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sinc oxide valve blocks W
'

ne availatility of
AaSTRACT suitable for power system application has permitted the

A new series capacitor protective system based development of a new series capacitor protective sys-
tem, he protective system consists of four basic [

upon sine oxide varistor technology has been developed.
system of f ers the advantages of instantaneous elements as shown in Figure 1. On a three -pha se

r@ insertion of the series capacitors af ter an external installation, each phase would have ar. identical cir-The new
Each of the elements has a specific role to play

line section f ault and elimination of mechanical action cult.

fir normal protective operation. This paper describes gn t3, overall operation of the device. Most important
is the sine oxide varistor which is connected directly

,

the general operation of the new system and the eqatp*
ment and testing of a field prototype. in parallel with the capacitor and which provides the

fault overvoltage protection. Connected across the
capacitor and the varistor, through a current limiting

IN*RODUCT W
reactor, is a triggered air gap. The gap does not limit

the varistorthe voltage across the series capacitor -
Series capaciters are an attractive means of com- performs tnat function. Rather, the firing of this gap

pensation becaase they redacs system tapedance. As a
is initit 'sd by the control logic that monitors the

compiteating factor, however, a parallel protective daty to no *the oxide varistor. Thus for certain*

.aolts where the varistor current magnitude ordevice is required to provide overvoltage limitation syster

during system f aalts. Series capacitors in tr ansmis* daration becernes excessive, the gap is fired, shorting
Inthe varistor and protecting it from further duty.

sion systema have traditionally been protected against
the:e overvoltages by complex ceasinations of gaps and addition, a bypass switch in parallel with the gap
sechanical bypass switches. These complexities were automa tically closes for abnormal system conditions

that cause prolonged current flow through the gap orparticularly evident in applications where syntes load
errying capability and transient stability Itaita re- for certain platform contingencies. The switch also
quired high speed reinsertion of the capacitors in the allows an operator to manually insert or bypass the

unfmalted line section. Furthermore, voltage rating series capacitor. The current limiting reactor limits
lisitations of some of the ptotective device components the capacitor discharge current through the gap and/or
ef ten required that the capacitor bank contain two or s w'. t c h.

segments in series, each witn its owr. complete SER!ESC more
protective device components. During high speed rein. CAPACITOR1p
sortion of the capacitor, reinsertion transients could aa
be escalated by trapped charges dae to random sequen-
tici reinsertion of the indtvidaal segments. This VAR:STOR

could lead to an increased voltage requirement for the , ,
1

i

c:pacitor bana, and addition.1 switen and reinsertion DSCHARGE d

pl mity of previously available protective equipment REACTOR "I h TRIGGEAEDscsistor control equipment. Unfortunately, the com-

AIR GAP
has caused some undesirable operating and maintenance O C

y

problems. 1
To eliminate these problems, a protective devic, BYPASS

cing e ailicon carbide varister taas specified by BPA SWITCH

ed a three-phase prototype was developed by SPA and Fig. 1. Basic circuit for new series capacitor pro-
applied (19MI at Bakeeven in the Pacific NWSW AC tective system.

Intertie.III In this arrangement, the varistor was
placed in series with a gap and connected in parallel
cith the series capacitor. This allowed lower re- A prototype installation of the new protective
insertion transient voltages and lower protective gap systas was supplied under contract to SPA for field
sparkover levels than was possible with protection testing and long ter1 evaluation. This paper describes

In addition, instantaneous reirlertion of the various aspects of ".he sinc oxide varistor, the general
schemes.
capacitors in the unf aulted line was achieved and thus operation of the protective scheme and then the

taproved stability margins over previously particulars of the prototype installation and theprovided
rnallable equipment having longer reinsertion times. associated field tests.

VAR!STOR

ne varistor consists of a number of sinc oxide
dists electrically connected in series and parallel.
De dists are the same as those used in the sinc oxide
s ta t W arrester manuf actured h the kneral F.lectric

M SM 694 0 A paper recommended and approved by the Company. Se voltage-current characteristics of the

C IEEE Surge Pretective Devices Committee of the IEEE colums of disks are carefully matened at the factory |

Power Engineering Society for presentation at the to ensure balanced current distribution among the col-
IEEE PES Summer Meeting. Minneapolis. Minnesota n e resultant voltage-current characteristic of
July 13-18, 1980. Manuscript submitted February 1

uaria,

the varistor, Figure 2, can be approximated by !=kVn,
1980; made available for printing May 9.1980. i

@ 1980 IEEE
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VARSTOR TYPfCAL
rct2d capaciter voltegi. Th2 c:pacitor rated currcnt

VOLTAGE CAPAC: TOR
was assumed to be 1600 A ras, ne system at each end of

, - VOLTAGES
the compensated itne se ; ion was represented by an
equivalent inductive reactance of 16 a .

onder normal system conditions, line current flows[ , through the series capacitor and negligible current
fl we in the vseistor. ne bypass evitch is open and

- 0VERLOAD the gap is s at conducting. This condition is
'"'#"***"

- CONTINUOUS [ [ " * "'" #
500KV1 1 500KV

NOJ W .L.
'

1
VARISTOR CURRENT 44 60 # ""-

Fig. 2. Voltage-current characteristic of varistor and 504 D-f
its general relationship to typical capacitor voltages. rg:0

::* 3"

(a)
.

