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Figure 11 was provided by Vaisala, Inc., Tucson, AZ. Reprinted with permission.

Abstract: This guide covers the application of metal-oxide surge arresters to safeguard electric
power equipment, with a nominal operating voltage 1000 V and above, against the hazards of
abnormally high-voltage surges of various origins. This guide provides information on the
characteristics of metal-oxide surge arresters and the protection of substation equipment,
distribution systems, overhead lines, and large electrical machines.

Keywords: distribution lines, insulation coordination, lightning, metal-oxide surge arrester,
overvoltage, substations, surge arrester, switching surges, transmission lines
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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 or the soundness of any judgments 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, or every ten years for stabilization. When a document is more than five
years old and has not been reaffirmed, or more than ten years old and has not been stabilized, 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 his or
her 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.

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.
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 interpretation of the 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, 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. Recommendations to change the status of a stabilized standard should include a
rationale as to why a revision or withdrawal is required. Comments and recommendations 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 C62.22-2009, IEEE Guide for the Application of Metal-Oxide
Surge Arresters for Alternating-Current Systems.

Abnormally high voltages can occur on power systems from a variety of origins, including lightning and
switching. These overvoltages can cause insulation breakdown, resulting in equipment failure and
interrupting the continuity of electric supply to users. Proper coordination of surge-protective devices with
the insulation strength of the protected equipment is essential to protect the reliability of power systems and
equipment. Metal-oxide surge arresters are the predominately used overvoltage protective device on ac
power systems.

The application of surge protection devices and their coordination with equipment insulation strengths is a
broad and complex subject for which the industry has accumulated a large body of knowledge, experience,
and practices. This document provides a concise guide to the application of metal-oxide surge arresters to
protect power systems and equipment operating at a nominal voltage of 1000 V and greater. This
application guide does not cover the application of low-voltage surge protective devices below 1000 V
alternating current (ac). However, it references these devices when applied to the secondary of a
transformer because they are part of the transformer protection.

Step-by-step directions toward proper solutions for various applications are provided. In many cases, the
prescribed steps are adequate. More complex and special situations requiring study by experienced
engineers are described, but specific solutions may not be given. These procedures are based on theoretical
studies, test results, and experience.

The clauses of this guide cover the various categories of electric power systems and equipment.

— Clause 4 provides fundamental information on overvoltages, metal-oxide surge arrester
characteristics, and equipment insulation.

— Clause 5 covers the application of surge arresters to stations and substations.

— Clause 6 covers application of surge arresters for protection of overhead and underground
distribution system equipment, including all distribution transformers, and other electric
distribution equipment.

— Clause 7 covers the protection of overhead transmission and distribution line insulation, which
is an application unique from station equipment and underground protection because the
overhead line insulation is self-restoring.

— Clause 8 covers the protection of large electrical machines, including generators and motors,
rated 1000 V and above.

This guide is a revision of IEEE Std C62.22™-1997.* Substantial reorganization of the guide has been made
to help users focus on their areas of interest. Major additions to this revision include substantially increased
information on the characteristics of surge arresters and surge arrester energy discharge considerations.
Extensive overhead line protection guidelines have been added.

*Information on references can be found in Clause 2.
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Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this standard 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 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 Standards Association Web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, 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.icee.org.

Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.ieee.org/reading/ieee/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.ieee.org/reading/ieee/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 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 guide 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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IEEE Guide for the Application of Metal-Oxide
Surge Arresters for Alternating-Current Systems

IMPORTANT NOTICE: This guide is not intended to ensure safety, security, health, or
environmental protection _in_all circumstances. Implementers of the guide are responsible for
determining _appropriate _safety, security, environmental, and health practices or regulatory

requirements.

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. Scope

This guide covers the application of metal-oxide surge arresters (see IEEE Std C62.11™-2005) to
safeguard electric power equipment against the hazards of abnormally high voltage surges of various
origins. This application guide does not cover the application of low-voltage surge protective devices
below 1000 V alternating current (ac), except when applied to the secondary of a transformer.
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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.

d h h ed 1n on n on h th oHo no-—1H

ANSI/IEEE Std C37.06™-2000 American National Standard AC High-Voltage Circuit Breakers Rated
on a Symmetrical Current Basis—Preferred Ratings and Related Required Capabilities.'

ANSI C84.1-1989—AmericanNational—Standard—for2006, Electric Power Systems and Equipment —
Voltage Ratings (60 Hertz)-Hz).

IEC 60034-15:1995-61), Rotating Electrical Machines, Part 15: Impulse Voltage Withstand Levels of

Rotating
A.C. Machines with Form-Wound Stator Coils<{(draftrevision).”

HEEEStd81992 HEEE Standard-for Shunt Power Capaettors

IEC 60071-2-1997, Insulation Coordination—Part 2: Application Guide.
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ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th
Floor, New York, NY 10036, USA- (http://www.ansi.org/).

2 TEC publications are available from HEC-Sales-Departmentthe sales department of the International Electrotechnical Commission,
Case Postale 131, 3, rue Varembé, CH-1211, Genéve 20, Switzerland/Suisse_(http:/www.iec.ch). IEC publications are also
available in the USA from Sales Department, American National Standards Institute, 11_West 42" Street, 13" Floor, New York,
NY 10036, USA.

IEEE Std 522™1-2004, IEEE Guide for Testing Turn Insulation of Form-Wound Stator Coils for
Alternating-Current Electric Machines. **

IEEE Std 824™-2004, IEEE Standard for Series Capacitor Banks in Power Systems. IEEE Std 998™-

1996. IEEE Guide for Direct Lightning Stroke Shielding of Substations.

IEEE Std 1299/C62.22.1™-1996 (Reaff 2003), IEEE Guide for the Connection of Surge
Arresters to Protect Insulated, Shielded Electric Power Cable Systems.

IEEE Std 1313.1™-1996 (Reaff 2002), IEEE Standard for Insulation Coordination—Part 1:

Definitions, Principles, and Rules.

IEEE Std 1313.2™-1999, IEEE Guide for the Application of Insulation Coordination.
IEEE Std C37.015™-1993 (Reaft 2000, 2006), IEEE Application Guide for Shunt Reactor Switching.
IEEE Std C37.04™-1999 (Reaff 2006), IEEE Standard Rating Structure for AC High-Voltage

Circuit Breakers.

IEEE Std C57.12.00™-2000, IEEE Standard for Standard General Requirements for Liquid-
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Immersed Distribution, Power, and Regulating Transformers.

IEEE Std C57.12.01™-2005, IEEE Standard General Requirements for Dry-Type Distribution and
Power Transformers, Including Those with Solid-Cast and/or Resin Encapsulated Windings.

IEEE Std C57.13™-1993 (Reaff 2003), IEEE Standard Requirements for Instrument Transformers.

IEEE Std C57.21™-1990 (Reaff 1995, 2004), IEEE Standard Requirements, Terminology, and
Test Code for Shunt Reactors Rated Over 500 kVA.

IEEE Std C62.11™-2005, IEEE Standard for Metal-Oxide Surge Arresters for AC Power Circuits.

IEEE Std C62.21™-2003, IEEE Guide for the Application of Surge Voltage Protective Equipment
on AC Rotating Machinery 1000 V and Greater.

IEEE Std C62.34™-1996, IEEE Standard for Performance of Low-Voltage Surge-Protective Devices
(Secondary Arresters).

IEEE Std C62.92.1™-2000, IEEE Guide for the Application of Neutral Grounding in Electrical
Utility Systems, Part I-—Introduction.

NEMA MG-1-19932006, Motors and Generators, Parts 20.35 and 21.38.°

3

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ
08854, USA (http://standards.ieee.org/).

4The IEEE standards or products referred to in this clause are trademarks owned by the Institute of Electrical and
Electronics

Engineers, Incorporated.

’NEMA publications are available from Global Engineering Documents, 15 Inverness Way East. Englewood. Colorado
80112, USA (http://global.ihs.com/).

3. Definitions, acronyms, and abbreviations

3.1 Definitions

For the purposes of this guide, the following terms and definitions apply. The Authoritative Dictionary
of IEEE Standards Terms, Seventh Edition [B74]° should be referenced for terms not defined in this
clause.

3.1.1 arrester: See: surge arrester.

3.1.2 arrester discharge current: The current that flows through an arrester resulting from an
impinging surge.

3.1.3 arrester discharge voltage: The voltage that appears across the terminals of an arrester during the
passage of discharge current.
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3.1.4 arrester disconnector: A means for disconnecting an arrester in anticipation of, or after, a
failure in order to prevent a permanent fault on the circuit and to give indication of a failed arrester.

3.1.5 arrester duty-cycle rating: The designated maximum permissible root-mean-square (rms) value
of power-frequency voltage between its line and ground terminals at which it is designed to perform
its duty cycle.

3.1.6 basic lightning impulse insulation level (BIL): The electrical strength of insulation expressed in
terms of the crest value of a standard lightning impulse under standard atmospheric conditions. BIL may
be expressed as either statistical or conventional.

3.1.7 basic switching impulse insulation level (BSL): The electrical strength of insulation expressed
in terms of the crest value of a standard switching impulse. The BSL may be expressed as either
statistical or con—ventional.

3.1.8 coefficient of grounding (COG): The ratio, E;g/E1; (expressed as a percentage), of the highest
root-mean-square (rms), line-to-ground, power-frequency voltage Er g on a sound phase, at a selected
location, during a fault to ground affecting one or more phases to the line-to-line power-frequency
voltage F; that would be obtained at the selected location with the fault removed.

3.1.9 conventional BIL_(basic lightning impulse insulation level): The crest value of a standard

lightning impulse for which the insulation shall not exhibit disruptive discharge when
subjected to a specific number of applications of this impulse under specified conditions, applicable
specifically to non- self-restoring insulations.

