The vo’1t88e cprofile alopg tl;xe l‘gne under t‘gis 'cdndit‘ion will . ' / N ‘
exhibi:t that the max. voltage véx.'iation occurs at the centre . o
of. téhel line. The magnitude of this voltage-Emid-point depends ) ‘
_upon the line length and displacement angle € between the: ter— . \

minal voltages given by Emid-pt = Cos 8/2

. ’x
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. Both Terminals Eﬁergized.at Nominal Voltage (Cont'd)’ ;
. 7 .-

1
[

To achieve useful and practical operation of lines in the

‘region of a quarter to a half wave lengt\h the ’necessit:;y of

. . -
- o

sfunt reactor application is emphazied by the preceding

i
o« &

-

.

review of long line characteristics. o RN

W J'vc, 7

e

2,

ot S

N A-1 ’ , -
. The Shunt branch, y = . .
: B
. L ‘ , . ) \/ ,

! This admittance can be completely compensated by connécting *

N - o
§

a shunt admittance at each terminal of the line_with a

\ : value of: y = l%é- | © .

For a lossless line less than one half-wave length, this com-

' . . pensating element is an inductive reactance, i.e. a slunt

‘

‘rea,'ctor. This compensation results in A =1 - .°
L L ) _
and RO, 4 .3 .o )
Es R LY . ) ~ Y
. . \ i ‘ , ’\ ’ : . I\
L ) * The teduction of line interval voltages (voltages at .points

" between the line terminals) to practical levels can he ‘ '
- .N ' ‘ '

) ‘ . . accomplished by shunt reactors applied at one or

more points

between the line terminals. With the Iine divided into "N"

S

equal sections and 100% reactor compensation at the terminals

of each section (y =1 - A ) “the voltage magnitude at each

.
. , |
PR } v . . .

\
v .

. ¢
. reactor location will be equal to the sending end voltage under

I'd ‘ ’ i ¢ . ,‘l L . [ v
no-load and open—-circuit conditions, the voltage in the center
4 r 4 :

»

' .
of each section will still be above the reactor terminal voltage

. . .
.

-
\ . »
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P R Both Terminals Energizéd at Nominal Voltage ‘(Coxft d) . |
. v P - . — :
-« ... " butwill exhibit a resultant decrease as the transmission ‘line - «
» 18 sub-divided i mo equal sections, i.e. wif:h increased
. t ‘, ' - .- t .
: o . "N'. It is theréforé possﬂnle to determine the apBroprlate 4
: ‘ 7 numﬁer of line sections required to 11m1t the highest 1nberval
. . 11ne vol%gge.to a.s_pec:foed value. _ )
7 ’ ' O : @ e .
¢ . ’ . . , -
~ v + v . '
. Y The effect of interval (d1str1buted) -shung compensation on the .
' v ! Q & < . ‘ .
: ' real and reactlve power transfer capaﬁlh.tles is g1ven by
- '. ER ES Sia @ - Eg Es Sin 6
P, = B » - ZgSim 2WS , - :
A }4‘. v - . A - . ) .
I . f4E_ E_ Cos 8. - E%: Cos 2ZTs .
T 1 1’ R S . R ! A )
' Q ¢ = Z, Sin27 S . ) )
.oy . ) VAN o ) .
v ° , . : , —
: ¢ s . '
r‘ For "ar completely( shunt compensate§ N—sectlon line, the received :
- real and reactive power equatxons become' ' ‘ .. ‘ - X
' ppipo = EREs sin @ . \ voe o Yo ;
. o i : stin@’;r s . Co ©
. v ) . . N-A ‘ ‘a ’
. - e n | . .
| K . . .
b, ' . | .
BT | E E Cos® - E2 - -
. QR/QP - R R . .
L "N Sin Z 7S, . ’ . :
° N (N s ° v t} ?\ . ‘ ) \;: . ’ . ot
. . L . X . o
¢ Q B o :

where Po, :Qo = —;— y is‘the characteristic power. - -
K o . , o . . .
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4.6.2  NATURAL HALF-WAVE LINE . o o

s

A natural half-wave length conventional over-head tra:_\smiésion

- . line is about 1500 miles long at a power frequency of 60 Hz.,
S K o . or about _iBOd miles long at 50 Hz.. | S . bt
. : Salient Features.of a Half-Waye Line: , .
" "1. For a half-wave lossless, line
) o , A =/D =21, B=C=0 ‘
' I3 -' - A ' ’ ‘ 3 4 :
- + 1i.es a half-wave line presents zero series impedance and .
' zero shunt admittance.g . . : ' —_—
. . 3 . N
. 2.(‘Vrs = ..VR H %x't':remely stable end-voltages
‘ . ! . L]
’ I, =X )
L — 30 v I\* = v 'I* ’ . : g . . 4 ’ » *
. ) 88 . R" R ; no reactive pbwer generation or absorption.
. f . \\\ . .
. : 4. No Ferranti effect when line end is open and possibility of
- . . . self-excitgcion is abstent; under light or no-load conditioi.
., ] o . 4 : e )
, 5. 'Mid-point voltage o< Iy . R R
Mid-point curreat oC Vg - C S ‘ .
to AN , . R -
. N e .
. © \' . i
t v

.« o
- A, 3
. ’ .
o »’ .
& N ;
P . . -
o ’
. e ) ,
: .
3 * ”'
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. Stability. : , ' o . :

Inherent advantage of half-wave line'i; the low angular t

separation betveen the sending-end and’ the receiving-end

voltages under steadyystate conditions. : L

. e

. . ‘ s . .
A N \ 3
v 4 -
. . h .
' . M .