Lhcre k depends on the series - parallel arrangement of , _ FAULT DURATION ,

th3 dists and n is about 50 over the veristor operating ' 8

rtnge. -

4"The prope ties of this sine oxide make such a [h h3jecristor practical. Eine oxide has essentially a sero UNE g
temperature coef ficient of resistance in the high cut- CunaENT 0 vij gjyy V v
rent condJCtion region, resulting in stable Current (KA)

4-shteing among columns daring a lengthy conduction peri- *

od. Righ energy operations do not have any significant g,
;

.

permanent ef fect on the characteristic of the material.
In addition, the stability of this sine oxide allows VARISTOR

[/\ 'CAPACT06 0th2 varistor to withstand continuous AC voltage stress \) t J \/%l

t:ithout significant deterteration. This latter point, VOLTAGE

in concert with the exceptional nonlinearity of the (p u-)
b

material, allows the connection of the varistor 2-
dir ectly in parallel witn the capacitor without the 4

( ( ( ( hcomplication of a series gap. VARISTOR
For a particular application the major consider- CURRENT 0 ,

7 ,I ) l I|etions for the varistor are its required voltage and (xA)
|cnergy ratings, ne voltage rating and the related 4,

f fvolt-ampere characteristic are established by the maxi- 4*

f A_h3aua non-fault voltages that are anticipated across the
series capacitor. Series capacitors are generally CAPACTOR q j ,

requir ed to carry various magnitudes of current for CURRENT 0 vy vy
v:rious time periods. Values of ten specified are the (KA)

continuous, the emergency overload and the maximum 4-

system swing current the capacitor is anticipated to 20 -

cirry. The latter current is associated with the VAR |STOR

machine angle fluctuations that occur in a system gygagy
following a major disturbance. nose currents result (w)

, i

in voltages across the capacitor and the varistor. The g

veristor must have enough series disks per column to 0 0.5 .1 .15 .2

withstand these continuous and temporary overvoltages. SECONOS

The volt-ampere curve of the varistor must, therefore,
(D)be situated above these voltages in the manner illus-

trated in Figure 2. Although the relationship of the Fig. 3. al 500 kV circuit with a +hree-phase fault
three systen voltages shown is fixed for a given sys- esternal to the compensated line section
tem, this relationship will change from system to sys- b) W1tage and current waveforms for a 5
tem. The placement of the varistor voltage character" cycle f ault on the circuit of Figure 3a.
1stic thus reduces to the problem of showing that the
ecristor will not be overstressed when any of these
voltages are maintained for their specified times. For A fault occurrence on the system increases the
cr. ample, if the emergency overload voltage were signi- capacitor current and voltage. If the capacitor volt-
ficantly greater than the continuous operating voltage, age rises enough, the varistor conducts and limits
this would cause the protective level of the veristor further voltage increase. If the fault is external to
ts be higher than it would be if the overload voltage the line section in which the capacitor is installed,
were close in magnitude to the continuous operating as indicated in Figure 3a, the line fault current is

modest since it is limited t>y the impedance of the total
valtage, line. The action of the veristor for such a case is

illustrated in Figure 3b for a three-phase fault.
usin the Electro--

CDfERAI., SYST!!M OPERAMON These waveforms were calculated(MTP) .[3} gAs- shown, themagnetic Transients Progras

The essential features of the sine oxide varistor veristor limits the voltage on each half cycle and the
protective system can be described by reviewing simu- current alternates between the capacitor and the varis-
1ations of its operation on the 500 kV, 60 8: idealised tor. When the varistor clamps the voltage, of is j

*

system illustrated by the one line diagram in Figure reduced which reduces the capacitor current to a low U

3a. ne varistor indicated for each phase has a level. We capacitor-varistor shared conduction con-
protective level at 25 sA crest of 2 p.u. crest of the tinues until the fault is cleared by the system breater

2
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Th3 $00KVt ..

as direct 2d by its own rcicying.
.

faalt level, re-

II (Pagare 3a!then drops to the postand esasing the varistor to4460 240kU (150M:) _ ag
g

Lin) carrsat C ; -

dacing c:pacitor voltage Thus the line current flo" -7'vis'en11y cease condaction.
=

This re-

is f ally restored to the series capacitor.insertien or restoration is instantaneous and satomatic
'

,

system transient (3)
powermarkedly increase as will be discussed in CREST CURRENTand c:n

,

stibility and power transfer ENERGY - 30
; !

