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ABETRACT

Thus paper presents excerpts from the Power System Relaying Committee special publication: [1]
which encompasses the protection and control philosophies of capacitor banks used on series-
compensated transmission lines. Topics discussed inchude capacitor bank protection, MOV
protection, system studies, duty cycle, protection and control philosophy, platform power and
signal ransmission, and capacitor equipment testing before and after installation.

1.0 - INTRODUCTION

Series compensation for the positive sequence reactance of transmission lines provides an
economical means of maximizing power transfer and improving the efficiency of transmission over
long distances. The application of protection of a transmission system serles capacitor bank
requires a thorough understanding of the interrelationship of the utility system requirements, the
equipment design, and the installation of the equipment. In early 1998, the IEEE Power System
Relaying Committee (PSRC) produced a special publication [1] it order to provide the protection
engineer with a comprehensive overview of this interrelationship to aid himv/her in the selection of
an adequate protection scheme.

While the main purpose of this paper is to present some excerpts from the IEEE special publication
[1], an effort was made to briefly surmmarize the issues facing the protection engineers when
embarking on the specification and selection of a series capacitor bank and its protection. The
material in this paper is not intended as a substitute for reading the special publication simply
because considerably more details are included in the special publication.

The protection and control of distribution system series capacitors as well as variable series
capacitors are not covered in the publication.

2.0 - MAIN PROTECTIVE SCHEMES

2.1 - Introduction
f:

A fault on the serics compensated line (internal fault) or external to the series compensated line
{external fanlt) can cause overvolitages across the capacitor bank for the duration of the fault. This
is because {avlt currents can be several times the rated bank current. It 1s not economically feasible
to design series capacitors to withstand the transient overvoltages caused by all line faults. Instead,
protection is provided to limit the capacitor overvoltage.



Before 1980, series capacitor banks were protected by bypass spark gaps which flash over when the
voltage across the capacitor reaches an unacceptable limit. Most new installations now use metal
oxide varistor (MOV) based protection schemes to limit the series capacitor bank voltage during
adverse system conditions.

2.2 - Gap Schemes

Figure 1 shows a simplified schematic diagram of a capacitor bank protected with a single gap.
The main element of this protection is a bypass gap (G1) which is self-triggered. A bypass switch
(S1)1s connected across the gap to bypass the bank. The bypass switch 1s usually a circuit breaker
designed for fast closing operation. A discharge current limiting device is connected in series with
the gap and the bypass switch. The discharge current limiting device consists of a low reactance
current limiting reactor which may be paralicled with a resistance.
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Figure 1 - Single Gap Scheme For Protecting Series Capacitor

The gap setting is coordinated to naturally spark over and effectively bypass the capacitor bank for
transient overvoltages above the short-time rating for the bank. The discharge current limiting
device limits the capacitor discharge current when the gap sparks over. The bypass gap arc is
extinguished by either opening the line circuit breaker or closing the bypass switch. After the fault
clears, and if the bypass switch 1s closed, the protection and control scheme must reinsert the
capacitor into the line by opening the bypass switch. However, the inherent tendency for the
bypass gap current to extinguish near a line current zero leads to transient overvoltages across the
capacitor during reinsertion. If an attempt for reinsertion is made too soon, it is likely to cause re-
ignition of the lonized gap, especially when the line current is high. A deionization time (typically
200-400 ms) is generally necessary and is dependent on the severity and duration of the gap arc
current. When reliable high-speed reinsertion is required for system stability, the gap setting must
be high enough to withstand reinsertion transients. This may require a bank rating much higher
than would be necessary for overload current considerations.

Instead of using a higher bank rating, dual gap schemes have been used primarily to increase the
reliability of bank reinsertion without re-ignition of the gap. In this scheme, a low-set gap in series
with an isolation switch is provided in parallel with the high-set gap, as described in the reference.