Synchronization: - Loe s

For lines ?- half-wave - length these Tust be et}ergized from

f «

the s%nding-end and synchronism effected at the receiving-end
since the angle of the gending-end machine will be leading the

receiving-end lines by’ = 180°, NG ’

. \ a

LN

.




4.7 TUNED HALF-WAVE LIi‘IES

E Tuned half-vave length’ pover transmission lines constitute of

L
L

artificial lengthening of relatively shorter lines to exploit T

the inherent advantages of a half-wave line.’

This is accomplished by:
.(1) Selection of operat{ng 'frequency; which .i‘nvolves
~ - frequency changers hence is impractical.'

.(2) Parameter compensation; which involves the addition

¥ of tuning banks, Figs. 3 (a), (b) and (c), having -

~ \
(a) series inductors and shunt capacitors, Pi and
T ftype'tuning banks. ‘
’ or- (b) shunt capacitors onlly along the line, rcapacitor )
v . type tuning banks. . . " !
- " The sal‘ient. features and éompar’(i.son qf performance beg{ien the
- Pi, T, and' Ucapacitor type tuning banks are listg.d. below:
('i) iine-épd tuhing banks experience over-voltages whet; load'sv
greater than SIL are transpitted, which’influences in-
- gul;tion level of the end-stat;iqns. . - . -
(.i,i.) éapacitor-tuned Iinel'decrease‘s‘ Zo and hence‘i-’ncreases ) _\’~
. SIL which provides ﬁi‘gher _transmission capacity compared
- 1, ' R with other types of tuned and natural half-wave:lines.
\ /. ) -(ii._ij A Pi‘rx T-tunéd line is more efficient t::han a capacitor’
v ' h tuned line but this is. Lnot_sig’nificant consvider/ing (ii).“
! above. ’
o = |




° . . I
. . :
TUNED HALF~WAVE LINES g _ '
(iv)  Power frequency over-firdltages for line faults for Pi )
' .
’ or T-tuned lines <X capacitor tuned lines. ) .-
(v) A capacitor-tuned line hag a higher transient stability - '
limit. - ‘ : ‘
. \ o (
oo s
'
% i . v
. -
L] l“ ’ \ X
. * o~ -
» ; / t ' "
’ " PR - ) ’ 5 e o
L. N . .
‘ . l' ) . ' '
/7 n’ . . [ . -
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CRITERIA EOR A.C, TRANSMISSION SYSTEM PERFORMANCE

QU

-

The plamu.ng of power transmission system development baslcally

N
-

requires the establishment of the transmission voltage “level,

number of circuits and the conductor size. For this the cri-
t R «

terion must.first be set up on basis of which the alternative -

system confirgurations ‘can be com{gred. _

a
i

P

$

In general t:he following criteria has .been adopted:

i)

(ii)

L0

Volta age Regulatxon

A

(a)

(b)

Line Loading

(a)

(b)

(%

-

Transient Stability

~age or load rejection.

1

+ 5% at all system buses under normal peak and 'light

load conditions. .

«

+ 10% under abnormal conditivons such as on line out-

The éngular spread between any two Iine tgﬁninationh’

should be less than 30° for steady state.stability

considerations.

"1

Theré should be’ sufficient transmission capacity to.

., allow for single ’c':q’t}tingencyl,line outaées anywhere

Y
-

. \in the systein network. e . Z

i
:

The test for sransient stability is a Line-to-Grourd fault

1

©

on a siﬁgle-circuit; with high speed single-p'ole faulﬁvclear-»

ing 'and reclosure, - T . ~ b




.
’ -

v v \\, ‘_ N
CRITERIA FOR A.C. TRANSMISSION SYSTEM PERFORMANCE (Cont'd) - °

(iv) Terminalfzquipmen‘t" Limitations B '

There should be no limitations by terminal equipment,

!

such as circuit breaker. fault interrupting ’capacicies.

v
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(e PR
et L

' 2 ) IR ks
s et f G L R
MRS “Fy SO r R

T ey A TALR A e

it iienii T




6.

.Feasibility Stddies —

-.39_

. OUTLINE OF THE SYSTEM PLANNING PROCESS

I3

.
<

The first -requirement in the planning of -tRe synthesis of future

3

systems is to establish _thé technical

and economic feasilbility

of each of the basic conceptually established alternative long-

*
range ‘development patterns. .

B

s
’

Feasibility is established in terms of:

(i) System voltage control

(ii) Stability

e

°

.

- ;)’ ”
(iii) Cost of additions and modifications to the existing system

in terms of the ayailgbility of money.

’

Hence, repeated steps of, synthesis and analysis of the.pexformance-

r

of the f:ower system, are involved in establishing the broad con~ °

’cepi:ual and feasible aiternatives of the .future system develop~-

ment. .

