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Abstract: The procedure for selection of insulation levels of UHV ac transmission lines and
substations are specified. Also specified are reliability criterion under switching overvoltage and
lightning overvoltage. Calculation methods of insulation coordination design are suggested.
According to the characteristics of UHV ac systems, overvoltage mitigation measures are
recommended. Some examples of insulation coordination are presented.

Keywords: atmospheric correction factor, basic lightning impulse insulation level (BIL), basic
switching impulse insulation level (BSL), clearance, crest value, ground fault factor, IEEE 1862™,
insulation coordination, insulation design, overvoltage, phase-to-ground insulation configuration,
phase-to-phase insulation configuration, protective margin, protective ratio, shielding failures,
standard withstand voltages, ultra-high voltage (UHV), voltage stresses
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These
notices and disclaimers, or a reference to this page, appear in all standards and may be found under the
heading “Important Notice” or “Important Notices and Disclaimers Concerning IEEE Standards
Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a
consensus development process, approved by the American National Standards Institute (“ANSI”), which
brings together volunteers representing varied viewpoints and interests to achieve the final product.
Volunteers are not necessarily members of the Institute and participate without compensation from IEEE.
While IEEE administers the process and establishes rules to promote fairness in the consensus development
process, IEEE does not independently evaluate, test, or verify the accuracy of any of the information or the
soundness of any judgments contained in its standards.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other
document relating to the standard, including, but not limited to, the warranties of: merchantability; fitness
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness
of material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort.
IEEE standards documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. 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.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his
or her own independent judgment in the exercise of reasonable care in any given circumstances or, as
appropriate, seek the advice of a competent professional in determining the appropriateness of a given
IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO:
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

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

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its
committees and shall not be considered to be, or be relied upon as, a formal position of IEEE. At lectures,
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall
make it clear that his or her views should be considered the personal views of that individual rather than the
formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE. However, IEEE does not provide consulting information or advice
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a
consensus of concerned interests, it is important that any responses to comments and questions also receive
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and
Standards Coordinating Committees are not able to provide an instant response to comments or questions
except in those cases where the matter has previously been addressed. For the same reason, IEEE does not
respond to interpretation requests. Any person who would like to participate in revisions to an IEEE
standard is welcome to join the relevant IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

Laws and regulations

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

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws.
They are made available by IEEE and are adopted 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 these documents available for use and
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the
documents.

Photocopies

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to
photocopy portions of any individual standard for company or organizational internal use or individual,
non-commercial use only. To arrange for payment of licensing fees, 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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Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every ten years. When a document is more than ten
years old and has not undergone a revision process, it is reasonable to conclude that its contents, although
still of some value, do not wholly reflect the present state of the art. Users are cautioned to check to
determine that they have the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit the IEEE-SA Website at
http://iecexplore.ieee.org/xpl/standards.jsp or contact IEEE at the address listed previously. For more
information about the IEEE-SA or IEEE’s standards development process, visit the IEEE-SA Website at
http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL:
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata
periodically.

Patents

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

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

This introduction is not part of IEEE Std 1862-2014, IEEE Recommended Practice for Overvoltage and Insulation
Coordination of Transmission Systems at 1000 kV AC and Above.

In order to resolve the prominent problem of the inverse distribution between energy resources and power
demands, the ultra-high voltage (UHV) ac transmission, which is advantaged over long distance and large
capacity, is required.

There are specifics on overvoltage and insulation coordination of UHV ac systems, such as switching
overvoltages (SOV), very fast front overvoltage (VFFO), lightning overvoltage, etc. Time-to-crest of SOV
on UHV lines is much longer than that of standard switching impulse (SI). For air clearance of UHV
transmission lines, the switching impulse flashover voltage is non-linearly related to the distance of the
clearance. Flashover voltage presents its saturation feature as clearance increase. In order to improve the
economy of an UHV transmission line, air clearance test data of longer time-to-crest SI can be used for
insulation coordination. In UHV ac systems, the ratio of the basic lightning impulse insulation level (BIL)
to the system voltage is lower than that of EHV system, so VFFO may become the main dielectric stress to
be limited. Since UHV towers are higher than EHV ones, lightning overvoltage in UHV systems needs
special attention.
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IEEE Recommended Practice for
Overvoltage and Insulation
Coordination of Transmission Systems
at 1000 kV AC and Above

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security, health,
or environmental protection, or ensure against interference with or from other devices or networks.
Implementers of IEEE Standards documents are responsible for determining and complying with all
appropriate safety, security, environmental, health, and interference protection practices and all
applicable laws and regulations.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at
http://standards.ieee.org/IPR/disclaimers.html.