2.3 - MOY Protection Schemes

In the mid-seventies, a new, highly non-linear resistive material based upon zinc-oxide, with small
amounts of other metal oxides added, was made available for power system applications. The
characteristic of the metal oxide material (see Figure 2} is such that at normal operating voltage, it
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acts as a very high impedance and only leakage current flows through 1t. As the voltage appiied
increases above the normal voltage, the marerial begins to conduct an mncreasing amount of current,
while keeping the voltage nearly constant. As the applied voltage decreases back 10 normal levels,
the metal oxide ceases conduciion at nearly the same voltage at which it began o conduct. The
exceptional non-linear V-1 characteristic of the MOV allows it to provide direct overvoliage
protection of the series capaciter during system line faolts. The instantanecus and automatc
reinsertion and resteration afforded by the MOV can considerably increase power sysiem transient
stability. Additional benefits of MOV protection include optirnized capacitor designs, increased
reliability, predictability of performance, and reduced maintenance.
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Figure 2 - MOV V-] Characteristic

The MOV must be capabie of absorbing significant amounts of energy during system faults. This
energy capability 1s achieved by the parallel connection of many matched columns of the metal
oxide. The determination of this energy rating is a function of the power system parameters, the
protective level and reactance of the bank, and whether the MOV will have a bypass gap (see
section 2.3.1) or will be gapless (see section 2.3.2). The techmques for establishing this rating are
discussed in the reference.

2.3.1 - MOV Gap S5chemes

For many systerms, it is not economical to design a MOV with energy absorption capability for
worst-case internal line faults. In general, the most economical approach is to design the MOV
with energy absorption capability for the worst external fault scenario. For internal faults, the
MOV acts to protect the capacitor, but the MOV protection and control system would trigger a
parallel bypass gap to limit the energy absorbed by the MOV to a valoe below its design limoat.

A simplified schematic of 2 MOV with bypass gap vrotection scheme 15 shown in Fisure 3.
J i 5
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Figure 3 - MOV Gap Scheme For Protecting Series Capacitor

The protection system consists of four basic elements: MOV, bypass gap, discharge current
Iimiting device, and a bypass switch. The MOV is connected in parallel with and provides
overvoltage protection for the capacitor bank. During system faults, the MOV will conduct and
absorb energy. The bypass gap, in parallel with the MOV, protects the MOV against energy
absorption beyond its design limit to prevent overheating and subsequent cracking of the metal-
oxide disks. The discharge current limiting device is connected in series with the gap and the
bypass switch. The discharge current limiting device acts to limit the capacitor discharge current
to a value within the design limits of the series capacitor components. Several variations of the
discharge current limiting device are described in the reference.

2.3.2 - MOV Gapless Schemes
As shown in Figure 4, the MOV gapless scheme has no bypass gap to protect the MOV.
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Figure 4 - MOV Gapless Scheme For Protecting Series Capacitor

Protection of the MOV is provided by closure of the bypass switch (typical closing time of 50
ms) and/or by the opening of the line breakers. The MOV will, therefore, be subjected to much
higher duty than in a gap scheme. The MOV in the gapless scheme must have the capability to
withstand the duty imposed by the worst case, internal fault current for a period of time equal to
the closing of the bypass switch or the opening of the line breakers (whichever occurs first). The
discharge current limiting device and bypass switch functions in the gapless scheme are similar to
their functions outlined above for the MOV gap schemes.

The economic choice between the MOV gapless and MOV gap schemes is based upon the cost of
the additional MOV capability versus the cost of the bypass gap. Other factors that influence this
decision are gap maintenance concerns and systemn operation strategies.
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3.0-85YSTEM STUDIES AND DUTY CYCLE

Series capacitors may be subjected to high currents during system disturbances and faults. These
currents will result in high voltages across the capacitors which will be iimited by the protective
equipment of the bank. The protective equiprnent should tolerate any specified normatl or
contingency dutv cycle (a scenario depicting a succession of system events, typically mcluding
several faults) without damage or undesired operation.

A mumber of factors should be considered in determuning the duty cycle to be used in the bank
design. These factors may inciude but not be limited to:

Detatled prefanlt loads and applicable post external fault loads.

i.

2. Reclosing practices.

3. Lime circust preaker failure considerations.

4. Possibility of successive or sequential faunlts

5. Power swings resulting {rom clearing faulis on other lines in the system.
6. Insertion or bypassing of the bank prior 1o line reclosing following a fault.

The duty cycle that the bank 15 designed to withstand will depend on local utility practices, the
power system configuration, and the nature of the disturbance. Each component of the bank should
be able to withstand the thermal and mechanical stresses of the events detailed in the duty cycle
determined by the user to be most critical. These critical duty cycles should be defined for the
worst case internal and external fauits. Exaraples from typical duty cycles for internal and external
faults are provided in the reference.

