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Introduction

This introduction is not part of IEEE Std 998™-2012, IEEE Guide for Direct Lightning Stroke Shielding of
Substations.

Work on the original guide began in 1973 and many former members made contributions toward its
completion.

Working Group D5 of the IEEE PES Substations Committee began updating the guide in 2008. This guide
provides information about various shielding methodologies to estimate and design direct lightning stroke
shielding for outdoor substations. Calculation details, design estimates, and generally accepted practices for
substation shielding designs are provided. This guide can be beneficial for engineers in evaluating direct
lightning stroke shielding design for outdoor substations.

Dedication

This revision of IEEE Std 998 is dedicated to the memory of Gary R. Engmann. Gary through his
membership in this working group and many others was always in the forefront with his statement “that the
purpose of a guide is to disseminate information to practicing engineers.” Gary had a long association and
leadership with the IEEE Substations Committee, NESC, IEEE-SA, and many other Technical Committees
and Working Groups. He did not back away from tasks whether controversial or not. His leadership of the
IEEE 998 “Bucket Brigade” was an insightful contribution to the development of this revision. His
knowledge, humor, and keen insight into the day-to-day needs of all of us will be sorely missed.
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IEEE Guide for Direct Lightning Stroke
Shielding of Substations

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

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

1. Overview

1.1 Scope

This guide identifies and discusses design procedures to provide direct stroke shielding of outdoor
distribution, transmission, and generating plant substations. Known methods of shielding from direct
strokes were investigated during the preparation of this guide, and information is provided on two methods
found to be widely used:

a)  The classical empirical method

b) The electrogeometric model

A third approach, which involves the use of non-conventional lightning terminals and related design
methods, is also reviewed.

This guide does not purport to include all shielding methods that may have been developed. The guide also
does not address protection from surges entering a substation over power or communication lines or the
personnel safety issues.

Users of this guide should thoroughly acquaint themselves with all factors that relate to the design of a

particular installation and use good engineering judgment in the application of the methods given here,
particularly with respect to the importance and value of the equipment being protected.
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1.2 Purpose

Direct strokes from lightning can damage substation equipment and bus work. To protect equipment,
substation engineers can install direct stroke lightning shielding. This guide is intended to provide
engineers with information pertaining to the interception of damaging direct lightning strokes to outdoor
substations.

This guide includes methods that have been utilized for decades as well as some that have been developed
more recently. The general nature of lightning is discussed, and the problems associated with providing
shielding from direct strokes are described. Tables, formulas, and examples are provided to calculate
whether substation equipment is effectively shielded from direct lightning strokes.

Because of the unpredictability of lightning and the costs associated with damage from direct lightning
strokes, research into lightning phenomenon is ongoing. This guide includes descriptions of four non-
conventional modeling methods for lightning interception, as well as a review of active lightning terminals.
The four non-conventional methods are in various stages of development and are presented as a sample of
the continuing research in direct lightning stroke shielding. These methods have potential to be used as
design models for substation direct lightning stroke shielding in the future.

A bibliography for further study is included to provide the substation shielding engineer with additional
lightning research.

2. Definitions

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

critical stroke amplitude: The amplitude of the current of the lightning stroke that, upon terminating on
the phase conductor, would raise the voltage of the conductor to a level at which flashover is likely. The
critical stroke amplitude can flow from the first stroke or any of the subsequent strokes in a lightning flash.

dart leader: The downward leader of a subsequent stroke of a multiple-stroke lightning flash.

effective shielding: That which permits lightning strokes no greater than those of critical amplitude (less
design margin) to reach phase conductors. Effective (100% reliable) shielding cannot be achieved in
substations because subsequent strokes can flow in the same channel established by the first stroke in a
flash, and the models of first-stroke termination of flashes rely on statistical relationships among lightning
parameters.

electrogeometric model (EGM): A geometrical representation of a facility, that, together with suitable
analytical expressions correlating its dimensions to the current of the lightning stroke, is capable of
predicting if the first return stroke of a lightning flash will terminate on the shielding system, the earth, or
the element of the facility being protected.

electrogeometric model theory: The theory describing the electrogeometric model together with the
related quantitative analyses including the correlation between the striking distance and the electrical

parameters, such as charge and peak current, of the prospective first return stroke.

ground flash density (GFD): The average number of lightning flashes per unit area per unit time at a
particular location.

isokeraunic lines: Lines on a map connecting points having the same keraunic level.

YIEEE Standards Dictionary Online subscription is available at: http://www.ieee.org/portal/innovate/products/standard/standards/
/standards_dictionary.html.
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keraunic level: The average annual number of thunderstorm days or hours for a given locality. A daily
keraunic level is called a thunderstorm-day and is the average number of days per year in which thunder is
heard during a 24-hour period. An hourly keraunic level is called a thunderstorm-hour and is the average
number of hours per year that thunder is heard during a 60-minute period.

lightning flash: The complete lightning discharge, most often composed of leaders from a cloud followed
by one or more return strokes.

NOTE— For the purpose of this guide, the terms lightning flash and lightning stroke are used interchangeably because
stroke multiplicity does not alter the design for direct stroke shielding of substations.?

lightning mast: A column or narrow-base structure containing a vertical conductor from its tip to earth, or
that is itself a suitable conductor to earth. Its purpose is to intercept lightning strokes so that they do not
terminate on objects located within its zone of protection.

negative shielding angle: The shielding angle formed when the shield wire is located beyond the area
occupied by the outermost conductors. See also: shielding angle, positive shielding angle.

positive shielding angle: The shielding angle formed when the shield wire is located above and inside of
the area occupied by the outermost conductors. See also: shielding angle; negative shielding angle.

rolling sphere method: A simplified technique for applying the electrogeometric theory to the shielding of
substations. The technique involves rolling an imaginary sphere of prescribed radius over the surface of a
substation. The sphere rolls up and over (and is supported by) lightning masts, shield wires, fences, and
other grounded metal objects intended for lightning shielding. A piece of equipment is protected from a
direct stroke if it remains below the curved surface of the sphere by virtue of the sphere being elevated by
shield wires or other devices. Equipment that touches the sphere or penetrates its surface is not protected.

shielding angle: (A) (of shield wires with respect to conductors): The angle formed by the intersection of a
vertical line drawn through a shield wire and a line drawn from the shield wire to a protected conductor.
The angle is chosen to provide a zone of protection for the conductor so that most lightning strokes will
terminate on the shield wire rather than on the conductor. (B) (of a lightning mast): The angle formed by
the intersection of a vertical line drawn through the tip of the mast and another line drawn through the tip of
the mast to earth at some selected angle with the vertical. Rotation of this angle around the structure forms
a cone-shaped zone of protection for objects located within the cone. The angle is chosen so that lightning
strokes will terminate on the mast rather than on an object contained within the protective zone so formed.
See also: positive shielding angle; negative shielding angle.

shield wire (overhead power line or substation): A wire suspended above the phase conductors positioned
with the intention of having lightning strike it instead of the phase conductor(s). Syn: overhead ground
wire (OHGW); static wire; sky wire.

stepped leader: Static discharge that propagates from a cloud into the air. Current magnitudes that are
associated with stepped leaders are small (on the order of 100 A) in comparison with the final stroke
current. The stepped leaders progress in a random direction in discrete steps from 10 to 80 m in length. It is
not until the stepped leader is within striking distance of the point to be struck that the stepped leader is
positively directed toward this point.

striking distance: The length of the final jump between the downward stepped leader and the grounded
structure, as the electric field in this gap exceeds the electrical breakdown strength. The length of the final
jump is a function of the leader potential, the associated charge, the rate of change of electric field, and the
geometry of the gap. The first peak return stroke currents of negative downward lightning flashes are
reasonably correlated with the respective impulse charge values.

% 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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surge impedance: The ratio between voltage and current of a wave that travels on a conductor.

thunder: The sound that follows a flash of lightning and is caused by the sudden expansion of the air in the
path of electrical discharge.

thunderstorm day: A day on which thunder can be heard, and hence when lightning occurs.

thunderstorm hour: An hour during which thunder can be heard, and hence when lightning occurs.

3. Lightning phenomena

3.1 Charge formation in clouds

Numerous theories have been advanced regarding the formation of charge centers, charge separation within
a cloud, and the ultimate development of lightning strokes. One theory attributes charge separation to the
existence of both positive and negative ions in the air and the existence of a normal electric field directed
toward the earth. Large drops of water in the electric field are polarized, the upper sides acquiring a
negative charge and the lower sides a positive charge. As the polarized drops of water fall due to gravity,
the undersides (positive sides) attract negative ions, while no such action occurs at the upper surfaces. As a
result of this action, the drops accumulate negative charge. Thus, the original charges, which were
distributed at random and produced an essentially neutral space charge, become separated. The large drops
of water carry the negative charges to the lower portion of the cloud, causing the lower portion to be
negatively charged and the upper portion to be positively charged. Another theory is that the interaction of
ascending wind currents in the leading head of a cloud breaks up the water droplets causing the resulting
droplets to be positively charged and the air to be negatively charged. The positively charged water droplets
are unable to fall through the ascending wind currents at the head of the cloud, which causes this portion of
the cloud to be positively charged while the remaining larger portion becomes negatively charged. Yet
another theory suggests that there are regions of subzero temperature within a cloud and the subsequent
formation of ice crystals is an essential factor in the explanation of the charge centers within clouds. (These
three theories are presented by Wagner [B142]°.)

It has even been suggested that perhaps all of the physical phenomena postulated in the various theories can
occur. At best, the processes occurring within a cloud formation that cause charge separation are
complicated. The important fact to the designing engineer is that a charge separation does occur in
thunderstorm clouds. Experiments by Wagner, McCann, and Beck, using balloons equipped with electric
gradient measuring equipment have been performed to investigate typical charge distribution in
thunderclouds, and these experiments have shown that, in general, the main body of a thundercloud is
negatively charged and the upper part positively charged [B143]. A concentration of positive charge also
frequently exists in the base of the cloud. Such charge distribution in a cloud causes an accumulation of
charge of the opposite polarity on the earth’s surface and on objects (e.g., trees, buildings, electric power
lines, structures, etc.) beneath the cloud. A typical charged cloud and the resulting electric fields are shown
in Figure 1 (Note that the plot in Figure 1 is of the electric gradient as the cloud moves over the ground, not
the amount of charge below the cloud.) The electric fields shown in Figure 1 have been verified by data
obtained by Fink and Beaty from ground gradient measuring equipment during the passage of storm clouds
[B51].

* The numbers in brackets correspond to those of the bibliography in Annex J.
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Gradient
+ at Ground

(From Orrell, J. T., “Direct Stroke Lightning Protection,” paper presented at EEI Electrical System and Equipment Committee
Meeting, Washington, D.C., 25 Oct. 1988 [reproduced in Annex G].)

Figure 1—Charged cloud and resulting electric fields

The electrical charge concentrations within a cloud are constrained to the size of the cloud. The cloud size,
in relation to the earth, is small. Therefore, the electrical gradient that exists in the cloud is much greater
than at the earth. Because of this, an electrical discharge tends to be initiated at the cloud rather than at the
ground.

3.2 Stroke formation

3.2.1 Types of strokes

There are a number of different types of lightning strokes. These include strokes within clouds, strokes
between separate clouds, strokes to tall structures, and strokes that terminate on the ground. The positive
and negative strokes terminating on the ground are the types of most interest in designing shielding systems
and the following discussion will be confined to those types.

3.2.2 Stepped leaders

The actual stroke development occurs in a two-step process. The first step is ionization of the air
surrounding the charge center and the development of stepped leaders, which propagate charge from the
cloud into the air. Current magnitudes associated with stepped leaders are small (in the order of 100 A) in
comparison with the final stroke current (Wagner [B142]). The stepped leaders progress in a random
direction in discrete steps from 10 to 80 m in length. Their most frequent velocity of propagation is about
0.05% the speed of light, or approximately 150 000 m/s (Anderson [B7]). This produces electric fields near
ground with rise times on the order of 100 to 500 microseconds. Electric fields of 250 microseconds from
switching surge overvoltages tend to produce the minimum electrical strength of large air gaps compared to
1.2/50 microsecond lightning overvoltages. It is not until the stepped leader is within striking distance of
the point to be struck that the leader is positively diverted toward this point. Striking distance is the length
of the last step of leader under the influence of attraction toward the point of opposite polarity to be struck.
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3.2.3 Return stroke

The second step in the development of a lightning stroke is the return stroke. The return stroke is the
extremely bright streamer that propagates upward from the earth to the cloud following the same path as
the main channel of the downward stepped leader. This return stroke is the actual flow of stroke current that
has a median value of about 24 000 A and is actually the flow of charge from earth (flat ground) to cloud to
neutralize the charge center (Mousa and Srivastava [B109]). The velocity of the return stroke propagation
is lower than the speed of light and varies with atmospheric conditions; an approximate value can be 10%
of the speed of light (Rakov and Uman [B126]).

The amount of charge (usually negative) descending to the earth from the cloud is equal to the charge
(usually positive) that flows upward from the earth. Since the propagation velocity of the return stroke is so
much greater than the propagation velocity of the stepped leader, the return stroke exhibits a much larger
current flow (rate of charge movement). The various stages of a stroke development are shown in Figure 2.
Approximately 55% of all lightning flashes consist of multiple strokes that traverse the same path formed
by the initial stroke. The leaders of subsequent strokes have a propagation velocity much greater than that
of the initial stroke (approximately 3% the speed of light) and are referenced as dart leaders (Wagner
[B142]).
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Figure 2—Charge distribution at various stages of lightning discharge

3.3 Striking distance

The lightning attachment process is a complex process, and one of the least understood parts of lightning
discharges. There are many models of the lightning attachment process and they can produce different,
often conflicting, values for the protective radius of lightning air terminals. Return stroke current
magnitude and striking distance (length of the last stepped leader) are interrelated. A number of equations
have been proposed for determining the striking distance. The principal ones are as follows:

S=21+30(1—-e""%%) Darveniza [B44] (D

S =107"% Love [B7] [B77] 2)
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S =947 Whitehead [B146] 3)
S =87 IEEE [B77] (4)
S =3371"%" Suzuki [B136] (5)
where

S is striking distance in meters

1 is the return stroke current in kiloamperes

It can be disconcerting to note that Equation (1), Equation (2), and Equation (3), vary by as much as a
factor of 2:1. The Working Group makes use of the shorter striking distances given by Equation (4)
throughout this guide. J. G. Anderson adopted Equation (2) in the 1975 edition of the Transmission Line
Reference Book [B7], and then Equation (4). Mousa [B112] also supports this form of the equation.
Scientific research is ongoing and lightning experts can revise their position.

Equation (4) has been adopted for this guide and restated as follows:

[=0.0418"% ©

This relationship is shown graphically in Figure 3.

Eriksson was the first of several researchers in the late 1980s to refine the calculation of striking distance
by introducing height dependence. Height dependence, as well as geometry-specific gap factors, is an
important part of switching surge overvoltage coordination, and this has guided development of leader
progression models for the final jump. CIGRE Technical Brochure 118 [B34] provides a balanced review
of the proposed models using these theories.

The refined Eriksson equations for striking distance including structure height are shown in Equation (7)
for shield masts and Equation (8) for shield wires [B46].

S =0.841""H" (7)
S =0.671""H" (8)
where

S is striking distance in meters

1 is the return stroke current in kiloamperes

H is the structure height in meters
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Figure 3—Stroke current versus striking distance

3.4 First negative return stroke current magnitude

The striking distance is correlated to the impulse charge, which in turn has a good correlation coefficient of
0.77 with peak negative first stroke current (Mousa and Srivastava [B19]). Since the stroke current and
striking distance are related, it is of interest to know the distribution of stroke current magnitudes. The
median value of strokes to overhead ground wire (OHGW), conductors, structures, and masts is often taken
to be 31 kA (Anderson [B7]). Anderson [B7] gave the probability that a certain peak current will be
exceeded in any stroke as follows:

2.6
1+ L
31

P(I) is the probability that the peak current in any stroke will exceed /

P(I) = ©)

where

1 is the specified crest current of the stroke in kiloamperes

Mousa [B109] has proposed the use of a median stroke current of 24 kA as shown in Equation (10) for
strokes to flat ground as these coorelated with available field observations at the time. This gives a superior
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fit to the recommended CIGRE log-normal curve [B35] than Equation (9) in the shielding failure regime
below 12 kA.

1

2.6
1+ kS
24

where the symbols have the same meaning as above.

P(I) = (10)

Figure 4 is a plot of Equation (10), and Figure 5 is a plot of the probability that a stroke will be within the
ranges shown on the abscissa.
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Figure 4—Probability of first negative return stroke peak current exceeding
abscissa for strokes to flat ground
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Figure 5—First negative return stroke peak current range probability for
strokes to flat ground
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3.5 Keraunic level

Keraunic level is defined as the average annual number of thunderstorm days or hours for a given locality.
A thunderstorm day is a day (24 hours) during which thunder has been heard at least once. By this
definition, it makes no difference how many times thunder is heard during a 24-hour period. In other
words, if thunder is heard on any one day more than one time, the day is still classified as one thunder-day
(or thunderstorm day). Isokeraunic level is the average number of thunderstorm days in a year.

The National Oceanic and Atmospheric Administration (NOAA) now maintains hourly thunderstorm
records. An hourly keraunic level is the average number of hours per year on which thunder will be heard
during a 1-hour rain period. In other words, if thunder is heard on any one hour more than one time, the
hour is still classified as one thunder-hour (or thunderstorm hour). This provides a more accurate picture of
the lightning density in a given area.

The average annual keraunic level for locations in the United States can be determined by referring to
isokeraunic maps on which lines of equal keraunic level are plotted on a map of the country. Figure 6,
Figure 7, and Figure 8 give the mean annual thunderstorm days for the United States, Canada, and the
world. Figure 9 shows the keraunic level for the United States based on thunderstorm-hours. This latter
data was prepared by MacGorman, Maier, and Rust for the Nuclear Regulatory Commission under the
auspices of NOAA [B90].
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(Source: The National Oceanic and Atmospheric Administration [B90].)

Figure 6—Mean annual thunderstorm days, United States
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(Data from Meteorological Division, Department of Transportation, Canada. Copyright © Environment Canada, used with
permission.)

Figure 7—Mean annual thunderstorm days, Canada

(Source: The National Oceanic and Atmospheric Administration [B90].)

Figure 8—Mean annual thunderstorm days, the world
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Figure 9—Mean annual thunderstorm duration (hours), United States

3.6 Ground flash density

Ground flash density (GFD) is defined as the average number of lightning strokes per unit area per unit
time at a particular location. It is usually assumed that the GFD to earth, a substation, or a transmission or
distribution line is roughly proportional to the keraunic level at the locality. Table 1 gives various equations
for GFD that have been developed by various researchers around the world. These researchers arrived at a
proportional relationship ranging from 0.17 to 0.197 ground flashes per square kilometer per year, where
T is the average annual keraunic level. If thunderstorm days are to be used as a basis, it is suggested that
either Equation (11) or Equation (12) (Anderson [B7]) be used:

N, =0.12T, (11)
N, =0.31T, (12)
where

N;  is the number of flashes to earth per square kilometer per year
N,,  is the number of flashes to earth per square mile per year
T, s the average annual keraunic level, thunderstorm days
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If thunderstorm hours are to be used as a basis, Equation (13) or Equation (14) by MacGorman, Maier, and
Rust [B90] is suggested.

N, =0.054T,"" (13)
or

N, =0.14T,"" (14)
where

T, is the average annual keraunic level, thunderstorm hours

Table 1—Empirical relationships between lightning ground flash density and

annual thunder-days (T)

Location Ground Flash Density Reference
Ground Flashes/km*/year

World (Temperate Areas) 0.0407 % Anderson [B7], [B8], [B9]

Mexico 0.0247 12 IEEE Std 1410 ™ -2010 [B74]

Brazil 0.0307 " IEEE Std 1410-2010

Columbia 0.00177 1% IEEE Std 1410-2010

South Africa 0.047 % Eriksson [B50]

Sweden 0.004T? (approx.) Muller-Hillebrand [B114]

United Kingdom 00267 Stringfellow [B136]

United States (North) 0.11T Horn and Ramsey [B64]

United States (South) 0.17T Horn and Ramsey [B64]

United States 0.10T Anderson et al. [B10]

United States 0.15T Brown and Whitehead [B25]

Russia 0.0367 130 Kolokolov and Pavlova [B80]

World (Temperate Climate) 0.15T Golde [B57]

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.
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Figure 10 —Ground flash density map of contiguous United States

3.7 Lightning detection networks

Lightning detection networks have been installed in North America and other parts of the world. These
lightning detection networks have improved the accuracy of ground flash density maps as shown in
Figure 10.

Vaisala’s National Lightning Detection Network contains over 100 ground-based lightning detection
systems in the United States. Whenever lightning strikes the earth, the electromagnetic signal is detected
and information is relayed to a satellite-based network. Users of the system can receive information such as
time, location, amplitude, and polarity of each strike within seconds.

Studies from lightning data captured from this network have provided a wealth of new information about

lightning activity. There can be up to 20 return strokes in a flash and these flashes can terminate in multiple
locations. Separation of these return flashes can vary up to 7 km.

4. The design problem

The engineer who seeks to design a direct stroke shielding system for a substation or facility must contend
with several elusive factors inherent with lightning phenomena, namely:

a)  The unpredictable, probabilistic nature of lightning
b) The lack of data due to the infrequency of lightning strokes in substations

¢) The complexity and economics involved in analyzing a system in detail
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There is no known method of providing 100% shielding. The uncertainty, complexity, and cost of
performing a detailed analysis of a shielding system has historically resulted in simple “rules of thumb”
being utilized in the design of lower voltage facilities. Extra-high voltage (EHV) facilities, with their
critical and more costly equipment components, usually justify a more sophisticated study to establish the
risk versus cost benefit. There is now cost effective, commercially available software to help in the analysis
of lightning shielding.

Because of the above factors, it is suggested that an approach including at least the following four steps be
utilized in the design of a protection system:

a)  Evaluate the importance and value of the facility being protected.

b) Investigate the severity and frequency of thunderstorms in the area of the substation facility and the
exposure of the substation.

c¢) Select an appropriate design method consistent with the above evaluation and then lay out an
appropriate system of protection.

d) Evaluate the effectiveness and cost of the resulting design.

The following clauses and the bibliography can assist the engineer in performing these steps.

CAUTION

This guide makes no claim as to the accuracy, applicability, or preference of any of the following design
methods in Clause 5, Clause 6, and Clause 7.

5. Empirical design methods

Two classical design methods have historically been employed to protect substations from direct lightning
strokes:

a) Fixed angles

b) Empirical curves

These two methods have generally provided acceptable protection.

5.1 Fixed angles

It is not known when the use of fixed angles first began. F. W. Peek, Jr., and other investigators recognized
as early as 1924 [B119] that the area protected by a rod was bounded by a curved surface rather than a
plane surface. It is likely, therefore, that fixed angles were originally used by designers as a convenient
approximation of the boundary of protection against lightning strokes. Wagner, McCann, and MacLane, Jr.,
formalized the use of fixed angles in 1941 [B145]. The fixed angle continues in use today as a design
method.

The fixed-angle design method uses vertical angles to determine the number, position, and height of
shielding wires or masts. Figure 11 illustrates the method for shielding wires, and Figure 12 illustrates the
method for shielding masts.
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Figure 11 —Fixed angles for shielding wires

The angles used are determined by the degree of lightning exposure, the importance of the substation being
protected, and the physical area occupied by the substation. Referring to Figure 11 and Figure 12, the value
of the angle alpha that is commonly used is 45 degrees. Both 30 degrees and 45 degrees are widely used for
angle beta.

Designers using the fixed-angle method can reduce the shielding angles as the height of the structures
increases in order to maintain a low failure rate. Horvath [B65], using the electrogeometric model (EGM),

calculated shielding failures as a function of the height of the conductor above ground and the protective
angle for transmission lines. The protective angle is decreased as the protective wire height is increased.
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Figure 12 —Fixed angles for masts

Horvath suggests a protective angle of 40 degrees to 45 degrees for heights up to 15 m (49 ft), 30 degrees
for heights between 15 and 25 m (49 to 82 ft), and less than 20 degrees for heights to 50 m
(164 ft). A failure rate of 0.1 t00.2 shielding failures/100 km/year was assumed in these recommendations.
(Horvath did not state the ground flash density used in his example.) This approach could also be used for
selecting shielding angles for shield wires in substations.

A similar approach could be used for applying lightning masts in substations. Horvath suggested using the
rolling sphere method to compile a table of shielding angles versus conductor heights.

5.2 Origin of empirical curves

The use of empirical curves finds its origin in a paper published in 1941 by Wagner, McCann, and
MacLane [B145]. Scale model tests were conducted employing a 1.5 x 40 ps positive impulse to initiate a
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discharge from a rod (representing the charged cloud) to a ground plane or a horizontal shield wire and
conductor located near the electrode. The relative spacing of the electrode, shield wire, and conductor was
varied with each discharge so as to produce an adequate database for analysis. Plots were then made from
this database showing the percent of discharges striking the shield wire, conductor, or ground plane. The
authors also studied the lightning performance of many existing lines and the shielding system used and
correlated the findings with their scale model work. The resulting recommendations have been used for
over 60 years and continue to be used.

The following year, 1942, Wagner, McCann, and Lear published a paper on shielding of substations
[B144]. These investigations were based on additional scale model tests, and a series of curves were
developed relating height and spacing of shield wires and masts to various failure rates. These curves
produce a more accurate design than straight-line approximations. This design method also continues to
find wide use today.

5.3 Application of empirical curves

From field studies of lightning and laboratory model tests, empirical curves have been developed to
determine the number, position, and height of shielding wires and masts (Wagner [B142]), (Wagner,
McCann, and Beck [B143]), (Wagner, McCann, and Lear [B144]).

The curves were developed for shielding failure rates of 0.1%, 1.0%, 5.0%, 10%, and 15%. Curves for
different configurations of shielding wires and masts are shown in Figure A.1, Figure A.2, Figure A.3,
Figure A.4, Figure A.S5, and Figure A.6 of Annex A for failure rates of 0.1% and 1.0%. A failure rate of
0.1% is commonly used in design.

Figure A.1, Figure A.2, Figure A.3, Figure A.4, Figure A.5, and Figure A.6 use ratios of d/h, x/h, and s/h,
which were used in the original study (Wagner, McCann, and Lear [B144]). Figure 13, Figure 14,
Figure 15, Figure 16, Figure 17, and Figure 18 have been developed using Figure A.1, Figure A.2,
Figure A.3, Figure A.4, Figure A.5, and Figure A.6 for a variety of protected object heights, d, to eliminate
the necessity of using ratios. For a given x/h (s/h) ratio along the abscissa in Figure A.1, Figure A.2, Figure
A3, Figure A.4, Figure A.5, and Figure A.6, the ordinate value yields a d/h ratio for a desired failure rate.
For each selected value of d, a value of /& for each discrete value of x/4 can be calculated as & = d/(d/h).
Now, for these discrete values of 4 for a selected d, values of the horizontal separation, x(s), can be
calculated from x = x/h x h (s = s/h X h). The difference between the protected object height, d, and the
shielding mast, or wire, height, 4, can be calculated as y = & — d. These values of y can be plotted as a
continuous curve f(x, y) for a constant value d as shown in Figure 13, Figure 14, Figure 15, Figure 16,
Figure 17, and Figure 18. For example, in Figure A.2, data points from the original study appear to be
plotted at x/k values of 0.25, 0.6, and 1.0. At the value of x/k equal to 0.6, d/h is estimated to be 0.46 for a
0.1% failure rate.

For d=6.1 m (20 ft):

h=16.1/0.46 = 13.26 m (20/0.46 = 43.48 ft)
x=0.6x13.26 =796 m (0.6 x 43.48 =26.09 ft)
y=1326—-6.1=7.16 m (43.48 — 20 =23.48 ft)

Similarly, values of d/h can be estimated for other values of x/# and the resulting x and y values plotted for
each selected value of d for each failure rate. These particular values are illustrated in Figure 13.
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CAUTION

The user is warned not to extrapolate the curves of Figure 13, Figure 14, Figure 15, Figure 16, Figure 17,
and Figure 18 beyond their limits as plotted. Such extrapolations can result in exposures beyond the listed

values.
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Figure 13 —Single lightning mast protecting single object—0.1% exposure.
Height of lightning mast above protected object, y, as a function of
horizontal separation, x, and height of protected object, d.
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Figure 14—Single lightning mast protecting single ring of objects—0.1% exposure.
Height of lightning mast above protected object, y, as a function of
horizontal separation, x, and height of protected object, d.
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Figure 15—Two lightning masts protecting single object, no overlap—0.1% exposure.
Height of mast above protected object, y, as a function of horizontal separation, s,
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Figure 16 —Two lightning masts protecting single object, with overlap 0.1% exposure.
Height of mast above protected object, y, as a function of horizontal separation, s,
and height of protected object, d.
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Figure 17 —Single shield wire protecting horizontal conductors—0.1% exposure.
Height of shield wires above conductors, y, as a function of horizontal separation, x,
and height of protected conductors, d.
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Figure 18 —Two shield wires protecting horizontal conductors—0.1% exposure.
Height of shield wires above conductors, y, as a function of horizontal separation, s,
and height of protected conductors, d.
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To evaluate the expected shielding performance of a substation site, proceed as follows:

a) Determine the ground flash density using Equation (11), Equation (12), Equation (13), or
Equation (14).

b) Calculate the number of flashes to the substation area, ;.
Ng = GFD x 4/(1000)* (15)

where

GFD  is the ground flash density in strokes per square kilometer per year
A is the substation area in square meters

¢) Calculate number of strokes per year penetrating the shield, SP.

SP = N x exposure rate (16)

Choose acceptable exposure rate (Example 0.1% or 0.001).

5.4 Areas protected by lightning masts

Figure 19 illustrates the areas that can be protected by two or four shielding masts (Wagner McCann, and
Lear [B144]). If two masts are used to protect an area, the data derived from the empirical curves give
shielding information only for the point B, midway between the two masts, and for points on the
semicircles drawn about the masts, with radius x, as shown in Figure 19(a). The locus shown in Figure
19(a), drawn by the semicircles with radius x around the masts and connecting the point B, represents an
approximate limit for a selected exposure rate. For given values of d and y, a value of s from Figure 17 and
x from Figure 15 can be determined for an exposure rate of 0.1%. Any single point falling within the cross-
hatched area probably has a < 0.1% exposure. Points outside the cross-hatched area will have > 0.1%
exposure. Figure 19(b) illustrates this phenomenon for four masts spaced at the distances as in Figure 19(a).

The protected area can be improved by moving the masts closer together, as illustrated in Figure 20. In
Figure 20(a), the protected areas are, at least, as good as the combined areas obtained by superimposing
those of Figure 19(a). In Figure 20(a), the distance s’ is one-half the distance s in Figure 19(a). To estimate
the width of the overlap, x', first obtain a value of y from Figure 17 corresponding to twice the distance, s,
between the masts. Then use Figure 15 to determine x’ for this value of y. This value of x is used as an
estimate of the width of overlap x" in Figure 20. As illustrated in Figure 20(b), the size of the areas with an
exposure greater than 0.1% has been significantly reduced.
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Figure 19 —Areas protected by multiple masts for point exposures
shown in Figure 14 and Figure 15; (a) with two lightning masts and
(b) with four lightning masts

Figure 20 —Areas protected by multiple masts for reduced point exposure
(a) with two lightning masts and (b) with four lightning masts
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5.5 Effect of hillsides

For the application of the data presented here to stations located on hillsides, the dimensions % (the
shielding conductor height) and d (the height of the protected object) are measured perpendicular to the
earth’s surface as illustrated in Figure 21 (Wagner, McCann, and Lear, [B144]).

Figure 21 —Effect of hillsides

6. The electrogeometric model (EGM)

6.1 History

A rudimentary version of the EGM was developed by Golde in 1945 [B55], but the method was never
adapted to shielding systems. In the mid-1950s, the first North American 345 kV transmission lines were
placed in service. The shielding design of the lines was based primarily on the methods found in an AIEE
Committee Report [B1]. The outage rate from lightning strokes subsequently proved to be much higher
than expected and this set in motion a thorough investigation of the problem. The modern EGM emerged as
a result of this research.

6.1.1 Whitehead’s EGM

In 1960, J. G. Anderson developed a computer program for calculation of transmission line lightning
performance that uses the Monte Carlo method [B6]. This method showed good correlation with actual line
performance. An early version of the EGM was developed in 1963 by Young, Clayton, and Hileman
[B151], but continuing research soon led to improved EGMs.

