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IEEE Standards documents are developed within the Technical Committees of the IEEE Societies and the Standards
Coordinating Committees of the IEEE Standards Board. Members of the committees serve voluntarily and without
compensation. They are not necessarily members of the Institute. The standards developed within IEEE represent a
consensus of the broad expertise on the subject within the Institute as well as those activities outside of IEEE which
have expressed an interest in participating in the development of the standard.

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

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.

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 all 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 technical committees are not able to provide an instant response to interpretation requests
except in those cases where the matter has previously received formal consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
345 East 47th Street

New York, NY 10017

USA

IEEE Standards documents are adopted by the Institute of Electrical and Electronics Engineers without regard to
whether their adoption may involve patents on articles, materials, or processes. Such adoption does not assume
any liability to any patent owner, nor does it assume any obligation whatever to parties adopting the standards
documents.
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Foreword

(This Foreword is not a part of ANSI/IEEE Std C.62.2-1987 IEEE Guide for the Application of Gapped Silicon-Carbide Surge

Arresters for Alternating Current Systems).

This guide supplements ANSI/IEEE Std C62.1-1984, American National Standard for Surge Arresters for Alternating
Current Power Circuits, to assist users in the selection and application of surge arresters.

This document is a revision of ANSI C62.2-1981. Revisions include:

1) A modification in the title of the guide, substituting “Gapped Silicon-Carbide” for “Valve-Type,” to

distinguish it from a guide for the application of metal-oxide surge arresters.

2) A new section 3.12, “Protection of Gas-Insulated Substations,” has been added.

3) Sections 2.1.1, 3.10, 4.7, and 4.10 have been rewritten.

4)  Appendix A has been updated, as well as Tables 1 and 6, which has been renumbered as Table 7 and modified

to include the Heavy Duty Distribution Surge Arrester.

5) Definitions D4.4 and D4.5 have been revised and renumbered D5.3 and D5.4 respectively (the original D4.3

was deleted).

6) New references were added, consistent with new and revised sections.

7) A new Appendix E, “Coefficient of grounding (COG) Calculations,” has been added.
8) A new Appendix F, “Arrester Stroke Currents— Arresters Connected to Distribution Lines,” has been added.

This document was processed by Working Group 3.4.14 of the Application of Surge Protective Devices
Subcommittee, Surge Protective Devices Committee of the IEEE Power Engineering Society.

At the time the work on the revision was completed, Working Group 3.4.14 consisted of the following members:
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A. R. Hileman
M. Hirakami
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Members of the Surge Protective Devices Committee and the Application of Surge Protective Devices Subcommittee
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An American National Standard

IEEE Guide for the Application of Gapped
Silicon-Carbide Surge Arresters for
Alternating-Current Systems

1. Scope and References

1.1 Scope

This standard covers the application of gapped silicon-carbide surge arresters (see ANSI/IEEE Std C62.1-1984 (!
to safeguard electric power equipment against the hazards of abnormally high voltage surges of various origins. Such
overvoltages may cause flash-overs and serious damage to equipment, thereby jeopardizing the supply of power to
users. It is essential to prevent this by the proper coordination of surge protective devices with the insulation strength
of the protected equipment.

The subject is a broad one with many ramifications, and it would require a volume of considerable bulk to explain all
possible cases in detail. Section 3 of this standard covers the basic cases for stations used to supply and switch electric
power transmission, subtransmission, or distribution feeders. Information is included in Section 4 on application of
arresters for protection of overhead distribution systems, both open-wire and spacer cable; underground system cables;
all distribution transformers; and other electric distribution equipment.

Step-by-step directions toward proper solutions for various applications are provided. For many cases the prescribed
steps are adequate. Complex situations or 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.

1.2 References

When American National Standards referred to in this document are superseded by a revision approved by the
American National Standards Institute, Inc, the revision shall apply:

[1] ANSI/IEEE C62.1-1984, IEEE Standard for Surge Arresters for AC Power Circuits.

[2] ANDERSON, R. B. and ERIKSSON, A. J. Lightning Parameters for Engineering Application. Electra, No. 69,
March, 1980, pp 5-102.

IThe numbers in brackets correspond to those of the references listed in 1.2; numbers in brackets preceeded by letters correspond to numbers in the
reference sections of the Appendixes.

2ANSI publications are available from the Sales Department, American National Standards Institute, 1430 Broadway, New York, NY 10018; IEEE
publications may be obtained from the IEEE Service Center, 445 Hoes Lane, PO Box 1331, Piscataway, NJ 08855-1331.
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[3] BERGER, K., ANDERSON, R. B., and KRONINGER, H. Parameters of Lightning Flashes. Electra No. 41, July,
1975, pp 23-27.

[4] IEEE Committee Report. A Simplified Method for Estimating Lightning Performance of Transmission Lines.
IEEE Transactions on Power Apparatus and Systems. 1985, PAS-104, 4:919-932.

[5] ANDERSON, J. G. Transmission Line Reference Book—345 kV and Above. Second Edition, Palo Alto, Electric
Power Research Institute, 1982, Chapter 12.

[6] ERIKSSON, A. J., and MEAL, D. V. The Incidence of Direct Lightning Strikes to Structures and Overhead Lines.
IEEE Conference on Lightning and Power Systems, London, June, 1984.