3.1.10 conventional BSL _(basic switching impulse insulation level): The crest value of a standard

switching impulse for which the insulation does not exhibit disruptive discharge when subjected to a
specific number of impulses under specified conditions, applicable to non-self-restoring insulations.

3.1.11 conventional withstand voltage: The voltage that an insulation is capable of withstanding
with a 0% probability of failure.

3.1.12 coordination of insulation: The selection of insulation strength consistent with expected
overvoltages to obtain an acceptable risk of failure.

¢ The numbers in brackets correspond to those of the bibliography in Annex H.

3.1.13 crest value: (of an impulse): The maximum value that an impulse attains. Syn: peak value.

3.1.14 critical flashover voltage (CFO): The amplitude of voltage of a given wave shape that, under
specified conditions, causes flashover through the surrounding medium on 50% of the voltage
applications.

3.1.15 deadfront type arrester: An arrester assembled in a shielded housing providing system
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insulation and conductive ground shield intended to be installed in an enclosure for the protection of
underground and padmounted distribution equipment and circuits.

3.1.16 disconnector, surge arrester: See: arrester disconnector.

3.1.17 disruptive discharge: The sudden and large increase in current through an insulating medium
due to the complete failure of the medium under electrical stress.

3.1.18 distribution arrester:
a) heavy duty class: An arrester most often used to protect overhead distribution
systems exposed to severe lightning currents.

b) light duty class: An arrester generally installed on and used to protect underground
distribution systems where the major portion of the lightning stroke current is
discharged by an arrester located at the overhead line/cable junction.

c) normal duty class: An arrester generally used to protect overhead distribution systems
exposed to normal lightning currents.

3.1.19 ferroresonance: Sustained oscillations involving a capacitance in series with a nonlinear

inductance, characterized by highly distorted waveforms. Can—-alse—eceurbetween—theeapacitanceto

3.1.20 flashover: A disruptive discharge around or over the surface of a solid or liquid insulator.

3.1.21 ground flash density (GFD): The number of lightning strokes to ground per square kilometer per
year.

3.1.22 impulse: A surge of unidirectional polarity.

3.1.23 insulation level: A combination of voltage values (both power frequency and impulse) that
characterize the insulation of an equipment with regard to its capability of withstanding dielectric
stresses.

3.1.24 lightning overvoltage: The crest voltage appearing across an arrester or insulation caused by a
lightning surge.

3.1.25 lightning surge: A transient electric disturbance in an electric circuit caused by lightning.

3.1.26 liquid-immersed type arrester: An arrester designed for use immersed in an insulating liquid.

3.1.27 maximum continuous operating voltage rating (MCOV): The maximum designated root-
mean- square (rms) value of power frequency voltage that may be applied continuously between the
terminals of the arrester.

3.1.28 metal-oxide surge arrester (MOSA): A surge arrester utilizing valve elements fabricated
from non—linear resistance metal-oxide materials.

3.1.29 nominal rate of rise (of an impulse) For a wave front, the slope of the line that determines
the virtual zero. It is usually expressed in volts or amperes per microsecond.
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3.1.30 nominal system voltage: A nominal value assigned to designate a system of a given voltage
class.

3.1.31 non-self-restoring insulation: An insulation that loses its insulating properties or does not
recover them completely after a disruptive discharge caused by the application of a test voltage;
insulation of this kind is generally, but not necessarily, internal insulation.

3.1.32 overvoltage: Abnormal voltage between two points of a system that is greater than the
highest value appearing between the same two points under normal service conditions. Overvoltages may
be low frequency, temporary, and transient (surge).

3.1.33 peak value: See: crest value.

3.1.34 riser pole type arrester: An arrester for pole mounting most often used to protect underground
distribution cable and equipment.

3.1.35 self-restoring insulation: Insulation that completely recovers its insulating properties after a
disruptive discharge caused by the application of an overvoltage; insulation of this kind is generally, but
not necessarily, external insulation.

3.1.36 series gap: An intentional gap(s) between spaced electrodes in series with the valve
elements across which all or part of the impressed arrester terminal voltage appears.

3.1.37 standard lightning impulse: The wave shape of the standard impulse used is 1.2/50 ps voltage
wave (when not in conflict with products standards).

3.1.38 standard switching impulses: The wave shapes of standard impulse tests depend on equipment
being tested:
a) For air insulation and switchgear: 250/2500 us

b) For transformer products: 100/1000 us

c) For arrester sparkover tests_(the tail duration is not critical):
1) 30 pus to60 us /90 psto 180 s
2) 150 us to 300 ps /450 ps to 900 us
3) 1000 ps to 2000 ps /3000 ps to 6000 ps

3.1.39 statistical basic lightning impulse insulation level (BIL): The crest values of a standard
lightning impulse for which the insulation exhibits a 90% probability of withstand (or a 10% probability
of failure) under specified conditions, applicable specifically to self-restoring insulations.

3.1.40 statistical basic switching impulse insulation level (BSL): The crest value of a standard
switching impulse for which the insulation exhibits a 90% probability of withstand (or a 10% probability
of failure), under specified conditions, applicable to self-restoring insulations.

3.1.41 statistical withstand voltage: The voltage that an insulation is capable of withstanding with
a given probability of failure, corresponding to a specified probability of failure (e.g., 10% or 0.1%).
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3.1.42 surge: A transient wave of current, potential, or power in an electric circuit.

3.1.43 surge arrester: A protective device for limiting surge voltages on equipment by discharging or
bypassing surge current; it limits the flow of power follow current to ground and is capable of repeating
these functions as specified.

3.1.44 switching overvoltage: Any combination of switching surge(s) and temporary
overvoltage(s) associated with a single switching episode.

3.1.45 switching surge: A heavily damped transient electrical disturbance associated with switching.

3.1.46 system voltage: The root-mean-square (rms) phase-to-phase power frequency voltage on a three-
phase alternating-current electric system.

3.1.47 temporary overvoltage (TOV): An oscillatory overvoltage associated with switching or
faults (for example, load rejection, single-phase faults) and/or nonlinearities (ferroresonance effects,
harmonics) of relatively long duration, which is undamped or slightly damped.

3.1.48 transmission-line arrester: A surge arrester installed on a transmission line, usually for
the purpose of protecting transmission-line insulation.

3.1.49 traveling wave: The resulting wave when an electrical variation in a circuit such as a
transmission line takes the form of translation of energy along a conductor, such energy being always
equally divided between current and potential forms.

3.1.50 unit operation: Discharge of a surge through an arrester while the arrester is energized.
3.1.51 valve arrester: An arrester that includes one or more valve elements.

3.1.52 valve element: A resistor that, because of its nonlinear current-voltage characteristic, limits the
voltage across the arrester terminals during the flow of discharge current and contributes to the limitation
of follow current at normal power-frequency voltage.

3.1.53 virtual duration of wave front: (of an impulse) The virtual value for the duration of the
wave front is as follows:
a) For voltage waves with wave front durations less than 30 ps, either full or chopped
on the front, crest, or tail, 1.67 times the time for the voltage to increase from 30% to
90%-of its crest value.

b) For voltage waves with wave front durations of 30 us or more, the time taken by the
voltage to increase from actual zero to maximum crest value.

¢) For current waves, 1.25 times the time for the current to increase from 10% to 90%
of crest value.

3.1.54 virtual zero point: (of an impulse) The intersection with the time axis of a straight line drawn
through points on the front of the current wave at 10% and 90% crest value or through points on the
front of the voltage wave at 30% and 90% crest value.

3.1.55 wave front: (of an impulse) That part of an impulse that occurs prior to the crest value.
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3.1.56 wave shape: (of an impulse test wave) The graph of an impulse test wave as a function of time.

3.1.57 wave shape designation: (of an impulse)

a) The wave shape of an impulse (other than rectangular) of a current or voltage
is designated by a combination of two numbers. The first, an index of the wave
front, is the virtual duration of the wave front in microseconds. The second, an
index of the

wave tail, is the time in microseconds from virtual zero to the instant at which one-
half

of the crest value is reached on the wave tail. Examples are
_1.2/50 and 8/20 waves.

b) The wave shape of a rectangular impulse of current or voltage is designated by two
numbers. The first designates the minimum value of current or voltage that is
sustained for the time in microseconds designated by the second number. An
example is the 75 A - 2000 ps wave.

3.1.58 wave tail: (of an impulse) That part between the crest value and the end of the impulse.
3.1.59 withstand voltage: The voltage that an insulation is capable of withstanding with a given

probability of failure. In terms of insulation, this is expressed as either conventional withstand voltage or
statistical with—stand voltage.

3.2 Acronyms and abbreviations

BIL _basic lightning impulse insulation level

BSL basic switching impulse insulation level

CFO critical flashover voltage

COG coefficient of grounding

CVT capacitor voltage transformer

CWW chopped wave withstand

de direct current

EHV  extra high voltage

FACTS _flexible alternating current transmission systems
FOR flashover rate of lines (flashovers per 100 km per year)
FOW front of wave (protective level)

FW  full wave (lightning test

FWW front of wave withstand

GFD ground flash density (flashes to ground per square kilometer per year)
GIS _gas-insulated substation

GTO _gate turnoff transistor

HVDC high-voltage direct current

IGBT insulated gate bipolar transistor

v induced voltage

LPL lightning protective level
MCOV maximum continuous operating voltage

MOSA metal-oxide surge arrester
MTBF mean time between failure

PM  protective margin
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PR _protective ratio
SPL  switching protective level

SVC static VAR compensator

TCSC _thyristor controlled series capacitors
TLA transmission-line arrester

TOV _temporary overvoltage

TRV transient recovery voltage

UPFC _universal power flow controller
VAR volt-ampere reactive

3. Definitions, acronyms, and abbreviations

3.1 Definitions

For the purposes of this guide, the following terms and definitions apply. The Authoritative Dictionary
of IEEE Standards Terms, Seventh Edition [B74]° should be referenced for terms not defined in this
clause.

