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A ZINC OXIDE VARISTOR PROTECTIVE SYSTEM POR SERIES CAPACITORS

J. R. Hamann $. A, Misce, Jr.
Member , I1EEE Membe:, IEEE
General Electric Co. General Electric Co.
B: idgeport, Conn. Schenectady, N.Y.

ABETRACT

A new Series cCapacitor protective system based
gpon zinc oxide varistor technology has Deen developed.
The new system offers the advantages of instantaneous
reins~rtion of the series capac.tors after an external
line section fault and elimination of mechanical action
for normal protective Operation. T™his paper descr.Des
the general Operation of the new system and the equip~
pent and testing of a field prototype.

INTRODUCTION

Series CApacitors Are an attractive means of com-
pensation because they reduc: system impedance. As a
complicsting factor, however, & parallel protective
device is required o provide overvoltage limitation
during system faults. Series capacitors in tiansmisc
sion systems have traditionally been protected against
these overvoltages by complex comeinations of gaps and
sechanical bypass switches, These complexities were
particularly evident in applications where systea icad
carrying capability and transient stability limits re-
quired high speed reinsertion of the capacitors in the
gnfaslted line section. Purthermore, voltage rating
limitations of some of the protective device components
often required that the capacitor bank contain two or
more segments in series, each with its own complete
protective device components. During high speed rein-
gertion of the capacitor, reinsertion transients could
be escalated by trapped charges due to random sequen-
tial reinsertion of the individual segments. This
could lead to an increased voltage requirement for the
capacitor bank, and additionel switch and reinsertion
fesistor control equipment. Unfortunately, the com-
plexity of previously available protective equipment
has caused some undesirable operating and maintenance
problems.

To eliminate these problems, a protective device
using & silicon carbide varistor was specified by BPA
and a three-phase prototype was developed by BPA and
appiied (1976) at Bakecven in the Pacific NW-SW AC
Intertie.ll]  In this arrangement, the varistor vas
placed in series with a gap and connected in parallel
with the series capacitor. T™his allowed lower re~
insertion transient voltages and lower protective gjap
spacrkover levels than was possible with protecticn
schemes. In addition, instantaneous reirsertion of the
capacitors in the unfaulted line was achieved and thus
provided improved stability margins over previously
available equipment having longer reinsertion times.
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The availability of zinc oxide valve plocks | 2!
suitable for power system application has permitted the
development of a new series capacitor protective sys-
tem, The protective system COnsists of four bas.ic
elements as shown in Pigure 1. On a three-phase
installation, each phase would have ¥ identical cir-
euit. Bach of the elements has 2 specific role to play
in the overall operation °f the device. Most important
is the zinc oxide varistor which is connected directly
in parallel with the capacitor and which provides the
fault overvoltage protection. Connected across the
capacitor and the varistor, through a current limiting
reactor, is a triggered air gap. T™he gap does not limit
the voltage across the series capacitor = the varistor
performs that function. Rather, the firing of this 3ap
is initi; »d by the control logic that monitors the
duty to .ae tinc oxide varistor. Thus for certain
syster .aults wvhere the varisto: current magnitude or
duration becomes excessive, the gap is fired, shorting
the varistor and protecting it from further duty. In
addition, a bypass switch in perallel with the gap
sutomatically closes for abnormal system conditions
that cause prolonged current flow through the gap or
for certain platform contingencies. The switch alsc
allows an operator to sanually insert or bypass the
series capacitor. The current limiting reactor limits
the capacitor discharge current through the jap and/or
sw.tch.

SERIES
CAPACITOR

o
17
VARISTOR

DISCHARGE

REACTCR TRIGGERED
AIR GAP
) " O

L gt
BYPASS

SWITCH

Pig. 1. Basic circuit for new series capacitor pro-
tective system.

A prototype installation of the new protective
systam was supplied under contract to BPA for field
testing and long tear evaluation. This paper describes
various aspects of .he zinc oxide varistor, the general
operation of the protective scheme and then the
particulars of the prototype installation and the
associated field tests.

VARISTOR

The varistor consists of a number of zinc oxide
disks electrically connected in series and parallel.
The 4isks are the same as those used in the zinc oxide
statior arresier manufactured by the General Blectric
Company. The voltage-current characteristics of the
columns of disks are carefully matched at the factory
to ensure balanced current distribution among the col-
umns. The resultant voltage-current characteristic of
the varistor, FPigure 2, can be approximated dy Tekv",
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VARISTOR
VOLTAGE

TYMCAL
CAPACITOR
VOLTAGES

T

- MAX. SWING
- OVERLOAD

- CONTINUOUS

VARISTOR CURRENT
Pig. 2. Voltage-current characteristic of varistor and
fts general reletionship to typical capacitor voltages.

here k depends on the series - parallel arrangement of
the disks and n is about S0 over the varistor operating
range.