.




T

Preliminary Evaluation & Selection of Alternatives '

The t:echm'.callyr feasible alternative programs -for s}stem ‘ex=

pansion are compared and evaluated primarily for:

(1) Reliability T ]
(ii) Power-handling ca’pacity'.' : -o g
(iii) Cost and relétive'économic merits.f\ . .

Other considerations that may be given are:
s . ' ~

v

> - susceptibility of plan to variations in assumptions.
~ adaptability of basic plan to changes due to unforseen develop-
v’ ments. ) L.

i ' ) -

* y ) 3 '] 13 0 [ ‘
- di\fferences in right-of-way station site requirements: 1
- construction time’ requirements., -

-~ maintenance needs. e

“, e .
- ease of operation.? T ,
X : ; o
- environmental considetrations (such as .dir & water pollution

.

* .

"restrictions)- / . ' S

’




~

Desigp Studies

Additional planning studies are now undertaken to modify and ‘

o

-

establish design details of the basic 'system development al- ' B

ternatives eg;ablisheg by the preliminary conceptual & feasi-
[ i ‘0

bility studies. .

&
v !

Line Design: Consideration'is given to
’ \
(i)  Insulation in’ lieu of
¢ lightning performance ] ' ' .ov

- switching’surge(bVer-voltages

1

power  frequency over-voltages \‘ .-

(ii) Conductor size & arrangement in lieu of

- quona - b \, . . ,
~—Radio & Audible Noise. ) \
(iii) ‘Tower Design. - o _ \

-y,

The system is'tested by load flow, stability, and short-circuit -

.studies for all alternative design features which would affect

its performance, ' -

N

.Hﬁile the_conceptuQI and feasibility spudiéa of basic alternatives

{ - P ) ¢

assure the best long range patterns of developmenf, the. design © —
” ) . &

studies now adjust the details to assure optimum reliability and

performance of the immediate system in light of the future pro-. hd

gram. . ‘ S ' o
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’ PART II
. ANALYSIS OF INDUCTIVE -
~ SHUNT REACTIVE COMPENSATION
APPLICATION AND PROBLEMS
> ‘ \ . ,
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£ ANALYSIS OF INDUCTIVE SHUNT REACTIVE COMPENSATION
, APPLICATION AND PROBLEMS ' ‘ _ :
.o -" ¢ . ' i ) I >
1. . GENERAL APPLICATIONS , , . - '

¢

Shunt connected inddctive reactors are a technitally and econo-
- mically sound means for.controlling over-voltages and compensa—
- ’ ! '

ting line char:ging requirements.

’

- The specific applications may be classified as follows:

i

@) " Control of capacitive line charging - .

' ~ under ligg load conditions

.
- o

- on-energizing open—ended transmission line;

- counteracting the Ferranti.effect.

.

(2) . Limiting Over-voltages in case of:

- switching surges
- load re’jeétiod; * dynamic po’ive/v frequency over-voltages

- harmonics due to ferro-resonance such as transformer

° »

. . . '3 .~
’ . / saturation. : i oo T

-

> . -

v ~ . ’




’ A ’ b B

‘ '

LOCATION

©

[

. Shunt Reactors may be located:

/(rw:w-’t» RSP % S

- on( tertiaryl of E.H.V. transformers, ) .S g
or conn cﬁec% directly to the line, E.H.V. . *P, L
or L.V. bus. ' - \
B S o ’ : oo ' '
Relative mérits of E(H.V. Vs Tertiary Reactors )
'a)? Size: E.H.V. reactors can have large ratings .whet eas the .
v Tertiary connected reactors are‘ limite)d to the ) ;
gize of the respective transformers. ‘
g " . I N ¢ \‘, |
b) Switching: the cost of E.H.V. circuit bteaker will no mally :
B . . prohib{t switching facili,tiesﬁ\ on"an E.HV \reactor.’ .

W . .

» L
-
. €




] T ' .
| .. 3. PROBLEYS C ‘ =3 |
3.1 Stray—Flux ) C :

' Unlike neutral grounding reactors, these operate at high flux ’ -

s densities at all times. ‘This high straggth magnetic field tan’
. . Lot ' )
’ . T . cqﬁsé circulating current and hysteresis loss in any magnetic .. .

. \ material within the stray .field, including reé-inforcing steel

) 4 in concrete.’ ) { ‘
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Swn:cfun& Surges
~ The most 'severe sw:.tchm%..surge oﬁ-a ttansmis’s“i.on line will be’
' a‘ ¢
generated by high speed- re—closmg t:hat: occurs before the energy
0. ’ v 3 - N

t apped m the line capacxtanca has dlscharged. The trapged »

charge and the shunt reactor will set up alternatmg voltage of

large magnitude within the tid®@~gf2normal high ‘speed reclosure.
- . 1
ro vt q': ,," q )
Citcuit breakers with ip;e-i’nsertion resistors- resistapce in-
. oo [ - P ¢
serted in J:he'&losing’ stroke~will sufficiénr.ly sup‘QteSa the‘

r

sthdhmg surges it reclosmg is delw unt:.l the AC. voita’ge

9 * T
on: the line ha?‘decay,ed to 90%. ® o » _
P

s M )
v -

For t'he Hydron—Que,b'ec's 735, kV line use of. cloé’ing ‘registors in

the c1rcu1t breakers has enabled level of sthchmg surges to_

‘ ’ . e ’
Sy

‘be reduc-ed to 2. 0 p.,n., fromﬁz L p.u.. This 'in turn ha@ made it

.