3.1.1 arrester: See: surge arrester.

3.1.2 arrester discharge current: The current that flows through an arrester resulting from an
impinging surge.

3.1.3 arrester discharge voltage: The voltage that appears across the terminals of an arrester during the
passage of discharge current.

3.1.4 arrester disconnector: A means for disconnecting an arrester in anticipation of, or after, a
failure in order to prevent a permanent fault on the circuit and to give indication of a failed arrester.

3.1.5 arrester duty-cycle rating: The designated maximum permissible root-mean-square (rms) value
of power-frequency voltage between its line and ground terminals at which it is designed to perform
its duty cycle.

3.1.6 basic lightning impulse insulation level (BIL): The electrical strength of insulation expressed in
terms of the crest value of a standard lightning impulse under standard atmospheric conditions. BIL may
be expressed as either statistical or conventional.

3.1.7 basic switching impulse insulation level (BSL): The electrical strength of insulation expressed
in terms of the crest value of a standard switching impulse. The BSL may be expressed as either
statistical or conventional.

3.1.8 coefficient of grounding (COG): The ratio, E;g/Er; (expressed as a percentage), of the highest
root-mean-square (rms), line-to-ground, power-frequency voltage E;g on a sound phase, at a selected
location, during a fault to ground affecting one or more phases to the line-to-line power-frequency
voltage Ey | that would be obtained at the selected location with the fault removed.
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3.1.9 conventional BIL_(basic lightning impulse insulation level): The crest value of a standard

lightning impulse for which the insulation shall not exhibit disruptive discharge when
subjected to a specific number of applications of this impulse under specified conditions, applicable
specifically to non- self-restoring insulations.

3.1.10 conventional BSL _(basic switching impulse insulation level): The crest value of a standard

switching impulse for which the insulation does not exhibit disruptive discharge when subjected to a
specific number of impulses under specified conditions, applicable to non-self-restoring insulations.

3.1.11 conventional withstand voltage: The voltage that an insulation is capable of withstanding
with a 0% probability of failure.

3.1.12 coordination of insulation: The selection of insulation strength consistent with expected
overvoltages to obtain an acceptable risk of failure.

¢ The numbers in brackets correspond to those of the bibliography in Annex H.

3.1.13 crest value: (of an impulse): The maximum value that an impulse attains. Syn: peak value.

3.1.14 critical flashover voltage (CFO): The amplitude of voltage of a given wave shape that, under
specified conditions, causes flashover through the surrounding medium on 50% of the voltage
applications.

3.1.15 deadfront type arrester: An arrester assembled in a shielded housing providing system
insulation and conductive ground shield; intended to be installed in an enclosure for the protection of

underground and padmounted distribution equipment and circuits.

3.1.16 disconnector, surge arrester: See: arrester disconnector.

3.1.17 disruptive discharge: The sudden and large increase in current through an insulating medium
due to the complete failure of the medium under electrical stress.

3.1.18 distribution arrester:
a) heavy duty class: An arrester most often used to protect overhead distribution
systems exposed to severe lightning currents.

b) light duty class: An arrester generally installed on and used to protect underground
distribution systems where the major portion of the lightning stroke current is
discharged by an arrester located at the overhead line/cable junction.

c) normal duty class: An arrester generally used to protect overhead distribution systems
exposed to normal lightning currents.

3.1.19 ferroresonance: Sustained oscillations involving a capacitance in series with a nonlinear
nductance, characterized by hlghly distorted waveforms. Gaﬂ—aﬂ}se—eeemeetween—th%eapae&aﬁeHe
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3.1.20 flashover: A disruptive discharge around or over the surface of a solid or liquid insulator.

3.1.21 ground flash density (GFD): The number of lightning strokes to ground per square kilometer per
year.

3.1.22 impulse: A surge of unidirectional polarity.

3.1.23 insulation level: A combination of voltage values (both power frequency and impulse) that
characterize the insulation of an equipment with regard to its capability of withstanding dielectric
stresses.

3.1.24 lightning overvoltage: The crest voltage appearing across an arrester or insulation caused by a
lightning surge.

3.1.25 lightning surge: A transient electric disturbance in an electric circuit caused by lightning.

3.1.26 liquid-immersed type arrester: An arrester designed for use immersed in an insulating liquid.

3.1.27 maximum continuous operating voltage rating (MCOV): The maximum designated root-
mean- square (rms) value of power frequency voltage that may be applied continuously between the
terminals of the arrester.

3.1.28 metal-oxide surge arrester (MOSA): A surge arrester utilizing valve elements fabricated
from non—linear resistance metal-oxide materials.

3.1.29 nominal rate of rise (of an impulse) For a wave front, the slope of the line that determines
the virtual zero. It is usually expressed in volts or amperes per microsecond.

3.1.30 nominal system voltage: A nominal value assigned to designate a system of a given voltage
class.

3.1.31 non-self-restoring insulation: An insulation that loses its insulating properties or does not
recover them completely after a disruptive discharge caused by the application of a test voltage;
insulation of this kind is generally, but not necessarily, internal insulation.

3.1.32 overvoltage: Abnormal voltage between two points of a system that is greater than the
highest value appearing between the same two points under normal service conditions. Overvoltages may
be low frequency, temporary, and transient (surge).

3.1.33 peak value: See: crest value.

3.1.34 riser pole type arrester: An arrester for pole mounting most often used to protect underground
distribution cable and equipment.

3.1.35 self-restoring insulation: Insulation that completely recovers its insulating properties after a
disruptive discharge caused by the application of an overvoltage; insulation of this kind is generally, but
not necessarily, external insulation.
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3.1.36 series gap: An intentional gap(s) between spaced electrodes in series with the valve
elements across which all or part of the impressed arrester terminal voltage appears.

3.1.37 standard lightning impulse: The wave shape of the standard impulse used is 1.2/50 ps voltage
wave (when not in conflict with products standards).

3.1.38 standard switching impulses: The wave shapes of standard impulse tests depend on equipment
being tested:
a) For air insulation and switchgear: 250/2500 ps

b) For transformer products: 100/1000 us

c) For arrester sparkover tests_(the tail duration is not critical):
1) 30 pus to 60 us /90 psto 180 s
2) 150 us to 300 ps /450 ps to 900 us
3) 1000 ps to 2000 ps /3000 ps to 6000 ps

3.1.39 statistical basic lightning impulse insulation level (BIL): The crest values of a standard
lightning impulse for which the insulation exhibits a 90% probability of withstand (or a 10% probability
of failure) under specified conditions, applicable specifically to self-restoring insulations.

3.1.40 statistical basic switching impulse insulation level (BSL): The crest value of a standard
switching impulse for which the insulation exhibits a 90% probability of withstand (or a 10% probability
of failure), under specified conditions, applicable to self-restoring insulations.

3.1.41 statistical withstand voltage: The voltage that an insulation is capable of withstanding with
a given probability of failure, corresponding to a specified probability of failure (e.g., 10% or 0.1%).

3.1.42 surge: A transient wave of current, potential, or power in an electric circuit.
3.1.43 surge arrester: A protective device for limiting surge voltages on equipment by discharging or
bypassing surge current; it limits the flow of power follow current to ground and is capable of repeating

these functions as specified.

3.1.44 switching overvoltage: Any combination of switching surge(s) and temporary
overvoltage(s) associated with a single switching episode.

3.1.45 switching surge: A heavily damped transient electrical disturbance associated with switching.

3.1.46 system voltage: The root-mean-square (rms) phase-to-phase power frequency voltage on a three-
phase alternating-current electric system.

3.1.47 temporary overvoltage (TOV): An oscillatory overvoltage associated with switching or
faults (for example, load rejection, single-phase faults) and/or nonlinearities (ferroresonance effects,
harmonics) of relatively long duration, which is undamped or slightly damped.

3.1.48 transmission-line arrester: A surge arrester installed on a transmission line, usually for
the purpose of protecting transmission-line insulation.
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3.1.49 traveling wave: The resulting wave when an electrical variation in a circuit such as a
transmission line takes the form of translation of energy along a conductor, such energy being always
equally divided between current and potential forms.

3.1.50 unit operation: Discharge of a surge through an arrester while the arrester is energized.
3.1.51 valve arrester: An arrester that includes one or more valve elements.

3.1.52 valve element: A resistor that, because of its nonlinear current-voltage characteristic, limits the
voltage across the arrester terminals during the flow of discharge current and contributes to the limitation
of follow current at normal power-frequency voltage.

3.1.53 virtual duration of wave front: (of an impulse) The virtual value for the duration of the
wave front is as follows:
a) For voltage waves with wave front durations less than 30 ps, either full or chopped
on the front, crest, or tail, 1.67 times the time for the voltage to increase from 30% to
90%-of its crest value.

b) For voltage waves with wave front durations of 30 us or more, the time taken by the
voltage to increase from actual zero to maximum crest value.

c) For current waves, 1.25 times the time for the current to increase from 10% to 90%
of crest value.
3.1.54 virtual zero point: (of an impulse) The intersection with the time axis of a straight line drawn
through points on the front of the current wave at 10% and 90% crest value or through points on the
front of the voltage wave at 30% and 90% crest value.

3.1.55 wave front: (of an impulse) That part of an impulse that occurs prior to the crest value.
3.1.56 wave shape: (of an impulse test wave) The graph of an impulse test wave as a function of time.

3.1.57 wave shape designation: (of an impulse)

a) The wave shape of an impulse (other than rectangular) of a current or voltage
is designated by a combination of two numbers. The first, an index of the wave
front, is the virtual duration of the wave front in microseconds. The second, an
index of the wave tail, is the time in microseconds from vir—tual zero to the instant
at which one half of the crest value is reached on the wave tail. Examples are 1.2/50
and 8/20 waves.

b) The wave shape of a rectangular impulse of current or voltage is designated by two
numbers. The first designates the minimum value of current or voltage that is
sustained for the time in microseconds designated by the second number. An
example is the 75 A - 2000 ps wave.