The propr ties of this zinc oxide make such a
varistor practical. 12inc oxide has essentially a zero
temperature coefficient of resistance in the high cur~
rent conduction tegion, resulting in stable current
sharing among columns during a lengthy conduction peri-
od. HBigh energy operations do not have any significant
permanent effect on the characteristic of the material.
In addition, the stability cf this zinc oxide a’ lows
the varistor to withstand continuous AC voltage stress

ithout significant deterioration. This latter point,
in concert with the exceptional nonlinearity of the
material, allows the connection of the varistar
directly in pearallel with the cspacitor without the
complication of a series Gap.

Por a particular application the aa jor consider-
astions for the varistor are its required voltage and
energy ratings. The voltage rating and the related
volt-ampere “haracteristic ate established by the maxi-~
sun non-fault voltages that are anticipated across the
series capacitor. Series capacitors are generally
required to carry various magnitudes of current for
various time periods. Values often specified are the
continuous, the emergency overlocad and the maximum
system 3swing current the capacitor is snticipated to
carzy. The latter current is associated with the
machine angle fluctuations that occur in 8 system
following a major disturbance. These currents result
in voltages across the capacitor and the varistor. The
varistor must have enough series disks per column to
sithstand these continucus and temporary overvoltages.
The volt-ampere curve of the varistor must, therefore,
be situated above these voltages in the manner {llus~
trated in Pigure 2. Although the relationship of the
three system voltages shown is fixed for a given sys-
tem, this relationship will change from system to sys-
tem. The placement of the varistor voltage character~
istic thus reduces to the problem of showing that the
varistor will not be overstressed when any of these
voltages are maintained for their specified times. Por
example, if the emergency overload voltage were signi-
ficantly greater than the continuous operating voltage,
this would cause the protective level of the varistor
to be higher than it would de if the overload voltage
were close in magnitude to the continuous operating
voltage.

GENERAL SYSTEM OPERATION

The essential features of the zinc oxide varistor
protective system can be described by reviewing simu-
lations of its operation on the 500 kv, 60 8z idealized
system illustrated by the one line diagram in Figure
Ja. ™e varistor indicated for each phase has 2
protective level at 15 kA crest of 2 p.u. crest of the

° »

rated capacitor voltage. The capacitor tated current
vas assumed to De 1600 A rms. The system at each end of
the compensated line se .ion was represented by an
equivalent inductive reactance of 1648 .

Onder normal system conditions, line current flows
through the series capacitor and negligible current
flows in the varistor. The bypass switch is open and
the gap is .ot conducting. This condition is
illustrated in the first cycle of waveforms shown in
Pigure 3b.

500«v

240KM (150M1)
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Pig. 3. a) 500 &V circuit with a *hree-phase fault

external to the compensated line section
b) "oltage and current waveforms for a §
cycle fault on the circuit of Pigure Ja.

A fault occurrence on the system increases the
capacitor current and voltage. If the capacitor volt-
age rises enough, the varistor conducts and limits
further voltage increase. If the fault is external to
the line section in which the capacitor is installed,
as indicated in Pigure Ja. the line fault current is
sodest since it is limited Dy the impedance of the total
line. The action of the varistor for such a case is
illustrated in Pigure 3b for a three-phase fault.
These waveforams were calculated using the Electro-
sagnetic Transients Program (BMTP).[3) As shown, the
varistor limits the voltage on each half cycle and the
curzent alternates between the capacitor and the varis-
tor. When the varistor clamps the voltage, is
reduced which reduces the capacitor current to low
level. The capacitor-varistor shared conduction con-
tinues until the fault is cleared Dy the systes Dreaker



)1 (Pigure la) a8 directed Dy 1tS own relaying. The
Line current then drops O the post tault level, te=
4ucing cCapacitar voltage and causing the varistor o
virtualily cease sonduction. Thus the line curcent flow
is fully cestored to the series capaciter. This re=
insertion ot restoration is instantanecus and automatic
and car markedly increase power systen transient
stabiLity and power cransfe: a8 will be discussed in

por the condition studied the varistor on the
phase with saxisur energy abscros 2l megajoules M2
with mos: of this energy spsorbed during the fault.
Sowever, sOme additional energy is apsorbed as the post
faultr powel {1 egquency and subsynchronous oscillatory
currents comb Lne and increase the CApACitor voltage 4P
to the varistor econductior level. The varistor con~
duction limits the magnitude of these escillations.

