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“interaction Qf electrical and mecharical criteria on the behaviour of ‘

\ the bundles conductors are discussed.

' most common]y used today are presented. . ‘ - ' o .

-NBSTRACT e

DESIGN CONSIDERATIONS FOR EXTRA HIGH VOLTAGE LT
.. TRANSMISSION SYSTEMS . =~ -© . .. .

.
P i it

e

‘Georée StathopouIOg_

- 1 .’

Th1s major report discusses the main cons1derat1ons emponed - . ; ¥
_in des1gn1ng any extra-high-voltage transm1ss1on system. ‘
- The voltage control prob]em along w1th ser1es and shunt com-
pensat1on assoc1ated with any a c. system have been analyzed in steady-
state and tranSTent conditions. : -~
. ' The design process for determining the stabi]ity'of an ‘extra-
h]gh voItage network in steady-state and trans1ent state is 1nvest1gated‘ ‘ | i

through the use of a d1g1ta1 computer ,'»' _ | F .

~ The dielec ric strength of externa] 1nsu1at1on along with the A |

-

A]so some of the more 1mportant factors enter1ng into substa—

tign des1gn w1th substat1on s1ngIe 11ne diagrams which conform to those B

¥
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‘ of view.

CHAPTER '1

r

‘INTRODUCTION 5

s )

The present report is about various design methods which influ-

| S

- . . -

The voltage control prob]em assoc1ated with any a.c. transm1s— —

's1on system has been greatly amplified w1th the introduction, of extra- h1gh-
vo1tage.networks. Ana1ys1s is performed to show the need for good vo]tage
contro1 in either the steady-state or transient conditions. In this report'
on1 the system aspect of voltage controT is 1ntroduced Permanent]y.con-
-nected shunt reactors are needed to Timit overvo1tages,due to load reJect1on
iand to absorb react1ge power under light-load cond1t1unsf The sw1¢cn1ng
.’of.large capacitor banks of reactors into a netnork may not be sqfficient'
to keep the system vo]tage w1th1n acceptable 11m1ts For,large'variations
of power, the two stat1c dev1ces can be replaced by a synchronous compensa-
tor which will help the lines to stay 10nger»nn:sery1ce._

‘ " Many methods can be used to improne the qperasfog characteristics
of 1ong'transmission circuits. The mestipromising ene is-the Tine reactance

‘-compensat1on by means of ser1es capac1tors "The choice-of switching N

arrangement depends on the re]at1ve advantages from the stab111ty point

Ext.a—ﬁigh-Vo]tage a.c. Jevels of 500 kﬁ, 735 kY, are a1read&

[}

-1 -



in operatibn The transm1ss1on Capac1ty per ling increases in slightly

9 eater proport1on than the square of the voltage, the opt1mum 11ne load-

_-.r-

1ng be1ng related to 1ts surge impedance Toading. " N

~

Te 1mproye ‘the stability of a system it is more effective to use '

the methods as'f0110w5' T o o ° -

aj To 1nsta11 1ntermed1ate sw;tch1ng stations

“b) To 1nsta]1 synchronous compensators and stat1c react1ve comp«
enSators on the 1ntenne@1ate stations, and

e) by decreasing the line reactaﬁce'using series capagitors and
bundled conductors. - T ' - : e
For the des1gn of the extra h1gh voitage system analyt1ca1 studies,

arejperformed using a digi computer, in order to get in cons1derat1on .
. the best circuit.. Importa:zieed cerefu].cons1derat1on is given to the
B system pefformances, priovity to the stebiiity during and after differeat
| faults. The compU%ér.program tests for stebility the1735-kvlsystem withr

- ’ - o :
and w1thout compensat1on _Also it tests the transmission line stability -

R

under severe cond1t1ons of an infinite bus as wel] as the tran51ent stab111ty
for a three-phase-bus.fau1t and for a 11ee-to;11ne fault on one c1rcu1t' /
near’ the generat1on stat1on . g | |

In high voltage lires the: pr1nc1pa1 e]ectr1c stresses come from
‘externa1‘overvo1tages, for.examp]e, lightning. In the extra-h1gh-v01tage
“range the'internal overvbltages (particularly switching-surge overvoltages)
present‘phe'most difficult stresses to'withstandv To ﬁithstend a given
. switching overvoltage'the air cleaeances must be disproportiona]]y-jncreased,i

]

e o . ' - o , . .
and more effective control is required. One way of reducing switching over-



" B ~

. -3 - ' .
- ' L
L
.
'

"*ﬁo1tgqg& is'to’inserg\ETEE?;;’;ésistors in the circuit breakers. -Other
ways conSidéred are: - a) shunt compensation

' -b) relay protection -

c) shunting of series capacitors, and

e ﬂf d) by using surge arresters,

[ - .

The. 1ncreased use of transm1ss1on 11nes over long, d1stances, brings in many
comp11cat10ns, such as vo]tage regu]atxon stability and 1ine insulation.
Bundle conductors are used at extra-high-voltage, levels to m1n1m12e corona
and radio ;;tqrference. Corona is a cause of power loss as well as radio
and television interference. Bundle conductors reduce.line reactance, thefe-i
fore incréasing the capacity‘of the line. Its affects are on tower loadings,
real losses and corona loss. Thermal capacity and Josses are the main
factors influencing the choice of conductors. .The mechanical aspects of
bundle conductors also influence the_choice'of conductor: '

The exper{ence of public Ut11itiegﬁin the last decades has shown
%hat the use of voltages in the exfra-high—voltage range, creates neﬁ
elctrical constrains in the choice of a conductor bundle. The normal solu-
tioﬁs of these constraints have often degengﬁated'into unacceptab]e mech-
anical burdens on the structurés, thereby qucing the_1ine desﬁgnérs to
establish a ﬁhch closer ééordiﬁgtion between the electrical and’mechanical
aspects of transmission 1ine§. ’

The adoption of bundled conductors introduce; some mechanical
d1sadvantages with respect to the equivalent singie condictor. Line fit-
tings. are more comp11cated, ice loading is re]at1ve1y higher and the dyna- -

mic behaviour of the bundle conductor, 1ntroduced another source of con-

cern for mechanical engineers.



.: - _a -
’ V - ’ - v . ‘ ’ 9 1 ‘ i
-y In this project, some of the more 1mp0ﬁtant factors entering into

substqtion désign'and_a few.variety of substagion sﬁngle-line diagrams
which conform. to the most common]y used are breéented, These iay-outs \f

',are.forglérge out-dqor bulk power'substatiqns rated 115 KV and higher. -
éa;h ;f these arrangémehts must be carefu]iy eva]datg& to determine its

switchability for any particular location.

< '



CHAPTER 2 ~

VOLTAGE CONTROL

~
4

In,tbg porma] operation of a systeﬁ, thg power transmitted on
a netwo?k:varies w{th the load demand. This variation of power brings
about voltage fiuctuqtions causeﬁ by the variation of current through the
-1ine and transformerfreactances. The voitage cdn be maintained within

reasonable limits by well ﬁistributéd reactive power sources, while the

transformer tapé-and excitation system of the generators will automatically
- 1 » '

‘adjust to the new conditions. The reactive component of loads is supplied °

by reactive power éoufces, such as capacitor banks. These capacitor banks
are installed as néar'the loads as possible.

jhe vo?tage control problem in anrextra—high~voltage System is
amplified by the fact that transmission lines are highly capacitive elements.
During light-load conditions, that is, when the powér.transmitted is well
below the surge impedance loading (SIL) of each line, a large amount of
reactive power is produced, requiring the additién’of shhht reactors. When
the power trénshitted_is‘increased up to the surgé impedance loading of
each line it would be advantageous to remove these reactors in order to

N - ) - - « 3 . ‘ v
compensate the line reactive loss by the capacitive effects of the line.

-
-~

In the case of load rejection on an extraJhigh-vo1tageﬁnetwork,

‘overvoltages occur and then permanently connected shunt reactors are

L]

-5 -



1ight- Ioad conditions. System p]anners have 'to cons1der the ways-td take—

: fuI] advantage of hlgh vo]tage transmission 11nes and 11m1t the excessive

2.1 TRANSIENT CONDITIONS

‘derivative of load angle variation) and is called the dawping torque.

, :
. . .
. !
S .
. . . . :
. . !
1 . . . . i
. PR . 4
:
.

neaded to limit thgse'overvo1taqes’and to absorb reactive poﬂer under

+ -
R .
!

overvo]tages.
The use. of safurab]e reactors that absorb very Tittle reatttye =
power at nominal VO1tag%} seems to be a first step in the right direction,
as shown in Fig. 2 [1]. e |
The switching of either capacitor banks_or-reactbrs,into a ne£-
work, may qpt be sﬁffjcieat to keep the system voltage w{thin abceptable
]imits.' In the case of ‘large variation of power transmitted, line sections .
will have to be switched causing voitage fluctuatiops. These voltage - - .
fluctuations can‘be;]imited by using synchronous compensators which wi]ﬁ"'
help the lines to stay Tonger in service and would be possible ao aave an ,

automatic system that would switch capacitors or reactor banks as directed

by the absorption or production of reactive poWer‘by these .compensators. ; ' <:

The braking torque electrically developed inside a generator
when its rotor swings away from the average speed of the system can be

resolved in two componenté. One is in phase with the speed, error (first

The other is in time phase with the rotor load angle change and is called
the synchroniziné torque.’ Agtua1]y, most extra-high-voltage transmission
systems hate sufficient synchronizing torque to withstand a fault; but

the loss of a line fo]Howing the fault results in a big voltage problem.’

The loss of a 1ine neans the 1035 of a large amount of reactive power.

Ceaer
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Therefore, tne maﬁq concern 15 to prevent‘a general voltage co]lapse

j:f after} severe'd1sturbance To stab111ze a network the system vo1tage

-

shouﬂd be restored rather than to thcrease the.synchron1z1ng_tqrque by

¥

addlng,more Tines into the system.

Stud1es have been made for many years which show the effectqve-

ness of good’ voltage control in an extra -high-volitage network. Hydro '

Quebec s first 735 kV system was composed of 3 lines from Manicougan to

Montreal -for the transmission of 5000 M, as'shown in Fig. 2.1 [2].
generators are equ1pped with static excitation systems to maintein énergy‘

foTIowlng a fault. With the advent of Churchill Fa]]s, 1ocated some 648

., km further than Man1cougan, stab1]1z1ng signals were 1nserted in a1]

machines at Manic-Qutardes and Church1lt Falls, so as to he]p-da?p but
systeh oscillations. , - ‘ - j;

It was evident that the loss of a line brought up voltage con-
trol problems. Synchronous compensators (voltage support) were added '
at both Montreal and Quebec City to help the operation of the system and
also to produce reactive power f0110w1ng the loss of a line.

A1l the 735 kV lines were equipped with shunt reactors and the
Joading of these lines was below their surge-impedance 1oadtng. Recent
studies have shown that a sixth line between Manicougan and Quebec Cit&
could be avoided if, fo]]owtng the 1oSs of a 1ine, the reactors .on the
adJacent lines were tripped out 1mmed1ate1y following the c1earance of
the faulted line. The ex15t1ng five lines have‘330 Mvar reactors at

v

each end and with an automatic dev1ce cou]d switch out three reactors to

keep the voltage at a high value to retain the stability of the systenx[ZJ

A

Z-
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i.'-; Examﬁn1ng aga1n the 735 kv prOJect, ten lines would be needed

“. to. carry the 16 000 MW 1oad transmitted from Rupert to Montreal and to

maintain stabi]ity following the loss of a Tine. It has been shown that
w1th good vo]tage control a]ong the Tines, the number of lines could. be

reduced to five. Also, econom1c studies have shown that the optlmum

- number of lines is reached when each line is carrylng approximately its

own surge-impedance loading which in this case corresponds to seven lines

[37. Eveptua]]y, the shunt.reactors must be switched out during peak

' cohditiohs To Timit the temporary overvo]tages due' to load rejectian,

saturab]e reactors shou]d be added to the svstem

2.2 VoLTAGE SuPPORT EQUIPMENT

:‘ ‘There are many ways to support the voltage of a system following
the 1oss of a line. At the sending end static excitation systems with
their fast response canehold the teminal bus voltage. Additional mea-
sures must be provided for the rest of the system. The most economical
method is the switching of reactors or large capacitor banks. . -
The.capacitor banks supply the reactive power needed and may |
be Fermahently oonnected.to the system'and switched on and'off as the
1oad demand changes. A synchronoys compensator is capable of supplying

reactive power equal to its rating to the system as well as absorbing it ‘

to an extent equal to 60% of its rating. .For short periods, the synchro-

nous compensator can supply reactive power in excess of its rat1ng at

norma 1 voltage.