[71 HILEMAN, A. R. Weather and Its Effect on Air Insulation Specifications. IEEE Transactions on PS, Paper 84216,
presented at the 1984 Winter Meeting.

[8] BEWLEY, L. V. Traveling Waves On Transmission Systems. New York: Wiley, 1951; Dover, 1963.

[9] WAGNER, C. F, GROSS, I. W., and LLOYD, B. L. High-Voltage Impulse Tests On Transmission Lines. IEEE
Transactions (Power Apparatus and Systems). 1954, 73: 196-210.

[10] AIEE Committee Report. Switching Surges, | —Phase-to-ground voltages. AIEE Transactions (Power Apparatus
and Systems). 1961, 80:240-261.

[11] IEEE Committee Report. Switching Surges, II—Selection of Typical Waves for Insulation Coordination. /[EEE
Transactions on Power Apparatus and Systems. 1966, PAS-85:1091-1097.

[12] IEEE Committee Report. Switching Surges, IIl—Field and Analyzer Results for Transmission Lines. Past,
Present, and Future Trends. IEEE Transactions on Power Apparatus and Systems. 1970, PAS-89:173-189.

[13] ANSI C92.1-1982, American National Standard Voltage Values for Preferred Transient Insulation Levels.

[14] WITZKE, R. L., and BLISS, T. J. Coordination of Lightning Arrester Location with Transformer Insulation
Level. AIEE Transactions. 1950, 69:964-975.

[15] SAKSHAUG, E. C. Current Limiting Gap Arresters—Some Fundamental Considerations. [EEE Transactions on
Power Apparatus and Systems. 1971, PAS-90:1563-1573.

[16] FLUGUM, R. W. Operation of Lightning Arresters on Abnormal Power Frequency Voltages. IEEE Transactions
on Power Apparatus and Systems. 1970, PAS-89:1444-1451.

[17] SHIE, A., and HUSE, J. Currents Through Surge Arresters Due to Lightning with Main Reference to Distribution
Systems. Electra. May, 1978, 58:41-78.

[18] BROWN, G. W., and THUNANDER, S. Frequency of distribution arrester discharge currents due to direct
strokes. IEEE Transactions on Power Apparatus and Systems. 1976, PAS-95:1571-1578.

[19] IEEE Working Group of the Lightning Protective Devices Subcommittee. Lightning Protection in Multi-Line
Stations. IEEE Transactions on Power Apparatus and Systems. 1968, PAS-87:1514-1521.

[20] WITSKE, R. L., and BLISS, T. J. Surge Protection of Cable Connected Equipment. AIEE Transactions. 69:527-
542, 1950.

[21] OWEN, R. S., and CLINKENBEARD, C. R. Surge Protection of UD Cable Systems—Part 1. Paper F77-710-7,
IEEE Power Engineering Society Summer Meeting, 1977.
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[22] Electric Power Research Institute. Surge Behavior of UD Cable Systems. Report EL-720, 1978 April.

[23] POWELL, R. W. Lightning Protection of Underground Residential Circuits. /EEE Transactions on Power
Apparatus and Systems. 1967, PAS-86:1052-1056.

[24] ANSI/IEEE Std C57.13-1978 (R1986), IEEE Standard Requirements for Instrument Transformers.

[25] ANSI/IEEE Std C57.21-1981, IEEE Standard Requirements, Terminology, and Test Code for Shunt Reactors
Over 500 kVA.

[26] ANSI/IEEE Std C57.12.00-1987, IEEE Standard General Requirements for Liquid-Immersed Distribution,
Power, and Regulating Transformers.

[27] ANSI/IEEE Std C57.12.90-1987, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and
Regulating Transformers and IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers.

[28] ANSI/EEE Std C37.04-1979 (R1988), IEEE Standard Rating Structure for AC High-Voltage Circuit Breakers
Rated on a Symmetrical Current Basis.

[29] ANSI C37.06-1987, AC High-Voltage Circuit Breakers Rated on a Symmetrical Current Basis—Preferred
Ratings and Related Required Capabilities.

[30] ANSI C37.0781-1972, American National Standard Schedule of Dielectric Test Values for Outdoor AC High-
Voltage Circuit Breaker External Insulation Rated on a Symmetrical Current Basis.

[31] ANSI/IEEE C37.074-1972 (R1978), American National Standard Requirements for Switching-Impulse Voltage
Insulation Strength for AC High-Voltage Circuit Breakers Rated on a Symmetrical Current Basis (362 kV and Above).

[32] ANSI/IEEE C37.20-1974. American National Standard for Switchgear Assemblies Including Metal-Enclosed
Bus (includes supplements ANSI C37.20a-1970, C37.20b-1972 and C37.20c-1974).

[33] CLARK, E. Circuit Analysis of A-C Power System. Vol 1. New York: Wiley; 1943, pp 85-140.

[34] MELVOLD, D. J., MISKE, S. A., Jr, and SAKSHAUG, E. C. Switching Cables Can Stress Arresters. Electrical
World. May 15, 1974.