System studies are conducted to determine the duty cycle, the MOV protective level, as well as the
bank location. The reference includes more details on this and discusses the MOV model
representation m the system studies as well as the factors that system studies should consider in
selecting bank location.

4.0 - PROTECTION AND CONTROL PHILOSOPHY

4.1 - Introduction

The basic functions incorporated in the protection and control systerns for series capacitor
instatlations are sumular. The details of these systems, however, can be very different. These
details are influenced by the operational philosophy of the utility specifying the equipment. The
elements which influence this philosophy are power system operational requirements, the utility’s
philosophy on redundancy, and ultmately, the evaluation of the cost of the system when compared
to the benefits derived from the system. This section in the reference addresses sumilarities and
variations in protection and control philosophies among utilities and explains how these
philosophies affect the selection of the various protection functions.

4.2 - Protection and Control Funciions

The series capacitor protection and control system can be divided into four basic groups:
1. A group mat provides protection of the series capacitor components against oversiress from
systern conditions. This group includes:
»  (apacitor overvoltage protection
s MOV gverioad protection



¢ Bypass gap protection

2. A group that provides protection to limit damage to the series capacitor following component
failure. This group includes:

* Capacitor fuses

* (apacitor unbalance

¢ Capacitor overload protection

e Platform fault protection

¢ Bypass gap failure

e MOV failure

e Bypass switch failure

* Pole disagreement protection

o Protection & control system failure

3. A group that provides the series capacitor control functions for bypassing and insertion
(automatic or manual) of the capacitor bank.

4. A group that provides protection to protect the power system against potentially harmful
conditions caused by the series capacitor. This group includes subharmonic and
subsynchronous protection. See section 7.6 of the reference for a discussion on this subject.

4.3 - Redundancy

Most of the installed series capacitors have been designed and are operating with a non-redundant
protection and control system. During the 90’s, a number of utilities specified redundant systems.
The reason for this is the utilities’ increased emphasis on availability of the series capacitors. With
a redundant protection system, the series capacitor can remain in service while the other system is
undergoing maintenance.

The issue of protection and control redundancy has a great influence on the series capacitor
installation cost. This important issue is discussed in the reference.

5.6 - MOV PROTECTION

5.1 - Introduction

The MOV must be protected against thermal stresses caused by fault and overload conditions.
Typically, MOV protection consists of the following:

« MOV Energy

« MOV High Current

* MOV Temperature Overload
» MOV Failure

MOV protection operation will initiate triggering of the spark gap or closure of the bypass switch.

5.2 - MOV Energy

There are two approaches used by protection systems to determine the energy absorbed by the
varistors: Integral of Power and Integral of Current (Coulombs). Refer to the reference for details.
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This protection prevents a high energy absorption over a short time period which may cause
cracking of the metal oxide disks. This protection complements the MOV high current protection
for internal faults. Italsop kmmfmes protection against high energy absorption due to external faunlts
excesding those specified 1n the duty cyeles. The threshicld is set based upon the shost time energy
rating of the MOV,

The accuracy of energy measurement, speed of response, and maximum energy are all important
factors in ensuring proper protection of the MOV, The design criteria must alse take into
consideration current sharing and additional margins. Verification is sometimes made during a
strmulation test (worst case fault) or field tests.

5.3 - MOV High Current

The purpose of the MGV high current protection is to reduce unnecessary energy absorption for
heavy internal faults. The threshold should be above the maximum external faunlt current.
Triggering of the spark gap or initation of closure of the bypass switch is instantaneous based upon
current magnitude only. Reinsertion of the faulted phases follows a short time later (could be made
within the dead time of the reclose cycle or after successful reclose, depending on the utility
practice).

5.4 - MOV Temperature Overload

The purpose of MOV temperature overload protection is to prevent damage to the MOV discs due
to overbeating. Depending upon the construction and the quantity of MOV installed, the
manufacturer establishes a constant temperature rise for each mega joule of energy accumulated.
The maximum design temperature could be reached during a period of successive external line
section faults or long term overload conditions following a system disturbance.