?plble to lawe‘r the 11n®tlon le\iel»_and censequentiy the

L]

number of ing ators from 35 t% 33 and the distance between coh-j-
. o ,
.du’ctqrs‘and metallic gtructurés 5.6=to 5.1’ metres,

L]
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RESONANCE P ]
. P C / v ;a
. . onm & "
_ ¢ [{ . .
‘ 9
. ’ SHUNT
. E| 1 REACTOR EL
’ EC‘I ~T~ Co+ Co m ’
’ L v q )
- ‘@“‘. ‘.J‘ el bt -
-]

i = Phase to ground
voltage of ener:'gize'd circhit

@
-

= Phase to- ground vdltage at the Shunt Reac&o/
.

- o 3 .rw'.'
Cy = +ve/seq. self*c'gpacitance of energized circuit.

7 {
-
Co m = mutual cap. between +ve seq. of the energlzed;c1rcu1t
u-qr .

3
b N . .
) £ - [

and zero éeq. of de-energized c1rcu1t.
. ‘ ’

-

c".’
Y

= Zero 8eq. self-cap. of de-energlzed clrcult.

-
—

o /
1'. 006 - 0.7

. e , For E.H.V, hlinesu CO/C ,
»  Hence E H. V. reacﬁnqs compensation’ of 60-70% of posxtxve seq.
A
line charglng will be b\?y close to .a 1ine-to-ground (or
zero seq ) par lel resonatce condition. i n

s when the line to which they are connected is, de-energized.

- :right ~6f-way or the same towers can ‘experaence high %voltagea
e S

E/H.V. reactors connected to parallel lines either on the same
1
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. ¢ .\' ¢ ' N i ’
Ld . £ Il , ’.
Very high resonant -volt‘ages” can develop on Hov.
n ! ! . ’ B h ‘ :
circuit with 1ine-to-gro§md shunt reactors built pardlleling
N another E.H.V. or H.V. energized line. .The difficu ems
y . ‘ fronfselecting reactors whose reactance matches line-charging =
' , reactanceﬂat or near power frequency, in which case the adja- .
: L )
cent engrgized circuit merely provides excitation energy for
. o ' . !
) the reactor compensated E.H.V. resonant path. )
X single ‘¥ine-to-ground"fault on- the H.V. circuit will cause
' . @ sharp voltage rise on the isolated E.H.V. circuit. - ! ,
LS / ~
. o . . 1
] T Corrective Altegnatives . - -
. o a). Complete trfnsposition of the circuitsy
, - L K o .
- ! b) 'ﬁ
. )
' : - Y ) ' ¢ & -
’ 4 . ' )
'.’ . . "
Lo . - - L ',J.
’ ! ’ ’ hd . . fe
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Ferro-resonance/Harmonic Voltages

7

[

If voltages exceed thk hatu:ation‘vdltage of traﬁsformers'or

reactors, they can introduce harmonic voltages which tend to

peak at criticalndistances along the .line, and can, if the

reactors are non-linear cause ferro-resonance.
. i : “ Q




_ Shunt reactors when permanently connected, Timit the capacity ' Q\

Limitation of Transmission Capacity ‘ * -

\ . - -

of the %%rquitp, as they reduce the surge impeddnce loading.
N , S, , :

-

The advantages to be obtained by incogporating‘switching of -]

shunt capacitors and/or switching out of Reactor banks could

4 E]

e . - A . a Gos o
lead to switching surge and load rejection problems.. Switching *

of large banks of either reactors or capacitors is henceé'a _

-

rathef crude method to control the‘voléagé;

[

L [4] "
. . . 2 .
’

The fixed shunt reactive devices could be replaced by a synchro= o ’ v

noui:ﬁondenser or even by a static compensatof composed of ‘a )
‘¢ , N ‘e - . "’ ’ 1
saturable reactor, filters and shunt capacitors.

e

The optimal solution of the' combined voltage, stability and j

switching problems is more 1ikélg~g_pombidhtioh of all the ele-
. , . » .

o . - o
ments degcribed above depending on’their location and function R
I . e - .

in the gystem, . o ' A ,
° . ‘ . M , 3 . - ‘
- - ’ ‘ M - ~(\ ‘
|
|
|
|

. . - e el ..
‘Field Cests'have‘Hemopst;aced that circuit breaker inmsertion

resistors and shunt reactors are the two most important means

r ’ (Y o
’

of .reducing switching ov?%-voltages. ) : —_—
In addition, inserting resisters in reactor neutrals before re-
closing can reduce switching overng}tages to the level of ini-
tial energization. &, . : . s

-t . Y 14 i L i
» . , [

——.
.