One extremely significant research project was performed by E. R. Whitehead [B146]. Whitehead’s work
included a theoretical model of a transmission system subject to direct strokes, development of analytical
expressions pertaining to performance of the line, and supporting field data which verified the theoretical
model and analyses. The final version of this model was published by Gilman and Whitehead in 1973
[B54].
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6.1.2 Improvements in the EGM

Sargent made an important contribution with the Monte Carlo simulation of lightning performance [B132]
and his work on lightning strokes to tall structures [B131]. Sargent showed that the frequency distribution
of the amplitudes of strokes collected by a structure depends on the structure height as well as on its type
(mast versus wire). Figure 22 shows the effect of the height of the structure, according to Sargent. In 1976,
Mousa [B101] extended the application of the EGM (which was developed for transmission lines) to
substation facilities.
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Figure 22 —Effect of height of structure on frequency distribution of lightning current
amplitudes according to Sargent [B131]

Work by Eriksson reported in 1978 [B50] and later work by Anderson and Eriksson reported in 1980 [B8]
revealed a number of discrepancies in Whitehead’s EGM. Mousa [B112] addressed some of the
discrepancies in his “revised EGM,” described in 6.2. One of the significant corrections was the use of
empirical k factors to make allowance for the differing geometry of lines and masts. Eriksson’s EGM,
described in 6.5, uses a striking distance relation with a more physical basis to account for differences in
geometry and height above ground. Research work continues today. Many investigators and engineers
accept the EGM as a valid approach for designing lightning shielding systems.

This guide uses three methods of applying the EGM. One method of applying the EGM is Mousa’s EGM
version developed initially by Mousa and then updated by Mousa and Srivastava [B102], [B105], [B112],

described in 6.2. Another method is the modified version of the rolling sphere method (Lee [B84] and
[B85]) (Orrell [B115]) described in 6.3. Finally, a version developed by Eriksson [B46] is described in 6.5.
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6.2 Mousa’s EGM

Mousa’s EGM differs from Whitehead’s model in the following respects:

a) The stroke is assumed to arrive in a vertical direction. (It has been found that Whitehead’s
assumption of the stroke arriving at random angles is an unnecessary complication [B112] .)

b) The differing striking distances to masts, wires, and the ground plane are taken into consideration.

c¢) A value of 24 kA is used as the median stroke current (Mousa and Srivastava [B109]). This
selection is based on the frequency distribution of the first negative stroke to flat ground. This value
best reconciles the EGM with field observations.

d) The model is not tied to a specific form of the striking distance equations of 3.3. Continued
research is likely to result in further modification of these equations as it has in the past. The best
available estimate of this parameter S, striking distance, can be used.

6.2.1 Description of Mousa’s EGM

In Clause 3 of this guide the process of stroke formation was discussed. The concept that the final striking
distance is related to the magnitude of the stroke current was introduced and Equation (4) was selected as
the best approximation of this relationship. A coefficient k accounts for the different striking distances to a
mast, a shield wire, and to the ground. Equation (4) is repeated here with this modification:

_ 0.65
S =8kl (17)
where

S is the striking distance in meters

I is the return stroke current in kiloamperes

k is a coefficient to account for different striking distances to a mast, a shield wire, or the ground

plane

Mousa [B112] gives a value of £ = 1 for strokes to wires or the ground plane, and a value of £ = 1.2 for
strokes to a lightning mast.

Lightning strokes have a wide distribution of current magnitudes, as shown in Figure 4. The EGM theory
indicates that the protective area of a shield wire or mast depends on the amplitude of the stroke current. If
a shield wire protects a conductor for a stroke current /;, it might not shield the conductor for a stroke
current less than /; that has a shorter striking distance. Conversely, the same shielding arrangement may
provide greater protection against stroke currents greater than /; that have greater striking distances. This
principle is discussed in more detail in 6.2.2, 6.4, and 6.5.

Since strokes less than some critical value /; can penetrate the shield system and terminate on the protected
conductor, the insulation system must be able to withstand the resulting voltages without flashover. Stated

another way, the shield system is designed to intercept all strokes of magnitude /; and greater so that
flashover of the insulation will not occur.
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6.2.2 Allowable stroke current

Some additional relationships need to be introduced before showing how the EGM is used to design a zone
of protection for substation equipment. Bus insulators are usually selected to withstand a basic impulse
level (BIL). Insulators can also be chosen according to other electrical characteristics including negative
polarity impulse critical flashover (CFO) voltage. Flashover occurs if the voltage produced by the lightning
stroke current flowing through the surge impedance of the station bus exceeds the withstand value. This can
be expressed by the Gilman and Whitehead equation [B54]:

S (Z/2) Z
or
_094xCFOx1.1 2.068xCFO (19)
’ (Zs/2) Zs
where
I is the allowable stroke current in kiloamperes
BIL is the basic impulse level in kilovolts
CFO  is the negative polarity critical flashover voltage of the insulation being considered in kilovolts
Z is the surge impedance of the conductor through which the surge is passing in ohms

1.1 is the factor to account for the reduction of stroke current terminating on a conductor as
compared to zero impedance earth [B54]

A method of computing the surge impedance under corona is given in Annex C. In Equation (19), the CFO
has been reduced by 6% to produce a withstand level roughly equivalent to the BIL rating for post
insulators.

If any of the first or subsequent peak stroke currents which are not intercepted by the shielding exceeds I,
a flashover will occur. Since the median negative subsequent stroke current is 12 kA, and there are
typically two subsequent strokes for every flash, the probability that at least one of the subsequent strokes
causes a bus flashover is nearly unity.

Surge arresters on station equipment may provide a limited degree of protection from direct subsequent
strokes that follow the same path as a weak first-stroke shielding failure. The calculation of the arrester
protective efficiency makes use of the insulator volt-time curve (6.2.3), the recommended subsequent
stroke parameters (50 kA with 200 kA/microsecond rate of current rise) from IEC 62305-1 [B66] and the
limit distance calculation in IEEE Std 1313 [B72].

6.2.2.1 Adjustment for end of bus situation

Equation (18) and Equation (19) address the typical situation in which a direct lightning stroke to a
conductor would have at least two directions to flow. The equations assume the surge impedances are the
same in both directions, and therefore the total surge impedance is the parallel combination of the two, or
1/2 Z. Occasionally a designer might be concerned with a situation in which the entire direct stroke current
produces a surge voltage across the equipment. An example would be a direct stroke to the end of a radial
bus. The surge can only flow in one direction, and the surge voltage impressed across the insulators of the
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bus would be the product of the total direct stroke current multiplied by the bus surge impedance. For such
situations, the allowable stroke current /; can be determined by dividing the results of calculations using
Equation (18) and Equation (19) by 2.

6.2.2.2 Adjustment for transformer, open switch, or open breaker

Another situation where a designer might have concern is at open points in the conductor (such as open
switches and open breakers), or points along the conductor where the surge impedance changes to a large
value such as at transformer windings. At such locations, the voltage wave will reverse its direction of flow
and return along the conductor. The voltage stress at these points will be up to two times the incoming
value. This is referred to as the voltage doubling effect. If the design has incorporated surge arresters at the
point of high surge impedance change, such as at the bushings of transformers, the concern for voltage
doubling is reduced. The arresters operate and maintain the voltage at the discharge voltage level of the
arresters. However, if arresters have not been applied at such points, the designer might determine the
allowable stroke currents for these locations considering voltage doubling. The allowable stroke current /
can again be determined by dividing the results of calculations using Equation (18) and Equation (19) by 2.

The designer is reminded that reduced BIL equipment is not protected by a design based on stroke current
I;. Such equipment should be protected by surge arresters in accordance with the latest revision of IEEE
Std C62.22™ [B75].

6.2.3 Withstand voltage of insulator strings

BIL values of station post insulators can be found in vendor catalogs. A method is given below for
calculating the withstand voltage of insulator strings. Figure 23 gives the critical flashover voltage of
insulator strings. The data of Figure 23 were compiled by Darveniza, Popolansky, and Whitehead, [B44]
based on the experimental work of Paris, et al. [B118] and Fujitaka, et al. [B52], and were adopted by
Anderson [B7]. The withstand voltage in kV at 2 pus and 6 ps can be obtained from Figure 23 or calculated

as follows:
V,=094x820 w (20
V,, =0.94x585w 1)
where

w is the length of insulator string (or air gap) in meters

0.94 is the ratio of withstand voltage to CFO voltage
Vi, is the withstand voltage in kilovolts at 2 ps
Vis s the withstand voltage in kilovolts at 6 ps

Equation (21) is suggested for use with the EGM. The volt-time curves for cap-and-pin apparatus insulators
tend to follow Equations (20) and (21), which are special cases of the general relation V"= 0.94 x (400 +
710 t%7°) w in Figure 23 where ¢ is in microseconds, w is in meters, and ¥ is in kV. Figure 23 was produced
using test procedures in IEEE Std 4™ [B68].

Note that Figure 23 is based on the application of pure lightning impulses. However, it can also be applied
to the case where the stress on the insulators includes a power frequency component (ac or dc) as follows:
A combined voltage surge stress consisting of an ac component equal to a (kV) and a lightning surge
component equal to b (kV) can be considered equivalent to a pure lightning surge having an amplitude
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equal to (@ + b). This is the approach used by Anderson [B7] and by Clayton and Young [B36]. The paper
by Hepworth, Klewe, Lobley, and Tozer [B63] and its discussion by Feser support the above approach,
while an IEEE Working Group [B79] suggests that a dc bias can have a conditioning effect that would
increase the switching surge strength of the gap under the combined stress beyond the value for a pure
switching surge. In any case, the values of Figure 23 should be considered as the most likely flashover
voltage of a statistical phenomenon with substation spread.
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Figure 23 —Volt-time curves for insulator strings

6.3 Application of the EGM by the rolling sphere method

The previous subclauses of Clause 6 introduced the concept of the EGM and gave the tools necessary to
calculate the unknown parameters. The concept will now be further developed and applied to substation
situations.

It was previously stated that shielding is needed for the equipment from all lightning strokes greater than 7
that would result in a flashover of the buswork. The design allows strokes less than /; to enter the protected
zone since the equipment can withstand voltages below its BIL design level.

This will be illustrated by considering three levels of stroke current: /;, stroke currents greater than /;;, and
stroke current less than /;. First, let us consider the stroke current /;.

6.3.1 Protection against stroke current /g,

Stroke current [; is calculated from Equation (18) or Equation (19) as the current producing a voltage the

insulation will just withstand. Substituting this result in Equation (17) gives the striking distance S for this
stroke current.
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In 1977, Ralph H. Lee developed a simplified technique for applying the electrogeometric theory to the
shielding of buildings and industrial plants [B84], [B85], [B86]. J. T. Orrell extended the technique to
specifically cover the protection of electric substations [B115]. The technique developed by Lee has come
to be known as the rolling sphere method. For the following illustration, the rolling sphere method will be
used. This method employs the simplifying assumption that the striking distances to the ground, a mast, or
a wire are the same. With this exception, the rolling sphere method has been updated in accordance with
Mousa’s EGM described in Equation (17).

Use of the rolling sphere method involves rolling an imaginary sphere of radius S over the surface of a
substation. The sphere rolls up and over (and is supported by) lightning masts, shield wires, substation
fences, and other grounded metallic objects that can provide lightning shielding. A piece of equipment is
said to be protected from a direct stroke if it remains below the curved surface of the sphere by virtue of the
sphere being elevated by shield wires or other devices. Equipment that touches the sphere or penetrates its
surface is not protected. The basic concept is illustrated in Figure 24.

IMAGINARY ROLLING S
SPHERE

PATH OF
ROLLING SPHERE

SHIELD SYSTEM ———f

% PROTECTED \
FENCE -7 EQUIPMENT \ T EQUIFMENT
\
J ﬂ ﬂ AN

i 10

Figure 24 —Principle of rolling sphere with multiple shielding electrodes

Continuing the discussion of protection against stroke current /;;, consider first a single mast. The
geometrical model of a single substation shield mast, the ground plane, the striking distance, and the zone
of protection are shown in Figure 25. An arc of radius Sy; that touches the shield mast and the ground plane
is shown in Figure 25. In this model, all points below this arc are expected to be protected against the
stroke current /. This is the protected zone.
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Figure 25—Shield mast protection for stroke current I,

The arc is constructed as follows in Figure 25. A dashed line is drawn parallel to the ground at a distance
Sg; (the striking distance) as obtained from Equation (17) above the ground plane. A dashed line is drawn
vertically in parallel with the mast at a distance S,; (the striking distance as obtained from Equation (17)).
An arc of radius S,,;, with its center located on the vertical dashed line, is drawn so the radius of the arc just
touches the mast. Stepped leaders that result in stroke current /;; and that descend outside of the vertical
dashed line will strike the ground. Stepped leaders that result in stroke current /;; and that descend inside
the vertical dashed line will strike the shield mast, provided all other objects are within the protected zone.
The height of the shield d,; mast that will provide the minimum zone of protection for stroke currents equal
to I,; is S,;. If the mast height is less than S,;, the zone of protection will be reduced. The EGM suggests
that any “excessive height” of the mast above the striking distance adds no additional protection. This is
not necessarily true in the case of multiple masts and shield wires.

The protection zone can be visualized as the surface of a sphere with radius S,; that is rolled toward the
mast until touching the mast. As the sphere is rolled around the mast, a three-dimensional surface of

protection is defined. It is this concept that has led to the name rolling sphere for simplified applications of
the EGM.
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6.3.2 Protection against first negative return strokes greater than /,

6.3.1 demonstrated the protection provided for a stroke current /;;. However, a lightning stroke current has
an infinite number of possible magnitudes and the substation designer will want to know if the system
provides protection at other levels of stroke current magnitude.

Consider a stroke current /;, with magnitude greater than /;. Striking distance, determined from Equation
(17) is S,. The geometrical model for this condition is shown in Figure 26. Arcs of protection for stroke
current [y, and for the previously discussed /;, are both shown. The figure shows that the zone of
protection provided by the mast for stroke current [, is greater than the zone of protection provided by the
mast for stroke current /;.

In this model, stepped leaders that result in stroke current /; and that descend outside of the point where
the arc is tangent to the ground will likely strike the ground. Stepped leaders that result in stroke current I,
and that descend inside the point where the arc is tangent to the ground will strike the shield mast, provided
all other objects are within the S, protected zone. Again, the protective zone can be visualized as the
surface of a sphere touching the mast. In this case, the sphere has a radius S,
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Figure 26 —Shield mast protection for stroke current /,
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6.3.3 Protection against first negative return strokes less than /,

It has been shown that a shielding system that provides protection at the stroke current level /;; provides
even better protection for larger stroke currents. The remaining scenario to examine is the protection
afforded when stroke currents are less than /;.

Consider a stroke current /), with magnitude less than /;;. The striking distance, determined from Equation
(17), is S,. The geometrical model for this condition is shown in Figure 27. Arcs of protection for stroke
current /5y and /; are both shown. The figure shows that the zone of protection provided by the mast for
stroke current /y, is less than the zone of protection provided by the mast for stroke current /;. It is noted
that a portion of the equipment protrudes above the dashed arc or zone of protection for stroke current /.
In this model stepped leaders that result in stroke current /;, and that descend outside of the point where the
arc is tangent to the ground will likely strike the ground. However, some stepped leaders that result in
stroke current [y, and that descend inside the point where the arc is tangent to the ground could strike the
equipment. This is best shown by observing the plan view of protective zones shown in Figure 27. In this
model, stepped leaders for stroke current 7, that descend inside the inner protective zone will likely strike
the mast and protect equipment that is % in height. Stepped leaders for stroke current /;, that descend in the
shaded unprotected zone will likely strike equipment of height /4 in the area. If, however, the value of /;
was selected based on the withstand insulation level of equipment used in the substation, the likelihood of
stroke current /; causing damage to equipment is low.
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Figure 27 —Shield mast protection for stroke current /,
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6.3.4 Multiple shielding electrodes

The electrogeometric modeling concept of direct stroke protection has been demonstrated for a single
shield mast. A typical substation is much more complex. It can contain several voltage levels and might
utilize a combination of shield wires and lightning masts in a three-dimensional arrangement.

The above concepts can be applied to multiple shielding masts, horizontal shield wires, or a combination of
the two. Figure 28 shows this application considering four shield masts in a multiple shield mast
arrangement. The arc of protection for stroke current /; is shown for each set of masts. The dashed arcs
represent those points at which a descending stepped leader for stroke current /; will be attracted to one of
the four masts. The protected zone between the masts is defined by an arc of radius S with the center at the
intersection of the two dashed arcs. The protective zone can again be visualized as the surface of a sphere
with radius S, which is rolled toward a mast until touching the mast, then rolled up and over the mast such
that it would be supported by the masts. The dashed lines would be the locus of the center of the sphere as
it is rolled across the substation surface. Using the rolling sphere concept and the proper radius, the
protected area of an entire substation can be determined. This can be applied to any group of different
height shield masts, shield wires, or a combination of the two. Figure 29 shows an application to a
combination of masts and shield wires.
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Figure 28 —Multiple shield mast protection for stroke current /
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Figure 29 —Protection by shield wires and masts

6.3.5 Changes in voltage level

Protection has been illustrated with the assumption of a single voltage level. Substations, however, might
have two or more voltage levels. The rolling sphere method is applied in the same manner in such cases,
except that the sphere radius would increase or decrease appropriate to the change in voltage at a
transformer. (Example calculations for a substation with two voltage levels are given in Annex B.)

6.3.6 Minimum stroke current

The designer will find that shield spacing becomes quite close at voltages of 69 kV and below. It might be
appropriate to select some minimum stroke current, perhaps 2 kA for shielding stations below 115 kV.
Such an approach is justified within IEC 62305-1 [B66]. An examination of Figure 4 and Figure 5 indicates
that 99.5% of all strokes will exceed 3 kA, recommended for the highest class of lightning protective level
(LPL). Therefore, this limit will result in reduced exposure while making the shielding system more
economical.
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6.4 Application of Mousa’s EGM

The rolling sphere method has been used in the preceding subclauses to illustrate application of the EGM.
Mousa describes the application of Mousa’s EGM [B101]. Figure 30 depicts two shield wires, G1, and G2,
providing shielding for three conductors, W1, W2, and W3. S, is the critical striking distance as determined
by Equation (17), but reduced by 10% to allow for the statistical distribution of strokes so as to preclude
any failures. Arcs of radius S, are drawn with centers at G1, G2, and W2 to determine if the shield wires are
positioned to properly shield the conductors. The factor y is the horizontal separation of the outer
conductor and shield wire, and b is the distance of the shield wires above the conductors. Figure 31
illustrates the shielding provided by four masts. The height %,,, at the center of the area is the point of
minimum shielding height for the arrangement. For further details in the application of the method, see

[B101].
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Figure 30 —Shielding requirements regarding the strokes arriving between
two shield wires (Mousa [B101])
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Figure 31 —Shielding of an area bounded by four masts (Mousa [B101])
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6.5 Eriksson’s EGM

Since the striking distance quantifies the range of capture of a lightning strike, Equation (17) simplifies this
in that it does not consider the varying field enhancement effects of structure height or geometry, the
streamer-leader inception criteria and, thereafter, the leader propagation effects of naturally occurring
lightning strikes. Eriksson, in 1987 [B46], proposed and based on field data, a striking distance model that
also took into account the dependence on structure height, namely:

S=fUp,H) (22)
where

Ip is the prospective peak stroke current

H is structure height

6.5.1 Development of the Eriksson EGM

Eriksson found that the attraction of lightning to a structure is not only determined by the striking distance
but also the successful interception of the downward leader by the upward leader. The interception process
was found to be dependent on the structure height, the relative positions of the two leaders and their relative
velocities of approach. The Eriksson EGM is the model developed from this research carried out on the
lightning attachment process.

Using this physical model, Eriksson defined the capture distance as the attractive radius, R,. This concept
is illustrated in Figure 32. Note that the magnitude of the attractive radius is, in general, less than the
magnitude of the striking distance; therefore the attractive radius concept generally provides a more
conservative result.
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Figure 32—The Eriksson EGM [B46]
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For vertical structures up to 60 m (~200 ft) in height, Eriksson defined the attractive radius as:

R, =0.84H, "1™ (23)

where

R, is the attractive radius in meters
I is the return stroke current in kiloamperes from Equation (18)
H,  is the structure height in meters

For horizontal static wire conductors and lines up to 60 m (~200 ft) in height, the attractive radius is given
by:

R,=0.67H,"1,"" (24)

where

R, is the attractive radius in meters
I is the return stroke current in kiloamperes from Equation (18)
Hgy s the structure height in meters

Using the attractive radius, the collection area of the structure can be computed. This is useful for applying
the concept of competing features of the shielding system versus the substation structures. It is well known
that all structures within a substation are capable of initiating upward leaders and hence intercepting a
lightning stroke. The “attractive radius” R, should be computed for each part of the facility to be protected
by the shielding system in addition to the protective air terminations, lines, and masts. As long as the
collection areas of the protective elements encompass those of the elements to be protected, the facility is
said to be protected at the pre-determined level. Equation (22), Equation (23), and Equation (24) are used
for equipment and buswork planned to be protected by the shielding system. This concept is illustrated in
Figure 33.
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Figure 33 —Example application of competing features and collection areas
of elements to be protected (dark gray) and protective elements (light grey)
to a substation using the Eriksson EGM

6.5.1.1 The physical criteria of the Eriksson EGM

Even though the Eriksson EGM was developed in the 1980s, research since that time has supported the fact
that the striking distance is not only a function of the prospective stroke current but also the structure
height.

The Eriksson EGM designs can be made based on the height of the masts and conductors used for the
shielding of substations against lightning. Furthermore, traditional methods—such as Whitehead’s and
Mousa’s EGMs—are based on a “final jump” scenario (strike point is determined, more or less, only by
physical distance). On the other hand, the Eriksson EGM takes into account the well-known “leader
propagation” characteristics of the lightning attachment process. These concepts are illustrated in
Figure 34.
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Figure 34 —lllustration of the fundamental difference between the traditional methods,
such as Whitehead’s and Mousa’s EGMs, and the Eriksson EGM
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6.5.2 Application of Eriksson’s EGM

Substation shielding systems are typically designed to shield equipment for all lightning stroke currents
greater than the flashover BIL of the buswork. The assumption is that stroke currents less than the
equipment insulation level that penetrates the shielding system will not cause damage to the equipment. An

application of the Eriksson EGM will be illustrated by considering two levels of stroke current: /5 and
stroke currents greater than /.

6.5.2.1 Protection against stroke current /

Effective shielding implies that all stroke currents greater than the allowable stroke current /5 will approach

to within striking distance of the shield wire before attaining striking distance to the conductor being
protected (Eriksson [B46]).

Ig, allowable stroke current, is calculated from Equation (18) as the current producing a voltage the
insulation will likely withstand to prevent flashover of the line insulation. Shield failure occurs for
stroke currents above the critical current to /,, corresponding to a maximum penetration current as seen in

Figure 35. Complete shielding is the point where / is set to /5 and the R, intersect R. on the horizontal
plane of C, the conductor or equipment being protected.
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Figure 35—lllustration of Eriksson’s EGM
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6.5.2.2 Placement of shielding structures for stroke current /s

As discussed in Clause 6, lightning strokes are assumed vertical in a substation that generally meets one of
the following criteria:

— Islocated in valleys

—  Is surrounded by tall buildings or trees

— Isaloop system

—  Serves general loads

— Is a small site areas for one or two transformers

The designer might need to adjust the shielding design for a side lightning stroke that is horizontal to the
buswork and equipment when one of the following criteria are met:

— Is located on the top of a hill

— Isinalarge, open plain

— Is apart of a radial system

—  Serves a critical load

— Covers a large site area

—  Serves a power plant

When designing a lightning protection system, consideration must be given to providing coverage for
future low BIL equipment and accessibility for possible replacement due to equipment failures. To aid in
shielding equipment placement, marking off all areas where shielding systems cannot be placed can be
helpful. Figure 36 illustrates the typical shielding structure placements for substation applications.
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Figure 36 —lllustration of the Eriksson EGM shielding placements: (a) shielding by a
single mast; (b) shielding by a static wire over equipment; (c) shielding by static wires
along equipment; (d) shielding by combination of masts and static wires.

When side lightning stroke protection is required, the concept of Figure 35 can be applied to Figure 36.
Equation (25) shows how to calculate the critical angle. To provide better lightning protection, use an angle
of 45 degrees or less when side lightning stroke protection is required. Typical critical angles ac for
substations are from 30 degrees to 60 degrees. The radii of attraction need R, to be greater than the
difference of the shielding height and the conductor height being protected. Equation (26) gives the
suggested maximum horizontal distance a shielding structure can be placed from the equipment being
protected where R, is given by Equation (23) and Equation (24) respectively.

ac=tan™ X (25)
Y -Y

where

ac is the critical angle in degrees
is the horizontal distance between the grounding system and conductor in meters
is the vertical height to the shielding system in meters

SRk

is the vertical height to the conductor in meters
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_ 2 v _p2

X =R -(Y,~Y.-R) 26)
where

X is the maximum horizontal distance the shield can be placed from the conductor being protected

R, s length of the radii of attraction arc for the shielding structure

R, is length of the radii of attraction arc for the electrical component being protected

Y,  isvertical height of the shielding device

Y. is the vertical height to the electrical component being protected

q<~—————50 0

LIGHTNING
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Figure 37 —lllustration of the Eriksson EGM shielding placements proving
domed canopy protection with shielding masts

The height of the static wire for Equation (25) might need to be reduced for snow, ice, wind swing, or sag
from the designed attachment height. This reduced static wire height will reduce the R, value as utilized in
Equation (26) above. Reduce the horizontal protective distance X by this value for the design. After the
poles are placed, measure the static wire spans to check the sag effects. For substations, lightning is
assumed vertical. Most shielding designs will produce a domed protection canopy over the substation as
seen in Figure 37. See the examples in Annex B for critical side lightning protection.

6.5.2.3 Protection against stroke current greater than I

Figure 32 shows the geometry for the Eriksson EGM and shielding analysis (Eriksson [B46]). Depending
on the allowable stroke current /,, the shielding protection would allow lightning strikes to penetrate the
system for all values of / from the maximum design current /,, down to /. where [ is the critical stroke
current from Equation (18). The protected equipment will likely withstand all stroke currents less than /.
The designer should begin with the stroke current / set equal to /g from Equation (18). The designer will
need to determine the allowable probability of the shielding system failure.
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Protection levels are determined from a standard cumulative frequency distribution of lightning stroke
currents, such as the one shown in Figure 4. In 6.2, insulator BILs can be equated to the minimum stroke
currents that will be intercepted. Table 2 presents the relevant information.

As an example, for an insulator BIL of 750 kV, Table 2 implies that 97% of all lightning flashes have a
peak stroke current exceeding 5.5 kA and will be intercepted within R, for a mast height of 50.9 meters.
The remaining 3% of low-energy strikes can bypass the lightning protection system. This is part of the risk
management process that is implemented when designing any lightning protection system.

Table 2—Examples of protection level correspondence to BILs for
masts of height 50.9 m

BIL (kV) I; (KA) Protection level | R, (m) | R, (ft)
110 0.81 7.6 25.1
150 1.10 9.5 30.7
200 1.47 11.3 37.0
250 1.83 13.1 42.8
350 2.57 16.2 53.3
395 2.90 99% 17.7 57.7
550 4.03 21.6 71.5
650 4.77 244 79.7
750 5.50 97% 26.5 87.5
818 6.00 28.3 92.5
900 6.60 29.9 98.5
1050 7.70 33.2 109
1300 9.53 38.1 125
1364 10.00 91% 39.7 129

6.5.3 Protection comparison for EGM against stroke current /

Figure 38 and Figure 39 show a comparison of Equation (1), Equation (17), Equation (23), and Equation
(24). For the Eriksson EGM, the R, from Equation (23) and Equation (24) typically converges for shielding
heights from 20 to 45 meters (65.6 to 147.6 ft) and for /5 from 4 kA to 30 kA. As discussed in 6.2.2 and
6.3.6, for substation designs below 69 kV, I can be 2 kA. The Eriksson EGM is more conservative below
20 m (65.6 ft) and less conservative above 45 m (147.6 ft) for /5 from 2 kA to 30 kA than Mousa’s EGM of
Equation (17) as is seen by Figure 38 and Figure 39.
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Stroke Radii Comparison for Mast Structures in Meters
130.00
120.00 /" Eq. 23, H,, = 60m
110.00 /
100.00 / Eq. 23, H,, =40m
90.00 / % Eq. 1
2 a000 _,r"‘ Eq. 17, k=1.2
£ 7000 /
5 o0 o
@ 5000
40.00 / /
30.00 /
20.00 /
10.00 1£5-
000 1 v - v e
12345678 91011121314151617 181920 21 222324252627 282930
Is = Lightning Stroke Current in kA
Figure 38 —Comparison of striking distance to strike currents for
shielding mast structures
Stroke Radii Comparison for Static Wires in Meters
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Figure 39 —Comparison of striking distance as a function of strike current for
shielding static wire structures
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6.5.4 Other considerations for Eriksson’s EGM

For most substation shielding designs, shielding protection can best be completed by a combination of
masts and static wires. Access to shielding structures can hinder and limit shielding structure placement.
There might be physical constraint to the shielding design. The designer might make the shielding masts
taller to protect a larger area, install static wiring over equipment and buswork, place masts in congested
buswork areas or within fire zones, or even leave a small area unprotected for small /; values.

Static shielding wires can be placed lower on masts to provide side lightning protection, while masts can be
raised within the same design area. By combining the properties of both masts and static wiring shielding
design layouts can be used to reduce or eliminate static wiring over energized bus. An arc or domed
shielding design with staggered structure heights and placement can be used to provide additional shielding
protection options for unusual terrain and circumstances.

6.6 Calculation of failure probability

In Mousa’s EGM as presented, striking distance is reduced by a factor of 10% so as to exclude all strokes
from the protected area that could cause damage. In the empirical design approach of Clause 5, a small
failure rate is permitted. Linck [B88] also developed a method to provide partial shielding using statistical
methods.

For the statistical approach to be valid, the size of the sample needs to be large. For power lines that extend
over large distances, the total exposure area is large and the above criterion is met. It is questionable,
therefore, whether the statistical approach is as meaningful for substations that have very small exposure
areas by comparison.

Engineers do, however, design substation shielding that permits a small statistical failure rate. Orrell
[B115] has developed a method of calculating failure rates for the electrogeometric rolling sphere method.

With Eriksson EGM, the radius of attraction calculated from Equation (23), Equation (24), Equation (25),
and Equation (26) will likely provide complete coverage for /; equal to /.. The probability of shielding
failure for the Eriksson EGM is given by the area of protected coverage times the average annual ground
flash density. Where [; of the design is set above /. critical, there will be a probability of failure. For the
application ranges of substations, Orrell [B115] can be used.

7. Alternative models of lightning interception

In this clause the guide reviews some non-conventional lightning attachment models and design methods.
There is considerable controversy about the validity of some of these alternative models. The lightning
shielding requirements of these alternative models as they compare to the historical models and the EGM
of the two sample substations in this guide can be reviewed in Table B.22 and Table B.23. Scientific
investigation to demonstrate the effectiveness of these methods for substation shielding is ongoing.

NOTE—IEEE does not recommend or endorse commercial offerings. It is important that the design engineer
determines the validity of the claimed performance of any such systems.

7.1 Leader propagation models and methods for substation shielding

Over the last two decades, many models for lightning attachment to ground structures have been developed
by various research groups around the world. Many of these efforts have remained as viable scientific
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models. A small number of models have been developed further, into practical engineering methods, for
positioning air terminations in order to reduce the probability of losses due to lightning. A smaller number
of models can be applied to the task of shielding a substation against direct lightning strokes.

Despite the differences that can be seen in terms of scientific aspects and engineering practicalities, a
common theme among the majority of the new models is the claim that leader propagation (both downward
and upward) plays a very important role in the lightning attachment process. These theories recognize that
the initiation of upward leaders not only depends on the charge of the downward leader but also on the
geometry and position of the point of initiation. One of the mathematical outcomes of this consideration is
that the striking distance is a function of the height of the lightning mast, shield wire, structure, etc., as well
as the charge on the downward leader. This position differs considerably from the previously discussed
EGMs which assume lightning attachment scenarios follow the “final jump.” These contrasting theories are
depicted in Figure 34.

In this clause, four recent models and/or methods are summarized, namely the collection volume/field
intensification factor method, leader progression model, leader inception theory, and the self-consistent
leader inception model.