The thermal model for the protection may include ambient temperature which can be used in the
simulation of the overheating as well as the cooling process. Steady state load current on the series
capacitor line and the resulting voltage across the MOV is another input which may be included
with the model.

When the temperature reaches the maximum limit, the bypass gap is triggered and/or the bypass
switch is closed. The cooling characteristic of the MOV is part of the thermal model for the
protection. Reinsertion 1s permutted only when the MOV can safely withstand a critical fault
immediately after the reinsertion has taken place.

Examples of energy accumulation and cool-down charactenistics curve are shown in the reference.

o+

5.5 - MOV Failure

MOV failure protection 1s apphied to detect the failure of a MOV column. Most varistor failures

will be evident only at the time of a system fault which causes the varistor to conduct. Therefore,
the main objective of this protection is to detect varistor failures prior to: 1) system fault clearing,
2) gap operation, or 3} bypass switch closing

Different techniques can be used for this protective function. For MOVs configured in two
branches, as shown in Figure 5 {(a), the current in each branch {or the absorbed energy) 1s compared

o]



with the other branch in order to detect an MOV failure. Since failure of a column results in a short
circuit in that branch, high accuracy is not required in the measurement. This differential technique
provides high speed detection of a faulty branch.
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Figure 5 - MOV Unbalance Protection - ¢t Arrangements

For a MOV configured as a single branch as shown in Figure 5 (b) the varistor current (CT2) 1s
compared to the line current (CT1). In case of varistor failure, the MOV current will be
approximately the same as the line current. One should note that this method of comparing the
varistor current to the line current could also be used for the two-branch MOV configuration.

The action for this protection is bypass switch closure and lockout.

6.0 - PROTECTION OF THE BYPASS GAP

6.1 - Introduction

This protection is only included for systems equipped with bypass spark gaps. The protection
operates differently for a gap only scheme compared with a MOV scheme.

6.2 - Gap Only Scheme

The gaps will conduct any time there is a momentary overvoltage across the bank exceeding the set
level of the bypass gap (due to a line fault). Upon gap conduction, gap protection orders the bypass
switch to close and thereby extinguish the gap arcing. This action will also cause the protected
capacitor segment to be temporarily bypassed. The gap protection will allow reinsertion of the
series capacitor segment after a time delay sufficient for the gap to regain the required voltage
withstand to allow emergency or normal load flow through the bank. For some gap only schemes,
opening of the line breakers on internal faults is the means for arc extinction.

The gaps are only designed to withstand gap conduction for limited time. In the case of prolonged
gap conduction, the gap protection will initiate a bypass switch closure and lockout.

6.3 - MOV Scheme

The gaps will conduct when triggered from the MOV protection. In some applications, a close
command to the bypass switch is sent from the MOV protection at the same time the gaps are
triggered. In other applications, the arc is extinguished by relying on line breakers opening (for
internal faults). In case of prolonged gap conduction, a bypass switch closure and lockout will be
iniated. A bypass switch closure and lockout will also be initiated in case of gap misfire
(conduction without being triggered) or failure of the gap to conduct when triggered. Separate
alarms will also be given for all these conditions.



7.0 - OTHER SERIES CAPACITOR BANK PROTECTION

7.4 - Introduction

The protective functions discussed below are those provided to protect the capacitor elements and
units against abnorrmal system conditions and against equipment failure related fo the capacitor
units, the platform insulation, and the associated switching equipment.

7.2 - Capacitor Unit Fallure Protection

Fuses, either external or internal, provide the primary protection for the series capacitor units or
elements. The fuse protection applied must be coordinated with the unbalance protection.

7.2.1 - Externally Fused Capacitors {current itmiting-expulsicn type)

in this scheme, external fuses provide protection for dielectric fatlure, lead failures, internal
bushing failures, and bushing flashovers. A failure within the capacitor elements results in fuse
operation, removing the entire unit from service. The expulsion fuse provides visual indication of
fuse operation which provides faster maintenance procedures. ‘

A capacitor unit failure could result in a short circuit across a parallel connected group of healthy
capacitor units. The fuse must be selected to interrupt the fault and minimize the possibility of
case ruptuze. The removal of the faulted capacitor umt from the series capacitor bank, upon
external fuse operation, causes an overvoltage on the remaining capacitor units in that group
which can be detected by unbalance protection.