3.1.58 wave tail: (of an impulse) That part between the crest value and the end of the impulse.

3.1.59 withstand voltage: The voltage that an insulation is capable of withstanding with a given
probability of failure. In terms of insulation, this is expressed as either conventional withstand voltage or
statistical withstand voltage.
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3.2 Acronyms and abbreviations

BIL _basic lightning impulse insulation level
BSL basic switching impulse insulation level

CFO critical flashover voltage

COG _coefficient of grounding

CVT capacitor voltage transformer

CWW chopped wave withstand

dc direct current

EHV  extra high voltage

FACTS _flexible alternating current transmission systems
FOR flashover rate of lines (flashovers per 100 km per year)
FOW front of wave (protective level)

FW  full wave (lightning test)

FWW front of wave withstand

GFD _ground flash density (flashes to ground per square kilometer per year)
GIS _gas-insulated substation

GTO gate turnoff transistor

HVDC high-voltage direct current

IGBT insulated gate bipolar transistor

v induced voltage

LPL lightning protective level
MCOV maximum continuous operating voltage

MOSA metal-oxide surge arrester
MTBF mean time between failure

PM  protective margin

PR protective ratio
SPL  switching protective level

SVC static VAR compensator

TCSC _thyristor controlled series capacitors
TLA transmission-line arrester

TOV _temporary overvoltage

TRV transient recovery voltage

UPFC _universal power flow controller
VAR volt-ampere reactive
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4. General considerations

4.1 Overvoltages

Overvoltages in power systems may be generated by external events, such as lightning; by internal
eventsconditions including faults, switching, ferroresonance, load rejection, loss of ground, and by
internal-conditions—ineludingfaults—so on, or by any combination of the above. The magnitude of these
overvoltages can be above maximum permissible levels and therefore need to be reduced and protected
against if damage to equipment and possible undesirable system performance are to be avoided.

4.1.1 Lightning currents and overvoltages

Lightning surge voltages that arrive at the line entrance of a station are-may be caused either—by the
following factors:

a) A lightning flash terminating on the overhead shield wire or structure with a subsequent
flashover to the phase conductor (denoted as a erby backflash)

b) A lightning flash terminating on the phase conductor (denoted as a shielding failure)-

c) A nearby lightning strike that induces a surge into the conductors

The lightning surge voltage magnitudes and wave shapes that enter a station are functions of the
magnitude, polarity, and shape of the lightning stroke current, the tower and line surge impedance, the
tower footing impedance, and the lightning impulse critical flashover voltage (CFO) of the line
insulation.

The crest magnitude of the surge voltage arriving at tehe station caused by a backflash is generally
considered to be 1 to 1.2 times the positive polarity CFO of the line_insulation. This represents a
reasonable worst-case condition. The steepness of the incoming surge (rate of rise) is dependent on the
distance between the station and the backflash location. The steepness decreases approximately as
an inverse function of this distance d, and it ranges from about 700/d kV/us for a single-phase
conductor to about

1700/d kV/us for a three- to four-conductor bundle where d is in kilometers. Steepnesses in the range
of 500 kV/us to 2000 kV/us are typically encountered. The tail of the incoming surge described is
generally in the range of 10 ps to 20 ps_decay to half value.

Lightning surge crest voltages caused by shielding failures generally do not exceed the negative polarity
CFO of the line_insulation. The wave fronts and tails at the location of the shielding failure are equal
to those of the lightning stroke current. Therefore, the steepness of the incoming surge at the station is
less than those from a backflash, whereas the tail is longer, with an average time to half value of about 92

ps.

For lines that are effectively shielded, for the same reliability criterion, the surge voltages caused by a
backflash are usually more severe. That is, they have greater steepness and greater crest voltage and,
therefore, are the only ones generally considered for analysis of station protection.
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4.1.2 Switching overvoltages

Switching overvoltages occur on all systems (AIEE Committee Report [B1]; IEEE Committee
Report [B87]; and IEEE Committee Report [B88]) and usually result from a circuit- breaker operation
or the occurrence of a fault. These overvoltages are an important consideration in systems above
115 kV and in all systems where the effective surge impedance as observed from the arrester location is
low (e.g., cable and capacitor bank circuits).

The switching surge duty on metal-oxide arresters applied on overhead transmission lines increases for
increased system voltage and increased length of switched line. Typically, transients occurring from
high- speed reclosing impose greater duty than energizing.

On extra high-voltage (EHV) systems, it is important that transients on the high-voltage network do not
transfer excessive energy to arresters on the low-side windings of step-down transformers. This situation
arises when a line is switched at one end and the other end of the line is transformer terminated. The per-
unit protective levels of the low-side arrester should be higher than that of the high-voltage
winding arresters so they do not respond to high-side surges.

Because of the likelihood of unusually high discharge currents, the application of arresters to shunt
capacitor banks or cables may require a special review, such as a detailed analytical system study.
Arresters

of higher energy capability or parallel arresters may be required (see 5.5).

4.1.3 Temporary overvoltages

Temporary overvoltages consist of lightly damped power frequency voltage oscillations, often with
harmonics, usually lasting a period of hundreds of milliseconds or longer. Situations that may give rise to
these overvoltages include single line-to-ground faults, ferroresonance, load rejection, loss of ground,
long unloaded transmission lines (Ferranti rise), coupled-line resonance, and transformer-line inrush. The
system configuration and operating practices should be reviewed to identify the most probable forms of
temporary overvoltages that may occur at the arrester location. In addition, proper application of metal-
oxide arresters requires that the duration of these overvoltages be known (see 4.2.4).

When detailed system studies or detailed calculations are unavailable, as a minimum, the overvoltages
due to line-to-ground faults should be addressed. Single line-to-ground faults are the-mest-a common type
of system-disturbaneestemporary overvoltage. The magnitudes of these overvoltages are related to system
grounding and can be estimated by the “coefficient of grounding” (COG) as outlined in 5.2.1.2.1.
Arresters on a well-grounded system are normally exposed to low-magnitude temporary overvoltages
during single line-to-ground faults, whereas they are exposed to higher voltages when the system is either
ungrounded or grounded through an impedance. This is also true of arresters installed on the neutral of
reactance- or resistance-grounded transformers and for systems using resonant grounding and Peterson
coils (Clarke [B31]).
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4.2 Metal-oxide arresters

4.2.1 Design

Metal-oxide arresters fall into three broad design categories as follows: gapless arresters, shunt-gapped
arresters, and series-gapped arresters. The general principles of these three design types are described
in 4.2.1.1 through 4.2.1.3.

4.2.1.1 Gapless arresters

Gapless arresters utilize a single stacked column or two or more parallel columns of metal-oxide
valve elements, as schematically shown in Figure 1(a). A typical volt-ampere characteristic for such
an arrester is illustrated in Figure 1(b). Above the knee of the volt-ampere curve, the metal-oxide
elements exhibit a very nonlinear behavior that may be approximated by the relationship 7 = kV°.
Alpha (a) values will normally vary from 10 to 50, depending on the metal-oxide formulation and
current range being studied. Typically, higher current values and wider ranges will yield lower values
of a.. For example, oo may be 50 over a current range of 1 A to 600 A and may average 26 over the
wider range of 1 A to 10 000 A. The arrester discharge voltage for a given surge-current magnitude is
directly proportional to the height of the valve element stack and is thus more or less proportional to
the arrester-rated voltage. Additionally, the arrester discharge voltage is a function of the rate of rise
of the current surge, with higher voltages occurring for fastergreater rates of rise and lower voltages
for lower rates of rise. Typically, for the same current magnitude, the voltage occurring for a
current cresting in 1 ps is 8% to 12% higher than that occurring for a standard 8/20 ps-lightning
current wave. The voltage occurring for a current cresting in 45 ps to 60 us is 2% to 4% lower
than that for the 8/20 gs-wave.

The maximum continuous operating voltage (MCOV) of the arrester is typically in the range of
75% to 85% of the duty-cycle voltage rating. At MCOV, the arrester current is usually not more than
a few milliamperes, typically less than 10 mA. On the arrival of a surge, the increasing surge current
is accompanied by a rise in arrester voltage to a maximum level determined by the volt-ampere
characteristic.

As the surge current decreases, the discharge voltage will decrease back toward the presurge level.
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Figure 1—Gapless metal-oxide surge arrester

4.2.1.2 Shunt-gapped arresters

For surge currents above a certain magnitude, the discharge voltage of a column or columns of metal-
oxide valve elements can be reduced by shunting a portion of the stack. This is the basic principle of a
shunt- gapped arrester, which is schematically shown in Figure 2(a). A typical volt-ampere
characteristic of such an arrester is illustrated in Figure 2(b). On arrival of a surge, the arrester voltage
initially increases with increasing surge-current magnitude according to the volt-ampere characteristics
A-B. When the surge current magnitude reaches 250 A to 500 A (range B to C on volt-ampere
characteristic), the sparkover of a gap electrically connected in parallel with a few metal-oxide valve
elements results in a shunting of the surge current around these valve elements, thereby proportionally
lowering the discharge voltage (in the range D to E). For further increases in surge current, the voltage
increases according to the characteristic E- F. As the surge current decreases, the arrester voltage
decreases accordingly, following the characteristic F- G until the shunt gaps extinguish at a low level of
current. FellewingAfter the extinction of the arrester leakage current, the arrester operating point returns
to A.

