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Abstract: Procedures for selecting external insulation that is likely to be subjected to an outdoor
environment that includes combinations of contamination, ice, snow, or cold fog are specified by
this guide. The selection methods are applicable to insulators, surge arresters, bushings, live line
tools and other high voltage ac and dc apparatus with a rated voltage above 1 kV.
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Important Notices and Disclaimers Concerning IEEE Standards Documents

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

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

IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE SA) Standards Board. IEEE develops its standards
through an accredited consensus development process, which brings together volunteers representing varied
viewpoints and interests to achieve the final product. IEEE Standards are documents developed by volunteers
with scientific, academic, and industry-based expertise in technical working groups. Volunteers are not
necessarily members of IEEE or IEEE SA, 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 makes no warranties or representations concerning its standards, and expressly disclaims all warranties,
express or implied, concerning this standard, including but not limited to the warranties of merchantability,
fitness for a particular purpose and non-infringement. In addition, IEEE does not warrant or represent that the
use of the material contained in its standards is free from patent infringement. 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: THE
NEED TO PROCURE 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 [EEE standard is translated, only the English version published by IEEE is 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, nor be relied upon as, a formal position of IEEE. At lectures, symposia, seminars,
or educational courses, an individual presenting information on IEEE standards shall make it clear that the
presenter’s views should be considered the personal views of that individual rather than the formal position of
IEEE, IEEE SA, the Standards Committee, or the Working Group.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations, 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 evaluating comments or in revisions to an IEEE standard is welcome to join the relevant
IEEE working group. You can indicate interest in a working group using the Interests tab in the Manage Profile
& Interests area of the IEEE SA myProject system. An IEEE Account is needed to access the application.

Comments on standards should be submitted using the Contact Us form.

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 constitute 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.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and
data ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US 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.
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Photocopies

Subject to payment of the appropriate licensing fees, 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; https://www.copyright
.com/. Permission to photocopy portions of any individual standard for educational classroom use can also be
obtained through the Copyright Clearance Center.

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 10 years. When a document is more than 10 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 [IEEE Xplore or contact IEEE. For more information
about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website. Search for standard number and
year of approval to access the web page of the published standard. Errata links are located under the Additional
Resources Details section. Errata are also available in IEEE Xplore. Users are encouraged to periodically
check for errata.

Patents
IEEE Standards are developed in compliance with the IEEE SA Patent Policy.

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 https://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

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

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure against
interference with or from other devices or networks. IEEE Standards development activities consider research
and information presented to the standards development group in developing any safety recommendations.
Other information about safety practices, changes in technology or technology implementation, or impact
by peripheral systems also may be pertinent to safety considerations during implementation of the standard.
Implementers and users 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.
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Introduction

This introduction is not part of IEEE Std 1820-2020, IEEE Guide for on the Selection of Transmission and Distribution
Insulators with Respect to Cold Weather Conditions.

Service experience has revealed a weakness in outdoor insulation that is exposed to moderate levels of
contamination with coincident icing leading to flashover under normal service voltage stress at the melting
point. The problem is particularly severe for EHV insulators at or above 345 kV that have been selected on
the basis of adequate switching surge control, leading to higher electric stress (voltage per meter of dry arc
distance) compared to HV insulators.

A joint DEIS/PES Task Force on Icing Tests for Insulators consolidated test methods into and distilled them
into a series of standard ice, snow, and cold fog tests (IEEE P1783). To the extent possible, the standard icing
tests are coordinated with existing practice in heavy rain and contamination testing in IEEE Std 4™."! These
electrical tests supplement the usual extreme-cold testing down to —45°C that affect material performance of
insulators.

Standard icing tests can only evaluate the electrical performance of insulators in a representative environment.
Guidelines for selecting insulators, based on test results, are needed for selecting insulators in new
installations, for insulator replacement programs, and for mitigation options where existing insulators must be
upgraded. Parameters for insulator selection include insulator dry arcing and leakage distances, type, profile,
and configuration.