I - e
.
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4, STATIC REACTIVE ENERGY COMPENSATION . . )
- ' J . M .
As opposed to the use-of Synchronous Condensers for reactive
‘ g energy compensaftion in. a power system there is tiore interest o .
in the use of relatjvely more economic static' shunt reactive:
deviced of the type described below, section .4.1 and, 4.2.
3 - . . ;
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4.1 The Non-Linear A.C. *Saturable and Self Saturated Shunt Reactors
. e . ’ Y ) - .
Unlike lineaa\é}r-cored or gapped reafors the non-linear re-

actor a- dlosed magnetic core, similar to a transformer

without its secondary winding.

v
The non-linear reactor can' either be forced into .saturation by
. , ¢ [ ) .
. - energizing a d.c. winding on‘jts magnetic core, the a.c. satur-

v ‘ f .~

able reactor, or as in the case of -the a.c. self saturated re-

r

actor, held in saturatxon by operatlon at a voltage correspond—~

B y s \

1ng to a flux den81ty beyond the saturation level of -the iron
‘..core. . .

The ideal voltage-cﬁrrent relationship for thesé two voltage

control devices is shown in Fiéures 4" (a) and 4 (b). ’L

.

-

O - , ) ) '
Saturable reactors can in, principle, provide the qgactive,p%wer~
L ! o f ¥
= compensation reéquired to control power frequency voltage rises, i/
while in normal steady-state operation they do not absorb an
an excessive amount of-rea%tive power. _Excessivi.:eactive -
.Y. - . L
’ , power consumptlon by a shunt reactor results in an increase ®

.

in losses and the p0331b1e need for add1t10na1 capacltlve

.
. .

4 ]

boostlng. ) . .
s . 3

.

] . - = .

Saturable and self saturated reactors in addltlon to reducxng

power frequency over voltages can also be Lnstrumental in te-

'

ry ' s . )

. K




4.1

a'!

4,1.1

The Non-Linear'A.C.'

Saturable énd’Self Saturated

. Shunt Reactors (Cont'd) : .,

foe

ducing switching surge overvoltages.for the fqlldwing tgasonsi

a)

V4

b))’

d)

Harmonic Filtering & Dampipg ° \\

Vi

‘breakers,

z

they are instrumental in reducing the power frequency

component of the switching transient,

they offer a finite imﬁedance/to travelling waves at

the receiving end of an open-ended line thus lowering
the_géflection ééeffiqignt. ' . , .

re-energization switching transiendts are substantially ’.

reduced since the reactors provide a path for the dééay

» PR : 4

" of the trapped charge. ' »

ghunt reactors allow a. higher value of pre—insertion

‘e '- 3 . \ “o Jt
resistance and insertion time for multi-stage closing
‘They also increase the overvoltage reducing

effect of the pre-insertion resistors.

If a sinucoidal voltage is impressed at the terminals of a

4 . * B
non-linear device, such as the saturated reactor, it draws a

current from the supply which contains harmonics.

s




A K "
. ¢, ’ ! -
Harmonic Filtering & Ddepi (Cont'd) .

The ,predomin#ngl,y' low and medium order harmonics can be eliminated

for all ballnced 3-phase systems by 'the ‘use 'of pc;lyphae\e mlti-

cdreArea‘ctors, such as the English Electric's Treble-Tripler

7’ -

gaturated reactor. . ‘ .

Y
7/

%The Shuﬁt Reactor Transformer developed by Brown Boveri consists
of a non-linear shunt reactor with a secondary delta-connected
LV-winding. ] ' T oLt

With the LV-winding unlbaded this provi:'les thessame static

~

"characteristic as a non-linear shunt reactor and due to the *

. . N
delta connection of the LV-winding the harmonic content é{ . <

v

the primary current is reduced. L
Osciﬁions at harmonics or sub-harmonics of power system

frequency can occur if” machines or tramsformers saturate in
- . . r -,
the presence of shunt or series capacitors. By the use of

selective damping cifcuits this phenomenon can be prevented .
, ) : . :
} . ° ] -
witheut producing appreciable power losses. -

-

.

-
.

. AR 4
v . . ' .

Major Applications r - ’ Cy ‘
. ‘ , "
.« The major applications of the Non-Linear Reactor are as below.. -
. In the series-connected mode:
' 4 ' ‘ . .9 . C : ¢




* : Co 4.1.2 Major Application (Cont'd) L y . ‘ . - . )

(i) ‘Short-circuit limiting couplings.

In the -shunt—connected mode: k

(i) Light flicker and voltage dip“@’eductym'(indu.dtrial‘“

_ installations, / . e

. P * -
- .
e

: (ii) Static frequency multiplication as used particularly

s

for induction furnace supplies.
fy

(iii) Power angle and voltage stabilization of A.C. transmission

\ . * ’

lines. . . ‘




The Static -Shunt Compensator

A static shunt compensator cpnsistiLg of a combination of shunt,,
. ! -

o -

non-linear reactors,.qhunt capacitors, harmonic damping and -
stabilizing filters yields a method of voltage stabilization
whicﬁ has an inherently high speed of résponse to system load

v changes ané is ;lsq capable of giving the desired control for

raising the stability limits of very long transmission lines

N [

v

', .+ with very little variation of line voltage betwez: maximum and

* minimum transmittedy load. ‘ .

b ¢
o

4.2.1 ° Voltage Stabilization

-

" A typical form of a static shunt compensator used for voltage sta-
bilization is shown in Fig. 5 .(a), consisting of a saturated
reactor and an associated shunt (boosting) capacitor together with .