[35] FLUGUM, R. W,, and KALB, J. W. Operation of Surge Arresters on Low Surge Impedance Circuits. /[EEE
Transactions on Power Apparatus and Systems. 1974, PAS-93: 1367-1375.

[36] POWELL, R. W., HILEMAN, A. R., and MAXWELL, M. Lightning Protection of Rotating Machines Directly
Connected to Overhead Lines. AIEE Transactions on Power Apparatus and Systems. 1962 (Feb, 1963), 81:721-728.

[37] KAUFMAN, R. H. Surge-Voltage Protection of Motors as Applied in Industrial Power Systems. General Electric
GET-3019.

[38] Surge Protection for Rotating AC Machines. Westinghouse Application Data 38-423.

[39] HILEMAN, A. R. Surge Transfer Through 3-Phase Transformers. AIEE Transactions (Power Apparatus and
Systems). 1959, 77:1543-1551.

[40] ARMSTRONG, H. R., HOWARD, S. B., and JOHNSON, I. B. Field Investigation of Surge Performance of Large
Unit-Connected Steam Turbine Generators. AIEE Transactions (Power Apparatus and Systems). 1952, 71:1023-1029.
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[41] HAYWARD, A. P, DILLARD, J. K, and HILEMAN, A. R. Lightning Protection and Unit-Connected Turbine
Generators —Field and Laboratory Studies. AIEE Transactions (Power Apparatus and Systems). 1957, 75: 1370-1378.

[42] CHANG, K. H., and THOMPSON, T. B. Surge Protection of Unit-Connected Generators. AIEE Transactions
(Power Apparatus and Systems). 1960, 78:1580-1589.

[43] DILLARD, J. K., and HILEMAN, A. R. Lightning Protection Requirements of Generators Connected to the
System Through Y-Grounded Transformers. AIEE Transactions (Power Apparatus and Systems). 1958, 77: 1428—
1434.

[44] ABETTI, P. A., JOHNSON, I. B., and SCHULTZ, A. J. Surge Phenomena in Large Unit Connected Steam
Turbine Generators. AIEE Transactions (Power Apparatus and Systems). 1952, 71:1035-1046.

[45] ANDERL, H. W., WAGNER, C. L., and DODDS, T. H. Insulation Coordination for Gas Insulated Substations.
IEEE Transactions on Power Apparatus and Systems. Sept/Oct, 1973, 1622—-1630.

[46] WAHLSTROM, B. H., HOLMLORN, A., and SCHEI Overvoltage Protection of Metal-Enclosed SF6
Substations: Insulation Coordination Philosophy and Surge Arrester Characteristics. CIGRE Paper No. 33-03, 1976.

[47] OLSEN, K., et al. Lightning Overvoltage in SF6 Installations, Risk of Failure Analysis. CIGRE Paper No. 33-01,
1978.

[48] ERIKSSON, R., and HOLMLORN, H. Insulation coordination of insulated substations. Proceedings of the
International Symposium on Gaseous Dielectrics. March, 1978, pp 314-337.

[49] YOST, A. G. Surge Protection in Power Systems. Gas-Insulated Substation (GIS) Surge Arresters. IEEE Tutorial
Course Text 79 EHO144-6-PWR, Chapter 9.

[50] IEEE Working Group of Surge Protective Devices Committee. Voltage Rating Investigation for Application of
Lightning Arresters on Distribution Systems. IEEE Transactions on Power Apparatus and Systems. 1972, PAS-
91:1067-1074.

[51] SAKSHAUG, E. C. Influence of rate of rise on distribution arrester protective characteristics. IEEE Transactions
on Power Apparatus and Systems. 1979, PAS-98:519-526.

[52] IEEE Committee Report. Surge Protection of Cable-Connected Distribution Equipment on Underground
Systems. IEEE Transactions on Power Apparatus and Systems. 1970, PAS-89:263-267.

[53] KERSHAW, S. S., Jr., and CLINKENBEARD, C. R. Discharge voltage of arrester connecting lead wires. IEEE
Transactions on Power Apparatus and Systems. 1974, PAS-93:226-232.

[54] ANSI C84.1-1982, American National Standard Voltage Ratings for Electric Power Systems and Equipment (60
Hz).

[55] GAIBROIS, G. L., HUBER, W. J., and STOELTING, H. O. Blowing of Distribution Transformer Fuses by
Lightning. Conference Paper C73 421-5; IEEE Power Engineering Society Summer Meeting; 1973.

[56] Task Force Report. Investigation and Evaluation of Lightning Protective Methods for Distribution Circuits, Part
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2. General Considerations

2.1 Overvoltages

Overvoltages in power systems may be generated by lightning or by system conditions (such as switching operations,
faults, load rejection, etc), or both. Broadly, the overvoltage types will be classified herein as lightning-generated and
all others as switching initiated or generated. The magnitude of these overvoltages can be above maximum permissible
levels and, therefore, must be reduced and protected against if damage to equipment and undesirable system
performance are to be avoided.

2.1.1 Lightning Currents and Overvoltages

Lightning surge voltages that arrive at the line entrance of a station are caused by (1) a lightning flash terminating on
the overhead shield wire with a subsequent flashover to the phase conductor (denoted as a “backflash”), by (2) a
lightning flash terminating on the phase conductor (denoted as a “shielding failure”), or by (3) induced surges.

