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Abstract: The protection of shunt power capacitor banks and filter capacitor banks are discussed
in this guide. The guidelines for reliable application of protection methods intended for use in
many shunt capacitor bank designs are included. Also, a detailed explanation of the theory of
unbalance protection principles is provided. Discussions on the protection of pole-mounted
capacitor banks on distribution circuits or capacitors connected to the terminals of rotating
machines are not included as they are outside the scope of this standard.

Keywords: bank configuration, externally fused, filter bank, fuseless, IEEE C37.99™, internally
fused, overcurrent, overvoltage, relay, shunt capacitor bank, unbalance protection
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Notice and Disclaimer of Liability Concerning the Use of IEEE Documents: IEEE Standards documents are developed
within the IEEE Societies and the Standards Coordinating Committees of the IEEE Standards Association (IEEE-SA)
Standards Board. 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 IEEE administers the process
and establishes rules to promote fairness in the consensus development process, IEEE does not independently evaluate, test, or
verify the accuracy of any of the information or the soundness of any judgments contained in its standards.

Use of an IEEE Standard is wholly voluntary. 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 any IEEE Standard document.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, 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 in its standards 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 ten years. When a document is
more than ten years old and has not undergone a revision process, 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 its standards available, IEEE is not suggesting or rendering professional or other services for, or on
behalf of, any person or entity. Nor is IEEE undertaking to perform any duty owed by any other person or entity to another.
Any person utilizing any IEEE Standards document, should rely upon his or her own independent judgment in the exercise of
reasonable care in any given circumstances or, as appropriate, seek the advice of a competent professional in determining the
appropriateness of a given IEEE standard.

Translations: The IEEE consensus development process involves the review of documents in English only. In the event that
an IEEE standard is translated, only the English version published by IEEE should be considered the approved IEEE standard.

Official Statements: A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board
Operations Manual shall not be considered the official position of IEEE or any of its committees and shall not be considered to
be, nor be relied upon as, a formal position of IEEE. 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 of IEEE.

Comments on Standards: Comments for revision of IEEE Standards documents are welcome from any interested party,
regardless of membership affiliation with IEEE. However, IEEE does not provide consulting information or advice pertaining
to IEEE Standards documents. Suggestions for changes in documents should be in the form of a proposed change of text,
together with appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is
important to ensure that any responses to comments and questions also receive 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 comments or questions except in those cases where the matter has previously been addressed. Any person who
would like to participate in evaluating comments or revisions to an IEEE standard is welcome to join the relevant IEEE
working group at http:/standards.ieee.org/develop/wg/.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854-4141

USA

Photocopies: 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
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Notice to users

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not imply compliance to any applicable regulatory
requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not
in compliance with applicable laws, and these documents may not be construed as doing so.

Copyrights

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standardization, and the promotion of engineering practices and methods. By making this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect. In order to determine whether
a given document is the current edition and whether it has been amended through the issuance of
amendments, corrigenda, or errata, visit the IEEE-SA Website at http://standards.ieee.org/index.html or
contact the IEEE at the address listed previously. For more information about the IEEE Standards
Association or the IEEE standards development process, visit the IEEE-SA Website at
http://standards.ieee.org/index.html.

Errata

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

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the
IEEE-SA Website http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may
indicate whether the Submitter is willing or unwilling to grant licenses under patent rights without
compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of
any unfair discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely
their own responsibility. Further information may be obtained from the IEEE Standards Association.
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Introduction

| This introduction is not part of IEEE Std C37.99-2012, IEEE Guide for the Protection of Shunt Capacitor Banks. |

IEEE Std C37.99-2012 incorporates significant additions and changes since the last revision in 2000. These
additions include the theory of unbalance protection methods, impedance measurement techniques, and
settings examples as Annex E. Detailed discussion on grounding has now been reduced to address concerns
related to protection, and the reader has been directed to refer to IEEE Std 1036™-2010 for more details.

This guide was revised by the shunt capacitor bank protection revision working group of the substations
protection subcommittee of the Power Systems Relaying Committee of the IEEE Power and Energy
Society.

* Information on references can be found in Clause 2.
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IEEE Guide for the Protection of Shunt Capacitor Banks

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, health, or

environmental protection, or ensure against interference with or from other devices or networks.

Implementers of IEEE Standards documents are responsible for determining and complying with

all appropriate safety, security, environmental, health, and interference protection practices

and all applicable laws and regulations.

This IEEE document is made available for use subject to important notices and legal

disclaimers. These notices and disclaimers appear in all publications containing this

document and may be found under the heading "Important Notice” or "Important

Notices and Disclaimers Concerning IEEE Documents.” They can also be obtained on

request from IEEE or viewed at http://standards, ieee.org/IPR/disclaimers.html.

1. Overview

1.1 Scope

This guide applies to the protection of shunt power capacitor banks and filter capacitor banks.

Included are guidelines for reliable applications of protection methods intended for use in many
shunt capacitor applications and designs. The guide does not include a-diseussien the protection of
pole-mounted capacitor banks on distribution circuits or application-of capacitors connected to the

terminals of rotating apparatus machines.
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1.2 Purpose

This guide has been prepared to assist protection engineers in the application of relays and other

devices for the protection of shunt capacitor banks used in substations. It covers methods of

protection for many commonly used shunt capacitor bank configurations Capaciterbank-design

trade-offs—are—also—disecussed—because—bank—design—influences including the latest protection
techniques. Additionally, this guide covers the protection of filter capacitor banks and large extra-

high-voltage (EHV) shunt capacitor banks.