For the condition studied the varistor on the
fAppendiz I. ,

300|-
, '

phras with maximam energy absores 21 megajoules (MJ)
, *

fault. { i
est of this energy absorbed during the t I

Bowever, some additional energy is absorbed as the possubsynchronous oscillatoryt'ith
- 20

fcult power frequency 200 -
Iand

serrants combine and increase the capacitor voltage upThe varistor con- ,
g

ts ths varistor condaction level.ducticn limits the magnitude of these oscillations.section where the series- 10

,

I

Faalts within the line
sepacitor is located can resalt in a wide range of line 100 -'

fault currents depending upon the location of the f aultConsider the case sMwn in Figure-

ENERGY -

43 wnire the capacitor is located at the end of a lineAs the faalt location is eved along the line
tod th3 capacitors. _0''

the energy absorbed by 0 60 120 180 240
'

0 --
section.
towi.ro the capa 'ter (Figare (b) The extent of FAULT DSTANCE FRCM POINT AMMtncreases significantly.
this increase is influenced by the equivalent impedanceth3 veristor

The type of f ault is (W*

ct the terminating substation. single -itne-to- ground 500KV
*

c1&o a significant factor.
f:ults generally result in 50 to set less veristor datyBowever, for many systems N g'V 1500 W
thin do three-phase faults.is impractical to apply a varistor with sufficient

absorption capability for the worst fault A_ 100xM 4 62 140KM ~ _Oit

sesed on these censiderations, a triggered hG j[
-

energy
The

car grp and its associated control were designed.locttion. ,

control circuit has the ability to monitor the veristor
~

The (C)

duty during f aalts and to fire the gap as required.ef fectively shorts the varistor, limiting
veristor daty to a selected design magnitude.grp firing KA

the capacitor is MJ, ,

Consider next the case where The
locsted away from the end of the line ' Figure 4c) .
maximum vi s istor duty (assaming no gap firing) for

- 10

h n in 100 %'

int 2rnal lane f aults is substantially lower as s owinternalThe varistor duty possible for
ENERGY

faults exceeds that possible for external faults.In general, the most economical approach fort**
Figur e 44. _g,

,

60 120 180 240g_
system is to design the varistor with the 0

FAULT DSTANCE FROM POINT AKMenergy absorption capability required by the worst caseThus, for enternal lineprotective
scenar io.cettenal line fault would condact, providing (d)

of f ault' and capacitor location onf:ulta, only the veristorprotection for the capacitor during the for internal line section f ault (assumingFig. 4. Eff ect

instantaneous reinsertion of the capacitorFor fauler within the empensatedveristor dut)
ovseveltage

|f ult and
al 500 kV circuit with series capacitor Ispon f ault clearing. varistor design limits, no gap operation).

line section that exceed the Fault current would located at the end of the line section. Varistor duty for a 5 cycle, three-phaseair gap would be triggered.*hrough the gap until cleared by the systemth)
. The gap would then deionise and recover fault at various locations on the internal line section

,
b)th:n flow

to be compatible with !line brenners.withstand strength If, of Figure (s.
cl 500 kV circuit with series capacitor

'

its voltage reciocing of the line breamers.
1Xated away from the end of the line section. varistor duty for a 5 cycle, three-phasehowever, there were an abncrnal systes contingency such

tas high speed
the

current continued to flow in ,the gap,
fault at various locations on the it.ternal line section

,dlThus,that faultcontrol circuit would close the bypass seltch. j

only in the event of abnormal system contingencies ore:rtain platform contingencies would mechanical evitchSPA proposed that this be
og yggg,, 4e,

on a prototype installation.done on a 104 MVAA bant operating since 1960 at the 345oper ation be required. in principle the new series

tv North John Day Compensation Station in Washington.
The above presentsf

system and its general systesprotective
The advantages are its simplicity, instan-tapaciter

taneous reinsertion and elimination of mechanical
The Mewery-noes Campensated Lineoperation.

action for the normal protective operation. The North John Day 9eries capacitors are installed
,

,

Does

in the 345 kV line between the McNary and J.L.This circuit is 175 miles in length and!

F_ Elb INS *ALLED PRCf!CTYPE provides transmission from the generrtion at McNary Dassubstations.I The cyacitors'

to the load center in the Portland area.work and feasi-
Pollowing eatensive developmentit was deelded to proceed towardare located a distance of 74 circuit miles from McNary,

bility evaluations, functional field tests and to obtain service esperience
3
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"f.ine autotrans-ar.d 101 circuit siles from J.D. Ross.
formers rated 230/345 tv, 600 MVA are installed at each VARISTOR'

tses t':a1 and are switched as part of the line by REAC70R
breasers on the 230 kV side. The satotransformers are OOOconnected wye with a solidly grounded neutral and a ooo c0sTR0t
dalta connected tertiary. The circuit arrangement is HOUSE F
snow. in Figare 5. 000 -

e
2 -

Uo
345KV 101 MI (163 KM) ya 75M1147KM) E

230KV TRtGGEREDo2306 BYPASS Aig
108MVAR

48Q SWITCH gap

NORTH WCNARY
ROSS v o

JOHN DAY ,

Fig. 5. Ross-McNary transmission circuit with original 25 FT. (7.6M)2

series capacitor protection scheme.
- Fig. 8. Plan view of prototype platform.