From an energy standpoint, the energy absorption capability is less after gap sparkover than before.
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Figure 2—Shunt-gapped metal-oxide surge arrester
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4.2.1.3 Series-gapped arresters

Another approach to obtain redueedlower discharge voltage (greater protective levelsmargin) is to use
fewer valve elements in conjunction with series-connected spark gaps, as depicted in Figure 3(a). The
series gaps are shunted by a linear-cempenent-impedance network of such characteristics that the
applied voltage is divided between the impedance network and the metal-oxide elements. A typical
volt-ampere characteristic is illustrated in Figure 3(b). On the arrival of a surge, the arrester voltage
begins to rise (A-B), the total voltage being the vector sum of the voltages across the metal-oxide
elements and the series gap impedance network. At a level of current in the vicinity of 1 A
(depending on rate of rise in the range B to C), the gap’s sparkover and the arrester voltage is
reduced to the discharge voltage of the metal-oxide elements only. For further increase in surge
current, the voltage increases according to the characteristic D-E-F. As the surge current decreases,
the arrester voltage decreases accordingly, following the characteristic F-G until the series gaps
extinguish at a low level of current.
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Figure 3—Series-gapped metal-oxide surge arrester

4.2.2 Test procedures

IEEE Std C62.11™-2005 contains test procedures that consider all three types of arrester design. The
standard includes tests for both series- and shunt-gapped arresters to obtain the protective level that is
the higher of either the gap sparkover or the discharge voltage. Protective levels for metal-oxide
arresters can be treated in the same manner, irrespective of whether the levels are limited by
sparkover or by discharge voltage (see 4.3).

4.2.2.1 Usual operating conditions

Arresters are designed to operate properly in continuous air temperatures in the general vicinity of the
arrester between —40 °C and 40 °C, in temporary maximum air temperatures due to external heat
sources near the arrester that do not exceed 60 °C, and at altitudes that do not exceed 1800 m (6000
ft).

NOTE—Usual operating temperatures for special-application arresters, such as oil- or liquid-immersed, gas-
insulated, and dead-front arresters, will typically differ from the above;

been-standardizedat the-time-this-suide-wasprepared- (see IEEE Std €62.11-2005 for further information).”
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” Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to
implement this standard.

4.2.2.2 Unusual conditions

In addition to operation beyond the limits of 4.2.2.1, exposure to damaging fumes, vapors,
steam, salt spray, or excessive amounts of contamination may require special consideration. Arresters
should not be installed where they may be subjected to excessive mechanical stresses or to abnormal
vibrations or shocks.

4.2.3 Standard voltage ratings

The present metal-oxide design standard, IEEE Std C62.11-2005, specifies a dual voltage rating for
each arrester. The—cenventional Each duty-cycle voltage rating—new—has a corresponding MCOV
rating. Throughout this document, wherever an arrester is designated by a voltage, the voltage refers
to the duty-cycle rating unless qualified as MCOV.

In applying the metal-oxide arrester, it is critically important that the arrester MCOV rating be equal
to or greater than the maximum continuous voltage to which the arrester is exposed at any time.

4.2.4 Temporary overvoltage capability

The MCOV rating defines the maximum continuous voltage at which an arrester is designed to
operate. However, metal-oxide arresters are capable of operating for limited periods of time at
voltages in excess of the MCOV rating. AH Manufacturers publish information on overvoltage
capability. A typical 60 Hz temporary overvoltage capability curve is shown in Figure 4, and the
test to confirm this capability is specified in IEEE Std C62.11-2005.

1.7

Data for Specific Arrester
1.6 + Type and Model Should be
Obtained from Manufacturer

Per Unit of MICOV Rating
i

1.2 - : - : -

0.01 0.1 1 10 100 100 10000
Perm issible Duration of Overvoltage (seconds)

==No Prior Energy =*=PFPrior Energy

Figure 4—Example of typical arrester temporary overvoltage (TOV) data
(do not use for application)
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4.2.5 Energy handling capability

Metal-oxide arresters protect the equipment from high-voltage surges by absorbing the energy from
the surge arrester. The energy handling capability (or also called “energy absorption capability” or
“energy withstand capability”) is an important consideration in the design and application of metal-
oxide arresters. Most manufacturers publish energy capability values of arresters; however, there
are no specified tests either in current versions of IEEE or IEC standards, so there may be confusion

in using these important application parameters. Both the IEEE and the IEC are contemplating
writing standardized tests for the arrester energy handling capability.

When metal-oxide arresters are energized, valve elements of the arrester will absorb energy, which
results in a temperature increase of the valve elements. Under normal operating conditions (i.e.,
absence of overvoltage), there is a balance between the heat generated by the valve elements and the
heat dissipated by the arrester through conduction, convection, and radiation, such that a stable
operating condition is maintained. Overvoltage events disturb this stable condition by causing the
valve elements to absorb increased levels of energy for some limited amount of time—the

overvoltage—exceeds—the—normal—operating—voltage. The subsequent response of the arrester

depends greatly on the magnitude and rate of energy input and on the specific design of the arrester.

For simple applications where overvoltages are well defined, the resulting energy absorbed by the
arrester can be determined by calculation (use arrester minimum voltage characteristics sheuld-be
used)-for energy calculation). For complex situations, computer simulation studies using programs

such as the Electromagnetic Transients Program (EMTP) may be required. These studies require
knowledge of the arrester minimum and maximum voltage-current characteristics, which are usually
avarlable from the arrester manufacturer for modehng in EMTP. —Be%h—%h%nﬁﬂﬂﬂum—as—wel-l—as—the

4.2.5.1 Arrester failure modes

If the temperature rise of the valve elements due to energy absorption is too high, the arrester can be
driven into a state of thermal runaway;—a; in this condition, heat generated exceeds heat
dissipated, resulting in further increase in valve element temperature. H It is possible for the
temperature ef-a—valve-elementto reach a high enough level to_cause damage to the valve elements
can-oceur element material, leading to an electrical breakdown and failure of the arrester.

If the energy density is sufficiently high or if the distribution of energy density within the valve
element is nonuniform to cause locally high temperature gradients, then thermomechanical
damage in the form of valve element cracking or puncture may occur. This is possible even if the
overall temperature rise of the valve elements would not have been high enough to drive the arrester
into thermal runaway.

iH i i Wit i A eﬁergy— handlmg
eapabr—h%y —et eﬁergy—wrthﬁfe&ﬂd—capabrhty of metal 0x1de arresters is often expressed in terms of

kllOJOU.leS per le\lkllovolt of arrester MCOV or per le\Lkllovolt of arrester duty cycle ratlng Beeause
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First, the users must be aware to compare the right parameters, because the kilojoules per kilovolt
MCOV rating can be 25% higher than the kilojoules per kilovolt of duty-cycle rating. Some
manufacturers also publish the kilojoules per kilovolt values that are applicable for single shot
energy discharge and another (higher) value for multishot (usually two or three) discharges within a
1 min period. The spacing between the shots gives time for the heat to distribute throughout the disk.

The energy-handling capability is dependent on the specific form (magnitude, wave shape, and
duration) of the current discharged through the arrester; hence, it cannot be uniquely expressed by a
single value of kilojoules per kilovolt. The arrester energy ratings are typically specified by the
manufacturers based on transmission-line discharge (switching surge) tests. Manufacturers should
be consulted for the specific types of discharges for which the published kilojoules per kilovolt

values apply.

The energy capability of a metal-oxide surge arrester (MOSA) is also dependent on the operating
voltage present subsequent to the discharge current. The arrester can potentially absorb more energy
than its rating, without going into thermal instability if the postevent voltage is less than MCOV.
Published arrester energy withstand data typically do not provide the necessary information to assess
the influence of postevent voltage on arrester energy capability. For special applications where the
arrester is applied substantially below its MCOV rating, the manufacturer should be consulted.

4.2.5.2 Discharge event characteristics and arrester energy duty

Some power system transients can be characterized as an approximately constant-current source of
discharge current. For these events, the energy duty is approximately proportional to the arrester’s
residual discharge voltage. Other events can be characterized as a relatively stiff voltage source. The
energy duty of arresters subjected to these events can significantly increase with decreasing residual

voltage.

The discharge source characteristics of common classes of power system transients are summarized
as follows:

Lightning: Lightning stroke currents are virtual constant-current sources. Because there are
typically other paths for current than the arrester, there is some dependence of energy duty on
arrester characteristics. Arresters having a lower discharge voltage will tend to discharge a larger

portion of the lightning stroke current than arresters with higher discharge voltages. For critical

applications, transient simulation should be performed using typical lightning stroke parameters
and the given power system topology and parameters.

Switching transients: For worst-case line and capacitor bank restrike events, the prospective
(without arrester) overvoltage will be on the order of two to three times crest operating voltage for
a typical grounded transmission system. The discharge current magnitude and wave shape for a
capacitor or line- switching transient, however, is highly dependent on the nature of the event and
the system characteristics. The characteristics of the system on the source side of the switching
location can be as important as the characteristics of the line or device that is switched. Line and
capacitor switching transient arrester energy duties are only somewhat sensitive to arrester
discharge voltage characteristics, with lower discharge voltages yielding increasing arrester current

and energy.
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Reactor switching transients. Due to current chopping, reactor switching transients create short-
duration arrester discharge currents. This phenomenon can be characterized as a current source at
the chopped current value. Generally, current chopping during reactor switching does not create
critical arrester duty.

Temporary overvoltages: The temporary overvoltage classification covers a wide range of
phenomena, which differ in their impact on arrester energy. Fundamental frequency
overvoltages due to a neutral shift during unbalanced faults in poorly grounded systems can
be characterized as a relatively stiff voltage source for which arrester discharge voltage
characteristics will have a large influence on energy duty. Arrester discharge current will typically
be relatively small, but each discharge may be on the order of 1 ms in duration and repeated twice
per 60 Hz cycle. The arrester energy capabilities can be quickly exceeded if a fundamental
frequency (power frequency) TOV causes arrester discharge. In general, manufacturers’ published
TOV withstand curves are recommended for TOV duty evaluation, instead of calculating arrester

energy.