2. Normative references

The following referenced document is indispensable for the application of this document (i.e., it

must be understood and used, so each referenced document is cited in text and its relationship to

this document is explained). For dated references, only the edition cited applies. For undated

references, the latest edition of the referenced document (including any amendments or corrigenda)

applies.

ANSI C37.06 997, American National Standard AC High-Voltage Circuit Breakers Rated on a

Symmetrical Current Basis—Preferred Ratings and Related Required Capabilities.!

1 ANSI publications are available from the-Sales Department-American National Standards Institute, 31-West42nd-Street13th-Eloox;

NewYorkNY10036JSA-(http://www.ansi.org/).-Fhe- ANSEdocumentstistedin-Clause 2-are-alsoavailablefrom—the Institute-of
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IEEE Std 184992 ™, [EEE Standard for Shunt Power Capacitors.?

IEEE Std 469-1988-(Reaff1994) ™, JEEE Recommended Practice for Voice-Frequency Electrical-Noise

Tests of Distribution Transformers.

IEEE Std 525-1992(Reaff1999),™, [EEE Guide for the Design and Installation of Cable Systems in

Substations.

IEEE Std 1036-1992 ™, IEEE Guide for Application of Shunt Power Capacitors.

IEEE Std 1143-1994,™, IEEE Guide on Shielding Practice for Low Voltage Cables.

IEEE Std 1531™, IEEE Guide for Application and Specification of Harmonic Filters.

IEEE Std C37.012-1979(Reatf1988) ™, IEEE Application Guide for Capacitance Current Switching
of for AC High-Voltage Circuit Breakers Rated-on-a-Symmetrical- Current Basis.

IEEE Std C37.04-1979(Reaff1988) ™, IEEE Standard Rating Structure for AC High-Voltage Circuit
Breakers Rated-on-a-Symmetrical- Current Basis.

IEEE Std C37.2-3996 ™, IEEE Standard for Electrical Power System Device Function Numbers,

Acronyms, and Contact Designations.

IEEE Std C37.48-1997 ™, IEEE Guide for the Application, Operation, and Maintenance of High-
Voltage Fuses, Distribution Enclosed Single-Pole Air Switches, Fuse Disconnecting Switches, and

Accessories.

2 IEEE publications are available from The Institute of Electrical and Electronics Engineers 445Hoes—taneP-O-—Bex—1331;
PiseatawayNJ-08855-1331USA (http://standards.ieee.org/).

(&)

The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers,

Inc.
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IEEE Std C37.66™, IEEE Standard Requirements for Oil-Filled Capacitor Switches for AC Systems (1
kV to 38 kV).

IEEE Std C37.90.1-1989-(Reatf1994),™, IEEE Standard for Surge Withstand Capability (SWC) Tests
for Pretective-Relays and Relay Systems_Associated with Electric Power Apparatus.

IEEE Std C57.13.3™, TEEE Guide for Grounding of Instrument Transformer Secondary Circuits and

Cases.

IEEE Std C57.16-1996 ™, IEEE Standard Requirements, Terminology, and Test Code for Dry-Type

Air-Core Series-Connected Reactors.

IEEE Std C62.2-1987(Reaff1994) ™, JEEE Guide for the Application of Gapped Silicon-Carbide

Surge Arresters for Alternating Current Systems.

IEEE Std C62.22-1997 ™, TEEE Guide for the Application of Metal-Oxide Surge Arresters for

Alternating-Current Systems.

NEMA CP1, Shunt Capacitors.*

3. Definitions

For the purposes of this guide document, the following terms and definitions apply. The IEEE

Standards Dictionary Online should be consulted for terms not defined in this clause.’

4 NEMA publications are available from Global Engineering Documents (http://global.ihs.com/).

5 The IEEE Standards Dictionary Online subscription is available at http://www.ieee.org/portal/innovate/products/standard/

standards dictionarv.html.
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back-to-back capacitor bank switching (or back-to-back switching or back-to-back capacitor

switching): Switching a capacitor bank with-and in close enough electrical proximity to one or more

other energized capacitor banks and/or cables to influence the inrush current significantly.

capacitor bank: An assembly at one location of capacitor(s) and all necessary accessories (such as

switching equipment, protective equipment, controls, etc.) required for a complete operating

installation. H-may-be
iece(s) ok f Llod e .

capacitor control: The device required to operate the switching device(s) automatically switeh to

energize and deenergize shunt power capacitor banks.

capacitor element (or element): The basic component of a capacitor unit A—eewviee consisting

essentialhy of two electrodes separated by a dielectric.

capacitor inrush current (or inrush current): The transient charging current that flows in a

capacitor when a capacitor bask is initially connected to a voltage source.

capacitor line fuse (capacitor group fuse): A fuse applied to disconnect a faulted phase of a

capacitor bank from a power system.

capacitor out rush current (or outrush current): The high-frequeney—high-magnitade—ecurrent
transient discharge of-one-er-meore capacitors-into-asheortecireuitsuchas-into-afailed current that
flows when an energized capacitor w#it bank is initially connected in—parallel-with-the-discharging
units-or-inte-a-breaker-elosing-into-afault to an external short circuit.

capacitor unit (capacitor, power capacitor): An assembly of dielectric and electrodes in a container
(case), with terminals brought out, that is intended to introduce capacitance into an electric power

circuit.
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discharge device: An internal or external device intentionally connected in shunt with the terminals
of a capacitor for the purpose of reducing the residual trapped voltage after the capacitor is

disconnected from an energized line.

externally fused capacitor bank: A capacitor bank with fuses external to the (power) capacitor units.