7.1.1 Collection volume method (CVM)/field intensification factor method (FIFM)

Eriksson [B46], [B49], [B50] was the first to propose the improved electrogeometric model, which took
into account the dependence of striking distance on the structure height in addition to the known
dependence on peak stroke current /; (or downward leader charge). In considering height as an important
variable, the model allowed for the electric field intensification created by the structure. The degree of field
intensification is defined by the field intensification factor, K.

Hereafter, the extension of the Eriksson EGM into a practical, three-dimensional air terminal placement
method will be referred to as the collection volume method (CVM) or field intensification factor method
(FIFM). Detailed descriptions of the CVM can be found in Eriksson [B46], D’Alessandro and Gumley
[B42], and D’ Alessandro [B41]. Following is a summary of the main concepts.

For substation buswork, equipment, and structures, the K; is determined to a large extent by the height and
width, but the shape and radius of curvature of the features are also important. In the case of vertical air
terminations, such as free-standing masts, the K; depends on the height and tip radius of curvature, as the
authors have claimed in numerous papers (D’Alessandro [B41], Moore, Aulich, and Rison [B97], [B98]).
For horizontal air terminations, such as shield wires, similar concepts are applied. In addition, when air
terminations are elevated, e.g., positioned on structures, the K;s are multiplied by a factor that depends on
the structure dimensions and the location of the air termination on the structure (D’Alessandro [B41]).

This design concept assumes all points on a structure are able to launch an intercepting upward leader.
Those points are differentiated based on the spatial electric field and degree of field enhancement. This

value, at any point in space, K;(x,),z), is computed using numerical techniques such as the finite element
method (FEM). Figure 40 shows examples of such an analysis.
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b.

Figure 40 —Examples of electric field analysis (in this case, using the FEM):
(a) equipotential distribution around shield wires in part of a substation; (b) K; values
around a lightning mast in a substation (mast height is 15.5 m).

The CVM considers the approach of the lightning downward leader to a structure and, using the K;(x,y,z) of
the air terminations and the all of the “competing features”—such as structure perimeter, equipment,
buswork, etc.—determines the point at which an upward leader will be launched from each location.
Eriksson’s original model used the critical radius concept (Carrara and Thione [B28]) to determine leader
inception, but any other valid leader inception criterion can be used (e.g., Carrara and Thione [B28§],
Lalande, et al. [B82], [B83], Petrov, Petrova, and Waters [B120], Petrov and Waters [B121], Rizk [B127],
or Rizk [B128]). In other words, the CVM is not tied to any one particular leader inception criterion.

Furthermore, the CVM stipulates that interception will only occur if an adjacent competing feature does not
“win the race” to interception with the downward leader. This criterion introduces a “time” variable which
is taken into account by the ratio of downward and upward leader velocities, K,. The median value for this
ratio, in this model, is assumed to be of the order of unity (Miyake [B96], Yokoyama, Miyake, and Suzuki
[B150]).
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The above analysis produces a parabolic-like volume above the prospective strike point, as illustrated in
Figure 41a. This volume represents the three dimensional “capture” or “collection volume” of that point.
For a particular downward leader charge and ratio of propagating leader speeds, the authors claim that a
downward leader will only terminate at the nominated point if the striking distance is attained and the
leader path is contained within the velocity or propagation related boundary of the collection volume.
Collection volumes are calculated for all points of interest around the substation, i.e., air terminations,
structure corners and edges, equipment, buswork, conductors, etc. A simple example is shown in

Figure 41b.
Downward
leader
Velocity-derived
limiting locus
Striking distance
/ surface

Collection
volume

Ground 1 {LC

Figure 41 —(a) Definition of parabolic-like collection volume for a prospective
strike point. (b) A three-dimensional view showing collection volumes computed for
various critical points (air terminations and competing features) around a site.

Like all EGMs, an important user-defined parameter in the CVM is the lightning protection level (LPL),
sometimes called the interception efficiency. The LPL is derived from a standard cumulative frequency
distribution of lightning stroke currents, such as the one shown in Figure 4. For substations,
bus/equipment/insulator CFO/BIL can be equated to the minimum stroke currents that need to be
intercepted, as shown in Table 2. For example, for an insulator BIL of 395 kV, Table 2 implies that 99% of
all lightning flashes have a peak stroke current exceeding 2.9 kA and are likely to be intercepted. The
remaining 1% of (low-energy) strikes might bypass the masts or shield wires. Such “risk management” is
an accepted part of the process when designing any lightning protection system for any substation
application.

The collection volume information is summarized in the form of an attractive radius, R,, which is the
sectional radius of the collection volume, i.e., radius at the intersection point of the striking distance surface
and velocity-limited boundary. The authors claim that the attractive radius is an important output parameter
of a collection volume analysis as it is used to compute the attractive or capture area of each point of
interest around the substation, regardless of whether it is a lightning mast/wire or a competing feature.
Figure 42 presents example plots of the attractive radius for masts and shield wires as determined by the
CVM.

When the collection volumes of all points have been computed, the attractive areas are compared to
determine whether the pre-specified interception efficiency has been achieved. This concept is illustrated in
Figure 43 for part of a substation site. Five lightning masts 20 m high were positioned around the site. Their
combined attractive areas are shown by the solid line. The competing features (i.e., structures, equipment,
buswork, etc.) have a combined attractive area shown by the dashed lines.
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Figure 42 —Example of the attractive radius determined with the CVM for
(a) lightning masts and (b) shield wires, for a BIL of 400 kV and 750 kV (LPL of 99%
and 97% respectively). Calculations were performed for a cloud charge height of 5000 m
and velocity ratio of 1.1 for a substation site at sea level.
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Figure 43 —Example of the result of a CVM design for a part of a substation site

There are two key features that distinguish the CVM from previously discussed EGMs. The CVM:

a) Depends on computations of three-dimensional electric fields, where
1) Attractive radius increases as the air termination and competing feature heights increase
2)  All feature dimensions (e.g., height, width, shape, etc.) are taken into account, and
3) Physical criteria for upward leader inception must be met
b) Enforces the concept of “competing features,” where all points around a substation are considered

capable of launching upward leaders

Finally, two further aspects of the CVM need to be described in order to provide a complete picture of the
concepts required to implement the method, namely:

a)  Quantitative corrections for the atmospheric conditions affecting ionization processes in air and
hence upward leader inception

b) Allowance for tall structures (> 60 m) that might be subjected to so-called “side strikes” and
lightning protection system shielding failures due to the large vertical separation between the
protection system and lower competing points

Quantitative corrections will be described briefly here but the allowance for tall structures will not be
reviewed because substation protection rarely deals with heights greater than 60 m. For more information
on this topic, the reader is referred to D’ Alessandro and Gumley [B42].

The electric field strength required for air breakdown varies directly with air pressure (or density) and

humidity. The dependence on humidity is relatively small and can generally be ignored. However, the
dependence on air pressure is significant. For a decrease in air pressure, there is a decrease in the critical
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breakdown field. This affects the value used in the calculations dealing with upward leader inception upon
the approach of the downward leader when considering substations at higher altitudes.

A number of methods are available for making the air breakdown correction as a function of height above
sea level. A first order approximation was given in D’Alessandro and Gumley [B42]. If more precision is
required, it is obtained from the value of £, for dry air, defined from E/N = 1.2x 10" Vm?. This is the value
for which the rate of ionization of electrons equals the rate of electron attachment to form negative ions
(Lowke [B89]). Here, E is the electric field in //m and N is the number gas density in m™. The value of N
can be obtained for any temperature and pressure from the gas law, N = P/kT.

In summary, the procedure for implementing the CVM for protecting substations against lightning strokes
is as follows:
a)  Specify all elevated object heights, widths, and shapes.

b) Identify the “most probable” competing features (structure perimeters, sharper/more pointed
features of substation equipment, buswork, etc.).

c¢) Select the type (lightning mast or shield wire), height, number, and location of the air terminations
(using a rough estimate of the attractive area of each—Equation (23) and Equation (24) of the
Eriksson EGM can be used for this purpose).

d)  Specify the basic physical parameters:

1) BIL or CFO (translate to downward leader charge/prospective peak current/LPL, as per
Table 2 or similar);

2)  Cloud base height (typically 3 to 5 km);

3) Site elevation or altitude above sea level, applying the appropriate correction factor to the air
breakdown field if applicable;

4)  Leader velocity ratio.

e) Compute the electric field intensification factors for all air terminations and nominated competing
features.

f)  For all air terminations and nominated competing features, compute the:

1) Collection volume (striking distance surface and the velocity/leader propagation-based
boundary);

2) Attractive radius from the intersection point of the striking distance surface (for the given
leader charge/BIL/CFO) and the propagation-based boundary.

g) Apply the attractive radii or capture areas to their respective air terminations and competing
features.

h) Check to see if the air termination capture areas completely overlap the capture areas of all
competing features (a plan view is useful here).

i)  If there is not complete overlap, relocate some of the existing air terminations or increase their
height, or use more air terminations. Repeat the above steps until complete overlap is achieved.

7.1.2 Leader progression model (LPM)

Based on work carried out during the 1980s, in 1990, Dellera and Garbagnati [B45] published their leader
progression model to describe the lightning attachment process. The work was refined several years later
by Bernardi et al. [B20]. In the LPM, the progression of the downward leader in time and space was taken
into account, based on the temporal evolution of the electric field. The LPM also takes into account the
main physical mechanisms defined from studies of discharges in long air gaps as well as studies of
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lightning channels. The main emphasis of the LPM is on modeling the progress of a negative downward
leader and the initiation and propagation of the positive upward leader from ground object.

In terms of a computational procedure, the LPM requires an iterative calculation of the resultant electric
field in order to simulate the charge in the cloud and the actual charge displaced by the leader channels as
they propagate toward one another. The authors state that one of the useful features of the model is the
ability to simulate strikes to structures located in various geographic conditions, e.g., flat country, valleys,
ridges of hills, mountain sides, etc.

Figure 44 shows a sketch of the step-by-step nature of the simulations made in the LPM to model the
lightning attachment process.
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(Reprinted with permission from Dellera, L. Garbagnati E., “Lightning Stroke Simulation by Means of the Leader Progression Model.
Part I. Description of the Model and Evaluation of Exposure of Free-Standing Structures,” IEEE Transactions on Power Delivery, vol.
5, pp. 2009-22, 1990.)

Figure 44 —Sketch of the step-by-step progression of the lightning attachment process,
as simulated in the LPM calculations

Following are the key elements and assumptions of the LPM:

a)  Cloud charges are simulated to allow calculation of the quasi-stationary ground field.

b) The electric field due to the descending negative leader is also calculated based on a relationship
between leader charge per unit length and prospective return stroke current.

c¢) It is assumed that the downward leader follows electric field lines which means that the leader path
is influenced by the ground structure from the instant it leaves the cloud base.

d) The criterion for upward leader inception is based on the concept of critical radius and the
dependence of such radius on height above ground for both masts and conductors.
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e) The upward leader speed is assumed to be a function of the mean voltage gradient between the
upward and descending leader tips at any instant.

f) The model requires extensive field calculations during negative leader and upward leader
propagation.

g) Interception occurs when the “final jump” conditions are met between the two leaders.

Details on the application of the LPM can be found in Berger and Vogelsanger [B20] and Dellera and
Garbagnati [B45], but the most up-to-date case studies and applications are found in CIGRE monographs
[B34]. The LPM was applied to a range of protection scenarios, the key parameter determination being the
lateral distance (LD) between the downward leader channel and the potential strike point (e.g., a structure)
for a given prospective stroke current (or, more fundamentally, downward leader charge). By increasing the
horizontal distance between the downward leader and the earthed structure, Dellera and Garbagnati
evaluated the maximum LD at which the structure is still struck and the maximum protective distance (PD)
at ground level.

Of all the many case studies considered by Dellera and Garbagnati, the two most relevant to substation
protection are the “slender, free-standing structure” (i.e., a mast) and horizontal conductors (for shielding of
transmission lines), both in flat territory. Figure 45 shows the LD results for masts or slender structures.
According to CIGRE Task Force 33.01.03 [B34], PD is approximately equal to LD for slender structures.
Figure 46 shows the LD and PD results for horizontal conductors.
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(From Dellera, L. Garbagnati E., “Lightning Stroke Simulation by Means of the Leader Progression Model. Part I. Description of the
Model and Evaluation of Exposure of Free-Standing Structures,” IEEE Transactions on Power Delivery, vol. 5, pp. 2009-22, 1990.)

Figure 45—The lateral distance (LD) for masts, obtained with the LPM,
as a function of lightning current and mast height

56
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012
IEEE Guide for Direct Lightning Stroke Shielding of Substations

180 . H ( ™ J
Z D o Ao
LY v
140 ]
i A 1A go.
- A
50
70 - 30
50 & ] ]
50 ] == a 20
© —] 40
30 = = ..-——f —— F_:: 5
20 2] — |
6 :_—_,{:3____.4--*-'“
"% w6 ® % % ®» = m @ 90 _ 100 110
L ChA)
D™ e Hm)
;' 140 /-/ 100
(M) 0 A
120 - // 1 &2
110 //
=
100 Vd -
L L~
90 A lf/ =1 2
oo d 2 1 = 1
70 ’/-—‘7/‘ — - 30
. P
=0 A — L 20
“ Vl/“ _ s ]
0 /;/ /& .—-"'"'-FF- o 40
Vs O 2t = il 1]
20 - =
] "j___, T
o

@ W 20 X 40 30 S 7O & 9 100 110
_f(m)

(From CIGRE Task Force 33.01.03, “Lightning Exposure of Structures and Interception Efficiency of Air Terminals,” Paris: CIGRE,
Technical Brochure 118, Oct. 1997.)

Figure 46 —The lateral distance (LD) and protective distance (PD) for horizontal
conductors, obtained with the LPM, as a function of lightning current and
conductor height

7.1.3 Leader inception theory (LIT)

The leader inception theory and model was developed by Rizk [B127], [B128], [B130] during the 1990s.
The theory was further refined for substation calculations in a 2010 paper by Rizk [B129] and is the basis
for the remainder of this clause. The basis for this model is that an object struck by lightning is an active
participant in the attachment process. Under critical conditions, the author assumes this participation is
manifested by the formation and propagation of an upward connecting leader, which seeks to encounter the
downward stepped leader in a so-called “final jump.”

A fundamental quantity used in the model is the space potential created by the cloud and downward leader
charges. For a given ambient ground field due to cloud charges and a prospective return stroke current, the
space potential is determined at the height above ground of the tip of a lightning rod or a ground wire, but
in the absence of these objects which otherwise are maintained at ground potential.
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In the case of a sensibly uniform total ground field E,, the space potential Uy, of an object of height /
above ground is assumed to be:

U =E.h 27)

sp g

In the more general case:

U, =|E,(2)dz (28)

S C— >~

In the above equations, E, is function of the cloud and/or downward leader charge, the latter being in turn a
function of the prospective return stroke current. The model shows that for the basic configuration of a
vertical slender rod or mast (A/r >> 1, where r is the rod radius), the critical, continuous upward leader
inception space potential U, is assumed to be:

U = 1956 (kv,m) (29)
£ 38

h

For the other basic configuration of a ground wire of radius 7, and height 4, U, is assumed to be:

2247 (kV,m) (30)
5.15-5.59Inr,

h ln%

7

o

Ulc =

Initially, it was assumed that, during the later stages of the attachment process, a constant ratio exists
between positive and negative leader speeds. In a revised version of the Rizk model, both speeds are
computed continuously along the leader trajectories. However, for structure heights and return stroke
currents most relevant to substations, it is assumed by the author that the difference in outcomes between
the two versions of the model is relatively insignificant.

Through extensive numerical analysis of structures of different heights and within the relevant return stroke
current (/) range, Rizk assumes an attractive radius R, for a rod and a lateral attractive distance D, for a
ground wire. For a rod or mast, it was assumed that:

R,(h,I)=A h" I° (1)

where, in the range 10 <A <50 mand 5 <7< 31 kA,

A=2.57
B =0.422
&y =0.615

and the units applied in (31) for 4 and R is m and for / is kA.
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Similarly, for a ground wire, it was assumed that:

_ B ra.
D,(hI)=B W I 32)

where, in the range 10 <2 <50 mand 5 <7< 31 kA,

B=157
B.=0.445
a. = 0.694

with the units 4 and R is m and for 7 is kA.

In terms of the EGM, the notion of an attractive radius, R,, around a vertical rod in which any descending
leader of prospective return stroke current, /, will be intercepted by the mast corresponds to the quantity:

[¢2 ( 2)
Ry = S; = Sg_h) (33)

where

S, = the so-called striking distance of the rod
S, = the striking distance to ground

both being functions of /. For the simple case of assuming S, = S, = §, Equation (33) simplifies to:

Ry =A28h = h* (34)

which is valid for S > A.

In general, S is assumed to take the form:

S=DI" (35)

Different values have been adopted for D and «. Typical values are D = 8 or 10 and « = 0.65. If D = 8 and
a=0.65 are substituted into Equation (34), the attractive radius of the EGM becomes:

_ 0.65 2
Rpow =416A1° = " (4 2nd Riis m and for 7 s kA) (36)

which, as in Equation (31), is function of both % and [ although the sensitivity to both /# and / is not the
same in both models. Detailed comparison of numerical evaluation of Equation (31) and Equation (35), in
the range of interest of 4 and 7, shows that Rizk’s expression of the attractive radius is more sensitive to the
mast height than the EGM.

For taller masts with z# > S, the EGM assumes that:

Rgne = SU) (37)
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This assumes that the attractive radius becomes completely independent of the mast height, in contradiction
to Equation (31) of the Rizk model.

Rizk provides basic expressions defining the assumed protection zone of masts and ground wires. As these
are important for substation protection, they are now described in more detail.

For a single mast of height 4, the protection zone in (¥, z) coordinates is assumed:

1/ pm
|
h { Ra(h,l)} (38)

with R, (h, I) from Equation (31), which defines a parabolic cone. This is in contrast to Whitehead’s EGM,
which defines a hemispherical surface. Furthermore, in contrast to the EGM, there is no “useless height” as
the author assumes any increase in the mast height will result in a favorable effect on the protection zone.

In fact, the author’s numerical evaluation assumes that, for each mast height /# and return stroke current /,
the protection zone according to the Rizk model can be approximated by a circular arc. However, the radius
of such a circle will be not only a function of the return stroke current, as is the case for the rolling sphere
method, but also of the mast height.

For two masts of height / and spacing d, the author assumes maximum permissible height z,, of a protected
rod-type object (spherical field in the object vicinity) placed at mid-point is assumed:

1
B | (_d Y™
h 2R, (h, 1)

The quantity [2 R, (h, 1) / d] is termed the protective ratio, K, where K > 1.

39)

In the (x, z) plane, the protection zone for a conductor-type object (cylindrical field in the object vicinity) is
limited by the curve:

2 o))
ho D, (h,I) (40)

with D, (h, I) from Equation (32), which defines a parabolic wedge.

With two ground wires of height 4 and spacing d, the protective ratio K is defined as

K=2D,h I)/d (41)

and the criterion K > 1 indicates full coverage of the zone between the two ground wires.
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Another criterion assumed by Rizk is that upward leader inception occurs on the ground wires before
conditions for leader inception are satisfied at the protected object of maximum permissible height z,, for a
rod-type or z. for a conductor-type object. A safety factor K; < 1, e.g., K; = 0.9, can be applied to the
maximum value z.. The minimum horizontal separation x, between an object protected by two ground
wires and any such wire is assumed to be:

Xo :Ra(zmal)_Da(ha]) (42)

for a rod-type protected object, and

xo:Da(Zc’I)_Da(hsI) (43)

for a conductor-type object.

This effect of the nature of the protected object is another characteristic of the Rizk model and can only be
accounted for in the EGM through the introduction of arbitrary factors in the striking distance relation.

To complete this subclause, some practical examples of Rizk’s LIT will be provided. Figure 47 shows a
comparison of the protection zone (at 99.5% level) around a 20 m mast according to both the Rizk model
and the EGM with D = 8 and D = 10. The agreement is good but, as mentioned above, the discrepancy
depends on both the mast height and return stroke current.

20
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N E-Y [0} @
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Maximum Object Height (m)
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O T T
0 5) 10 15 20 25
Radial Distance (m)

Figure 47 —Comparison of the protection zones (at 99.5% level | = 4 kA) around

a 20 m mast for the Rizk model and EGM
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Figure 48 —Variation of maximum height of rod-type protected object with shield wire
spacing, for a shield wire height of 20 m and return stroke current of 5 kA

Figure 48 shows the variation of the maximum height of an object protected by double shield wire as
function of the spacing for a constant shield wire height of 20 m and return stroke current of 5 kA, obtained
with the Rizk model and the EGM with D = 8. At greater heights, the Rizk model allows for higher
protected objects compared with EGM.

Figure 49 shows the Rizk model results for the dependence of the minimum height needed for four masts
placed in the corners of a rectangle of sides d;, d, (with d; > d, ), on the effective distance d, defined by:

(44)

for return stroke currents of 10 kA and 5 kA.
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Figure 49—Dependence of the required mast height on the effective distance, d.,
in four-mast protection for a return stroke current of 10 kA and 5 kA

Finally, Figure 50 shows the variation of the bus bar-to-shield wire height ratio as function of the protective
ratio for different values of the ratio of shield wire spacing to height, for a return stroke current of 10 kA.
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Figure 50 —Variation of the maximum bus bar-to-shield wire height on
the protective ratio for double shield wires with variable spacing, for /=10 kA

7.1.4 Self-consistent leader inception and propagation model (SLIM)

The SLIM is a very recent model developed by researchers at Uppsala University in Sweden. The model is
described in various conference papers and journal publications. The main journal papers of relevance to
this review are Becerra and Cooray [B11], [B12], and Becerra Cooray, and Roman [B13].

As a result of the worldwide recognition of the importance of the upward leader in the lightning attachment
process, the SLIM focuses on a generalized leader inception and propagation model. It is based on an
iterative geometrical analysis of the background potential distribution of an earthed structure to simulate
the first initiation and propagation of an upward connecting leader. By assuming a static field approach, the
leader stabilization fields and the striking distances can be computed for lightning rods and structures. The
authors state the SLIM has several advantages over existing leader inception criteria, one of them being that
it can be used to analyze the effect of the space charge on the upward leader inception taking into account
also the time-varying electric field produced by the descending leader.

Knowledge of the initiation and propagation of an upward moving connecting leader in the presence of a
downward moving lightning stepped leader is an important step in the determination of the lateral attraction
distance of a lightning flash by any grounded structure. The SLIM simulates the advancement of positive
upward leaders by utilizing the presently understood physics of the process. The model uses the charge
simulation method (CSM) or the finite element method (FEM) to simulate the upward continuous
progression of a positive connecting leader, from its initiation to the final connection with the downward
stepped leader (final jump). Thus, the main physical properties of upward leaders, namely the charge per
unit length, the injected current, the channel gradient, and the leader velocity are self-consistently computed
based on the analysis of the corona charge required to create a new leader segment. The authors have found
that the charge per unit length of an upward leader cannot be assumed to be constant (typically taken to be
~ 50 uCm™). It depends upon the energy available at the tip of the upward leader, i.e., the electrostatic
conditions imposed by the descent of the downward leader. Hence, the upward leader velocity can also
vary for different prospective return stroke peak currents of the downward leader.
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The SLIM has been used to evaluate the striking distance from corners and air terminals on buildings. The
striking distance to the corners of two example structures was computed using the physical leader inception
model. The results showed that striking distance not only depends upon the prospective return stroke
current, as is assumed by the rolling sphere method (RSM), but also upon the geometry of the building and
the lateral position of the downward leader with respect to the strike point. The authors also found that the
computed leader inception zones and the lightning attraction zones of corners on buildings define
asymmetric regions.

The following paragraphs describe the SLIM in more detail:

The downward leader is modeled as a distributed negative line charge. It results in a more detailed charge
distribution and therefore a more detailed electric field due to the downward leader. The downward leader
charge and position of the tip changes with time and lengthens vertically downward.

Electrostatic (space potential) calculations are used for calculating the streamer charge from a grounded
structure. It is assumed that streamers occupy a uniform space defined by a 60° semi-angle cone and that
when the streamer charge reaches 1 pC its stem is thermalized into the first leader segment (or unstable
leader inception). With repeated computation of streamer charge during extension of the leader channel, it
is assumed that leader propagation will continue as long as streamer charge provides enough energy to keep
an increasing leader velocity. The minimum ambient field for continuous leader propagation is found to be
a function of both structure geometry (building) and height above ground. Figure 51 illustrates the process.

~— discharge

axis
ring segment
charges

channel

(From Becerra, M. and Cooray, V., “A Self-Consistent Upward Leader Propagation Model,” Journal of Physics D: Applied Physics,
vol. 39, pp. 370815, 2006. © IOP Publishing. Reproduced by permission of IOP Publishing. All rights reserved.)

Figure 51 —CSM modeling of the upward leader propagation: (a), (b), and (c) show

the corona zone charges in front of the leader channel as the leader propagates in the
presence of the previous space charge around the discharge axis

The approximations include the following.

a)  There is a known empirical relationship between the magnitude of the lightning stroke current and
the charge in the downward leader.

b) The electric field is caused by the charge in the downward leader according to the charge
distribution based on an evaluation by Cooray, Rakov, and Theethayi of the Berger data [B39].
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¢) The first corona formation on the study object is due to the downward leader charge and has a
constant electric field across the streamer zone.

d) Any subsequent corona formation leads to unstable upward leader inception when the streamer
charge is equal to or larger than 1 pC.

e) The leader channel is a symmetrical plasma cylinder with sections of different radius with a
streamer corona region at its tip.

f)  The electric field of each leader segment changes according to the streamer. The length of
advancement of the upward propagating leader is directly proportional to the total charge in front of
the tip of the leader and the charge per unit length required to thermalize a leader segment.

g) The total charge in the corona zone in front of the upward propagating tip is modeled (with the
CSM) using discrete point charges, finite line charges, and uniform ring charges, or is estimated
with a simplified procedure based on the geometrical analysis of the potential distribution before
and after the streamer formation.

h)  The proportionality factor used for the simplified streamer charge calculation is approximately the
same for various types of structures and a single value can be used.

i)  The volume of the corona zone charge is defined by a 60 degree angle from the axis of the corona
zone and a zone length can be determined by using the streamer propagation field.

j)  The objects to be studied are modeled taking into account the uniform background thundercloud
electric field and the time-varying electric field produced by the descending leader. All surfaces of
the structure to be analyzed, and all “competing features™ are at the ground potential.

k) The charge per unit length required to thermalize each upward leader segment is derived from a
more detailed CSM analysis and is estimated as a function of the upward leader velocity.

1)  The downward leader approaches the study object in a vertical (or inclined) path.
The following steps are required to apply the method:

a) For a study object, construct a numerical model (with CSM, FEM, or any other technique) to
perform iterative electrostatic calculations considering the object together with the propagating
descending and upward leaders.

b)  Select a stroke current magnitude from the probability distribution for stroke currents and convert
the stroke current to a leader charge based on Cooray’s re-evaluation of the Berger data.

c¢) For different lateral displacements of the downward leader axis (relative to the study object),
perform the transient simulation of the initiation and propagation of the upward leader according to
SLIM. For each case, the analysis should be performed by updating at each time step the
electrostatic calculation as the downward leader approaches to ground from the cloud base. From
the obtained results, determine whether there was connection between the upward connecting
leader and the descending leader or not.

d) The attraction distance is the maximum lateral distance from the downward leader to the study
object at which the upward connecting leader reaches the downward leader.

e) Based on the calculated attraction distances for various study objects, locate the objects and analyze
the design.

In summary, the authors of the SLIM state it is a straightforward numerical procedure for simulating leader
development involving an iterative, geometrical analysis of the background potential distribution. This
simplified procedure can be used for engineering purposes since it has been successfully implemented to
simulate lightning attachment to complex structures (windmills and buildings). At the time of writing, the
model has not yet been implemented to analyze shielding of substations against lightning strokes. However,
research on further improvements to the model still continues.
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7.2 Importance of air terminal geometry

The following comments relate to the use of vertical rod air terminations and slender masts for the
shielding of substations against lightning strokes.

Research carried out over the last decade has shown that air terminal geometry is an important factor in the
interception of a lightning stroke. As noted in A.4.6.2 of NFPA 780-2004, the field experiments of Moore,
et al. [B97] suggest that the optimum tip radius of curvature of a vertical rod air terminal used for
interception of lightning strikes is between 4.8 and 12.7 mm.

The rods used in the above study were mounted at a fixed height of about 6 m above the ground. In a
numerical modeling study carried out using the results and concepts described in Moore, et al.,
D’Alessandro [B40] has shown that it is possible to compute the optimum tip radius of any lightning rod
installed as a free-standing mast or on a structure of any given dimensions. The results of the study show
that the optimum tip radius has a significant dependence on the rod length (height above ground) and, if
installed on a structure, the dimensions of the structure. In general, the author claims that the additional
electric field intensification created by mounting rods on masts and other structures, particularly when they
are positioned near edges and corners of extended structures, means that the tip radii required for optimum
effectiveness are larger than their counterparts on the ground surface.

7.3 Active lightning terminals

In the preceding methods described in Clauses 5 and 6, the lightning terminal is considered to be a passive
element that intercepts the stroke merely by virtue of its position with respect to the energized bus or
equipment. Suggestions have been made that lightning protection can be improved by using “active”
lightning terminals. Three types of such devices have been proposed over the years:

a) Lightning rods with radioactive tips (Golde [B56]). These devices are said to extend the attractive
range of the tip through ionization of the air.

b) Early streamer emission (ESE) lightning rods (Berger and Floret [B14]). These devices contain a
triggering mechanism that sends high-voltage pulses to the tip of the rod whenever charged clouds
appear over the site. This process is said to generate an upward streamer that extends the attractive
range of the rod.

c) Lightning prevention devices. These devices enhance the point discharge phenomenon by using an
array of needles instead of the single tip of the standard lightning rod. It is said that the space
charge generated by the many needles of the array neutralize part of the charge in an approaching
cloud and prevent a return stroke to the device, effectively extending the protected area (Carpenter
[B27]).

Despite the use of the above three types of air terminals around the world, to date no scientific evidence has
been provided that proves these systems are superior to conventional masts and wires or that they function
as claimed by the manufacturers. For example:

— Radioactive lightning rods were banned in Europe many years ago because the resulting nuclear
pollution was found to be unjustifiable by their minimal benefit. Also, they failed in field
installations as was shown by Golde [B56].

— ESE lightning rods and the associated design method in NFC 17-102 have been criticized by the
scientific community for more than a decade for a number of fundamental and technical flaws in
their claimed mode of operation and use for shielding against lightning (Mackerras, Darveniza, and
Liew [B92]).
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— The worldwide scientific community has been unanimous in showing that it is not possible to
prevent lightning strikes, despite claims by the proponents of such systems to the contrary (Mousa
[B101]). The scientific consensus on lightning protection is that one needs to capture a lightning
flash to a known point and then discharge the strokes into the ground safely. While state-of-the-art
modeling is encouraging, the worldwide scientific community has not accepted that enhanced
passive geometries demonstrate increases in striking distance by factors larger than the 20% ratio
between masts and conductor striking distance suggested in this document.
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Annex A
(informative)

Empirical shielding curves

The following pages contain empirical shielding curves referenced in the guide.

\
0.9 1
N
AN
N\
Y
N
~
0.8 h

N h ¥
\\\
0.7 = al —
7

~
0.6 ™~ =~
\\\
{ \ \\\
\\

he] ~
o 05 ~ B T
= ~~<_  EXPOSURE
= \ ~
« ® 1%

0.4

\e 0.1%

0.3

0.2

0.1

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

RATIO x/h

Figure A.1—Protection of an exposed object by a single lightning mast

69
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012
IEEE Guide for Direct Lightning Stroke Shielding of Substations

0.9 O - —

0.8 \\ ]

0.7 \\b\ H\\ ) //4{d —_—

~
\ \\\
0.6
~ <<
e
< \ N
- ~
0.5 RS
&) \ ~
~
\\
~
0.4 nd
\\
~+.  EXPOSURE
- TR
\\
0.3 b
\E 0.1%
0.2
0.1
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

RATIO x/h
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Figure A.3—Protection of an exposed object by two lightning masts.
(Refer to Figure 19 for area of protection.)
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Annex B
(informative)

Sample calculations

B.1 Introduction

Annex B provides calculations, equations, figures, and computations based on common designer
evaluations of the methods and models discussed in this guide. These are provided for reference use only.
Users of Annex B are responsible for determining and complying with appropriate safety, security,
environmental, health and welfare laws, regulatory requirements, and practices applicable to their location,
systems, equipment, and operations.