7.2.2 - Internally fused capacitors

Internally fused capacitor elements allow several failures of internal capacitor elements without
affecting the overall expected life of the capacitors. The removal from service of the remaining
capacitor elements would not then be necessary.

However, the fuses in internally fused capacitors provide protection only for the capacitor
elements within the capaciter sections, but not for the connections between the elements and the
bushings. Furthermore, lack of visual indication of fuse operation may result in longer

'

mamntenance. This, however may not result in less availability when compared with externally
fused capacitors for the reason outlined in the first paragraph.

Faults external to the protected capacitor sections, e.g. bushing flashovers, will cause unbalance
protection operation resulting in the deenergization of the whole series capacitor bank.
7.3 - Platform Fauit Protection

Each platform has a protection system to detect an insulation failure to platform. Once such an
event 1s detected, the bypass switch will automatically close and lockout. An alarm at the control
house will indicate a platform fauit has occurred and the affected phase.

7.4 - Capacitor Unbalance Protection
Series capacitors are configured in a certain number of series and parallel connections to form two

or more balanced parallel sirings. Different capacitor bank configurations can be employed. One
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configuration is a bridge or “H” in which current unbalance detection is achieved in the balance
branch. Other capacitor bank installations are arranged by paralleling two capacitor branches and
unbalance detection is achieved using a current differential principle for the two branches. The two
configurations are shown in Figure 6.
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(a) ‘H’ or bridge (b) paraliel branch
Figure 6 - Capacitor Bank Unbalance Protection Arrangements

Protection schemes differ depending on the capacitor arrangement and the method used for fusing
(internal or external). The main protection objectives are listed below:

» Detect blown capacitor fuses.
e Detect short-circuits caused by flashovers across the bushings of capacitor units.
¢ Detect defective capacitor elements in the capacitor units and racks.

« Protect the remaining capacitor elements or units from high overvoltages when a number of
fuse elements (intemally fused) or units (externally fused) have blown, so that the
overvoltage on the remaining healthy capacitor units or elements remains below a certain
level at nominal current.

Conventional relays or integrated logic circuitry are provided to measure the fundamental
frequency current for the detection of the electrical asymmetries in the capacitor arrangement.
Since the magnitude of the capacitor unbalance current will vary with the magnitude of the total
capacitor current, the threshold for operation of this protection is adjusted depending on the
capacitor current (see Figure 7).

Three different functions are typically achieved by the protection, as shown in Figure 7;

1) A time delayed low set level to initiate an alarm in case a number of fuse elements or units have
failed (curve #1).

2) A time delayed level set to initiate a bypass and lockout operation if additional fuse elements or
units blow in a string (curve #2).

3) a) Anoptional high set level to initiate a fast bypass should a flashover or short-circuit occur
(curve #3a).
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©) A sccond option 15 to set the fast high set level above the maximurm overload level
expected from curve #2. This option is shown in curve #3b.

Detatls on each of the above funciions are provided in the reference.
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Figure 7 - Typical Capacitor Unbalance Protection Characteristic

1.5 - Capacitor Overload Protection

The life expectancy of capacitors depends mainly on characteristics related to the dielectric
material, on the voltage gradient applied to the dielectric, and on its hot-spot temperature.
Therefore, the main protection objective 1s to protect the capacitor units from excessive short-time
and sustained overvoltages associated with overioads. The protection must be coordinated with the
specified overvoltage cycle imposed by the network and the short time-current characteristic of the
varistor designed to protect the capacitor bank.

The overload detection is provided from a capacitor current or a line current ct. Harmonics in the
line current will have limited impact on the voitage across the capacitors {lower impedance at
higher harmonics}, when the bypass switch is opern. The capacitor overload protection must
respond properly to varying current levels in addition 1o a single overload level. Since partial
discharges will be persisting in the presence of high peak voltages, the protective function requires
an integrating characteristic which will limit the operation as a function of the energy developed in
the dielectric. A recovery time depending on the energy level reached should also be implemented.

The protective action will result in bypass switch operation, temporary blocking, and in some cases
automatic capacitor reinsertion {(after a time delay) if the overload level drops to within an
acceptable level. Other functions may include an alarm and an anticipated trip. Fnally, for
repetitive overloads, a bypass switch operation with definite lock-out can be initated after a certain
period of time.