Filter capacitor: Capacitor(s) utilized with inductors and/or resistors for controlling harmonic

preblemsin voltages and currents in the power system such-as—reducingvoltage-distortion-dueto

fixed capacitor bank: A capacitor bank that dees not have-a—capacitercontroland-mustbe-manually

switehed designed for automatic or frequent switching.

fused capacitor: A capacitor having fuses mounted on its terminals, inside a terminal enclosure, or

inside the capacitor case, for the purpose of interrupting disconnecting a failed capacitor_element,

unit, or group.

fuseless capacitor bank: A capacitor bank without any fuses, internal or external, which is

constructed of (parallel) strings of series-connected capacitor units betweentine-andneutral-{wye
. | I nals (del el shase)See o unfased itorbank.

individual capacitor fuse: A fuse applied to disconnect an individual faulted capacitor unit from its

bank.

internal fuse of a capacitor: A fuse connected inside a capacitor unit, in series with an element or a

group of elements.

internally fused capacitor (unit): A capacitor unit that includes internal fuses.
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kilovar (1000 vars): The practical unit of reactive power, equal to the product of the root-mean-
square (RMS) voltage in kilovolts (kV), the RMS current in amperes (A), and the sine of the angle

between them.

parallel-(element)-connected capacitor (unit): A capacitor unit with the elements connected in

parallel groups, with the parallel groups connected in series between the line terminals (Figure 1). A

phase-over-phase: A capacitor bank construction on one structure, with the individual phases (or

legs for delta connected capacitor banks) of the capacitor bank installed above each other and

insulated from each other.

I T Lo Lo Lo I
T eI
A I R I

“%

a) b)
Parallel connected Series connected
capacitor unit capacitor unit

New

Figure 1— Capacitor unit design
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series-(element)-connected capacitor (unit): A capacitor unit with the elements connected in series
with each other between the line terminals, with one or more such series strings within a

capacitor unit (Figure 1).

e (stri : itors) (stei ¢ . 1 ). Capaci L o5 ]

switched capacitor (switched capacitor bank): A capacitor bank designed for controlled operation

and/or frequent switching.
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thyristor-controlled reactor (TCR): The A reactor whose effective value ef-thereactor is changed by

using—thyristers to controlling the flow of current by phase-controlling the turn-on signal to the

thyristors.

thyristor-switched capacitor (TSC): A capacitor switched ON and OFF by thyristor control action.

unfused capacitor bank: Any capacitor bank without fuses, internal or external._

unfused capacitor (unit): A capacitor without any internal fuses.

4. Basic considerations

Relay Protection of shunt capacitor banks requires an understanding of the terminology (see
Figure 2), capabilities, and limitations of the individual capacitor units and associated electrical

equipment. Four types of shunt capacitor barnk units and their respective connections er-designs may

affect the relay function selection for the protection scheme:

a) Externally fused, with individual fuses for each capacitor unit-

b) Internally fused, with each element fused inside the capacitor unit-

c) Fuseless, with capacitor units connected in series strings between line and neutral (or

between line terminals)

d) Unfused, with the capacitor units connected in a variety of series and parallel

arrangements

See Figure 2 shows the basic terminology and fer examples of grounded wye-connected banks or

ungrounded with these four types of capacitor units.
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See Clause 2 shows fer the applicable standards for the associated electrical equipment for the

individual capacitor units, individual capacitor-unit fuses, bank switching devices, power fuses,

Voltage— or Current-sensing devices, surge arresters, and reactors.

|
O
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1n one Group
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ternal Discharge

Capacitor -
Device

Unit \

Bushing

i ; '

1~ y 2 Physical Connection of
L.. I Parallel Capacitor Unit:

JF T in one Group

Physical Connection
of Series String

(a) Externally-fused (b) Internally-fused
(c) Fuseless (may use multiple strings per phase) (d) Unfused

*Note - Capacitor banks may be grounded

Figure 2—Wye connected capacitor bank —grounded or ungrounded
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41 Capacitor unit capabilities

When protecting capacitor banks, it is important to realize the capabilities of capacitor units so that

the protection system can be applied to guard the capacitor units against system-induced events

and upon failures of some units in the bank. IEEE Std 18-1992° ™ specifies the standard ratings of

the capacitors designed for shunt connection to ac transmission and distribution systems.¢ IEEE Std

1036-1992 ™ gives application guidelines for these capacitors. As per IEEE Std 18, the following is

specified:

a) Capacitors are intended to be operated at or below their rated voltage-and-frequeney-
Capacitors are shall be capable of continuous operation under the contingency system

and bank conditions provided none of the following limitations are net exceeded:

1) 110 % of rated RMS voltage

2) 120% of rated peak voltage (i.e., peak erest voltage not exceeding 1.2V2 times

the of rated RMS voltage, including harmonics, but excluding transients,

3) Theecapacitor should-also-be-able-to-carry 135% of nominal RMS current based
on rated kvar and rated voltage eapability-of-anyseries-element-of-a—capacitor

4)  135% of rated kvar

6 Information on references can be found in Clause 2.
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b) The capacitance of a unit shall sheuld-netgiveless-than100%ner not vary more than -0%
to +10% of the nominal value based on rated kvar, 35%(110% forecapacitor units-man-

powerat rated-sinuseidal voltage, and frequency, measured at a 25 °C uniform case and

internal temperature.

c) Capacitor units mounted in multiple rows and tiers should be designed for continuous
operation for a maximum 4 24 h average ambient air temperature of 40 °C during the

hottest day e Capacitors shall be capable of both continuous operation and switching

operations at a minimum ambient temperature of -40 °C during—the<coldest—day
expected-atthelocation.

d) Capacitor units rated above 600 V shall have an internal discharge device to reduce the
residual voltage to 50 V or less in 5 min. Capacitor units are available in a variety of
voltage ratings (240 216 V to 24 940 V) and sizes (2.5 kvar to about 1068 800 kvar).

