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Abstract: The application of protective relays on transmission-line series capacitor banks is
covered. The purpose of this guide is to provide the reader with ample discussion of the
protection and control issues related to series capacitor bank installations. Specific examples
related to protective functions and testing procedures are provided.
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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of
the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus
development process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the
Institute and serve without compensation. While the IEEE administers the process and establishes rules to promote
fairness in the consensus development process, the IEEE does not independently evaluate, test, or verify the accuracy
of any of the information contained in its standards.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or other
damage, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly
resulting from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly
disclaims any express or implied warranty, including any implied warranty of merchantability or fitness for a specific
purpose, or that the use of the material contained herein is free from patent infringement. IEEE Standards documents
are supplied “AS IS.”

The existence of an IEEE Standard does not imply that there are no other ways to produce, test, measure, purchase,
market, or provide other goods and services related to the scope of the IEEE Standard. Furthermore, the viewpoint
expressed at the time a standard is approved and issued is subject to change brought about through developments in the
state of the art and comments received from users of the standard. Every IEEE Standard is subjected to review at least
every five years for revision or reaffirmation. When a document is more than five years old and has not been
reaffirmed, it is reasonable to conclude that its contents, although still of some value, do not wholly reflect the present
state of the art. Users are cautioned to check to determine that they have the latest edition of any IEEE Standard.

In publishing and making this document available, the IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other
person or entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon the
advice of a competent professional in determining the exercise of reasonable care in any given circumstances.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate
action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is
important to ensure that any interpretation has also received the concurrence of a balance of interests. For this reason,
IEEE and the members of its societies and Standards Coordinating Committees are not able to provide an instant
response to interpretation requests except in those cases where the matter has previously received formal consideration.
At lectures, symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall
make it clear that his or her views should be considered the personal views of that individual rather than the formal
position, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854

USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the Institute of
Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center. To
arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood
Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of any individual standard for
educational classroom use can also be obtained through the Copyright Clearance Center.
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Introduction

This introduction is not part of IEEE Std C37.116-2007, IEEE Guide for Protective Relay Application to
Transmission-Line Series Capacitor Banks.

This guide provides additional descriptions and application examples to the IEEE Special Publication on
“Series Capacitor Bank Protection.” * The guide’s purpose is to provide the reader with ample discussion of
the protection issues related to series capacitor bank design. In addition, automatic control functions and
general testing procedures are covered. This is an application guide and does not attempt to address all of
the protective requirements of all series capacitor banks in every situation. Additional reading material is
suggested so the reader can develop a better understanding for a specific protection application.

Notice to users

Errata

Errata, if any, for this and all other standards can be accessed at the following URL: http://
standards.ieee.org/reading/ieece/updates/errata/index.html. Users are encouraged to check this URL for
errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.icee.org/reading/iece/
interp/index.html.

Patents

Attention is called to the possibility that implementation of this guide may require use of subject matter
covered by patent rights. By publication of this guide, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying
patents or patent applications for which a license may be required to implement an IEEE standard or for
conducting inquiries into the legal validity or scope of those patents that are brought to its attention.

a . .
For information on references, see Clause 2.
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IEEE Guide for Protective Relay
Application to Transmission-Line
Series Capacitor Banks

1. Overview

Series compensation provides an economical means of maximizing power transfer and improving
transmission efficiency over long distances by reducing the series impedance of the transmission line. This
guide describes the protection and modern control philosophies of series capacitor banks. The application
of this protection requires a thorough understanding of the interrelationship of the power system
requirements, the bank’s major equipment, and the installation of the equipment.

Background information describing the major equipment and system considerations is presented first. Next,
protection issues related to the capacitor units, metal oxide varistor (MOV), bypass system, and capacitor
bank platform are discussed. Platform power, automatic control functions, and monitoring systems are
discussed. Lastly, functional and performance testing of series capacitor protection and control systems is
included with detailed considerations on staged fault testing. Examples showing the calculations for
unbalanced voltages and currents in internally fused, externally fused, and fuseless capacitor banks are
provided in the Annex E, Annex F, and Annex G. Graphs and recordings of system and protection
performance from staged tests of series capacitors are offered in Annex I.

1.1 Scope

This guide describes the application of protective relays on transmission-line series capacitors and provides
alternative approaches to the design, testing, and maintenance of protective relays based on the latest
knowledge and the application experience of the industry. This guide will also cover issues related to the
reliability of the protection system.

The protection and control of distribution system series capacitors and application of variable series
capacitors, such as thyristor-controlled series capacitors, are not covered in this guide.

1.2 Purpose

The purpose of this guide is to provide the reader with ample discussion of the protection issues related to
series capacitor bank design. Applications of series capacitors are sufficiently diverse that protective relay
engineers need some guidance on the reasons and considerations for different protection and control
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schemes. This guide is intended for engineers involved in the areas of protection specifications, evaluation,
and operation of series capacitor banks.

2. Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments or corrigenda) applies.

IEEE Special Publication TP-126-0, Series Capacitor Bank Protection."*

IEEE Std 824™, IEEE Standard for Series Capacitor Banks in Power Systems.

3. Preliminary considerations

3.1 Major equipment considerations

The capacitor bank is made of numerous individual capacitor units connected in series and parallel to form
a series capacitor bank with the required reactance and current-carrying capability. Because it is not
feasible to build a series capacitor bank that will carry the maximum expected fault current for a prolonged
period, series capacitor banks are designed with a protective feature that allows the bank to protect itself.
This is accomplished through bypassing the capacitor bank current around the capacitor units under
extreme conditions using bypass gaps or MOV.

Other major equipment found in a series capacitor bank includes a bypass switch and a current-limiting
reactor.

3.1.1 Capacitor unit

The capacitor unit (see Figure 1) is the building block of a series capacitor bank. The capacitor unit is made
up of individual capacitor elements, arranged in parallel-connected or series-connected groups, within a
steel enclosure. The internal discharge device is a resistor that reduces the unit residual voltage to 50 V or
less in 5 min. Capacitor units are available in a variety of voltage ratings (240 V to 24 940 V) and sizes
(2.5 kvar to about 1000 kvar).