To switch fixed compensators or reactors in a system such as

the Churchill ‘Falls network would be sufficient. However, for a system

e el e
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where the Tines are. h1gh]y Toaded and very long, such as the James Bay
system th1s s1mp1e operat1on wou]d not be sufficient to stabilize the
whole network.‘~1nf¢h1s case, it is worth adding synchronous eompensators'
' whioh‘ere equipped with static excitation éystem;,‘end can provide the*
”netessary danping signal. The number of'synchronous compensators needed
depends on. the 1oad1ng of the ]1nes and the length of these lines.. The
number of synchronous compensators can be reduced by sw1tch1ng 1n capac1-
tor banks inmediately.following the.loss of a 11ne However, too much
reactive power switched to the system can underexc1te the synchronous
compensators and loose synchron1sm It is poss1b1e to continue to reduce
the number of synchronous compensators by adding capacitors 1n series.
‘Compensat1on will have to be installed on the high swde of transformers :
in order to reduce the short c1rcu1t currents. i ‘

-

A static shunt compensator used for voltage stabilization is

shown in ng. 2.2, consisting of a eaturab1e:reactor and an associated
shunt capacitor together With a series cabacitor Also F1g 2.2 g1ves

) the vo]tage current characteristic of . th1s dev1ce [4] o o

\ " i ) v

*

2.3 "MainTaInInG SysTEM VOLTAGE BY REACTIVE POWER™.SUPPLY

The transmission of electric powerfover great distances has
brought up stebi]ity oroblems to the network. There are at least two
possibiiities‘for'achieving stable operation.

af .Senies.compensation to reduce the effective line length-and
thus strengthen the 1ine, and
b) Shunt compensation to maintain vo]tage'et selected inter-

mediate points, in which case stable operation can be

 achieved.under increased over-all phase angle.

PR

LY
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-3 -

- Shunt reactive-power compensat1on has received re]at1ve1y
'1;ttle attent1on as. compared to ser1es ~capacitor compensat10n Even the
use of synchronous compensators for system voltage control tended to
decllne in favor of the more econom1ca1 sw1tched shunt capac1tor5 [5]

The James- Bay electr1ca] power transm1ss1on prOJect has given
" the opportunity for the system designers to choose and compare the perform-
ance and economy of shunt compensation;series compensétion, and no compen-
sation other than some-fixed shunt reactors Studies proved that shunt
compensatton is more favourab]e than other compensation. .’

- In the norma] steady-state cond1€1on the maintenance of good
voltage at the ioad may require an add1t1ona] contro]]ed reactive-power
Supp1y; in view of the relatively small amount of generation locally -
available. . |
Static reactive-power compensators are essentially véhiab]e'
inductive reactors, the'reactance beihg-varied by controiled rectifiers.
As stated phevious]y, the synchronous compensator in steady—state Opeha-
tion has a range of reactive- power at its rat1ng (+100%), to absorb1ng
reactive-power at a va]ue determ]ned by its synchronous reactance (- 60%}),
‘ that is a range of 160%. To produce exactly this steady state perform—
anee using a static compensator it s ‘necessary .to have a reactor that
can absorb 160% reactive power together with a‘capacitor'to supply 100%-
reective power, - . ) . .

As far es the voltage regulation ts concerned, in the case of .
the contro]]ed reactor this is a question of the automatic voltage regu]a-

tor used, Just 11ke the synchronous compensator In the case of the

saturatina reactor, the voltage regulation will, depend on the ilogg{of

RIS
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~

»

the vo]tage versus the current charactenlst1c of the saturated reactor,

to wh1ch must be added the component of slope caused by the transformer -

used to connect -the, 1ow voltege reactor to the high- voltage transm1ss1on

Tine. The total resu]tant s]ope wou'd g1ve a vo1tage requlat1on and it

' has been proposed to reduce this reguIat1on by means of capacitors in

series with the qompensator [6]. - _ .
When considering- transient performance the character1st1cs of

synchronous and static compensatqrs are qualitatively d1fferent in severa1

respects. ,a

For severe voltage var1at1ons, “the synchronous compensator’ may ‘
be ‘more effect1ve in keeping the voltage up, while the static cqmpensator
may be more effective in Keepjng the voltage down. Th1s is on]y with
respect to fundamental-frequency overvoltages: Trans1ent voltages may be
more severe with the static devioe because of the greater amount of shunt
capacitance present,

. With regard to the range, stud1es have shown that sw1ngs of

© reactive- power both above and below the initial va]ue afe required to ma1n-
‘ta1n stability foliowing a fault. Thus, any device must increase and.
decrease its reactive power output.

| Further with regard to response, the synchronous compensetor
has a certain Timited initial response as determ1ned by its tranSlent

. reactance together with the transformer reactance Its further ‘response
depends on the exc1tat1on control which can be made very effect1ve The
initial component of response can be increased by low transient reactance

and even by the use of series capac1tors which have been shown to be very‘

useful in improving stability. b

o e i

0
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The response of:the'statiCFCOmpensatbr with saturable reactor

doés not depend on control, but is entirely due to the inherent desigh.
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. _ CHAPTER 3 - S f\§\\\\ -

GENERAL CONCEPTS RELATED TO POWER SYSTEM DESIGN . | = ?
B - o

The necessity for 1ohg-distaﬁce_transmission of large Q]ocks' ) ;' Lot

of power has grown rap1d1y QUr1ng the last few years. Some of-the 1érqe¥

“scale h_ydroelectr‘lc developments in the western states are located 1n

relatively remote areas and have given rise to transm1ss1on_prob1ems, ]

involving distances of the order of 480 km and transmission of 15 000 MW . !

of wower [7].

R —e

The most importanﬁ considerations in each major power develop--

ment a#e

-5) The conservat10n and most effect1ve ut111zat1on of important

i

natural resources

~

b) The de11very of large blocks of power to natura] Toad centers

at minimum annual costs.

0y
S

" The de]iyemﬁhof power to ratural load centers with a high dégree'
cof reliability:

A basic ané]ysis of the fundamental circuit properties involved,

*

indicates that,.although a number of methods can be used to improve tHe . i

operating characteristics of long transmission circuits, the most promis-

ing one is the Tine-reactancE compensation by means of series capaci-

tors [8]. .

- 16 -
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&
The 735 kV system with a certain number of 11nes, w1th and
" wWithout compensat10n w111 be studied by a d1g1ta1 computer program.
Also, the performance of such a system will be studied under the most

' severe onditions of an infinite bus in Montreal as well as the transient

stability for a three-phase bus fault and for a line-to-line fault on one .

éircuit neér James Bay. A system to be stable must have some margin
inifhe steady-state, that is, fhe initial angle should be such as to
leave somé rooﬁ to move under thé accelerating forces that are.attendant
upon the fault condition and also the réstoring forces should be such as
‘to bring the system back to the'initial ang]e after the fauit condition.

The power system design requirements are:

a) Power transmitted - 15 000 MW

b) - Distance S -~ 965 km o
c) Load factor e - 68%

d) ‘Tfansmission voltage - 735 kV ac )

A]so, typ1ca] va1ues for a 735 kV system may have the fo]]owing

_conductor sizes:
| 735 kv 4-1361 MCM
f
Re§istance R= .010 ¢/km

« _ Inductive Reactance X = .31 Q/km

Capacitive Reactance'.-Xc =5 x 1d4sﬂ/km

3, 1 THE REPRESENTATION OF A PowER SYSTEM AND ITs Basic
ANALYSIS

Reduced to its fundamenta] elements an ac transmission line
and its associated transformers constitute a connecting link of f1n1te

impedance between a generatqng station and its Toad or between two electric

o /
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systems. It'has been shown that the power'Ee1ivered over a circuit con-
 taining lumped impedance Z [gf with voltages Eg and E, maintained at the

sendihg and receivind’ends respectively, when these voltages are separated

e

_in phase position by the angle 6, is given by:

- EE E : , o
Pp= ~2 |cos(6-8) - zfcos & | + v c oo o 3] : |

z Es

This equation was taken from the book of (William D. Stevenson Jr., 1975).[9]
{ If we neglect resistance which is very small in practical trans-
mission circuits, then the powgr transmitted is‘g}vén by:

. E E -
P = ; L O R ( W73 .

The power transmitted is the product of the sending and receiving E?}tages !

and the angular displacement, divided by the total circuit equivalent ‘~f%3 7

-

reactance. .
In general, a power system can be represented by a) generators

b) transformers ~ c¢) transmission 1ines; and ¢) the load.

3,2 LossLEss LINE E Sty
I' . - i =V‘i‘-‘ _ . N 1]

The representation of a long transmission line in terms of the

distributed constants A, B, C, D, is given‘by the relation: [9] f
Eg A B E,.
- =l ' P N B A L n ;-3l3 ez
IS C D .Ir : g SR
where:
A =D = cos hyl - j
B =.Zgsin hyl :
C = sin hyl/Zg : _ i
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h . !
where: o '

Zo, = §Z/Y, is the characteristic impedance of the line -
£ = Tline impedance per unit length

Y = line admittance per unit length

Y = 4Y/Z, is the propagation constant

or“. Y = a +Jb . . . . .wr
where  a = attenuation constant
b = phase constant ’

In general form the transmission system can be represented as a two port

network, shown be{;;:',

- ‘ A BCOD

NETWORK -

\ U
In the case of a lossless line “ '

7, = AL/C = ch*xL R i )

where:' y -
L= Tine inductance-
C = Tline capacitance : J/’/ '
Also: Yy = jwylC = jb
~——— A = D= cos bl
B = jZO sin bl \
" )
C. =

3 1/Zy sin bl
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3,3 Yave LencTH

The wave iength represented Bf‘the Greek letter, A , is defined
as the distance along the line between two points of a wave which differs

in ph9se by 2nrradians. The wave length is.given by:
A= 20/b km

where:
b = rad/km ' .

5.4 S1L-Surce IMPEDANCE LOADING

In power system work, chgracteristic impedénce is cal]ed surge
impedance (Zp). The term surge impedance, however, is usually reserved
for the special case of-a-tossless line. When dealing with high frequen-

I /
cies/er/iﬁqiiga;ges due to lighting, losses are often .neglected and the’
[ 3
surge impedance becomes important. Surge impedance loading (SIL) of a
line is the power delivered by a line to a purely resistive load equal

to its surge impedance {9]. In this case, the line supplies a current of:

L

‘|1L[=|‘Jle A e (3.5

G
where: IVLI is the line to Tine voltage at the load
VL
SIL = f"|v| W,
U3« {L/c
W B | g \
or SIL = ———Ll—— L - M )

jL/c _
The curve of fig. 3.4 was takeén from the national power survey report [10],
and is representative of practice with respect to per unit surge-impedance

’

loading of uncompensated lines as a function of line length.
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. ‘and SIL is practically proportiond1 to tﬁe square of the_system voltage.