Capacitor units designed for special applications can exceed these ratings (see IEEE Std

18-1992). See IEEE Std 1036-+992 for capacitor short- time overvoltage capability.
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4.2 Capacitor unit connections eapabilities

Depending on the application, any of the four eennections types of capacitor units (i.e., externally

fused, internally fused, fuseless, and unfused) may be suitable for the capacitor bank design.

4.2.1 Externally fused shunt capacitor banks

Externally fused substatien shunt capacitor banks are configured using one or more series groups of

parallel connected capacitor units per phase. Each—eapacitor—unitis—typicallyprotectedby An

individual fuse, externally mounted between the capacitor unit and the capacitor bank fuse bus.

See, typically protects each capacitor unit. Figure 2(a). illustrates a typical capacitor bank utilizing

externally fused capacitor units. The capacitor unit can be designed for a relatively high voltage

because the external fuse is capable of interrupting a high-voltage fault. However, the kilovar rating
of the individual capacitor unit may be smaller because a minimum number of parallel units axre is

required to allow the bank to remain in service with one-fuse-e unit out.

4.2.2 Internally fused shunt capacitor banks

In general, banks employing internally fused capacitor units are configured with fewer capacitor
units in parallel and more series groups of units than are used in banks employing externally fused

capacitor units.

Figure 2(b) illustrates a typical capacitor bank utilizing internally fused capacitor units. The

capacitor units are normally have a large beeause kvar rating, and a complete unit is not expected to

fail due to operation of fuses on failed internal elements.
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An internal fuse is connected in series with each capacitor element. Each internally fused capacitor
unit is constructed with a large number of elements connected in parallel to form a group and with
only a few groups connected in series. This construction is the opposite e of that found in externally
fused capacitors, which normally employ a large number of series groups made up of parallel
connected elements, with correspondingly fewer elements connected in parallel per series group.
With internally fused capacitors, when a capacitor element fails, the current through its individual
fusible link will be considerably higher than the normal current. This higher current will blow the

fusible link, thereby isolating the failed element.

4.2.3 Fuseless shunt capacitor banks

Fuseless shunt capacitor banks are normally used for applications where the failure (short circuiting)

of one capacitor element will not cause excessive voltage on the remaining elements in that string.

This is usually at or above 34.5 kV. The capacitor units are normally designed with two bushings
with the elements insulated from the case. The capacitor units are connected in series strings
between phase and neutral (or between line terminals for delta-connected or single-phase
installations). The protection is based on the capacitor element's failing in a shorted mode. The

discharge energy is small because no capacitor units are connected directly in parallel. Figure 2(c)

illustrates a typical capacitor bank utilizing fuseless capacitor units. Anether-advantage-is-that-the
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4.2.4 Unfused shunt capacitor banks

The unfused shunt capacitor approach uses a series/parallel connection of the capacitor units, similar

to externally or internally fused capacitor banks. This type of capacitor bank has not been widely

used. Some users have removed fuses from externally fused capacitor banks because of excessive

nuisance operations and have ended up with an unfused capacitor bank. The-voltageacross—the

remaining elements will increase more than in the fuseless design.The unfused approach would
normally may be useful on banks below 34.5 kV (where series strings are not practical) or on higher

voltage capacitor banks with modest parallel energy. This design dees may not require as many

capacitor units in parallel as an externally fused bank. See because the voltage on the fuse during

operation is not a consideration. Figure 2(d) illustrates a typical capacitor bank utilizing unfused

capacitor units.

4.3 Capacitor bank design

4.3.1 Externally fused shunt capacitor banks

An externally fused shunt capacitor bank of a given size and voltage rating may be made up of a
number of series and parallel groups. Use of capacitors with the highest possible voltage rating
will result in a capacitor bank with the fewest number of series groups. This arrangement generally
provides the simplest rack structure and the greatest sensitivity for unbalance detection schemes.
The available unbalance signal level decreases significantly 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 number of capacitor units in parallel per series group is governed by both a minimum and a

maximum limitation.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:51:10 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.99-2012


http://www.avadocuments.com/doc/ieee-c37-99-2012
http://www.avadocuments.com/doc/ieee-c37-99-2012

The minimum number of capacitor units per group is determined by the overvoltage considerations
upon isolation of one capacitor unit in the group and alse—having has sufficient overcurrent
through a fuse on a faulted capacitor unit to blow the fuse in a reasonably short time (so that the
unbalance protection does not require a long time delay). The general rule is that isolation of one
capacitor unit in a group should not cause voltage unbalance sufficient to place more than 110% of
rated voltage on the remaining capacitors in the group. The value of 110% is the maximum

continuous overvoltage capability of capacitor units as per IEEE Std 18-1992.

The maximum number of capacitor units that may be placed in parallel per series group is governed

by a different consideration. When a capacitor unit fails, other capacitors in the same parallel group
will contain some amount of charge. This charge will drain off as a high-frequency transient current
that flows through the failed capacitor unit and its fuse. The fuse holder and the failed capacitor

unit should withstand this discharge transient safely until the fuse blows.