1. Overview

1.1 Scope

This recommended practice applies to transmission system at 1000 kV ac and above. It defines standard
insulation levels and specifies procedures for selecting insulation levels of ac transmission lines and
substations. It also specifies reliability criteria under switching and lightning overvoltages. Suggestions on
insulation coordination design are described. Overvoltage mitigation measures are recommended according
to the characteristics of such ac systems. Some examples of insulation coordination are also presented.

1.2 Purpose

Ultra-high voltage (UHV) ac power transmission system is an effective approach to achieve efficient
allocation of energy resources utilizing the advantages of large capacity with long distance, and low loss.
Some countries have already carried out research on UHV technologies, and several UHV ac projects have
been constructed and put into operation. This recommended practice is formulated specifically for the
design and application of insulation coordination for transmission systems at 1000 kV ac and above.
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IEEE Std 1862-2014
IEEE Recommended Practice for Overvoltage and Insulation Coordination of Transmission Systems at 1000 kV AC and
Above

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corrigenda) applies.

Accredited Standards Committee C2-2012, National Electrical Safety Code® (NESC®). ! 2
IEEE Std 4™-1995, IEEE Standard Techniques for High-Voltage Testing (ANSI).> #

IEEE Std 1312™-1993, IEEE Standard Preferred Voltage Ratings for Alternating-Current Electrical
Systems and Equipment Operating at Voltages Above 230 kV Nominal.

IEEE Std 1313.2™-1999, IEEE Guide for the Application of Insulation Coordination.
IEC 60071-1-2011, Insulation Co-ordination—Part 1: Definitions, Principles and Rules.

IEC/TR 60071-4-2004, Insulation Co-ordination—Part 4: Computational Guide to Insulation Co-ordination
and Modeling of Electrical Networks.

IEC/TS 60815-1-2008, Selection and Dimensioning of High-Voltage Insulators Intended for Use in
Polluted Conditions—Part 1: Definitions, Information and General Principles.3

3. Definitions, acronyms, and abbreviations

3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The IEEE Standards
Dictionary Online should be consulted for terms not defined in this clause.®

ultra-high voltage (UHV): A maximum system voltage that is equal to or greater than 1000 kV.

NOTE—This definition is taken from IEEE 1312™-1993 and is reproduced here for the convenience of the reader.”

shielding angle: The included angle between the plumb line from ground wire and the virtual line
connecting ground wire to the most outside sub-conductor on the tower, without considering the windage
yaw of the conductor.

representative overvoltage: Overvoltages assumed to produce the similar dielectric effect on the
insulation system as overvoltages of a given class occurring in service due to various origins. They consist
of voltages with the standard shape of the class, and may be defined by one value or a set of values or a
frequency distribution of values that characterize the service conditions.

! National Electrical Safety Code and NESC are both registered trademarks and service marks of The Institute of Electrical and
Electronics Engineers, Inc.

2 The NESC is available from The Institute of Electrical and Electronics Engineers at http:/standards.iece.org/.

3 The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers, Inc.
4 IEEE publications are available from The Institute of Electrical and Electronics Engineers (http:/standards.ieee.org/).

* IEC publications are available from the International Electrotechnical Commission (http://www.iec.ch/). IEC publications are also
available in the United States from the American National Standards Institute (http://www.ansi.org/).

¢ JEEE Standards Dictionary Online subscription is available at:
http://www.ieee.org/portal/innovate/products/standard/standards_dictionary.html.