- 22 -

v

In the range of 500 to 1500 kV, assuming bundles of 4 to 8

conductors per phase, the surge impedance is nearly constant at-.260 ohms

-

On this basis the fo110wing relationship is established:

*
Volume; kV SIL, MW
500 © 1000
750 “ o~ 2000 . Y

-1100 © 4500 o -

Rt

[T



~ CHAPTER U

.SERIES CAPACITORS FUNDAMENTALS

Seriés unit capacitdrs have application oﬁ transmission 1ines.
‘Behavior of the shunt capacitor’ is generally well understoéd;-ajhe same _
is not always tfde éf the series type. Many‘question; are still unan-
swered and many problems are sfi11 unsolved {11],. w
i - From the ﬁonstfuctiqn point of view, shunt and serie§ capaci-
..'tors are thé same. In fact, should the need for a series capacitoyg
diséppear. the hapacitpr units can be removed and rejnsta]]ed as' shunt
units. Thé.tﬂo.types differ in thejr method, of connection. The shunt
unit, is COnnected'%hwpara11e1 across full line voltage. . The series'unfp
is connected in series in the circuit and hence conducts full line cu}-
.'rent:' The yoltage.drop across the.series capacitor changes instantan-
eously with load.. Thé sgries gapacitof introduces-negative or 1eadihg
‘reactanqe. Current througﬁ"this negative reactance causes a voltage
drop that iags the current by 90. degrees, and this‘drop is opposite frqm
that across the iﬁductive’feactance. Thus, d series capacitor_comﬁensates

. for the dfop{ or part of “the drop through an inductive reactance of a
_ “feeder. A feeder circuit is representeq as follows:

Es

R

AN e

=

- 23 -



- 24 -

The difference between the sending and receiving voltages

Ffor this circuit is:

B, = TR cCoSO+ IX SINB « v v v v vy, . 4.0

where 6 = phase angle

In the case of a 1line having a series capacitor the circuit

"will be as follows:

E; £
| | R X Xe r
G : — A 212 | |
o : I I ’
The vditage difference will be:
Bz =T Rcose+ T (X =X)sin®...:... ... 4.2
or '

AV, = ILR cos 9 when XL = XC

or _
AV,

1]

IR cos€= 1 (X - X.) sin® when X. > X

i)

L

4.1 Size a0 LocaTION oF SEriES CAPACITORS

The size of series capacitors introduced in a power system depends
on: . '
| a) maximum 1oad S . =¥
b) future growth of load
cj amount bf.voltage improvemenf desired

,d) reactance of 1ine and transformer banks involved.

The sizé of capacitor (Mvar) = 3 » Ve * Ii =3 x Ii * Xg v v e 0 4.3 7
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T

where I, "load current (]ine"curfent)

AVe = voltage drop across the capacitor

As far as location is concerned these can be Tocated at any
point in a single-circuit line but preferably near the reactance center of
the system. This will limit the duty on the capacitor protective equipment,
;reduce the voltage to the ground and minimize the problems”of,existihg—inrush
f‘currents . .

In case of multiple-circuit lines the series capac1tors can bew
located in the 1nd1v1dua1 line sect1ons or in the common-bus connections.

Multiple-circuit lines are norma11y laid out so that the circuit
load can be carried with one Tine section out of service. For such cond1-

s

t1ons there is a dec1ded advantage in using the series capac1tor in a com-
mon bus connection, not only because the capacitor kvar is not rgduced

by the switching out of a line cection, but also because fewer units are

required.

4.2 SwITCHING ARRANGEMENTS FOR SERTES CAPACITORS S

Series capaéitancé may he required for the condition of higheét
circuit reactance but may not be needed for the normal cond1t1on with all
,]1nes in serv1ce Hence, series capacitance can be used in two ways:

a) Series capacitors normally in the c1rcu1t shunted for the
fault condition,.and quickly restored to the circuit after
’ fault ise¢lation | .
b) Serles capac1tors not normally in the circuit, but sw1tched

1nt0 the circuit.after a line section is switched out of

service.

e e Tas ST

e Lt i
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[

The choice between these arrangements depends upon the rela-

tive advantages from the stability point of view.

4,3 AmouNT OF COMPENSATION

Stability and economiE conditibns-cog}ro] the amount of capaci-
. .

tlve reactance to be used in any particular-case. -~ . ™

The amount of compensat1on is the ratio in percent, of the
capacitive reactance to the tota1 reactance wjthall line sections in ser-
vice. The amount of compensation can increase the stability limit for
both tﬁan;jent and steédy—state operation. The steady-state stability /

limit of a system without Toss occurs at the angle of 90° between sending
e

and receiving ends. The steady-state limit for a three-phase system is

1

given by: -~

ErEs

sing at 8 = 90° ... ......(48)

r

Phax =
, <

This steady-state stability 1imit can be achieved 5? line reactance comp-

: ensation‘while B can be, sma]]er than 90°. The same holds true for the

_tran51ent stability case but in addition define the cond1t1ons under wh1ch

trans1ent stability Timit applies. _ For example,’ for the sw1tch1ng opera-

tion the transient limit depends upon the stability limit for the final

_circuit conditions and upon initial operating angle.

’ - . '
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~ ibrium (synchronism) through normal and abnorma]VCOnditions. Any pawer

i A At
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CHAPTER 5

Power SYSTEM BEHAVIOUR FROM STABILITY STANDPOINT

Stability is a measure of the ability of the system to overcome
tgg accelerating forces that develop in the system from time to time. -
In its broadest sense, power system stability is that property

of a power system which ensures that it will remain in operating equi1-'

system must have a certain degree of stab%]ity in order to operate well.
The object of engineering analysis, therefore, is the determination of the
- stability margin. that a power system has for a given set of operat1ng con-
ditions or contingenc1es.‘ If, for a given coqt1ngency the;power system
Eannot remain in operating'equi]ibrium, the system is ca]lgd unstable
for that contingency, otherw1se it is called stab]e i' . .

. The terms stable and unstable can be used Only in the context

of a particular contingency or disturbance, to_which the system may be

subjected. " A system may be stable for one set of éontingéncies and un-

stable for another more stringent set of contingencies. Because of this,
the §e1ect1on of an appropr1ate set of contingencies for wh1ch stability
of a g1ven power system should be tested const1tutes a vital step in
system stability analysis.

For the purpose of jdenfification, he total aggregate of opera-

-
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ting conditions or coﬁtinéencies for Which a pawer systemlmay.be tested.
for sfabi]ity'can be classified into three broad categories, or "states
of stability", namely: | 7
a) steady-state, encompassing all operating conditions charac-
ter1zed by siow and gradual changes
b) trans1ent state. encompaSSIng all operat1ng cond1t1ons char-
acterized by sudden changes( in load or c1rcq1t conditions and

c) dynamic-state.

. o ' - .
Accordingly, the term steady-state stability refers to stability of a power

!

system under OpErating condition; classified as falling within the "steady-
state” category, while the term transient—state stability, or simply |
transient stab%lity, refers to stability of-aopower system under opera-
ting qondit%ons, cIass{fied as fa]lfng within the “transient—state" cate-
"gory. Dynamic stabi]ityrmay aﬁsg be considered as a subclassification of
fstéady—state since it is more properly cailed dynamic steady-state stabil-
ity. It is-used in the technical 1iteréture in reference to steady-state
conditions when-automatic.régu1arity devices, such_as automatic voltage
reguidhoré on tﬁé gerierators and the automatic speed governors on the
turbineé, piay a‘partiﬁu1ar1y crucial role in affecting stability perform;
ance of a powér”s&stem. ._ _ o o /,,
Since in the Actual, physica1 performance of a power system |
there is no precise delineation petWeen the steady<state, transient staté,
and dynqmic state, of operation, the concept of ovéra]l;power system stab-
i]ity is often most’apbrOpriate in digqqssing the stébility characteris-
tics of a power system. it emphasizes the fact that any-major system

disturbance usually involves the transition in theiéystem's performance

.
W
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' fromisteady-state (prion to[ihe distufbance), through thansﬁent‘state .

(1mmed1ate1y after the d1sturbance » when automat1c regu]at1ng devices

of the system are not yet effect1ve). through dynam1c state (when the

action of-automat1c requ]at1ng device, affects the performance of the sys;
‘tem in: 1ts react1on to the original d1sturbance), and f1na]1y back into
a steady -state (pbst d1sturbance) operating mode. | '

N While in the d1scdss1on that, fo]]ows, the steady-state,trans%ent,
and dynam1c stability'éharacteristics of a power system_wiil be reviewed
separately for the sake of clarity, it needs to be kept in m1nd that when
‘gans1der1ng the re11ab111ty of bu]k power supp1y they all are part of the
same broad concept which relates to_ the ab111ty'of the system to ride

successfully thrOugh a d1sturbance whether sudden or gradua]

5.1 STEADY-STATE STABILITY

. . . ) X ‘:,
Steady4state stabi]ity is the abi]ity of the system to remain
in syhchron1sm fol]ow1ng a gradual gr reTat1ve1y siow change in the amount
of power be1ng carried through its transm1ss1on network. This is illus-"

trated in Fig. 5.]:whjch‘shoms examp1es‘of stable and unstab]e steady-

A

state behaviour of a synchronous .machine, in terms of -the osciallations

of its rotor. in re]ation‘tb'the synchronously rotating-eTectrical refer-

ence frame fo]]ow1ng a sma]] increase in pr1me mover power 1hput [12].

% The steady-state stab111ty of ‘a power system depends (as does
the t?ans:ent and dynamic stab1]1ty) on the characteristics of all the
basic.elements of the system, namely, generators, system load and the
transmission network _tying together generat1on and load, as well as an

the-presence and effect1veness of -automatic control devices. The two by

_a
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far most 1mportant faotors contr1but1ng to Steady-state stab111ty are, a
fstrdng transm1ss1on system and the presence of modern contxnu0usly act1ng
automat1c vo1tage regu]ators on the generators . o A

fj © 7 0n modern” power systems, s teady- state stability (in its nondyn-
| amic domaln) rarely const1tutes a limiting factor, since the requ1rements
assoc1ated with transient and dynam1c stab1]1ty would ord1nar11y assure

adequate steady- state stab111ty marg1ns

5.2 TRANSIENT STABILITY

-

Transient stab?lity refers to the ability of the system to remain
in synchronism {prior to the action of automat1c speed governor control)
'fOIIOW1ng a system d1sturbance, involving one or more of the following:
al\ a sudden, substantial increase or decrease'in the amount of

power supp]ted to tne'system (as, for example, following a
sudden toss of a ldége Eenerating unit or power plant).

b) a sudden, substantial 1ncrease or decrease in the amount of
power consumed on the system (as for example, fol]ow1nq a

‘ *sudden 1oss of a large industrial load, or an entire maJor
-Toad center). ‘

c) a sudden change in the ability of the'transmission network - j
to carry-oower tas for example, during a short circuit on |
one of the transmission lines, followed oy tripping'of the
affected Tine). This is illustrated in Fig. 5.2, Ghich shows
én’exampie of the stab]e and unstable transient behaviour of
a synchronous mach]ne, in terms of the oscillation of its
rotor 1n re]at1on to the synchronously rotat1ng electrical

reference frame, following a sudden disturbance.[12].

.
.
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Fig., 5.2 —

TIME IN SECONDS

Example of Trnansient State Behaviouns of a Synchronous
Machine Following a Sudden Distunbance.
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Major factors affe;;ing_transient stability of“é power system

include:

a)

b)

d)

The stength:of the transmis§ion network tying together the generat-

ing sources and'load centers of the system, as well as tying the

‘power system to its neighbouring systems. .

The characteristics of the generatihg units in terms of their mech-
anical properties, such as the inertia of the turbo-generators, and

their electrical properties, such as transient reactances and mag-

netic saturation characteristics of the synchronous machines.