For a large number of parallel externally fused capacitors, to minimize the probability of failure of
the expulsion fuse holder or rupture of the capacitor case, or both, NEMA CP1 recommends that
the total energy stored in a parallel connected group of capacitors should not exceed 15 000 ] for all-
film dielectric capacitor units (10 000 J for older all-paper or paper-film dielectric capacitor units)
at maximum peak voltage (rated voltage x 1.1 x V2). For 60 Hz applications, NEMA CP1-1988
recommends a total parallel kilovar limit of 4650 kvar for all-film dielectric capacitor units (3100
kvar for older capacitor units). All-film dielectric capacitor banks have been applied up to 9600 kvar
in parallel with expulsion fuses (Mendis et al. [B {93(10)]”. Consult the capacitor and fuse

manufacturer before exceeding the 4650 kvar limit to ensure assist in ensuring that the total

available discharge energy (including energy from capacitors in a parallel wye and/or in parallel

banks) does not exceed the discharge energy capability of the fuse or the faulted capacitor.

7 The numbers in brackets correspond to those of the bibliography in Annex A B.
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If a capacitor bank having the minimum number of series groups has more than 4650 kvar per series
group, then capacitors of a lower voltage rating requiring more series groups and fewer units in
parallel per group may be a suitable solution. However, this arrangement will reduce the sensitivity
of the unbalance detection scheme. The bank may have to be removed from service for a reduced
number of isolated capacitor units because the voltage across the remaining units exceeds 110% of

their rated voltage. Splitting the bank into two sections, as a "double-wye," may be a preferred

arrangement and may permit a better unbalance detection scheme. In a "double-wye" arrangement,
the failure of fewer capacitor units ean will also result in the removal of the bank. Anetherpossibility

is the use of current-limiting fuses in a single wye configuration would be another option.

4.3.2 Internally fused shunt capacitor banks

An internally fused shunt capacitor bank of a given size and voltage rating may be made up of a

number of series and parallel groups.

Use of capacitors with the highest possible kilovar rating will result in a capacitor bank with the
fewest number of capacitor units. This arrangement generally provides the simplest rack structure

and permits the largest number of element failures before unbalance tripping is required.

It is usually desirable to have at least two units in parallel in each series group. In the event of a
large number of internal fuse operations in one capacitor unit, the other capacitor helps keep the

terminal voltage of the affected capacitor down.

The maximum number of capacitor units that may be placed in parallel per series group is governed
by the parallel energy capability of the internal fuses. Placing too many capacitor units in parallel
can jeopardize the operation of the fuses. The manufacturer of the capacitor units sheuld typically

recommends the maximum number of capacitor units to be connected directly in parallel.
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If a proposed capacitor bank having the minimum number of series groups has too many capacitor
units in parallel, then it may be possible to reduce the parallel energy by changing the number of

series groups or by rearranging the bank into multiple wyes.

4.3.3 Fuseless shunt capacitor banks

A fuseless capacitor bank is arranged with individual capacitor units in series (called a "series

string") connected between the phase terminals and the ground or neutral. The sum of the

individual capacitor unit rated voltages in a string should equal or exceed the normal phase-to-

ground or phase-to-neutral voltage of the capacitor bank. The desired three-phase kvar of the

capacitor bank is accomplished by adding series strings of capacitor units in parallel.

Fuseless banks require-a-high are usually used at a higher system voltage (abeut at or above 34.5
kV minimum). Capacitor units are connected in series strings. The capacitor units usually have
two bushings and may have additional insulation between the capacitor elements and the case.

Each string usually has more than 10 elements in series to emsure assist in ensuring that the

remaining elements do not exceed 110% of the nominal rating if an element in the string shorts—H-a

Lapee fuscloss barks ired: Lot ] iy el

4.3.4 Unfused shunt capacitor banks

An unfused bank would have a series/parallel arrangement. Relay settings unbalance functions are

normally reguire set to trip the bank te—#ip when the voltage on remaining capacitor units
exceeds 110% of rated voltage or the overvoltage on remaining elements in a faulted capacitor
unit is high enough that cascading failure on system transient overvoltage is likely. On smaller
banks, tripping may be based on the failure of a single element. (For small banks, the probability of

element failure may be small, given the small total number of elements.)
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4.4 Overvoltage on remaining capacitor units

The overvoltages that occur when individual capacitor elements fail or internal or external fuses
operate determine whether the bank should be removed from service. Usually, the larger the
kilovar rating of an individual capacitor unit, the simpler the bank design, but the unit size will affect

the resulting overvoltages following fuse operation or element shorting.

4.4.1 Externally fused shunt capacitor banks

For an externally fused bank of a given size, use of a larger individual capacitor-unit kilovar
rating decreases the number of parallel capacitor units per group and increases the overvoltage
change due to isolation of a single capacitor. Failure of additional capacitors is likely to occur in the
same parallel group as the first failure because these remaining capacitor units have the highest
voltage stress. However, if two capacitors fail in different parallel groups, then the overvoltage

percentage is less than that of the two capacitors failing in the same parallel group.

4.4.2 Internally fused shunt capacitor banks

An internally fused bank can connect the capacitor elements inside the capacitor unit in various
series and parallel configurations to minimize the overvoltage stress on the remaining internal

elements and unaffected capacitor units when fuses operate. When a puncture or a short-circuit

occurs in a capacitor element, the current through the fuse increases in proportion to the number

of elements connected in parallel. This increase is sufficient to melt the fuse within a very short

time. The capacitor units are designed with a large enough number of elements in parallel so that

the operation of one fuse does not result in too much increase in voltage on the remaining parallel

elements. Further failures of elements causes overvoltage on the healthy units, and unbalance

protection should ultimately operate when overvoltage exceeds design level.
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4.4.3 Fuseless shunt capacitor banks

Fuseless bank design depends on the capacitor elements being connected in series, and the expected

failure mode of the capacitor element will be a short circuit. The higherthe-voltagefor-the banlthe

mere number of capacitor elements in series increases with the increase in the nominal voltage

rating of the capacitor bank. If an element shorts, then the remaining capacitor elements will

abserb-theadditienal be subject to overvoltage. The voltage adéditionalvoltage_increase on each

element will be approximately equal to E/(E-1), where E is the original number of capacitor elements
in the string®. The continuous and overvoltage capability of the elements is equal to the capability of

the capacitor unit divided by the number of elements in series within the capacitor unit.