The lightning surge voltage magnitude and wave shape at the line entrance of a station are functions of the following:

1) Magnitude and wave shape of lightning stroke current.

2) Distance of the stroke from the line (induced stroke).

3) Tower, steel pole, or power ground lead surge impedance.

4) Line surge impedance.

5) Tower footing or pole ground resistance.

6) Lightning impulse critical flashover voltage of the line insulation.
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The crest magnitude of the surge voltage arriving at the station caused by a backflash is generally considered to be 1
to 1.2 times the positive polarity critical flashover voltage (CFO), which represents a reasonable worst condition. The
wavefront or time-to-crest is dependent on the distance between the station and location of the backflash. The front is
approximately 1 us/km of distance from the station to the backflash location. Fronts in the range of 0.5 to 4.0 us have
been used. The tail of the surge is between 10 and 20 us, depending on the tower footing resistance. (Larger footing
resistances produce longer tails).

Lightning surge crest voltages caused by shielding failures are generally limited to the negative polarity CFO of the
line. The fronts and tails are equal to those of the lightning stroke current and are therefore greater than those resulting
from a backflash. Fronts are 0.3 to 0.1 us longer than those for a backflash, and the tails average about 90 us.

For lines that are effectively shielded, the surge voltages caused by a backflash are usually more severe and, therefore,
are the only ones considered for the analysis of station protection.

A lightning flash is composed of one or more lightning strokes, each flash having three strokes on the average. In
general, the first stroke has a higher current but is less steep than subsequent strokes. To determine the incoming surge
voltage to a station for analyzing protection of station equipment, usually only the surge voltages caused by the first
stroke are considered. However, to determine the energy discharged by an arrester, subsequent strokes should also be
considered.

As shown in references [2] and [3], the lightning stroke parameters for negative downward strokes are considered to be
approximated by a Log-Normal distribution whose probability density function is:

1 —1/2[Inx/M7?
Zm L

where M is the median and f3 is logarithmic standard deviation.

flx) = ey

The measurements of Berger, Anderson, and Kroninger [3] presented in Table 1 show the following value of M and 3
for the crest current, maximum steepness, and time-to-half value. Also listed are the 5% and 95% values. The
maximum steepness and crest currents are correlated; the correlation coefficient is denoted by p. The minimum linear
front is derived from the parameters for the maximum steepness, the crest current, and the correlation coefficient. The
minimum linear front is sometimes used to approximate the concave upward front typical of the negative downward
flash [4]. The front is a statistic derived from the other two quantities and the correlation coefficient.
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Table 1—Lightning Stroke Current Data

First Stroke Subsequent Strokes
% Exceeding the Value % Exceeding the Value
Parameter 95% | 50% (M) 5% B P 95% | 50% M) | 5% B P

Crest Current, kA 14 31,1 | 69 0.48 | 0.38 5 123 |29 | 053] 056
Maximum Steepness, | ¢ 243 | 65 0.60 | 0.38 10 399 | 162 | 085 | 0.56
kA/ us

Minimum Linear 0.5 128 |35 0.61 — 0.1 0.31 1.0 | 071 —
Front, us

E;me'“"Half Value, | 54 775 | 200 0.58 — 7 30.2 140 | 0.93 —

The first stroke crest current data in Table 1 obtained by Berger et al [3] was combined with other data. The resultant
distribution is piece-wise Log-Normal with parameters as follows:

Range M B
20 kA and below 61 1.33
20 kA and above 333 0.605

The distribution may also be approximated [5] by the equation:
P(I) =1+ 1/31)%°!
where P(I) is the probability that the crest current will equal or exceed I (kA).

The lightning severity within a specific area is generally specified by the ground flash density, Ng, in flashes per km?.
However, at present within the USA, data on the average Ng is not generally available, and the lightning severity must
be based on the annual keraunic level, or the number of thunderstorm days per year, 7. In the USA, these levels vary
from five or less on the West Coast to greater than 100 in Florida, with an average between 35 and 40 [4]. The value
of Ng may be approximated from 7, by the equation:

Ng=0.04T%,

where both Ng and T; are average yearly values.? The coefficient of variation of both Ng and T are large, about 60%
for low values of T,; and about 30% for high values of T; [7].

2.1.1.1 Arrester Currents Due to Lightning Strokes

As a general rule, arrester currents due to lightning strokes are less than the current in the stroke itself. In the case of
direct strokes to lines, traveling waves are set up in opposite directions from the point of contact. Flashover of line
insulation provides a parallel path to ground, which diverts a portion of the stroke from the arrester. In the case of
strokes to more than one conductor or flashovers between conductors, two or more surge arresters may operate and
share the current. Only in the case of a direct stroke very near to the terminal of the arrester where no flashover occurs

0

3The exponent “a” for T, is empirical —1.25 is used in [6], 1.35 in [4].
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before arrester operation is the arrester called upon to discharge most of the lightning stroke current. The probability
of such an occurrence can be significantly reduced by the use of shielding. Evaluation of arrester currents is discussed
in3.4.2.