The speed with which faulty pieces of equipment, in case of a
short circuit, can be isolated from the rest offthe system by cir-
cuit breaker action and then, after removal of the short circuit, can

be restored to service. * o

The speed with which the excitation system and fﬁéféutomatic}ﬁo1t-
age regulatihg equipment of the generating units can respond to a
system disturbance .involving reduction in system voltages and can

act “toward restoration -of adequate voltage Tevels.
. i Kv -"'-, .
The time required\¥pr the first swing 'during the oscillation of

a synchronous machine, following éisudden system disturbance, depends on

the characteristics of the turbo-generators and of the transmission net-

work. In most cases, this takes place within the first second of the dis-

turbance. This is about the period of time during which the automatic

speed governor control is not yet effective and the assumptions of tran-

-sient stability analysis are rigorous]j anliéab]e. After the "first

swing" . period, the effect of automatic speed-éovernor control needs to

-

be taken into account and the phenomenon_enters the domain of dynamic

stability.

-
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5.3 Dynamic STABILITY

Dynamic stabiliﬁy refers to the ability of the power sysfem to
remain in synchronism Sfter the "initial swing" of the rotors and until
the'systemlhas found a new sfeady~state equilibrium. The period of dyn-
amic-stability begins.at about 1 to 1 ]léuseconds_f01]owing the dfsturb-
bine power input to the generators, and conﬁinues until a new condition
of steady-state equilibrium has been Feached at about 10 seconds to 30
seconds following the initial disturbance. This also includes the period
during which the tie-line power frequency control operates to change the
settings on théespeed-gévernor control of the individual genekators in an
effort t6 restore the schedu]ed3tie-1ine power flow and frequency. [13]

An example of dynamica]]y stable and. dynam1ca1]y unstable be-
haviour of a synchronous machine fo]1ow1ng a suddenTsystem d1sturbance,
is shown in Fig. 5.3. The top f1gure 11]ustrates thg condition-of dyna-
mically stable behaviour of a synchronous machine f&]]owing a disturb-
ance. The bottom figure shows the condition when thedmgchine is transiently
stabie but d}namical]y qnstab]e. Also, it shows fhe oscillatory charattef
of dynamic instability in which the vo]tage,.current and ahg]e of a
synchronouS machine develops oscillations which grow in magnitude untif
an "out-of-step" condition takes placé. ' The oscillations generally occur
with an interval of ‘time between consecutive crests from less than a second
to several seconds, depend1ng on the strength of the e]ectr1ca] t1es bet-
ween machines re]at1ve to the inertia of these mach1nes Oscillations with
intervals up to 10 seconds between crests can occur between groups of mach-

ines; or between major power systems connected by relatively weak transmis-

sion ties. The possibility of dynamic instability following a disturbance

VTR T T v~ g
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Examﬁﬂe of Dynamically Stable Behaviour of % "Synchronous Machine
Following a Disturbance.
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Fig. 5.3 — Example of Transiently Stabfe but Dynamically Unstable

Behaviour of a Synchronous Machine Folfowing a Dis-
turbanece.
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makes it essential to check the stability performance of a'power system

behind the “first swing” in all critical cases.

5.4 IMPROVEMENT OF STABILITY - :

-

For the 735 kV transmission line system all power generated is
many kilometers away from the Toad. In this case, the transmission system
must be based on stability considerations.. f

As far as the steady-state stability limit i concerned, the
total angular spreéd betweeﬁ the inte;nal voltages of the sending end and
the feceiving end should be close to 90°. - This means that the angular

-spread across the transm%ssion systemvshouid be the Qifferehce-between 90°
and the sum of the voltage angles across the equivalent machine reactance§
at both ends of the transmission line system. The phase angle between :
the ends of the Tine ;hou]d norma1ly be around 30° for stability reasons.}
Fig. 5.4 shows transmissionfline capability in terms of 30° angular spread. [14]

There are'many methods to improve=stabilit}. The most effective
ones are as follows:

a) Té install intermediate switching stations in the case of. two or
mohé Tines in parallel in order.to limit the length of the section
of the line énd tripping out quickly in the case qf Tine fault.

b) To install synchronous cémpensa;ors and static reactive compensators
at the intermediate stations in order to‘support-the voltage when
reactive power. is injected_iﬁto the system deing and afﬁer the
fault.

¢) By decreasihg the line reactance using séries.capacitors and bundled

conductors. oo .

s
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5.5 PowerR SYSTEM STABILITY WITH SERIES CAPACITORS

Series capacitors incréase the‘stabi1ity‘11mits of power sys-
t;ms_by reéucing the series or transfer reactance between intérna] voit-
ages of machines, conseqguently increasihg thg synchronizing power [iS].
Usually the transient-stability limits are well below the steady-state
. limits, so thét an increase in the former is possible before the latter
cqnéition‘hecomes controlling. | |

A physical picture of the system phehﬁmena during a fault
and themresultiqg transient can be obtained from Fig. 5.5.

The e]ectéical power system is assumed to consist of a hydro-
electric generator feeding through a series-tapaqitor trahsmissioﬁ—§ystem
to an infinite bus, subjected to a fault at point F which is cleared by
the isolation of fhe faulted line section. The-cirbuif is assumed to
be without loss, so that the poweé angle djagrams are simple sine curves.
The curves on Fig. 5.5 show four conditions:

a) The initial condition with all Tines and series cqpacitors in’
service, curve I, C

b) Condition (a), plus the application of the fault and the shunting
of the 'series capacitors, curve II. '

c) - Normal condition, but with one line section and séfies capacitor
ut of service, curve ;III )

nl

he system normal with series capacitors in circuit but with line

section out of service, curve IV.

Consider the system of Fig. 5.5, operating at the load and angle

E
corresponding to point a on curve I. Upon the application of the fault,
- ' . ‘ ) .

P A L
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the output ot.the generator drops to the point b on curve I1I. The difﬁer-
ence in power ab atce]erates the'generator and increases the angle by _
which it.leads the reteiver At ‘the po1nt c the fau]t is to be 1soﬁated
by the actlon of - hlgh speed breakers and re]ays, thus chanq1ng the opéra-
't1ng p01nt to e on curve III." Pover correspond1ng to.de zice]erate@ the
gene[etor but because of the inertia it sw1ngs forward along curve:III

_ At the point h the series capacitor is restored to the circuit, by the
opening?of the shunting path in the protected equipment, and operation pro-
ceeds from the point g on curve 1V. Because the gnergy stored during the
" acceleration period, has not beep comb1ete1y absorbed, the system continues
to swing forward to point k, sueh that the decelerating area [area‘(edih) +
(gijk)] equals the accelerating area (abcd). Considering this, stability
occuré when, area (ab'cd) ¢ (edih + guk) area, The system would b&unstable
for the conditions shown unless the ser1es capac1tors were restored to

the circuit fast enough after the 1so]at1on of the faulted line section.

It is important to use high-speed breakers and relays for
circuit isolation when series capaeitors are ueed. Also, the duration of
the fault, is of'greater importance than the duration of the period in -
which the-series capacitor is shunted by proteotiye equipment. -

The power-angle curve II of fig. 5.5 is based on faults of the
:]ow-;ééistance type. If the system faults are of the high resistance type,
. such as- ‘may occur on lines without ground wires, the resu]tant load on
* the generat1ng station may be greater than- thevoorma1 output. quer such
conditions the power-angle diagram is different than that of Fig. 5.5 in

the aspect of having curve 11 above curve IV, beeﬁﬁse at the 1wstant

of the fault’the output of the generator increases [15]
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5\6 DiéitaL CoMPUTER PROGRAM FOR DETERMINING STABILITY

).

7 Many sophisticaﬁed programs are available for determining the
stability of large power systems. In this project-report, a simple
digital computer program has been %ormulated and utilizes Fortran. The
pgogrém tests';ectiona]ized lines for stability under various faults, with
and w{thout compensat{;n.._Detai]s of the results are shown in the
appendix.

The program is based on standard exp}essions that are found in

most references [9]. A summary of the system dynamics involved follows. °

The acceTerating power, Pa = Pp - Pg = my

where: © Pm = mechanical power
Pe = electrical power ' .
_ EE 55
Also Pe = Sir sing . . ... ... (5.T)
E.E .
or Pm = '—s.’r-sin6=l
E_E , 2
sro_. 9 _H 38
Pa.=1- ~—s1n6=ma=m-ﬁr “WT 9t |
~d,
H is chosen to have physical significance.
, 2 ' E_E _
1 - Kisind= Kk, 28, Ky = =T <.
‘ S0 et X : _
. ‘ -
The above differential equation has no analytical solution, thus a step-
. s ;
* by-step solution is performed. ) .
. - : . -~
. 2 ) '
86 = 88 _q + Pa(n-1) tgor (B} .. (5.2)

T el L Taar
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S S

For t = .05 sec, and H = 3 for Hydro case. 0
2
Then 180 f ﬂ%l=9

b e e et A

S .
n=0 %45

A8, = A8 i+ SPa(n-1) .. . - e .. (5.3)

-

The flow chart of the computer program is shown in Fig. 5.6.

- ' \
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- CHAPTER 6

. DIELECTRIC STRENGTH OF AIR INSULATION 70735 «V SYSTFM

R ' I T~
w1th the transm1ss1on of 15 000 M¥ of power over a %istbnce ef
-~
644 km at’ ‘the 735 kV voltage level, the cost of the transmission is affec-

o~
e T

ted by the insu¥ation of the 11ne<agéin§t overvoltages.

The transmission 1ine insulation brings about two probiems:

a) The vo]tage stresses which. the insulation must withstand, and

b) The reSponse of the insuTation when subm1tted to these 'stresses. The
. b .

» affect ofﬂNOItage stresses is shown on Tab]e 6.

The fnSQIatipn'cdordjnatioﬁ is the balance betweeh the eleetric
stresses on.the insulation and the diglectric str 'gth [16]. The'voltage
“stresses  on transm1ss1on ]1nes insulation are formed from the var1ous
overvo]tages. With normal operating voltage the 1nsu1at1on is not affec- |
ted, but 'under poliuted conditions, for exampIe, it affects the insula-
tion. A]so the power frequency vo]tage determ1nes the 1nsu1at1on strength:'
of the 11ne ‘-The 11nel1nsu1at1on level determ1nes the insulation string
length and other spacings which affect the size of the towers and the

"w1dth of the line route. The norma] 0perat1ng vo]tage determ1nes the
’ conductor site which affects the tower size because of the correspond1n§

mechanical loading stresses.

In general, as the operating voltage increases, the power trans-

- 44 -
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fer 1ncreases and higher resulting sw1tch1ng surge averyoltages occur.
‘The overvo]tages stress1ng a power system may be e1ther external or 1nter-

nal and must be 11m1ted -as far as possible [17].

. 7 [ .
e.1 ExTERNAL OVERVOLTAGES

Eiterna1 overvoltages are generally generated by atmospheric

-dis;urbaﬁces;ﬂnd often are called atmospheric overvoltages. The most

commori atmospheric disturbance which* can generate an overvolitage is light-
ning arong other less important external phenomena. The stresses on the

insulation caused by’]ighthing do not entirely depend on the voltage of

'the power transmission line system. Actually, the stresses produced by

1ightn1ng decrease relatively as the operating vo]tage increases. This

¢ means that external insulation is not subject to severe stresses, which

_ does not hold true for the interna] insulation.

Therefore, in the case of a 735 kV system, lightning no longer

represents a severe stress for external insulation [18].

6.2 INTERNAL OVERVOLTAGES

The 735 kV system insulation is subject to internal overvolt-
aées.' These internal overvoltages are: most]y generated by change in the
operating cond1t1ons of the network such as, a sw1tch1ng operat1on, a

fauit, or a sudden change in load. Furthermore, internal overvoltages

" are subdivided into a) switching, and b) temporary overvoltages.

a) Switching overvoltages are genérai]y of an oscillatory nature and
are caused by switching operations such as energizing and de-energiz-
ing of a line, fault application, fault clearing, and load rejection.