Harmonic resonance overvoltages, such as might occur during transformer energization in a weak
system, present a weaker source than fundamental frequency overvoltages, and discharge current

durations are not as long. The evaluation of energy duty by simulation provides more accuracy than
the use of TOV capabilities based on fundamental frequency overvoltages.

Ferroresonance, despite the high overvoltage possible without an arrester, can result in very low

discharge current magnitudes because the effective overvoltage source has high impedance. In many

situations, the energy dissipated by an arrester is at a slow enough rate that significant heat may be
conducted to the ambient environment. Tests have shown that metal-oxide arresters can limit

ferroresonant overvoltages for an indefinite duration in certain circumstances. In such a case, the
arrester energy capability is not as relevant as steady-state thermal resistance (power capability).

Approximate techniques for estimating arrester energy duty for various common events are described
and illustrated in Annex G. Additional information on metal-oxide valve element energy handling
capability is given in IEEE Working Group Report [B98] and Ringler et al. [B157].

4.3 Protective levels

The protective level of an arrester is the maximum crest voltage that appears across the arrester
terminals under specified conditions of operation. For metal-oxide arresters without gaps, the
protective level is the arrester discharge voltage for a specified discharge current. For arresters with
gaps (shunt or series), the protective level is the higher of the gap sparkover voltage or the discharge
voltage.

4.3.1 Classification current

IEEE Std C62.11-2005 specifies the magnitudes of lightning impulse “classification current” for each
class of arrester. For station-class arresters, the classification current magnitude also depends on the
voltage of the system to which the arresters are applied. For station- and intermediate-class arresters,
IEEE Std C62.11-2005 also specifies the magnitudes of switching impulse classification current.
These classification currents are, in effect, reference discharge currents and represent appropriate
levels of discharge current for general considerations of insulation coordination (see 5.2.2.1). IEEE
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Std C62.11-2005 requires that certain tests, including discharge voltage measurements, be made at the
specified classification current magnitude.

4.3.2 Lightning impulse protective level (LPL)

LPL is the higher of the discharge voltages established by tests using 8/20 qs-discharge current
impulses or gap sparkover voltages for specified surge voltage waves. The discharge voltage is a
function of current magnitude. IEEE Std C62.11-2005 specifies that tests should be made with
8/20 gs—currents of 1500 A, 3000 A, 5000 A, 10 000 A, and 20 000 A. If the arrester lightning
impulse classification current shown in IEEE Std C62.11-2005 is not one of these, then an additional
test must be made at the classification current given for the particular arrester class.

4.3.3 Front-of-wave protective level (FOW)

FOW protective level for metal-oxide arresters is the higher of:
a) The crest discharge voltage resulting from a current wave through the arrester of lightning
impulse classifying current magnitude with a rate-of-rise high enough to produce arrester crest
voltage in 0.5 ps-er

b) Gap sparkover for specified rates-of-rise of wave shapes in IEEE Std C62.11-2005

4.3.4 Switching impulse protective level (SPL)

SPL is the higher of either:

a) The crest discharge voltage measured with a current wave through the arrester of switching
impulse classifying current magnitude and a time to actual current crest of 45 us to 60 us:-er

b) Gap sparkover voltage on similar wave shapes-

The switching impulse classifying currents given in IEEE Std C62.11-2005 are for a two-line
substation and were calculated by dividing the line charge voltage (E), minus the switching surge-
protective level of the minimum arrester rating used at that voltage, by one half of the surge impedance
(Z1). These currents are considered conservative for most arrester applications, but they may be exceeded
in applications involving capacitor banks or cables or in other low-impedance circuits. The
manufacturers should be consulted for information on protective levels for currents that exceed the
switching impulse classifying current.

4.4 Insulation withstand

Insulation strength is expressed in terms of conventional or statistical basic lightning impulse insulation
levels (BILs) and basic switching impulse insulation levels (BSLs). The withstand voltages of interest in
arrester applications are taken from the list of preferred BIL and BSL values in IEEE Std 1313.1™-1996.

The following withstand levels for equipment and bus insulation are of interest in arrester application:

a) —ChoppedWave Withstand(CWW3: Tests are made with a 1.2/50 ps-impulse chopped by the
action of a gap in a minimum time as specified in the appropriate product standard.
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b) Basie Lichtningtmpulse-Insutation-Level{BIL): Tests are made with full-wave 1.2/50

impulses as specified in the appropriate equipment standard.

) —Basie-SwitchinetmputsetnslationLevel(BSL): The test impulse depends on the type of

equipment.

Transmission- and distribution-line insulation strength is usually statistically described by a eritieal
Pashever-voltage (CFO) at which the insulation exhibits a 50% probability of flashover and by a standard
deviation o, which is approximately 5% of the CFO.

The insulation strength of apparatus within a station is expressed in terms of a BIL, a chopped-
wave voltage, and for higher system voltages, a BSL. As noted from the definitions, the BIL and BSL
may be either conventional or statistical. The statistical BIL (or BSL) is equal to CFO —1.28 ©.

4.5 Separation effects

The voltage at the protected insulation will usually be higher than at the arrester terminals due to
oscillations on connecting leads (Witzke and Bliss [B188]). This rise in voltage is called a separation
effect.

Separation effects increase with the increasing rate of rise of the incoming surge and with increasing
distances between the arrester and protected equipment. For evaluation of separation effects due to
lightning surges, refer to Annex C. Due to the relatively slow rates of rise of switching surges, separation
effects need not be considered in applying the fundamental protective ratio formula to switching surge
withstand (BSL).

Other considerations in locating arresters are discussed in 5.2.3.

4.6 Insulation coordination

Insulation coordination is defined in IEEE Std 1313.1-1996 and in this guide as “the selection of
insulation strength consistent with expected overvoltages to obtain an acceptable risk of failure.”

The degree of coordination is measured by the protective ratio (PR). The fundamental definition of PR is
as follows:

Insulation withstand level

(1

- Voltage at protected equipment

“Voltage at protected equipment” includes a separation effect, if significant. If not, it is equal to
arrester protective level.

Three protective ratios are in common use, comparing protective levels with corresponding
insulation withstands.

'PRll = C“F“%O“r [2)
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(A ratio of 1.2 is generally considered acceptable for non-self-restoring insulation.)

:B
PRpy %PL ®

(A ratio of 1.2 is generally considered acceptable for non-self-restoring insulation.)

_BSL
PR, = APL @)

(A ratio of 1.15 is generally considered acceptable for non-self-restoring insulation.)

The protective margin (PM) in percent is defined as follows: PM = (PR — 1)100. PR and PM
applications are covered in Clause 5 and Clause 6. For transformers, see 5.2.5.3

A graphical approach to insulation coordination is also discussed in 5.2.5

5. Protection of transmission systemsequipment and substations

5.1 Introduction

The general procedures given here are applicable where transformers and other equipment and
station components have a chopped-wave voltage withstand level at least 1.10 times the BIL. For
this withstand level, the procedures for the selection and location of arresters in relation to the
insulation system to be protected can generally be reduced to a series of steps. These are summarized

in 5.2-sndoclebomniadvpepn o oo o

Arrester applications for transformer or other series windings, unloaded windings, and ungrounded
neutrals are discussed in 5.3.

Where a lower chopped-wave insulation level is specified in equipment such as dry-type
transformers, the protection procedures are covered in 5.4.

Special surge protection application considerations for other substation and transmission equipment
is covered in the remainder of this Clause 5. Surge protection of shunt capacitor banks, transmission
cables, gas-insulated substations, high-power static devices, series capacitor banks, and circuit
breakers is discussed in 5.5 through 5.10.

Basic to the application theory presented by this guide are the presumptions that:
a) Surge arrester ground terminals are connected to the grounded parts of the protected
equipment.
b) Both line and ground surge arrester connections are as short as practical.

c) The station is shielded against direct strokes.
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5.2 Transformer protection, step-by-step procedures

A summary of the steps required to select arresters is provided in Figure 5.

1. Select surge arrester

1.1 MCOV = Maximum phase-to-neutral
Voltage (see 5.2.1.1)

1.2 TOV capability = system TOV (see
521.2)

1.3 Switching impulse energy capability = that
produced by the system (see 5.2.1.3)

1.4 Arrester class:

a) Available ratings
b) Pressure relief
c) Durability

(see Table 1)

. Determine protective levels (see 5.2.2.1)
2.1 Lightning impulse protective level (LPL)
2.2 Front-of-wave protective level (FOW)
2.3 Switching impulse protective level, (SPL)

. Locate surge arrester (see 5.2.3)
As close as possible to equpment to be
protected

. Determine voltage at equipment terminals (see
5.2.3)
Arrester lead length and transformer-to-
arrester separation distance effects can be
determuned per Annex C

. Select msulation strength (see 5.2.4)
See equipment standards for BILs, BSLs, and
CWWs

. Evaluate coordination (see 5.2.5)

6.1 If effects of separation distance can be
disregarded, the protective ratios for
lightning, PR;; and PRy, and switching
impulses. PR, are:

PRy = CWW/FOW
PR;;=BIL/LPL
PR;=BSL/SPL

For acceptable coordination, PRr; and PR,
should be equal to or greater than 1.2, and PR,
should be equal to or greater than 1.15.

6.2 If the wvoltage at the equipment
terminals, Fr. 1s calculated per Annex C,
the protective ratios are as follows:

If the time-to-crest of the arrester
voltage 1s equal to or less than 2 ps:

PRL; = C‘W-W-"Vr
PMy; = (PRz; — 1) 100%

If CWW does not exist or the time-to-
crest of the arrester voltage 1s greater
than 2 us:

PRLj = BIL."lV;r
P_FVIL: = (PRL: - l} 100%

Also
PR;=BSL/SFL
PMs=(PRs— 1) 100%

For acceptable coordmnation, PRy; or
PR;> and PRgs have to be equal to or
greater than 1.15 (PMp; or PMj; and
PMs 2 15%).