The capacitors are designed to withstand higher currents such as those experienced during emergency
loadings (typically the 30 min rating), system swings, and during faults as specified by the purchaser.

The capacitor units are designed to withstand the specified continuous rated current, emergency loading,
swing current, and power system faults, within the maximum allowable capacitor unbalance condition as
determined by the control and protection system.

The capacitor fuses, either internal or external, should be designed to operate correctly according to
IEEE Std 824

" IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08855-
1331, USA (http://standards.ieee.org/).
2 The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers, Inc.

3 . .
For information on references, see Clause 2.
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Figure 1—The capacitor unit

3.1.2 Capacitor fusing and unit arrangement

The capacitance of the bank is accomplished by connecting capacitor units in series and parallel to provide
the required capacitive reactance with the continuous current rating. Three different types of fusing
arrangements are being applied on series capacitor banks. These types and the associated arrangement of
the capacitor units are outlined in 3.1.2.1, 3.1.2.2, and 3.1.2.3.

3.1.2.1 Externally fused capacitor bank

The typical arrangement used with externally fused capacitors involves the connection of groups of fused
capacitors in parallel, as necessary to meet the current rating of the bank. These groups are connected in
series to realize the voltage and impedance ratings of the bank (see Figure 2).

Dual-element fuses consisting of two fuses in series are typically applied to each capacitor unit. One of
these fuses is a current-limiting type that is used because of the high stored energy in the parallel
capacitors. The second fuse is an expulsion type that will operate for lower current conditions and provides
a visible break.

A failure of a capacitor element welds the foils together and short-circuits the other capacitor elements
connected in parallel in the same group. The remaining capacitor elements in the unit remain in service
with a higher voltage across them than before the failure and an increase in capacitor unit current. If a
second element fails, the process repeats itself resulting in an even higher voltage for the remaining
elements.

Successive failures within the same unit will cause the fuse to operate, disconnecting the capacitor unit and
indicating which one failed. This results in increased voltage on the parallel units. The magnitude of this
voltage increase is dependent on the number of units in parallel in the manufacturer’s design.

The available unbalance signal level decreases as the number of series groups of capacitors is increased or
as the number of capacitor units in parallel per series group is increased.

The capacitor units have only one insulated terminal (bushing).
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Figure 2—Externally fused capacitor bank

3.1.2.2 Internally fused capacitor bank

The typical arrangement for the bank when using internally fused capacitor units also involves groups of
fused elements connected in parallel. These groups are then connected in series to realize the rating for the
unit. The units are connected in series and parallel as necessary to meet the overall ratings of the bank (see
Figure 3).

The failure of a capacitor element results in a discharge current from the parallel elements through the
associated internal fuse, which blows the fuse. This results in increased voltage on the parallel elements
within the unit and a much smaller increase in the voltage across the associated unit. The magnitudes of
these voltage increases are highly dependent on the number of elements in parallel in the manufacturer’s
design.

The capacitor units may have one or two insulated bushings.

%|_ phase A
_%I __
-

% l_ phase B

% l_ phase C

£ ~
T 1T 17T *CLT
L1 Lol Lol

\—JI_/ T f—l—__—l— T

Figure 3—lInternally fused capacitor bank

3.1.2.3 Fuseless capacitor bank

The capacitor units for fuseless capacitor banks are identical to those for externally fused, as described in
3.1.2.1. A bank is made of strings of series-connected capacitor units between phase and neutral, shown in
Figure 4. These strings of capacitors are connected in parallel as necessary to attain the current and
impedance ratings of the bank. The number of units connected in series is as required to achieve the
necessary voltage capability.

A Documents
Copyright © 2007 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 13:10:56 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.116-2007


http://www.avadocuments.com/doc/ieee-c37-116-2007
http://www.avadocuments.com/doc/ieee-c37-116-2007

IEEE Std C37.116-2007
IEEE Guide for Protective Relay Application to Transmission-Line Series Capacitor Banks

The failure of a capacitor element results in a short circuit of the associated group of elements within the
capacitor unit. This results in an increase in current through, and increased voltage on, the remaining
elements within that capacitor unit and the other capacitor units in the associated string. The degree of this
increase is dependent on the total number of elements in series in the string. The capacitor unit with the
shorted element remains in continuous operation. Capacitor units used in fuseless applications have an all-
film dielectric system.

o
k-8
e

Figure 4—Fuseless capacitor bank

3.1.3 Overvoltage protective devices

The practical application of series capacitor banks on transmission systems almost always requires that the
bank include a protective device to limit the overvoltages that occur during power system faults. A
description of each type is given in 3.1.2.1, 3.1.2.2, and 3.1.2.3.

3.1.3.1 MOV gapless system

MOVs are one type of overvoltage protective device. A simplified one-line diagram is shown in Figure 5.
The MOV is usually connected in parallel with the capacitors. The bypass switch is also connected in
parallel via a current-limiting reactor. The MOV is constructed of a series and parallel array of metal oxide
nonlinear resistor elements. These elements are placed into enclosures for protection against the
environment.

The MOV limits temporary overvoltages across the capacitors by conducting the excess transmission line
current, usually due to faults, that would otherwise cause excessive capacitor voltage. This conduction
occurs on each half-cycle of the power frequency current of the overcurrent condition, or until the parallel
bypass switch closes or the fault is cleared by the line circuit breakers. The maximum voltage that results
across the series capacitor depends upon the nonlinear voltage-current characteristics of the MOV and the
magnitude of the overcurrent. Because the MOV voltage increases with current, the protective level is
usually defined as a coordinating current representing the expected MOV current during a power system
fault. Energy is absorbed by the MOV during conduction. The selection of the MOV energy capability and
protection of the MOV against overstress are important aspects of the series capacitor protection system.

The MOV is designed with current and energy absorption capabilities that are consistent with anticipated
power system fault conditions. In addition to the protective level, critical factors that determine MOV
requirements are the equivalent impedance of the power system, the duration of the fault, and transmission-
line circuit breaker reclosure sequence. With this information, the MOV current and energy absorption can
be determined.