7 Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard.
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Above

3.2 Acronyms and abbreviations

Oy

ac

AIS
BFR
BIL
BSL
CB
CFO
CVT
EGM
EHV
EMTP
ESDD
GIS
LPM
MOSA
MTBF
MTS
NSDD
pu
RTV
SDD
SFe
SFFOR
SOV
SSFOR
TOV
UHV
USCD
VFFO

coefficient of variation

alternating current

air-insulated switchgear

back-flashover rate

basic lightning impulse insulation level
basic switching impulse insulation level
circuit breaker

critical flashover

capacitor voltage transformer
electrogeometric model

extra-high voltage

Electro-Magnetic Transient Program
equivalent salt deposit density
gas-insulated metal enclosed switchgear
leader progression model

metal oxide surge arrester

mean time between failures

mixed technology switchgear
non-soluble deposit density

per unit

room temperature vulcanizing (silicone)
salt deposit density

sulfur hexafluoride

shielding failure flashover rate
switching overvoltages

switching surge flashover rate
temporary overvoltages

ultra-high voltage

unified specific creepage distance

very fast front overvoltage

4. Overvoltage and mitigation measures

Overvoltages include temporary overvoltages, switching overvoltages, lightning overvoltages, as well as
very fast front overvoltages. Overvoltages are normally expressed in per unit (pu) with reference to

V2 U, /3 where Un is the maximum system voltage, except for lightning overvoltages.
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4.1 Temporary overvoltages

4.1.1 Load rejection overvoltages

Load rejection overvoltages in ultra-high voltage (UHV) systems are usually more severe than those in
extra-high voltage (EHV) systems, because of the longer transmission lines and larger transmission
capacity. For lines with shunt reactors, the temporary overvoltage caused by load rejection is usually less
than 1.3 pu (Shu et al. [B9]; National Standard of the People’s Republic of China [B7]). For lines without
shunt reactors, the values of such overvoltage may be higher than 1.3 pu. The duration of such overvoltages
depends on the voltage control operation and relay protection.

4.1.2 Fault overvoltages

Since in UHV systems, the ratio of zero-sequence reactance to positive-sequence reactance (X0/X1) is
relatively smaller than that in EHV systems, the temporary overvoltage caused by fault in UHV ac system
is usually less than 1.3 pu, depending on the location of the fault. Considering backup clearing, the duration
of the overvoltage is generally less than 0.5 s.

The temporary overvoltage caused by the combination of ground fault with load rejection is usually higher
than that of just load rejection. For the lines with application of shunt reactors, the temporary overvoltage is
usually less than 1.4 pu; the duration of the temporary overvoltage depends on the fault-clearing time and is
generally less than 0.1 s. For the lines without shunt reactors, the temporary overvoltage caused by load
rejection followed by ground fault with self-excitation of generators connected to the UHV line via
transformers directly may reach up to 1.5 pu, the duration of the overvoltage is generally 0.17 s.

4.1.3 Resonance and ferroresonance overvoltages

In UHV ac systems, the following three kinds of resonance or ferroresonance voltages are generally
considered.

— Resonance overvoltage in non-successful-three-phase operations
— Resonance overvoltage caused by energizing no-load transformers

—  Ferroresonance overvoltage

For a line with shunt reactors, resonance overvoltages may appear on the open phase due to unsuccessful
operating of three phases. The resonance overvoltage is caused by the capacitive coupling between live
phases and open phase of the line. These overvoltages can be limited by a grounding reactor installed at the
neutral point of three-phase shunt reactors.

Energizing a no-load transformer may cause the transformer core magnetically saturated and may produce
inrush current and periodic changes of the excitation inductance. When the frequency of some harmonic in
the inrush current matches the self-oscillation frequency of the system, high resonance overvoltage may be
generated.

Ferroresonance overvoltages may be developed from the interaction of capacitive and inductive elements
which possess nonlinear magnetizing characteristics. In UHV systems, this kind of overvoltages is usually
initiated by the resonance of gas-insulated switchgear (GIS) bus potential transformer through circuit
breaker capacitance during isolating a bus bar where potential transformer is installed.

A Documents
Copyright © 2014 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 01:55:51 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1862-2014


http://www.avadocuments.com/doc/ieee-1862-2014
http://www.avadocuments.com/doc/ieee-1862-2014

IEEE Std 1862-2014
IEEE Recommended Practice for Overvoltage and Insulation Coordination of Transmission Systems at 1000 kV AC and
Above

4.1.4 Mitigation of temporary overvoltages

In UHV systems, temporary overvoltages can be mitigated through the use of the following:

—  Shunt reactors
— Grounding reactor installed at the neutral point of shunt reactors
— Temporary overvoltage protection relays

—  Surge arresters

Shunt reactors installed on transmission lines can reduce Ferranti effect and thus reduce load rejection
overvoltages, as well as the overvoltage produced by combination of earth fault and load rejection.