The North John Day inst 3114 tion provides either g _ ' " . _
for 24 onm or for 48 ohm connection with a current ;

rating of 863 A raa for either connection. The 48 ohn *
* .

connection provides 29 percent empensation for the ** ,-

line and connect.ed autotransformers. ,

,
installed PrototyM %

Since each phate of the North Jcha Day capacitor
-

!
..

Hbank contained two separate capacitor segment plat-
forms, it was possible to install the prototype g

}

protective systes across one segment of espacitors (Xand to leave the remaining 24 ohm segmenk
*

,
e 24 ohms;
connected to the original protective equipment. The F ,

new protective equipment was installed on a separate .
''

'

platform in the 'C' phase. An electrical diagram of the
modified protective arrangement is shown in Figure 6. ,'

A plan view of the overall installation, a plan view of
-

'

k
the prototype platform and a photo of the installed % r
prototype are shown in Figures 7, 8 and 9, respect- ' P '- / .

ively.
,

/ /
' / rig. 9. Prototype installation.

C
Ok p10Q__o e

[1.3MH PwPt spmPimtmMHVARISTOR

ROSS - |( 2 |( = MCNAA? Although the prototype installation was made on a j

345 kV line, a SPA objective was to demonstrate that the ;

24Q 24g kV ;
applied on a 50g Inew protection system e uld be

'.rig. 6. Schematic of the prototype protective system 'Y'*** ***h ** th' P'#ifi" '"' * 8" "C I"****A**
* '" * **" 'E' "" "" ""# '' I" "'#I'"'(left) and the modified original protective system

(r ight) at teorth John Day. C phase on3y. were made cmparable to those that would be used for a
full scale 500 tv series capacitor bank.

ROSS
veristor speetfication ,

MCN!.:Y
_ The central requirements o' the prototype speci-
pQ q p ,., q q p- + fication concerned the varistor si. sing. The SPA spect-

--

Q -
:

-

the varistor thermal capability
L J L w.W .''g U LJ U LJ Ll fication stated that% was to be sufficient withstand the most severe fault~

i \f
.' - , . , ,- [ resulting rating would be comparable to that required

sequence internal L, the McNary-Ross lines the
'

' for the most severe remote faults on the Intertie. In
|

this way, the Isorth Cohn Day Prototype could closely*
4 simulate external line or remote internal line f ault

4
.. _. , 8"*Y ' ' *** 2"'''''*-

,,, Oa The varistor's protective level was chosen to be 2'

is g
| QQ- p.u. (58 kV crest) on the basis of the operating and
i

~ swing voltages of the line. Anticipated thermal duty
to the varistor was confirmed by use of the IMTP

f program. Figure 10 swanarises the expected varistor
T .

duty for single line to ground faults placed at various|

| Fig. 7. Plan view of installation (Cf) showing locations along the line. It is seen that the taultj

existing capacitor bent and new prototype platform current magnitude and fault energy varied with the
location of the f ault, and that these quantities were a

(lower right).

b

- - . _..
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O cith 16 diske per etlumn. The 18 v:ristar unira tre c11
-

.

connected in parallel. A bus bir is us:d to cun:ct th)
- ANGLE Of F AAT NTIATICN . 48- tcp nine units in parallel with the bottom nine units.

' '

--dN Sy resoving the bus bar the top nine veristor units can4 ON L G VOLTAGE ,--. vy .. .... a J be removed from the circuit electrically, thus reducing_' **
. x 0.(VO T 2ERC) ^ Y- the total energy rating of the varister by 50%. The- ,

7 + 90* (VOLT. CREST) --,. :* r,, '
- 3E voltage-current characteristic for the veristor is

.