A switching surge overvoltage is a rapid transient condition dura-

Ve
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tion of a few microseconds, composed of oseillations, one of which

- has the maximum amplitude and constitutes the critical stress” for

the insulation. When referring to switching overvoltages only the
maximﬁm in amplitude of an oscillation is considered.
Switching overvoltages can be formed. by a'single'un%directional

impulse of irregular shape with a time-to-crest of a few hundred

" microseconds and a half amplitude time of similar magnitude.

In Hydro Quebec's laboratory, tests are made under various

'switching surges, and it has been observed'that under usual switch- .

~ing surges the breakdown of air gaps occurs before the crest of .

dhe impulse. This means that the front is the only significant

L il
part of the impuise, as far as the insulation response is concerned.

'TémpOrary overvoltages,‘are:an oscillatory phase-to-ground or phase-
to-phase overvoltage of long duration at 5 given location. It is

undampe& or only ]ighf]y damped in contrast t6 switching and Tightning
6verv01tages, which are usually higﬁly damped and of short duration.
Theée,osci]iatory temporary overvoltages up to 735 kV dolnot repre-

sent a severe stress for air insulation. Their importance influences

. the choice of the surge arresters and therefore the internal insula-

F Y

tion of station equipment.
Overvoltage phenomena occuring in power systems must be class-

ified as'temborary overvoltages. The ones that are pertinent to

~insulation of extra-high-voltage systems and have a direct bearing

on the selection or performance of surge arresters can be classified

into three groups:
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a) Temporary overvoltages with a frequency of oscillation higher than
power frequency, due to forced'higher harmonic oscillations. These
are caused by steady-state resonance due to the non-1iriear magnet-
izing inductance of thgspower transformer or by transient resonance -

due to the switching operation of the power transformer.

b) Temporary overvoltages with a'frequencylof oscillation much lower
than power frequency, due to forced subharmonic oscillations. These
are caused, for example, by the clearing of a fault with ;eries com-
pensation. | |

c) Temporary overvoltages with a frequency of oscillation at or near
poyer frgquency. These may be caused by loss of load or energiza-

-

“tion. of an open line.

~

t

6.3 ErFective Means oF CONTROLLING THE INTERNAL OVERVOLTAGES

In the case of a sudden loss of load of a transmission line,
temporary‘overvoltages occur. - These overvoltages can be reduced by the
installation of shunt reactors at suitable 1ocation$ along the transmis-
sion line. .The shunt reactors compensate the capacitive charge of the

- line. Shunt reacotr§ normally have fixed values, but saturable reactors
can achieve better compens?tion in that they .can respond to changes in

load [1].

'

In the extra-high-voltage range, switching overvoltages are
caused by the closing or reclosing of a Tine. These overvoitages can be

reduced by the temporary insertion of closing resistors in the circuit



_breaker. .These resistors reduce the initial value of the step v01tage
applied to the line at the moment the contacts close. ‘Proper choice

- of the magnitude ané of the timé of insértion of the resistors results in
a reduction of line energizatTonmovervoltages.[19]-

Also, switching overvoltages can be generated by instantaneous
reclosing of a 1ine,}due to the trapped charge voltagE. :This trapped’
charge voltage is added to the energization voltage giving a higher over-
voltage. There are many ways of controlling the additioné] overvoitage
due to the trapped‘charge.‘ It has been shdwn [19] that it is possible
to Timit sztcthq surge overvo]tages on rec]osure and trapped charge,
_uSTng c1051ng re515t0rs as mentTOned before []9]

. Other ways of controlling overvoltages are:
a) by installation of shunt compensation and proper. relaying
b) by relay protection system
c)} by shunting the series capacitqr by a circuit breaker

d) ~ by using surge-arresters.

.\.
“1&

6.4 DIELECTRIC STRENGTH oF EXTERNAL INSULATION

“w

-~

Air dnsulation under switching impu]ées has the characteristic
that The breakdown voltage as a‘funétion of_the clearance of the gap
" saturates which means that the mean breakdowﬁdéradient decreases as the
gap increases t20]. To withstand a given switching overvoltage the air
¢learances must be dispropoftiona11y increased. In this case more effec-
tive control is required as the operating voltage increases. It has
been shown that the 50% positive, s1ow-fronf impulse breakdown voltage of

‘the air insulation of an air gap depends on the time-to-crest of the
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}mpyise [21]. There exists a critical front for whiﬁﬁ the insulation
breéks down under a minimum voltage. For a time-to-crest above or below
the critical front the conductor-to-tower air-gap shows a higher break-
down strength. - Fig. 6.4 'shows a family of V-shaped curves with SP% break-
down voitage characteristic; as a function of the time-to-crest for
various tower window mode]s.- These curves were obtained from.test at

the Hydro-Quebec Research Institute [22].

6.5 TransMission LINE InsuLATION Desien

S

The transmission line insulation system has the function of jso-

lating the conductors from the grohnd and insulating them from the tower.

In the design of extra-high-voltage systems the switching surge‘

is the main factor for determining the external insulation and the 1ine
insulation level. This in tufn deferﬁinés the 1nsu1a;or string 1éngth
and other spacings that again affect the dimensions of towers as well as
the width of the line.

The conductor size is dependenf on:normal operating voltage
and power transmitted. This, in turn, affects the tower dimension iﬁ
respect to certain mechanical loading stresses.

During the past years there have beeﬁ'conéiderable advances
.in the é;proaéh to transmission line_insulation design [23]. The use
of analog and digital techniques for the determinqtion of the switching
overvoltages has improved trémendous]y.‘ Table 6 shows the effect of
the three ﬁypes of voltage Etresses on the 1ine‘insu1atioﬁ characteris- .
tics [23]. Up to 362 kv 1igﬁtning is the determfning,stress afte} which

the switching surge takes over and determines the clearance. However,

b g e

e T PO
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Liné Insulation Characteristics

B
Lightning

BIL. of Apparatus

.Clearance (500 kV/m) {(m)

. ; .

Switchinp .
Statistical Overvoltage (p.u.) (Zi)
‘Stqtisticdi Overédltage (U#) (kV).
étatistical Safety factor
.Statistieal Withstand‘(Ugo) (kV)

Tower C.F.0. (Usp) (kv) ( 0 = 5%)

Clearance (600 d 0-6) (m)

Power Frequency

Insulater Length{150 kV/M RMS L-L)TH)

(Basced on medium pollution and
standard insulatiors).

Number of Conductors per Phase -

Tabfe - 6 — Effect of, Voltage Sthesses

Highest Voltage for Equipment

362

1050

2

2.5
735
1.15

B850
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2.5

[

e
765

1800

3.5

1.6

1000

1.15

L150

K;

1240

3.5

S

1200

2550

1.6
1560
1.15
1800

1950
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at ]200 kV the number of conductors per phase will determ1ne the tower
" cost. As shown on Table 6, at 765 kV and above the c]earance is based

on the switching surge.

Thus the emphasis is on reducing the switching overvolfages.

Among the thfee groups mentioned previously, the only one which'does not

affect the tower dimension is the power-frequency overvoltage.



CHAPTER 7

HIGH VOLTAGE PHENOMENA

The increased use of extra-high-voltage tranemission lines and
the common aspects of corona (radio, te{evision influence and corona loss),
have become very important in the design of - transm1ss1on lines. OQver the
years, stud1es habe—been,méde about corona and its affects upon the Opera-
tion of a power system. Corona is the cause of power loss as well as
radiv and television interference It 1; due to 1on1zat1on of the air
and occurs when the potential of a conductor in air is rajsed to such a
value that the d]eTectr1c strength of the surround1ng a1r is exceeded.

-

The discharge around the 1ine conductors is accompanied by a sound and odor

of ozone.

Investigating the causes of radio and television interference
and devising methods to minimize their effects, is an area of great
concern [24]. These are two distinct sources of noise, that is, gap noise
and corona noise. Both sources can cause rad1o and te]ev1s1on 1nterfer~
ence. o

Gap aenerated noise is more common and is created when arcing
exists between two spaced e]ectrodes. In order to correct this t1ghten-A

ing the connect1ons or bondlng the hardware s required. "Fig. 7 shows

" that gap noise does not eecrease with increasing frequency [24]. There
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7.1 CoroNA Loss _ | .- . PO

is about as much noise in the radio broadcast range as there is in the

TV range., Also it shows that corona noise is greatly decreased with

"increasing frequency, which expliains why it is sometimes difficult to.

measure corona noise at television frequencies.

s

-

Clade and Gary Have determined the effect of conductor“and cage
dimensions through theoretical and exper1menta] work and have 1ntroduced
a quantity that depends only on the surface cond1t1ons and on the' surface
gradients [25]. This quantity is called reduced Toss ‘and permits the-

corona loss computation of any cqnductor configuration, once its geometry

is known. The relation between reduced loss Py and measured Toss P is

given by [25]

P o= KPy v oo e e e . 7.1
. e -l -
where g = {nrc)*10g10(R/"e)10010 25 Anr/Te cm? i
50 ' logloRIZS Anr o ’;y
and ¢ = 1+0.3 4% (PEEK' S(DEFFHHENT){/
‘ »
n = number of subconductors .
r = radius of subconductors cn
R = radius of equ1va1ent potent1a1 zZero cy11nder
re = equiva1ént radius of bundle conductor cm . ‘ :
B . -
f = frequency .

7.2 Rapio INTERFERENCE

One of the important variables affecting radio-interference

generation and the radio-ifiterference level of transmission lines is the

CENE 3
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" electric field at the surface of the Eoﬁduétor, a fietd directly propor-

t1ona1 to voltage.

Also, Gp is. given by:

The RI generation per unit 1ength‘of conductor is. given by:

d_d‘

where - .

where :

o

The radio- 1nterference generat’én is described by [26]. .

o ~ G - GO. 2. - ' ) -
SDLGD] = Kq 10 o As oL v 7.2
cm
SD[6D]- = spectral density of generation dens ity
L}
G = conductor surface grad1ent
&g =. corona- start1ng grad1ent
C,KG = empirical constants.

L]

Go

SF

The RI generation equation can be written as follows:

‘1016-_060)& 10 16g°Kg  (db) .. ... .7.4

Sb[GD] =

where

»

il

(SF)30 000 (1 + '3_}0.1?) Viem. ... . 7.3

surface factor.

-

21 . :
“spradl = r | (1 + wZEcos 6)2SD[GDIdO . A%'s. ., 7.5
- . s . . m -
A |
p = (m- 1) sin { % )
-
s = ;

bundle sp@cing

e

P
—— e tawas L ad

e AT P FRUIL Ty vy

T

. (R,



7.3 AupiBLE Nolse | | e | ; P'is

Aud1b]e n01se 1s a quantity which is dependent on the e]ectr1c
field near the conductor surnge and on the surface and’ atmospher1c cond1-
‘i@}9t1pns. Assum1ng a uniform dlstr1but1on of‘no1se sources on the conductor,
the relation.between the acoustic eower J; reaching a ﬁeasuring point near

a line and acoustic power density A is given:by [25].

oy Adx Ad '
J = An(RT + x7] K j tmlz)ij % xz) 6

. 2 | 11ne‘ _ ' line
where . ‘ A
A= Pbyer generéted per unit;cohdﬁctor length
R = distance mea;uring point to'line
Z = distance meaéunihé point to."image" af Tine
X = variable distance a]dng conducpdr -
K f‘réf]ecfiog coeff{cient_ )
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L | CHAPTER 8

ELECTRICAL AND MECHANICAL ASPECTS OF BUNDLE ‘CONDUCTORS

2

For the past one quarter of a century the use of bundled conduc-

tors with 2 3, or 4 subconductors has become solidly estab11shed for the-

extra-high- vo]tage transm1ss1on lines. *

o

A "bundle conductor” is a conductor made up of two or more

"sub-conductors" and is used as one phase conductor -Bundle conductprs‘*\

are also called duplex, tripiex, and so on, referring‘to ﬁhe'pumber of

sub-conductors and are sometimes referred to as a arouped or multiple

conductors. .
N X [ }

oo The increase in transmitting capacity justifies economically

the use of bundle conductors in extra-high-voltage transmission systems.