7.6 - Subharmonic and Subsynchronous Resonance Considerations.

Series capacitors could interact with the power system and cause harmful resonance conditons. In
power transmission systems, the resonance conditions could either be subharmonic resonance
{ferroresonance) or subsynchronous resonance (S5R). In power distribution systems, another

Z
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resonance phenomenon, self-excitation (in induction motors during start up) may occur. Protection
functions to detect these conditions are not generally included in the basic relay protection package
for series capacitors, but are included on request (optional).

Details on both the subharmonic resonance and the subsynchronous resonance are available in the
reference .

7.7 - Bypass Switch Failure Protection and Phase Disagreement Protection

The purpose of this protection is to detect: 1) failure of the bypass switch to respond to a close
initiation within the expected time, and 2) prolonged disagreement between bypass switch phases.

If a bypass switch fails to respond to a close command initiated by a bank protection function, a
backup action is required. The backup action could be tripping the line, or closing an alternate
bypass disconnect switch at the series capacitor station. It should be recognized, however, that the
closing speed of the disconnect switch will likely be slow.

If the bypass switch phases are in different positions for a prolonged period of time, the bypass
switches in all phases of the module are to be closed.

7.8 - Summary of Alarms/Indications/Control Actions

Appendix IT of the reference shows a tabular summary of the protections just discussed and the
resultant control actions.

8.0 - METHODS OF PROVIDING PLATFORM POWER AND SIGNAL TRANSMISSION

8.1 - Introduction

Various techniques can be used to provide power to the protection and control equipment on the
platform since all major equipment is energized at line potential. Measures should be taken to
ensure safety of the bank on loss of platform power. In addition, power supplies are required for
control, monitoring, and protection equipment located in the control house at the ground potential.

For any series capacitor installation, the following platform power supply performance
considerations are important:

1. Adequate performance during very low line current and voltage conditions; power supplies
must be secure and not cause a spurious bypass of the bank.

2. Negligible start-up time for the current and voltage based supplies so as not to impair the
duty cycle or protection operating speed requirements when the capacitor bank is energized
on the faulted transmission line.

3. Adequate shielding and decoupling of power supply circuits from the primary system
especially for those circuits used to provide power for spark gap firing circuits.

4, Weather performance, both while the bank is in service and while the bank is disconnected
from the transmission line for a long period of time.

5. Elimination of the requirement for batteries and battery chargers where possible.

The various types of power supplies, including current transformer supply, optically powered
supply, cevt supply, and battery supply are described in the reference.
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8.2 - Power Suppiies Specific to Spark Gap Firing Circuits
Two broad options may be considered:

a. schemes which work on the voliage divider principle, utilizing the voltage across the
capacitor units.

b. schemes which operate from a power ot or cevi base unit mounted on the platform

8.3 - Ground Mounted Supplies

The ground mounted supplies would be the same as required 1 a substation.

8.4 - Platform Information Transmission Viethods

There 15 a wend to have the protection system at ground level, rather than on the platform, to
stmpiify maintenance and touble shooting. However, some instailations have all protection and
control equipment mounted on the platform and only status information necessary for operating the
equipment is sent down to ground level

The mnformation and signals between the platform and ground level equipment can be
communicated using various methods. Several techniques are described in the publication.

9.0 - CAPACITOR BANK RELAYING ISSUES

3.1 - Introduction

The technology of the proteciion and control equipment used on series capacitor banks has evolved
over the years. Older installations made extensive use of electromechanical protection and control
(P&C) equipment (this term will be used to describe all protection and control equipment) which
was located on the platform. Recent installations have minimized the use of P&C equipment or
electronics on the platform due to advancements 1n fibre optic communications technology. The
relocation of P&C equipment from the platform to the ground level has minimized the level of
exposure to electrical environmental problems. However, some electronic equipment will continue
to exist on the platform and must perform properly. In the future, true fibre optic current
transformers will likely reduce all platform electronics further.

9.2 - Environment

The presence of P&C equipment on the platform requires careful consideration of the eiectrical
environment in which it exists. The issues which have to be addressed in designing series capacitor
barks are similar to those faced by the designer of a substation. However, close proximity to spark
gap firing circuits and the resultant high discharge currents makes these problerms more

pronounced. Furthermore, the difficulties in providimg monitering equipment for these ligh current
discharge paths, makes these problems difficult to resolve.