Grounding reactor installed at the neutral point of shunt reactor is used to control resonance overvoltages
caused by non-successful-three-phase operations of a line with shunt reactors. It can also suppress
secondary arc current during the time between single-phase fault clearing and single-phase reclosing.

Special temporary overvoltage protection relays can be used to trip the three-phase circuit breaker at both
ends of the UHV lines immediately after load rejection, and thus limit the duration of temporary
overvoltage.

Arresters are not normally sized to limit temporary overvoltages except in special cases. However, surge
arresters may be applied to limit or even prevent resonant overvoltages. In this case, the thermal capability
on the arresters should be investigated to determine if parallel interconnected arresters or special switched
arresters are required.

4.1.5 Geomagnetic storm

A geomagnetic storm induces DC currents in a long transmission line (many kilometers in length) and
increases the voltage by the fact. Sprawling power lines act like antennas, picking up the currents and
spreading the problem over a wide area.

Improved infrastructure design is used to better withstand geomagnetic disturbances.

4.2 Switching overvoltages

The wave shape of switching overvoltages in UHV ac systems has longer time to crest due to the long
transmission lines and application of closing resistors.

4.2.1 Line energization and single-phase reclosing overvoltages

The overvoltage produced by line energization and single-phase reclosing is one of the key factors to
determine switching impulse air clearance of UHV line. With pre-insertion resistors on circuit breakers and
metal oxide surge arrester (MOSA), the phase-ground overvoltages are generally less than 1.6 pu in
substations and 1.7 pu on transmission lines, respectively. The phase-to-phase overvoltages are generally
less than 2.9 pu.
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4.2.2 Fault and fault-clearing overvoltages

During the period from line-to-ground fault initiation to clearing, overvoltages are produced on the live
phases. Fault and fault clearing produce both phase-ground overvoltages and phase-to-phase overvoltages.
However the phase-to-phase overvoltages can generally be neglected.

Fault and fault-clearing overvoltages are affected by both the length of lines and fault locations. Those
overvoltages may cause flashover on live phases or adjacent healthy lines and lead to another fault.

The following cases are considered:

—  Single-phase-ground fault and single-phase clearing
During single-phase-ground fault initiation, overvoltages are generated on live phases and adjacent
lines. These overvoltages occur once again when the circuit breakers at both ends of the fault phase
are opened to clear the fault. Those overvoltages are generally lower than that appearing during line
energization.

—  Three-phase-opening after single-phase-ground fault
When single-phase-reclosing is forbidden in case of live line working or single-phase reclosing
fails due to a permanent fault, three-phase-tripping occurs. Overvoltages are produced on both the
adjacent lines and the live phases of the fault line. The overvoltage on live phases is usually higher
than that caused by single-phase clearing after single-phase-ground fault.

—  Multi-phase fault clearing
During clearing of multi-phase-ground-fault or phase-to-phase-fault, overvoltages are produced on
both the adjacent lines and live phases of fault line. The overvoltages are usually higher than the
single-phase-fault clearing overvoltage and may reach up to 1.8 pu to 2.0 pu. However, the
occurrence probability of such high overvoltage is very low.

4.2.3 Load rejection overvoltages

In UHV systems, transmission lines are usually longer and load is higher than that in EHV systems. Load
rejection overvoltages may reach up to 1.7 pu on UHV lines. The energy dissipation capability of arresters
should be examined to insure proper operation.

4.2.4 Power system out-of-step separation overvoltages

Power systems separated by system out-of-step may generate overvoltages. The energy dissipation
capability of arresters for such causes should be carefully examined.