Adequate climate data and environmental exposure parameters are needed to establish the risk factors
at a point, such as a substation, or along a path, such as a transmission line. Suitable statistical models are
introduced for the time and space variation of winter pollution.

Standard icing test results can provide electrical withstand levels for fixed severity, characterized mainly by ice
thickness and freezing water conductivity. A process is given to adapt these test results for insulator selection,
based on the variable severity corresponding to local climate and environment.

Selection of insulators suitable for an icing and melting environment may affect insulation coordination with
other equipment. For example, a simple increase in dry arc distance solves many line and station insulator
icing problems but the increase in external electrical strength needs to be matched by improvements to internal
apparatus ratings, or by selection of surge protective devices that will carry out their limiting functions
correctly in the icing environment.

"Information on references can be found in Clause 2.
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IEEE Guide on the Selection of
Transmission and Distribution

Insulators with Respect to
Cold Weather Conditions

1. Overview
1.1 Scope

The guide specifies procedures for selecting external insulation that is likely to be subjected to an outdoor
environment that includes combinations of contamination, ice, snow, or cold fog. The selection methods are
applicable to insulators, surge arresters, bushings, live line tools, and other high-voltage ac and dc apparatus
with a rated voltage above 1 kV.

1.2 Purpose

The purpose of this guide is to provide methods to characterize the pollution and icing environment of a
location or region and then to select outdoor high-voltage insulator types and dimensions to achieve a desired
reliability level.

1.3 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard
and from which no deviation is permitted (shall equals is required to).?

The word should indicates that among several possibilities one is recommended as particularly suitable,
without mentioning or excluding others; or that a certain course of action is preferred but not necessarily
required (should equals is recommended that).

The word may is used to indicate a course of action permissible within the limits of the standard (may equals
is permitted to).’

The word can is used for statements of possibility and capability, whether material, physical, or causal (can
equals is able to).

*The use of the word must is deprecated and cannot be used when stating mandatory requirements, must is used only to describe
unavoidable situations.
*The use of will is deprecated and cannot be used when stating mandatory requirements, will is only used in statements of fact.
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IEEE Std 1820-2020
IEEE Guide on the Selection of Transmission and Distribution Insulators with Respect to Cold Weather Conditions

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.

IEEE Std 4™, [EEE Standard Technique for High Voltage Testing.*

1IEEE Std 1783™, [EEE Guide for Test Methods and Procedures to Evaluate the Electrical Performance of
Insulators in Freezing Conditions.

IEC 60815, Selection and dimensioning of high-voltage insulators intended for use in polluted conditions,
Parts 1-5.°

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.®

accuracy: The degree of agreement of the observed value with the conventionally true value of the quantity
being measured.

applied water conductivity: The electrical conductivity of water used to simulate ice, snow or cold fog
accretion on insulators, corrected to 20 °C.

arc: A discharge of electricity through a gas, normally characterized by a voltage drop in the immediate
vicinity of the cathode approximately equal to the ionization potential of the gas.

atmospheric icing: The expression “atmospheric icing” comprises all processes where drifting or falling
water droplets, rain, drizzle, or wet snow in the atmosphere freeze or stick to any object exposed to the weather.

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.

cold fog (freezing fog): Visible aggregate of minute, supercooled water droplets suspended near the earth’s
surface whose droplets freeze upon contact with exposed objects and form a coating of hoarfrost and/or
glaze. When composed of ice crystals, it is termed ice fog. According to international definitions, fog reduces
visibility below 1 km. Fog differs from clouds only in that the base of fog is at the earth’s surface while clouds
are above its surface. Fog is distinguished from haze by its appreciable dampness and grey color. Mist may be
considered as intermediate between fog and haze. Near industrial and heavy traffic areas, fog is often mixed
with smoke and vehicle exhaust, and this combination is known as smog.

conductivity: A material property given by the conduction-current density, divided by the applied electric-
field strength. In general, it is a complex tensor quantity.