5 Documents
Copyright © 2007 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 13:10:56 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.116-2007


http://www.avadocuments.com/doc/ieee-c37-116-2007
http://www.avadocuments.com/doc/ieee-c37-116-2007

IEEE Std C37.116-2007
IEEE Guide for Protective Relay Application to Transmission-Line Series Capacitor Banks

— 0,

A

N—

/1

Figure 5—Capacitor bank with MOV

Typically, for the protective device consisting of an MOV with no forced bypass gap, the MOV will be
designed to withstand the current and energy associated with the specified internal line faults. Internal line
faults near the series capacitor bank can cause much higher MOV current and energy. This is especially
true if the installation is located at the end of the line near a substation with a high short-circuit current.
However, it is also important to establish the MOV duty during external line faults. For the latter condition,
the series capacitor in the unfaulted line should remain in service during the fault and the critical post-fault
period to enhance power system stability.

3.1.3.2 MOV with forced triggered bypass gap

In many applications, the protective device also includes a forced triggered bypass gap. This gap is fired for
power system fault conditions that result in higher duty to the MOV. The gap does not normally spark over
due to the voltage that appears across series capacitors, since that voltage is limited by the MOV. Rather,
the sparkover of the bypass gap is triggered based on the duty to the MOV. A one-line diagram of this
protective device is shown in Figure 6. Note that the bypass gap is connected in parallel with the bypass
switch. The electrodes of the gap are contained in an enclosure that limits the ingress of precipitation.

N0

g M
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1

Figure 6—Capacitor bank with MOV and bypass gap

Even though this system includes a forced bypass gap, the MOV performs the primary overvoltage limitation
in a manner identical to the limitation for the MOV-only system described in 3.1.3.1. In this case, the MOV is
normally designed to withstand the duty associated with specified external line faults. However, the gap is
triggered during more severe faults to limit MOV duty, especially during internal line faults.

The MOV with forced bypass gap is most often applied on banks located at the end of the line, especially if
the fault current is greater than 10 kA to 20 kA rms. For a close-in fault on the line side of the series capacitor
bank, the potential duty to an MOV can be quite high. In this case, the gap is triggered based on the high duty
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to the MOV at the start of the fault. Firing control thresholds are selected to avoid firing the gap during a
normal external line fault. In most designs, the gap will typically conduct within 0.5 ms after the thresholds
are exceeded. The logic for the triggering and the equipment to achieve it are different among the various
suppliers. However, the conduction is not instantaneous, so the MOV is exposed to high current for a finite
time. Therefore, the MOV is designed to withstand the high fault current until bypass occurs.

Once the bypass gap conducts, most designs used with MOV do not have much ability to interrupt the
current. In general, this is not an important factor since the gaps are normally triggered only when the
MOV duty exceeds the thresholds associated with an internal line fault. For an internal line fault, the line,
along with the series capacitor bank, is temporarily removed from service. This eliminates the gap current,
and the gap deionizes and regains its voltage withstand capability prior to normal line reclosure.

3.1.3.3 Spark gap scheme

Most new series capacitor schemes are as described in 3.1.3.1 and 3.1.3.2. However, for completeness, a
brief description of the spark gap scheme is provided in the following paragraphs.

Figure 7 shows a simplified schematic diagram of a capacitor bank protected with a single gap. The main
element of this protection is a spark gap (G1), which is self-triggered. A bypass switch (S1) is connected
across the gap to bypass the bank. 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 paralleled with a resistance (see 3.1.4 on discharge current-limiting devices).

SERIES CAPACITOR

| [
I\

DISCHARGE
CURRENT
LIMITING DEVICE

\ /

SPARK GAP
(G1)

BYPASS SWITCH
(81)

Figure 7—Capacitor bank protection with a single gap

The gap setting is coordinated to naturally spark over and, effectively, bypass the capacitor bank for
transient overvoltages above the short-time rating of the bank. The discharge current-limiting device limits
the capacitor discharge current when the gap sparks over. The spark 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
is closed, the protection and control scheme reinserts the capacitor into the line by opening the bypass
switch. However, the inherent tendency for the spark gap current to extinguish near a line current zero-
crossing leads to transient overvoltages across the capacitor during the reinsertion. If reinsertion is
attempted too soon, it is likely to cause reignition of the ionized gap, especially when the line current is
high. A deionization time (typically 400 ms to1000 ms) is generally necessary, and depends on the fault
type. When reliable high-speed reinsertion is required for system stability, the gap setting must be high
enough to withstand reinsertion transients. In some applications, this may require a bank rating much
higher than would be necessary for overload current considerations.
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The triggering level is often set by a separate trigger circuit. Operation of the triggering circuit causes the
power gap to operate. This achieves the desired accuracy, and allows the trigger level to be changed in
small increments. However, it is important that the gap is triggered at the correct level, but is not spuriously
triggered.

3.1.4 Discharge current-limiting reactor

Typically, the discharge current-limiting reactor is connected as shown in Figure 5 and, hence, does not
carry current when the bank is inserted.

In some applications, however, the discharge current-limiting reactor is connected in series with the
capacitors. This arrangement is infrequently used to reduce losses where the segment is frequently
bypassed, and may be used to eliminate the potential for harmonic current magnification where the reactor
is paralleled with the capacitor during bypassed operation. It is also used to reduce the duty on the
disconnect switch, typically used in parallel with the bank. If the discharge current-limiting reactor is in
series with the capacitors, the reactor is rated to withstand the same current magnitudes and durations as
required for the capacitor segment.

3.1.5 Bypass switch and bypass gap

As in the case of the MOV, the interrupter of the bypass switch and the bypass gap are also exposed to
voltages resulting from currents through the capacitors. In addition, this equipment is exposed to protective
level voltage during power system faults. This equipment is designed to withstand these voltages.

3.1.6 Thyristor-protected series capacitors (TPSCs)

An alternate approach to protecting the series capacitors has been developed using power electronic
devices. Thyristor valves, providing fast bypass and reinsertion of the series capacitor bank, have been used
to replace the MOV and bypass gaps as overvoltage limiting devices. Thyristor valves have been used for
some time in series capacitor banks for the control of the capacitive reactance.

Further details of the TPSC can be found in IEEE Std 824.