4.4.4 Unfused shunt capacitor banks

The unfused capacitor bank has no fuses. Unbalance protection should be applied so that following
failures, the resulting voltage on the remaining healthy capacitor units does not exceed 110% of

their rating or the recommended level specified by the manufacturer.

5. Bank connections

Five Six common capacitor bank connections are shown in Figure 3. The optimum connection

depends on the best utilization of the available voltage ratings of capacitor units, fusing, and
protective relaying. These connections can be used for externally fused capacitor bank design,
internally fused capacitor bank design, fuseless capacitor bank design (if enough elements are
connected in series for a protection scheme to be applied), and unfused capacitor bank design.
Virtually all substation banks are wye connected. Distribution capacitor banks, however, may be
wye or delta connected. Some banks use an H configuration on each of the phases with a current

transformer in the connecting branch to detect the unbalance.
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Figure 3 —Basic Cemmen capacitor bank connections
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5.1 Grounded wye-connected banks

Grounded wye capacitor banks, composed of series- and parallel-connected capacitor units per

phase, may require overvoltage/unbalance protection. Figure 2 shows typical bank arrangements.

Grounded capacitor banks provide a low-impedance path to ground for lightning surge currents
and give some protection from surge voltages. Some banks may be operated without surge

arresters, taking advantage of the capability of the capacitors to absorb the surge.

Grounded capacitor banks also provide a low-impedance path to ground for triplen harmonic
currents. These harmonic currents may cause communication facility interference, if such circuits
parallel power lines. Additionally, an open phase in the vicinity of the capacitor bank produces zero
sequence currents that may cause capacitor bank ground relay operations. Harmonic resonance may
also be a problem because capacitor banks are in many cases part of a resonant loop, resulting in

magnification of specific harmonic components.

When the neutral is grounded, recovery voltages encountered during switching are reduced;
however, careful consideration should be given to the effect of inrush current on current
transformer (CT) circuits (see 10.6.1), communication circuits and bank protective relay

performance (see 11.3), and the method of system grounding (see 6.1).

5.1.1 One unit phase to ground

There is no overvoltage across the remaining capacitor units if a failed, externally fused capacitor
unit is isolated with a fuse; therefore, unbalance relay protection is not required. The individual

external capacitor fuses shall should be capable of interrupting the system available fault current.

Internally fused and unfused capacitor banks should have unbalance protection to avoid excessive

element over voltages and to trip the bank for severe unbalance conditions.
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5.1.2 Multiple units in series phase to ground —single wye

Grounded wye externally fused capacitor banks above 34.5 kV are commonly composed of two or
more series groups of parallel connected capacitor units per phase. The presence of multiple series
groups of units limits the maximum fault current so that individual current-limiting fuses are
usually not required unless the parallel kilovar exceeds 4650 kvar or the level specified by the

manufacturer.

Internally fused capacitor units should be arranged in the bank design te-ensure so that the energy
in the parallel group does not exceed the interrupting capability of the internal fuses. Relatively
small banks can be designed with internally fused capacitor units and still use large capacitor units

for a simple design.

The fuseless design is not usually applied for system voltages less than about 34.5 kV. The reason is
that there shall should be more than 10 elements in series so that the bank does not have to be
removed from service for the failure of one element because the voltage across the remaining
elements would increase by a factor of about E/(E-1), where E is the number of elements in the

string.

5.1.3 Multiple units in series phase to ground-—double wye

Large capacitor banks becomes too large, making to maintain the parallel energy of a series group
within the limits of capacitor units or fuses, the bank may be split into two wye sections. The
characteristics of the grounded double wye are similar to a grounded single wye bank. The two

neutrals should be directly connected with a single connection to ground.
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The double wye design allows a secure and faster protection with a simple uncompensated relay
because any system zero sequence unbalance affects both wyes equally, but a failed capacitor unit
will be detected in the neutral unbalance. Time coordination may be required to allow a fuse to

blow in or on a failed capacitor unit. If it is a fuseless design, the time delay can be set short

because no fuse coordination is required. H-the-eurrent-through-the stringexeeeds—the-continuous

In fuseless capacitor banks, double wye designs with voltage differential schemes also may

mitigate nuisance alarms or trips caused by the unequal variation of capacitance due to solar

radiation.

5.2 Ungrounded wye—connected banks

Ungrounded wye banks do not permit zero sequence currents, third harmonic currents, or large
capacitor discharge currents during system ground faults. (Phase-to-phase faults may still occur
and will result in large discharge currents.) The neutral point of the bank, however, should be
insulated for full line voltage because it is momentarily at phase potential when the bank is
switched or when one capacitor unit fails in a bank configured with a single group of units or during

close-in system ground fault.
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5.2.1 One unit phase to neutral

For systems with line-to-neutral voltages corresponding to available capacitor ratings, wye-
connected capacitor banks with a single series group per phase may be used. The capacitor bank
neutral may be ungrounded in-erder to avoid the need for power fuses to interrupt the system
short-circuit fault current or to minimize the flow of triplen harmonics, which can cause telephone
interference. This design requires that single-bushing capacitor units be mounted on an insulated
rack. If two-bushing capacitor units are used with a grounded rack, then a fault to the case will
be a system line-to-ground fault. High system fault currents may lead to case rupture. For
externally fused capacitor banks, the fuses should be selected to interrupt the available phase-to
ground short-circuit current. If lower rated fuses are used, then a fault to the capacitor case may not
be cleared by the capacitor-unit fuse and will require that the fault be cleared by the capacitor bank
overcurrent protective devices. Ungrounded wye capacitor banks usually do not require current-
limiting capacitor-unit fuses because current through a faulted capacitor unit is limited to three 1.73
times normal phase current. However, caution needs to be exercised when re-fusing a bank of this

type because faulted capacitors in different phases could result in a phase-to-phase system fault.