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

SIEC Publications are available from the International Electrotechnical Commission (http://www.iec.ch) and the American National
Standards Institute (http://www.ansi.org).

SIEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE Account is required for access to the dictionary,
and one can be created at no charge on the dictionary sign-in page.
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creepage distance: See: leakage distance.

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

critical impulse flashover voltage (CFO): The crest value of the impulse voltage wave that, under specified
conditions, causes disruptive discharge through the surrounding medium on 50% of applications.

dew point temperature: The temperature at which condensation of water vapor begins in a space.

discharge: The passage of electricity through gaseous, liquid, or solid insulation that does not normally
conduct electricity. Discharge is associated with nonlinear processes of avalanche ionization and development
of electrically conducting plasma that may or may not be luminous.

disruptive discharge (flashover): A discharge that completely bridges the insulation under test, reducing the
voltage between the electrodes to a finite value that is nearly constant for all currents and is negligible with
respect to the supply voltage.

disruptive discharge probability (flashover probability): The probability that one application of a
prospective voltage of a given shape, polarity, and magnitude may cause a disruptive discharge.

disruptive discharge voltage (flashover voltage): The voltage causing the disruptive discharge for tests with
direct voltage, alternating voltage, and impulse voltage chopped at or after the peak; the voltage at the instant
when the disruptive discharge occurs for impulses chopped on the front.

drizzle: Drizzle is light precipitation consisting of liquid water drops smaller than that of rain, and generally
smaller than 0.5 mm (0.02 in) in diameter. Precipitation rates due to drizzle are on the order of less than a
millimeter per hour at the ground.

dry arc distance (strike distance): The shortest distance through the surrounding medium between terminal
electrodes, or the sum of the distances between intermediate electrodes, whichever is the shorter, with the
insulator mounted for dry flashover test.

dry snow: Type of precipitation icing of 50—100 kg/m? density resulting in very light packing of snow onto
various shapes and structures. Adhesion strength is weak and the accretion can be easily removed by wind
or motion. Accretion of various shapes depending on wind speed and torsional stiffness of conductor. When
the temperature is close to zero, its liquid water content may increase, causing the accretion to fall off. If the
temperature drops after accretion, adhesion strength may become very strong.

equivalent salt deposit density (ESDD): The amount of sodium chloride (NaCl) that, when dissolved in
demineralized water, gives the same volume conductivity as that of the highly soluble natural deposit removed
from a given surface of the insulator divided by the area of this surface; generally expressed in mg/cm?. For
clarity of communication, units of pg/cm? are recommended for discussion of ESDD on live-line tools to
convey the necessary precision and accuracy.

error: Any discrepancy between a computed, observed, or measured quantity and the true, specified, or
theoretically correct value or condition.

external insulation: Insulation that is designed for use outside of buildings and for exposure to the weather.

fifty percent disruptive discharge (flashover) voltage: The voltage that has a 50% probability of producing
a disruptive discharge.
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NOTE—The term mostly applies to impulse tests and has significance only in cases when the loss of electric strength
resulting from a disruptive discharge is temporary.’

flashover: A disruptive discharge through air around or over the surface of solid or liquid insulation, between
parts of different potential or polarity, produced by the application of voltage wherein the breakdown path
becomes sufficiently ionized to maintain an electric arc.

freezing drizzle: Drizzle that falls in liquid form but freezes on impact to form a coating of glaze upon the
ground and on exposed objects.

freezing rain: Rain that falls in liquid form but freezes on impact to form a coating of glaze upon the ground
and on exposed objects.

glaze ice (clear ice): Type of precipitation icing resulting in pure ice accretion of density 700-900 kg/m?,

sometimes with the presence of icicles underneath the wires. It very strongly adheres to objects and is difficult
to knock off.