2.1.1.2 Line Shielding

Overhead lines may be protected against direct lightning strokes to the conductors by the use of shield (overhead
ground) wires, which are positioned so as to intercept lightning strokes and to direct them to ground via metallic tower
or pole structures. Where wood pole structures are used, low-impedance conductors connect the shield wires to
ground.

It has been found feasible to eliminate all except a small percentage of direct strokes to line conductors by the use of
shield wires. When such a direct stroke (shielding failure) does occur, line flashover is almost certain. When a lightning
stroke terminates on a shield wire, the stroke current is diverted to ground through the structure-connecting
conductors. The impedance of the current path together with ground resistance results in a voltage at the top of the line
structure, a portion of which is coupled to the phase conductor. The difference between the phase conductor potential
and structure top potential is impressed directly across line insulation and may result in flashover. This type of
flashover is called a backflash. The incidence of backflashes is controlled by selection of a proper insulation level, by
keeping the structure ground resistance to an acceptably low value, and by providing adequate clearance from
conductor to structure ground, conductor to shield wire, and conductor to conductor.

2.1.1.3 Station Shielding

Procedures analogous to those used for shielding lines may also be used for shielding stations. Shielding methods
include overhead ground wires, metallic masts without ground wires, and lightning rods supported from the station
structure. These methods may be used in many combinations.

2.1.1.4 Uses of Shielding in Station Protection Applications

The purpose of shielding in station applications is to reduce the risk of insulation failure to an acceptable level. In
certain applications this may be achieved by shielding the station alone. In other cases it may be necessary to shield all
incoming lines to the station. As pointed out in 2.1.1.5, shielding of the lines for a relatively short distance from the
station is all that is required as far as station protection is concerned.

With well-designed shielding, insulation, and grounding systems, the probability of direct strokes to phase conductors
is reduced to a low level and the voltages across insulation, in the event of strokes to the shielding system, are reduced
below flashover levels. As a result, arrester discharge currents are reduced, thereby permitting the arrester to provide
better protection to equipment insulation (see 3.4.2).

2.1.1.5 Traveling Waves

Lightning strokes to lines as well as switching operations set up traveling waves (Appendix D) which move along the
line [8]. Crest voltage will double when the wave arrives at the terminals of an open line switch or circuit breaker.
Voltage approaching double occurs at line-terminating transformers.

As a wave initiated by lightning moves along a line, the crest is reduced, and time to crest is increased [9]. Effective
shielding of a line for as little as one-half mile (800 m) from the station can reduce a high percentage of incoming
surges to a tolerable level [8].

2.1.2 Switching Overvoltages
Overvoltages due to switching occur on all systems [10, 11, 12] and must be considered in the selection of arrester

ratings. Switching surge protective levels (see 2.3) are usually not important for systems operating at 100 kV and
below (and rarely for systems up to 230 kV), because insulation designed to withstand lightning overvoltages will
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usually withstand stresses caused by switching. On systems operating above 100 kV, switching surges should be
considered. Switching overvoltages become the determining factor in insulation coordination (see 2.6) on EHV
systems [10]. Refer to Appendix B for a discussion of switching overvoltages and their effect on arresters.

2.1.2.1 Components of Switching Overvoltages

A switching overvoltage may consist of a switching surge, a temporary overvoltage (TOV), or a combination of both.
Normally, the surge occurs at the beginning of a switching overvoltage initiated by operation of a switching device.
However, surges may be superimposed on a preexisting TOV by operation of another switching device, protective gap,
or by insulation flashover. Arresters may be used to limit switching surges. The major importance of maximum TOV
is that its value is used to determine acceptable arrester ratings (see 3.3.1).

Switching surges are heavily damped oscillatory transients, which can be limited by an arrester capable of successful
operations on successive peaks. The arrester must be able to reseal against any TOV that may follow the initial
transient.

Temporary overvoltages are defined as oscillatory overvoltages of relatively long duration that are undamped or only
slightly damped. A common source of TOV is neutral shift due to line-to-ground faults. This and other causes of TOV
are discussed in 3.3.

2.2 Valve Arresters
2.2.1 Design

Conventional valve-type arresters consist of gap sections and silicon-carbide valve elements installed in a suitable
housing. Gap sections are designed to withstand normal voltage and to sparkover at a predetermined level to allow
current to flow through the valve elements. Valve elements are resistors that, because of their nonlinear current-voltage
characteristics, limit the voltage across the arrester terminals during the flow of discharge current and contribute to the
limitation of follow current at normal power-frequency voltage. If the voltage applied to the arrester is equal to or less
than its reseal voltage rating, the gap will interrupt the follow current within one half of a cycle. Otherwise, the gaps
may fail to reseal and arrester failure will occur. Arrester protective characteristics (sparkover and discharge voltage)
increase as a function of rating for a given arrester design as does reseal voltage rating. An iterative process (see Fig 1
on page 19) is used to reconcile the conflicting demands of reseal capability and protective levels.

2.2.1.1 Usual Operating Conditions

Arresters are designed to operate properly at an ambient temperature not exceeding 40 °C and at altitudes of 1 800 m
(6000 ft) or below. Power system frequency should be between 48 and 62 Hz (see ANSI/IEEE C62.1-1984 [1]).