This annex will illustrate the application of lightning shielding to actual substations. The methods presented
in the guide will be illustrated for two substations, a 69 kV substation and a 500 kV to 230 kV step-down
station. The 69 kV substation will be assumed to be single voltage station with the secondary bus in a
protected enclosure. The 500/230 kV station will illustrate how to handle multiple voltage levels when
using the electrogeometric model.

B.2 illustrates the use of the fixed angle for the two stations. B.3 illustrates the use of empirical curves
(Wagner’s method). B.4 illustrates the application of the electrogeometric theory by a computer program,
and B.S5 illustrates the application of the electrogeometric theory by the rolling sphere method. Data on bus
heights, diameters, and basic impulse design levels are given in Table B.1 and Table B.2 in order to allow
the user to follow the calculations. The layouts of the substations to be protected are given in Figure B.1
and Figure B.2. Following the sample calculations is a discussion comparing the results of the methods.

Table B.1—Data for 69 kV substation

Electrical data Bus data Height, m (ft) Diameter mm (in)
Nom. volt., 69 kV Bus A 4.27(14) 114.30 (4.5)

Bus BIL, 350 kV Bus B 5.79 (19) 114.30 (4.5)
Equip. BIL, 350 kV Bus C 10.06 (33) 25.40 (1.0)
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Table B.2—Data for 500/230 kV substation

Electrical data
500 kV section 230 kV section
Nom. volt.: 500 kV Nom. volt.: 230 kV
Bus BIL: 1800 kV Bus BIL: 900 kV
Equip. BIL: 1800 kV Equip. BIL: 900 kV
Ph-Gnd C1: 4572 mm (15 ft) Ph-Gnd Cl.: 1803 mm (5.92 ft)
Bus data
500 kV section 230 kV section
Bus Height, m (ft) Dia., mm (in) Bus Height, m (ft) Dia., mm (in)
A 16.76 (55) 114.30 (4.5) A 8.53 (28) 135.00 (5.5)
B 9.14 (30) 114.30 (4.5) B 6.10 (20) 135.00 (5.5)
C 11.89 (39) 135.00 (5.5)

To help provide for comparability of the results of the different shielding design methods, the following
criteria were adopted:

a)  Maximum height of mast or shield wire support point = 30.48 m (100 ft)
b) Maximum span of shield wires = 182.9 m (600 ft)

¢) No more than four shield wires are to be connected to a support structure
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Figure B.1—Typical 69 kV substation layout for sample calculations
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B.2 Fixed-angle method

B.2.1 Application to 69 kV substation

B.2.1.1 Static mast(s) only

The fixed-angle method of lightning shielding is a combination of analytical and geometric analysis. The
first step is to determine the protective level required. For this substation, a 45 degree protective angle is
desired and will be used for both & and . The maximum mast height allowed is 21.34 m (70 ft).

Once the design criteria are established, the next step is to determine the areas of protection. Since
the terminal structures are 15.24 m (50 ft) tall with masts at the top, we determine the area of
protection provided by the terminal structures before adding any additional masts. Referring to
Figure 12 and Table B.3 we calculate the area of protection (X) using the following equation:

X = (h-d) TANB (B.1)
Table B.3—Radii of protection (X) in m (ft)
Variable Description Radius of Radius of Radius of
P protection X protection X protection X

h Height of the mast 15.24 m (50 ft) 18.29 m (60 ft) 21.34 m (70 ft)

a Protective angle 45 degrees
Height of bus or 427m(14f) | 1097 m@36f) | 1402 m@6f) | 17.07 m (56 ft)
equipment

d Height of bus or 579m(19ft) | 945m@G1f) | 1250m @1 f) | 15.54m (51 ft)
equipment

d Height of bus or 10.06m (33 ft) | 5.18m(17f) | 823m@7f) | 11.28m (37 fi)
equipment
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Referring to Figure B.1, since the terminal legs are spaced 7.32 m (24 ft) apart, and the area of protection
for the 10.06 m (33 ft) bus is 5.18 m (17 ft), the 10.06 m (33 ft) bus is protected with the masts on the
terminal structure. The terminal structure masts provide a ring of protection of 9.45 m (31 ft) for the 5.79 m
(19 ft) bus height which has been sketched in Figure B.3. This ring of protection provides protection for
part of the 69 kV bus.

The next step is to evaluate what is not protected. The transformers and 69 kV high bus remain unshielded.
Next, install a single mast in the center of the substation. A mast tall enough to protect the area of 5.79 m
(19 ft) high bus approximately 11.28 m (37 ft) from the centerline of the new mast is required. Referring to
Table B.3, to protect this area, we would need to install a 21.34 m (70 ft) tall mast.

Finally, optimize the mast location to provide bus protection and overlap with the existing terminal tower
masts. Referring to Figure B.3, locating the lightning mast 8.54 m (28 ft) east of the main bus completes the

design.

[27.3m]

%g

Figure B.3—Shielding a 69 kV substation with masts using fixed-angle method
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B.2.1.2 Masts and wire

In B.2.1.1, the substation was protected with the 15.24 m (50 ft) terminal tower masts plus one additional
21.34 m (70 ft) lightning mast. The shielding design was based on a 45 degree protection angle. If the user
wanted to reduce the protection angle, but not add any additional lightning masts, this could be
accomplished by adding shield wires and relocating the mast to maximize the shielding protection.

Utilizing a protection angle of 30 degrees, we can calculate the areas of protection zone for protection

heights of masts or wires for 15.24 m (50 ft), 18.29 m (60 ft), and 21.34 m (70 ft) (refer to Table B.4)
utilizing Equation B.1. An 18.29 m (60 ft) mast is chosen.

Table B.4—Area of protection (X)

Variable Descrintion Area of Area of Area of
P protection X protection X protection X

Height of mast/

h s 15.24 m (50 ft) 18.29 m (60 ft) 21.34m (70 ft)

a Protective angle | 30 degrees
Heightof busor | 4 o7 (14 | 6.34m (20 9in) | 8.09m (26 ft7in) | 9.85m (32 fi 4 in)
equipment

d Heightofbusor | s 56 (1o fy | 546m(17f11in) | 721 m (23t 8in) | 8.97 m (29 t 5 in)
equipment

d Height of bus or | 1 o6 1 (33 1) | 299 m (9t 10in) | 475m (15t 7in) | 6.51 m (21 ft 4 in)
equipment

Next, draw in the protection circles for the masts and draw in a shield wire between the masts (refer to
Figure B.4. It is noted that the shield wire will have some sag that is dependent on the tension of the wire.
Considering that this is an approximation method, the sag is ignored for the figure’s protection zone.

As you will note from Figure B.4, a portion of the 4.27 m (14 ft) bus height including the circuit breaker is
not in the protected area. The solution would be to add another static mast, or increase the angle of
protection, «. Increasing the angle of protection would be an acceptable option since the area in question is
between two static wires and typical design practices allow for a larger shield angle.

Using the same equation as before, solve for & knowing that X = 9.15 m (30 ft), 2 = 16.77 m (55 ft), and
d=4.27 m (14 ft). Using 16.77 m (55 ft) as the approximate shield wire height at the midpoint, the angle o
is calculated to be 36 degrees. While this exceeds the desired protective angle of 30 degrees, it is an
improvement from Figure B.3 protective angle of 45 degrees. Also, since this breaker is located between
two shield wires and several masts, it might be appropriate to consider a larger protective angle as
explained previously in the text.
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Figure B.4—Shielding a 69 kV substation with static wires using fixed-angle method

B.2.2 Fixed-angle method for a 500/230 kV substation

Applying the same method as used in the previous clause for the 69 kV substation produces the results
shown in Figure B.5, Figure B.6, Figure B.7, and Figure B.8 for a 500/230 kV substation. A shield angle of
60 degrees for alpha and 45 degrees for beta was used for the 230 kV section. An angle of 45 degrees was
used for both alpha and beta for the 500 kV section.
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Figure B.6—Shielding a 500 kV substation with masts using fixed-angle method
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Figure B.7—Shielding a 230 kV substation with shield wires using fixed-angle method
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Figure B.8—Shielding a 500 kV substation with shield wires using fixed-angle method

B.3 Empirical method

B.3.1 Empirical method for a 69 kV substation, masts only

The first step is to determine the exposure criteria. In this example, an exposure level of 0.1% is selected
(see Figure B.9). Note, for simplicity, this example determines the area of protection for the 5.8 m (19 ft)
bus only. Similar use of the empirical curves could be completed for the 4.3 m (14 ft) and 10.1 m (33 ft)

bus heights.

Once the exposure level is selected, the next step is to determine the areas of protection. Since the terminal
structures have a 15.2 m (50 ft) mast, determine the area of protection provided by the masts before adding
any additional masts. To shield the 5.8 m (19 ft) bus height use a d value of 6.1 m (20 ft) with a 152 m
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(50 ft) tall mast (or masts) (refer to Figure B.9 derived from Figure 14). With a mast height 2 = 15.2 m
(50 ft), y = 9.1 m (30 ft). Using the y value of 9.1 m (30 ft), move horizontally to a value of d = 6.1 m
(20 ft). Project vertically downward to determine the maximum protective radius x = 10.67 m (35 ft).
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Figure B.9—Single lightning mast protecting single ring of objects—0.1% exposure.
Height of lightning mast above protected object, y, as a function of
horizontal separation, x, and height of protected object, d.

NOTE—A mast protecting a single object can protect an object 13.42 m (44 ft) away (see Figure 13), while that
same mast protecting a ring of objects can protect a ring of 10.67 m (35 ft) radius. This apparent contradiction can
be attributed to the original paper’s hypothesis that the probability of a stroke to any one object in the ring of
objects is higher than the probability of a stroke to one protected point. The conservative approach would be to
shield a ring of protective objects.

Next, draw the 10.67 m (35 ft) protection circles for the terminal structures on the drawing (refer to
Figure B.10).

The next step is to evaluate what is not protected. The transformers and 69 kV high bus remain unshielded.
Install a single mast in the center of the substation. From the fixed-angle method, we know that the outside
of the high bus is 11.3 m (37 ft) from the centerline of the substation. Using Figure B.9 with d = 6.1 m
(20 ft), and x = 11.3 m (37 ft), we determine that y = 9.8 m (32 ft)}—which results in a mast height of
h =159 m (52 ft). Considering that this mast height only provides the desired protection if the bus is
perpendicular to the mast, round up the mast height to 18.3 m (60 ft). Using the same figure with an
h =183 m (60 ft), d = 6.1 m (20 ft), and y = 12.2 m (40 ft), the distance of coverage is determined to be
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x=15.2 m (50 ft). Draw the 15.2 m (50 ft) protection circle around the mast and locate the mast to optimize
bus protection. The protection area can be seen in Figure B.10.

R50'-0”
[R15.2m]

R35°'—-0”
[R10.7m]

|

[18.3m]

600

Figure B.10—Shielding a 69 kV substation with masts using empirical method

B.3.2 Empirical method for a 500/230 kV substation
The steps that need to be taken are similar to the previous example:

a)  Determine bus and/or equipment heights to be shielded.

b) Determine existing mast and/or shield wire heights.

¢) Using the empirical data, determine the coverage provided by the masts and/or shield wires for the
specified heights.

B.3.2.1 Example of protection by mast

To shield the 16.8 m (55 ft) high bus with 30.5 m (100 ft) masts, enter Figure B.11 (using a y value of 13.7
m (45 ft) from 2 —d=30.5 m— 16.8 m (100 ft — 55 ft). Move horizontally to a value for d = 16.8 m (55 ft)
by interpolating. Project vertically to determine the maximum value for s = 103 m (338 ft). Next enter
Figure B.12 with value of y = 13.7 m (45 ft) from 4 — d = 30.5 m — 16.8 m (100 ft — 55 ft). Move
horizontally to a value for d = 30.5 m (55 ft) by interpolating. Project vertically to determine the maximum
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radius x = 16.5 m (54 ft). Thus two 30.5 m (100 ft) masts separated by no more than 103 m (338 ft) will
provide protection for an area as described in Figure B.10, and a single mast will protect an area about the
mast with a 16.5 m (54 ft) radius at a 16.8 m (55 ft) bus height.

To shield the 8.5 (28 ft) high bus with 18.3 m (60 ft) masts, enter Figure B.11 using a y value of 9.8 m
(32 ft) from (h —d = 18.3 m — 8.5 m (60 ft — 28 ft). Move horizontally to a value for d = 8.5 m (28 ft) by
interpolating. Project vertically to determine the maximum value for s = 68.6 m (225 ft). Next enter figure
Figure B.12 with value of y = 9.8 m (32 ft) from 2 — d = 18.3 m — 8.5 m (60 ft — 28 ft). Move horizontally
to a value for d = 8.5 m (28 ft) by interpolating. Project vertically to determine the maximum radius
x=13.4m (44 ft).

As described in 5.4 and shown in Figure 19, the maximum values for mast separation, s, is reduced to
provide constant exposure design (0.1%) to the area between the masts. For this example, reduce the
maximum s by half. The value of s for the 16.8 m (55 ft) bus would be approximately 51.8 m (170 ft), and
for the 8.5 m (28 ft) bus s would be approximately 34.4 m (113 ft). The resulting layout using these mast
separations for shielding is shown in Figure B.13 and Figure B.14.
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Figure B.11—Two lightning masts protecting single object, no overlap—0.1% exposure.
Height of mast above protected object, y, as a function of horizontal separation, s, and
height of protected object, d.
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Figure B.12—Single lightning mast protecting single object—0.1% exposure.
Height of mast above protected object, y, as a function of horizontal separation, x,
and height of protected object, d.
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B.3.2.2 Example of protection by masts and shield wires

First, determine the maximum effective shield wire height. In Figure B.15, sketch in (by interpolation) a
line to represent a 16.8 m (55 ft) bus height. Select the highest integer value of y on this line without
leaving the right-hand boundary of the figure (y = 7 m [23 ft]). Therefore, the maximum effective height of
the shield wires is 16.8 m + 7 m =23.8 m (55 ft + 23 ft = 78 ft). A higher shield wire height is not selected
because the designer would be extrapolating beyond the available data in Figure B.15.

To shield the 16.8 m (55 ft) high bus with 23.8 m (78 ft) high shield wire, enter Figure B.15 using a y value
of 7m (23 ft) from 7 —d = 23.8 m — 16.8 m (78 ft — 55 ft). Move horizontally to a value for d = 16.8 m
(55 ft) by interpolating. Project vertically to determine the maximum value for s = 47.9 m (157 ft). Next
enter Figure B.16 with value of y = 7 m (23 ft) from # — d = 23.8 m — 16.8 m (78 ft — 55 ft). Move
horizontally to a value for d = 16.8 m (55 ft) by interpolating. Project vertically to determine the maximum
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x =4.6 m (15 ft). Thus, two shield wires elevated 7 m (23 ft) above the bus can be separated by no more
than 47.9 m (157 ft) to provide protection for the 16.8 m (55 ft) bus. A single wire at the same elevation can
be offset horizontally by no more than 4.6 m (15 ft) from the outer conductors.

To shield the 8.5 m (28 ft) high bus with 23.8 m (78 ft) high shield wire, enter Figure B.16 with value of
y=152m (50 ft) from 2 —d = 23.8 m — 8.5 m (78 ft — 28 ft). Move horizontally to a value for d = 8.5 m
(28 ft) by interpolating. Project vertically to determine the maximum x = 15.8 m (52 ft). An inspection of
Figure B.15 reveals that an attempt to enter the curve at y = 15.2 m (50 ft) falls off the curve, but it is
evident that the shield wires can be separated by at least 48.8 m (160 ft). Place masts and shield wires to
obtain complete coverage. The resulting layout using shield wires for shielding is shown in Figure B.17 and

Figure B.18.
_ 40
35
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| 30 d = 20 ft {61 m)
7T d =230 (84 m)
— T /d=40ﬂ(12.2m)
25 A 501 (152 m)
70 M -~ /4/ L~
I e e e e e T e e R L R
@ 20 Pl 5/,/ /iJ.——d = 55 ft (16.8 m)
2 - - - i~ I
E B 5 ; e ]
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e |
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Figure B.15—Two shield wires protecting horizontal conductors—0.1% exposure. Height
of shield wires above conductors, y, as a function of horizontal separation, s, and height
of protected conductors, d.
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Figure B.16—Single shield wire protecting horizontal conductors—0.1% exposure.
Height of shield wires above conductors, y, as a function of horizontal separation, x,
and height of protected conductors, d.
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Figure B.17—Shielding a 230 kV substation with shield wires using empirical method
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Figure B.18—Shielding a 500 kV substation with shield wires using empirical method

B.4 Electrogeometric model—rolling sphere method

B.4.1 Application design procedure for masts

Application of the electrogeometric theory by the rolling sphere method involves rolling an imaginary
sphere of radius S over substation lightning terminals such as lightning masts, shield wires, and metal
support structures as described in 6.3. Therefore, to apply the method to the example substations requires
the computation of the radius S, and this will first require the calculation of Z, the surge impedance, and 7,
the allowable stroke current for the various buses within the substation.

Annex C gives a method of calculating surge impedance under corona. Corona radius can be taken from
Figure C.1 or calculated from Equation (C.1) or Equation (C.2). The engineer who designs protection
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systems on a regular basis could write a simple computer program to perform these calculations. Once the
corona radius is determined, it is an easy matter to calculate the surge impedance. The surge impedance
will be required for each bus of a different height and conductor type.

Next, the designer will calculate the allowable stroke current from Equation (18) using the above values.
The striking distance then can be calculated from Equation (17). In the examples, k£ = 1.2 has been used for
the mast example, and &k = 1 has been used for the shield wire example. For a combination of masts and
wires, the designer can use £ = 1, which will give a conservative result. 6.3.1 states that the usual practice is
to assume that the striking distance to a mast, a shield wire, or the ground is the same. This suggests the use
of only one & value. The example calculations demonstrate that a different k& can be used for masts resulting
in a more economical design.

The designer is now ready to roll the imaginary sphere over the example substation. If the sphere remains
above the equipment and busses to be protected as seen in the center of Figure 24, the design is satisfactory.
If the equipment touches or enters the sphere as seen in the right side of Figure 24, the equipment is not
protected and the design must be revised.

The designer can determine if some areas of the station are protected by simply striking arcs on a scale
drawing of the substation. Further calculation is necessary, however, to determine the maximum separation
of wires and masts to prevent the sphere from sinking between them and touching the equipment to be
protected. The following examples illustrate how to calculate these quantities.

B.4.2 Nomenclature used in the calculations
The nomenclature listed below are used in the following calculations: For calculations when using masts:

S Sphere radius

H Mast height (calculations use an assumed height; designers typically pick a mast height suitable
for the design)

A Bus height

W&C Horizontal distance from origin of sphere (OOS) to bus

Maximum separation from mast to bus for protection

Minimum phase to steel clearance

Horizontal distance between OOS and line drawn between two masts
Half the separation between two masts

Maximum separation between two masts

Elevation difference between mast and bus

Elevation difference between mast and OOS

Horizontal distance between OOS and mast

Diagonal distance between masts when four masts support the sphere
Distance between masts when four masts support the sphere

DN R N D N NN~ N

Distance between masts when three masts support the sphere

For calculations using shield wires:

%}

Sphere radius

H Wire height (calculations use assumed heights; designers typically pick mast height suitable for
his/her design)

A Bus height
L Half the separation between two wires

94
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012
IEEE Guide for Direct Lightning Stroke Shielding of Substations

Maximum separation between two wires
Elevation difference between wire and bus
Elevation difference between wire and OOS
Horizontal distance between OOS and wire
Horizontal distance between OOS and bus

AN DIDg X

Horizontal distance between shield wire and bus

The resulting lay out is found in Figure B.19 and Figure B.20.

i ©

Figure B.19—Mast protection for a 69 kV substation
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Figure B.20—Mast protection for a 69 kV substation

B.4.3 Calculations for mast protection of 69 kV substation

69 kV Substation example—protection by mast

ZS =300Q2 BIL =350kV
BIL x2.2 :
[, =—-+— Equation (18)
ZS
I =2.56TkA
k=12
S =8kl 3'65 Equation (17)
S=17.72m

H =18.29m Assumed mast height

Height of 69 kV bus #1: Height of 69 kV bus #2:
A, =5.79m A, =4.2Tm
C, =S —(S—4,) C, =+/S* = (S—4,)°
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C, =13.10m
Also, C=§-T
I =5-C
T, =4.62m

These values are the maximum separation between the mast and protected bus for the two bus heights 4.
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| 0
1
e s
\
N “\
I(/J [ Y e .
H| = oe\\/ = BUS HT.
‘ }\K\
T

C, =11.54m
T,=8-C,
T, =6.18m

BUS

,

AREA DOF \/\~/
PROTECTION /
AT HEIGHT A

Maximum distance between two masts for side stroke

Wy =S —(S-4,)

W, =13.10m

Y=1m

Z =W -Y

Z, =12.10m

L =48 -2}
L, =12.95m

X, =2L,

X, =25.90m

W, =S> —(S—4,)°

W, =11.54m

Z,=W,-Y

Z, =10.54m

L,=+8"-2
L, =14.24m

X, =2L,

X, =28.48m

These values are the maximum separation of two masts for protection of bus at the two heights 4.
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I
(7]

s-H] | -
P
g7
H BLASQ o W
Iy Z. |
SECTION M-M

BUS
BUS
BUS

Maximum distance between masts for vertical stroke sphere supported by four masts

D must be less than or equal to H — 4 for protection of height 4.

D, =H -4,
D, =12.50m
E =S5-D,
E =522m
J, =S’ —E}
J, =16.93m
K, =2J,
K, =33.86m
K
n-
P, =23.94m

D, =H -4,
D, =14.02m
E,=5-D,
E, =3.770m
J, =+S*—E2
J, =17.33m
K,=2J,
K, =34.66m
K
TR
P, =24.51m

These values are the maximum spacing of four masts for protection of bus at the two heights A.
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Maximum distance between masts for vertical stroke sphere supported by three masts
307 307

0, =2cos| — |J, 0, =2cos| — |/,
180 180

0, =29.32m 0, =30.02m

These values are the maximum spacing of three masts for protection of bus at the two heights 4.

However, Q shall not be greater than X (the maximum separation of two masts).
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B.4.4 Calculations for shield wire protection of a 69 kV substation

The procedure for designing a shield wire system follows a similar routine. For parallel wires, only two
calculations are required: the horizontal distance C, to prevent side strokes and the distance X, the
maximum separation to prevent vertical strokes.

The 14 ft bus (or the transformer that is at the same height) can extend 13 ft beyond the shield wire and still
be protected from side strokes. Since the transformer does not extend beyond the shield wire it is protected.
The high bus can extend 9 ft beyond the shield wire and be protected. Since it extends only 6 ft beyond, it
is protected.

Calculations are also included for a 60 ft shield wire height. Notice that the values for C are slightly less
than for a 40 ft wire height. This illustrates that a 60 ft wire height would give less protection from side
stroke. A study of Figure B.23 will show why this is true.

The calculations for maximum shield wire separation for the 14 ft bus yield a value of 86 ft. Since the
actual separation is 84 ft, the bus is protected. A maximum separation of 80 ft is permitted for the 19 ft bus
and it is protected since the separation is 79 ft. The set of shield wires actually protects the low bus as well,
and the other set is needed only for side stroke protection. The incoming line conductors are fully shielded
by the existing shield wires. This completes the protection of the substation. The resulting layout is found
in Figure B.21, Figure B.22, and Figure B.23.

69 kV substation example—protection by shield wire (height = 18.25 m)

Z =300Q BIL =350kV
BIL x2.2 .
[, =—— Equation (18)
A Z
I =2.56T7kA
k=1.0
S =8kl 3‘65 Equation (17)
S =14.76m

Assumed wire height:

H =18.29m

Height of 69 kV bus #1: Height of 69 kV bus #2:
A, =5.79m A, =42Tm
R=4/S*—(H-5)>

R =14.33m

T, =S*—(S-4,)’ T, =/S* (- 4,)’

100
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012
IEEE Guide for Direct Lightning Stroke Shielding of Substations

T, =11.72m T, =10.38m
C,=R-T, C,=R-T,
C, =2.6lm C, =3.95m

These values are the maximum horizontal separation of shield wire and bus for protection at bus height 4.

SwW
O
S /‘/
SW R ’/ /./
e
J yd
P

H T ° T BUS

i

i A

1

C

o)

Maximum distance between two wires for vertical stroke (D must be less than or equal H — 4 for
protection at height A4).

D, =H -4 D, =H -4,
D, =12.50m D, =14.01m
E, =5-D, E,=§8-D,
E, =2.26m E, =0.75m

L = m L,= m
L, =14.59m L, =14.74m
X, =2L, X, =2L,

X, =29.18m X, =29.48m

These values are the maximum separation of shield wires for protection of bus at height 4.
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S E
SW L

BUS

69 KV substation example—protection by shield wires (height =19.19 m)

Z, =300Q

/- BILx2.2
Zs

I, =2.567kA

k=1.0

S =8k}

S =14.76m

Assumed wire height:

Height bus 69 kV bus #1:
A, =5.79m
R =14.53m
T, =11.72m
C,=R-T,
C, =2.81m

BIL =350kV

H=12.19m

Height of 69 kV bus #2:

A, =427m

T, =/S* —(S—4,)’

T, =10.38m
C,=R-T,
C, =4.15m

Equation (18)

Equation (17)

These values are the maximum horizontal separation of shield wire and bus for protection at bus height 4.
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Maximum distance between two wires for vertical stroke (D must be less than or equal H — A4 for

protection at height A).

D, =H -4, D,=H -4,
D, =6.4m D, =7.92m

E, =S-D, E,=8-D,
E, =836m E, =6.84m

L = m L, = m
L =12.16m L, =13.08m
X, =2L, X, =2L,

X, =24.32m X, =26.16m

These values are the maximum separation of shield wires for protection at bus height A.
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Figure B.21—Shield wire protection for 69 kV substation
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Figure B.23—Shield wire protection for 69 kV section BB
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B.4.5 The 500/230 kV switchyard—dealing with multiple voltages

The procedure of applying the rolling sphere method when there are multiple voltages in a substation is
quite simple, as illustrated by the sample substation. The designer simply makes a separate calculation for
each voltage level in the station using the appropriate BIL and surge impedance. At the voltage interface
(usually the transformer) the designer should determine whether the lower voltage equipment is protected
by using the appropriate lower striking distance. If low voltage busses are present, it might be appropriate
to use a minimum stoke current of 2 kA for the design calculations in these areas see 6.3.6.

The procedure for the 500 kV portion of the switchyard and for the 230 kV portion taken separately follow
the same routine as has been previously discussed for the 69 kV example. Calculations for mast placement
in the 500 kV portion of the station are in B.4.5.1. The 230 kV calculations are in B.4.5.2. The resulting
layout is shown in Figure B.24. 500 kV shield wire calculations are in B.4.5.3 with the 230 kV shield wire
calculations in B.4.5.4. The resulting layout from those calculations is shown in Figure B.25.

A summary of the rolling sphere method results can be found in Table B.5 and Table B.6.

B.4.5.1 Calculations for 500 kV substation with masts

Z, =336Q BIL =1800kV
BIL x2.2 .
[, =—— Equation (18)
ZS
I =11.786kA
k=12
S =8kl ? 03 Equation (17)
S =47.72m

Assumed mast height: H = 30.48m

Height bus 500 kV bus #1: Height of 500 kV bus #2:
A, =16.76m A, =9.14m

C =S (S—4) C, =[S —(S—4,)’
C, =36.31m C, =28.09m
R=\[s*—(S-H)*

R =44.50m
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T, =8.19m

T, =16.41m

These values are the maximum separation between the mast and protected bus for the two bus heights 4.

Maximum distance between two masts for side stroke

W, =8> =(S—4,)’°

W, =36.31m

Y =1.80m

Z, =W, -Y

Z, =3451m
L =R -2}
L, =28.10m
X, =2L,

X, =56.20m

W, =S* —(S—4,)°

W, =28.09m
Z,=W,-Y
Z, =26.29m
L, =R -2
L, =35.90m
X, =2L,

X, =71.8m

These values are the maximum separation of two masts for protection of bus at the two bus heights 4.

R
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SECTION M-M

BUS
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Maximum distance between two masts for vertical stroke sphere supported by four masts

D must be less than or equal to H — A for protection at height 4.

D, = H - 4, D, = H — 4,

D, =13.72m D, =21.34m

E, =S-D, E,=S-D,

E, =34m E, =26.38m

J, =+/S* —E} J,=+S*-E;

J, =33.48m J, =39.7Tm

K, =2J, K, =2J,

K, = 66.96m K, =79.54m
K K

P = T; P, = TS

P, =47.35m P, =56.24m

These values are the maximum spacing of four masts for protection of bus at the two heights A.

Maximum distance between two masts for vertical stroke sphere supported by three masts

30z 307
0, = 2COS(@)J | 0, = 2cos(ﬁ)J 5
0, =57.99m 0, = 68.88m

These values are the maximum spacing of three masts for protection at the two bus heights A.

However, Q shall not be greater than X.
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MAST

BUS

MAST

B.4.5.2 Calculations for 230 kV substation with masts

230 kV substation example—protection by masts

7. =336Q

[ o BlLx22
Zs

I, =5.893kA

k=12

S = 8kI°%

S =30.41m

Assumed wire height:

Height bus 230 kV bus #1:

A, =8.53m

C =\S*—(5-4)
C, =21.12m

Also, C=S8-T

BIL =900kV

H =30.48m

Height of 230 kV bus #2:

A, =6.07m

C, =+/S* —(S-4,)

C, =18.23m

Equation (18)

Equation (17)

Height of 230 kV bus #3:

A, =11.89m

Cy =+/S* —(S-4,)

C, =24.12m
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T,=S-C, T,=5-C,

T, = 9.29m T, =12.18m

T, =6.29m

These values are the maximum separation between the mast and protected bus for the two bus heights 4.

MAST

oo BUS HT.

Maximum distance between two masts for side stroke

W, =87 (5 -4’

Wy =S —(5-4,)

W, =21.12m W, =18.23m

Y =1.80m

Z, =W, ~Y Z,=W,-Y
Z, =19.32m Z, =16.43m
L =48 -2} L,=+8"-2
L, =23.48m L, =25.60m
X, =2L, X, =2L,

X, = 46.96m X, =51.2m

AREA OF
PROTECTION
AT HEIGHT A

W, =S* —(S - 4,)’

W, =24.12m
Z,=W,-Y
Z,=2232m
L,=+8"-2;
L, =20.65m
X, =2L,

X, =41.30m

These values are the maximum separation of two masts for protection of bus at the three heights A.
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—
[%]

s-HT | — BUS
AR BUS
g BUS
e
Al BYS\ W L MAST
\
W
YTz 1
SECTION M-M

Maximum distance between masts for vertical stroke sphere supported by four masts

D must be less than or equal to H — 4 for protection at height A4.

D, = H - 4, D, =H -4, D,=H -4,
D, =21.95m D, =24.41m D, =18.59m
E, =S-D, E,=S-D, E,=S-D,
E, =8.46m E, =6m E, =11.82m
J, =S’ —E} J, =+S*—E2 J, =+/S* —E;
J, =29.21m J, =29.81m J, =28.02m
K, =2J, K, =2J, K, =2J,

K, =58.42m K, =57.62m K, =56.04m
P, =41.31m P, =40.74m P, =39.63m

These values are the maximum spacing of four masts for protection at the three bus heights A.
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i "% BUS

MAST » MAST :
MAST

Maximum distance between masts for vertical strike sphere supported by three masts

30x 307 30x
=2cos| — |J =2cos| — |J =2cos| — |J
0, =2c0 0 0, = 2c0f e . 0, = 2c0 3o 11,

0, =50.59m 0, =51.63m 0, =48.53m

However, Q shall not be greater than X.

u]
S E
J
~.
O \\\\\\\‘ D
J Tooo
MAST| BUS
MAST
MAST
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Figure B.24—Shielding a 500/230 kV substation using the rolling sphere method
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B.4.5.3 Calculations for a 500 kV substation with shield wires

500 kV substation example—protection by shield wires (30.48 m)

Z, =336Q BIL =1800kV
BIL x2.2 .
[, =—— Equation (18)
ZS
I =11.786k4
k=1.0
S =8kl ? 03 Equation (17)
S =39.76m

Assumed wire height: H = 30.48m

A, =16.76m A, =9.14m
R=\S*~(S—H)"

R =38.66m

T, =S*~(S—4)" T, =\S*~(S-4,)’
T, =32.43m T, =25.36m
C,=R-T, C,=R-T,

C, =636m C, =133m

These values are the maximum horizontal separation of shield wire and bus for protection at bus height 4.
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\ VY
N7
D N\
p N\

BUS

7
A\

Maximum distance between two wires for vertical stroke

D must be less than or equal to H — A4 for protection at height A4.