*****g.a4"[ * ** ! E shown in Figure 11. The normal operating voltage of the[3

W "*N CEbh*[. '
-

varister is 20.8 kV ras (1 p.u. of rated capacitor bank
, ,

g
voltage), et which it will dissipate 250 water. The

q
'# 2E saximum continuous operating voltage is 24.9 kV rusU '

h*Ef*p (1.2 p.u.), and the protective level is 58 kV crestg2
G-- . . . . . . . + ; ENERGY

gf (1.97 p.u.) at 10.000 A crest. The veristor has a,

j voltage-time overload rating of 1.39 p.u. for two
E .DtSSipATED ,,

,

y , , , j 1 :re hours.
, ,,

1 .,y ,,,1 MNVUM GAP, ,

. ii iii i SPARK 0VER. . f
' I 3.0 VOLTAGE

0'
'

' ' ' '' ' ' -0 WITHOUT

101 90 80 70 60 50 40 30 20 10 0 TRIGGER
-

ROSS MlLES N JOHN DAY
=

FAULT LOCATION FROY N JOHN DAY as
.. ~

Calculated wartstor duty for 5 cycle single 2

lint-te-ground f aults at various locations between Ross h
'0

| | t10.Fig.

|
'

|
g g y ggp

Cnd North John Day.
~ SPARK 0VER>

VOLTAGE

maaimum when the f ault was located next to the bank on
Di .

WITH*

$1.0 7p;ggggthi Ross side. The maximum energy absorbed in a 5
cycle, single-line-to-ground f au,l t at the bank was
cpprestaately 3.5 MJ and the mantmum varistor current
scs (s.5 kA crest.There were two veristor duty fault sequence
ec:narios de s cribed in the SPA specification. In the
first sequence, two single-line-to ground f aults. of 0

1 1 10 100 1000 10000
ma:isus duty were immediately followed by a system CREST VAR!STOR CURRENT (AMP)sving of 1500 A ras (1.7 p.u.) and then by line

cp;ratien at 1.2 p.u. At some later time, line current Fig. 11. Varistor voltage-current characteristic and
be reduced to 1.0 p.u. In the second fault ,gg g g, g , p,, g

(
emuld
s:quence, three successive single-line-to-ground
ftults were followed by line lockout. In both event rating of the total varistor is 12.75The energy
sesnarios, successive varistor duties were separated by W (6.38 MJ with the bus bar disconnected). This rating
thi 30 cycle reclosing time of the line breakers. applies for re pe at e d faults or for a single large

fault. In addition, the varistor is capable of ab-
Other Specifications serbing an additional 12.75 MJ of energy af ter a time

delay of one minute following the initial rated energy
Since it was desired to evaluate the protective absorption. The one sinute time delay pe rmits the

system in the configuration that would be offered in a temperature distribution within each disk to equalize.
full scale 500 kV installation, a triggered air gap was Laboratory testing of the varistor was performed
supplied for the prototype installation. In practice to confirm its electrical, thermal, and mechanical
it is unlikely that the gap would be triggered because A typical test circuit and oscillogram is
th2 varistor was rated to withstand severe faults on

pe r f ormance . In this test the Ross-McNary line,
the McNary-Ross lina . The control circuits for the

shown in Figure 12.

triggered air gap were specified such that the gap
the North John Day capacitor bank, and the varistor

a wide range of currents and were modeled with scale factors of 1/9 f or current,
1/6.81 for voltage, and 1/63 for energy. The shorttriggered overcould be This adjustable control feature was beneft- circuit current in this test corresponded to a system(nergies.

cial during the field testing. In all other power of approximately 2.4 kA ras available.fault currentcircuit equipment, SPA specified that sinta an contin- The model varistor absorbed 222 KJ (13.99 MJ equivalent
uous current ratings were to be based on an assumed for the full scale varistor) and provided a maximum
etntinuous line loading of 1200 A. protective level of 8.42 kV crest (57.36 kV or 1.95

p.u.) at a maximum varistor current of 620 A ($$80A),,

crest. A subsequent section will show that theEquipment Description *

waveforms obtained in actual field tests are very
The equipment provided included a varister, trig- similar to those obtained in the laboratory.

3: red air gap, bypass switch, reactor, control circuit,
connunication column, platf orm pewer supply, and equip- ;

Tritzered Air CapCommercially available components were Iment platform.
s:lected to perform the various electrical functions; The triggered air gap contains three carbon elec- '
however , several pieces of new equipment were required.
These new components were extensively tested before trodes. The center electrode is impulsed by the

being installed. A brief description of the major control circuits to cause the gap to fire. The
I

Laportant features of the gap are no sparkover except
tosponents is given below. by control action and no mechanical motion involved in

its operation,( varister the gap design was made to take advantage of the

The veristor consists of 18 porcelain housings
voltage lisiting function of the varistor. The gap

with each housing containing four coltaans of disks and
sparkover voltage without a trigger impulse was made

5
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pypass 5-* itch
lv

A standard 39 kV oil circuit Draaker is mountsd on- ne three
the platform to serve as the bypass switch,F

V
breaker poles are connected in parallel to increase theN / b

3p000 continuous current rating of the breaker beyond the T" *j-, .