3.2 System conditions

The main purpose of the control and protection equipment is to protect the bank and to avoid equipment
damage. It is also important that no aspect of the duty cycle under various system conditions be
compromised. The protective equipment should not provoke undesired operations under specified normal
or contingency duty cycle. System conditions are therefore prerequisite information for the design and
validation of protection and control equipment.

The utility is responsible for the development and specification of various type of technical data required
for the design. Preliminary system studies are conducted to select an appropriate location for the capacitor
bank on the line and to issue general characteristics, including MOV energy requirements. The results of
these studies will allow the manufacturer to appropriately design the equipment, mainly the capacitor bank
and the MOV. The duty cycle that the bank is designed to withstand will depend on local utility practices,
the power system configuration, and the nature of the disturbance. The number of event duty cycles that the
protective equipment must withstand (for both internal and external line faults) before bypassing the bank
for an extended period (hours) are specified by the purchaser and is a critical factor in determining series
capacitor equipment ratings.
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3.2.1 System representation

Series capacitor applications require extensive system studies to identify the general parameters for design.
The system data and equivalent network should be provided to the series capacitor manufacturer for the
specific installation to allow independent confirmation and for determination of capacitor protective levels.
As a minimum, the system model should include line characteristics, shunt reactors, equivalent source
impedance, and voltage. For studying interactions between a power system and a control system, an
approximate model of the distributed parameter line can be obtained by cascading several identical pi
sections. However, accurate results would only be obtained by using a distributed parameters line model
with the positive-sequence and zero-sequence networks. The N X N matrix needs to be specified for
systems with asymmetrical lines. The model should also include an accurate MOV model representation. In
some cases, system studies are run with different MOV models. The relationship between voltage and
current in the model used for the studies could be expressed as a table of V-I points or an exponential
formula. There may be differences between the appropriate curve used for system studies and the curve
used for the control equipment model. In practice, however, these differences will be small. More
significant factors that could cause variations in the energy calculations are the specifics of the duty
cycle—in particular, the time duration of each fault event.

After the MOV characteristics have been finalized with the supplier (dimensioning, protective voltage
level, coordinating current, V-I characteristic, etc.), the system studies are often rerun, particularly those
studies pertaining to MOV energy absorption during the duty cycle and during system swings. For some
utilities, an additional purpose for rerunning the studies is to generate accurate electromagnetic transients
program (EMTP)-based studies for short-circuit evaluation of the actual control and protection system,
particularly the MOV protection. With the computation power available today, transient simulation studies
can be performed with the entire system model as opposed to the use of equivalents.

3.2.2 Fault current

Studies are conducted to investigate the system performance for the worst case internal and external line
faults. Typically, the external line fault will define the rating of the MOV when a bypass gap is used in
parallel. The internal line fault usually defines the rating of the MOV in a gapless scheme. Different
contingencies for external line faults with various types of faults and duration are considered in order to
evaluate the stress on the MOV. The utility may choose to specify an MOV that has sufficient energy
absorption capacity for external line faults, in order to prevent any gap operation under these conditions.
The most severe internal line faults normally occur near the capacitor bank itself. The studies must then
evaluate the highest MOV current and the maximum short-time energy level. These parameters are
essential to evaluate if any additional energy capacity is required by the MOV. This is an important
consideration with respect to sizing MOVs, and for bypass gap-only schemes, where capacitor bank
reinsertion and gap arc extinction must be considered.

Fault currents should be defined with no ambiguity. It is important to indicate if reference is made to a
maximum system fault current or to a fault through the capacitor bank. The fault current must be evaluated
with an appropriate program that takes into consideration the nonlinear impedance of the protective device.
The current through an inserted capacitor bank will result in high voltages across the capacitors, and the
apparent impedance of the bank will change according to the voltage-limiting action of the protective
device. Such differences in total fault currents on a compensated line are illustrated in Figure 8.

3.2.3 Line harmonics

Harmonics generated by nearby power electronics equipment need to be considered in the design to avoid
interaction with the bank in all possible configurations. During a bypass operation, an inductor/capacitor
(LC) configuration is formed by the discharge reactor in parallel with the capacitor bank. Current resonance
excited by the presence of harmonic current on the line has been observed in some installations. If such
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conditions are identified at the early design stage, several actions could be taken by the protection and
control system to eliminate potential damage to the equipment.

Fault Current on Compensated Line

77777 e e e e T s e P )
: ” : J— Mo Zna in madel

. . | — Znoincluded in maodel (]

25—

1 el S B

i H Loy T

: 1 1 1 1 :
i ool 002 003 004 005 006 007 008 008 01
time se

Figure 8—Fault current on compensated line

3.2.4 Low-frequency transients

A fault or switching event on a system with series capacitors can create low-frequency current transients on
the lines adjacent to the series capacitor. The magnitude and duration of the transients depend on the
amount of series capacitance and the series inductance of the system. If the event causes the series
capacitor protection to bypass the bank, the transients will begin to damp.

The low-frequency transients in the currents will affect the capacitor’s protection and the adjacent
transmission lines’ protective relays. The capacitor’s protection could operate due to the low-frequency
transients, even when the steady-state values are below the protective level. The transmission lines’
protective relays will see higher than steady-state current values, which could cause overreaching of the
relays. More details about low-frequency transients are provided in Annex B.

3.2.5 Subharmonic resonance

The low-frequency transients created by faults or switching on a series-compensated system can interact
with the power system and cause harmful resonance conditions. Either subharmonic resonance or
subsynchronous resonance (SSR) can occur. It is important to evaluate the system to determine whether
these conditions could occur.

Subharmonic resonance might occur if an unloaded transformer is energized. The inrush currents have
instantaneous values that are much greater than the transformer-rated current. Normally, for an
uncompensated system, this high current persists for only a few seconds. For a system with a series
capacitor, these abnormally high currents may continue to flow. This condition may result in a harmful
resonance condition, which can cause overheating of the transformer and/or overstressing the capacitor
cans (even during normal load conditions). In order to eliminate the subharmonic resonance condition, the
bank should be bypassed. Subharmonic resonance conditions are very unlikely to occur in EHV
transmission systems unless the transmission system is energized with the series capacitors in service.
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3.2.6 SSR

SSR is a far more significant problem, which might occur when a nearby series capacitor interacts with
thermal turbine generator shafts. This condition might cause a harmful resonance condition that could cause
damage to the shaft of the turbine generator. If SSR conditions are suspected for a series-compensated
system, these should be identified during the initial system studies. SSR is covered in greater depth in the
book Subsynchronous Resonance in Power Systems [B2]" and other publications given in Annex J.