5.2.2 Multiple units in series phase to neutral —single wye

Wye banks with multiple series groups may also be ungrounded. Such a bank does not provide a

path to ground for a surge voltage and provides no path to ground for third harmonic currents. The

entire bank, including the neutral, should be insulated for full line voltage.
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5.2.3 Multiple units in series phase to neutral —double wye

When a capacitor bank becomes too large for the 4650 kvar per group maximum for expulsion fuses
and is large enough to meet the minimum units per group requirement as outlined in 4.3, the bank
may be split into two wye sections. When the two neutrals are ungrounded, the bank has the same

characteristics of as the ungrounded single-wye bank outlined in 5.2.2. These two neutrals may be

tied together through a current transformer or a voltage transformer to facilitate certain protection

methods. As for any ungrounded wye bank, the neutral instrument transformers should be

insulated from ground as-shewld-the phase-terminals; for full line-to-ground voltage.

5.3 Delta-connected banks

Delta-connected banks are generally used only at distribution voltages and are typically configured

with a single series group of capacitors because banks are small, rated at line-to-line voltage.
Delta-connected banks require a two-bushing capacitor or single-bushing units with insulated racks.
Delta-connected banks are frequently used at 2400 V because capacitor units for wye connection at

2400 V are not readily available.

With only one series group of units, no overvoltage occurs across the remaining capacitor units from
the isolation of a faulted capacitor unit. Therefore, unbalance detection is not required for
protection but may be used to detect the outage of units within the bank. No zero-sequence or third

harmonic currents can flow into a delta-connected capacitor bank.

Where one series group perleg of capacitors is used, the individual capacitor fuses shalt should
be capable of interrupting the system short-circuit phase-to-phase fault current. This design may

necessitate current-limiting fuses.
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If internally fused capacitor units are used, then unbalance detection is required to detect a
capacitor with failed elements. There is no visible indication of a blown fuse. Two or more series
groups are normally required in each capacitor unit to enable the internal fuses to interrupt the fault

current.

Static var compensators usually use the delta connection for the thyristor-switched capacitors (TSCs)

to simplify the controls and optimize the use of the thyristor valve.

5.4 H configuration

Some larger banks use an H configuration in each phase with a current transformer connected
between the two legs to compare the current down each leg. As long as all the capacitors are
normal, no current will flow through the current transformer. If a capacitor fuse operates, then some
current will flow through the current transformer. This bridge connection can be very sensitive. This

arrangement is used on large banks with many capacitor units in parallel.

6. Other considerations

The performance of the protection method can be influenced by the design of the capacitor
bank. Therefore, protection consideration begins with bank design (see 4.3). In general, shunt
capacitor bank design requirements necessitate an increase in minimum bank size with system
voltage. The higher the system voltage, the larger the bank investment and risk of costly damage-, if

protection does not operate correctly. Although capacitors having large kilovar ratings may reduce

the overall cost of the bank, they may also reduce the choice of different capacitor connections or

combinations.
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6.1 Bank grounding

With grounded wye capacitor banks, high-frequency, high-magnitude transient currents may flow

from the capacitor bank neutral into the substation ground. Voltages induced by these ground

currents may cause malfunction or damage to protection systems or other equipment, even in parts

of the substation not directly related to the capacitor installation.

Some of the most onerous transient currents are caused by the following:

— Discharge of the capacitor bank from the peak of the operating voltage into a nearby

line-to- ground fault

— Restriking capacitor switch with back-to-back capacitor switching

— Line-to-ground fault in the capacitor bank (large discharges may occur as series

groups are shorted out)

These high-frequency ground mat transient currents are an important consideration in the design

of the ground mat in substations that include grounded wye capacitor banks. The use of peninsula

grounding can help keep the high-frequency transient currents out of parts of the substation not

directly connected with the capacitor. Where there are multiple capacitor banks at the same voltage

in a substation, the use of single point grounding will reduce the ground mat currents between

capacitor banks associated with capacitor switching. The subject of capacitor bank grounding,

including peninsula grounding and single point grounding, is discussed more fully in IEEE Std

1036.

These high-frequency ground currents are also an important consideration in the shielding and

protection of relaying circuits associated with a capacitor bank. These considerations are

discussed in 10.6. For instrument transformer secondary grounding considerations, refer to IEEE Std

C57.13.3™.,
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Insulated capacitor nentrals Capacitor bank neutral cables insulated, tied

Three-phase capacitor groups together, and connected to station pround grid
Substation ground gnid at one point; all equipment grounds connected
High-voltage bus to station grovmd grid.