]
L

a series (slope compensating) capagitbr. Fig. 5 .(b) gives the °

voltage-current characteristic of this device. ’ . <

. The capaditorg introduced in series with the saturated reactor can
! .

reduce the apparent slope reactance of the saturated reaetor to :

. T ) ’

almost any arbitrary level and may even compensate the effect of

.. . external series reactances up to certain points in the system at
k7 ¢

which the maintenance of constant vbltage is compatible with other

considerations such as ‘over load margins and the need to avaid.. _ .
’ . ' [— . L v .y,
harmonic instabilities. A saturated reactor with series capacitor - -

o

. éan'keep the voltage practically constant provided the: frequency

N
¥

of the system remains corstant. = T : B
. . o A :

I‘ y , g




v

-

P

4.2,2 * Power Ang’le Stabilization '

4

.

The ideal load for a long transmission line is its surge impe-

. dance load, The effect of adding an automatically adjusting
— .

voltage stabilizer can be expressed as a change of the average

line surge impedance power to correspond to the transmitted .

il
¢

’ , power, ]
¥ ) R ,
‘Fig; 6 illusetrajdés an example of conditions td be expected.
. - e e . o .
o . on a very long EHV line with voitage stabilization at two in-
e termediate points. The action oftA.V.R.'s on éhe‘ gengrators'

-

at each end of the line is assumed to maintain a constant voltage

e - behind tl;‘asnsient reactance. )

o
\ /‘/
P

i _ Fig. 6 (b) gives the voltage/ﬁVAR characteristics of the sa~
turate;i r‘eact,otv,voltagevstabilizers of the type c{esc;:ibed in °
section 4.2.1°above., The chatacéeristics'are with reference to
the.line v’olt:ﬁge and a finite slpy;e of f’ne operating rannge of"

- . the t:hai;aéteristic; due to the leakage reactance of both the
-‘ . ‘ i r " ,
saturating reactor and the coupling transformer, is assumed.
. 6 N % >, . ! N
. ‘ i~ ‘ iy
“ Fig.” 6 (c) shows the poyer-angle chatactgtistic of the trans-

N

. mission line with shunt stabilization of this type.. This is
; : 4

L . 9 . L. o od
compared with the power-angle characteristic’ of a sinilar tra¥-. .
4 K ’ i - T

dn | o : \
mission line without -stabilizers. There is an advantageous ', - . ¢
. . . ' .. P - o

shift (to the right hand si’def of the maximum of -the powérféngle o
o 2  curve défining the steady state stability iimit. : '
e . 9 v

b | v . . - ! s ]
. R . . .

» . '~ - -
L. . . . .. .
J - - . v ' -
; . '
/ - - . e N o ! -
’ ¢ N .
2 . . 4 Y

L)

i .
\ , e N
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o , : ’ '
) 4.2.2 Power Angle Stabilization (Cont'd)

' Assuming that the stabilizers can hold fhe voltaéé'méﬁsthnt
4 - - 2 \ ©
irrespective of load the stability limit will.be reached if
“ - * - 4

the phase angle across any section of the line reaches 90°

L]

\)

" (neglecting the loss angle of the line).’ i§\ .

\ r

R
i

Fig; 6 (d) illustrates the reactor phase angles of the line

at .the steady state power limit of transmission which (assuming ‘

sufficient capacitive MVAR capacity ﬁro@-the stabilizers) cor- *
responds to an overall phase :angle between voltage sources of

aLouc'l?So. For ‘th s ‘condition, the éhqse angie between the
stabili;ing stationq is only about 4S°, the power limitibeing" :
reaéhéd’when the phase anglé bet;gen.eiéher voltage sohrce‘and

its adjaceﬁt ;t;;ilizing station heéqmes 650,; ’ o .

i ’

[

N ) ' £ 3 .' ’ L] . ’ !
Hence, the slope voltage vdriation at the stabilizers should be‘ ,
. . i N ©

.

the minimum possible, and ghe-Lhoice of stabilizer distribution ’

’

*  should as«fgg'gs péssible give equal-maximum phage angles between

voltage supported points, v s
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'Linear Vs an-Lineat ‘Static Compensation - - ‘
. ¢ .
"In ‘the linear scheme, the natural shunt capac;.tance of the line

N
is almost completely c0mpensated by linear shunt reactors to

prevent excessive over-\mlt:ages due ‘to sudden loss of load. The
R .

o .
.aéries inductance of the line-is partially compensated by series L

capacitofs to keep r:he ?vgr.all' power angle d-ownh to an gccepfablé
value. ’ o .
) ' ’ © ,
In .the non-iinear.scheme the satu'rated reactors- absorb thé ca- g
pactlve reactive power of the line at hg'ht loads, but release -
. 4.
thxs reactxve powér to compensate the line voltage 1s achxeved

' along the line and the power-angle curve for the non-linear:

- . 7 oa . ! 3\ . - . [3
With increased shunt capacitance an overzll transient traismission,

L4

'pensdtion has been recognized as the.only conceivable solutiom. -
) H

. " ~ ’
scheme .takes a linear form. . : . ’ e .