2.2.1.2 Unusual Conditions

In addition to operation beyond the limits of 2.2.1.1, exposure to damaging fumes or vapors, steam, dripping water, or
salt spray require special consideration. Arresters must not be installed so that mechanical stresses are excessive.

Arresters should not be subjected to abnormal vibrations or shocks. Manufacturer's recommended clearances must be
maintained between the arresters and nearby conducting objects.

2.2.2 Lightning Impulse Sparkover

Such sparkovers are obtained by applying 1.2/50 us impulses. For impulses below a certain crest value, no arrester
sparkover occurs and a “full-wave” crest voltage is impressed on the protected insulation, which must be designed to
withstand such impulses. If the crest is increased to “let-through voltage” level (LT) (refer to D6.7.1 in Appendix D),
sparkovers may occur occasionally, with times to sparkover of 3 us or more. In such cases, a chopped impulse
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followed by a discharge voltage (IR) is let through to the insulation. It is to be expected, therefore, that the insulation
must be able to withstand either the discharge voltage or an unmodified surge at let-through level. A BIL (see 2.4) at
least 20% greater than let-through would be required (see 3.7.1.1). As crest values of 1.2/50 us test impulses are
increased above let-through, and sparkover occurs at successively shorter times and higher voltages until the impulse
is chopped before the prospective crest of the impulse can be reached. Such operations are called “front-of-wave”
sparkovers (FOW). Most types of insulation can withstand higher crest impulse levels associated with front-of-wave
sparkover because of the shorter duration of the impulse voltage. For this reason, FOW sparkover is usually
coordinated with chopped-wave withstand (see 3.6.1).

A sparkover characteristic curve similar to that of Fig 3 on page 28 can be obtained by test. Maximum sparkovers for
given times to sparkover are shown. A band of data points are obtained by making tests with impulses with front times
ranging from 1 to 2000 us (see 2.2.4). The curve is drawn through or above the maximum sparkover points, as shown
in ANSI/IEEE Std C62.1-1984 [1].

2.2.3 Lightning Impulse Discharge Voltage (IR)

It is recognized that discharge voltages for surge arresters should be based upon discharge currents having wave shapes
and magnitudes that represent those to which the arresters will be subjected in service and that data on the lightning
impulse strength level of apparatus to be protected by arresters should be coordinated with the corresponding arrester
discharge voltage wave shapes.

The discharge voltage wave shape of nonlinear valve resistors typically has a shorter front and longer tail than the
discharge current wave. The discharge voltage resulting from a discharge current having a standard 8/20 us wave shape
approximates the standard 1.2/50 us impulse reasonably well for current magnitudes between 5 kA and 20 kA.

2.2.4 Switching Impulse Sparkover and Discharge Voltage

Values of switching impulse sparkover and discharge voltages are determined by applying test impulses with fronts
ranging from 30 to 2000 ws. On certain arrester designs, switching impulse discharge levels may exceed sparkover.

2.2.5 Reseal

A rule of long standing has been that the voltage rating of the arrester must be at least equal to the maximum expected
temporary overvoltage (TOV) in order to reseal following an operation. The TOV was determined primarily by the
line-to-ground 60-Hz voltages on the unfaulted phases caused by a line-to-ground fault on the remaining phase.

Arresters, particularly in the station class, have been available with capability of operating and resealing at voltages
above rated voltage. The use of such arresters becomes important in applications on systems operating at 300 kV and
above. Refer to Appendix B.

2.3 Protective Levels

The protective level of an arrester is the maximum crest value of voltage that appears across its terminals under
specified conditions of operation.

2.3.1 Sparkover Levels
There are three sparkover protective levels corresponding to three points on the sparkover curve (see 2.2.2):

1) Front-of-wave sparkover (FOW), which is the maximum sparkover on a linearly rising impulse front. The rate
of rise of the front increases with arrester rating (see Appendix A).

2) Let-through (1.2/50 us) (LT) sparkover (see 2.2.2 and D6.7.1).

3) Switching surge sparkover, which is the maximum sparkover at a time to sparkover greater than 30 us for
impulses having times to crest between 30 and 2000 us.
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2.3.2 Discharge Voltage Levels
There are two discharge protective levels, lightning and switching.

1) Lightning discharge voltage levels (/R) are established by tests using 8/20-us current impulses (see ANSI/
IEEE Std C62.1-1984 [1]). The particular /R must always be identified by the crest magnitude of the test
current used to establish it.

NOTE — The greater of LT or IR (at a specified current) is the lightning protective level (LPL).

a) Switching impulse discharge voltage level is established by tests as described in ANSI/IEEE Std C62.1-1984
[1]. The greater of either the switching surge sparkover or the switching impulse discharge voltage is the
switching surge protective level (SSP).

2.4 Insulation Withstand

Insulation strength is expressed in terms of the withstand voltage that the equipment can tolerate without failure. The
withstand voltages of interest in arrester applications are taken from the list of preferred BILs and BSLs in ANSI
C92.1-1982 [13].

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

1) Chopped Wave (CWW). Tests are made with a 1.2/50-us impulse chopped by the action of a rod gap in a
minimum time as specified in the appropriate product standard.

2) Basic Lightning Impulse Insulation Level (BIL). Tests are made with full-wave 1.2/50-us impulses as
specified in the appropriate equipment standard.