Single-pomt capacitor nenfral ground

Capacitor group fence

(a) Single-point grounding

/
p ] ~5

5
W

Peninsula ground grid (bare) Capacitor bank neutrals and all equipment
Three-phase capacitor groups erounds tied together and connected to station
Substation pround gnd ground grid at one point; neutral leads routed
High-voltage bus beneath phase conductors.
Capacitor group fence

(b) Peninsula grounding
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6.2 Neutral grounding

The application of large shunt capacitor banks with switched parallel banks in high-voltage
transmission systems involves a number of considerations, one of which is grounding. It is generally
recommended that the neutral of capacitor banks be grounded only te in systems that are effectively
grounded. In the event of a phase-to-ground fault, a grounded capacitor bank neutral in an otherwise
ungrounded system may lead to high transient overvoltages in the system and capacitor bank as a result
of restriking of the arcing fault to ground. One efthe main advantage associated with neutral grounding
eoneerns—the is less severity of the transient recovery voltage (TRV) across the first pole of the switch to
clear, interrupting the charging current of the capacitor bank. The recovery voltage across the first pole to
open consists of trapped charges on the capacitors and the variation in the 60 Hz voltage of the system.
Due to system parameters and capacitor bank size, the recovery voltage can be approximately two times
the normal peak voltage when the bank is grounded. On an ungrounded bank, the magnitude of the
first peak of the recovery voltage can be as high as three times the peak system line-to-ground voltage
when the bank is switched. Because recovery voltage is a critical factor in determining the capability of a
switching device to switch capacitive reactive power, it may be desirable (in terms of switch
performance) to ground the neutral of shunt capacitor banks. IEEE Std C37.04-1979™ and ANSI
C37.06-1997 2000 recommend that both the shunt capacitor bank and the system be grounded at voltage
levels of 121 kV and above. Many capacitor banks of higher voltage are installed ungrounded, but the
circuit breaker manufacturer should be consulted for the application of a breaker if these conditions are
not met. While many shunt capacitor banks are directly connected to a high-voltage substation bus,
switched capacitor banks may be applied connected to tertiaries of power transformers that are
connected to the line or possibly to the bus. Grounding the neutral of the a wye-connected capacitor
bank should be done only on an effectively grounded system. For instance, the delta tertiary of the
auto transformer represents an isolated seuree network; grounding the neutral of the capacitor bank

connected to the tertiary winding makes this side of the transformer capacitively grounded.

Overvoltages may be experienced during line-to-ground faults for certain ratios of X0/X1, depending on
system, transformer, and capacitor bank parameters. If the neutral is to be grounded on a system that is
not effectively grounded, then the application should be thoroughly analyzed for proper application

of surge arresters, bank configuration, bank switching devices, ete and so on.
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7. Introduction to bank and system protection

The protection of shunt capacitor banks involves both bank and system protection schemes.
Bank protection schemes are provided for faults within the capacitor bank itself. Bank protection
may include items such as a means to disconnect a faulted capacitor unit or capacitor element(s), a
means to initiate tripping a-shutdown of the bank in case of faults that may lead to a catastrophic

failure, and alarms to indicate unbalance within the bank.

System protection schemes are provided to protect the capacitor bank from stresses that may be
caused by the system and to protect the substation and system from stresses that may be caused by
the operation of the capacitor bank. System protection may include items such as a means to limit
overvoltage and excessive transient overcurrents and to disconnect the bank in the event of a

major fault within the capacitor installation or on the substation bus to which the capacitor bank is

connected. System protection may also include alarms and/or a method to disconnect the entire
shunt capacitor bank in order to prevent further damage to the capacitors due to abnormal system

conditions.

Table 1 lists various bank and system protection schemes typically applied to shunt capacitor banks.
Each ef-the condition listed should be considered when providing protection for a shunt capacitor

bank.
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Table 1 —Bank and system protection

Bank protection

Condition

Type of protection

Remarks

Faulted capacitor element.

External or internal fuse for
fused banks; weld, which
occurs at the failure, for banks

without fuses.

Fuses should be fast to
coordinate with fast unbalance
relay settings but should not

operate during switching or

external faults.

Fault from capacitor elements
to case, bushing failure, faulty

connection in capacitor unit.

Fuse for externally fused
capacitor; unbalance protection
for internally fused banks or

banks without fuses.

For externally fused capacitor
banks, fuses should be fast to
coordinate with fast unbalance
relay settings but should not

operate during switching or
external faults. For internally
fused banks or banks without

fuses, the unbalance protection
should be fast to avoid case
rupture but should not operate
during switching or external

faults.

Fault in capacitor bank other
than in unit (arcing fault in

bank).

Unbalance protection. Relay
should have an appropriate
and/or

filtering in currents

voltages for security.

Unbalance protection should
be fast to minimize damage to
other wunits during a major
fault. Time delay of 0.05 s to 0.1
s has been used. See 7.1.4 and

8.3.4b)
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Bank protection

Condition Type of protection Remarks
Continuous overvoltage on Unbalance protection. Relay | Bank should be tripped for
capacitor elements or units should have an appropriate | voltages >110% of rated voltage
due to faulted elements or filtering in currents and/or|{or as recommended by
fuse operations within the | voltages for security. manufacturer on  healthy
bank. capacitor units. An alarm may

be added for 5% unbalance or
one unit out. (In some critical
applications an alarm with
delayed tripping above 110% of

rated voltage is used; see 7.1.4.)

Rack-to-rack flashover in two | Phase overcurrent or negative | Fast operation is required to

series group phase-over-phase | sequence relay; unbalance minimize damage. See 7.1.4
single wye banks. current for wye-wye capacitor |and 7.1.5.
banks.

System protection

Condition Type of protection Remarks

System surge overvoltage. Surge arresters. Selection of surge arrester may
require consideration of bank
energy, particularly for larger

capacitor banks.

Power frequency system Phase voltage relays. For a distorted voltage
overvoltage. waveform,  the  capacitor
dielectric is sensitive to the

peak voltage.
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