hard rime: Type of in-cloud icing resulting in ice accretion of density 300—700 kg/m?® characterized by a
homogeneous structure with inclusions of air bubbles. It takes a pennant shaped aspect against the wind on
stiff object, but a more or less circular shape on flexible cables. It strongly adheres to objects and is more or less
difficult to knock off, even with a hammer.

hoar frost: A deposit of interlocking ice crystals (hoar crystals) formed by direct sublimation on objects,
usually those of small diameter freely exposed to the air such as tree branches, plant stems and leaf edges,
wires, poles, etc. The deposition of hoarfrost on an object is similar to the process by which dew is formed,
except that the temperature of the object shall be below freezing. It forms when air with a dew point below
freezing is brought to saturation by cooling. A type of precipitation icing of very low density (less than 100 kg/
m?®) resulting ice crystal deposits, characterized by very low adhesion.

ice progressive stress (IPS): A test method where continuous ice exposure under line potential continues until
flashover or equilibrium occurs.

ice thickness: The radial thickness of ice accumulation measure on a rotating monitoring cylinder.

icing stress product (ISP): The product of the ice, snow, or rime accretion weight per cm of insulator length,
and the electrical conductivity of the melted accretion corrected to 20 °C, (g/cm)-(uS/cm).

instrumental icing: Period during which the ice remains at a structure and/or an instrument or a wind turbine
is disturbed by ice.

insulator: An insulating material designed to support a conductor physically and to electrically separate it
from another conductor or object.

leakage current: A component of the measured current that flows along the surface of the tool or equipment,
due to the properties of the tool or equipment surface, including any surface deposit, when the device is
connected as intended to the energized power system at rated voltage.

leakage distance: The shortest distance, or the sum of the shortest distances, along the insulating parts of the
insulator between those parts that normally have the operating voltage between them.

NOTE 1—The surface of cement or of any other non-insulating jointing material is not considered as forming part of the
creepage distance.

"Notes in text, tables, and figures are given for information only and do not contain requirements needed to implement the standard.
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NOTE 2—If a high resistance coating, e.g., semi-conductive glaze, is applied to parts of the insulating part of an insulator
such parts are considered to be effective insulating surfaces and the distance over them is included in the leakage distance.

NOTE 3—Leakage distance is synonymous with creepage distance in IEC 60815.

liquid water content (LWC): The mass of water per unit volume of air, typically expressed in g/m? for natural
and artificial fog and mist.

melted water conductivity: The electrical conductivity of water used to simulate ice, snow or cold fog
accretion on insulators, melted after accretion and corrected to 20 °C. The melted water conductivity can
be higher than the applied water conductivity when accretion occurs on contaminated insulator surfaces.
Melted water conductivity can also be lower than applied water conductivity for glaze ice accretion on clean
insulators, through the process of water purification by crystallization.

meteorological icing: Period during which the meteorological conditions for ice accretion are favorable
(active ice formation)

minimum flashover voltage: The crest value of the lowest voltage impulse of a given waveshape and polarity
that causes flashover.

monitoring cylinder: A cylinder for measuring reference ice accretion, typically 25-30 mm in diameter,
either rotating at 1 rpm or fixed.

non-disruptive discharge: A discharge between intermediate electrodes or conductors in which the voltage
across the terminal electrodes is not reduced to practically zero.

non-soluble deposit density (NSDD): The amount of the non-soluble residue removed from a given surface
of'the insulator divided by the area of this surface; generally expressed in mg/cm?.

non-sustained disruptive discharge: A momentary disruptive discharge.