7. Evaluate altemnates (see 5.2.6)
If acceptable coordination cannot be
achieved, evaluate the following measures:

a) Increase BIL and BSL

b) Decrease arrester separation
distance

c) Add additional arresters

d) TUse arrester with lower protective
characteristics

Figure 5—Summary of procedures for arresters selection and insulation coordination for
transformer protection
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The following sequence is used:

a) Select an arrester and determine its protective characteristics

b) Select (or determine) the insulation withstand
¢) Evaluate the insulation coordination

Other sequences may be equally acceptable. The key step is insulation coordination evaluation. Withstand
voltages may be selected to match the characteristics of certain arresters, or arresters may be matched to
available insulation. The typical characteristics of station class and intermediate class arresters are given in
Table 1. The distribution class arresters are sometimes used in stations, and typical characteristics of such
arresters may be found in Table 9. Protective levels are given in per-unit values and typical per-unit values
ray-be-converted-to-kilovelts-and-usedranges. The per-unit base is the fundamental-frequency voltage crest
of the arrester rms MCOYV rated_voltage. The protective levels and ranges in Table 1 are only illustrative, are
from IEEE Std C62.22-1991, and are not up to date. For arrester selection, refer to protective levels in
manufacturers’ current publications. Values in the columns under “Durability Characteristics” are specified
requirements for the range of ratings as prescribed in IEEE Std C62.11-2005.

5.2.1 Arrester selection (Fiqure 5, item 1)

For a given application, the selection of an appropriate arrester (Figure 5, item 1) involves considerations of
maximum continuous operating voltage, protective characteristics (lightning and switching impulse),
durability (temporary overvoltage and switching surge), service conditions, and pressure-relief
requirements. Durability and protective level considerations will primarily determine the class of arrester
selected: station_class, intermediate class, or occasionally, distribution _class.

Station class arresters are designed for heavy-duty applications. They have the widest range of ratings (see
Table 1), the lowest protective characteristics, and the most durability. Intermediate class arresters are
designed for moderate-duty and for maximum system voltages of 169 kV and below_(with the exception of
transmission-line surge arresters, see 7.2). Distribution class arresters (see Table 8 and Table 9 of Clause 6)
are used to protect lower voltage transformers, as well as transmission and_distribution lines where the
system-imposed duty is minimal and there is a need for an economical design.

5.2.1.1 Maximum continuous operating voltage (MCOV)

For each arrester location, arrester MCOV must equal or exceed the expected MCOV of the system. Proper
application requires that the system configuration (single-phase, delta, or wye) and the arrester connection
(phase to ground, phase to phase, or phase to neutral) be evaluated. For example, in EHV systems, the
arrester is typically connected phase to ground, and therefore, it is exposed to system phase-to-ground
voltages on a steady-state basis. However, an arrester connected to a tertiary winding with one corner
grounded, or to a delta-connected system with a fault on one phase, is exposed to phase-to-phase voltage.
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Table 1—Typical station and intermediate class arrester characteristics from
IEEE Std C62.22-1991
Refer to the manufacturer’s current data

Station Class
Steady-state oPeratlon S}./stem voltage and Prot.ective levels range of Durability characteristics
arrester ratings effectively grounded industry maxima IEEE Std C62.11-2005
systems (NOTE 1) per unit (crest of 60 Hz) of MCOV )
Duty- 0.5 ps Switching |, . Pressure relief
Max system |Max system| Min rms cycle FOW 8120 u.s surge High crest Trans. line rms
. protective . current . .
rms L-L rms L-G MCOV rms | protective protective| . discharge | symmetrical
. level withstand .
voltage kV*|voltage kV*| rating kV| voltage level (NOTE 3) level A mi current kA

rating kV| (NOTE 2) (NOTE 4) (NOTE 5)
4.37 2.52 2.55 3 232248 |2.10-2.20 | 1.70-1.85 | 65 000 150 40-80
8.73 5.04 5.1 6-9 |2.33-248 | 1.97-2.23 | 1.70-1.85 | 65000 150 40-80
13.1 7.56 7.65 9-12 2.33-2.48 | 1.97-2.23 | 1.70-1.85 | 65 000 150 40-80
13.9 8.00 8.4 10-15 | 2.33-2.48 | 1.97-2.23 | 1.70-1.85 | 65 000 150 40-80
14.5 8.37 8.4 10-15 | 2.33-2.48 | 1.97-2.23 | 1.70-1.85 | 65 000 150 40-80
26.2 15.1 153 18-27 | 2.33-2.48 | 1.97-2.23 | 1.70-1.85 | 65 000 150 40-80
36.2 20.9 22 27-36 | 2.43-2.48 | 1.97-2.23 | 1.70-1.85 | 65 000 150 40-80
483 27.8 29 3648 | 2.43-2.48 | 1.97-2.23 | 1.70-1.85 | 65 000 150 40-80
72 41.8 42 54-72 | 2.19-2.40 | 1.97-2.18 | 1.64-1.84 | 65000 150 40-80
121 69.8 70 90-120 | 2.19-2.40 | 1.97-2.18 | 1.64-1.84 | 65000 150 40-80
145 83.7 84 108-144 | 2.19-2.39 | 1.97-2.17 | 1.64-1.84 | 65000 150 40-80
169 97.5 98 120-172 | 2.19-2.39 | 1.97-2.17 | 1.64-1.84 | 65 000 175 40-80
242 139 140 172-240 | 2.19-2.36 | 1.97-2.15 | 1.64-1.84 | 65 000 175 40-80
362 209 209 258-312 | 2.19-2.36 | 1.97-2.15 | 1.71-1.85 | 65000 200 40-80
550 317 318 396-564 | 2.01-2.47 | 2.01-2.25 | 1.71-1.85 | 65000 200 40-80
800 461 462 576-612 | 2.01-2.47 | 2.01-2.25 | 1.71-1.85 | 65000 200 40-80

Intermediate class
437-145 | 252837 | 2884 | 3-144 [238285[228255 | 171-1.85 | 65000 | 100 | 16.1
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* Voltage Range A, ANSI C84.1-2006
NOTE 1—See Table 8 and 6.4 for typical arrester ratings for systems with noneffectively grounded neutral. NOTE 2—
Equivalent FOW producing a voltage wave cresting in 0.5 ps.

NOTE 3—The protective level is the maximum discharge voltage for a 10 kA impulse current wave on arrester duty-cycle
rating through 312 kV, 15 kA for duty-cycle ratings 396 kV to 564 kV, and 20 kA for duty-cycle ratings 576 kV to 612 kV, per
IEEE Std C62.11-2005.

NOTE 4—Switching surge characteristics based on maximum switching surge classifying current (based on an impulse current
wave with a time to actual crest of 45 ps to 60 ps) of 500 A on arrester duty-cycle ratings 3 kV to 108 kV, 1000 A on duty-
cycle ratings 120 kV to 240 kV, and 2000 A on duty-cycle ratings above 240 kV, per IEEE Std C62.11-2005.

NOTE 5—Test values for arresters with porcelain tops have not been standardized. Pressure relief classification is in 5 kA.
steps.

5.2.1.2 Temporary-overvoltage TOV capability

In addition to considerations affecting the selection of arrester MCOV, the user must also select the
arrester to withstand the temporary overvoltages in the system at the arrester location. The basic
requirement is that the power frequency voltage versus time characteristic of the arrester should be
higher than the TOV amplitude versus duration characteristic of the system for all times of concern.

Figure 4 is a typical generic TOV curve for station and intermediate class arresters. The upper curve
shows the time the arrester withstands given overvoltages and subsequently thermally recovers when
MCOV is applied. The lower curve is similar to the upper but applies to a condition where the arrester
has absorbed prior energy from two transmission-line discharges. For station and intermediate class
arresters, the test procedure is described in IEEE Std C62.11-2005, and each manufacturer may publish
different test results. Figure 4 is shown for illustrative purposes only. For applications, TOV data should
be obtained from the manufacturers.

The selected arrester must have both MCOV and temporary overvoltage capability appropriate for the
operating system. Sometimes the MCOV is decisive, and sometimes TOV considerations are decisive.

A change in relay setting or use of faster breakers may sometimes allow use of arresters based on
MCOV when TOV would otherwise have been decisive.

5.2.1.2.1 Fault conditions

The most common source of TOV is voltage rise on unfaulted phases during a line-to-ground fault. The
curves of Annex B may be used to determine quickly the temporary overvoltages during fault
conditions for applications involving short lines operating at voltages through 242 kV.

The numbers adjacent to each of the curves of Annex B are the coefficients of grounding in percent.
From known values of Ry/X; and Xy/X; at the fault location, the corresponding coefficient of grounding
can be determined by interpolating between curves as necessary. Multiply the coefficient of grounding
by the maximum system phase-to-phase operating voltage to determine the temporary overvoltage to
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ground at the point of fault. Alternatively, the voltage can be calculated from the equations in Figure 6
using equivalent system impedances as seen from the fault location. The effect of shunt reactors, shunt
and series capacitors, and distributed line capacitances have to be included in the calculations where
significant. This applies particularly to applications involving long lines and EHV lines (AIEE
Committee Report [B1]). Where the shunt capacitance of lines is large, there may be significant
additional voltage rise due to line-charging currents, harmonics due to transformer saturation, and (less
frequently) resonance effects.

NOTE—Annex A of IEEE Std C62.92.1™-2000 contains additional information for determining the coefficients of
ground—ing, more thoroughly addressing this subject.