Pasles within the line section where the series
capacitor 18 located can tesult in 2 vide range of line
tault currents depending Jper the location of the fault
and the capacitors. Consider the case ghown in Pigure
4a where the capacitor is located at-the end of a line
pection. As the fault location is moved along the iline
toward the capac’ wor (Figure 4B, the ener3y absorded dY
the varistor Ancreases nqnxhcanz‘.y. The extent of
this increase is influenced DY the squivalent impedance
at the rerminating substation. ™e type of fault is
also @ significant tactor. ltmlo-uwto-grwnd
faulss generally cesult in 50 to 600 less varistor duty
than 40 whiee-prase faults. However, for many systems
it is xwucuc.l o apply & varistor with sufficient
eneryy absorption capability for the worst fault
location. Based on these eccnniderations, & triggered
air gap and its associated control were designed. The
control ciarcuit nas the ability Lo MOnitor the varistor
duty during faults and to fire the gap as required. The
gap firing effectively shorts the vacristor, limiting
varistor duty tc @ selected design magnitude.

Consider next the case where the capacitor is
located away trom the end of the line 'Pigure 4c). The
saximum Vi Astor duty (assuming NO gap firing) for
internal lane faults is substantially lower as shown in
Pigure 42, The varistor duty possible for internal
faults exceeds that possible for external taults.

In general, the mosSt economical approach for the
protective system 18 o design the varistor with the
energy absorption capability required bY the worst case
external line fault scenario. ™us, for external line
gaults, only the varistor would conduct, providing
overvoltage protection for the capaciter during the
tault and instantanecus reinsertion of the capacitor
upon fault elesring. Por faults within the compensated
line section wnat exceed the wvaristor design limits,
the air gap would be triggered. Pault current wou ld
then flon “hrough the gap untzil cleared by the systen
line breakers. he gap would then deionize and recover
its voltage withstand strength to be compatible with
the high speed recloeing of the line Dreaxers. 4
however , there weré an abncmal syste® contingency such
that fault current continued to flow in the gap, the

only in the event of abnormal system contingencies or
certain platform contingencies would sechanical switch
operation be required.

™he above presents in principle the new series
capacitcs protective system and its general system
operation. The advantages are ies simplicity, instan~
taneous reinsertion and elimination of mechanical
sotion for the normal protective operation.

rl ¥y PE
Pollowing extens've development work and feasi-

pility evaluations, {t was decided to proceed toward
tunctional field tests and to obtain service exper ience
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rig. §. gt ect of fault and capacitor location on
varistor duty for internal line section fault (assuming
no gap operation) .

8 500 kv circuit with series capacitor
located at the end of the line section.

p) Varistor duty for a 5 cycle, three-phase
fault at various Locations on the internal line section
of Figure da.

e) $00 xV circuit with series capacitor
1cated avay from the end of the Line section.

4) Varistor duty tor a 5 cycle, three-phase
fault at various locations on the irternal line section
of Pigure 4c.

on a prototype installation. BPA proposed that this be
done on a 108 MVAR Dank operating since 1960 at the 345
%V North John Day Compensation gstation in Washington.

McNacry-Ross nsat n

the North John Day series Capacitors are installed
in the 345 xV line seteeen the McNary and J.L. Ross
Substations. ™is circuit is 175 miles in length and
provides transeission from the generztion at McNary Dam
to the load center in the portliand ares. ™he capacitors
are located a distance of 74 circult siles from McNary.



and 101 circuit miles from J.D. Ross. Line autotrans-
formers rated 2307345 wV, 6§00 MVA are installed at each
terminal and are svitched as rt of the line by
breakers on the 230 kV side. The autotransformers are
connected wye with @ solidly grounded neutral and a
delta zonnected tertiary. The circuit arrangesent i

showr. in Pigure 5.
345KV 101 Wi (163 KM { TEMI(4TKM)
230xy

230x ¢ A
D—F 108V AR
E 48
aoss ¥ NORTH MCNARY
JOMN DAY -
Pig. 5. Ross-McNary transmission circuit with original

perie™ capacitor protection scheme .