L3
LI ' . .
v M ’ Y

The difference in capacitive reactive power. requirement.in favour

. ° . ~
N r

.

of the non-linear compensated line, can allow saturated reactors . -

- Pl

to,be appreciably more expensive than linear reactors, and yet

't:l_le'nén-:linear scheme to be economically competiti.)'re.
- - ! N .

" compensation, into a region where, .in the past, synchronous com-
3 ) . ‘

3

’ et - - -
- « ’ . D
angle of 180% would not represent a power-angle stabilityd:'imib.

. - .
; -

~

The non-linear schemé 'is therefore ¢apable F;f .extending the power

capacity of A.C, tra.n_smissiorf lines’ beyond that of linear static .

-r

<

- v

T - . . . . . ’ ‘




Synchromus Condenser Vs Non-Lqu_ear Stqtlc Compensatot
N <o a N o
.In thxb applicat{on the non-hnear static compensaﬁor hss several
]
Y 'a vant:ages_;over synchronous compens\atklon;

\- . . . \ C A
~d,\9 v . : . .

n . !' B

T (1) MaJor port:x.on of the reactive power range requtred for

suxta’ble compensatlon for tc \transmssmn lines-is 1aggmg

- - g
-, o

"(inductive absorbing). Synchronous condenser- desl.gns in-

.

ends towagds a ree,cuve power’ range whlch is -

. . . & .
fding (generating) and only 173\;la§ging (dbsorbing),

\ wh"ich may be oveii':)ine ‘by using.a combination' of linear

shunt: greactors and synchronous condensers.’ )
. - e v
. v Lo« 3 . - I N

.

-
7

(11)' Energising of‘l'ines is n mai:ter of first syitching in the

~

“/;eactors and then swltchmg in tf'he 11ne. Whereas,‘ for
. ‘4

N the Synchronous condenser runm.ng up -and synch;\onxzxng

. ToT T T o s

_pfoced'ures are ;equxted. N .-
IR 8§ . * - B

o - - .

(iii) The 1ntema1 reactance of the sa:prated ceactor is on1y

. o

" about half of that of the&ynchronéus condenser (e.g.
% \
X = 15% ff:r saturated ‘reactot’ compared wlth ‘“X'dﬂ - 302

N
‘e -

for synchronous condensers)

e P o » »

o ~ . e w ! -

:,

(1v) The mtemal (Leakage) react:ance of the saturated teactor

» - » N 4 *

can be vu‘tually compensated ?ut (slope compensat:.on t
¢

give an OVerall ngld flat volta.ge:bontrol.

(v). Just as & ansformer', the se'r.nrr‘ated reactor compensator
' ' . J L « ot ' ,y 5 T .'
does not require the degree of maintenance.asgociated

4

.+ with synchronous condensers. .
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* DESIGN/PROCESS FOR BLANNING ° .
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DESIGN PROCESS FOR PLANNING LN
SHUNT REACTIVE REQUIREMENTS :

PRELIMINARY DESIGN PROCESS :

Given the problem of plqnning and design of the extenéion fa
\ .. .

power system to’incorporat’e the transfer-of bulk power ovex

-

. very long distances at EHV and UHV levels it_' is first necessary

to’ e‘stablist} thf transmissiofx vdltaée' level, ‘the number of re- -

t

-

quired circuits and the network-qonfiguratipnﬁaltemétives.

‘With the criterion of 30° angular spread acrosg sections of the

system with voltage suppgrt’ at either end, use can be made of

¥ ..
’ - .

. A : ‘
the transmission ‘capatity curves per. Fig. 2 - ., The ap;)ro-
xihate transmission capability can also be found in terms of
surge-impedance loading per Fig: . 1 'ﬁ ’ . Frqm a co-relation

‘of the above with.the desired réeliability criteriom\such as

- s

single contingency line or generator outage ‘the trangmission

network configuration alternatives can, be selected as a first °
. * . ' . .
approximation, This establishes a starting point for design; .-

&

. . —_—

.-which can then be successively refined. . ' .

Theg flow chart for this preliminary selection of voltage levels,

and the corresponding number of citchits is shown in Fig. 7 .-

§
H

. _.This takes into account the right-of-way requireménts and the

.

. capital cost per cir¢eit in determining ttf minimum total cost
. S S Q" ) ’
" alternatives. v ’ / )
' o o . : . - £ -
- . » - .
o /} 4 ) . . . . - T"/ . ~ R
The next phase in the design prdcess ‘for.the fin# selection of.
; - ) b <

e v -

K . . T V. . o! . .8 <
- ¢onductor size and degreg. of shunt compgnsation 1;\3 outlined 'in .
. - ’ N .

, . . !
the flow chart given in Fig. 8. : s ‘
7 L .oy

A
., P y
4 T . o . 2

. L
- - - . wd
L - . . . .