4.2.5 Mitigation of switching overvoltages

Switching overvoltages appearing on the UHV system may be limited through the use of the following:
—  Surge arresters
— Closing resistors on circuit breakers
—  Controlled switching of circuit breakers
— Opening resistors on circuit breakers
—  Shunt reactors

Surge arresters can be used to reduce all kinds of switching overvoltages. Surge arresters can be divided
into tank-type arresters and bushing-type arresters according to their structures. The rated voltage of an
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arrester is determined by the power frequency temporary overvoltage at its installation location. For EHV
substations, the rated voltage of the arresters on the line side of the line circuit breaker (CB) is higher than
that on bus bars side. For UHV projects, however, the rated voltages of the surge arresters on both line side
and bus bars are the same, since the sustaining time of the power frequency temporary overvoltage on line
side is reduced to 0.2 s by using circuit breaker relaying. Since better overvoltage limitation result is
achieved with lower residue voltage surge arresters, large diameter varistor elements and multi-column-in-
parallel structures are generally used for UHV surge arresters (both the Chinese and Japanese UHV surge
arresters are of 4-column-in-parallel structures) for higher performance. For multi-column-in-parallel surge
arresters, equal sharing of current among the columns should be guaranteed.

Closing resistor of CB reduces overvoltages caused by the line energization and/or reclosing. Because the
line side arresters in substations have limited switching overvoltages (SOV) protection effectiveness for
long transmission lines, closing resistors are important measures in UHV systems. The value of the resistor
is usually selected by considering the effect to overvoltage and its energy dissipation capability.

The controlled switching of selected pole of circuit breakers, synchronization of reclosing time, may be
used to reduce overvoltage. For example, in case of line energization, each pole of the circuit breaker can
be controlled to close when voltage passes through zero.

In case of the fault-clearing overvoltage being greater than fault overvoltage, it greatly increases the failure
rate of the lines adjacent to the fault line, opening resistors may be used to reduce such overvoltages.

Shunt reactors installed on transmission lines can suppress temporary overvoltages (TOV), which is the
fundamental component of switching overvoltage. Since the TOV can be reduced by shunt reactors, surge
arresters with lower rated voltage can be used in such cases, therefore switching overvoltage level in
substation is reduced due to lower rated residual voltage of the surge arresters.

4.3 Lightning overvoltages

4.3.1 The origin and characteristics of lightning overvoltages

Lightning overvoltages in UHV transmission systems with overhead lines originate from line shielding
failure and back-flashover strikes to equipment in substations which subsequently bypass the ground wires
and masts, and the incoming surge to substations caused by stroke on the transmission line sections
adjacent to substations.

Similar to EHV transmission lines, lightning flashover caused by shielding failure is the main reason for
trip-outs of UHV transmission lines, and back-flashover trip-out rate is very low.

Back-flashover rarely happens within the 2 km sections of transmission line adjacent to the substation entrance.

4.3.2 Limitation of lightning overvoltages

The key point of lightning protection for UHV transmission system is to protect the transmission lines from
shielding failures, and limit the lightning incoming surge due to shielding failure of the lines section
adjacent to substation. Lightning overvoltages may be limited through the use of the following:

— Opverhead ground wires
— Reducing tower foot resistance

—  Surge arresters
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Double overhead ground wires are usually installed for the UHV transmission lines. For mountain areas
and the areas with high ground flash density of lightning, the shielding angle should be further reduced,
even to a negative angle according to the actual conditions of projects. It should be noted that the reduction
of shielding angle may lead to a greater space between the two ground wires, the center phase conductor of
single-circuit line may be stroked by relatively small lightning penetrating the space between the two
ground wires. Negative shielding angle may even be adopted for the line sections adjacent to substations in
order to reduce the maximum lightning shielding failure current. The lightning shielding performance for
angle and tension towers should be optimized, since jumper conductors are easy to be directly struck by
lightning.

The value of tower foot resistance may not be strictly limited, as trip-out rate caused by back-flashover is
very low for UHV ac transmission lines, as compared to that of EHV transmission lines. The value of tower
foot resistance formed by its foundation is relatively smaller for UHV ac transmission lines because of the
deep tower foundation and large scale tower root span. Therefore, supplemental grounding electrodes to
reduce the value of tower foot resistances are not necessary if the requirement of the designed lightning
trip-out rate can be met.

Appropriate quantity of surge arresters may be installed in substations to limit the lightning overvoltages on
equipment. In order to decrease the maintenance costs, the surge arresters with external series gap is
preferred to be installed on UHV transmission lines in mountain ridges or where the lightning shielding
failure or back-flashover occur quite often.