The North John Day installation provides either
for 24 onn or for 48 ohm connection with a current
tating of 865 A rms for either connection. The 48 ohm
connection provides 29 percent compensation for the
line and connected autotransformers.

Installed Prototype

§ince each phare of the North John Day capacitor
bank contained two separate capacitor segment plat-
forms, it was possible to install the prototype
protective system across one segnent of capacitors (X,
e 24 ohms: and to leave the remaining 24 onha segment
connected to the original protective equipment, The
new protective equipment was installed on a separate
platform in the *C* phase. An electrical diagram of the
modified protective arrangoment is shown in Pigure 6,
A plan view of the overall installation, a plan view of
the prototype platform and a photo of the installed
prototype are shown in Pigures 7, 8 and 9, respect-
ively.

P FINES
. v g —o
VARISTOR M- 1 IMH
. 4 : =l & . AR
ROSS — { € MOYAR
24Q 2g

rig. 6. Schematic of the prototype protective system
(lef: and the modified original protective system
(right) at North John Day. C phase onlv.
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Pig. 7. Plan view of installation (C#) showing

existing capacitor bank and new prototype platform
(lower right).

19 FT. (S5 8M) ————>

BYPASS
SWITCH [~

o 25 FT. (7.6M)
Plan view of prototype platfors.

Pig. 9.

Prototype installation.

PROTOTYPE SPECIFICATION

Although the prototype installation vas sade On 2
345 kv line, a BPA objective was to demonstrate that the
new protection system sould be applied on a 500 kV
system such as the Pacific MW - SW AC Intertie. 4~8 1o
that end, oquipment specifications and design margins
vere made comparabls to those that would oe used for a
full scale 500 xV series capacitor bank.

Varistor Specification

The central requirements o  the prototype speci~
fication concerned the varistor s.2ing. The BPA speci~
fication stated that the varistor thermal capaebility
was to be sufficient wvithstand the most severe fault
sequence internal & the McNary-Ross line; the
resulting rating would be comparable to that required
for the most sev re remote faults on the Intertie. In
this way, the North John Day Prototype could closely
simulate external line or remote internal line fault
duty for the Intertie.

T™he varistor's protective level was chosen to be 2
p.u. (58 kV crest) on the basis of the operating and
swing voltages of the line. Anticipated thermal duty
to the varistor was confirmed by use of the INTP
program. Pigure 10 summarizes the expected varistor
duty for single line to ground faults placed at various
locations along the line. It is seen that the fault
current magnitude and fault energy varied with the
location of the fault, and that these quantities were a
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Pig. 10. Calculated varistor duty for 5 cycle single
line-to=ground faults &t various locations bdetween Ross
ené North Johr Day.

saxigum when the fault wvas located next to the bank on
the Ross side. The maxisum energy sbsorded in a 3
cycle, um;‘.c-'.tm-lo-;nund fault at the bank was
approximately 3.5 MJ and the maxisum Varistor current
was 4.5 kA crest,

There were (two Varistor duty fault sequence
scenarios described in the BPA specification. In the
first seguence, (woO un.‘.c-!xm-::-.mund foults. of
saxisum duty were immediately followed by a systex
swing of 1500 A rms (1.7 p.u.) and then by line
operation at 1.2 p.u. AL some later time, line current
would be reduced to 1.0 p.u. In the second fault
sequence, three successive nn;‘.c-lxm-::-gtaunﬂ
faults were followed by line lockout. In both eventl
SCeNnATr o8, SuccessLVe varistor duties wvere separated by
the 30 cycle reclosing time of the line bdreakers.

Other Specifications

Since it was desired to evaluate the protective
systes in the configuration that would be offered in &
full scale 500 kV installation, & triggered air gap vas
supplied for the prototype installation. In practice
it is unlikely that the gap would de triggered because
the varistor was rated to withstand severe faults on
the McNary-Ross line. The control circuits for the
triggered air gap were specified such that the gap
could be triggered over & wide range of currents and
energies. This ad ‘ustable control lesture vas benefi~
cial during the field testing. In aell other pover
circuit equipment, BPA specified that sinimm contin=
gous current ratings were O be based on an assumed
continuous line loading of 1200 A.

Equipment Description

The equipment provided included a varistor, trig=
gered air gap, bypass gvitch, resctor, control circuit,
compunication column, platform pover supply, and equip~
ment platform. Commercially aveilable components were
selected to perfors the various electrical functions;
however, several pieces of nev equipment were required.
These nev components were extensively tested before
being installed. A brief description of the major
components is given below.