NOTE—A non-sustained disruptive discharge spans the dry arc distance by an arc or spark, but in doing so drops the test
voltage to such an extent that the arc goes out.

overshoot: The maximum amount by which the step response exceeds the topline, specified as a percentage of
(recorded) pulse amplitude.

partial discharge: A discharge that does not completely bridge the insulation between electrodes. Partial
discharge is a special case of non-disruptive discharge.

peak value of alternating voltage: The maximum value, disregarding small high-frequency oscillations
(greater than 10 kHz) such as those arising from partial discharges.

p-percent disruptive discharge voltage (flashover voltage): The prospective value of the test voltage that
has a p-percent probability of producing a disruptive discharge.

precision: The discrepancy among individual measurements.

protected leakage (creepage) distance: The leakage distance on an insulator that is not wetted in a specified
precipitation condition. The protected leakage distance of an insulator in any orientation may vary with
precipitation type, intensity, wind speed, and direction.

puncture: A disruptive discharge through the body of a solid dielectric.
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rain: Liquid precipitation with drop size generally larger than 0.5 mm (0.02 in) in diameter. Precipitation rates
due to rain are on the order of a millimeter per hour or more at the ground.

random error: The result of a measurement minus the mean that would result from an infinite number of
measurements of the same measurand carried out under repeatable conditions.

NOTE 1—Random error is equal to error minus systematic error.

NOTE 2—Because only a finite number of measurements can be made, it is possible to determine only an estimate of
random error.

recovery time: Delay between the end of meteorological and the end of instrumental icing (period during
which the ice remains but is not actively formed).

return period (of icing events): The predicted number of years between icing exposures that give a specified
level of accretion on a reference cylinder, based on a statistical analysis of historical climate data and

observations for a given location.

self-restoring insulation: Insulation that completely recovers its insulating properties after a disruptive
discharge.

site pollution severity (SPS): Five levels of pollution characterizing the site severity are qualitatively defined,
from very light pollution to very heavy pollution, as in IEC 60815-1.

snow: Snow is a type of frozen precipitation in the form of white or translucent hexagonal ice crystals. Since
snow is composed of small ice particles, it is a granular material. It has an open and therefore soft structure,
unless packed by external pressure.

soft rime: Type of in-cloud icing resulting in ice accretion of density 150—300 kg/m?® characterized by a
granular structure, feather- or caulifiower-like looking. It takes a pennant shaped aspect against the wind on

stiff object on flexible cables. Its adherence to objects is rather weak, and it can be removed by hand.

supercooled: Cooled below the normal freezing temperature of a liquid, such that any drops freeze on contact
with a solid surface.

surface conductivity (K): The form factor of an insulator, divided by its resistance under high-voltage test
conditions that do not lead to arcing or dry-banding. Syn: layer conductivity.

surge: An impulse, occurring in electrical equipment or networks in service.
switching surge: An overvoltage resulting from the operation of a circuit-interrupting device.

systematic error: The mean that would result from an infinite number of measurements of the same measurand
carried out under repeatable conditions minus a true value of the measurand.

NOTE 1—Systematic error is equal to error minus random error.
NOTE 2—Like true value, systematic error and its causes cannot be completely known.

ultra-high voltage (UHV): A maximum ac system voltage that is equal to or greater than 1000 kV, or a
maximum dc system voltage that is equal to or greater than 800 k'V.

uncertainty: An estimated limit based on an evaluation of the various sources of error.
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unified specific creepage distance (USCD): The leakage distance of an insulator divided by the maximum
operating voltage across the insulator. For ac systems this is usually the highest rms voltage for equipment
(U,/N3). For dc systems, this is usually the rated voltage where the insulator is intended to be used. For
insulators or bushings with combined dc voltage application, the voltage is equal to Z X V; where Z is number
of six pulse bridges in series and V is the dc-rated voltage per valve bridge. USCD is generally expressed in
mm of leakage distance per kV rms of line-to-ground voltage (mm/kV) and specified as a minimum value.

NOTE 1—This definition in IEC 60815:2008 differs from that of Specific Creepage Distance (SCD) where the phase-
to-phase value of the highest voltage for the equipment is used. For phase-to-earth insulation, this definition results in a
USCD value that is V3 times that given by the definition of SCD.