D, =H -4,
D, =13.72m
E, =S-D,

E, =26.04m
L, =m
L, =30.05m
X, =2L,

X, =60.1m

D,=H -4,
D, =2131m
E,=S-D,
E, =18.45m
L, :m
L, =3522m
X, =2L,

X, =70.44m

These values are the maximum separation of shield wires for protection at bus height A.
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B.4.5.4 Calculations for a 230 kV substation with shield wires

230 kV substation example—protection by shield wires (30.48 m)

Z. =336 BIL = 900kV

I = BiLx2.2 Equation (18)
. Z

I, =5.893k4

k=1.0

S = 8kI % Equation (17)

S =25.34m

Assumed wire height: H = 30.48m

Height bus 230 kV bus #1: Height of 230 kV bus #2: Height of 230 kV bus #3:

A, =8.53m A, =6.07m A, =11.89m

R =2481m

T, =S —(S—4,) T, =/S* —(S—4,)’ T, =\S* = (5 - 4,)*

T =18.96m T, =16.46m T, =21.48m

C,=R-T, C,=R-T, C,=R-T,

C, =5.85m C, =8.35m C, =3.33m

These values are the maximum horizontal separation of shield wire and bus for protection at bus height 4.

Sw
O
s
S~
Sw R //
I /,/
H T ° il BUS
|
i A
|
C
-
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Maximum distance between two wires for vertical stroke

D must be less than or equal to H — A for protection at height 4.

D, =H -4, D, =H -4, D,=H -4,
D, =21.95m D, =24.41m D, =18.59m
E =S-D, E,=5-D, E.=S8-D,
E, =339m E, =0.93m E,=6.75m

L = m L,= m Ly= m
L =2511m L, =25.32m L, =2442m
X, =2L, X, =2L, X, =2L,

X, =5022m X, =50.64m X, =48.84m

These values are the maximum separation of shield wires for protection at bus height A.

BUS
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Table B.5—Summary of lightning protection calculations by the rolling sphere method
shield wires—30.48 m (100 ft) high wire: separation of wires for

protection against vertical strikes

Calculations Shield wire Collector Wire separation for Wire eparation Type of
height (m/ft) (m/ft) high bus (m/ft) for low bus (m/ft) stroke

B.4.5.3 30.48/100 - 60.05/197 70.41/231 Vertical
B.4.5.3 30.48/100 - 6.10/20 13.41/44 Side
B.4.5.3 30.48/100 48.77/160 50.29/165 50.60/166 Vertical
B.4.5.3 30.48/100 3.35/11 5.79/19 8.23/27 Side
B.4.5.4 18.29/60 - 29.26/96 29.57/97 Vertical
B.4.5.4 18.29/60 - 2.74/9 3.96/13 Side
B.4.5.4 12.19/40 - 24.38/80 26.21/86 Vertical
B.4.54 12.1940 - 2.74/9 2.27/14 Side

Table B.6—Summary of lightning protection calculations by the rolling sphere method
masts. Separation of masts for protection against vertical strikes.

Calculations Mast height Collector Mast separation for | Mast separation Type of
(m/ft) (m/ft) high bus (m/ft) for low bus (m/ft) stroke

B.4.5.1 30.48/100 - 56.08/184 71.93/236 Side
B.4.5.1 30.48/100 - 67.10/220 79.55/261 Vertical
(4 masts)
B.4.5.1 30.48/100 - 57.91/190 68.88/226 Vertical
(3 masts)

B.4.5.2 30.48/100 41.45/136 46.94/154 51.21/168 Side
B.4.5.2 30.48/100 56.08/184 58.52/192 59.74/196 Vertical
(4 masts)
B.4.5.2 30.48/100 48.46/159 50.60/166 51.51/169 Vertical
(3 masts)

B.4.3 18.29/60 - 25.60/84 28.35/93 Side
B.4.3 18.29/60 - 33.83/111 34.75/114 Vertical
(4 masts)
B.4.3 18.29/60 29.26/96 29.87/98 Vertical
(3 masts)

B.5 The Eriksson EGM examples

B.5.1 69 kV distribution substation model utilizing the Eriksson EGM with mast structures

Determine the substation design criteria. Is the substation a standard layout, or does it have critical
parameters? Determine if side stroke protection is warranted. This example will assume a standard
distribution layout for a domed shielding design. Figure B.26 shows the layout and dimensions. The
following is the R, calculations for a mast in meters. /; is set equal to /. which is from Equation (18) in kA
which is 2.567 kA for the 69 kV substation with the values below.

7.=300Q  BIL=350kV

_ BILx1.1 _2.2(BIL)
Tz oz
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2.2(350kV)
: 300 Q

=2.567kA

Utilize Equation (23) in meters to solve for the R, for all critical equipment structures within the substation
to be protected. Continue this process for all the equipment in question. The perimeter fencing is assumed
to be 10 ft tall chain link as a reference. Table B.7 is the product of the tabulation for the design layout

from Figure B.26.

Ra,m — 0‘84H0A610.74
Ram=0.84(10.1m)*°(2.567)*™ = 6.8 m

Table B.7—69 kV distribution substation (Eriksson EGM) R, and R, for structures of
equipment to be protected

Equipment Y. in meters Y, in feet R, in meters R, in feet
Switch 10.1 33.0 6.8 22.1
High bus and 5.8 19.0 48 15.9
equipment

Low bus 4.3 14.0 4.0 13.2
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Figure B.26—Distribution substation base layout with dimensions for the
Eriksson EGM examples
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B.5.1.1 69 kV distribution substation model utilizing the Eriksson EGM with 15.2 m (50 ft)
and 18.3 m (60 ft) mast structures for a domed shielding design

Determine by company policy, standards, or customer criteria if static shield wiring can be placed over
energized equipment or bus. Determine the type of shielding to be used for the substation: masts, static
wires, or both. Place the R, for the equipment on the plan and elevation section views from Table B.7.
Place the bus R, for the center phase and end of bus structures. Mark all areas of conflict where shielding
cannot be placed, such as future bays, transmission drops, roads, limited truck or crane access, within fire
zones, complex buswork arrangements, etc. Calculate the R, for the shielding mast structures from
Equation (23). In this example we will be using an 18.3 m (60 ft) and 15.2 m (50 ft) mast for shielding
protection, see Table B.8 below. An arc or domed shielding design with staggered structure heights and
placement can be used to provide additional shielding protection options for unusual terrain and
circumstances. Place the mast to maintain access and avoid conflicts with buswork. Maintain minimum
spacing for the voltage class for bus to grounded structures. Generally, place the masts between the
property line and the equipment to be protected first, then add additional shielding masts between
equipment to cover the site. See Figure B.27 for the pole placement and design layout. Adjust the masts
until the R, for all equipment is covered.

Ra,m — 084 HO.6IO.74

Rum=0.84(18.3m)"*(2.567)"" =9.7m

Table B.8—69 kV distribution substation (Eriksson EGM) R, for
shielding structures and masts to protect equipment

Equipment Y, in meters Y, in feet R, in meters R, in feet
Tall interior mast 18.3 60.0 9.7 31.7
Short exterior mast 15.2 50.0 8.6 28.4
Incoming tower 12.2 40.0 7.6 24.8
Tower with mast 15.2 50.0 8.6 28.4
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Figure B.27—69 kV distribution substation design layout with dimensions for the
Eriksson EGM example with a domed mast structures
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Figure B.28—69 kV distribution substation design layout for the Eriksson EGM
example with a domed mast structures

B.5.2 69 kV distribution substation model utilizing the Eriksson EGM with static wire
structures

Determine the substation design criteria. Is the substation a standard layout, or does it have critical
parameters? Determine if side stroke protection is warranted. This example will assume a standard
distribution layout for shielding design. Figure B.26 shows the layout and dimensions. The following is the
R, calculations for a static wire conductors in meters. /; is set equal to I, which is from Equation (18) in kA

which is 2.567 kA for the 69 kV substation with the values below.

Zs=300Q2 BIL=350kV
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_ BILx1.1 _2.2(BIL)
Tz, Z,

2.2(350kV)

s =2.567 kA
300 Q

Utilize Equation (23) to solve for the R, for all critical equipment structures within the substation to be
protected. Continue this process for all the equipment in question. The perimeter fencing is assumed to be
10 ft tall chain link as a reference. Table B.9 is the product of the tabulation for the design layout from
Figure B.26.

Ra,m — 084 HO.6 10.74

Ran=0.84(10.1m)"(2.567)" " =6.8 m

Table B.9—69 kV distribution substation (Eriksson EGM) R, for structures
of equipment to be protected

Equipment Y, in meters Y, in feet R, in meters R,in feet
Switch 10.1 33.0 6.8 22.1
High bus and equipment 5.8 19.0 4.8 15.9
Low bus 43 14.0 4.0 132

B.5.2.1 69 kV distribution substation model utilizing the Eriksson EGM with static wire
structures for shielding design

Determine by company policy, standards, or customer criteria if static shield wiring can be placed over
energized equipment or bus. Determine the type of shielding to be used for the substation: masts, static
wires, or both. Place the R, for the equipment on the plan and elevation section views from Table B.9.
Place the bus R, for the center phase and end of bus structures. Mark all areas of conflict where shielding
cannot be placed, such as future bays, transmission drops, roads, limited truck or crane access, within fire
zones, complex buswork arrangements, etc. Calculate the R, for the shielding wire conductor structures
from Equation (24). In this example we will be using a 21.3 m (70 ft) mast pole to support the static
shielding wiring, and shielding wiring is to be placed for the equipment to be protected, see Table B.10
below.

Substation equipment can be protected by one or more shielding structures. For distribution and
transmission substation, the electrical equipment is generally protected by up to four shielding structures
due to the geometry of the site. A single shielding structure can provide a canopy cover design, but might
provide only marginal critical design coverage for /; less than 4 kA.

Place the mast to maintain access and avoid conflicts with bus. Maintain minimum spacing for the voltage
class for bus to grounded structures. Generally, place the masts between the property line and the

equipment to be protected first, then add additional shielding masts between equipment to cover the site.
Adjust the masts until the R, for all equipment is covered. Check that all area is covered by the shield wires
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by copying parallel from the shorted wire attachment point. See Figure B.29 and Figure B.30 for the pole
placement and design layout.

Ra,m — 067 H0.6IO.74

Ran=0.67(21.3m)**(2.567) " =8.4m

Table B.10—69 kV distribution substation (Eriksson EGM) R, for
shielding structures and masts to protect equipment

Equipment ¥, in meters Y, in feet R ,in meters R ,in feet
Tall interior mast 21.3 70.0 8.4 27.7
Incoming tower 12.2 40.0 6.0 19.8
Tower with mast 15.2 50.0 6.9 22.6
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Figure B.29—69 kV distribution substation design layout with dimensions for the
Eriksson EGM example with a domed static wire structures
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Figure B.30—69 kV distribution substation design layout for the
Eriksson EGM example with a domed static wire structures

B.5.3 69 kV distribution substation model utilizing the Eriksson EGM with the combination
of masts and static wire structures

By combining the properties of both masts and static wiring shielding, design layouts can be used to
eliminate static wiring over energized buss. Static shielding wires can be placed lower on masts to provide
side lightning protects while masts might be raised within the same design area. An arc or domed shielding
design with staggered structure heights and placement can be used to provide additional shielding
protection options for unusual terrain and circumstances. If the radii of attraction R, are greater than the
mast height, in theory all lightning strikes will likely hit the ground or the shielding structure. Additional
side lightning protection is not required but might be desired by the design criteria. Determine the
substation design criteria. Is the substation a standard layout, or does it have critical parameters? Determine
if side stroke protection is warranted. This example will assume a standard distribution layout for shielding
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design. Figure B.26 shows the layout and dimensions. The following is the R, calculations for a static wire
conductors in meters and masts in meters. /; is set equal to /. which is from Equation (18) in kA which is
2.567 kA for the 69 kV substation with the values below.

Z,=300Q  BIL=350kV

_ BILx1.1 _2.2(BIL)
(2,02 Z

N

2.2(350 k)

i =2.567 kA
300 Q

Utilize Equation (23) in meters to solve for the R, for all critical equipment structures within the substation
to be protected. Continue this process for all the equipment in question. The perimeter fencing is assumed
to be 10 ft tall chain link. Table B.11 is the product of the tabulation for the design layout from
Figure B.26.

Ra,m — 084 HO.610.74

Ran=0.84(10.1m)"(2.567)" =6.7m

B.5.3.1 69 kV distribution substation model utilizing the Eriksson EGM with the
combination of masts and static wire structures for shielding design

Determine by company policy, standards, or customer criteria if static shield wiring can be placed over
energized equipment or bus. Determine the type of shielding to be used for the substation: masts, static
wires, or both. Place the R, for the equipment on the plan and elevation section views from Table B.11.
Place the bus R, for the center phase and end of bus structures. Mark all areas of conflict where shielding
cannot be placed, such as future bays, transmission drops, roads, limited truck or crane access, within fire
zones, complex buswork arrangements, etc. Calculate the R, for the shielding masts and shielding wire
conductor structures from Equation (23). In this example we will be using a 21.3 m (70 ft) mast pole to
support the static shielding wiring, shielding wiring is to be placed for the equipment to be protected, and
an 18.3 m (60 ft) mast placed for interior buswork protection see Table B.12 below. This is to eliminate
static wires from crossing bus and equipment.

See previous examples for more specific detailed calculations. Place the mast to maintain access and avoid
conflicts with bus. Maintain minimum spacing for the voltage class for bus to grounded structures.

Table B.11—69 kV distribution substation (Eriksson EGM) R, for structures of
equipment to be protected

Equipment Y. in meters Y, in feet R, in meters R, in feet
Switch 10.1 33.0 6.8 22.1
High bus and equipment 5.8 19.0 4.8 15.9
Low bus 4.3 14.0 4.0 13.2

Generally, place the masts between the property line and the equipment to be protected first, and then add
additional shielding masts between equipment to cover the site. Adjust the masts until the R, for all

127
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012
IEEE Guide for Direct Lightning Stroke Shielding of Substations

equipment is covered. Check that all area is covered by the shield wires by copying parallel from the
shorted wire attachment point. See Figure B.31 to Figure B.33 for the pole placement and design layout.

Ra,m — 084 HO.6 ]0.74

Table B.12—69 kV distribution substation (Eriksson EGM) R, for mast and static wire
structures used in combination to protected equipment

Equipment Yg in meters Y, in feet R, in meters R, in feet

Mast structures (Equation (23))

Tall exterior mast 21.3 70.0 10.6 34.7

Short interior mast 18.3 60.0 9.7 31.7

Incoming tower 12.2 40.0 7.6 24.8

Tower with mast 15.2 50.0 8.6 28.4
Static wire structures (Equation (24))

Tall interior mast 21.3 70.0 8.4 27.7

Tower with mast 15.2 50.0 6.9 22.6

Figure B.31—69 kV distribution substation design elevation layout for the Eriksson EGM
example with a combination of static wires and mast structures
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Figure B.32—69 kV distribution substation design plan layout for the Eriksson EGM
example with a combination of static wires and mast structures
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Figure B.33—69 kV distribution substation design final design layout for the Eriksson
EGM example with a combination of static wires and mast structures

B.5.4 69 kV distribution substation model utilizing the Eriksson EGM with mast structures
with side lightning strokes as a criteria

The following is an example for providing a shielding design where side lightning stroke protection is a
criteria. This example will utilize mast structures only, but can be extended for static wire shielding and
combination designs as well. For a distribution substation with a BIL below 550 kV and I, less than
4 kA where side lightning stroke protection is critical, starting design mast or static wire height is generally
twice the high bus height as is demonstrated in the following example. Figure B.26 shows the layout and
dimensions for the substation. /; is set equal to /., which is from Equation (18) in kA which is 2.567 kA for

the 69 kV substation with the values below.
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7.=300Q  BIL=350kV

_ BILx1.1 _22(BIL)
Yz, Z,

2.2(350kV)

i =2.567 kA
300 O

Utilize Equation (23) to solve for the R, for all critical equipment structures within the substation to be
protected. Continue this process for all the equipment in question. The perimeter fencing is assumed to be
10 ft high chain link as a reference. Table B.13 is the product of the tabulation for the design layout from
Figure B.26.

Ra,m — 084 HO.6 [0.74

Rom=0.84(10.1m)"*(2.567)" =6.8 m

Table B.13—69 kV distribution substation (Eriksson EGM) R, for structures
of equipment to be protected

Equipment Y. in meters Y. in feet R, in meters R, in feet
Switch 10.1 33.0 6.8 22.1
High bus and equipment 5.8 19.0 4.8 15.9
Low bus 43 14.0 4.0 13.2
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Figure B.34—69 kV distribution substation design elevation plan layout for the
Eriksson EGM example with two shielding structures intersecting one point

B.5.4.1 69 kV distribution substation model utilizing the Eriksson EGM with mast
structures solved for two mast intersection shielding design

The designer needs to begin by selecting a point on the plans where in mast shielding R, will intersect. For
this example the intersection of the center phase of the low and high bus is utilized. Figure 30 and Figure
36 describe the process to locate two masts or static wires alongside equipment to be protected. Equation
(26) is used to solve for the maximum horizontal distance the shielding structure can be placed from the
equipment being protected to provide horizontal side lightning protection for a single mast or static wire
structure. In this example with short low-to-the-ground shielding structures, wind swing or sag of the
shielding masts is assumed negligible. Solve for R, for the masts. Equation (23) and Equation (24) can be
solved for a given mast height with a desired R, as shown below. Figure B.35 shows the triangular
geometry to solve for X with two masts.

R

a—m

=0

Masts of height 12.2 meters (40 ft) are used for this example for twice-high bus height. The designer will
need to evaluate the need for more masts or static shielding wires as H decreases. The designer will need to
evaluate the side lightning protection and lower the mast height to provide the desired design. The Eriksson
EGM for substation designs typically are for shielding structures above 20 meters. Solve for R, for the 12.2
m (40 ft) masts.

Ra_m — 0.84H0.6]0.74
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Rao-n=0.84(122m)"*(2.567) ™ =7.6 m

Utilize Equation (26) and solve the right angle triangle for X with R, as given above as seen in Figure
B.34 and Figure B.35. R, was given by Table B.13 for the high bus. The maximum spacing between two
masts is:

X2—m = \/Rgzg - (Yg - (YC + RC'))2

Xoom = \/7.62 —(122-(5.8+48))

X2_m = 7.4 m
where

X,.,  1s the maximum horizontal distance the shield can be placed from the conductor being protected

R, is length of the radii of attraction arc for the shielding structure

R. is length of the radii of attraction arc for the electrical component being protected
Y, is vertical height of the shielding device

Y. is the vertical height of the electrical component being protected

To provide side stroke lightning protection the following needs to be true for the shielding design.
R Y~ Y

To get four mast structures to intersect at one point and at a height of R¢c + Y¢ to protect the equipment,
the X horizontal distance is further reduced by the square root of 2. The isosceles triangle is seen in
Figure B.35. The maximum spacing between four masts to intersect at one point for height R, + Y, is:

This can be simplified as seen in Figure B.35 for a domed design layout when Y, is greater than Y. + R..
For this simplified method, the maximum spacing for four masts to intersect at one point is:

Continue this process for both bays. Extend an additional four mast system to surround the transformer.
Figure B.36 shows the final design layout with 12 mast structures covering the substation site. For the pole
placement 10.7 m (35 ft) is used.
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Figure B.35—69 kV distribution substation design elevation and plan layout for the
Eriksson EGM example with four mast structures intersecting at one point
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Figure B.36—69 kV distribution substation design final design layout for the Eriksson EGM
example with 12.2 m (40 ft) mast placement for side stroke protection
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B.5.5 69 kV distribution substation model utilizing the Eriksson EGM with mast structures

with /5 greater than I,

Generally, to minimize electrical equipment damage, the lightning strike current /; is set equal to /. which
is the withstand voltage of the equipment being protected given by Equation (18). In certain instances this
design criteria cannot be met. The following is an example of Figure B.26 with two masts placed between
the property line and transformers to demonstrate this design process. This example will assume a standard
distribution layout for a domed shielding design. Figure B.38 shows the layout and dimensions. The
following is the R, calculations for a mast in meters. /; is set equal to twice /. which is from Equation (18)

IEEE Std 998-2012
IEEE Guide for Direct Lightning Stroke Shielding of Substations

in kA which is 2.567 kA for the 69 kV substation with the values below.

Z,=300Q BIL=350kV

; _BILxl.1_22(BIL)

s =

S

I1,=2x1 =2x

z.12) Z

N

2.2(350 kV)
(300 Q)

300 Q2

1,=2x1,=5134kA

Utilize Equation (23) to solve for the R, for all critical equipment structures within the substation to be
protected. Continue this process for all the equipment in question. The perimeter fencing is assumed to be
10 ft high chain link as a reference. Table B.14 is the product of the tabulation for the design layout from

Figure B.26.

Ra,m — 084 HO.610.74

=2.567 kA

2.2(350kV)

=2x2.567 kA

Ran=0.84(10.1m)"*(2.567) ™ =6.7m

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.

Table B.14—69 kV distribution substation (Eriksson EGM) R, for
structures of equipment to be protected

Equipment Y, in meters Y, in feet R, in meters R, in feet
Switch 10.1 33.0 6.8 22.1
High bus and equipment 5.8 19.0 4.8 15.9
Low bus 4.3 14.0 4.0 13.2
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B.5.5.1 69 kV distribution substation model utilizing the Eriksson EGM with
two 18.3 m (60 ft) mast structure shielding design

Place the R, for the equipment on the plan and elevation section views from Table B.14. Place the bus R,
for the center phase and end of bus structures. Mark all areas of conflict where shielding cannot be placed,
such as future bays, transmission drops, roads, limited truck or crane access, within fire zones, complex
buswork arrangements, etc. Calculate the R, for the shielding mast structures from Equation (23). In this
example we will be using an 18.3 m (60 ft) mast for shielding protection, see Table B.15 below. Calculate
the R, for the critical and design strike current values. Place the mast to maintain access and avoid conflicts
with bus. Maintain minimum spacing for the voltage class for bus to grounded structures. Generally, place
the masts between the property line and the equipment to be protected. See Figure B.37 for the pole
placement and design layout. Adjust the masts until the R, for all equipment is covered.

Ra,m — 084 H0.6 [0.74

Ran=0.84(18.3m)*(2.567)*=9.7m

Table B.15—69 kV distribution substation (Eriksson EGM) R, for shielding
structures and masts to protect equipment for the design /s

Equipment nfé’t(i:s Y, in feet If:ti:s R, in feet
Mast structures, Equation (23), I = 2.567 kA

Tall exterior mast 18.3 60.0 9.7 31.7

Incoming tower 12.2 40.0 7.6 24.8

Tower with mast 15.2 50.0 8.6 28.4
Mast structures, Equation (23), / = 5.134 kA

Tall exterior mast 18.3 60.0 16.1 52.9

Incoming tower 12.2 40.0 12.6 41.5

Tower with mast 15.2 50.0 14.4 47.4
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Figure B.37—69 kV distribution substation design plan layout for the Eriksson EGM
example with two 18.3 m (60 ft) mast placement for I greater than /. stroke current
protection

B.5.5.2 69 kV distribution substation model utilizing the Eriksson EGM with two
18.3 m (60 ft) mast structure shielding design

Place the R, for the equipment on the plan and elevation section views from Table B.9. Figure B.37 shows

both radii of attraction, R,, for both strike current values. The hatched area indicates the equipment that
might be struck by lightning.
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Figure B.38—69 kV distribution substation design final plan layout for the Eriksson EGM
example with two 18.3 m (60 ft) mast placement for /5 greater than /. stroke current
protection

B.5.6 500/230 kV transmission substation model utilizing the Eriksson EGM with mast
structures

The procedure for applying the Eriksson EGM method when there are multiple voltages in a substation is
simple. The designer simply makes separate calculations for each voltage level utilizing the appropriate
BIL and surge impedance.

Determine the substation design criteria. Is the substation a standard layout, or does it have critical
parameters? Determine if side stroke protection is warranted. This example will assume a standard
distribution layout for a domed shielding design. Figure B.39 shows the layout and dimensions for the
500/230 kV substation. Figure B.40 shows the typical elevations and dimensions for the 500 kV and
230 kV yards as well as the transformer and buswork. / is set equal to I, which is from Equation (18) in
kA for the substation yards with the values below as 11.786 kA for the 500 kV yard and 5.893 kA for the
230 kV yard. The 13.8 kV equipment is ignored for this example since the buswork is located below the
230 kV bus. This procedure would be repeated if the 13.8 kV bus was exposed.
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500 kV yard

Z,=336Q BIL=1800 kV

; _BlLxl.1_2.2(BIL)
$T(Z,12) z

N

- 22(1800kV) _ 1\ secqa
336 Q
230 kV yard

Z,=336Q  BIL=900kV

_ BILx1.1 _2.2(BIL)
CT(Z,12) 7z

s

;220900 k7)

Y =5.893 kA
: 3360

Utilize Equation (23) to solve for the R, for all critical equipment structures within the substation to be
protected. Continue this process for all the equipment in question for all voltage levels. The perimeter
fencing is assumed to be 10 ft high chain link as a reference. Table B.16 is the product of the tabulation for
the design layout from Figure B.39 and Figure B.40.

Ra,m — 084 H0.6 1074

Raon=0.84(16.8 m)°(11.786)"* = 28.3 m

Table B.16—500/230 kV transmission substation (Eriksson EGM) R, for structures of
equipment to be protected

Equipment nict;!s Y. in feet R, in meters | R, in feet
500 kV yard and equipment
Switch and breaker 7.9 26.0 18.0 59.2
High bus and equipment 16.8 55.0 28.3 92.8
Low bus 9.1 30.0 19.6 64.5
Transformer equipment 10.4 34.0 21.2 69.6
230 kV yard and equipment
Switch and breaker 6.4 21.0 9.5 31.2
High bus 8.6 28.0 11.3 37.1
Low bus 6.1 20.0 9.2 30.3
Collector bus 11.9 39.0 13.8 452
Spare bus 9.4 30.9 12.0 39.3
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B.5.6.1 500/230 kV transmission substation model utilizing the Eriksson EGM with 30.48 m
(100 ft) mast structures for a shielding design

This example will utilize 30.48 m (100 ft) mast structures on both the 500 kV and 230 kV yards to be
consistent with the other examples provided within this annex. Determine by company policy, standards, or
customer criteria if static shield wiring can be placed over energized equipment or buswork. Determine the
type of shielding to be used for the substation: masts, static wires, or both. Place the R, for the equipment
on the plan and elevation section views from Table B.17. Place the bus R, for the center phase and end of
bus structures. Mark all areas of conflict where shielding cannot be placed, such as future bays,
transmission drops, roads, limited truck or crane access, within fire zones, complex buswork arrangements,
etc. Calculate the R, for the shielding mast structures from Equation (23). An arc or domed shielding
design with staggered structure heights and placement might be used to provide additional shielding
protection options for unusual terrain and circumstances. Place the mast to maintain access and avoid
conflicts with buswork. Maintain minimum spacing for the voltage class for bus to grounded structures.
Generally, place the masts between the property line and the equipment to be protected, and then add
additional shielding masts between equipment to cover the site. See Figure B.39, Figure B.40, and Figure
B.41 for the pole placement and design layout. Adjust the mast until the R, for all equipment is covered.
The following is the R, calculations for a mast in meters, /g is set equal to /., which is from Equation (18)
in kA.

Ra,m — 084 H0.6 10.74

R,, =0.84(30.5m)*°(11.786)"" = 40.5m

Table B.17—500/230 kV transmission substation (Eriksson EGM) R, for shielding
structures and masts to protect equipment

Equipment Y, in meters Y, in feet rf;til;s R, in feet
500 kV yard and equipment

Incoming tower with mast 30.5 100.0 40.5 132.9

Mast structure 30.5 100.0 40.5 132.9
230 kV yard and equipment

Incoming tower with mast 21.34 70 19.6 64.2

Mast structure 30.48 100 243 79.6

Similar to the 69 kV substation example in B.5.4.1, a four mast system can be placed to cover the center
phase of the cross bus structures as shown in Figure B.42. Utilize Equation (26) and solve the right angle
triangle for X with R, as seen in Figure B.41. R, is given by Table B.16 for the high bus. The maximum
spacing between two masts is:
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500 kV yard

X = \/Rzg —((YC tRe)- Yg)Z

X = \/40.52 —((16.8+28.3)-30.5) =37.8m

where

X is the maximum horizontal distance the shield can be placed from the conductor being protected
R, is length of the radii of attraction arc for the shielding structure

Rc is length of the radii of attraction arc for the electrical component being protected

Y, is vertical height of the shielding device

Ye is the vertical height to the electrical component being protected

230 kV yard

X = \/Ri, —((YC +Re)- Yg)z

X =243 —((30.5-(8.5+11.3))’ =21.8m

To get four mast structures to intersect at one point and at a height of R, + Y. to protect the equipment, the
X horizontal distance from above is reduced by the square root of 2 (1.414). The isosceles triangle is seen in
Figure B.42. Since this transmission substation is more critical, no domed design will be considered for the
230 kV bus. The maximum spacing between four masts to intersectat a point and a height of R, + Y. is:

X4fm=Rg'\/5
500 kV yard
X 378
= =22 2267m
o2 2
230 kV yard
X4_m=£=£:15.4m
V2 2
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Figure B.39—500/230 kV transmission substation design plan layout with
dimensions for the Eriksson EGM example
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Figure B.40—500/230 kV transmission substation design elevation view layouts with
dimensions for the Eriksson EGM example
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Figure B.41—500 kV transmission substation design bus elevation view layouts with
dimensions for the Eriksson EGM mast structure example for the center bus triangle
intersection calculations
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Figure B.42—500 kV transmission substation design bus plan view layouts with
dimensions for the Eriksson EGM mast structure example for the center bus four mast
intersection calculations

40.5m
132.9"

40.5n
13297 24.3m

79.6'

24.3m
v 9.6°

28.3m
2.8’

Yg = 30.48m
o0’

11.3m
37.1

" vg = 30.48m
(100

Figure B.43—500/230 kV transformer transmission substation design bus elevation view
layouts with dimensions for the Eriksson EGM mast structure example for the mast
intersection calculations. Notice the two R, for the transformer secondary mast.
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Figure B.44—230 kV transmission substation design bus elevation view layouts with
dimensions for the Eriksson EGM mast structure example for the center bus triangle
intersection calculations
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Figure B.45—230 kV transmission substation design bus plan view layouts with
dimensions for the Eriksson EGM mast structure example for the center bus four mast
intersection calculations
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B.5.6.2 500/230 kV transmission substation model utilizing the Eriksson EGM with 30.48 m
(100 ft) mast structure placement shielding design plan

The maximum separation of the mast poles shown for the above calculations places the poles outside of the
fence structure. To allow for one row of mast structures between the two 500 kV bus structures, the poles
will be shifted 1.86 m (6.1 ft). This example is for a standard canopy layout. The objective is to cover all
equipment R, radii of attraction by the mast structure protection. Start by placing the mast structures at
critical bus intersections and proceeding outward. Figure B.43 shows the elevation for the secondary of the
transformer. This area has two R, to protect both the 500 kV and open 230 kV bus. Overlap the R, on the
mast structure and adjust the pole locations to cover and protect all electrical equipment. Figure B.46 shows
the shielding protection layout and Figure B.47 shows the final pole placements.
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Figure B.46—500/230 kV transmission substation shielding design plan layouts with
dimensions for the Eriksson EGM mast structure example
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Figure B.47—500/230 kV transmission substation shielding design final plan view
layout with dimensions for the Eriksson EGM mast structure example
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B.5.7 500/230 kV transmission substation model utilizing the Eriksson EGM with static wire
structures

To apply the Eriksson EGM method when there are multiple voltages in a substation, the designer must
make separate calculations for each voltage level utilizing the appropriate BIL and surge impedance.

Determine the substation design criteria. Is the substation a standard layout, or does it have critical
parameters? Determine if side stroke protection is warranted. This example will assume a standard
distribution layout for a domed shielding design. Figure B.39 and Figure B.40 shows the typical elevations
and dimensions for the 500 kV and 230 kV yards as well as the transformer and bus. /; is set equal to /.
which is from Equation (19) in kA for the substation yards with the values below as 11.786 kA for the
500 kV yard and 5.893 kA for the 230 kV yard. The 13.8 kV equipment is ignored for this example since
the buswork is located below the 230 kV bus. This procedure would be repeated if the 13.8 kV bus was
exposed.