Varistor

The varistor comsists of 18 porcelain housings
with each housing containing four columns of disks and

n

with 1& disks per column. The 18 varistor units are all
connezted in parallel. A bus bar is used to connect the
tep nine units in paraliel with the botzom nine units.
By removing the bus bar the top nine varistor units can
be removed from the circuit electrically, thus reducing
the total energy rating of the varistor by 50%. The
volteage-current characteristic for the varistor is
shown in Figure 11. The normal operating voltage of the
varistor is 20.8 &V rms (I p.u. of rated capacitor bank
voltage), ot which it will dissipate 250 wattr. The
saximus continuous operating voltage is 26.9 kV rms

(1.2 p.u.), snd the protective level is 58 kV crest
(1.97 p.u.) ot 10,000 A crest. The varistor has a
voltage-time overload rating of 1.39 p.u. for two
hours.
- . . MINIMUM GAP
10 4 ! SPARKOVER
. 1 ; VOL TAGE
| | | WITHOUT
- TRIGGER
]
2
§ 20
E MINMUM GAP
SPARKOVER
% VOLTAGE
g0 WITH
TRIGGER
{ |
: |

10 100 1000 10000
CREST VARISTOR CURRENT (AMP )

Varistor voltage-current characteristic and
levels of gap sparkover.

Fig. il.
relative

The energy rating of the total varistor is 12.75
M (6.38 MJ with the bus bar disconnected). This rating

spplies for repeated faults or for a single large
fault. 1In eddition, the varistor is capable of ab-
sordbing an additional 12.75 %J of energy after a time

delay of one minute following the initial rated energy
absorption. The one minute time delay permits the
temperature distridution within esch disk to equalize.

Laboratory testing of the varistor wvas performed
to confirm its electrical, thermal, and mechanical
performance. A typical test circuit and oscillogram is
shown in Figure 12. 1o this test the Ross-McNary lioe,
the North John Day capaciter bank, and the varistor
were modeled with scale factors of 1/9 for current,
1/6.81 for voltage, and 1/63 for energy. The short
circuit surrent ip this test corresponded to a eystem
fault current of aspproximately 2.4 kA rms available.
The model varistor absorbed 222 KJ (13.99 W equivalent
for the full scale varistor) and provided s ®aximum
protective level of 8.42 &V crest (57.36 kV or 1.9%
p.u.) &t & maximus varistor current of 620 A (5580A)
crest. A subsequent section will show that the
vaveforms obtained in actual field tests are very
similar to those obtained in the laboratory.

Triggered Air Gap

The triggered air gap contains three carbon elec-

trodes. The center electrode 18 impulsed by the
comtrol circuits to cause the gap to fire. The
important features of the gap are no sparkover except

by control actiom and no mechanical sotion invelved in
its operation.

The gap design was made to take advantage of the
voltage lisiting function of the varistor. The gap
sparkover voltage without & trigger impulse wvas made
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higher than the wvaristor protective level so that the
gap could not spark over oponnnccu‘.y during a fault.
Purther, the gap vas designed so that it would not spark
over, even with a trigger impulse, when there was no
fault on the lire. This eliminated the possibility of
gap conduction during normal line operation. Thus, the
only way in which the gap could spark over was during
line fault conditions. T™he relationship of these volt-
ages to the worth Johr Day Varistor volt-ampere charac-
teristic is shown in Pigure 1l. The qap was desi.gned
and laboratory tested to carry 7000 A rms for 10
cycles, and then to withstand 65 kV crest (2.2 p.u.) 30
cycles after the arc had been extinguished. Since the
varistor limited the saximum gap voltage to 2 p.u. las
shown in Pigure 12), transient voltages caused by line
reclosing would be below the sparkover level of the
gap.
iggered

contro ircuits

circuit and @ nigh voltage pulse generator. The
thermal analog circuit wonitors the total varistor
energy absorption and the rate of wvaristor energy
absorption. 1f either of these design limits is ex~-
ceeded the thermal analog generates trigger signals to
cause the pulse generator to opecate. The energy
absorption limit is determined by the thermal capacity
of the tinc oxide saterial; the energy rate limit is
deternined from the magnitude of the varistor talt
currents possible in a specific application.