3.2.7 System unbalance

A protection function that detects phase unbalance can be used as a backup to the primary detection of
MOV failure, prolonged gap conduction, platform fault, and bypass switch phase disagreement. All these
conditions result in capacitor current differences among the three phases. The line unbalance specific to the
system conditions must be known for the coordination of all these functions. Special coordination is
required if single-phase reclosing is a common practice. The control and protection engineer should also
evaluate the degree of unbalance the operation of these functions can generate into the adjacent lines to
prevent a cascading-bypass action to the other lines.

3.2.8 Required speed for reinsertion

Stability during transients depends on speed of reinsertion. The protection system should be designed to
meet the required reinsertion time, which can be determined by stability simulations. However, reinsertion
might not be permitted if the temperature in the MOV is still above the acceptable threshold. Therefore, it
is important for the protection and control engineer to insure that the MOV temperature model is adequate
and well validated.

3.3 Duty cycle

The duty cycle that the bank is designed to withstand will depend on local utility practices, the power
system configuration, and the nature of the disturbance.

In order to specify the MOV rating for a particular power system, extensive EMTP study should be done.
The EMTP model of an MOV can be obtained from the manufacturer. The following scenarios should be
considered:

— Maximum power flow in both direction of the line

— Relay and breaker operating times

— Faults at definite intervals on the line (0% to 100%)

— Single- and multi-phase faults

— DC offset due to the fault on point of voltage waveform

— Reclosing

— Breaker failure

— Gap firing (if bypass gap is included)

— Bypass switch closing (if desired)

4 The numbers in brackets correspond to those of the bibliography in Annex J.
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A typical example of a 500 kV line consisting of two segments, North and South, is shown in Figure 9.
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Figure 9—Example of a 500 kV system

The North segment is 547 km (340 mi) from station A to B and contains two series capacitors (series cap 1,
series cap 2) located in the middle of the line. The south segment is 215 km (134 mi) long from station B to
station C. On the south segment, the series capacitor is located at station C. The series capacitors are
protected by MOVs. Table 1 shows the maximum energy the MOV needs to absorb for the type of fault
with breaker failure at maximum load transfer. The number in parentheses includes a 30% to 35% margin.
Note that maximum energy for a phase-to-phase fault occurred at fault location ‘a,” and occurred at fault
location ‘b’ for a three-phase fault.

Table 1—MOV energy requirements without bypass gap

Description Fault location Type of fault Energy

Series cap 1 ‘a’ phase-phase 108 MJ (140 MJ)
Series cap 2 ‘a’ phase-phase 101 MJ (130 MJ)
Series cap 3 ‘b’ three-phase 342 MJ (445 MJ)
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The energy requirement can be reduced if a bypass gap is used across the MOV. At certain energy levels or
high fault currents, the gap can be triggered to reduce MOV energy requirements. Table 2 shows the energy
requirements with a bypass gap.

Table 2—MOV energy requirements with bypass gap

Description Fault Location Type of Fault Energy

Series Cap 1 ‘a’ phase-phase 20 MJ (30 MJ)
Series Cap 2 ‘a’ phase-phase 15 MJ (25 M)
Series Cap 3 ‘b’ three-phase 25 MJ (40 MJ)

3.4 Multiple segment series capacitors

Typically, the series capacitive compensation in a transmission line is selected as a fixed percentage of the
line inductive reactance, having a value anywhere between 20% and 80%.

This series capacitive reactance is generally installed as two banks, one at each line terminal; as a single
bank at one terminal; or in the middle of the line. Series capacitor banks can be designed to be divided in
several segments, each of which can either be in operation or bypassed. A range of reactance values can be
the result. There are several reasons to use this type of design; the most important being the limited
overvoltage capabilities of the bypass element. Others include control of the inserted capacitance.

A “segment” is defined as a single-phase assembly of capacitor units and associated protective device,
discharge current limiting reactor, protection and control functions, and one phase of a bypass switch.
Segments are not normally separated by isolating disconnect switches. More than one segment can be on
the same insulated platform, as shown in Figure 10. Rated segment voltage (Vx) is the rated root-mean-
voltage (rms) voltage across a segment when the segment is carrying rated current.

A “subsegment” is a portion of a segment that includes a single-phase assembly of capacitor units and
associated protective device, discharge current limiting reactor, and selected protection and control
functions; but does not have a dedicated bypass switch.

A “switching step” is the three-phase assembly that consists of one segment per phase, with a three-phase
operating bypass switch for bypassing or inserting the capacitor segments. This is sometimes referred to as
a capacitor module.

The number of switching steps in a capacitor banks depends on several factors, such as: protection against
overvoltages, amount of reactive capacitance needed to be switched in and out of service, limitation and
damping of high-amplitude, high-frequency discharge currents. Basically, the intent is to maintain the bank
rms voltage and transient voltages to a manageable design level.

In the late 60s and early 70s, when the series capacitors banks were first installed, the series capacitor
bypass and insertion technology used spark gaps, which some manufacturers utilized to limit each
bypassing step to 15 kv to 18 kV rms or 70 kv to 75 kV peak transient voltage across the switching step.
This was necessary to meet the performance requirements of the spark gap and to ensure that the series
capacitors would reinsert successfully when a line fault on an adjacent line is cleared.

Today, improvements and developments in the bypass technology enable the design of series capacitor
banks with bank voltages of up to 100 kV rms and 300 kV peak transient voltages. This allows designing
the majority of series capacitor banks as a single switching step bank and has resulted in substantially
reduced costs and superior performance.
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Source: IEEE Std 824-2004.
Figure 10 —Nomenclature for a typical series capacitor installation
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3.5 Single-phase trip/reclose considerations

When looking at single-phase tripping and reclosing considerations for a series capacitor bank, the
appropriate bank controls should be specified. These control requirements are related to the system aspects,
as well as the line protection aspects of the project.