500 kV yard
Z, =336Q

BIL =1800 kV

_ BILx1.1 22(BIL)
(2,12 Z

s

; _22(1800kV)

Y =11.786 kA
‘ 3360

230 kV yard
7. =336Q

BIL =900 kV

_ BILx1.1 _22(BIL)
(12 Z

N

22900 kV)

) = 5.893 kA
3360

Utilize Equation (23) in meters to solve for the R, for all critical equipment structures within the substation
to be protected. Continue this process for all the equipment in question for all voltage levels. The perimeter
fencing is assumed to be 10 ft high chain link as a reference.

Table B.18 is the product of the tabulation for the design layout from Figure B.39 and Figure B.40.
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Ra,m =0.84 H0'610~74

R,, =0.84(16.8 m)**(11.786)"™ =28.3 m

Table B.18—500/230 kV transmission substation (Eriksson EGM) R, for
structures of equipment to be protected

Equipment Y. in meters Y. in feet | R, in meters | R, in feet

500 KV yard and equipment

Switch and breaker 7.9 26.0 18.0 59.2
High bus 16.8 55.0 28.3 92.8
Low bus 9.1 30.0 19.6 64.5
Transformer equipment 10.4 34.0 21.2 69.6

230 KV yard and equipment

Switch and breaker 6.4 21.0 9.5 31.2
High bus 8.5 28.0 11.3 37.1
Low bus 6.1 20.0 9.2 30.3
Collector bus 11.9 39.0 13.8 452
Spare bus 9.4 30.9 12.0 393

B.5.7.1 500/230 kV transmission substation model utilizing the Eriksson EGM with 30.48 m
(100 ft) static wire structures for a shielding design

This example will utilize 30.48 m (100 ft) static wire structures on both the 500 kV and 230 kV yards to be
consistent with the other examples provided within this annex. Determine by company policy, standards, or
customer criteria if static shield wiring can be placed over energized equipment or bus. Determine the type
of shielding to be used for the substation: masts, static wires, or both. Place the R, for the equipment on the
plan and elevation section views from Table B.18. Place the bus R, for the center phase and end of bus
structures. Mark all areas of conflict where shielding cannot be placed, such as future bays, transmission
drops, roads, limited truck or crane access, within fire zones, complex bus arrangements, etc. Calculate the
R, for the shielding static wire structures from Equation (23) in meters. An arc or domed shielding design
with staggered structure heights and placement might be used to provide additional shielding protection
options for unusual terrain and circumstances. Place the mast to maintain access and avoid conflicts with
bus. Maintain minimum spacing for the voltage class for bus to grounded structures. Generally, place the
static wires between the property line and the equipment to be protected first, then add additional shielding
wires between equipment to cover the site. See Figure B.48, Figure B.49, and Figure B.50 for the pole
placement and design layout. Adjust the static wires until the R, for all equipment is covered. The
following is the R, calculations for a mast in meters. /; is set equal to /. which is from Equation (18) in kA.
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Ra,m — 0'67H0.610.74
R,, =0.67(30.5m)"**(11.786)"™ =32.3m

Table B.19—500/230 kV transmission substation (Eriksson EGM) R, and R, for shielding
static wires and structures to protect equipment

Equipment Y, in meters | Y, in feet | R, in meters | R, in feet

500 kV yard and equipment

Incoming tower with mast 30.5 100.0 323 106.0

Static wire structure 30.5 100.0 323 106.0
230 kV yard and equipment

Incoming tower with mast 21.3 70.0 15.6 51.2

Static wire structure 30.5 100.0 19.3 63.5

Similar to the 69 kV substation example B.5.4.1, a static wire system can be placed on each side of
equipment to cover the center phase of the cross bus structures as shown in Figure B.40. Utilize Equation
(26) and solve the right angle triangle for X with R, as given by Table B.18 for the high bus. The maximum
spacing between two static wires is:

500 kV yard

x =& (et re)-vg)

X = J32.32 —((16.8+28.3) - 30.5))> =28.8 m

where
X is the maximum horizontal distance the shield can be placed from the conductor being protected
R,  islength of the radii of attraction arc for the shielding structure
R, is length of the radii of attraction arc for the electrical component being protected
Y,  is vertical height of the shielding device
Y. s the vertical height to the electrical component being protected
230 kV yard

X = \/Ri, —((Yc tRe)- ng

X =4193-((30.5-(8.5+11.3))> =16.1m

The radii of attraction R, is greater than the mast height, in theory all lightning strikes will likely hit the
ground or the shielding structure. Additional side lightning protection is not required but might be desired
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by the design criteria. To provide side stroke lightning protection the following needs to be true for the
shielding design. For transmission substations, the maximum horizontal distance X needs to be reduced for
sag and wind swing of the static wires for installation spans longer than 60 m (200 ft).

Rg ZYg—YC

Ra \/E <X - Xsag/swing

Y = Yc+Rc—-Yg

(16.76+28.3-30.48m>
(55’+92.8'-100"
RC=28.3m Yg = 30.48m
STATIC WIRE 9%5/)’ <100°
X Max STATIC WIRE
HORIZONTAL H
{
TS ve - 1676n
35
K2 ¥ E]

Figure B.48—500 kV transmission substation design bus elevation view layouts with
dimensions for the Eriksson EGM static wire example for the center bus triangle
intersection calculations

32.31m
108 19.34n
63.48/
32.31m
106’
19.34m
63.46'
STATIC WIRE ——2ddm SLATICL WIRE I
Yo = 30.48m 92.8’ STATI( WIRE
(100" x
3.
452’
12m 118m
35 371
Yg = 30.48nm
oA T <1007

Figure B.49—500/230 kV transformer transmission substation design bus elevation view
layouts with dimensions for the Eriksson EGM static wire example for the structure
intersection calculations. Notice the two R, for the transformer secondary structures.
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B.5.7.2 500/230 kV transmission substation model utilizing the Eriksson EGM with static
wires mounted at 30.48 m (100 ft) structure placement shielding design plan

The maximum separation of the mast poles shown for the above calculations places the poles near the fence
structure. The outer static wires have been moved inward to 9.14 m (30 ft) and 12.2 m (40 ft) of the bus
within the 500 kV yard. To allow for one row of static wires and structures between the two 500 kV bus
structures, the poles will be shifted to have 50.3 m (165 ft) horizontal separation between the static wires.
This example is for a standard canopy layout. The objective is to cover all equipment R, radii of attraction
by the mast structure protection. Figure B.50 shows the elevation for the secondary of the transformer. This
area has two R, to protect both the 500 kV and open 230 kV bus. Overlap the R, on the mast structure and
adjust the pole locations to cover and protect all electrical equipment. Figure B.51 shows the shielding
protection layout and Figure B.52 shows the final pole and static wire placements.

Y = Yg-Yc-Rc
(30.48-8.53-11.3m)

/F\ (100-28"'-37.1"

/—\
I

Yg = 30.48m
(100"

STATIC WIRE

/

STATIC WIRE

X Max
\ HORIZONTAL

—_t

RC=113m
/(37.1/)

\ [ TT——Yc = 8.53m
@8"

Figure B.50—230 kV transmission substation design bus elevation view layouts with
dimensions for the Eriksson EGM static wire example for the center bus triangle
intersection calculations
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Figure B.51—500/230 kV transmission substation shielding design plan layout with
dimensions for the Eriksson EGM static wire example
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Figure B.52—500/230 kV transmission substation shielding design final plan view layout
with dimensions for the Eriksson EGM static wire example
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B.5.8 500/230 kV transmission substation model utilizing the Eriksson EGM with the
combination of masts and static wire structures

In this example we will combine the protection properties of the masts and static wires similar to the two
previous examples. The objective of the design is to eliminate static wire bus and transformer crossing and
provide additional side lightning stroke protection. The procedure for applying the Eriksson EGM method
when there are multiple voltages in a substation is simple. The designer simply makes separate calculations
for each voltage level utilizing the appropriate BIL and surge impedance. Determine the substation design
criteria. Is the substation a standard layout, or does it have critical parameters? Determine if side stroke
protection is warranted. This example will assume a standard distribution layout for a domed shielding
design. Figure B.39 shows the layout and dimensions for the 500/230 kV substation. Figure B.40 shows the
typical elevations and dimensions for the 500 kV and 230 kV yards as well as the transformer and buswork.
I, is set equal to /. which is from Equation (18) in kA for the substation yards with the values below as
11.786 kA for the 500 kV yard and 5.893 kA for the 230 kV yard. The 13.8 kV equipment is ignored for
this example since the bus is located below the 230 kV bus. This procedure would be repeated if the
13.8 kV bus was exposed.

500 kV yard

7, =336Q

BIL =1800 kV

; _BILxl.1_22(BIL)
T (Z)2) Z,

~2.2(1800 kV)

) =11.786 kA
336 0

230 kV yard
7, =336Q
BIL =900 kV

_ BILx1.1 22(BIL)
(12 Z

s

;220900 kV)

Y =5.893 kA
‘ 336 Q

Utilize Equation (23) to solve for the R, for all critical equipment structures within the substation to be
protected. Continue this process for all the equipment in question for all voltage levels. The perimeter
fencing is assumed to be 10 ft high chain link as a reference. Table B.20 is the product of the tabulation for
the design layout from Figure B.39 and Figure B.40.
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Ra,m =0.84 H0'610~74

R,, =0.84(16.8 m)**(11.8)*"* =28.3 m

Table B.20—500/230 kV transmission substation (Eriksson EGM) R, and R, for
structures of equipment to be protected

Equipment Y, in meters Y, in feet R, in meters R, in feet

500 kV yard and equipment

Switch and breaker 7.9 26.0 18.0 59.2
High bus 16.8 55.0 28.3 92.8
Low bus 9.1 30.0 19.6 64.5
Transformer equipment 10.4 34.0 21.2 69.6

230 kV yard and equipment

Switch and breaker 6.4 21.0 9.5 31.2
High bus 8.5 28.0 11.3 37.1
Low bus 6.1 20.0 9.2 30.3
Collector bus 11.9 39.0 13.8 452
Spare bus 9.4 309 12.0 393

B.5.8.1 500/230 kV transmission substation model utilizing the Eriksson EGM with the
combination of masts and static wire structures for a shielding design

This example will utilize 30.48 m (100 ft) static wire structures on both the 500 kV and 230 kV yards to be
consistent with the other examples provided within this annex. Begin the combination design by placing
masts around the complex transformer structure. As seen in the 69 kV example in Figure B.53, an isosceles
triangle can be utilized to locate four masts around crossing bus structures. This can be expanded to six
masts.

To design a shielding system around a rectangular complex structure with six masts, make two equal boxes.
Measure the height and width surrounding the complex structures. The width of the box is 2L and the
height is 4L as seen in the example in Figure B.53. Place a diagonal across the box and measure the
hypotenuse. The square root of 2 times the hypotenuse is the radii of attraction R, (2.828 x L) Using
Equation B.8.1 solve for H),, then round up to the next standard shielding mast height. This will provide
additional protection with designed-in overlap. Place a shielding structure at each box corner. Static shield
wires can be added for side lightning strokes as needed for the design. Measure the critical structure areas
such as around the transformers to select the best shielding height (H) of structures that will provide the
most beneficial R, for the site:

500 kV yard

R
0.84 7%
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H,, =og 36m o7 = 25m
0.84(11.786)"

230 kV yard

RM

Hy =od— 0™ _sgom
0.84(5.893)"

We will use the 30.48 m (100 ft) masts to be consistent with the other examples. Place the R, for all
shielding structures on the plan and elevation views within the design area and confirm all critical
equipment is shielded as required by the design. On the secondary side of transmission transformer, place
the R, for the low voltage BIL side to determine if there are any shortcomings to the design coverage. After
placing the shielding structures around the critical equipment, adjust the shielding structure locations to
avoid conflicts and provide access. After the transformer is protected, proceed outward for the 500 kV and
230 kV yards.

Determine by company policy, standards, or customer criteria if static shield wiring can be placed over
energized equipment or bus. Determine the type of shielding to be used for the substation: masts, static
wires, or both. Place the R, for the equipment on the plan and elevation section views from Table B.20.
Place the bus R, for the center phase and end of bus structures. Mark all areas of conflict where shielding
cannot be placed, such as future bays, transmission drops, roads, limited truck or crane access, within fire
zones, complex bus arrangements, etc. Calculate the R, for the shielding static wire structures from
Equation (23). An arc or domed shielding design with staggered structure heights and placement can be
used to provide additional shielding protection options for unusual terrain and circumstances. Place the
mast to maintain access and avoid conflicts with the bus. Maintain minimum spacing for the voltage class
for bus to grounded structures. Generally, place the static wires between the property line and the
equipment to be protected first. Then add additional shielding wires between equipment to cover the site.
See Figure B.53, Figure B.54, and Figure B.55 for the pole placement and design layout. Adjust the static
wires until the R, for all equipment is covered. The following is the R, calculations for a mast in meters. /
is set equal to /. which is from Equation (18) in kA.

500 kV yard
Ra,m — 067 H0.610.74

R,, =0.67(30.5m)**(11.786)"™ =323 m

230 kV yard
Ra,m — 067 H0.6IO.74

R,, =0.67(30.5m)**(5.893)*™ =19.3 m
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Table B.21—500/230 kV transmission substation (Eriksson EGM ) R, for shielding
static wires and structures to protect equipment

Equipment Y, in meters Y, in feet R, in meters R, in feet

500 kV yard and equipment

Incoming tower with mast 30.5 100.0 40.5 132.9
Mast structure 30.5 100.0 40.5 132.9
Inside dome static wire 30.5 100.0 323 106.0
Outside static wire 27.4 90.0 30.3 99.5

230 kV yard and equipment

Incoming tower with mast 21.3 70.0 19.6 64.2
Mast structure 30.5 100.0 24.2 79.6
Static wire structure 30.5 100.0 19.3 63.5

Solve the right angle triangle for X with R, as given above and as seen in Figure B.54. R, as given by
Table B.20 for the high bus. The maximum spacing between two static wires is as below. The process is
repeated for the outer static wire mounted at 27.43 m (90 ft) and the middle inner static wire mounted at
30.48 m (100 ft). Figure B.54 shows the stagger layout for the 500 kV bus yard with the two static wire
elevations. This example provides a domed protection layout.

500 kV yard

x =\ re+re)-vg)

X = \/32.32 —((16.8+28.3) - 30.5))> =28.8 m

where
X is the maximum horizontal distance the shield wire can be placed from the conductor being
protected
R,  islength of the radii of attraction arc for the shielding structure
R. is length of the radii of attraction arc for the electrical component being protected
Y,  is vertical height of the shielding device
Y. is the vertical height to the electrical component being protected
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230 kV yard

x =& (et re)-vg)

X = J19.32 —((30.5-(8.5+11.3))* =16.1m

The radii of attraction R, is greater than the mast height, in theory all lightning strikes will likely hit the
ground or the shielding structure. Additional side lightning protection is not required but might be desired
by the design criteria. To provide side stroke lightning protection the following needs to be true for the
shielding design. For transmission substations the maximum horizontal distance X needs to be reduced for
sag and wind swing of the static wires for installation spans longer than 60 m (200 ft).

RAN2<X-X

sag | swing

B.5.8.2 500/230 kV transmission substation model utilizing the Eriksson EGM with the
combination of masts and static wires with stagger mounting of structure placement
shielding design plan

The outer static wires have been moved inward to 9.14 m (30 ft) and 12.2 m (40 ft) of the buswork within
the 500 kV yard. The middle inside static wires in the 500 kV yard have been raised to provide a domed
protection canopy. To allow for one row of static wires and structures between the two 500 kV bus
structures, the poles will be shifted to have 50.3 m (165 ft) horizontal separation between the static wires.
The objective is to cover all equipment R, radii of attraction by the mast structure protection and use the
static wires to protect the bus. Figure B.55 shows the shielding protection layout and Figure B.56 shows the
final pole and static wire placements to meet the objective of no bus crossing and more side protection.
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Figure B.53—500/230 kV transmission substation shielding design plan view layout with
dimensions for the Eriksson EGM example to provide a six mast rectangle protection for a
complex structure area
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Figure B.54—500/230 kV transmission substation shielding design elevation view layout
with dimensions for the Eriksson EGM example with a domed 500 kV static wire and mast
structure layout

162
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012
IEEE Guide for Direct Lightning Stroke Shielding of Substations

agsseag %E ;
s é QE &
5 Ty ok
by $35556485¢ =B
: S T A
CRGA i
sz ER
N | 555, &
N | g(\qg §
RN, o ::';F’f;',s
‘ E&éazg
TEERE
; ?fgéﬁn
g T
% \ r*\/"l EESE:§
0o,
g ~ Nl 3 THEE
] BepBan
\ gsﬁﬁ%éﬁ
/\
:
]

—}— MAST / SHIELDING STRUCTURE

—— STATIC WIRE

LEGEND

1. 13 POLES OF 30.48m {100'-07) TALL MAST STRUCTURES.

2. 2 SPANS OF 30.4Bm (100'—0") TALL INSIDE DOME STATIC WIRES.
3. 10 SPANS OF 27.43m (80'-0") TALL OUTSIDE STATIC WIRES.

1. 9 POLES OF 30.48m (100'—0") TALL MAST STRUCTURES.

500/280kV COMBINATION STATIC WIRE AND MAST SHIELDING DESIGN SUMMARY
2. 9 SPANS OF 30.48m (100°-0") TALL STATIC WIRES.

500kV YARD
230KV YARD

Figure B.55—500/230kV transmission substation shielding design plan layout
with dimensions for the Eriksson EGM example utilizing the combination of
mast and static wire structures
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Figure B.56—500/230kV transmission substation shielding design final plan view layout
with dimensions for the Eriksson EGM example utilizing the combination of mast and
static wire structures
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B.6 Comparison of results of sample calculations and new methods and models

B.6.1 Results for a 69 kV substation

Table B.22 gives the results of the application of masts and shield wires as shown in the sample
calculations for the 69 kV substation. The required number of masts and/or shield wires is identical for the
fixed angle and the empirical methods, although the empirical method permits a shorter mast. EGM—
revised is the result from a program called SBSHLD. Clause 7 reviewed four new models and/or methods,
namely the collection volume/field intensification factor method (FIFM), leader progression model (LPM),
leader inception theory (LIT), and the self-consistent leader inception model (SLIM). While no sample
calculations are included in this standard, Table B.22 provides the user with the results had those methods
been used for the same substation.

Table B.22—Comparison of results for a 69 kV substation

s | e
Fixed angle 1 5
Empirical 1 5
EGM-Mousa 6 4
EGM-RSM 6 4
EGM-Eriksson 7 5
CVM/FIFM 6 4
LPM (estimated) 8 4
LIT 6 3

EGM methods require more masts than empirical or fixed-angle methods because the EGM methods
attempt to provide 100% flashover protection, whereas the first two methods permit a small failure rate.

B.6.2 Results for 500/230 kV substation

Table B.23 gives the results for the 500/230 kV substation example. The number of masts required for
protection varies depending on the method used. An explanation does exist for some of the variation,
however:

a)  Each sample calculation method was prepared by a different engineer. Thus, the results reflect the
degree of optimization and conservatism exercised by each engineer.

b) The designer of the computer program incorporated two conservative factors not used in the rolling
sphere method. The first of these was to add a 0.9 multiplier in Equation (17) as suggested by
Gilman and Whitehead [B54]. The second factor that made the computer design more conservative
was that the crest value of the ac bus voltage was subtracted from the withstand voltage of the
insulators. (The assumption is that the ac polarity of the bus voltage at the instant the lightning
strikes is such as to increase the stress on the insulators and reduce their withstand ability.) This
factor can be significant in EHV substations. Of course, the same factors could have been applied
to the equations used to arrive at the striking distance for the rolling sphere method. With this
modification the results by the two methods would be very similar.
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Table B.23—Comparison of results for a 500/230 kV substation

Method Number of Number of Number of Number of Number of Number of
masts, 500 KV | masts, 230 kV | masts, total wires, 500 KV | wires, 230 KV | wires, total

Fixed angle 53 8 61 11 2 13

Empirical 32 11 43 10 2 12

EGM- 46 16 62 13 5 18

Mousa

EGM-RSM 32 12 44 11 5 16

EGM-

Eriksson 36 16 52 13 5 18

CVM/FIFM 28 12 40 11 5 16

LPM

(estimated) 45 17 62 13 6 19

LIT 38 13 51 11 5 16
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Annex C
(informative)

Calculation of corona radius and surge impedance under corona

C.1 Corona radius

In case of a single conductor, the corona radius R, is given by Anderson [B7]:

R, xIn 2xh) Ve (C.1)
R | E,

(&
where

R. is the corona radius in meters

h is the average height of the conductor in meters

V. is the allowable insulator voltage for a negative polarity surge having a 6 ps front in kilovolts
(V.= the BIL for post insulators)

E, isthe limiting corona gradient, this is taken equal to 1500 kV/m

Equation (C.1) can be solved by trial and error using a programmable calculator (an approximate solution is
given in Figure C.1).

In the case of bundle conductors, the radius of the bundle under corona R.’ (Anderson [B7]) is taken as
follows:

RC '= R0 + RC (C2)
where

R.  is the value for a single conductor as given by Equation (C.1)
Ry is the equivalent radius of the bundle

The calculation method of R is given in Equation (C.3).
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C.2 Equivalent radius for bundle conductor

In the case of a twin conductor bundle, the equivalent radius R, [B7] is given by:

R, =rxl (€3)
where
r is the radius of subconductor in meters
/ is the spacing between adjacent conductors in meters
10 ¥ 1) t LA 1] 1] v > ) T 1T 77 ¥ L L1 L 4 L IR 'ﬂ
3
X ]
5 /
_ / % J
2 v 4
1 / /
E - / p
1 - =1 om / y
£ 4 h=20m \ /4 )
s | h=30m 7 i
g h=50m
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Reprinted with permission from Transmission Line Reference Book 345 kV and Above, Second Edition, Revised. Copyright © 1982,
Electric Power Research Institute, Palo Alto, CA.

Figure C.1—Approximate diameter of corona sheath around a single conductor under
impulse conditions
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In the case of three or more bundled conductors (see Figure C.2):

KY n
r,= r(g X ;) (C4)

n 1s the number of subconductors in bundle

g is equal to 1 for bundle of 1, 2, or 3 subconductors, and is equal to 1.12 for bundle of 4
subconductors

d is the conductor diameter cm [in]
is the distance between conductors, cm [in]
r 1is the conductor radius, cm [in] and is given by d/2
r. 1is the equivalent single-conductor radius of bundle subconductors, cm [in]

/

Figure C.2—Bundle conductor—single phase

For additional information, refer to IEEE Std 605™ [B70].

C.3 Surge impedance under corona

The surge impedance of conductors under corona in ohms is given by Brown [B24]:

Z. =60x h{m‘]xln(z”j (C.5)
‘ R, r
where
h is the average height of the conductor

R.  isthe corona radius (use Equation (C.2) as appropriate)
r is the metallic radius of the conductor, or equivalent radius in the case of bundled conductors
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Annex D
(informative)

Risk evaluation

D.1 Introduction

Direct stroke shielding is mostly used to allow designers to meet the required criteria for safety and
reliability. As with most engineering designs, there are trade-offs between cost and performance. In many
cases it is difficult to evaluate design alternatives. This annex provides the designer with information to
compare alternatives for the purposes of selecting a design.

In some cases an extensive risk evaluation is required. This type of evaluation is beyond the scope of the
present document, but IEC 62305-2, Protection against lightning—Part 2: Risk management, can be used as
a guide.

D.2 Sample calculation

The 69 kV substation studied in Annex B will be used in this section for example calculations. For the
calculations we are assuming the station has an equipment area of 875 m” (25 m x 35 m) and an
isokeraunic level of 90 annual thunderstorm days.

D.2.1 Substation without shielding

Without direct stroke lighting protection, the failure rate is determined by the number of flashes predicted
to strike within the station area. The number of flashes per unit area expected in the vicinity of the
substation is quantified by the ground flash density (GFD). GFD is calculated using Equation (11) or
Equation (12). Using Equation (11):

Ny =0.12xT,

N; =0.12 x 90 = 10.8 flashes/km?/year

Next, calculate the expected number of flashes by multiplying the result by the area of the station. For 90
annual thunderstorm days, the number of flashes is:

X =10.8 flashes/km?/year x 0.000 875 km” = 0.009 45 flashes/year or 106 years between flashes.

This can be further refined to account for only those strokes above the acceptable level—but this has not
been done for this example.

D.2.2 Substation with complete shielding

Complete shielding of a substation is typically used to reduce the failures due to lightning to a tolerable
level. The failure rate cannot be reduced to zero due to the unpredictability of lightning. All protection
methods (with the exception of a continuous metallic shielding) have some failure rate. These failure rates

are examined below. Throughout the review, we will continue to review the failure rates as it relates to the
station with the 90 annual thunderstorm days.
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D.2.2.1 Shielding based on empirical methods

The fixed angle failure rate is 0.1 to 0.2 failures/100 km/year. This failure rate is based on historical
transmission line experience. It is assumed that the fixed-angle method for substations would have a similar
failure rate. Empirical curves are available for failure rates of 0.1%, 1.0%, 5.0%, 10%, and 15%. In
Annex B, the design is based on a selected failure rate for the empirical method of 0.1%. Using 0.1%, the
mean time between failures would be:

X =0.009 45 flashes/year x 0.001

X=0.000 009 45 or 105 820 years between flashes that reach the equipment or bus.

D.2.2.2 Shielding based on EGM methods

Depending on BILs, the failure rate for the EGM methods is typically small, e.g., << 1%. Based on the
same substation above, but with a 0.05% failure rate, the probabilities are:

X =0.009 45 flashes/year x 0.0005

X =0.000 004 73 or 211 640 years between flashes that reach the equipment or bus

D.2.2.3 Selection of shielding method

While there are multiple methods for designing lightning protection, substation engineers might find some
more appropriate than others in certain situations.

For example, Table B.22 indicates that for the same 69 kV substation, the empirical method requires one
static mast and two wires, while Eriksson’s EGM requires seven masts and five wires. At the same time,
D.2.2.1 and D.2.2.2 show that the EGM method provides a failure rate due to lightning of about two times
lower than the empirical method.

Here, the substation engineer should evaluate the feasibility of using seven masts versus one. Not only is
designing for seven masts more expensive, it could reduce the chances of site plan approval by local
authorities or complicate the evacuation of failed equipment. The substation engineer should evaluate the
practicality and constructability of each shielding method’s requirements while weighing the tolerance to a
slightly higher risk of shielding failure.

D.2.3 Substation with partial shielding

In some cases the substation designer might not be able to fully shield a substation. This could be due to
technical or economic reasons. The substation designer will need to evaluate the increased risk of an
unprotected area and decide if it’s acceptable.

For the three conditions described in 6.3.1, 6.3.2, and 6.3.3 of this guide, if /; is chosen according to
Equation (18) there should theoretically be no equipment failures due to direct strokes. This is because only
those strokes that could produce a surge voltage wave less than the BIL of the equipment should be able to
penetrate the shielding system. The designer is then faced with the problem of first determining the level of
failure risk he or she is willing to base the design on, and then developing a design that will meet this
criteria. The following discusses a method of determining the unprotected area of a design and show how to
calculate expected failure rates.
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To visualize an unprotected area, refer to Figure 25, Figure 26, and Figure 27. Assume that equipment is
sized and located as shown and further assume that, based on equipment BILs, equipment can withstand
stroke currents less than /;;. The associated striking distance is S;. Based on the layout, the shield mast d;
should provide protection for all stroke currents greater than /;;. However, those stroke current magnitudes
between I, and /;; could reach equipment and would be expected to cause damage. The protected area for
this condition would be the shaded area shown in Figure 27.

Equation (10) or Figure 4 can be used to determine the probability that any stroke will be greater than 7,
which is the level above which the shield masts will intercept the stroke. This probability is P(I;). The same
equation or figure can be used to determine the probability that the stroke will be greater than /,, where /I,
is the level of stroke current that can be handled by the equipment based on its BIL. This probability is
P(l,). The probability that a stroke is less than I, is 1.0 — P(I,) or P(<[,). The probability that a stroke is
less than I, is 1.0 — P(I,,) or P(<I,,). For all lightning strokes that descend upon the shaded area of Figure
25, the probability that equipment damage will occur is:

P(<Iy) = P(<Iy,) or P(Is, ) = P(I)

These probabilities can best be demonstrated by the following example:

a)  Assume that the stroke current for the striking distance, S,, is 4.03 kA. Strokes of this magnitude
could strike within the protected area.

b)  Assume the striking distance S, above which protection is provided, is 40 m. From Equation (4), the
stroke current above which protection is provided is 11.89 kA.

c¢) The probability that a stroke will exceed 4.03 kA, using Equation (10) or Figure 4, is 0.990.
d) The probability that a stroke will exceed 11.89 kA, using Equation (10) or Figure 4, is 0.861.

e) Therefore, the probability that a stroke which descends upon the unprotected area will be of a
magnitude that can cause equipment damage and failure is 0.990 — 0.861 = 0.129 or 12.9%.

The substation designer is basically concerned with the rate of failure of the shielding design or the number
of years expected between failures. The methodology was presented above for the designer to determine
the probability that a stroke in the unprotected area would cause failure. By knowing the number of flashes
expected to descend upon the area, the failure rate can be determined.

The number of flashes per unit area expected in the vicinity of the substation is the GFD. GFD is calculated
using Equation (11), Equation (12), Equation (13), or Equation (14) . The number of strokes expected to
descend upon the area is the GFD multiplied by the unprotected area. The annual failure rate is the product
of the number of strokes to the area times the probability that the stroke in the area will cause failure.

Example

a)  Assume the outside radius of the unprotected area is 35 m and the inside radius of the unprotected
area is 22 m. The unprotected area is 7[(35)* — (22)°] = 2328 m” or 2.328 x 10~ km®.

b) Assume the isokeraunic level is 90 thunderstorm-days per year. (7 values across the USA can be
read from Figure 6. The GFD, from Equation (11), is 10.8 flashes per square kilometer per year.

¢)  The annual number of flashes expected to descend into the unprotected area is 10.8 x 2.328 x 107 =
0.025 14 flashes/year.

d) The annual expected number of equipment failures due to direct lightning strokes, using the 0.129
probability from above, 0.025 14 x 0.129 = 0.003 24 failures/year or 308 years between failures.

The above calculated failure rate would be for the simplified single mast substation described in the
example. If a utility had 100 such substations of identical design scattered throughout its system, the total
system substation failure rate due to direct strokes would be 308 divided by 100, or approximately 3 years
between failures.
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Annex E
(informative)

IEEE Questionnaire—2007

The total number of respondents: 35

Consultants: 5

Utilities: 30

LIGHTNING PROTECTION SURVEY

1. Are you currently using IEEE Standard 998 to design lightning protection of your substations?
Consultants: 5 (100%)

Utilities: 18 (60%)

2. What means of lightning protection (lightning masts, shield wire, etc.) are you currently using to
protect substation equipment, bus, control house, etc.?

Consultants:
Both lightning masts, shield wires: 5 (100%)
Utilities:
Lightning masts only: 1 (3.3%)
Shield wires only: 5(16.7%)
Both masts and shield wires: 21 (70%)
Only surge arresters: 3 (10%)

3. What method (fixed angle, Wagner, rolling spheres, etc.) are you currently using in substation
lightning protection studies to define what means of protection should be used, where they need to be
positioned, and how effective they are in protecting substation from a direct lightning stroke?
Consultants:

Fixed angle: 1 (20%)

Both fixed angle and rolling spheres: 1 (20%)

Rolling spheres: 3 (60%)
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Utilities:
Do not conduct studies: 4 (13.3%)
Wagner: 1 (3.3%)
Fixed angle: 4 (13.3%)

Both fixed angle and rolling spheres: 6 (20%)

Rolling spheres: 15 (50%)
4. Did you use any other method in the past? If “yes,” what was the reason to stop using it?
Consultants:

Fixed angle changed to rolling spheres: 1 (20%)
Utilities:

Fixed angle changed to rolling spheres: 7 (23.3%)

Wagner changed to rolling spheres: 2 (6.6%)

5. Are you planning to use a different method in the future? If “yes,” what is the reason to switch
from the method you are presently using?

Consultants: 0
Utilities: 1 (3.3%) (from fixed angle to rolling spheres)

6. Did you have any occasion when lightning protection you selected and installed failed to protect
substation from the lightning strike? If “yes,” what was the root cause analysis for this failure?