- ) ! . r
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PRELIMINARY DESIGN PROCESS (Cont'd) - . o

The first step involves the ipsulation ,design of .the proposed

v
- [

line. L, T ’ ‘ - ) ~ ¢

Lo

< .

e ' N
The line insulation design %} developed using a'computer program
which determines the number 'of insulators tequired peér string

N

and the minimum conductor-to-steel clearance, and calculates

the expected flash:over rates from s&itcﬁing-qurge and dyﬁamié

over-voltage levels.,, The switching-surge over-voltages are’ .
. * . £

L}

determined with the help of a transient ovér-@gltage computer

programme. This computes’ the over~voltage on energization- or

re-energization of the transmission line in the system network
7 o B - ‘
utilizing the parameters of the proposed line. -

. A &

_The dynamic over-voltages are computed from load rejedtion studies.

-
.
|

Particiular ‘attention must be paid to temporary’ (dynamic) oVei—

voltdhqg at UHY.'wpere.the‘probabilis}jc method is- applied. to

external .insulation. - e .

N

o b

&

.. L

Lightning flash-over rates’ for specified values of structure =~ °

»

footing resistance are also calculated.
The next btép is to utilize a field strength,programme‘which
‘. < v . T : . °

computes the  surface voltage gradient for the ‘given line cgpducpér

configuration and the correspdénding Corona) loss, radio inter-

ference and audible noise levels. . T "
. ) .

Next a parallel series: of studies are performed. 1In one.series -
N . ., A , [

the degree and planﬁlﬁg of_. shunt cqmbensation for acceptable

o

2

. performance of the system is determined for the different conductor

.
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PRELIMINARY DESIGN PROCESS (Cont'd)

configurahions and  sizes. In the other parallel series studies

are carried out.for the tower requirements and associated costs.,-

. ) \ .’
’ . + ’ . . . . - . .)
From both the parallel series.of studies the total annual ‘
charges are computed and a gradient method can be utilized for
. minimiéing‘this total cost, ’ ook

il




LINEAR PROGRAMMING FOR PLANNING REACTIVE REQUIREMENTS ‘} '
- B

n

The step for determlnlng the opt1mum degree of shunt compensat1on
1 :
in the.complete design process, as per the flow chatt(ﬁf Figdre v

© 7 can be based upon the use of sensitivity parameters and/
of linear programming. - ‘

., 2

‘The optimizatiop is carried out in: terms of minimizing the re-
: . @ <4 ’

quirements of the total installed reactive (MVAR) capacity and
tits aLlocatlon under boﬁh normal and contlngency conditions
postulated for the-system under study to sat1sfy constra1ned

system voltage condltlons and other cr1ter1a for prdper system L e
performance. R ' . . - o A -
f . ¥
- . . *
The usual method of'solving such a problem with simply the AC

load £low digital computer program is’that'of'"qutlandf%ry",'a ]

non-linear iterative technique dependant on engineering judge*
ment. oo ) . o SV

« . - -
.

- - "I'l'x,i,s‘}can' be im;fz:ove& _upon by the combined use of ligr pro- P

woT
we

- gramming methéds'and,thi/ﬁgn—lineap AC{load flow pfogramme

W

N

,éogputation as outlined in- the flow chart per Fig. 8.°

Thfs umthod 13 based 'on the approxxmat1on that for relatxvély .
f small changes, the change in bus voltage magnztude fo&na change

in MVAR requirement is glven by ' R - f

’ » ‘ A
i ’ ..
‘< LN .
AEL =02 Xy AQ
A} i .
* 1
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* s “a /
: » . «
Py . v ] ‘
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: 2, - LINEAR PROGRAMMING FOR PLANNING REACTIVE REQUEREMENTS: (Cont'd)

vhere . A Ei is the per.unit change in bus voltage meénitudec

’ at bus i; ‘

. ; ‘ * L ’
. ’ - T -
& ) , N

. Xij.is the bus reactance matrix element; : . -

% . . . - ‘ ’ ’

. -

Q) is the change in MVAR generation’(or requitepent)

ﬁ“- - . . at bus j. . . ( o . "

'7»' , -,, ‘ .'g . - —~—
) E - : e |
’ ) The obJectlve function chosen for minimization is . . |
C T Zagy . -

‘/ . . - ) - o

‘ /) ‘ ’ t subjgct to constra1nts o . € . . ) ) |
v, ‘ . .

. _ ) ] L] . .
L : (i) AEi Z. X-f- A Q- , for all netmork ]
. < L - ) . i | - ‘
| - . : P .conditions '
i T . . ‘ : . ’ ’ *
’ : and_ ‘ o° .
N A ! . . : . - - . N - .
' (K] - - . D., . . - B . . .y . X
S oG A =00 L P , ,
A ’ . o - _ , . o .
P . where * / . . S -
g e L ' e - . ;
o L’ . C e . ’ 2 ' ) .
: o e .1 ranges over all buses of concefn and . - -
») . ) . , / :e
° ’ i rangea over aIl buses where MVAR reactlve addxtxons may be maden .
. . .. nl
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‘ . NULDER AND STZEOF  SURGE _ CHARGING
. . LMME  ACSRCONDUCTORS WPEDANCE MVA PER
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