For a transmission line that is only switched three-phase, bank control is reasonably straightforward. All
switching, whether for fault tripping, bank tripping, automatic bank control, or routine switching from the
control center, is applied on a three-phase basis.

Various options are available when the associated transmission line is switched single-phase, depending
upon the system, bank, and line protection requirements.

3.5.1 System requirements

To aid secondary arc extinction, it is beneficial to bypass at least the faulted phases of the series capacitor
bank. Considering this aspect, either the faulted phase or all three phases can be bypassed.

The primary benefit of single-phase tripping and reclosing is to maintain transmission capability during
system single-line-to-ground faults. Thus, from this point of view, it is desirable not to bypass the unfaulted
phases of the series capacitor to be able to maintain as high a load transfer as possible.

3.5.2 Bank requirements

The capacitor bank must be protected against system faults and bank faults. Bank protection is discussed in
4.2 to 4.7 of this guide. For certain protection provided for system faults, such as MOV protection, bypass
may or may not be on a three-phase basis. For example, MOV temperature overload protection (see 4.2.2.3)
would initiate a three-phase bypass and insertion of the bank in all cases, due to the requirement to remain
bypassed for a relatively long period to allow the MOVs to cool down. However, the MOV high current
protection (see 4.2.2.2) could bypass and insert on a single-phase basis.

3.5.3 Line protection requirements

Line protection of the associated transmission line should be tested to confirm performance and avoid
problems such as voltage inversion or current reversals (see Appendix III of Series Capacitor Bank
Protection, IEEE Special Publication).

If single-phase bypassing and insertion for some bank protection functions is enabled, there is a possibility
that a spurious bypass can occur for an external line fault. Depending upon the applied line protection, the
series unbalance that occurs (due to one phase of the bank that is bypassed, two that are inserted) may
present a problem for the applied line protection. For current-only based protection, such as phase
comparison or line current differential, this should not be a problem. For directional comparison-based
schemes, particularly where sensitive ground fault detectors are applied, this may present a problem. In
some instances, the requirement for sensitive ground fault protection may mean that the line protection may
operate during the spurious bypass condition. Solutions to this problem are beyond the scope of this
publication. However, to allow flexibility if these problems occur in the future, the benefit of specifying the
requirement for single-phase or three-phase operation of the bank (via a local control/remote control
switch) cannot be underestimated.
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3.6 Impact on line protection

The impact that a series capacitor application has on line protection is well discussed in the literature [B1],
[B4], [B9], [B11] and also summarized in Appendix III of Series Capacitor Bank Protection, IEEE Special
Publication. In 3.5 of this guide, there is a brief summary of the issues related to switching a capacitor bank
on a single-phase basis.

3.7 Line protection and series capacitor protection/control interaction

From a series capacitor bank perspective, the following aspects should be well known, documented, and
specified to ensure that those responsible for applying the line protection have the necessary information to
evaluate performance.

a) Identify if the bank is switched single-phase or three-phase (also for which protection and
control function).

b) Determine if a bank control switch has been specified to allow the bank to be switched three-
phase instead of single-phase.

c¢) For a spurious bypass or automatic bank insertion condition, determine the time that the
unbalance will persist.

d) Identify how the bank is switched for low magnitude faults, which precludes bank protection
operation in one of the following ways:

1) Bank remains in the circuit at all times.

2) Bank is switched out on faulted phases by local low current/low voltage detection or by
receipt of transfer trip information from the line ends. Similarly, the bank can be reinserted
by similar logic.

e) For any switching logic applied, determine the applicable time delays for insertion or bypass
relative to the opening and closing of the line circuit breakers.

f) Opportunities may exist to communicate bank information to the line ends to resolve potential
problems with spurious series unbalances and other bank problems. Determine the speed of
response in communicating this information to the line ends.

3.7.1 Capacitor deenergize/energize logic

Depending upon utility practice and philosophy, there may be a requirement to automatically bypass the
bank upon line deenergization and automatically insert the bank (after a small time delay) after the last line
terminal has closed. The reasons such a philosophy may be applied include:

— Mitigating dc current component in line shunt reactors

— Easing line circuit breaker duty requirements

— Mitigating secondary arc during reclose dead time (applicable for single-phase trip and reclose
schemes only)

— Saving on MOV requirements defined by the duty cycle

One approach to this logic is to utilize local bank voltage detection and line current detection to bypass and
insert the bank. For example, for a bank in a transmission line that is switched single-phase, the logic could
be configured as follows:
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— VA-N AND I LINE A PH both low, bypass A phase of the series capacitor bank
— VB-N AND I LINE B PH both low, bypass B phase of the series capacitor bank
— VC-N AND I LINE C PH both low, bypass C phase of the series capacitor bank

A similar logic could be provided on a per phase basis to insert the bank.

One of the challenges with this bank bypass implementation is that filtered quantities need to be used so
that the voltage and current detectors do not stay up during the ring-down of the open-ended transmission
line (which may preclude operation of the logic). Depending upon the filter characteristic, appreciable time
delays may be introduced, which may impact the utility requirement for bypassing and insertion.

The basis for the bank bypass logic working properly is that the current and voltage on a transmission line
are both assumed to go low only for internal line faults. This is important because the bank must not
spuriously bypass or insert for an external line fault.

Unfortunately for some situations, such as a strategic fault location on a mutually coupled parallel
transmission line, the voltage and current could both be low at the capacitor bank during an external line

fault.

Another difficulty with the scheme is that a voltage source (CVT or VT) is required at the bank to provide
the voltage measurement. This can be a significant cost item.