Consultants: 0
Utilities (with indicated reasons):

Lack of any means of shielding: 2 occasions

Wagner method deficiency: 2 occasions
Wrong location of shield wires: 4 occasions
Lack of full coverage: 1 occasion

Unknown reason: 5 occasions

Average frequency of lightning strikes: 1 in 20 years

NOTE—A previous survey completed in 1991 titled: “A Survey of Industry Practices Regarding Shielding of
Substations Against Direct Lightning Strokes” completed by this working group is available on IEEE Xplore Digital
Library.
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Annex F
(informative)

The Dainwood method

Dainwood’s method (introduced in a 1974 M.Sc. thesis) [B43] is an application to the configurations
encountered in substations of a method proposed in 1970 by Braunstein [B22] for use on power lines. In
Braunstein’s method, the charge density along the length of the downward leader is assumed to be constant.
The leader is assumed to progress in the vertical direction at a velocity equal to 0.1% of the speed of light,
and the charge density is calculated as a function of the current of the return stroke. Wave equations are
then used to calculate the strength of the electric field in space at the location of the object that is to be
analyzed. Upward streamers are assumed to be generated from the object when the electric field reaches the
critical value. That critical value was set at 10 kV/cm for the surface of the ground, 3 kV/cm for shield
wires, and 5 kV/cm for phase conductors. Braunstein’s method was not adopted by the industry in favor of
the approach used by Young, et al. and by Whitehead and his associates. Similarly, the adaptation to
substations proposed by Dainwood received very limited application.
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Annex G
(informative)

Direct stroke lightning protection

(Reproduction of [B115], which is not widely available. Reprinted with permission.)

DIRECT STROKE
LIGHTNING PROTECTION

J. T. Orrell
Black & Veatch, Engineers-Architects

Presented At

EEl Electrical System and Equipment
Committee Meeting
Washington, DC

October 25, 1988

176
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012

IEEE Guide for Direct Lightning Stroke Shielding of Substations

DIRECT STROKE LIGHTNING PROTECTION

J. T. Orrell
Black & Veatch, Engineers-Architects

INTRODUCTION

The electric utility engineer is required to design
facilities that will operate reliably in a hostile en-
vironment. There are many "‘enemies’’ in this
hostile environment, such as wind, ice, pole decay,
and vandals who attack electric utility facilities, but
perhaps the toughest enemy to understand and
guard against is mother nature's lightning.

Lightning has been with us since the beginning of
time, but only in comparatively recent years has the
phenomena become even partially understood.
Owver the past 10 years substantial progress has
been made by research scientists and engineers in
resolving the physical characteristics of a lightning
flash and in refining lightning statistics. The
development of a lightning stroke and the flashover
of insulators and other electric power equipment is
a vary complex electromagnetic event, and good
hard data about the subject is lacking. In spite of
these problems and complexities, the practicing
engineer must do his job, which is to design, con-
struct, operate, and maintain a system that will re-
main in service almost 100 percent of the time, even
during lightning conditions.

This paper addresses new lightning protection
design concepts as they relate to direct stroke pro-
tection of electric utility substations. The paper
develops the basic concept of the lightning stroke,
and describes equipmaent basic insulation level (BIL),
simplistic modeling of a lightning shielding system,
and shielding system failure probability. It is not the
intent of this paper to provide full design guide
details for complex substation lightning protection.
Such details will be published in the near future by
the |EEE Transmission Substation Working Group
E-5, of which the author of this paper is 8 member.

Mr. Orrell may be contacted at (913) 333-2000.

LIGHTNING STROKE PHENOMENA

STROKE FORMATION

Numarous theories have been advanced regarding
the formation of charge centars, charge separation
within a cloud, and the ultimate development of
lightning strokes.

The processes occurring within a cloud formation
wihich cause charge separation are complicated, but
what is important to the practicing utility engineer
is that a charge separation occurs in thunderstorm
clouds. Experiments using balloons equipped with
electric gradient measuring equipment have been
performed to investigate typical charge distribution
in thunderclouds. These experiments have shown
that, in general, the main body of a thundercloud
is negatively charged and the upper part positively
charged. A concentration of positive charge ap-
pears to exist frequently in the base of the cloud.
The charge distribution in the cloud causes an ac-
cumulation of charge of the opposite polarity on the
earth’s surface and on objects {trees, buildings,
electric power lines, and structures, etc.) beneath
the cloud. An exampla of a charged cloud and the
resulting electric fields is shown on Figure 1.

The electrical charge concentrations within a cloud
are constrainad to the size of the cloud. The cloud
siza, in relation to the earth, is small. Therefore, the
electrical gradient in the cloud is much greater than
at the earth. Because of this, an electrical discharge
tends to be initiated at the cloud rather than at tha
ground.

The actual stroke development occurs in a two-step
process. The first step is ionization of the air sur-
rounding the charge center and the development of
"*step leaders” which propagate charge from the
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FIGURE 1
CHARGED CLOUD AND RESULTING ELECTRIC FIELDS

cloud into the air. Current magnitudes associated
with step leaders are small {on the order of 100
amperes) in comparison with the final stroke cur-
rant. The step leaders progress in a random direc-
tion in discrete steps from 10 to 80 maters in length.
Their most frequent velocity of propagation is about
0.05 percent the speed of light, or approximately
500,000 feet per second. It is not until the step
leader is within “"striking distance’" of the point to
be struck that the leader is positively diverted
toward this point. **Strike distance’” is the length
of the last step leader under tha influence of attrac-
tion toward the point of opposite polarity to be
struck.

NOTE—“100 by 106” is corrected to “100 to 106”.

The second step in the development of a lightning
stroke is the "return stroke’” The return stroke is
the extremely bright streamer which propagates up-
ward from the earth to the cloud, following the
same path as the main channel of the downward
step leaders. This return stroke is the actual flow
of stroke current, which averages about 31,000
amperes, and is actually the flow of charge from
earth to cloud to neutralize the charge center. The
Electrical Transmission and Distribution Reference
Book cites the velocity of the return stroke propaga-
tion is about 10 percent the speed of light, or ap-
proximately 100 by 106 feet per second. The
amount of charge {usually negativa) lowerad to the
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earth from the cloud is equal to the charge (usually
positive) that flows upward from the earth. Since
the propagation velocity of tha return stroke is so
much greater than the propagation velocity of the
step leader, the return stroke exhibits a much larger
current flow (rate of charge movement). Magnetic-
link investigations on electrical transmission
systems indicate that approximately 80 percent of
all strokes are seen as negative charge flows to the
transmission system.

The various stages of a stroke development are
shown on Figure 2. Approximately 55 percent of
all lightning flashes consist of multiple strokes
which traverse the same path formed by the initial
stroke Their stepped leader has a propagation
velocity much greater than that of the initial stroke
(approximately 3 percent the speed of light) and is
referred as a “‘dart leader.””

STRIKE DISTANCE

Return stroke current magnitude and strike distance
(length of the last step leader) are interrelated. This
follows from the premise that small charge centers
from which low return stroke currents develop
contain less energy to charge the step leader than
does a large charge center. The strike distance and
the ultimate return stroke current are related by the
following equation from the 1982 Transmission Line
Reference Book— 345 kV and Above.

s = 101985 {Equation 1)
ar

I, = 0,029 54 (Equation 2)
wheara

S = strike distance in meters, and

Is = return stroke current in kiloamperas (kA).

This relationship is illustrated on Figure 3, which
shows strike distance versus return stroke current,
hereafter referrad to as stroke current in this paper.

STROKE WAVE SHAPE AND PROBABILITIES

Neither the current magnitude nor wave shape of
all lightning strokes is identical. The response of
alectric power equipment to lightning surges is a
function of wave shape and current magnitude.
Therefora in the design of systems, it is important

to know what typical stroke wava shapes to axpect,
the probability of variance of these wave shapes,
and the probability of warious stroke current
magnitudes.

g

I, = 0.028 5154 —_

Stroke Cirmsnt g — Kilpsmperes (KA
k]

250 300

| 50 100 180 200
Strika Distance [S), Maters

FIGURE 3
STRIKE DISTANCE VERSUS STROKE CURRENT

A lightning stroke is movemnant of electrical charge
or coulombs, from one point to another in the form
of a “"wave’” of charge, as depicted on Figure 4.
Anyone observing the passage of a lightning surge
would observe a very rapid change in the number
of coulombs, followed by a much slower change in
the number of coulombs as the surge passed.
Observance of this event would be similar to
floating in a calm pool of water and suddenly obser-
ving a wave of water approaching. As the wave
passed, the observer would rise to the crest of the
wave and then would drop back to his original posi-
tion as the wave complataly passed.

Since tha definition of current is the time rate of
change of electrical charge, or ilt) = dg/dt the
movemaent of elactrical charge in a lightning stroke
is current. If an observer was in a fixed location
observing the passage of a lightning wave, tha time
required to witness the passage of tha crest of the
wave would be very short. If he observed more than
one stroke, ha would discover that the time required
to observe the passage of the crest of each wave
differs. This holds true even among multipla strokes
in any flash. Figure 5 shows the current wave
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FIGURE 2
CHARGE DISTRIBUTION AT VARIOUS STAGES OF LIGHTNING DISCHARGE
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FIGURE 4
LIGHTNING WAVE CHARGE MOVEMENT

shapes of the first and subsequent strokes obtained
from actual measurements made by researchers at
Mount San Salvatore Switzerland. The voltage
stress created on equipment because of two dif-
ferent wave shapes is different for each wave. In
multiple stroke lightning strikes, there are times
when the first stroke creates the greatest voltage
strass on electrical equipmant, and there are times
when the subsequent strokes create the greatest
voltage stress.

1.0 o
E -2 F —~— Firgt Stroke
3 .2 T Subssquent Stroke
|20 40 e0 80 100 120 140 160 180
Time - J (5ec

Adapted from: Transmission Line Reference Book, 345 kW
and Above, Second Editian, Electric Power
Research Institute, Palo Ak, California 1982

FIGURE 5
TYPICAL WAVESHAPE FOR FIRST AND
SUBSEQUENT STROKES AT MOUNT
SAN SALVATORE, SWITZERLAND

To compara equipment response to a lightning
surge, it has been necessary for the electric power

industry to develop a simple exprassion for a lightn-
ing wave, and develop a standard wave shape In
raality, it is the stroke's crest current and the rapid-
Iy rising frontal currents near crast that play the key
role in determining the response of aquipment to
lightning surges. A realistic, but very simple approx-
imation of a lightning current wave is a ramp cur-
rent wave, as shown on Figure 6. The wave risas
to crest in 1.2 microseconds, and then dacays to
1/2 its crest value in 50 microseconds. The wave
is referenced as a 1.2 by 50 microsecond wave.

Currant I} - PLL
p -
o o
—

Time - @ (5ec]

FIGURE &
SIMPLIFIED INDUSTRY STANDARD LIGHTNING
STROKE WAVESHAPE

The probabilitias that a certain stroke front or rate
of rise will occur are defined by Equations 3 and
4 from the 1982 Transmission Line Reference Book.

Pidlidtl = 1 + Edl.ﬁdT) 4
24

whera
Pidl/dt) = probability that a specified value of
di/dt will be exceaded, and
difdt = gpecifiad currant rise timea in kilo-
amperes per microsecond (KA/ms).

{Equation 3)

The probabilities that a certain peak current will oc-
cur in any stroke are defined by the following equa-
tion:
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1

Pl = 1 471126
31

wherg
Pil} = probability that the peak current in any
stroke will exceed |, and
| = specified crest current in kiloamperes
(KA.

(Equation 4)

Figure 7 is a plot of Equation 4 and Figura 8 is a
plot of the probability that a stroke will be within
the ranges shown on the abscissa.

contour lines on a topographic map. Figura 9 is such
a map of tha United States showing the average
annual thunderstorm activity across the USA.

3
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FIGURE 7
PROBABILITY OF STROKE CURRENT
EXCEEDING ABSCISSA
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FIGURE 8
STROKE CURRRENT RANGE PROBABILITY

ISOKERAUNIC LEVEL

Isokeraunic level is the average number of days per
year on which thunder will be heard during a
24-hour period. If thunder is heard more than one
time on any one day, the day is still classified as
one thunder—day. The US Weather Bureau
now keeps hourly weather records, and data will
be available ultimately on a thunderstorm-hour
basis.

The average annual isokeraunic level for locations
in the United States can be determined by referring
to isokeraunic maps, on which lines of constant
keraunic level are plotted similar to the altitude

GROUND FLASH DENSITY

Ground flash density (GFD) is the average number
of strokes per unit area per year at any location of
intarast, It is usually assumed that the GFD to earth,
a substation, or a transmission or distribution line
is roughly proportional to the isokeraunic level at
the locality. Table 1 lists egquations for GFD
developed by various rasearchers at differant
locations around the world. Most researchers have
arrived at a proportional relationship ranging from
0.1 Tto 0.19 T ground flashes per square kilometar
per year, where T is the average annual isokeraunic
level. For design of elactric power facilities, the
following equations, again from the 1882
Transmission Line Reference Book, are suggested:

N =012T (Equation 5)
or
Ny = 0.317 (Equation B)
where
N = number of flashes to earth per square

kilomaeter per vear,

M., = number of flashes to earth per square
mila per year, and

T = average annual isokeraunic leveal,
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Source: TFansawssion Line Reference Book, 345 kV and Above, Second Edition,
Electric Power Resource Institute, Palo Alta, California, 1982,

FIGURE 9
USA ANNUAL ISOKERAUNIC MAP
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BASIC INSULATION LEVEL (BIL)

Basic insulation lavel is a term used to define the
ability of electrical equipment to withstand current
and voltage surges. To understand the concept of
BIL ratings, it is first necessary to analyze the
phenomena of a traveling current wave on an alac-
trical line and the voltage wave that results.

TRAVELING WAVE

Earlier this paper presanted a discussion of tha for-
mation of a lightning current stroke which pro-
pagates toward earth. This lightning stroke strikes
the first object within its strike distance (see Equa-
tion 1). When the object struck is a transmission
or distribution ling, the current wave propagatas in
two directions, as shown on Figure 10.

A line exhibits an impedance to the flow of lightn-
ing stroke currant. This impedance is called “'surga
impedancea’ Typical values of surge impedance
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FIGURE 10
LIGHTNING STROKE TO POWER LINE

range from 50 ohms for underground lines to 500
ohms for a single overhead wire with ground return.
Formulas to calculate surge impedance include
many factors, such as conductor bundling, corona,
and distances to other conductors and shield wires.
Specific formulas for line surge impedances for
various line types and configurations can be found
in the referencas.

As a lightning current wave flows through a line,
a voltage wave is developed. This voltage wave
impresses a potential difference between the line
and ground, which is calculated as follows:

Eg = 1215 (Zg) (Equation 7)
where
Eg = the voltage wave, kilovolts (kV),

Ig

the lightning surge current, kiloamperes
(kA), and
Zg = the line surge impedance, ohms.

The voltage wave travels along the electric power
line at the velocity of light. If the flashover capability
of an insulator is less than the magnitude of the
surge voltage the insulator will flashover. If the
insulators are able to withstand the voltage stress
without flashover, the surge voltage wave continues
to travel the line, until it reaches the end of the line
which may be an open switch, an open

underground cable elbow, or a connection to a
transformer. The surge impedance of a transfarmer
is very large, and therefore a transformer appears
as an open circuit to traveling surge waves. At the
end of line, a surge wave has no place to go so it
is reflected and travels back along the line. At the
point of reflection, the voltage stress essentially
doubles as the wave returns. If transformers or
insulators located at these end-of-line locations are
to remain undamaged, thair insulation strength or
BIL must be high enough to withstand this doubling
of voltage wave

Figure 11 depicts this situation in which a traveling
voltage wave is reflected at an open point in the line.
In Quadrant A of the figura the voltage wave is
shown traveling in the direction of the arrow just
prior to reaching the open point. Quadrant B of the
figure shows the leading edge of the wave reflected
and the wave returning toward its original direction.
The actual veoltage wave being exparienced is the
sum of the forward moving and reflected wave
shown by the solid black line. In Quadrant C of the
figure, the peak of the wave is reflected and the
voltage at the reflection point is twice the peak
valua of the original wave. This is the highest
voltage stress situation. Quadrant D is a final depic-
tion of the voltage wave with the major portion of
the wave reflected. As before. the solid black line
represents the actual wave at that point.

EQUIPMENT RATINGS

Formal equipment insulation testing was initiated
during the 1930s by a Joint Committea on
Insulation Coordination, composed of the American
Institute of Electrical Engineers (AIEE), Edison
Electric Institute (EEI), and the National Electrical
Manufacturers Association (MEMA). Today's
industry standard for specifying BIL for the different
voltage classifications is the result of years of
equipment insulation testing within the industry.
The BIL referance voltage is defined as the highest
surge voltage that the equipment insulation can
withstand without failure or disruptive discharge.
Equipment insulation is required to satisfy industry
standardized tests to demonstrate an insulation
level equal to or greater than the BIL specified for
each voltage insulation class.
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FIGURE 11
TRAVELING SURGE VOLTAGE WAVE

As impulse testing progressed over the years, a
standard insulation testing procedure was

In General, the Following Tests are Terminated

developed. The “'standard’’ full-wave lightning im- far the Times llustrated:
pulse waveform specified by the American Mational 5 'gf:"f;‘f;“‘ Swengih Test
Standards Institute (ANSI) and the Institute of Elec- g C- FullWeve and Rsdsced Wave Tests

trical and Electronic Engineers (IEEE) to ba used by
equipment manufacturers for insulation testing
would simulate traveling waves coming into the sta-
tion over the transmission lines. The full-wave im-
pulse waveform is defined as a waveform that rises

to the crest voltage in 1.2 microseconds and drops 1.2 0 20 30 40 50
to 50 percent of crest voltage in 50 microseconds, Tire in Microseconds

with both times measured from the same origin and FIGURE 12

in accordance with established standards of im- TYPICAL IMPULSE TEST WAVESHAPE

pulse testing technigues. A typical impulse wave
shape is illustrated on Figure 12.
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As the practice of insulation testing has progressed,
the following variations of the standard lightning im-
pulse test have evolved:

*  Reduced Full-Wawve Test—The reduced full
wave normally has a crest voltage between
50 and 70 percent of the full-wave voltage.

. Chopped-Wave Test—The voltage impulse
tast is terminated after the maximum crest
of the impulse wave form with a specified
minimum crest wvoltage. This test
demonstrates insulation strength against
a wave traveling along the transmission line
after flashing owver an insulator some
distance away.

*  Front-of-Wave Tast—The wvoltage impulse
tast is terminated during the rising front of
tha voltage wave with a specified minimum
crest voltage

A complete set of lightning impulse tests for power
and distribution transformers would include the
following sequence of impulse waves:

One reduced full-wave test.
Two front-of-wave tests.
Two chopped-wave tests.
One full-wave test.

Fall ol el

Table 2 identifias the relationship batween standard
system voltages and the corresponding typical BiLs.
A natural question is At what impulse current or
voltage level should a lightning stroke be considered
damaging or dangerous?’’ The capabilities of elac-
trical equipment and lines to withstand direct
lightning strokes are indicated by the BiLs of the
particular equipment and components. Stroke cur-
rants and voltages less than the protective insula-
tion level are permitted to flow past lines or equip-
ment. System insulation coordination considers the
insulation of lines, as well as the connected equip-
ment insulation. The electrical equipment may have
a lowar BIL rating, so it would nead surge arraster
protection even though the line design could be
considerad to have assentially completa protection
from lightning.

The BIL of a piece of equipmeant dictates the stroke

current limits of that equipment. The relationship
between BIL and a prospective lightning stroke cur-
rent is represented mathematically as follows:

lg = 20 BIL) (Equation 8)
Zg
where
lg = prospective stroke current, kA,

BIL = basic lightning impulse insulation level
of equipment to be protected, kV, and
the surge impedance of & conductor
which averages 300 ohms for a vertical
wire remote from earth. [Selecting a Z4
of 400 ohms (suitable for a phase con-
ductor in tha vicinity of a ground wira)
would decrease the current values by
33 percent.]

Zg

Taking Zg as 300 ohms yields the following values
of stroke currents that corraspond to typical classas
of BIL shown in Table 3.

TABLE 3
STROKE CURRENT MAGNITUDE FOR VARIOUS
CLASSES OF BIL
BIL Class Stroke Current Magnitude I
kv kA
110 0.73
150 1.00
200 1.33
250 1.67
350 2.33
550 3.67
650 4,33
750 5.00
900 6.00
1,050 7.00
1,300 8.67
1,400 9.33

CLASSICAL DIRECT STROKE PROTECTION

It is standard practice to attempt to shield substa-
tions and switchyards from direct lightning strokes.
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Nominal Maximum
System System
Application Voltage Voltage®
kV rms kY rms
Distribution 1.2
2.5
5.0
B.7
15.0
25.0
34.5
46.0 48.3
69.0 72,5
Power 1.2
2.5
5.0
B.7
15.0
25.0
34.5
48.0 48.3
89.0 72.8
116.0 121.0
138.0 146.0
161.0 168.0
230.0 242.0
345.0 362.0
500.0 550.0
765.0 800.0
1,100.0 1,200.0

"From ANSI CB4.1-1877 and ANSI C92.2-1878

TABLE 2
RELATIONSHIPS OF NOMINAL SYSTEM VOLTAGE TO MAXIMUM SYSTEM VOLTAGE AND BASIC
LIGHTNING IMPULSE INSULATION LEVELS (BILs) FOR SYSTEM 1,700 kV AND BELOW

Basic Lightning
Impulse Insulation
Lewvels in Common Use

kV crest

30

45

B0

75

95

150, 128
200, 150, 125
280, 200
360, 250

45, 30

60, 45

75, 60

95, 75

110, 95

150

200

280, 200

350, 250

BE0, 450, 380

B0, 550, 450

780, 650, BEO
1,080, 900, B25, 750, 850
1,175, 1,080, 900, B25
1,675, 1,660, 1,426, 1,300
2,080, 1,928, 1,800
2,425, 2,300, 2,175, 2,080

The method of shielding used has typically con-
sisted of installing grounded shield wires over equip-
ment, shielding masts near aquipment, or a com-
bination of the two. From studies performed by
several electrical equipment manufacturers about
50 years ago, it was established that a grounded
conductor or shielding structure casts or projects
an electrical "“shadow’ on the ground plane below
it. Based on studies performed by Westinghouse
using scale models, a ralationship was developad
for various heights of the shielding structures above
protected objects as a function of the horizontal
separation and height of the protected objects. This
method of shielding protection is commonly refer-

rad to as the “Wagner Method'* and has been used
by substation engineers for many years.

Similarly, other methods of shielding protection
have been based on the use of shield electrodes
which provided a linear-sided circular cone of pro-
tection with specific angles of the cone based on
ampirical data. Some 200 years ago, Benjamin
Franklin observed that a 58-degree cone from a ver-
tical air terminal would provide suitable shielding
protection. The specific angle to be used in this
mathod has decreased owver the years to tha
generally accepted ‘‘30-degree angle of protec-
tion.” The decrease in angle or zone of protection
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may be a result of recognizing the failure of earlier
criteria, according to Ralph H. Lee in the IEEE Tran-
sactions on Industrial Applications.

Both the Wagner Method and the Cone Meathod
have notable disadvantages. Meither accurately
pradiéts shialding provided by shielding structures
over 90 feet high, nor account for other nearby
grounded and insulated conductors. As an exam-
ple, the Empire State Building receives on the
average 23 direct lightning strokes per year. The
30-degree angle linear cone would indicate that all
lower structuras within the 30-degree angle of pro-
tection are shielded by the taller building. What the
method does not explain is why the lower struc-
tures well within tha zona of protection have sus-
tained direct strokes or why these tall structures
also receive direct strokes below their tops (side
strokes). Lee also states in another source that it
is such reports which have reduced the credibility
of the lightning protection capability of higher ob-
jects in terms of the linear cone principle.

ELECTROGEOMETRICAL MODEL

Shielding systems developed using classical
methods of determining the necessary shielding for
direct stroke protection of substations have his-
torically provided a fair degree of protection.
However, designers wera somewhat at a loss whan
asked to quantify their designs. They could not
answer such questions as “"What is the probability
of failure of the designed shielding system?'" or
“How many years should the substation sta-
tistically operate before a shielding failure occurs?™”
or *‘Is the system overdesigned? underdesigned?’’
As transmission voltages increased to the 345 kV
levels and above, and as transmission structure
heights increased accordingly, transmission line
designers became increasingly aware of two impor-
tant facts:

¢ Classical shielding angles which had
praviously been used in the design of lower
voltage transmission lines, and conse-
quently lower height structures, would not
provide tha stroke protection axpected for
the higher voltage lines.

+ The impact of an EHV transmission line
tripout because of lightning was very
severe. The severity was measured both in
cost and in unacceptable system perfor-
mance without the transmission line.

Thase problams prompted new investigations and
studies into the nature of a lightning stroke, and in-
to ways of modeling a transmission line so that the
designer could quantify the expected performance
of the dasign. One axtremely significant research
project was Edison Electric Institute (EEl) Research
Project RP 50, publication 72-900, published
February 16, 1971. Performed by E. R. Whitehead,
the project included a theoretical model of a
transmission system subject to direct strokes,
development of analytical expressions of perfor-
mance of the line, and supporting field data which
verified the theoretical model and analyses. The
model of the system is referred to as the elec-
trogeometrical modael.

Recently, the electrogeomaetrical modeal has been
carried a step further and applied to the protection
of building structures and electric substations.
Much of the conceptual work in this area has been
performed by Ralph H. Lee. who has developed the
“rolling sphere’” technigue, a simplified technigue
of applying the electrogeometric theory to buildings
and electric substations.

PROTECTION AGAINST STROKE CURRENT Ig
The electrogeometrical model capitalizes on the
fact that electric power equipment, bacause of its
BIL rating, is designed to adequately handle some
lightning surge currant. This magnitude of stroke
current, Is, can be calculated using Equation 8 or
Table 2. The stroke distance for a stroke current Ig
can be determined from Equation 1 or Figure 3.

Figures 13 and 14 show the geometrical modal of
a substation shield mast, the ground plang the
strike distance, and the zone of protection. The
figures also show a line parallel to, and a distance
S above, the ground plana. It also shows an arc of
radius S which touches the mast and has its center
on tha line a distance S above the ground plane
This arc describes the points at which the shield
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SHIELD MAST PROTECTION FOR STROKE

CURRENT Ig (ELEVATION VIEW)

mast provides protection against the stroke current
|g. The zone below the arc is the protected zone for
stroke current lg, Step leaders which result in stroke
current lg and which descend outside the point
where the arc is tangent to the ground will strike
the ground by virtue of the stroke distance S. Step
leaders which result in stroke current lg and which
descend inside the point where the arc is tangent
to the ground will strike the shiald mast, provided
all other objects are within the protected zone.

The greatest height of shiald mast which will pro-
vide protection for stroke currents equal to Ig is S.

Increasing the shield height from Hg to the max-
imum height provides only a small increase in the
zone of protection. The protection zone can be
vigualized as the surface of a sphere with radius S
which is rolled toward the mast until touching tha
mast. As the sphere is rolled around the mast, it
defines a three-dimensional surface of protection.
It is this concept which has led to the name “‘roll-
ing sphere’” for simplified applications of the elec-
trogeomaetrical model. This concept is discussad
further in the last section of this paper.

PROTECTION AGAINST STROKE CURRENTS
GREATER THAN Ig

The previous section of this paper demonstrated the
protection provided for a stroke current lg. A
lightning stroke current, however, has an infinite
number of possible magnitudes. Thus, will the
system provide protection at other levels of stroke
current magnitude? Consider a stroke current g
with magnitude greater than Ig. Strike distance
determined from Equation 1, is 4. The geometrical
model for this condition is shown on Figure 15. The
figure shows both arcs of protection for stroke cur-
rent lgq and for the previously discussed lg. The
figure shows that the zone of protection provided
by the mast for stroke current lgy is GREATER than
the zone of protection provided by the mast for
stroke current lg. Step leaders which result in stroke
current lgy and which descend outside the point
where the arc is tangent to the ground will strike
the ground. Step laaders which result in stroke cur-
rent lgq and which descend inside the point where
the arc is tangent to the ground will strike the shield
mast, provided all other objects are within the S4
protected zone. Again, the protective zone can be
visualized as the surface of a sphere touching the
mast. In this case, the sphere has a radius S9.

PROTECTION AGAINST STROKE CURRENTS
LESS THAN Ig

It has been shown that a shielding system which
provides protection at tha stroke current level Ig pro-
vides even better protection for larger stroke cur-
rents. A question which arises now is **Will stroke
currents lass than g penetrate the shield system
and strike equipment?” To answer this question,
consider a stroke current lg, with magnitude less
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than ;. Strike distance, determined from Eguation
1, is S,. Figures 16 and 17 show the geometrical
maodel for this condition and shows arcs of protec-
tion for both stroke current Ig, and for Ig. The figure
shows that the zone of protection provided by the
mast for stroke current lgq is less than the zone of
protection provided by the mast for stroke current
Ig. A portion of the equipment protrudes above the
dashad arc or zone of protection for stroke currant
Igo. Step leaders which result in stroke current lgq
and which descend outside of the point where the
arc is tangent to the ground will strike the ground.
However, soma step leaders which result in stroke
current lg, and which descend inside the point
where the arc is tangent to the ground could strike
the equipment. This is best shown in the plan view
of protective zones shown on Figure 16. Step
leaders for stroke current |z, which descend inside
the indicated protective zone for equipment which
is "*h"" in height will strike the mast. Step leaders
for stroke current lg, which descend inside the
cross-hatched area will strike equipment which is
“h** in haight in the area. If, however, the value of
Ig was selected based on the BIL level of equipment
used in the substation, stroke current |z, should
cause no damage to equipment.

FAILURE PROBABILITY

For the three conditions described previously in this
paper, there should theoretically be no equipmeant

failures resulting from direct strokes. This is
because only those strokes which could produce
a surge voltage wave lass than the BIL of the aquip-
ment were able to penetrate the shielding system
and these strokes should, therefore, cause no pro-
blem. Unfortunately, substation shielding which
would provide such ideal protection is not always
economically practical. This is especially true with
substation eguipment BIL levels below 550 KV,
which is always the case with distribution substa-
tions. The designer is then faced with the problem
of first determining the level of failure risk he is will-
ing to base the design on, then developing a design
which will meet this criteria. The following infor-
mation further discusses the unprotected area of
a design, and application of calculations to deter-
mine expected failure rates.
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FIGURE 16
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CURRENT Iy, (PLAN VIEW)
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190
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012

IEEE Guide for Direct Lightning Stroke Shielding of Substations

UNPROTECTED AREA

Figure 16 can be used to visualize an unprotected
area, assuming that equipment is sized and located
as shown, and that, based on equipment BIL levels,
equipment can withstand stroke currents less than
lw. The associated strike distance is So. Based on
the layout, the shield mast will provide protection
for all stroke currents greater than lg. However,
those stroke current magnitudes between | sp 8nd
| could reach equipment and would be expected
to cause damage. The unprotected area for this con-
dition would be the cross-hatched area shown on
Figure 16.

PROBABILITY OF STROKES CAUSING EQUIPMENT
DAMAGE

Equation 4 of Figure 7 can be used to determine
the probability that any stroke will be greater than
lg. which is the level above which the shield masts
will intercept the stroke. This probability is Pllg). The
same equation and/or figure can be used to deter-
mine the probability that the stroke will be greater
than lgq. where lg, is the level of stroke current
which can be handled by the equipment based on
its BIL. This probability is Pllg,). Prabability that a
stroke is less than g, is 1.0 minus P(lg) or P{<Ig).
Probability that a stroke is less than I, is 1.0 minus
Pligg) or Pi<lgq). For all lightning strokes which
descend upon the cross-hatched area of Figure 16,
the probability that equipment damage will occur
is Pl<lg) - Pi<lgg).

These probabilities can best be demonstrated by
the following example:

*  Assuming the equipment BIL is 550 kV, the
allowabla stroke current is 3.67 kA,
{Table 3)

*  Assuming the strike distance S, above
which protection is provided, is 60 meters,
the stroke current above which protection
is provided is 15.88 KA, (Equation 2)

* Using Equation 4 or Figure 7, the
probability that a stroke will exceed 3.67
kA is 0.9986.

* Using Equation 4 or Figure 7, the
probability that a stroke will be less than
3.67 kA is 1.0—0.996 = 0.004.

* Using Equation 4 or Figure 7, the
probability that a stroke will exceed 15.88
kA is 0.851.

* Using Equation 4 or Figure 7. the
probability that a stroke will be less than
15.88 kA is 1.0—0.851 = 0.149,

* Resulting in the probability that a stroke
which descends upon the unprotected area
will cause equipment damage and failure
i50149—0.004 = 0.145 or 14.5 percant.