NOTE 2—This definition retains the SCD definition in the /EEE Standards Dictionary Online for dc conditions, meaning
that the peak electrical stress on ac insulators is V2/v3 times the constant electrical stress on dc insulators at the same

system voltage and USCD.

value of the test voltage for alternating voltage: The peak value divided by the square root of 2, or the rms
value as defined by the appropriate apparatus standard.

value of the test voltage for lightning impulse: The peak value when the impulse is without overshoot or
oscillations.

wet snow: Deposited snow that contains a great deal of liquid water. If free water entirely fills the air space in
the snow, it is classified as “very wet” snow.

NOTE—This condition causes water drops similar to rain to form on the conductors. In contrast to dry snow, wet snow
adheres well to insulators and conductors and poses a risk to both mechanical and electrical performance of electric power

overhead lines.

white arc: A stationary or slowly moving arc, white in color, established across an air gap between a high-
voltage electrode and an ice surface.

withstand probability: The probability that one application of a prospective voltage of a given shape and type
does not cause a disruptive discharge.

withstand voltage: The prospective value of the test voltage that the equipment is capable of withstanding.

3.2 Acronyms and abbreviations

BIL basic lightning impulse insulation level
CFO critical flashover
EHV extra high voltage
ESDD equivalent salt deposit density
IPS ice progressive stress
LWC liquid water content
MTBF mean time between failures
NSDD non-soluble deposit density
UHV ultra-high voltage
USCD unified specific creepage distance
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4. Insulation coordination for lightning, switching, contamination, and icing
4.1 Overall design goal

An overall design goal would be to select insulator dimensions that provide a specific level of reliability. For
transmission lines, the goal would be expressed as a predicted fault rate, in outages per 100 km of line circuit
length per year. For stations, the goal may be expressed as a mean time between failures (MTBF) in years.

Simplified methods illustrate the principles for selection of insulators that meet some of the specific
contamination performance goals. IEEE Std 1243™ [B64], IEEE Std 1313.2™ [B65], IEEE Std 1410™
[B66], IEEE Std 1862™ [B68], and IEC 60815 [B52][B53][B54] provide more detailed guidance about
components of the overall insulation coordination process, with additional technical background in Hileman
[B45].8

Transmission line project specifications often consider ice and wind loads, including partial, unbalanced,
or dynamic discharge for ice sleeve thickness that may exceed 40 mm. These mechanical considerations
may reduce the phase-to-groundwire air gap clearances in ways that are considered in other standards and
resources. The risk of electrical flashover on insulation is associated with lower levels of ice accretion that
occur more often, perhaps four events per winter season, over the service life.

4.1.1 Design guidance from lightning performance

IEEE Std 1410 [B66] recommends the selection of a distribution system insulation level that will withstand
the effects of induced overvoltages from nearby negative cloud-to-ground lightning. This level of reliability
is achieved with the use of a minimum of 300 kV positive-polarity impulse CFO, giving a dry arc distance
of about 0.5 m. The typical lightning performance of a distribution line is then established mainly by the
incidence of direct flashes, with outage rates in the order of 10 to 100 flashovers per 100 km per year being
typical in areas of moderate to high ground flash density.

The typical lightning performance of a high-voltage transmission lines gives an outage rate of 0.5 to 4
flashovers per 100 circuit-km per year in IEEE Std 1243 [B64]. A flashover may be the result of a shielding
failure, or more probably is the consequence of a lightning flash with high peak current to a tower with high
local soil resistivity. The acceptance of a low outage rate of 0.5 flashovers per 100 km per year generally calls
for a 99% reliability of the overhead groundwire protection system.

A design goal for substation lightning protection was suggested in IEEE Std 998™-1996 [B61]. In cases
without specific guidance, a shielding failure flashover rate of one occurrence in 200 years on any phase
within a substation was recommended. This high level of reliability reflects the critical nature of substation
insulators and equipment and the high fault current levels, compared to those seen on overhead lines. This
reliability goal includes all insulators used within the station, including bushings and surge arrester housings.
The revised IEEE Std 998-2012 [B62] deleted specific recommendations but noted utility-wide experiences
of'an “average frequency of lightning strikes of 1 in 20 years” to unprotected or poorly protected substations.