4.4 Very fast front overvoltages (VFFO)

4.4.1 The characteristics of VFFO

Very fast front overvoltages are caused by disconnector operations or faults within GIS. Switching of
disconnectors is a normal operation in substations. During closing and opening of a disconnector, a number
of pre-strikes and re-strikes occur due to the low speed of disconnectors compared to that of circuit
breakers. Each strike generates VFFO. Therefore, the operation of disconnectors is the main cause of
VFFO.

VFFO is characterized by a fast increase of the voltage to its peak value resulting in a time-to-crest below
0.1 ps. This fast increase of voltage is usually followed by high frequency oscillations from 1 MHz up to
100 MHz. The amplitude and frequency characteristic of VFFO depends on the substation configurations.
Characteristics of disconnectors, such as switching speed and construction, will also influence the VFFO.
VFFO may damage the insulation of GIS, power transformers, and potential transformers. The maximum
amplitude of VFFO is generally less than 2.5 pu and may be higher in special cases.

In UHV systems, the ratio of the BIL to the system voltage is lower than that of EHV system, and VFFO on
GIS or transformer with oil-sulfur hexafluoride (SF¢) immersed bushing may become the important
dielectric stress which needs special attention.

4.4.2 Mitigation of VFFO

Damping resistors on disconnectors are mainly used to reduce VFFO caused by the operation of
disconnector. The value of resistance can be selected by studying its limitation effect on VFFO and its
energy dissipation requirement. By adopting damping resistors, VFFO can be limited to below 1.3 pu.

The contact mechanical moving speed of disconnector has an impact on the distribution of VFFO. The
operation of a slow speed disconnector generates lower trapped charge voltage, therefore the occurrence
probability of high amplitude VFFO is relatively lower. However, lower speed disconnector also leads to
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more strikes during operation which requires a higher energy dissipation ability of the damping resistor. By
selecting the switching speed and optimizing the design of disconnectors, VFFO can be reduced. The
trapped charge behavior depends on the disconnector design and could be measured during type tests or
evaluated based on simulations.

5. Insulation strength

Same as in EHV systems, a number of factors influence the insulation strength in UHV systems. Switching
impulse strength is primarily an important strength, sometimes clearance to the tower side for an UHV
I-string insulator with swing angle is decided by insulation strength under power frequency voltage.

The standard switching impulse voltage wave, identified in IEEE Std 4-1995, is usually used to obtain the
clearance discharge voltage. However for UHV systems, the time-to-crest of switching overvoltage can be
much higher than 250 ps of the standard switching impulse time-to-crest, and depend on the UHV system
conditions such as transmission line lengths and the origin of overvoltage. For air clearance of UHV
transmission lines, the switching impulse flashover voltage is non-linearly related to the distance of the
clearance. Flashover voltage presents its saturation feature as clearance increase. Therefore, the switching
impulse clearance for UHV towers is bigger than linearly extended from EHV towers. On the other hand,
the switching impulse flashover voltage with longer time-to-crest is greater than that with standard
switching waveform. In order to improve the economy of an UHV project, air clearance test curves of
switching impulse voltage with longer time-to-crest can be used for insulation coordination of transmission
lines. And considering tests can be conducted easily, the standard switching impulse voltage waveform is
recommended for insulation coordination of equipment and clearances in UHV substations. The safety
margin of substation is increased by adopting the standard switching impulse voltage waveform.

6. Performance reliability criterion

UHV systems are built to satisfy the requirement of large-capacity power transmission. For UHV systems,
it is especially important to reduce the lightning flashover rate and ensure the reliability of power
transmission. Lightning flashover rate is based on the consequence of failure and the expected life of the
equipment. For UHV transmission lines, the acceptable lightning flashover rate ranges from 0.1 to 0.5
flashovers per 100 km-year, which is lower than for EHV systems. The acceptable switching flashover rate
for UHV systems is specified as generally 0.1 flashovers per 100 switching operations, which is much
lower than 1 flashover per 100 switching operations for EHV systems.

The desired reliability of substations for lightning is normally specified in terms of the mean time between
failures (MTBF). In order to decrease significant outage and repair times of substations, the MTBF for
EHYV gas-insulated substations have been set as high as 800 years in IEEE Std 1313.2™-1999. Considering
the importance of UHV systems, the MTBF for UHV substations due to lightning is recommended to be
more than 1000 years for GIS and MTS substations.
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