The duration of overvoltages from line-to-ground faults depends on the adopted short-circuit relaying
protection. In the absence of other information, the following typical values may be used:

Grounded neutral systems:  TOV duration:
Line protection:  0.2s
Back-up protection: 1 s_(overcurrent relays may be slower)

Resonant grounded or isolated neutral systems:
Without ground fault clearing: 3 h
With ground fault clearing: 4 s

The following equations can be used to calculate  In general, fault resistance tends to reduce COG,
the COG. The equations are applicable for Z; =  except in low-resistance systems. To include
Z,. but do not include fault resistance. fault resistance (Ry). the definitions of & above
would have to be modified as follows:
Single line-to-ground (SLG) fault on phase a:
For SLG fault:
1 3k
COG(phase b)=—— L+ﬁ R, +R, +jX,
L2tk “TR AR X,
C+ R+
1 ! 1
1| Bk
COG (phase c) = _E|:2 +k - -}li| For DLG fault:
_ Ry +1R, + jX,
Double line-to-ground (DLG) fault on phases b TR+ ERJ, + jX,
and c: ' '
where:
3k
COG (phase a) = 1+ 2k R;= Fault resistance
where:
b Zo Rt X,
Z, R, + jX,

Figure 6—COG calculations
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5.2.1.2.2 Load rejection

After disconnection of loads, the voltage rises at the source side of the operating circuit breaker. The
amplitude of the overvoltage depends on the disconnected load and on the short-circuit power
of the feeding substation. The temporary overvoltages can have particularly high amplitudes after
full load rejection at generator transformers due to magnetizing and overspeed conditions. The
amplitudes of load rejection overvoltages are usually not constant during their durations. When the
time dependence of the amplitudes is known, a suitable representation of the overvoltage is the
maximum amplitude with a duration equal to the time that the amplitude exceeds 90% of this value.
Accurate calculations of temporary overvoltage have to consider many parameters_and typically
require detailed electromagnetic transient simulations.

As a guidance, the following typical values of such overvoltages may be used:

— In mederately—extended-systems_with lines of moderate length, a full load rejection can
give rise to phase-to-ground overvoltages with amplitude usually below 1.2 pu. The
overvoltage duration depends on the operation of voltage-control equipment and may be
up to several minutes.

— In extended-systems_with long lines, after a full load rejection, the phase-to-ground

overvoltages may reach 1.5 pu or even more when Ferranti or resonance effects occur. Their

durations may be in the order of some seconds.

— Where load is rejected from the load side of a generator step-up transformer, the

temporary overvoltages may reach amplitudes up to 1.4 pu for turbo generators and up to 1.5

pu for hydro generators. The duration is approximately 3 s.

— When the time dependence of the amplitudes is known, a suitable representation of the
overvoltage is the maximum amplitude with a duration equal to the time that the
amplitudes exceed 90% of this value.

Other causes of temporary overvoltages need consideration in some eases situations, such as the
following:

a) Resonance effects (e.g., when charging long unloaded lines or when resonances exist between
systems). Temporary overvoltages due to ferroresonance should be considered and are addressed
in 6.4.4. Temporary overvoltages due to ferroresonance should not form the basis for the surge
arrester selection-and-should-be-eliminated:

b) Voltage rise along long lines (Ferranti effect)

¢) Harmonic overvoltages (e.g., when switching transformers)
d) Accidental contact with conductors of higher system voltage

e) Backfeed through interconnected transformer windings (e.g., dual transformer station with
common secondary bus during fault clearing or single-phase switched three-phase transformer
with an unbalanced secondary load)

f) Loss of system grounding

Sequences of causes of temporary overvoltages (e.g., load rejection caused by a ground fault) need
consideration when the overvoltages due to the load rejection are comparable severity—tn—suech—eases;
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eafeful—bL@eammedwnh the o Vervoltage due to the ground fault

Combinations of causes such as ground faults caused by load rejection may result in higher temporary
overvoltage values than the single events. When such combinations with overlapping durations are
considered sufficiently probable, the load rejection overvoltage factor_may need for-each-eause-have to
be multiplied;—taking—into—aceount—the—aectual-system_by the ground fault overvoltage factor, with

consideration of the system configuration.

5.2.1.3 Switching surge durability

Surge arresters dissipate switching surges by absorbing thermal energy. The amount of energy is related
to the prospective switching surge magnitude, its wave shape, the system impedance, circuit topology,
the arrester voltage-current characteristics, and the number of operations (single/multiple events). The
selected arrester should have an energy capability greater than the energy associated with the expected
switching surges on the system.

The actual amount of energy discharged by a metal-oxide arrester during a switching surge can be
determined through detailed system studies performed with a transient network analyzer (TNA) and/or a

digital circuit analysis program such as the Eleetromagnetie TransientsProgram<(EMTP). When such

study results are not available, the approximate arrester duty due to energizing and reclosing operations
on transmission lines can be estimated from Equation (5) and curves.

The energy discharged by an arrester J in kilojoules; may be conservatively estimated by the equation:

J=2D;E I, v (5)
where

E, is the arrester switching impulse discharge voltage (in kilovolts) for /,
1, is the switching impulse current (in kiloamperes)
Dy is the line length (in miles-erkilometers)

v is the speed of light, 300 km/ms)-e+186-000-mifs:

The equation assumes that the entire line is charged to a prospective switching surge voltage
(which exists at the arrester location) and is discharged through the arrester during twice the travel
time of the line. The discharge voltage and current are related by the equation:

I1,=(E,-E,)Z (6)

where

Ej is the prospective switching surge voltage (in kilovolts)
Z 1is the single-phase surge impedance of line (in ohms)

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:58:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C62.22-2009


http://www.avadocuments.com/doc/ieee-c62-22-2009
http://www.avadocuments.com/doc/ieee-c62-22-2009

To determine the prospective discharge energy, manufacturer data should be consulted to first
determine consistent values of £, and I, per Equation (5) and Equation (6). The calculated energy
can then be plotted in curve form for varying quantities of line length, switching impulse voltage,
and surge impedance. A typical curve is shown in Figure 7 for a 209 kV MCOV rated arrester
(258 kV duty-cycle rating) on a 345 kV, 160 km (100 miles) transmission line that dissipates
approximately 0.33 MJ of energy during a 2.56 pu switching surge. Because arresters are
constructed with series repeated sections, the energy can be presented in per-unit of MCOV or
duty-cycle rating. In this case, 0.33 MJ translates to 1.58 kJ/kV of MCOV or 1.28 kJ/kV of
duty-cycle rating. The energy capability of station class arresters is within the range of 4.0 kJ/kV
to 20.0 kJ/kV of MCOV and is a function of the volume, formulation, and processing of the metal-
oxide disk. The number of discharges allowed in a short period of time (approximately 1 minute or
less) is the arrester energy capability divided by the energy per discharge. A curve is also shown
for a-—276 220 kV duty—eyele-MCOV rated arrester. Additional information is contained in the
application guides of the manufacturer.

System Energy Discharged by Arresterin kJ/kV of MCOV Rating

4.00

375 3435 kV System
350 ohm circuit

350

325

300

275

250

Prospective Surge Level
(pu of peak g system voltage)

225

200

— 209 KV MCOV

e ' - = 220KV MCOV

150
0.1 10 100
Prospective System Energy Discharged by the Arrester
(kiKY of MCOV Rating)

Figure 7—Typical curve for a prospective switching surge voltage versus arrester
discharge energy for a 345 kV line

5.2.1.4 Tentative selection of arrester voltage rating

The arrester voltage rating should be tentatively selected on the basis of MCOV (5.2.1.1), TOV
(5.2.1.2), and switching surge durability (5.2.1.3).
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Special conditions that should be considered in choosing the arrester voltage rating are as follows:

a) Abnormal system operating voltages. The selection of arrester voltage ratings based on
maximum system voltages assumes that, in service, the maximum system voltage is
exceeded only under abnormal operating conditions, and only for durations within the
arrester TOV capability. However, if maximum system voltages used in determining
temporary overvoltages, as in 5.2.1.2 are likely to be exceeded frequently, increasing the
probability of arrester operations during such conditions, it may be necessary to use an
arrester with a higher voltage rating. Other causes of TOV as listed in 5.2.1.2 require
consideration on an individual basis; no general rules are applicable. If any grounding
source could be disconnected by sectionalizing, the effect on the COG and the arrester
rating should be checked.

b) Abnormal system frequency. Normal system frequency of less than 48 Hz or more than 62
Hz may require special consideration in the design or application of surge arresters and
should be a subject of discussion between the user and the manufacturer.

5.2.1.5 Selection of arrester class

The arrester class should be selected on the basis of required level of protection (protective levels
summarized in Table 1) and the following:

a) Available voltage ratings

b) Pressure relief current limits, which should not be exceeded by the system’s available
short- circuit current and duration at the arrester location

c¢) Durability characteristics (see Table 1) that are adequate for systems requirements

The class of arrester selected may be influenced by the importance of the station or equipment to be
protected. For example, station-class arresters should be used in large substations. Intermediate-class
arresters may be used in smaller substations and on subtransmission lines and cable terminal
poles at 161 kV and below. Distribution-class arresters might be used in small distribution
substations to protect distribution voltage buses.

5.2.2 Protective levels of arrester (Figure 5, item 2)
5.2.2.1 Determination of protective levels

Protective levels are determined by either sparkover voltages or discharge voltages of the arrester
under consideration, based on the measurement procedure outlined in 8.3 and 8.4 of IEEE Std
C62.11-2005. The following protective levels should be considered:

a) FOW: The higher value of FOW sparkover or arrester discharge voltage cresting in 0.5 ps
at the classifying current.

b) LPL: The higher value of lightning impulse sparkover for a 1.2/50 lightning impulse or
arrester discharge voltage that results from an 8/20 current wave. The appropriate current
magnitude is determined by the system voltage per Table 2.

¢) SPL: The higher value of switching impulse sparkover or arrester discharge voltage that
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