For critical EHV and UHV systems in China and Japan, IEEE Std 1862 [B68] suggests several reliability
goals. In order to decrease significant outage and repair times of substations, the MTBF for EHV gas-insulated
substations have been set as high as 800 years in IEEE Std 1313.2™-1999 [B65]. Considering the importance
of UHV systems, the MTBF for UHV substations due to lightning is recommended in [EEE Std 1862 to
exceed 1000 years for substations with some GIS components.

Five levels of design reliability are recommended for overhead transmission line design in IEEE Std 1863™-
2019 [B69], adapted from the Chinese standard GB/T 50545-2010 [B90]. Failure return periods of 50, 150,
300, 700, and 1700 years correspond to probability of overload based on 50-year return period of 64%, 28%,
15%, 7%, and 3%, respectively.

8The numbers in brackets correspond to those of the bibliography in Annex A.
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4.1.2 Design guidance from switching surge performance

In IEEE Std 1862 [B68] Clause 6, 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 accepted for EHV systems. In an example in Annex A of IEEE Std 1862 [B68], it is alternately
stated that the calculated average switching overvoltage flashover rate of line should not exceed 0.01 times
per year for a 1000-kV line, which would suggest that the UHV line experiences 10 switching operations per
year. The desired performance is achieved by considering the specific altitude of the installation as well as gap
factors for the tower head.

4.1.3 Design guidance from contamination performance

The Chinese standard Q/GDW 152-2006 [B89] recommends a rate of pollution flashover tripout of 0.1 per
(100 km-year) for 110-kV and 220-kV lines, and 0.05 per (100 km-year) for 330 kV, 500 kV, and 750 kV
systems. In IEEE Std 1862 [B68] it is acknowledged that UHV transmission line insulator string length is
mainly determined by contamination considerations, although adequate performance for the anticipated
switching overvoltages should also be verified. From 2004 onward, there have been few pollution flashovers
in China as greater numbers of silicone rubber insulators have been installed. However, in winters of
2017-2018 and 2018-2019, there were over 100 icing flashovers and tripouts on 500—1000 kVac and +800
kVDC transmission lines that were not explained by contamination flashover models.

4.2 Statistical design processes
4.2.1 Single variable, simplified

The statistical design process will normally convolve an environmental exposure factor, having a non-normal
distribution with wide dispersion, with a much narrower and normal cumulative distribution of strength. In the
limit of a large number of insulators, exposed in parallel to similar conditions, the statistical design process
simplifies to a coordination point, often taken as the failure probability of 10% (1.28 standard deviations or
statistical BIL) or third standard deviation (0.135% level) of electrical strength. This strength can be matched
to a level of stress with a low probability of exceedance, for example 2%. However, many environmental
measures including ice thickness have not been established with sufficient confidence at the three-standard-
deviation level, calling for extrapolation of distributions that will have excessively large confidence intervals.
In these cases, the simplified approach in IEC 60071-1 [B48] has some merit. The process is described as
follows:

— Determine the distribution of the stress, such as overvoltage magnitude.
— Define a statistical severity level y,, at 2% exceedance of this distribution.

— Determine the distribution of strength, such as switching surge flashover level for the insulation
system.

—  Set withstand severity v,,, for 90% probability of withstand.
— Calculate “statistical coordination factor” vy, / v.,.

—  Use Y,y / Yoo 1.0 for 1% probability of failure or vy, / y.,— 1.1 for <0.1% probability of failure.

4.2.2 Two variable, simplified

Guides for evaluating lightning performance of overhead lines, such as IEEE Std 1410-2010 [B66] and IEEE
Std 1243-2002 [B64] make use of log-logistic approximations to log-normal distributions for reliability
calculations. The distributions can also be adapted to describe the distribution of footing resistance, which has
a large tower-to-tower variation, and for many other natural variables including precipitation conductivity,
insulator ESDD and ice thickness.
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