The series capacitor equipment is exposed to a wide range of current levels, both in amplitade and
frequency. These include: 1) the high magnitude of power frequency currents {ranging from DC to
fundamental frequency) which can oceur due to system faults and are amplified by the presence of
the series capacitors in the system, 2} the high frequency (typically 400 to 1000 Hz), hugh

amplitade {typically 50 to 100-k&) ring-down of the capacitor discharge current through the
discharge current limiting device, and 3 ) the extra high frequencies (over 100 kHz) which oceur



during the opening and closing of the bank disconnect switches. The flow of the high frequency
currents can give rise to very high voltages due to the 1.*di/dt rise on the platform buswork.

9.3 - Insunlation Considerations

The devices used to measure these currents must be properly insulated for the application in which
they are applied. This requires that an evaluation of the insulation coordination be performed to
establish the necessary voltage class and BIL level of the measuring devices. If these devices are
not properly insulated, their failure could result in the P&C equipment (if platform located) being
exposed to power system fault currents. Platform located P&C equipment is typically at platform
potential at or near the point where the platform is connected to the power circuit. This connection
provides a reference point for mnsulation coordination and is monitored to provide indication of a
platform fault.

9.4 - Electromagnetic Interference Considerations

The potential for electromagnetic interference (EMI) issues to arise on series capacitor banks is
much higher than that of normal substation P&C equipment due to the relative compactness of the
equipment on the platform. The high field levels associated with current flow through the current
limiting device give rise to circulating currents in the platform and may cause EMI problems if the
cts, secondary circuits, and the P&C equipment (if platform located) are not properly isolated. The
secondary leads from the cts to the P&C equipment must be properly shielded and grounded ata
single point. This ground point should be made at the protection cabinet which is at platform
potential. This reduces the risk of exposure to the flow of power currents on the platform since the
platform does not normally carry current. The platform can be subjected to induced current flow
from the current limiting device as well as the buswork. The control cabinet location should be
selected to minimize this exposure.

9.5 - Bypass Gap Firing Circuits

The bypass gap on MOV protected series capacitors requires a triggering circuit. This circuit
provides the connection from the low power measurement circuits to the initiation of the high
energy impulse necessary to trigger the gap. As with the other P&C equipment on the platform,
these circuits must be designed to survive the high energy environment of the bypass gap.

As with any protective relay scheme, secure and dependable operation is a paramount
consideration. The need for reliable gap firing to protect the MOV has usually dictated the use of
redundant gap firing circuits. Experience has shown that these circuits have been dependable. The
other concern raised is that these circuits may fire spuriously. This issue arises if the circuit has not
been properly shielded from EMI or if the fundamental frequency algorithm used to protect the
MOV does not properly reflect the MOV characteristics. Proper design practices should address
these concerns. Experience with modern equipment 1s satisfactory in this regard.

10.0 TESTING BEFORE AND AFTER INSTALLATION

10.1 - Intreduction

It is important to test and prove the P&C system by conducting appropriate design tests, proauction
tests, and field tests of the installed system. Typically, testing requirements are specified by the
utility during the specification stage and/or by the manufacturer during the proposal stage. Test
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plans are developed by the manufacturer detailing the ability of the specific system to meet the
specification requirements.

The full compliment of tests wili generally be done 1n the following sequence:

s Manufacturer’s tests - The tests performed by the manufacturer consist basically of design
tests and routine production tests.

Design Tesis

Design tests are those tests performed on the P&C system in order to verify the design.

These tests are grouped into three categories: 1.) functional, it.) environmental, 1i1.)
electrical, surge, and electromagnetic interference. Details on each of these categories are
provided in the reference.

Routine Production Tesis

The main purpose of routine production tests is to verify the manufacturing quality of all
components and of the complete assembly. Separate testing for platform and ground control
equipment is acceptable.

¢« Field tests

These tests are performed on site by the supplier or user as a final verification of the
equipment after if 1s installed on site. These tests fall into two categories: pre-energization
and operational testing.

Pre-energization Tests

These tests are performed by the supplier or the user and include the verification of current
transformer ratios, control circuit wiring, verification of all inputs and outpats, protection
system calibration and settings, and the functioning of the overall system, including
protection system logic.