With the advent of modern digital telecommunications, it is economical as well as practical to initiate these
bypass and insertion actions from the line end terminals. Figure 11 depicts such a scheme.

| | |
| I (

Capacitor Bank

Station A Station B
3 phase bypass/insert > < 3 phase bypass/insert
primary primary
line line
protection, A phase bypass/insert (single pole schemes only > < A phase bypass/insert (single pole schemes only protection,
open open
terminal B phase bypass/insert (single pole schemes only) > < B phase bypass/insert (single pole schemes only terminal
logic logic
C phase bypass/insert (single pole schemes only > < C phase bypass/insert (single pole schemes only)
standby duplicate logic standby
line »  similar to primary % line
protection protection protection

Figure 11 —Line deenergizel/energize logic for capacitor bank

3.7.2 Line protection initiated bypass

In some instances, the application of a triggered bypass gap at a series capacitor station is driven by the
requirements to mitigate the transient recovery voltages (TRVs) for circuit breakers at line-end terminals.
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This may have to be done because existing line-end circuit breakers may not have sufficient TRV
capabilities with a series capacitor in the line.

Normally, the gap is not expected to be triggered for an MOV-based scheme unless there has been an MOV
protection operation. However, for lower magnitude faults or faults which do not cause the MOV duty
cycle to be exceeded, the gaps may not fire.

To address this condition, line protection may be used to initiate firing of the gap via telecommunications
to the capacitor bank. One issue that must be considered, though, is the case of a low magnitude fault where
there is insufficient natural voltage across the gap for it to be successfully triggered. This would generate a
“failure to fire” alarm. One solution is to accept the nuisance alarms. Another would be to supervise this
path in the triggering logic with a local capacitor bank current detector, which must be picked up to indicate
that there is enough fault voltage across the bank for the gap to be triggered.

The line protection may also initiate closing of the bypass switch. To mitigate the TRV for line breakers,
the bypass switch closure would need to occur before the line breakers opened.

4. Protective functions

The overall protection and control philosophy of the series capacitor bank have to be established before
specific protections can be specified. Once this groundwork has been laid, details of the protection can be
described. This clause of the guide provides this information. Details are provided on:

a) MOV protection

b) Capacitor protection

c) Bypass gap protection

d) Platform fault protection

e) Bypass switch failure protection

f) Discharge current limiting reactor harmonic overcurrent protection
4.1 Protection and control philosophy

4.1.1 Introduction

A review of series capacitor installations shows that the basic functions incorporated in the protection and
control systems are similar. The details of these systems, however, can be very different. These details are
influenced by the operational philosophy of the utility specifying the equipment and the manufactures’
preferences on the design. The elements that influence the utilities’ philosophy are power system
operational requirements, the redundancy philosophy of the utility, and, ultimately, the evaluation of the
cost of the system when compared to the benefits derived from the system.

4.1.2 Protection and control functions

4.1.2.1 Protection of the series capacitor from the power system

A series capacitor bank has a continuous current rating and a protective level rating. The protective level is
a value of through current that will cause damage to the bank and is usually referred to as a multiple of the
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continuous current rating. For currents at the protective level, the bank must be bypassed instantly to
prevent damage to the capacitors. The time to close a bypass switch would be too long to protect the
capacitor from damage. The increased current through the bank will cause increased voltage across the
bank. To provide the needed protection, devices that have an instantaneous response to the increase in
voltage have been applied. Bypass gaps and MOV have been used to protect the series capacitor banks. The
usual causes for currents above the protective level of the series capacitor bank are faults on the power
system in the vicinity of the series capacitor bank. For most applications, there are potential fault locations
on the power system that will cause voltages across the bank in excess of the protective level of the bank if
the series capacitor bank protection was not installed.

4.1.2.2 Protecting the protection

Both the bypass gaps and the MOVs that are applied to protect the series capacitor from events on the
power system are not designed to carry the bypassing current continuously. Protection systems monitor and
trigger the closing of a bypass switch that bypasses the entire bank, including the bypass gaps or MOVs.
This protects the bypass gaps or MOVs from conducting high currents for long durations.

Once the fault has been cleared and the voltage across the capacitor bank has been reduced, the capacitor
bank is reinserted back into the system. Bypass gaps will not stop conducting once the voltage is reduced to
the normal load level value. With bypass gap systems, if the gap conduction was caused by any condition
other than an internal line fault, the bypass switch must be closed to stop the bypass gap conduction and
prepare the capacitor bank to be returned to service. For internal line faults, the line circuit breakers will
operate, which will deenergize the series capacitor bank. Conduction through the MOV will stop once the
voltage stress has been removed. The MOVs still must be protected from overheating due to high current
flow or excessive periods of conduction.

4.1.2.3 Isolating failed capacitor units

Following the failure of one or more of the capacitor units, the failed units can be electrically isolated from
the remaining bank and the capacitor bank can remain in-service. When a capacitor unit fails on an
externally or internally fused-type unit, the fuse will operate, disconnecting the failed unit. In the case of
the fuseless capacitors, the failed elements are shorted out.

4.1.2.4 Preventing cascading capacitor unit failures

When failed capacitor units are isolated from the capacitor bank, the voltage across some of the remaining
capacitor units will increase. If this increase in voltage reaches the rating of the capacitor units, other units
will fail, stressing still other parts of the capacitor bank. To prevent cascading failures, protective circuits
are applied to detect if too many capacitor units have been isolated, so that the bank can be removed from
service. The isolation of capacitor units will cause electrical unbalance in the normally balanced capacitor
bank. Different types of unbalance protection are applied depending on the configuration of the capacitor
bank.

4.1.2.5 Auxiliary equipment protection

This type of protection varies depending on the design of the capacitor bank and the requirements of the
utility. The following are some common protection that is applied: bypass switch failure, platform fault
detection, MOV failure, or control system failure.
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4.1.3 Capacitor bank physical configuration

Since the series capacitor bank is a series element in the power system, no part of the energized elements
can be at ground potential. The capacitor units are mounted on a platform insulated from the ground. To
provide the protection and control of the capacitor bank, different parts of the systems are located on the
platform and other parts are located on the ground. The division of these parts varies with the different
designs. Regardless of the design, analog signals or control signals, or both, must be passed between the
parts of the system on the platform and the ground-based equipment. Earlier systems had most of the
protection and control mounted on the platform, so that few signals needed to be transported across the
insulation between the platform and ground. With improvements in the means of communication, most of
the control and protection systems are now located on the ground, and more complex signals are
transmitted to and from the platform.