Current transformers are used to sense the varis-
tor current. The varistor current {s used to develop an
electrical analog of the energy absorption. Redundant
el ruitry is used so that high reliability can be
assured,

The high voltage pulse generator gses two inde-
pendent circuits o eupply high voltage impulses
through a pulse transformer to the center electrode of
the triggezed air gap. The generator provides impulses
only when triggeced by the thernal analog circuit. The
pulse genecator operates from & 128 Vv OC platfors
supply.

Bypass !vitgh

A standard 38 xV oil circuit dreaker {s mounted on
the platfors to serve as the Dypass switch. The three
Yreaker poles are connected in parallel to increase the
continuous current rating of the breaker beyond the
1200 A rating of a single pole. The breaxer has 2a
closing time of 9 cycles and operates from the 125 v OC
platfors supply.

The Dypass switch was designed to be opecated
either manually by an operator command oOf sutomatically
by platfors relays. The platfora relays cause auto~
satic bypass switch closure only if:

1) The rriggered air 4P conducts longer than 10

cycles.

2) The platform battery voltage drops below &

design limit.

1) The varistor conducts current beyond the

length of the selected design fault sequence.

4) Cerctain platfors contingencies OCCur in-

cluding capacitor differential current relay
operation.

The existence of any of these four situations
would indicate severe system and/or platfors ait-
giculties. Closing the bypass switch in any of these
situations would provide absolute protection of the
capacitors and protective components, and the relaying
wvas designed 'O lock the Dypass gwitch in the closed
position mtu'.umuuy opened Dy an cperator at the
substation. Bguipment was not availadble to© permit
remote Operation of the North John Day subs tion,
although the protective systen could be desir ed for
supervisory operation.

The operation of the prototype Dypass switch is on
a three-phase basis with the exis:iing gsvitches of the
bank with interphase control provided by ground level
telaying. On @ three-phase {nstallation of the new
protective system, the operation of the bypass switches
would similarly be on & three-phase basis.

Current Li=iting Reactor

A standard epoxy encapsulated reactor is used o
limit the capacitor discharge current due to gap
sparkover or bypass switch closing. T™he reactor is
connected in series with the gap and the bypass switch
as shown in Figure 6. A 1.06 =, 1200 A rated current
ceactor is used.

Commun ication Column

A fiber optic coupled communication vas developed
for the BPA {nstallation. The tunction of the column
was to relay information Detween the squipment platforn
and ground level.

e communication column consists of the fiber
optic cable, {ts porcelain nousing and electronic in-
terface circuits at ground level and platforms. The
column is designed to provide a number of digital
functions (three oing up and four going down) between
qround level and the platforn. The digital functions
are used to operate the bypass switch, toO {ndicate the
position of the bypass switch, t© indicate platfors
lockout, and to indicate bpattery volitage (normal/low) .

The resled porcelain housing insures & controlled
environment for the fiber optic cable and saintains its
voltage withstand capability.

he communication electronics requires 125 V oC
supply at ground level and on the platform.

platform Power Supp.¥

pPlatform power i8 provided by 125 Vv, S0 ampere
nour lead-calcium sattaries, and Dbattery voltage is
saintained by a charger which operates from line cur-
rent. Battery charge can be wmaintained for line
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curtents as low as 300 A rms. The battery is rated to
sustain operation of the protective systen for seven
days without regquiring charging energy. This ability
was demonstrated in the field experience with the pco~
Lotype. 1dentical platform power supplies have Deen
successfully used in earlier series capacitor
installations.

A program of staged fsult tests was conducted at
Morth John Day to evaluate the performance of the
prototype installation. The first series of tests was
conducted April 4 and S and a second series was
conducted on May 5, 1979.

netrumentat.on:

Current transformers and resistor voltage dividers
were installed to measure the following guantities at,
platform potential: (See Pigure 13)
Capacitor current = 1
Line Current =~ 1 ¢
Triggered Air Gap - IG
Bypass Switch Current - Xs
varistor Current = I
Triggered Air Gap Voltage - V
varistor Capacitor Volitage -

v

L
-—

ROSS
VL

FAULT
SWITCH

=
-

Pig. 13. Quantities measureu during field test.

Varistor energy dissipation was derived by analog
suitziplication and integration of varistor voltage and
current signais. All of the above signals were recocd-
ed at platform level Dy an oscillograph powered from a
gasoline generator and initiated from ground by a light
bear and photc relay. In addition, a ground level fault
current (I’) and C phase line voltage (VL) were
recorded at ground level.