1200 A rating of a single pole. The breaker has a-

/ i

closing time of 9 cycles and operates from the 125 V DC
,

*t\
| Q platform supply. designed to be operated j .

g ne bypass switch was
either manually by an operator command or automatically

j
,

De platf orm relays cause auto-by platform relays. )

natic bypass switch closure only itsThe triggered air gap conducts longer than 10
1) g

~ cycles.
(4) 2) The platform battery voltage drops below a g

design limit,
The veristor conducts curr ent beyond thep ( 3) length of the selected design fault sequence.
Certain platfore contingencies occur in-y
cluding capacitor differential current relayg 4)

,

|y g operation.
|

ne existence of any of these four situations
severe system and/or platform dif-ENERGY would indicate"

Closing the bypass switch in any of these{ ] ficulties.situations would provide assolute protection of the
%N capacitors and protective components, and the relayingin the closedIC a

the bypass switch
1H 151/2 CYCLES- was designed to lock

position until, manually opened by an operator at the
@ substation. Muipment was not available to permitNorth John Day subs ition,

Fig. 12. a) Squivalent of laboratory circuit for remote operation of the systes could be desir ied foralthough the protective
v riator fault conduction test. Test waveforms for circuit of Fig.12a.

supervisory operation.The operation of the prototype bypass switch is onb)

a three-phase basis with the existing switches of thecontrol provided by ground level
higher than the varistor protective level so that, the bank with interphase installation of the newspart over spontaneously during a fault. relaying. On a three-phase
9tp could notFurther, the gap was designed so that it would not sparkprotective system, the operation of the bypass switches
ovic, even with a trigger impulse, when there was no would similarly be on a three-phase basis. q

This eliminated the possibility of Jfcult on the lir'e. Thus, the

g:p conduction during normal line operation.only way in which the gap could spark over was during-

A standard epony encapsulatsd reactor is used to

current t.i-iting Reactor _

ne relationship of these volt-line fault conditions,
agis to the North Joht. Day Varistor voltaaspere charac*The r|ap was designedlimit the capacitor discharge current due to gap

switch closing. The reactor is
t:ristic is shown in Figure 11. sparkover or bypass

cennected in series with the gap and the bypass switchlaboratory tested to carry 7000 A ras for 10 A 1.06 a8, 1200 A rated current(2.2 p.u.) 30and
cycles, and then to withstand 65 tv crest Since the as shown in Figure 6.

cycles af ter the are had been extinguished.viristor limited the maximum gap voltage to 2 p.u. (asreactor is used,

shown in rigure 12), transient voltages caused by line
reclosing would be below the sparkover level of the

communication Column

A fiber @ tic coupled communication was developed
j
,

The function of the columngip.
for the SPA installation. j

Triagered Gao Control Circuits was to relay information between the equipment platfora
and ground level. the fiber ;

ne control circuits include a thermal analog The communication column consists of
-

1

its porcelain housing and electronic in-The
sitcuit and a high voltage pulse generator.
thermal analog circuit monitors the total varistor

optic cable, ground level and platform. De
column is designed to provide a number of digital

|

and the rate of verister energy terface circuits at
between jenergy absorptionIf either of these design limits is ex- functions (three going up and four going down)The digital functionsabsorption.

coeded the thermal analog generates trigger signals to ground level and the platform.are used to operate the bypass switch, to indicate thecause the pulse generator to operate.
The energy

the bypass switch, to indicate pistforaabsorption limit is determined by the thermal capacity position of
lockout, and to indicate battery voltage (normal / low).The rested porcelain housing insures a controlled

the energy rate limit isof the sinc calde materialg
determined from the magnitude of the veristor ts tit
eurtents possible in a specific application. environment for the fiber optic cable and maintains its

Current transformers are used to sense the veris-voltage withstand capability.The communication electronics requires 125 V DCThe varistor current is used to develop an
electrical analog of the energy absorption. supply at ground level and on the platfors.tor current. Redundant

ci,ruitry is used so that high reliability can be
Platform Power Supp_Q -assured.The high voltage pulse generator uses two inde-

Platform power is provided by 125 V,
50 aspere g

pendent circuits to supply high voltage lopulses jand battery voltage is
through a pulse transformer to the center electrode of lead-calcium batteries,

The generator provides impulses maintained by a charger which operates from line cur-hour

pulse generator operates from a 125 V DC platform
rent.

aattery charge can be malateined for linethe triggered air gap. The
only when triggered by the thermal analog circuit.

supply. 6j

|

~
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of this t3st CCs to verify -

Test 2: The purpo32
' currents ts low ca 300 A ras. The batttry is rat!d to

eastain operation of the protective system for seven
operation of th) g:p th2n trigg:rso by ths thstmal

days witnout reqairing charging energy. This ability
analog under faalt conditions, and to demonstr ate
proper closare of the bypass breaker for excess gap j

tcs demonstrated in the field experience with the pro-,* Identical platform power supplies have been condaction time. Minimum current and energy levels ;'

titype. were set on the thermal analog and minimum delay was set
f

saccessfully used in earlier series capacitor on the gap condaction tieer. This allowed complete i