Bundle conductors reduce Jine reactance, consequently ingreasing the

5 N
surge-impedance-loading of the Tine. Mostly, the bundle conductor size

n.

affects tower 1oadings real losses, corona loss and radio 1pf1uen¢e levels.

Experience has{shdwn that the use of extra-high—?q}tage tréns~ *

missiop, creates electrical constraintd bringing up unaccéptable mechani -
- 1,. s

cal burdens on the structures which in.turn forfes power %ystem designers

to estab]1sh a nmuch c]oser coord1nat1on between the eIectr1cal and mech *-._."

anical aspects of extra ~high- vo]tage ]1nes : ) 1
~ . '

—a

Z ' Y

. s~
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8.1 ELECTRICAL DESIGN rRlTERIA

_Thermal capac1ty and losses are the main factors which-have to
be considered in the choice of conductors. In high-voltage 1:;es these
do not c0nf11ct w1th the mechanical des1gn of structures In the case.
of extra-high- vo]tage lines, corona is the most important factor and volt-
age gradients must be#%1m1ted in order fo keep radio and audible noise
within acceptable 11m1ts 7 Th1s canbe done by 1ncrea;¥ng the cross-section
of the conductors and a1so by bund]ing the conductors and therefore ther-
mal capac1ty is not reached HoweVer, bundle conductors create mechanical
problems caused by osc111a%1ons and icing. Therefore, atcehtion must be
given to-the size and number qf conductors used, so that the electrical

performance is within acceptable 1imits.

8.2 ELecTRICAL DESIGN CONSIDERATIONS' OF BUNDLED CONDUCTORS

_ The electrical design of bdnd{ed conductors is"a wide and com-
plicated subject-ehd is out of the scope of-this-p;esentétioh.‘,But, be-
cause of.the,inferactiqn of electrical and mechahica1 criteria, it is
important to outline a rewipo{nts relevant to the mechanical behaviour
of che bundle. The factors leading to the choice of a bhhd1e~ configura;

tion are e]éctriéa] in nature. These are re1ated to e]éctrostatic fie]d_

and grad1ent d1str1but10n of a system of parallel subconductors For a

given line capacity the electrical eng1neer can use the phase voltage, the .‘

e

number and size of subconductors, the d1mens1on of the bundle and its geo-

metry to 0pt1m1ze the des1gn Hydro -Quebec ha3 chosen a 4- bund]e conductor:

with 457 pm spacing for its 735 kV network. The determ1nat1on of the

radius of the single conductor equ1va1ent to the bUﬂd1e with respect to
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L

max1mum surface grad1ent is used to indicate good values of the rate of ~
the spacing to conductor diameter: for a given number of subconductors.

For values of 'n =4, 6, 8, 10, 12; A/d = 12. 5, 11.3, 10, 9.5, 9
"= .

/ where: n = number of subconductors.
A = subconductor spacing
l’;
'd = subconductor diameter

Fig. 8.2 shows a plot of Re/R versus A/R for n = 6. The heavy lines indi-

cate the practical limts for B/R, where:

B =,di§tance§ bgtween tﬁo phases
Re = radius of single cénductor equivalent to the
bundle for‘maximum éradient
R = radius of subconductor

The best choice of A/R corresponds to the highest value of Re/R and seems

to be 22.5 for bundle of 6 conductors.

8.3 MecHANICAL PERFORMANCE OF BUNDLED.CONDUCTORS

In the extra;high voltage range a single horizontal circuit is

used. _Spans'of 300 m"to 400 m are used resulting in tower heights of 40 m,

for good designs. Normal single-conductor bractiqe is followed for the
evaluation of tower‘loading due to wind, ice or conductor breakage‘f27],.
[28]. The transverse wind Toad is consiaefed as being that on the t9ta1
_nahber of subgdhductors. The longitudinat loading for.broken conduétor
conditions assumes either one broken conductor or'uheqﬁal iéé loading.

The ice loading is also assuined to be egual on each subconductor [28].

Cloud icing is the most important ice formation on conductors
¢

-

It happens when a low cloud layer containing supercooled droplets is

moving through a transmission line. It has been observed that the rate.

v
AY
e ———— i Yy L
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T

of icé formation on large diameters is smaller than for a small diameter
object [29]. Eﬁr areas with heavy-icing‘coaditions the smaller the Tt
number of subconductors the less the icing load will be.

| It is difficult to evaluate precisely the actué] ice loading
1ikely to occur on a line because of -the Tack of jnformation on the meteo-
rological conditions where the lines are buil;.

The spacer strength is dépendent gn non-cyclic forces due fo '

short circuit loads and differential ice loading. Thé spacer forces due
to short circuit currents with bundles of n subcéhductors have Seen
evaluated by'Manuzio [30]. The maximum spacer load is proﬁortiona1 to

the ratio n-1/n, resulting in a decreased load with an increase in the .

number of conductors for similar conductor tensjon and short cirtuit cur-

rent.
Usually unequal ice loading represents.;he Worgf spacer load
conditions, Fig. 8.3 éhow§ typical types of spacers. '
| The dynamic performance of bundled conductors is govérned by
three vibrgtion phenoména:
a) conductor galloping (.1 - 1 Hz)
b) aeolian vibration (10 - 100 Hz)

c) subspan oscillation (1 - 3 Hz)

Galloping occurs with winds from 5m/s=15m/s and is associated with ice

formation on conductors. . |

Aeolian vibration 1s associated with Tlow wind velocity below

10 m/s and can cause fatigue'damage to the conductors and clamp loosen-

ing. R
Bundled conduq;ors are protected against aeolian vibrations by




a) ,
150, t"i.‘l\ I‘;‘g
LY ._'Q\.\\L}J_. . ’
Articulated type | o . “H type
b) - - Semi-rigid spacers
— "

- Fig. 8.3 — Typical Types of Spacenrs.



~-64 -
—— /V
the use-of spacer-dampers or by the use of a- combination of spacers and
\ ?

1,

dampers. In general, the magnitude of aeolian vibration diminishes with

the increase of number of subconductors.

* 1Y

, .

\-
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CHAPTER 9

EXTRA-HIGH-VOLTAGE SUBSTATIONS

Tnh recegt years ther'e has been considerable diséussion'on the
standardization of substations for indistrial and commercial distribu-
tion. For bulk transm%ssion of pbwer, substation standardization is more
difficuit, since the single~-1ine diagfam will vary considerably, depending
on ;hq importance and function of the substation. For the Hydro-Quebec
James-Bay project a number of basfc station design variates were required.
Stations differ in the number of circuits and step down-frgnsformers. The
choice of a single-line dfagram for the extra-highjvoltagg substations
depends on the p1anniﬁg criterion,’wﬁiéh stipulates that the system must
be stable if a permanent fault 6ccur§.on a line. ‘

The objectiVe of ;ystem engineers was to design substations
such that failure of twd lines at.the same time would Qe‘impossip]e. Also,

equipmert maintenance should be done without interrupting the function -

of the system [31]. -

3.1 DesieN EvaLuaTION FACTORS

The choice of the substation arranhemeht to be used is depend-

ent upon the relative importance assigned to such items as safety, relia-

‘bility, simplicity of relaying, flexibility of operation, first cost,

- 65 -
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ease of maintenance, available ground aree, lgcation of conneefing liqes,
provisions for expansion and'appearance. '

A reasonable criterion for-evaluating the basic designs is that
each shald fulfill certain functional requirements, be ecdnomica]lin the
space used, if space-is a factor and comply in the most practical wa}
wjth fundamental conditions.for Satisfactory construction, safety, opera-
tion, maintenance and expansion. -

‘ For safety and reliability it is essential that adequate clear-
ances be provided to live pefts. Main buses should preferably be on a
single level, not one above the other. Electrical elearances shoul& comply
with the minimum recommendations plus a safety factor. Insulation co-
ordinétiqn should be checked for uniform voltage levels. Lightning a?kes—
ters _should be instal1ed where is required Personnel should be pro{ected
as much as possible from any ground voltage grad1ent resu]t1ng from ]arge

ground-fault. currents. ' _ , - |

-

By flexibility is meant the ability to take circuit breakLrs,
buses, etc. out of service for maintenance without 1nterrupt1on to [service.
Increased f]ex1b111ty means “increased cost and more comp11cated re ay1ng

-
|

and operation.

8.2 Basic Desien ConNECTIONS

Most substations will conform to one or the other of th follow- "

ing basic arrangements {32].

( . . ' .
a) main and transfer bus » Dt

b) breaker-and-a-half with two main buses-
¢) double breaker, doub]e bus
d} ring-bus
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_ Most stations initia]]y start with a ring bus scheme which’in4
cludes both step- down and generating unit transformers with prov1s1on for
“expansion to a 1 1/2 breaker scheme in the future.
Substat1ons used on the 735 kV transmission project. for Hydro-
Quebec have two Tevels of busbars in order to obtain Iower structures
Further, it uses two kinds of substations [31]. i
a) Transformer substations Tocated at the generation, and
b) Thé switching stations located along the lines as shown on-
Fig. 9.2,
Substat1ons were se]ected in order to full-fill some cond1t1oqs as follows:
a) Mamntenance of equ1pment to be readily done without 1nterrupt1ng
service. _
b) If-there exists a fault on equ1pment which is connected d1rect1y
to the 11ne no more than one line loss is permutted _
c) To use only two levels of ‘busbars in order to reduce the he1ght

of structures and ma1ntenance to be easier.

9.3 SELECTING A SINGLE LINE DI1AGRAM

According to the cfitéria for substations mentioned earlier,
the deSIQner must choose and de51gn a single line-diagram accordingly.
F1g 9.3 (a) shows a ring-bus arrangement having the\advantage of requ1r1ng
only one breaker for each circuit and only one breaker can be taken out of
service for overhaul without de-energizing any of the lines. A failure
of a bus insulator will interrupt sérvice to a single line only. Usually

bus insulator and Tine jnsulators are cleaned at the same time. " In ‘the.

case of a second Tine fault while one of the circuit breakers is out of
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service for overhaul, the ring bus would be open at two points which might

separate the source of power from. the 10ad
Thé other possible scheme which can be used is the breaker and
a ha]f This arrangement provides flexibility and re11ab1]1ty and uses .
fewer circuit breakers. - Normal operation would haVe both busse;-energ1zed
and all circuit breakers closed. - However, either bus or any circuit
breaker can-be removed from serv1ce without interruption of power flow
-F1g 9. 3 (b) shows a breaker-and -a half configuration with two main busses.
Also the main and transfer bus arrangement provides a means 7
of* isolating any individual circuit breaker for orerhaul or faintenance
work without interrupting'service to the lines. One possibie arrangement

is shown in Fig. 9.3 (¢) [33]:

9.4 GENERAL DESCRIPTION OF SUBSTATION

One of the many-subStations'of the' James-Bay project is the LG-Z

substation. This will be built in a mountainous region and will be loca-
ted above the generating station. Sixteen shielded busbar. shafts, each
about-450 feet high, will Tink the generators to the transformers. The
rated current in the buses will be 17 200 A ai 13.8 kv [31]. The sub-
station will have a capacity of nearly 6 million kVA and will feed four
735-kV -transmission lines. The substation will measure 580 by . 366
meters. o _ |
THe voltage levels in the substation will be 15 and 735 kv, -

which is something of an innovation as-underground generating stations-
built tq_date have had three voltage levels, namely 15, 315, and 735 kv,

Studies have shown that it is more economical to eliminate the intermediate

-
1Y
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~ transformers (315 kv) located indoors. Fig, 9.4 shows the LG-g'substafion‘

[311.

9.5, CHARACTERISTICS OF THE ELECTRICAL-FQUIPMENT.

S

Fig.‘9.4.sth§ the single-line diagram of the-LG-Z'substatigef;

F1g 9.5 shows where it 1s located.