Procedure and Results

All faults were applied from - =hase to ground
using a special high-speed SF_ fault ..aciating switeh.
The switch was located at Io‘rzh John Day ¢n the Ross
side of the line and wvas controlled synchronously to
saximize the total fault current. For the tests where
arcing faults were required the fault initiating switch
was connected to the line via a fuse wire. Por bolted
faults the svitch was connected to the line wits heavy
cable. The procedure and results for each of the &
tests are discussed in the following:

Test 1: This test was an instrumentation check
and no faclts were involved. The capacitor bank was
inserted while the line carried a load current of
approximately 300 A.

Test 2: The purpose of this test was to verify
operation of the gap when triggered by the thermal
analog wunder faul: conditions, and to demonstrate
proper closure of the bypass breaker for excess gap
condyction time. Minimum current and energy levels
were set on the thermal analog and minimum delay was set
on the gap conduction timer. This allowed complete
protective system operation within the anticipated
fault duration.

The line was open at Ross and fed radially from
McNary. The fauls switch was closed to establish a
bolted fault which was cleared in four cycles by the
McNary Dreaker.

The thermal analog fired the 3ap successfully at
the appropriate varistor current level. After two
cycles of conduction the arc in the 3ap cransferred
from the arcing contacts to the gap enclosure, Dypas-
sing the gap current vransformers. Loss of the current
transformer signal to the triggered air gap conduction
timer prevented the Dypass breaker from closing.
Additional insulation barriers were added after the
test on the inside of the gup enclosure to correct the
problem.

Test 3: The purpose of this test was to demon=-
strate the dielectric recovery capability of the trig-
ger a.ir 93ap af-er discharging the capacitor and con-
ducting fault current. The therma. analog current and
energy levels were left at the minimum settings. The
line was closed at both ends resulting in a load current
of about 400 A.

An arcing fault was established by closing the
fault switch at North John Day. The gap fired and
conducted a peak capacitor ring down current of 18.6
kA, superimposed on a symmetrical rms line current of
1950 A. The additional barrier insulation successfully
prevented arc transfer to the gap enclorure. The fault
wvas cleared in 4 cycles and McNary and Ross reclosed at
44 cycles and 67 cycles respectively after fault
initiation. T™he gap successfully withstood a peak
voltage of 36.4 kV crest (1.24 p.u.) af er reclosure.

Test 4: The purpose of this test was to verify
both the short-time energy rating and the voltage
limiting function of the varistor. Ralf of the 18
parallel varistor units were disconnected for this test
to facilitate testing the remaining nine to their
design energy rating (6.38 M.

Witn the line open at Ross and energized from
McNary, a bolted C phase-to-ground fault was estab-
lished at North John Day by closing the fault sw tch.
After 4 cycles the McNary Dreaker cleared the fault,
reclosed back into the fault 39 cycles later, cleared
again in 4 cycles and then remained open.

The oscillogran from Test § is shown in Pigure 14.
The distortion of the varistor capacitor voltage trace
was caused by an amplifier ground problem. Note,
however, that the gap voltage stould De virtually iden-
tical to capacitor voltage whenever the gap is not
conducting. Thus, the Jap voltage trace may be used to
infer .he varistor-capacitor voltage. The current and
voltage wvaveforms from the test are nearly identical to
those from the simulation studies and laboratory tests.
During the fault the varistor conducted a peak current
of 1600 A and limited capacitor voltage to 55 xv (1.9
per unit). Since only nalf of the parallel wvaristor
units were connected, this corresponds to 7200 A peak
current for the total varistor.

The varistor conducted for approximately 7 cyc.:
during the two faults, dissipating 6.0 MJ or nearly *.
per cent of the 6.8 WJ rating for the half varistor.
The thermal analog which had Deen set at 6§ MJ operated
and fired the triggered air gap bypassing the bank
during the last cycle of fault current demonstrating
successful operation of the varistor thersal protection
function.

After Test 4 the bank was returned to service with
the complete varistor reconnected. On April 12 & tower
failure bDetween North John Day and Ross resulted in two
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suc essive faulits (one-single phase, one three-phase)
{nvolving the ¢ phase prototype:.

on May Sth twO additional tault
Test S was 2
repeat of Test 4 except that sl 18 of the parallel
varistor anits were connected. One varistor anit of
the upper 9 anits failed as & short circuit during the
girst nalf-cycle of
vari8tos current vas detected DY the platform® control
circuit causing the pypass gwitch t© u;mucnny
close. gvidence ¢rom the test recorde suggests that
the varistor anit actually failed during the towel
gailure faults. This varistor unit was one of th
that had Deen a;sconn.cnd during Test 4. The failed
gnit wes ceplaced within an hour
varistor succultuuy retested in Test 6.
garistor unit removed from the assembly
disx had failed.