( inttallations. protective system operation within the anticipated
fault datation.FIEt,D TESM The line was open at Ross and fed radially from

A program of staged f aalt tests was conducted at McNary. The fault switch was c1csed to establish a

North John Day to evaluate the performance of the bolted facit which was cleared in four cycles by the
McNary breater.prototype installation. The first series of tests was The thermal analog fired the gap successfully atcondacted April 4 and 5 and a second series was

condacted on May 5, 1979. the appropriate varistor current level. After two

cycles of condaction the arc in the gap transferred
from the arcing contacts to the gap enclosJte, bypas*

Instrumentation loss of the curruntsing the gap current transformers.
Carrent transformers and resistor voltage dividers transformer signal to the triggered air gap condJCtion

were installed to measure the following quantities at. timer prevented the bypass breaker from closing.
platform potentials (See Figure 13) Additional insulation barriers were added after the

test on the inside of the gap enclosare to correct the
e Capacitor carrent - I

C
1.ine Current - ! .

problem.
Test 3: The purpose of this test was to demon-e

TriggeredAirGah-I strate the dielectric recovery capability of the trig-e n
Bypass Switch Carrent - IS

e Varistor Current - I ger air gap af ter discharging the capacitor and con-o

The thermal analog carrent andducting fault current.Triggered Air Gap Vo tage - Va Thee energy levels were lef t at the sintmam settings.e Varister Capacitor Voltage - vy line was closed at both ends resulting in a load current
of about 400 A.

/ An arcing fault was established by closing thets
*

fault switch at North John Day. The gap fired and
IG VG condacted a peak capacitor ring down current of 18.6

superimposed on a symmetrical gas line current cf
--

kA,

o 1950 A. The additional barrier insulation successf ally!g The faultprevented are transfer to the gap enclorure.*
was cleared in 4 cycles and McNary and Ross reclosed ate

N

j { VAR:STCR j 44 cycles. and 67 cycles respectively after fault- g

initiation. The gap successfully withstood a peak
voltage of 36.4 kV crest (1.24 p.u.) af'er reclosure.( j j g The purpose of this test was to verifyTest o

ROSS = '\ both the shcrt-time energy rating and the voltage
yt limitin9 function of the veristor. nalt of the 18

FAULT parallel varistor units were disconnected for this test
to facilitate testing the remaining nine to their/ SWITCH design energy rating (6.38 M1.

With the line open at Ross and energised from
McNary, a bolted C phase-to-ground fault was estab-_

:- lished at North John Day by closing the fault switch.
Fig. 13. Quantities measureu during field test. After 4 cycles the McNary breaker cleared the fault,

reclosed back into the fault 39 cycles later, cleared
varister energy dissipation was derived by analog again in 4 cycles and then remained open,

The oscillogran from Test 4 is shown in Figure 14.
multiplication and integration of varistor voltage and The distortion of the varistor ~ capacitor voltage trace
current signals. All of the above signals were record- was caused by an amplifier g':ound problem. Note,

ed at platform level by an oscillograph powered from a however, that the gap voltage arculd be virtually iden-
gasoline generator and initiated from ground by a light
beam and photo relay. In addition, a ground level f ault

tical to capacitor voltage whenever the gap is not
current (1 ) and C phase line voltage (V ) were conducting. Thus, the gap voltage trace may be used to

g infer ao varistor-capacitor voltage. The current andFrecorded at ground level, voltage waveforas from the test are nearly identical to
those from the simulation studies and laboratory tests.
During the fault the varistor conducted a peak current,,

Procedure and Results of 3600 A and limited capacitor voltage to 55 kV (1.9
All f aults were applied from ~ mhase to ground per unit) . Since only half of the parallel veristor

f ault ..atiating switch. units were connected, this corresponds to 7200 A peat
using a special high-speed SF6
The switch was located at North John Day ca the Ross current for the total variator.
side of the line and was controlled synchronously to The varistor conducted for approximately 7 cyc M

maximise the total fault current. For the tests where during the two f aults, dissipating 6.0 M or nearly b
arcing faults were required the fault initiating switch per cent of the 6.38 MJ rating for the half variator.|

sas connected to the line via a fuse wire. For bolted
The thermal analog which had been aet at 6 W operated

j faults the switch was connected to the line with heavy and fired the triggered air gap bypaaJing the bank
cable. The proceSure and results for each of the 6 during the last cycle of fault current demonstratingi

tests are discussed in the following s successf ul operation of the veristor thermal protection

Test 1: nis test was an instrumentation check function.
Af ter Test 4 the bank was returned to service withand no f aalts were involved. The capacitor bant was

inserted while the line carried a load current of
the complete varistor reconnected. On April 12 a tower
f ailure between North John Day and Ross resulted in two

approximately 300 A.
7
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Coss-wsto'es
based on a

A new series capacitor protective systemdeveloped.This'

? f N 1. has been
a triggered air gep and controlsinc oaide varistore t .- * * * *g' ' ~.*.6

y .*I j' i tor *V k
system includescircuit that can protect against excessive var s3 k \ 'p hjbb[-

instantaneous-

s/
-

*|1 _

- ' % duty.