The :f0410w1ng character1st1cs apply to a11 the equ1oment

1

Ambient temperature:

from ~50°C to + 40°c.

Frequency:_ 60 Hz

Rated voltage: 735 kV

Max. voltage: . - 765 KV i

B.I.L.: 2100 KV o
Radio interference: 500 o ‘ S -

tach power transformer will cons1st of a bank of three single- phase

step- up units with two- low-vo]tage w1nd1ngs

It w111 ‘have the fo110w1ng

<

\gharacter1st1cs
Rated capac1ty 700 MVA
. . Temperature rise: 65°C ¢ :
Cooling: OFAF '
Ratio: 735/13.8 - 13.8°kV
Connection: T YAA :
Nominal impedance with 15

LV winding in parallel:

The sHunt'reacdtrs §ha11 have the characteristjcs as fo]]dws:-j

)

Rated canacity of .three~

165 Mvar

s1ng1e phase unjts:
Temperature rise: 65° cC -
Connect1on grounded Y

The a1r blast c1rcu1t breakers will. have the following character13t1cs

IPRCF SEGR.. I T
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Continuous current rating: 4000 A and 2000 A

Rated short-circuif capacity: . 50 KA

Maximum total duration of break: .05 s

Lightning arresters will have a voltage rating of 612 kV and B.I.L. of
1400 kV. | '

9,6 CHARACTERISTICS ' OF PoWwER TRANSFORMERS

The power transformer for the LG-Z substafiog will be.a prot?¥
tyﬁe. For the first time, a transférmer will have a ratio of 735/13.8 -
13.8 kV. The 10w vé]tage side will have two windings, each connected
to a 3?0 MVA generator [31]. Also there will be protection agarnsf flames

from a faulty transformer A fire-wall betwgen transformers wild confine

. f]ames and an oil-retention pit will be provided to avoid environmental

" pollution as shown in Fig. 9.6.

"1 9,7 SwiTcHING EQUiPMENT

The most commqn]y.used extra-high-ﬁp]tagé circuit breakers are
‘the'compressed—air type. Oil-circuit breakers have bgén availabie for
a long time but they have not gained great acéeptaq;e’by 0ti1ities. ‘The,
SF6 circuit breaker is a recent-product and will be more extensively
applied to compact suBstations. Also, d1sc0nnect sw1tches are used for

extra-high voltage transmission.. Among the above sw1tch1ng equ1pment the

‘
oil-circuit breaker has relatively less troub]e'qnd shorter down-time.

9.8 ConTROL EQUIPMENT e
. ‘.',

- ' v ey

Fig. 9.8 shows a typicaf prdtectién block diagram. Current

transformer's used ingprotection circuits will have a ratio of 4000/2000

T | 7



- 75 -

0¥ 1UYd

— 9%% *6r4

18-}
wrm _
P -huunlllll - .
= _” _m eob
-+ ) -.Jl H f i
I.|l - — ra.w“...un.... ..III.III.._.
- e ;
BN | A TR Y N | [
— - = I ] : — I S ilie | !
1! [ “ - === ey —b v - :_..... | .Sua.ﬂu _
- K l'll'. | N m ” .! i ] L] H 4
llnH.' 5 — H . i S h.n‘r : f -u-'n:.._:_—. m "_ 4 i ".
.- : _ _ i rfq).agw-zl- : ~ _ _ ¢|. " ‘ m _ — "
=2 _ | o~ — = ul- i .
| e | _ - T Y 8- : A .?T;. r__
o - H e —rdi .~ — =2
: T _ ] &
ittt & Suirin o » <
, »
- II MRIidE L]
| m rd
*y : > -
f N 2 K v _ .
—- ir - oo _h
i 1
4" t m~ w _ ~
- ‘ - 0 .
2 I I T ;
o o e O “m PR LT _ !
] ) 0o . ]
m @ i . P
. [ e c = i
L . ' ! ) _ i .
f i i | |
. _ | N
N "m _ ! . .
H | -*
. | ST ﬂ _
TTTTTTITINTT v _ I
L] . B ..- rl |
' b L | .r
Pl ziemn] _ - :
. ) _ .
1 n " . - — .
v : " __ . # ! ; L
] . ; . ‘
i . ] . :
] i R ....
t
a : m | “
‘o o |
vl P
. Y _
] N . _
¥ . ur E
L v
[ . |
! . _ ”
& P [ .




ta

- 76 -

YERS ALTERNATEUR

© Fig. 9.8 — Typical Protection Block Diagaam.
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- to 1A and they must withstand a maximum symmefri;a] short-circuit current
of. 50 kA. The control wiring 1is fed from 24 volts dc batteries, with
number QIANG wiring, ,

The breaker 700-1 w{11 be tripped simultaneously by L-1 line pro-
tectidn and by the differential protection of transformer T-1. The line.
protections tripping order should reach breakers 700-1 and 700-2. The
transformer ‘protections tripping order should reach breakers Zep-], 700-4,

and the two 13 kV breakers on the busbars coming from the generators [31].

]
[

P
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CONCLUSIONS

There are various ways to supﬁorf the voltage of a system, follow-
ing the loss of a line. ' At the sending end, static excitation systéms can
hold the terminal bus voltage. Aisb, at an intermediate bus, capacitor’
banks are needed to maintain a-good vo]tade at peak 1oad} 1ihe;§ﬂpeactors o
are needed to absorb reactive power duking-1ight-1oads,-saturab]e reactorﬁ
are inéta11ed to prevent excessive temporary errvoltages due to Toad réjee-
tion and synchronqus compensators are provided'to'help maintain the voltage
under disturbed conditions. A1l the above-mentioned equipment effectively
break the tfansmission Tine into shorter lengths and, witﬁ each section
supported by a fast-acting reactive pgwer controlling qevice, the overa11
stabi]éty of the system fs {mproved.

Another way o% achieving Stabi1ity of the system is to}u;e séries
capacitors. Series capacitance may be required for the condi;ﬁon of
highest circuit reactance, but mhy not be needed for the normal condition -
with all lines in service. The sefies_capacitors must be usea.initwo ways
described in the project, where the chojcé between these two arrang;ments
depends upon the relative ;dvantages from the stabi]ityJLbint of view. -~

For‘the désign of 735 kV extrg-high-ﬁo]tage systéh; ana]ytiéa?i
: styd?es were made with the hg]p of_a diéjtal éqmputer, in order to get in .
consideration the best circuit. Importanceé and careful consideration was

given to the system performance, priority:to the stabiiity of the system

78 -
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under different faults. The computer program tested the 735 kV system

for stability under a three-phasé fault at the bus near the generation

station and a 1ine—to-1ine fault at a sectionalized transmission line, with

certain number of circuits and line compensation. The results showed that
the system with 8 circuits and 60% compensation is stable under the imposed
faults. In other cases was unstable for both fault conditions except for

the case with two circuits and 90% compensation where the sys;sTijﬁ stable

"under the three-phase fault and unstable for line-to-line.fault. -

With the eventual use of bundle conductors for extra-high voltage
transmission 1iﬁes, the ihter;ction of electrical and_mechanical criteria
become increasing]y-impoftant. A great amouﬁt of work has been done for
bundles of up to 4 conductors and thaf some of the answered researched could
be already available. .

In this major report no effort has been made to de&e]op a stand-
ard high-voltage substation but-it will. be notéd that some equipment are

repeated in a nufiber of layouts. The choice of arrangement will be depend-

end on the relative importance assigned to the design factors previously

‘n enumerated. This will depend on the judgment, prejudice and experience of

those making the choice. As might be expected, no single basic design
stands out as being superior to the others in all respects. A1l factors
should be carefu]]y reviewed .and the design se]ected should be that which

meets the requirements ‘which are considered to be most important.
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SAMPLE CALCULATIONS

The f0110w1ng procedure tests the 735 kV system. 600 miles in ]ength,
with 8 c1rcu1ts and 60% compensation.

The per unit system is used for computation

Z. = (kv) b/MVA)p, ¢ Zpu = Z{ZB
her;: (kV)p = 7;5lkv ’ .
(MVA)p =15 000 MW
; Zy = 735?/15 000 = 36 © .; S | :?
" 7 = 5 x 600 x 30 =15 g
N - z 15

?2 + 15 + 2; = Jd2 ‘_"..]5"'1' 3—6-‘ = 6§87 -
| . .

-

I

The equivalent circuit of the transmission lide is as follows: .

b)

— = Pe

A ‘687
L L L L L B A 1.
P~ I5.000{MW. I—} '

{ FAULT.

3-phase fault ¢n the bus near the geheration station'with‘a ciréuits, 60%

compensation

g7 Siné =1 — 5§ -43.5°

Pe =1L sing=1 3
A - T <

Pe(ﬁefo"ige fault) = '6%7 siné = 1.455 sing = 'I. —> 6§ = 43.5°
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' i
Pe (during. fault) = 0 ) -
F} - ' " 3
- . . £
Pe (after clearing the fault) = 1.455 sin &y
The table below shows the computation under this condition. ] J

{/ clearing time

rl
I

P

“0 ~ 05

16

15

.20

.25

30 | .3 | “a0 | 5

9 Pa(n_

1)

0" | b.5

3.2!&5"

-3.69

73.96

5.256 |-3.438 [ .- | .

T

Adn

0o |45 -_*1‘3.5 16.7h

13.05

;9.09

105.64 | "~1.75

c) Line-to-Line fault on a’'sectionalized transmission line, with 8 circuits,

60% compensation, Transmiss{onfiine'wiTl:be as fo]Towﬁz

T4

-

:,rla.i.,;is,

> ‘
8 43.5 { 48 61.5 78.24 |'91.3 |[100.3 107.'3 1055 | i
_ o SN I . 4
1) 0 - TI B < o N Y "f
p y.s] o L. §.639 1.53 ) 1.4 7] 1,426 1.382 ¢ TN Y L. ;
€ 0y 1.279 -~ | - Stable.
S B y o TR [ 4 .
P Sl £36 -1 f -.Bb -cho6)” -.382 |
fﬂ“ . N

L]

) om | oo

" T"_: ml TP — m‘— : - . rn-‘ .' - "
P = 15 ooomy | | Rt I J LA .
' o ' -FAULT o .
— S J. ‘X
[ . !
'y B : :

- \‘ € <

s ) . '




£

LI

- 26 - .

.'0' o ‘. . . ’ ) ) e
* The per-uﬁit'reactance of the.system is™’ ; - .
. A _‘ . ‘ Z. . . : ’
X = .12+ .15 47 5=
where: r : . Fﬁt
.1 = .5 x400 x 6-4-.5 x 200 f R
=0 .5 %400 X g0 +.5x 200 x <30

.7 = 15.7 )
) 15.7 '
R LN L L
| o <
1 x1 . - 1 . - - 0

] sin6 = 1.455 sin § = 1 ~——> § = 43.5°

Pe(before fault) 557

.
e

" Pe(during fault) = 0

Pelafter clearing fault) = 1.416 sinén

4
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PROGRAM .TEST

208’
110 .
- 200

201

202

205

203

204

737172 0oPT=1 - 88 - .

PROGRAM TEST(INPUT:OUTPUT)

. READ®+AsBoCoF

IF (A.£Q.0.0)STOP -
PRINT 278 B .
FORMAT (1H1) .

X=28=0DN=DN=PE=PA=Y=Z1=W=XX=YY=0.,0
-PRINT 200 °
'F MAT(15196POHER(MN)“-IOX-*VOLTAGE(KV)*-I

OUNT OF, COMPENSATION®)
PRINT 2019ABsCoF

FORMAT(15XsF9, ?ilOXvF? 2;16X;F301026XvF5 2}

ZB=B'“2/A
READ® +H

"IF(H+EQ.10)GO To 2

PRINT 202

T FTN 4.64446

FORMAT (10X»#3 PHASE FAULT ON THE BUS NEAR THE STATION®)

2z20.5%600.0%F /C

. X=0.1240415+277€

l— 1 M.— ' ‘f' .
G0'T0 3, Ao

- PRINT 205 - .