4.1.4 Redundancy

The protection and control system for a series capacitor bank is composed of several subsystems as shown
in Figure 12. Not all of the subsystems have the same degree of criticality or the same reliability. Since
some of the subsystems are located on the series capacitor bank platform, the repair or replacement of those
subsystems cannot be made with the series capacitor bank energized. The control and protection system can
be completely redundant. However, due to the cost versus benefit comparison, something less than a
completely redundant system might be specified.
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Figure 12—Subsystems of the series capacitor protection and control system

Unlike many other components on the power system, remote backup protective devices cannot detect every
type of failure on a series capacitor bank. An unbalanced condition of the capacitor bank, which causes
overvoltages on the capacitor cans, must be sensed with equipment on the bank. Similarly, excessive
conduction of the MOVs or bypass gaps can only be sensed with the capacitor protection system. These
protection systems are critical to minimize the damage to the series capacitor bank when parts of the bank
fail.

The major subsystems of the protection and control system are briefly described as follows:
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a) Human machine interface (HMI): The local controls, alarming, event logging, and local
indication of the condition of the capacitor bank.

b) Protection and automatic control unit: The main logic and measurement processor of the
protection and control system.

¢) Communication system: The communication media for getting the analog and control signals
between the protection and automatic control unit, the bypass switch controls, and the sensing
devices on the capacitor platform.

d) Platform sensors: The devices that monitor the current flowing through the different
components on the platform.

e) Platform power source: The source of power needed on the platform to power the active
electronics used in the sensors or electronic conversion equipment on the platform.

Table 3 compares the relative cost, reliability, maintainability, and criticality of the different subsystems.
Referring to Table 3, a partial or complete failure of any of the subsystems with high criticality should
cause the bypassing of the series capacitor bank, unless a redundant subsystem exists. Any of the
subsystems with low maintainability will require the isolation of the series capacitor bank to repair those
subsystems. All of the subsystems have a high to medium reliability rating.

Table 3—Subsystem comparison

Subsystem Cost Reliability | Maintainability | Criticality
HMI Medium Medium High Low
Protection and automatic control High Medium High High
Communication High High Low High
Platform sensors Low High Low High
Platform power source Low High Low High

The protection and automatic control unit is a highly critical subsystem with high maintainability and
medium reliability. The protection and automatic control units can be self-monitoring. Having redundant
units will eliminate the need to bypass the series capacitor bank for a problem in one of the units, since the
malfunctioning unit can be isolated, analyzed, and repaired with the series capacitor bank in-service.
Although the protection and automatic control unit can be one of the more expensive subsystems, the
increased availability of a series capacitor bank with redundant protection and automatic control units can,
in time, pay for the extra investment. See Annex C for a typical economic evaluation of a redundant
subsystem.

4.2 MOV protection

The MOV needs to 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
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4.2.1 MOV energy calculations

Protection systems determine the energy absorbed by the MOV during fault conditions. Most protection
systems use the relationship that energy is equal to the integral of power.

Using this relationship, the MOV energy is calculated from the measured current in the MOV column and
the voltage across the MOV. As shown in Figure 13, the current is typically readily available from a current
transformer (CT) in the MOV branch. The voltage across the MOV, however, is not as easily obtained. The
voltage can be estimated from the MOV V-I characteristic, either in the form of a lookup table or calculated
from the current using exponential or polynomial relationships. A variation to this approach is to calculate
the MOV energy by integrating the current over time, assuming a constant voltage during each time
interval At. Another approach is the integral of the current (coulombs) method.

Ayl
7

CT (MOV) ¢
—
\Y

Figure 13 —Series capacitor and MOV

4.2.1.1 Lookup table for the voltage

Figure 14 gives a typical example of an MOV V-I characteristic.
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Reprinted, with permission, from IEEE Special Publication on “Series Capacitor Bank Protection”
(TP-126-0). © 1998 IEEE.

Figure 14 —MOV V-l characteristic
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Based on the characteristic of the specific MOV and the measured MOV current, the voltage can be
estimated from the following lookup table (typical values):

Current (A, peak) Voltage (kV, peak)
10 260.000
100 273.000
1 000 285.500
2000 287.800
4000 292.800
8 000 298.000
10 000 298.600
15 000 302.700
20 000 304.900
30 000 308.000
40 000 310.200

The lookup table in an actual protection system application will typically have a finer current resolution to
reduce the error in the approximated voltage.

Once the MOV current and voltage are known, the power and resulting energy can be expressed in terms of
voltage, current, and differential time, shown in Equation (1) and Equation (2) as follows:

PO =v(1) *i(t) (1)
E=Jv@*i@dt )
where

v(t)  is the voltage estimated from the lookup table

4.2.1.2 Exponential or polynomial relationship for the voltage

The typical single exponential approximation of the MOV V-I characteristic is given by Equation (3) as

follows:
v =k* i) 3)
where
k is a constant that depends upon the desired protective level and number of series elements
a is a factor related to the manufacturing process of the metal oxide material
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Thus, the factors k and a are characteristics of the MOV.

Again, the power and resulting energy can be expressed in terms of voltage, current, and differential time,
given in Equation (4) and Equation (5) as follows:

(1) =v(t) * i(1) 4)
E=[v@) * i) dt )

Substituting the value for the voltage, v(z), given in Equation (3) results in the following Equation (6):
E=]k*i@) ™V g (6)
In the mathematical integration for energy, the df must be chosen to be less than the anticipated rise time of
any reasonable transient wave front.

Some algorithms may use a multi-exponential or polynomial to approximate the voltage, instead of the
single exponential approximation.

4.2.1.3 Lookup table for the MOV energy

Another method uses a lookup table to determine the MOV energy directly from the current. Thus, an

MOV energy table is precalculated based on the measured current and a predefined time interval. That is,
given as follows in Equation (7):

Ei=ki*I* At for the jth sample @)
where
k; is the constant voltage for a given value of current /; based on the MOV V-I curve

In the lookup table, the MOV current is the argument entered, and the MOV energy is provided as the
output. Then, the incremental energies are summed over time.

E=3E (8)

This method especially lends itself to digital signal-processing techniques, where the current is sampled,
the MOV energy table is stored in memory, the At is the sampling time, and the incremental energies can
be readily summed in a microprocessor.
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