improved quality assurance procedure tor 'isks used in
varistor mhcuions.

gg-un gvaluation

he operation of the protective system since the
May field rests has Deen sompletely satisfactory.
pur ing the remainder of 1979 there nas been one natural
line fault that caLsed the varistor 0 conduct. The
prototype installation will remainr in service through
April 1981 tor long-ter® per formance evaluation. A BPA
developed energy WORitof systen 9l was {nstalled during
the field tests and will remain in service during she
evaluation period. An  analog signal upuunum
var istor current is transmitted 0O the aicroprocessor
pased energy monitor at ground level over 8 § kHz
pandwidth giberoptic 1ink independent ot the signal
column of the pwtocun gystes. The aicroprocessor
pased system operating in real time calculates
cumulative varistor ener gy dissipation and provides 2
permanent cecord of varistor enerdy aissipation and
peakx varistor eurrent with date and time whenever the
var istor conducts gault current.
when the prototype is
selected varistor anits will be subjected 0 8 series
of laboratory tests. Compart ison of the test results
with the results of identical tests pottot.d prior to
energizatio” will pro ‘e 8 check of varistor long-ters
stability.

1500MVA 1500MVA

CoNCLOSIONS

1. A new ser {es capaciter protective systes pased on &
ginc oxide varistor has beer Aeveloped. T™is
systes includes & rriggered airf gep and gon.iol
eircuit that can protect against excessive Var istor
quty -

2. The sinc oxide wvaristor provides instantaneous
reinsertion of the capacitors tor external line
taults. This can result in @ substantial increase
in power systes rransient stability power
gransfer. T™is reinsertion is inherently putomatic
and dependable.

3. The nev systenm eliminates sechanical sotion during
the norsal protective wperation. ™is plus its
basic simplicity cesult in 8 design of superior
geliability.

4. Pield prototype equipment has peen built, {nstalled

and field rested, The prototype has been Success-

ful with longer ters field evaluation sontinuing.

AFPRNDIX T

grYECT ON SYSTEM STABILITY

LY mentioned, for an external line tault the
series capacitors ig the gnfaulted line are effectively
utnuttod py the varistor immediately after the fault
is cleared. This is at @ time when the capacitors are
most effective in enhancing gystes stability. ™is
red with comnnuonal pro-
there i8S delayed
mund capacitors. he signifi-
cance of the garistor action was exanined for the 500
rransmission circuit shown in
The equivalent cating of the gene
and its cransformers were poth 1500 MVA. e interia
constant for the generatot was assumed to be 2.28 mega~
vatt seconds per MVA of rating. gach transmission line
section was assumed to De 508 secies wnutod.

The relative angular swing of the generator for &
fault was eonvonuonn peries
capacitor protection system with complete pypass and
delayed reinsertion and tor the new varistor secies
capacitor protection systes. The calculations were

1200MW 480 XM OF 500 XV

D@Hﬁms‘:ﬂr‘i‘%@

VARISTOR

o L A 3

0 25 ] 75 1
SECONDS
(®)

rig. 15- a) 500 kV syste® ¢or transient stability

analysis.

Generator internal angle swings for the
circuit and fsult shown in Pig. 15a for eonunuom‘.
and for varistor set ies capacitor ptotoctton gystems.




sade using the BMTP program and with the machine
sodeled @8 @ constant voltage pehind transient
ceac ance. The prefault power generatic" was assumed
to be 1200 MW. The fault modeled was » three-phase-to~
ground fault et the location indicated. The [{aulted
line was cleared in 5 cycles and not reclosed, Por the
conventional protection system, it was assumed that all
of the capacitors bypassed upon fault initiation. The
ceinsertion delay after fault clearing was assume. O
be 5 cyclies. The varistor was assumed to have a ,
tective level of 2.5 pu on a capacitor rated at 1600
ms .

The results of the simulations are shown in Pigu
155, The angular swing of the generator rotor for the
varistor protection system is considerarly less than
for the conventional protection system. This reduced
swing indicates 3 consideratle improvement in transient
statility due to the instantaneous teinsertion of the
series capacitors Dy the varistor. This stability
enhancement can De translated into increased power
transfer, in some cases Dy as much as 408, or into
reduced compensation for the same -power transfer.
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