FORMAT (10X ¢ # [NE TO LINE FAULT®)

Z20,5°400.0%F /C*0, SGZOOoOQFI(C—I.U)

X=0,12¢0,15+2/728 .
LIM=1

. DN=DN+ASIN(X)

PE=PE+0.5

T PA=PA+1,0-PF . ./

RA=180,0/3141589 .
Y=0DON*®RA
PRINT 203

FOPMAT(IOX;°DDN*0ISXo“DN“|15X4“PE¢vISXQ”PA“)

PRINT 206+DDNsYsPE+PA

I

FORMAT (6X1F9,338%sF9. 3s7XeF 9, 3.7x.r9.31
. DDN=DDN+%5 . 0°pA/Ra

DN=DN+DDN

"PE= 0.0 -

.

DN=DN+DDN

PE=(1., OIXJ“SIN(DN)IE.
-PA=]0=PE

Z1=NON®RA+Z] . L
W=DN“RA+W L
PRINT 204+Z) sWsPEsPA .
DO 11 J=1sl0 : ‘a
AA=J/J

DDN=DDN+ (G4 O“PA/RA)*AA o
DN=DN*NDN - .
PE=({1.0/X)%SIN(DN)
PA=140=PE

PA=110-PE

T Yl= DDN“RA

Y2ZDN#RA .
PRINT 204¢Y1sY2ePEPA

' DDN= DDN*?.O*PA/RK

xx:ooN“RA*xx
YY=YY+DN®RA
PRINT 2049XXsYYIPESPA

ST AL RN I S PR Rl tF 230 17 ot

/

nl v

s

&.

s¥NOLOF L' INES®910Xs .



60

65

" ~-PROGRAM .TEST

S oon
206

20
207

73/172  QPT=l

P=DN=DDN
IF (DN.LT.P}GO TO 20:
AX=YY=0,0

PRINT 206
FORMAT (30Xs #UNSTABLE®/)

IF (LIMeEQ+1)GO TO 1
GO0 TO 110

PRINT 207
FORMAT (30X 0 #STABLE®/)
IF(LIMJEQ.1)GO TO 1

"GO TO 110
END
7
7
y
~
/f
/
ra
/

&

e e DL



" VOLTAGF (KV) 5 .

AR -"“‘?5 PN UMIvET e

POWER (MW) NC:OF LINES
15000.00 . 735.00 . 8.0 |
3 PHASE FAULT ON THE BUS NEXR THE STATION =
DDN ] .. DN - PE Pa -
0,000 43,353 _ 500 +500
4,500 - 47.853 0.000 "1.000
13,500 . 614353 . +639 0361
164747 . 784101 . }e425 -el25
12.919 . 91.01% ' 1.456 ) - =al56
‘84811 '99.830° 1435 ., =e4k1S
44893 104,724 1.605 =409
1.21" \105.937 ' 10‘001 =01
2,393 - . 103,545, 1e416 . =ebl6
: ] STABLE .
POWER (MW) . . VOLTAGF (KV) NC«OF LINES -
15000,00 735,09 - ' Bel. .
LINE TO LINE FAULY ‘ o
DDN DN - ks - PE. - L Pa
0,000 . 44.937 500 . «500 °
44500 T 49,437 - 0,000 " le0Q0
13.500 62.937 ‘  «630, «370
164827 . - 79,763 ! 1.393" T .wed9
13.287 7 ‘ 93,051 , le414 ~albla
G504 - 102.614 1.382 ' - =4382
6,129 ‘ 108,743 14341 =s341
3,063 - 111.806 1,314 =s314
v233 112.039 1.312 =-e312
‘20578 . 105,460 1-335 -+335
STABLE
60% Line Compensation- -
\

Ittt T L MUY NN



POWER (MW} VOLTAGF (KV}

15000,00 735400

3 PHASE FAULT ON THE BUS NEAR THE -STATION

DON DN o PE
' 0,000 50.335 . 500

4,500 54,835 S 0.000
13,500 68,335 e 604
17,067 .- - 85,402 . 1.295
144413 . 99,816 1.280
11,893 111,709 1.207
10,031 1214740 - 1.105

9,088 130,827 . +«983
9,241 0 - 140.068 +834
10.737 : 150;805 . «634
14,034 164,839 . 340
19.976. 184.814 -,109
29,957 214,771 U =a T4l

' _ " UNSTABLE
POWER (MW) VOLTAGE (KV)
15000.00 735,00

CLINE TO LINE FAULT Lo

NON e DN | PE

0,000 1 84,4237 +500

4,500 58,737 0.000
13,500 - / 72.237 7 0581
17.219 . B9.456 1.232
15:128 104,584 1.193
13,394 . 117.977 . ‘1,088
12.59%" 130.576 . ] «936
13,174 143,756 . L)
15.616° T 159,366 - 434
20,707 I80.073 : :,002
29,721 209.794 <.612
44,232 254,027 - =1.185
634895 - 317.922 L =.826

UNSTABLE

70% Line Compensation.

BOER ERRRY ORI RE

NC.OF LINES

NC.OF LINES

5.0

PA
_ «500
1000

396

=+295

. -0280 -

~e207

-s105

«017
0266
2366
2660
‘14109
1(7“1

-TYE

PA

500
14000

413

~2232
-¢193
~.088
«064
271

566 -
1.002,

'10612
2+185
1.826

@lﬁ

e T T




Ly

Vi

POWER (MW)

VOLTAGF-(kV) ™

15000,00 735400
3 PHASE FAULT ON THE.BUS NEAR THE STATION
- DDN e DN n PE
0,000 52.243 . «500
4,500 + 56,743 0.000
13.500 70,243 595
174,143 87.3886 Y1426
14,772 "102.158 1.236°
12,643 - 114,801 l.148"
11,310 a 1264111 1.022
11,113 137.225 859
12,382 149,607 640
15,623 165,230 322
21-721 . 186.952 '*-153
32,099 © 219,050 e 797
48,4271 267.321 . 1,263
' i - "UNSTABLE - )
* -
* POWER (MW} _VOLTAGF (KV)
15000.00 735,00
LINE TO LINE FAULT® T :
DON. - - DN PF
0.000 SB.045 .500
44500 62,545 0.000
13.500 ?6-045 " 0572
17,353 93.398 le177
15,764 109,162 1.113
14,7464 123,906 978
14.941 138,847 776
16,960 155,807 483
21,613 1774420 . +053
30,136 207,556 = 4545
44.0“3 251-598 “1-118
63,108 314,706 -.838
79,647 394,353 « 665

UNSTABLE

75% Line Compensation.

NC.OF LINES

440"
[ 4

‘PA -

«500

thOﬂ
: 405

-3360
-'0236

‘-0148

=:022
141
« 360
- «67R
1153
1.767

i~

24263 "

- 9

e ——

t . —_— e e

NC.OF LINES @

4a0

PA

2500
16.000
428
-e177
-.113
022
224
517
«947

- 14545
2118
1.838

oe35

!

TLACMMRIDNTA IR e

-

e i ooy v =



PR - . - - 33 -

POWER (MY) - - VOLTAGF (kYY) . ° ~-NC+OF LINES
. 15000,00 .°735.00 o 3.0 '
3 PHASE FAULT ON THE BUS NEAR THE STATION . 1
. DON , .- DN PE PA. : ‘ !
00000 55.521 . .500 ) . M 0500 . . __ i
4,500 - 60.121 T 0,000 A 14000 : -
13,500 . T73.621 . C 581 419
¢ 14269 90,890 1.211 .. =e21
15.365 . . 1064256 © “1.163 ~s163 . -
13,897 " 1204152 S0 le048 .. =048 '
. 13,467 . . 133.619- . , ! «BTT . e123 o
144573 lag.192 © T 639 . ¢361 T T
17.825 © 166,017 . +293 B 707 . - -7 :
244190 _ 190,207 T ~e215 ' 14215 ‘
35.123" ., 235.330 - - Tt =862 - 1,862
5]1.8 it L 2774207 - “-l4202 - - . 24202 .
71,696 - 348,904  =,233 . le233
: " . UNSTABLE ‘ S T
POWER (MW) * VOLTAGF.(KV) © NC.OF LINES
. 15000,00" | - 735.00 . 3.0
C LINE TO LINE FAULT L - _ '
DDN : “DN - _ PE g Pa
, 0,000 ' 66.618 ' 500 0 Tt ,500
94500 © Tl.118 x 0.000 1.000
13,500 B4,618 0542 4580
17.619 102,237 ' " 1,065 - - 065 .. -
170037‘ T 119.273 . «950 - + 050 - o
17.6483 : 136.757- -  JT46 2254
19,766 156.523 436 .56 7
24,860 - , 181,383 -.026 1,026 i
34,096 . 215,479 . =632 14632 . :
48,787 - 264,266 P =1.084 24084 o
- B24346 495,331 766 234
- UNSTABLE .
- ‘ o

80% Line Cofnpensation.



POWER {MW)
15000.00 735.00
3 PHASE FAULT ON THE BUS NEAR THFE STATION
DDN DN PE.
0,000 43,353 «500"
4,500 474853 0.000
13,500 61.353 " 639
16.747 784101 - 1s425
12,919 - 91,019 ) S P A1)
4,893 104,724 1,409
1,214 105,937 1.401
=2,393 103,545 la416"
STABLE
PowEﬁ(Mw) VOLTAGE (kV)
15008/ 735.00

LINE TO L1 FAULT

DDN NN - PE
0,000 . 55.621 «500
4,500 60.121 0.000
13,500 73.621 «581
17.269 90.890 le211
15,365 106.256 1,183
13,897 120,152 1,048
13.46T 133,619 . «877
14,573 l148.192 «639
17.825 166,017 °293
24,190 190,207 -,215
35.123 225,330 -, 862
51.878 277,207 ~1.202
T1.696 348,904 ~.233

o UNSTABLE

VOLTAGF (KV)

90% Line Compensation.

e g e
f,fh‘ﬂ

e XN ‘

NC.OF LINES
2.0

PA
«500
 la000°
«361
"0‘025
=456
"0435

P ee(9
-.40‘1
=416

NO.OF LINLS
2.0

Pa

1.000
" «419
--2'11
-.163
~4o04R

+ 123

«361

»707
1.215
1.862
2202
1233
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POWER (MW)

. VOLTAGF (KV)
. 15000,00 735,00 .
3 PHASE FAULT ON THE BUS NEAR THE STATION
DN . DN T PE
0-000 .= 50.335 .SOO
4,500 ’ 54.835 0.000
13,500 68,335 T 604
17.067 BS,402 14295
14,413 99,816 1.280
- 11,893 111.709 1.207
- 10,031 - 121.740 T-IOS/
9,088 130,827 0983'
9‘2"1 140.068 0834‘
10,737 150.805 0634
14,034 164,839 » 340
< 19,976 184,814 =109
29,957 214,771 =701
s . UNSTABLE :
POWER {MW) VOLTAGE (KV)
: 15000,00 735400
. LINE TO LINE FAULT :
DDN DN PE
0,000 54,237 «500
4,500 ° 58,737 0.000
13,500 724237 «587
17.219 - 89,456 1,232
15,128 104,584 1,193
13,354 117,977 1,088
- 12,599 130,576 « 936 .
13,174 143.750 .729
154616 159,366 - 036
20.707 180,073 -.002
29721 209,794 =612
44,232 254.027 ~1.185
63.395 . 317-922 . '.826
. ' UNSTABLE

" 70% Line Compensation.

~

-
-,

. '(l’.“!\!"’ '-

5.0

NCoNF LINES =
5.0

-+ 295
~e280
-0207
'0105
«017
166
366
+ 660

1,109

le741

PA

«500
1.000

413
-.232
'0193
=, 08A

e

L] .

2566 J
1.002 '
la612
2185

[

1,826 o