3) Basic Switching Impulse Insulation Level (BSL). The test impulse depends on the type of equipment.

2.5 Separation Effects

The voltage at the protected insulation will always be higher than at the arrester terminals due to oscillations on
connecting leads [14]. This rise in voltage is called separation effect (SE).

Separation effects increase with increasing rate of rise of the incoming surge and with increasing distances between the
arrester and protected equipment. (Separation effect may be significant when the protective ratio, as defined in 2.6, is
less than 1.15.) For evaluation of separation effects due to lightning surges, refer to Appendix C. Due to the relatively
slow rates of rise of switching surges, separation effects need never be considered in applying the fundamental

protective ratio formula to switching surge withstand (BSL).

Other considerations in locating arresters are discussed in 3.5 and 4.5.

2.6 Insulation Coordination

Insulation coordination is defined in ANSI C92.1-1982 [13] as “the process of correlating the insulation strengths of
electrical equipment with expected overvoltages and with the characteristics of surge protective devices.”

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

insulation withstand level
voltage at protected equipment
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“Voltage at protected equipment” includes separation effect, if significant. If not, it is equal to arrester protective level,
plus the line and ground lead voltages.

There are three protective ratios in common use, which compare protective levels with corresponding insulation
withstands:

Chopped-Wave Withstand (CWW)
Front-of-Wave Sparkover (FOW)

Basic Impulse Insulation Withstand (BIL)
Lighting Protective Level (LPL)

Switching Impulse Insulation Withstand (BSL)
Switching Surge Protective Level (SSP)

The protective margin (PM) in percent is defined as: PM = [PR-1]-100. PR and PM applications are covered in
Sections 3 and 4. A graphical approach to insulation coordination is also discussed in Section 3.

3. Protection of Stations

3.1 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 full-wave level. 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 3.2 and elaborated upon in 3.3 through 3.7.

Applications such as transformer series windings, nonloaded windings, and ungrounded neutrals are discussed in 3.8.

Where a lower chopped-wave insulation level is specified in equipment such as dry-type transformers, the protection
procedures are covered in 3.9.

Systems operating at voltage levels above 242 kV to less than 1000 kV are referred to as extra-high-voltage (EHV)
systems; see ANSI C92.1-1982 [13]. For EHV applications, special considerations are necessary. These are discussed
in Appendix B.

It is to be emphasized that basic to the application theory presented by this guide are the presumptions (1) that surge

arrester ground terminals are interconnected with the grounded parts of the protected equipment, and (2) that both line
and ground connections are as short as practical.

3.2 Step-by-Step Procedures and Generalized Arrester Characteristics

Figure 1 and Table 2 are designed for ready reference in arrester application.

3.2.1 Selection of Arresters

Figure 1 provides a summary of the steps required to select arresters. The following sequence is used:
1) Select arrester and determine its protective characteristics.

2) Select (or determine) insulation withstand.
3) Evaluate insulation coordination.
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Other sequences are 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.

3.2.2 Arrester Characteristics

Table 2 summarizes information applicable to station class and intermediate class arresters. Distribution class arresters
are sometimes used in stations. A table containing information applicable to distribution arresters may be found in
Section 4.

Protective levels are given in per-unit values of crest arrester rating. As explained in Table 2, per-unit values may be
converted to kilovolts and used in preliminary selection of arresters. Values in the numbered columns under
“Durability Characteristics” are specific requirements for the range of ratings shown; see ANSI/IEEE C62.1-1984.
Additional application information is found in notes numbered to correspond with the columns.

3.3 Arrester Selection

As indicated in Fig 1, arrester selection involves the choice of a voltage rating and a class. Voltage rating is an index
of the highest permissible temporary overvoltage (TOV) at the arrester terminals (see 3.3.1).

Voltage ratings alone or in conjunction with class designations are used to specify test values and procedures, as
described in ANSI/IEEE C62.1-1984 [1]. The class designations are station, intermediate, distribution, and secondary.

Station arresters are designed for heavy-duty applications. They have the greatest range of ratings (see Table 2), the
best protective characteristics, and the greatest durability. Intermediate arresters are designed for moderate duty and
only for applications at 138 kV and below. Distribution arresters (see Table 7) are used to protect lower-voltage
transformers and lines where the system imposed duty is minimal and there is a need for an economical design.
Secondary arresters are available for application to systems operating at less than 1000 V (see Table A-4 in Appendix
A).

3.3.1 Determining the Maximum Temporary Overvoltage (TOV)

An arrester must be capable of resealing against the maximum anticipated TOV. The most common source of TOV is
voltage rise on unfaulted phases during a line-to-ground fault.

In many cases only TOV due to line-to-ground faults must be considered. However, there are other sources of TOV and
operating conditions that affect arrester operation, as discussed in 3.3.1.1, 3.3.1.2, and 3.3.2.
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. Tertatively select arrester (see 3.3)
(1) Determine maximum temporary cverveliage (TOV)
(see 3.3.1).

{a) Calculate using FylX; vs Xo/Xs curvas (Fig. 2) or
calcutations (see 3.3.1.1).