2. The sinc oxide varistor provides esternal lineL
i w the capacitors for

C
_ _ " 4

reinsertion ofh is can result in a subetantial increasesystes transient stability and power~ y faults,

This reinsertion is inherently automaticin power
p

-

.6 KA |( tr ans f er .g i

** "** 'Y't'"
eliminates mechanical motion dur ngand dependable. y

-

g -e _

This plus its-
g -

q/g normal protective operation.in a design of superior---r 3*
the

ENEMY 3 5 XA 55 W basic simplicity result lled
Field Prototype *quipment has been built, instaThe prototype has been success-
reliability._

4,-

and field tested.ful 'ith 1*"9''**'" fi'18 ''*1"**i*" * "*I""i"9'yc ,., pp -

W ' _ 39 C y
CYCLES || Anmorxl'\

}.
GAP FAULT| 55 XV j

FAULT RECLOSURE
ARED CLEAREDAULT

r.'iT1ATED CLEARED EFFECT ON SYSTD4 STABIt.IT_Y
Oscillogram from Field Test l4 at North John external line fault thei lyFig. 14. As mentioned, for an

series capacitors in the unf aulted line are effect velt

reinserted by the varistor immediately af ter the f auThis is at a time when the capacitors are
Day.

f aults (one-single" phase, one three-phase) Thisstability.is cleared.
in enhancingcompared with conventional pro-delayed

sucrossive systen
involving the C phase prototype. most effectiveis to be there isperformance generally, We signifi-where,

On May 5th two additional f ault tection systems the 500
reinsertion of the bypassed capacitors.cance of the variator action was examined forTest 5 was atests 5 and@ Day. shown in

t:sts were condacted at North Johnall 18 of the parallel trentaission circuit
The equivalent rating of the generationThe interia(300 mi)One varistor unit of4 except that kv, 480 Kmof Test

units were connected. circuit during thertpett

and its transformers were both 1500 MVA. constant for the generator was assumed to beEach transmission line</

Figure 15s. 2.28 mega-
th2 upper 9 units failed as a shortverister The abnormal

half-cycle of fault current. controlf

veristor current was detected by the plat orm watt seconds per NVA of rating. d Jfirst

section was assumed to be 50% series compensate .ne relative angular swing of the generator for a
automatically >

!switch to
circuit causing the bypass records suggests that seriesfrom the test l d during the tower

esiculatedsystem with complete bypass and
conventionalevidence for a

ths varistor unit had actually fai eThis veristor unit was one of the nineThe failedcapacitor protection
clote, fault was varistor series

replaced within an hour and the complete
delayed reinsertion and for the newTest 4.failure faults. calculations werethst had been disconnected during The

Sr ny of the capacitor protection systes.
veristor successfully retested in Test 6unit was d that a 40 KM Or 500 KV 60
veristor unit removed from the assembly r e ,aaleThis has led to the dew topment of an1200MW M----I J'

6-- -Qfists used in IdirA had failed.improved quality assurance procedure for
"

vtristor applications. 1500MVA
1500MVA

teno-term Evaluation
-

Ithe ;

The operation of the protective systen since 200(- -
,

satisfactory *completely natur al
w .

NM ,
g< 175 -

.

May field tests has been
During the remainder of 1979 there has been oneto conduct. The q$g

line fault that cataed the varistor
through

prototype installation will remain in serviceApril 1981 f or long-term performance evaluat on.i A BFA g
4 12$ ,

lled during hduring the gg100 -
MM

developed energy monitor systesl91was insta
the field tests and will remain in servicerepresenting $*$ 75 -

jAn analog signal . '

evaluation period.is transmitted to the microprocessor
at ground level over a 5 kEt

g
50 . !

varistor current
energy monitor indegsndent of the signal

p -
'<based

bandwiden fiberoptic link The microprocessor C*f
25 - , I

'

,

column of the protective system.real time celeulates gL
.5 .75 1

,

in ides a 0 .25operating
veristor energy dissipation and provenergy dissipation '

based system and ggg3
eumulative record of varistor h never the @

Fig. 15. a)
500 kV syntes for tr ansient stability

&permanentvaristor current with date and time w e W
peatvarister conducts fault current. removed from service !

Generator internal angle swings for the13a for conventional
is eriesWhen the prototype

selected varistor units will be subjected to a sComparison of the test resultsshown in Piq. ystems.

analysis.'

b)
f d prior to circuit and f aultand for varistor series capacitor protection sof laboratory tests.

with the results of identical tests per ormei t r long-tera

energisatio- will pecr'is a check of var s o
stability, 8
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