In case of software based systems, the P&C system may be tested by software verification
techmiques as well as the injection of power frequency currents. Typically, the procedures
used in these tests form the basis of future maintenance tests of the P&C system.

Operational Tests

Upon successful completion of the pre-energization tests, the bank 1s operationally tested by
the user. These tests consist of the progressive application of system voltage and currents to
verify the proper operation of the bank and to verify the functional performance of the
control and protection system. During these tests, the protection alarms should be closely
monttored. Operational tests would include energization, de-energization, operation of the
bypass switch, loading of the bank, and isclation procedures. Other switches in the
substation may be operated to verify that the P&C is not influenced by any stray
eleciromagnetic fields.

« Fault tests - applied by some users on site to more fully verify the functionality of the
protective systern and the series capacitor equipment.
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These tests accomplish the following:
1. Verifies the aatomatic control sequence during fault conditions.
2. Verifies the energy measurements (accuracy) of the MOV protection.

3. Verifies the bypass gap firing/bypass switch closing when the MOV protection
operates, and the speed of operation.

4. Confirms transient immunity of the P&C circuits during fault application, gap firing,
and other switching operations.

5. Confirms the correct sequence of event recorder and digital fault recorder operations.

Due to high costs and the requirement for system outages, fault tests may be considered
optional.

11.0 - MULTI-SEGMENT SERIES CAPACITOR BANKS

The capacitor bank equipment may consist of more than one series segment per phase. Generally,
all the major components of a series capacitor bank are repeated on each capacitor segment. Hence,
the protection must be duplicated on a per segment basis.

For flexibility, a dedicated bypass switch is usually applied for each segment. Each three phase set
of segments is then referred to as a switching step. For this situation, the P&C associated with each
segment (switching step) controls the associated bypass switch.

In some installations, the multiple series segments will be switched with a single bypass switch.
For this situation the P&C for each segment will control the single bypass switch.

For multi-switching step banks there may be a concern inserting segments when other segments
have just been inserted. The concern is that there may be a dc trapped charge on the in-service
segments, Switching in a new segment may introduce a trapped charge of opposite polarity of the
segment being switched in. For a gap only scheme (i.e. with no MOVs), the result may be
unwanted bypass gap firing. If this problem is a concern, the P&C logic must be arranged to insert
all segments simultaneously. This is not a problem for schemes using MOVs (with or without a

gap).

APPENDIX | - SUPPORTING CALCULATIONS FOR MOV PROTECTION FUNCTIONS

This appendix in the reference analyses the effect of tolerance in the MOV energy monitoring
devices on the energy threshold setting.

APPENDIX It - SUMMARY OF SUGGESTED ALARMS, INDICATIONS, CONTROL
ACTION

Appendix II in the reference outlines in a tabular format, the desired indication and control action
for the various protection and control elements applied to a series capacitor bank. The table
provides specifics as to whether

¢ indication should be on a per bank or phase basis.
¢ the protection and control action should initiate an alarm, a bypass operation, a lockout

operation, or gap firing.

17



APPENDIX Il - & BRIEF SUMMARY OF LINE RELAYING CONSIDERATIONS

Appendix [Il in the reference explains some of the issues that should be considered when selecting
a line protection scheme for a series compensated line. The appendix explains the fundamentals of
current and voltage inversion phenomena that may occur due to a fault on a series-compensated
fransmission syster.

12.0 - BUMMARY

The paper presented excerpts from the IEEE special publication on series capacitor bank protection
(reference 1). Issues presented include discussion of the need for capaciior bank fransient over
voltage protection for various equipment configurations, metal-oxide varistor characteristics, the
impact that system studies has on the applied protection, application of protection for the metal-
oxide varistors against thermal/mechanical stresses caused by fault current and overload conditions,
and protection of the capacitor elements and units against abnormal system conditions and against
equipment failure related to the capacitor umits, the platform insulation, and the associated
switching equipment.

There are significant environmental and power supply issues which arise due to the need for
platform mounted protection equipment and/or measurement devices. These issues have been
explored as has the issue of communicating with platform mounted protection.

The section on testing emphasized the testing of individual protection components as well as the
benefits of staged fault tests with a complete installed system to confirm performance.
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