(b) Evaluate effect of load rejection, switching,
resonance, saturation, and pessible loss of system,
ground source (see 3.3.1.1and 3.3.1.2).

(c) Check for chance of frequent system operation at
voltages above "maximum system” level (see B7.2
of Appendix DY, abnormal frequency, or discon-
nection of ground source {see 3.3.2.2).

RULE: Voltage ralings are usually equal tc or greater than
TGV (see 3.3.2).

(2) Select arrester class (see 3.3.3). Consider:
(a) Pressure relief rating equal to or greater than
system fault,
(b} Lightning surge duty.
(¢} Switching surge duty (station and intermediate
only).
(d} Reliability requirements.

RULE: Class must be available in voltage rating selected and
must meet durability and system reliability requirements,

Il. Determine protection characteristics of selected arrester
(see 3.4}

RULE: Use manufacturer's dala for arrester selected where
available.

(1} Use Table 2 ar Appendix A for general studies. For
selection of lightning discharge currents, see 3.4.2,
(2) Establish three standard arrester proteclive levels
{see 3.7}
{a) Front-of-wave sparkover (FOW).
(b} The greater of 1.2/50-u8 sparkover (LT} or
lightning discharge voltage at selected current
(LPL); see 3.4.1,
(¢) The greater of switching surge sparkover or
discharge voltage (SSP); see 3.4.1.
{3) Usa in VI{1) or VI(2), as applicable.

[l Locate arrasters with respect to equipment

{1} Nenshielded incoming lines. | ocate arresters as ¢lase
as possible to transformers, Consider use ¢f line entrance
gaps or arresters (see 3.5.1).

{2) Shielded inceming lines. Locale arresters to provide
optimum protection te ail equipment {see 3.5.2).

IEEE GUIDE FOR THE APPLICATION OF GAPPED SILICON-CARBIDE

IV. Determine voltage at protected equipment

The voltage at protected equipment will be grealer than
that at the arrester (separafion effect).

{1} If the sum of the arrester lead length L and
transformer lead length S is not greater than the values in
Table 5, separation effect can be ignored.

(2) Otherwise, evaluate voltage at equipment in
accordance with Appendix C.

V. Determine insulation withstand voltages {see 3.6)

{1) Basic lightring impulse insulation levels (BIL) are
established for most types of egquipment either by veltage
or by special lest,

{2} Chopped-wave withstand veltages (CWW) for oil-
filled transformers are 1.1 to 1.15 times BIL {see 3.6.1).
WARNING: Even lower ratios apply to dry-type insulation at
short times (see 3.9}

{3) Basic switching impulse insulation levels (BSL) are
0.75-0.9 times BIL for transformers and 0.63-0.689 times
BIL for breakers 362-765 kV.

VI. Evaluate coordination {see 3.7)
(1) When separation efiect {see [V in this figure) can be
disregarded, each of the foliowing criteria must be met:

PR(1): CWW/FOW 2 1.2
PR{2): BILLPL 2 1.2
PR(3}: BSL/SSP 2 1.15

Alternatively, coordination curves can be used {see
3.7.3.1).
(2) It separation eflects cannol be disregarded:

{a) Find voltage at equipment, £, using methods of
Appendix C. Where front is such thal sparkover
oceurs in < 2 ps, base £; on FOW sparkover and
use formula PR{1S} in (b) below. Otherwise, base
£;on LPL in accordance with 1i{2h) above, and use
formuta PR(2S) in (k) below.

(b} All of the foliowing criteria must be met:
PR{18): CWWIE;= 1.15
PR(25); BIL/E;> 115 or
PR(38): BSL/SSP = 1.15

{3) 'f criteria of VI{1) or VI{2b), as applicable, cannct be
metf {see 3.7.3);
(a) Use arrester wilh lower lightning or switching
surge protective levels,
{b} Change arrester lacation to reduce separation.
(¢} Use higher withstand voliage.
{d) Improve shielding.
(e} Add arresters.

Figure 1—Summary of Step-by-Step Procedures for Arrester Selection and Insulation Coordination
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. a5 NOTE: Numbers on curves indicate coefficient of
! / // grounding {sce 12.3.3) for any type of fault for points on
y the curve defined by coordinate values listed along the
A / 90 ] axes, All impedence values must be on the same kVA hase
w4 / / = or in ohms on the same voltage base.
o T R, = zero-sequence resistance
5 A By = posilive-sequence registance
) / 85 Ry = negative-sequence resistance
// - X, = zerv-sequence inductive reactance
2 Vs ™ X, = positive-sequence inductive reactance
///// A0 X, = negative-sequence inductive reactance
T
r e X=X
i ,“f 175 .
//_”.5.5. 10 i ) All these quantities are components of the system
e impedance as seen from the point of fault. See 3.3.1.1.
0 ] / A The effect of fault resistance was taken into account.
] 7 k] 4 9 g The resistance that gives the maximum voltage to ground
XD.-"X! was the value used. The discontinuity of the curves is
caused by the effect of lzult resistance.
Voltage conditions for By = R, = 01X, The coefficient of groundinyg for other values B = R,y
(Z, =Z,} can be calculated using the equations shown in
{¢) Appendix E.

Figure 2—Coefficients of Grounding for Various System Conditions
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