FAILURE RATE

The substation designer is basically concerned with
the rate of failure of the shielding design, or the
number of years expected between failures. In the
previous section of this paper, the methodology
was presented for determining the probability that
a stroke in the unprotected area would cause failura.
By knowing the number of strokes expected to des-
cand upon the area, the failure rate can be easily
determined.

The number of strokes expected in the general area
of the substation is the ground flash density (GFD).
GFD is calculated using Equation 5. The number of
strokes expected to descend upon the area is then
the GFD times the unprotected area. Finally, the an-
nual failure rate is the product of the number of
strokes to tha area times the probability that the
stroke in the area will cause failura.

The calculation of failure rate can best be
demonstrated by continuing the example begun in
the previous section.

*  Assuming the outside radius of the un-
protected area is 35 meters and that the
inside radius of the unprotected area is 22
meters, the unprotected area is
n [1352—222)] = 2,328 square meters or
2.328 x 10°3 square kilometers.

*  Assuming the isokeraunic level is 50 TSD
(values across the USA can be read from
Figure 9), the GFD (Equation 5) is 6.0
strokes per square kilomater.

*  Theannual number of strokes expected to
descend into the unprotected area is 6.0
x 2.328 x 1003 = 0.01397 strokes/year.

*  Using the 0.145 probability developed in
the previous section, the annual expected
number of equipmaent failures due to direct
lightning strokes is 0.01397 x 0145 =
0.00203 failures/year or 494 years per
failure.
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The above calculated failure rate would be for the
simplified single mast substation dascribed in the
example. If a utility had 20 such substations of iden-
tical design scattered throughout its system, the
total system substation failure rate due to direct
strokes would be 494 + E 20 = 24.7 years per
failure.

Typically, substation designers consider a total
system failure rate in this order of magnitude as
acceptable.

MULTIPLE SHIELDING ELECTRODES

The electrogeometric modeling concept of direct
stroke protection has been demonstrated for a
single shield mast. The concept can be applied to
one, or a group, of horizontal shield wires, as well
as multiple shield masts. Figure 18 shows this
application considering two masts in a multiple
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Lo~ Iy Strikes Mast No 1 lg Strikes Mast Neo 2 _ )
*
o N

i >
Mast Protectsd Zone  Mast |

g Mol . bor Cuseert |, o NO-2 B
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FIGURE 18
MULTIPLE SHIELD MAST PROTECTION FOR
STROKE CURRENT Ig

shield mast system. The arc of protection for stroke
current lg is shown for each mast. The dashed arcs
reprasent those points at which a descending step
leader for stroke current lg will be attracted to either
Mast Mo. 1 or Mast Mo. 2. The protected zone
batween the masts is defined by an arc of radius
S with the center at the intersection of the two
dashed arcs. The protective zone can again be
visualizad as the surface of a sphere with radius S
which is rolled toward a mast until touching the

mast, then rolled up and over the mast such that
it would be supported by the two masts. The
dashed lines would be tha locus of the center of
the sphere as it is rolled across the substation
surface. Using the concept of a rolling sphere of the
proper radius, the protected area of an antire
substation can be determined. This can be applied
to any group of different height shield masts, shield
wires, or combination of the two.

CONCLUSION

This paper has assimilated technical information
from several sources to develop an analytical
method for design of direct stroke protection of
substation equipment. Using the information pro-
vided in this paper, & designer can "‘quantity’’ the
statistical failure rates of various designs, and can
make design and economic decisions based on this
information. Tha information shown in this paper
will, to a degree, be incorporated into the new IEEE
design guide for direct stroke protection of
substations.
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Annex H
(informative)

Methodology review

H.1 Introduction

The following methods were reviewed:

a) Beccera and Cooray, simplifed leader inception method [B12][B13]
b) D’Alessandro, collection volume method/field intensification factors [B41][B42]

¢)  Eriksson, improved electrogeometric method [B46] and [B50]

Due to time constraints, some methods were not reviewed. These methods might have merit. Methods not
reviewed:

— Moore, Aulich, and Rison, research on electrode shape [B97][B98][B99]
— Attractive radius presented by Rizk [B127][B128]

—  Petrov and Waters [B121]

—  Whitehead and the gap method (Whitehead’s discussion [B46])

NOTE—The selection for review, or not to review, has no implication of relative merit.

Review has focused on engineering analysis methods that allow evaluation of a lightning protection design.
Review has not included consideration of application for scientific investigation.

This review includes a qualitative description of the models that underlie the analytical methods. The
qualitative commonality of all of the methods is described. The analytical methods appear to differ in the
level of quantitative detail that is carried from the scientific model.

H.2 Qualitative description of the models

The models have the following characteristics:

a) A lightning stroke is the result of a downward progressing leader from a “cloud” with a negative
charge and an upward progressing leader from a grounded object.

b) The tip of the downward leader progresses with an electron (—) charge. The electron charge in the
downward progressing leader might increase as the downward leader lengthens. There are different
theories about the physics of the charge magnitude and distribution throughout the downward
leader.

¢) The downward leader charge causes an electric field to exist between the downward leader and all
grounded objects. The element vector of the electric field points from the grounded object to the
downward leader. There are different theories about the importance of relative geometrical location
of the downward leader tip and the grounded objects. The importance of relative location can lead
to assumptions about the electric field between the downward leader and grounded objects,
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e.g., one set of theories is that a lightning stroke will not form on a grounded structure that is higher
than the surrounding earth, if the downward leader tip descends below the highest point of the
higher grounded object.

d) The magnitude and configuration of the electric field is a function of
1)  the magnitude and distribution of the downward leader charge
2) the geometry of the grounded object of interest
3) the geometry and location of “competing” objects, e.g., other structures

e) Atsome point in the progression of the downward leader, the electric field at grounded objects will
cause inception of upward leaders. There are different theories about the physics of the inception of
the upward leader. The upward leader inception might occur at multiple locations on grounded
objects, and at different points in time, as the downward leader progresses.

f)  After inception of an upward leader, the tip of the upward leader will travel toward the moving
downward leader tip with some velocity. And the downward leader tip continues progress with
some velocity that is not necessarily the same velocity of the upward leader tip. There does not
appear to be a much data to explain the magnitude or time/space dependence of the velocities of the
upward and downward leader tip. Also, it is assumed that all upward leaders from grounded objects
that are initiated from one downward leader will travel with the same velocity. This implies that the
upward leader that is the first initiated, or the distance from the point of initiation, or both, could
determine the point struck.

g) Progress of upward leaders from one or more grounded objects, and the progress of the downward
leader tip, result in a time and space changing electric field magnitude and distribution.

h) At some point in time and geometry, the downward leader tip and the upward leader tip merge to
form a lightning stroke.

i) There is a relationship between the total charge in the downward leader and the magnitude of the
first return stroke current. Since there are different theories about the charge distribution in the
downward leader, a given stroke magnitude can result in different scenarios leading to the stroke
incident.

H.3 Engineering analysis methods

Several engineering analysis methods are based on this qualitative model. The methods differ in the
number and type of approximations that are made in developing a model for analysis of a particular case.
Model approximations might be necessary because

a)  There is limited theory, laboratory test data, field test data, or historical observation
b) There is a cost and a skill level required to manipulate the tools that are used in analysis

¢) There might be a limited time duration that is practical for a particular case

The detail of the quantitative model that is used in the analysis is a result of the approximations. The level
of detail has ramifications in the hours of effort required to construct the model for a particular case. The
level of detail can dictate the range of analytical tools, e.g., finite element analysis software that could be
used. The tools have ramifications in the cost of the analysis as well as the ability to perform an analysis.
Assumptions are used in the development of the three methods that have been reviewed.
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H.4 Assumptions

Assumptions are made with all of the models that were reviewed. Some are implicit in the overall
assumptions of the less detailed models. Some are explicitly stated in the more detailed models. The
following is a list of some of the assumptions:

a) Downward leader charge can be determined from the magnitude of the first return stroke.

b)  All of the study objects, i.e., structures of interest, below the downward leader have equal potential
and they are grounded.

c) The electric field magnitude and configuration throughout space is not affected by differential
micro and macro atmospheric conditions, e.g., rain, wind.

The description of the alternative methods includes the following items:

a)  General statement of level of detail

b)  Qualitative description of the method modeling of the downward leader

¢) Qualitative description of the method modeling of the upward leader formation and progress
d) What are the assumptions, why are they made, and justification for making them

e) How is the method applied

f)  What are the tools for analysis

g) Level of skill and relative time to model a case, and analyze a design

H.5 Description of the methods

H.5.1 Simplified physical model of upward connecting leader inception (SLI)

The SLI approach (Becerra and Cooray [B12], Becerra Cooray, and Roman [B13]) appears to be based on
detailed quantitative models of the physics of the inception of the upward leader. The detailed analyses
leads to a simplified approximation that uses a K factor the can be used to generate a striking distance. The
SLI method requires the detailed charge simulation method (CSM) of analysis of geometric characteristics
of the study object.

The downward leader is modeled as a negative charge e.g., 1 coulomb, with a distribution throughout the
downward leader that is based on an analysis of the Berger data, and results in a more detailed charge
distribution and therefore a more detailed electric field due to the downward leader. The downward leader
charge and position of the tip changes with time while extending vertically downward. The downward
leader causes an accumulation of positive charge on the ground plane below the downward leader.

The electric field due to the charge in the downward leader, and the resultant charge at the grounded object,
cause a corona zone to form at the grounded object. Depending on the shape (curvature) of the grounded
electrode, the corona might extinguish, but corona will be re-established. With increasing energy content of
the corona zone, the temperature of the air will increase. If air temperature reaches a value of 1500 K, there
will be streamer emissions. If the streamer emissions reach a certain upward length, an upward leader will
form and advance to join with the downward leader.
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The assumptions include the following.

a) There is a known empirical relationship between the magnitude of the lightning stroke current and
the charge in the downward leader.

b) The electric field caused by the charge in the downward leader is temporally constant, i.e., the
charge does not increase as the downward leader lengthens. But the charge is no¢ uniformly
distributed. The charge distribution used in the detailed analysis is based on Cooray’s evaluation of
the Berger data [B13].

c¢) The geometry is fairly simple, i.e., rectangular objects, and the ground plane is horizontal with no
projections.

d) The first corona zone formation on the study object is due to the downward leader charge and has a
constant electric field across the zone.

e) The second corona zone formation (necessary for the start of an unstable upward leader) occurs
when the space charge in the zone is 1 micro-coulomb.

f)  The initial leader channel formed from the second corona zone is a symmetrical plasma cylinder.

g) The charge per unit length in the upward unstable leader is constant, and the length of advancement
of the upward propagating leader is directly proportional to the total charge in front of the tip of the
leader.

h) The total charge in the corona zone in front of the upward propagating tip is modeled (CSM) as
discrete point charges, finite line charges, and uniform ring charges.

i) The volume of the corona zone charge is defined by a 60 degree angle from the axis of the corona
zone and a zone length.

j)  The objects to be studied are modeled into the uniform background field of the study space, with all
surfaces of the structure to be analyzed, and all “competing features” at the same non-time—varying
potential. The background electric field is the field required to initiate an upward leader for each
type of object, e.g., structure corner.

k)  The change in the total charge of the upward leader is a function of a geometrical factor (KQ) that
is derived from a more detailed CSM analysis. The geometrical factor is a function of the geometry
of the object of interest, e.g., structure corners, lightning rods.

1)  The geometrical factor is approximately the same for various types of structures, and a single value
can be used.

m) The downward leader approaches the study object in a vertical line above the study object.
The following steps are required to apply the method.

1) For a study object, using the assumptions, do a CSM parametric study to determine the relationship
between a leader inception corona charge and the electric field due to the geometry of the study
object. The relationship produces a factor KQ that can be used in a simplified method to determine
the leader stabilization field.

2) With the factor KQ, use the simplified method to calculate the electric field magnitude and location
relative to the study object that will produce a stable upward leader.

3) Select a stroke current magnitude from the probability distribution for stroke current, and convert
the stroke current to a leader charge base.

4) For the leader charge, determine the electric field for the study space of the object(s) of interest, for
the downward descending downward leader above the study object.
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5) The striking distance is the distance from the downward leader to the study object, at which the
electric field equals the stabilization field for an upward leader.

6) Based on the striking distances for various study objects, locate the objects and analyze the design as
in the EGM.

The analysis tools are fairly simple for the final step, i.e., the same as those required in applying the EGM.
However, it appears that some type of CSM modeling software is required, and fairly intensive
computation system is required. For the second step, determining the stabilization field for a study object, it
appears that engineering software is also required.

The level of skill and relative time to model a case and analyze a design for the final step appears to be the
same as that required for the EGM. The first and second steps appear to require a high level of skill in
modeling of potential distributions and a fair amount of time to build the models.

H.5.2 Collection volume method (CVM/FIF)

The CVM/FIF approach (D’Alessandro [B41], Dainwood and Kercel [B42]) appears to be based on
detailed quantitative two-dimensionaland three-dimensional models of the physics of the formation of the
lightning stroke. The detailed analysis leads to a simplified approximation that uses field intensity factors
(FIF) that can be used with the Eriksson EGM. The FIF approximation requires the detailed electric field
analysis of geometric characteristics of the study object, and parametric studies to interpolate and
extrapolate to a wide range of structures.

The downward leader is modeled as a negative charge e.g., 1 coulomb, with a linear distribution throughout
the downward leader. The downward leader charge and position of the tip changes with time as it grows
vertically in length downward. The downward leader causes an accumulation of positive charge on the
ground plane below the downward leader.

At each point of interest on a possible strike point on the objects, the formation of the upward leader is
modeled as a critical radius of charge that increases with the d;, according to Carrara and Thione [B28].

There is a positive charge buildup on all grounded objects below the downward leader. At some point, an
upward leader is incepted when the field at the grounded object reaches ~ 3 MV/m over the critical radius,
e.g., 28 cm, and magnitude approximately 3 MV/m, at one or more of the grounded objects. The upward
leader(s) progress toward the downward leader tip. The downward leader continues to lengthen downward
until the first upward leader reaches the downward leader. At that time all competing upward leaders are
extinguished.

Assumptions include the following:

a) There is a known empirical relationship between the magnitude of the lightning stroke current and
the charge in the downward leader given by Equation 1 in D’Alessandro and Gumley [B42].

b) The charge in the downward leader is temporally constant and is linearly distributed throughout the
downward leader. The charge does not increase as the downward lengthens.

¢) The geometry is fairly simple, i.e., rectangular objects, and the ground plane is horizontal with no
projections.

d) The objects of the study, e.g., structures, are modeled to the extent that the features that are known,
or suspected, points of upward leader formation, e.g., handrails, corners. All other features, e.g.,
sides of structures are simplified geometrical shapes. If competing features, e.g., nearby structures,
are likely to alter the upward leader formation point, those objects are included with the same level
of detail.

198
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012
IEEE Guide for Direct Lightning Stroke Shielding of Substations

e) The objects to be studied are modeled into the uniform background field of the study space, with all
surfaces of the structure to be analyzed, and all “competing features” at the same non-time—varying
potential. The magnitude of the background electric field is “typical” of the field caused by various
downward leaders heights and charges.

f)  The electric field intensity at all points that results from the presence of the objects in the
background field form a “base” for comparison of the effects of a downward charged leader.

g) The progress and effects of the downward leader are a function of the space only, and are not time,
varying. The resultant electric field is a function of the space and object geometry.

h)  Except for tall structures (>60 m), only points above the horizontal plane at the top of the object
will result in an upward leader formation.

i)  Upward leader initiation occurs when the curvature of an iso-electric field line reaches 38 cm, and
the electric field strength at the iso-field line reaches 3 MV/m. The 38 cm can only be achieved
with objects that have features that are “less sharp” than 38 cm, objects of larger radius must satisfy
the field criterion over their physical radius after corona inception.

j)  The imaginary line above the ground plane in which the electric field is sufficient (3 MV/m) to
incept an upward leader (z,,) is much less than the striking distance (d,). This implies that the
downward leader tip is a long distance away from the tip of the structure when the electric field
above the ground plane is sufficient for a upward leader inception.

k) The velocity of the downward leader tip is equal to the velocity of the upward leader tip (practical
approximation given the available data for relative leader velocity).

1)  Field intensification factor (FIF)—the ratio of this electric field at the surface of the object in the
presence of the ambient thunderstorm field to the ambient field in the absence of the object—
represents the field enhancement of the object geometry.

With the detailed modeling, a finite-element analysis is made for a number of space/structure geometries.
The space/structure geometries include protective devices, e.g., masts. The analyses are used to determine
FIF.

A library of FIFs is generated for common features that occur in objects—e.g., dead end tower, buses—that
are likely “targets” for a lightning, and protective devices, e.g., lightning termination points.

With the library of FIFs, the following procedure is used in D’Alessandro and Gumley [B42].

a)  Specify the structure height, width, and shape, and any structural features.
b) Identify the “most probable” competing features (outer, sharper features).

¢) Select the number, location, and height of the air terminals (using a rough estimate of the attractive
area of each).

d) Specify the basic physical parameters—site elevation or altitude above sea level—and apply the
appropriate correction factor to the air breakdown field if applicable.

e) Select field intensification factors for all air terminals and competing features: leader velocity ratio,
downward leader charge/prospective peak current/protection level, and cloud base height.

f)  For all air terminals and nominated competing features, compute the: collection volume (striking
distance surface and velocity-derived boundary), attractive radius from the intersection point of the
striking distance surface (for the given leader charge/protection level), and the velocity boundary
using the critical radius concept.

g) Apply the attractive radii or areas to their respective air terminals and competing features.
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h)  Check to see if the air terminal capture areas completely overlap the capture areas of all competing
features (a plan view is useful here).

i) If there is not complete overlap, use more air terminals or relocate some of the existing air
terminals and repeat the above steps until complete overlap is achieved.

The detailed modeling necessary to generate the FIFs employs finite element electromagnetic field analysis
software. Although the tool is not specified, it appears that some software was used to develop the models
to determine the FIFs. Once the FIFs were determined it appears that the analytical method required only a
graphical analysis.

The finite element analysis software is a generalized tool that is not aimed at facilitating the modeling of
structures, geometric placement of the downward leader, and identification of likely points of upward
leader initiation. The modeling requires considerable sophistication in finite element modeling techniques
and computation reduction.

H.5.3 Eriksson EGM [B46] [B50]

The level of detail is approximately the level given in the EGM. The significant difference is the additional
detail of the structure height.

In the Eriksson paper, there is no description (qualitative or otherwise) of the downward leader. But the
references to Golde indicate that the qualitative description is the same as the EGM and the linearly
distributed downward leader charge model described earlier.

The upward leader formation is probably based on the work of Golde.

A lightning system design is analyzed in much the same manner as in the EGM with the attractive radius
used in lieu of the striking distance.

Because the attractive radius explicitly includes a height factor, it appears that a 2D graphical analysis is all
that is required for this method versus a three-dimensional analysis that is required for the EGM, as long as
all heights are less than 60 m.

A plan view of the proposed lightning protection system and protected structures is required.

The skill level and time to model and analyze a case is approximately the same as the EGM.
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Annex |
(informative)

Comparison of IEEE Std 998 to other standards

There are several standards that cover in various degrees lightning protection. A cursory review was
completed with several of these standards with regard to the physical phenomena of lightning and the
principles of lightning protection.

.1 Comparison of IEEE Std 1243-1997 and IEEE Std 998

1.1.1 The scope of IEEE Std 1243-1997

The guide will show the transmission line designer which design choices improve or degrade lightning
performance. The effects of line routing, structure type, insulation, shielding, and grounding are discussed
in the guide. There is a section on special methods that can improve lightning performance. There is an
annex that presents the FLASH program. The guide applies to transmission lines with system voltages
exceeding 69 kV and is also relevant to HVDC overhead lines.

1.1.2 Observations
The main purpose of IEEE Std 1243™-1997 [B71] is to reduce flashovers to an acceptable failure rate
rather than to provide a shield to the line. The guide focuses on other design components in addition to

shielding, such as grounding, insulation levels, surge arrester application, line routing, etc.

The shielding discussions in IEEE Std 1243-1997 include the following types of shielding:

a)  Shielding from nearby structures and trees.
b)  Shield wires (OHGWs) installed above the transmission line.
¢) Additional shield wires added to the same structure occupied by the line.

d) Additional shield wires added to a separate structure adjacent to the line.
1.1.3 Phenomena models and methods of IEEE Std 1243-1997

1.1.3.1 Models

There is no discussion in IEEE Std 1243-1997 [B71] of a model for the physical process of lightning
initiation or travel.

IEEE Std 1243-1997 discusses ground flash density (GFD) based on historical information to calculate the
likelihood that a transmission line will encounter a lightning-caused flashover. A method of estimating
GFD from available keraunic level data is included in IEEE Std 1243-1997. The equation is different than
the one presented in this standard.

The lightning travels through air to ground or a grounded object.
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1.1.3.2 Shielding methods

IEEE Std 1243-1997 [B71] primarily addresses the use of the fixed angle and electrogeometric models. The
fixed-angle method with shield wire for IEEE Std 1243-1997 includes:

a)  Position one or more shield wires above the transmission line to intercept the lightning strike.

b) To help ensure that most lightning strokes terminate on the shield wire rather than on the phase
conductors, a shielding angle is recommended to help provide adequate protection. An angle of 30
degrees had been used traditionally for voltages up to 230 kV. When EHV lines were introduced,
the lightning performance of these lines was worse than had been anticipated.

c¢) The standard suggests that the shielding angle be decreased as the structure height increases. There
is a figure in IEEE Std 1243-1997 that assists the designer in selecting the shielding angle based on
average height of the shield wire, the minimum current required for flashover, and the ground flash
density for a fixed shielding failure rate.

1.1.3.3 EGM

Striking distance is defined by an equation using 10 as a coefficient instead of 8 as used in this standard. In
addition, no factor is included to account for strokes to shield wires versus shield masts as is done in IEEE
Std 998.

IEEE Std 1243-1997 [B71] has two equations for determining striking distance to the ground plane; these
equations differentiate for structures less than 40 meters and equal to or greater than 40 meters.

A flashover rate per unit time is determined based on the exposure width given graphically by using the
equations referenced above.

.2 Comparison of IEEE Std 1410-2004 and IEEE 998

1.2.1 The scope of IEEE Std 1410-2004

The guide will identify factors that contribute to lightning-caused faults on overhead distribution lines and
suggest improvements to existing and new constructions. The guide is limited to the protection of
distribution line insulation for system voltages 69 kV and below.

1.2.2 The purpose of IEEE Std 1410-2004

The purpose of this guide is to present options for reducing lightning-caused flashovers on overhead
distribution lines.

.2.3 Observations

One reason for reviewing the scope and purpose of these two guides is to identify why these two guides
have differences. In IEEE Std 1410-2004 [B73] the limitation of 69 kV (typically 350 kV BIL or less) is
probably one big reason the purpose is to reduce lightning-caused flashovers on OH distribution lines.
IEEE Std 1410-2004 identifies other factors to consider in addition to providing shielding to minimize
direct lightning strokes. Shielding is also important as direct lightning strikes to power distribution lines
cause insulation flashover in the majority of cases due to the limited insulation levels of distribution lines.
The IEEE Std 1410-2004 guide gives the example that even a lightning stroke of as little as 10 kA would
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produce an over-voltage of around 2000 kV which is far in excess of the insulation levels of overhead
distribution lines.

The goal to reduce lightning-caused flashovers is why IEEE Std 1410-2004 concentrates on the voltage
levels rather than the current levels of lightning. The main factor revolves around the CFO which is defined
as the voltage level at which statistically there is a 50% chance of a flashover and 50% chance of withstand.
Both direct strikes and strokes collected by nearby shielding objects might affect the flashover performance
of the line.

Because the main purpose of IEEE Std 1410-2004 is to reduce flashovers rather than to provide a shield to
the line, the guide concentrates on other design components in addition to shielding such as: grounding,
insulation levels, surge arrester application, system configuration, etc. However, the focus is on comparing
the shielding aspects of the guides rather than the other design components to reduce flashovers to
distribution lines. The shielding discussions in IEEE Std 1410-2004 include two types of shielding:
shielding from nearby structures and trees, and shield wire above the distribution line.

The model of shielding from nearby structures and trees uses a shielding factor to reduce the number of
lightning flashes that would otherwise strike the line. The shielding factor is based on height of the object
that is providing the shielding and the distance of the shielding object from the line.

The model of shielding wire to protect the line uses a direct angle method. For lines under 15 m tall and
conductor spacing less than 2 m an angle of 45 degrees is suggested. The guide refers to IEEE Std 1243-
1997 [B71] for more information regarding shielding angles. However, most of the shielding angle curves
for transmission circuits start with a critical current of 5 kA which is high for distribution circuits. A range
of 2 to 3 kA is accepted as a minimum lightning stroke current for distribution circuits. This would reduce
the shield angle required. The electrogeometric models that form the basis of shielding angle
recommendations are also under continuous review. The guide suggests that for newer construction or
design standards, a shielding angle of 30 degrees should be considered.

|.2.4 Phenomena models and methods of IEEE Std 1410-2004

1.2.4.1 Models

Lightning occurs during rainstorms, snowstorms, and other natural phenomena. In most areas, rainstorms
are the primary source of lightning.

IEEE Std 1410-2004 [B73] discusses ground flash density (GFD) based on historical information to
calculate the likelihood that a distribution line will encounter a lightning-caused flashover.

Lightning strokes travel through air to ground or a grounded object.

1.2.4.2 Shielding methods

IEEE Std 1410-2004 does not specifically recommend one method as the one and only model to use for OH
distribution line protection. The shielding from nearby structures and trees and the shield wire methods are
described in the guide. In addition a reference to IEEE Std 1243-1997 suggests review of additional
methods for shield wire protection specifically the EGM method. In addition, Annex B of the guide (which
is informative) discusses the EGM for shielding design

Route selection can take advantage of shielding from nearby structures and trees in a parallel path with the
line. Shielding includes use of objects on both sides of the distribution line to determine shielding factors
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that reduce the GFD effects on the line. Height of the objects and distance from the line are used in
calculating the shielding factor.

1.2.4.3 Fixed-angle method with shield wire

The designer may position shield wire above the overhead distribution line to intercept the lightning strike.
To help ensure that most lightning strokes terminate on the shield wire rather than on the phase conductors,
a shielding angle is recommended to provide adequate protection. Angles of 45 degrees and 30 degrees are
discussed in IEEE Std 1410-2004 [B73]. IEEE Std 1410-2004 suggests a 45 degree angle be used and that a
review of the historic lightning performance of lines in the specific area be used when verifying adequate
protection or if a smaller angle could be considered in new construction or design standards.

.2.4.4 EGM

Annex B in IEEE Std 1410-2004 discusses the use of an electrogeometric model to estimate the shielding
factor based on the idea that a distribution line or other object has a certain attractive radius that increased

with height. The attractive radius is also dependent on the current magnitude of the lightning flash.

The EGM is used for shielding factor calculations, and for induced voltage flashover calculations. It could
also be used to estimate the number of direct flashes to a distribution line.

The EGM is an alternate to the Eriksson formula for direct flash rate. The results of EGM and Eriksson

formula are similar for lines less than 15 m high. The results vary for higher lines and for different lateral
striking distance expressions and for different ground resistivity values.

1.3 Comparison of IEC 62305 and IEEE Std 998

1.3.1 The scope of IEC 62305

The scope of IEC 62305 [B66] includes general principles for protection against lightning of structures
(including their installations and contents as well as persons) and services connected to a structure.

1.3.2 Observations

IEC 62305 consists of the following parts, under the general title “Protection against lightning”:

a)  Part 1: General principles
b) Part 2: Risk management
¢) Part 3: Physical damage to structures and life hazard

d) Part 4: Electrical and electronic systems within structures

The IEC is focused on two aspects with regard to the effect of lightning:

a) Lightning current due to direct lightning flash and

b) Lightning electromagnetic pulse (LEMP), which includes conducted and radiated electromagnetic
field effect
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The second aspect is not covered in IEEE Std 998.

IEC 62305 is a prescriptive standard based on principles previously accepted by scientific community. IEC
itself does not provide any discussion or explanation of the basic physical phenomenon of lightning. This
standard also does not provide the history of development of the theoretical models to estimate the
protected space.

IEC 62305 defines four lightning protection levels based on probability of lightning current being within
certain upper and lower limits. [EC 62305 Part 1 references the IEEE working group report for the rolling
sphere model and CIGRE (Electra No. 41 and 69) for lightning current parameters. IEC 62305 Part 3 is
compiled from previous IEC 61024-1 and IEC 61024-1-2. The bibliography in IEC 62305 Part 3 does not
include theoretical papers (other than IEC and EN standards) to establish theoretical or experimental basis
of the models prescribed by IEC.

1.3.3 Phenomena models and methods of IEC 62305

IEC 62305 Part 1 [B66] prescribes using the guidelines of Part 3 for protection of structures. The methods
accepted by Part 3 of IEC 62305 regarding the positioning of lightning protection system are:

a)  Rolling sphere method
b) Protection angle method

c¢) Mesh method

1.3.4 Methods/models
1.3.4.1 Rolling sphere method

1.3.4.1.1 Model

a)  This model is based on the principle of minimum distance.
b)  There is no discussion in IEC 62305 on the model for the physical process of initiation.

c¢) The lightning stroke travels through the air. There is no discussion in IEC on the physical process
of the travel.

d)  The lightning stroke will only terminate on a grounded (earthed) object.

1.3.4.1.2 Method

a)  Determine the minimum stroke current for the object to be protected.

b) Determine the corresponding lightning protection level from the look up table. The minimum
stroke current is a probabilistic parameter rather than an absolute value. For example, the
probability of the minimum peak current being higher than 3 kA (corresponding to Level I) is 99%.

c¢) Determine the radius of rolling sphere from the look up table for the intended lightning protection
level.

205
Copyright © 2013 IEEE. All rights reserved.

Authorized licensed use limited to: Universidad Del Norte Biblioteca. Downloaded on November 25,2014 at 13:03:31 UTC from IEEE Xplore. Restrictions apply.



IEEE Std 998-2012
IEEE Guide for Direct Lightning Stroke Shielding of Substations

d) Positioning is intended to create a configuration that results in stroke termination on the protective
equipment rather than the protected object.

e) The object is considered to be protected for the specific minimum stroke current, if the rolling
sphere with the specific radius only touches the protective equipment (consisting air termination
devices, earthed conductor, etc.) and does not touch the object to be protected when the “sphere” is
rolled over the complete configuration of objects and protective equipment.

Note on the method

The rolling sphere radius for a particular lightning protection level is assigned by IEC on the basis of the
lower limit of lightning current that the level intends to protect. Part I of IEC 62305 [B66] subscribes to
only the rolling sphere method or EGM (electrogeometric model) and references IEEE “Estimating
lightning performance of transmission lines II—Updates to analytic models” [B77]. The rolling sphere
method is prescribed by IEC 62305 Part 3 to be suitable in all cases. It is noted that IEC imperatively
subscribed to the striking distance model developed for the purpose of protection of transmission lines and
applied the model for lightning protection for all common structures within the scope of this IEC document.

1.3.4.2 Protection angle method

1.3.4.2.1 Model

a)  This model is based on the principle of minimum distance rather than a fixed angle of protection.
b) There is no discussion in IEC 62305 on the model for the physical process of initiation.

c¢) The lightning stroke travels through the air. There is no discussion in IEC on the physical process
of the travel.

d) The lightning stroke will only terminate on a grounded (earthed) object.

1.3.4.2.2 Method

a)  Determine the probabilistic minimum stroke current for the object to be protected.
b) Determine the corresponding lightning protection level from the look up table.

¢) Determine whether the height of the object is more than the rolling sphere radius for the
corresponding lightning protection level. If yes, follow rolling sphere method. If not, determine the
protection angle required for a particular height of the object and the relative height of the air
termination.

d) Positioning is intended to create a configuration that results in stroke termination on the protective
equipment rather than the protected object.

e) The object is considered to be protected for the specific minimum stroke current if the angle created
by the air termination is less than the required angle of protection of protection for the height of the
object.

Note on the method

The protection angle method is prescribed to be suitable for simple-shaped buildings or structures and small
parts of bigger structures, with limitation of structure height within than the prescribed radius of rolling
sphere for a given lightning protection level. The protection angle method is widely used historically. This
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method acknowledges that the “angle of protection” cannot be a fixed parameter and varies with height of
air termination above the surface to be protected. IEC 62305 Part 3 provides curves showing the angle of
protection for varying height of air termination for different levels of protection defined in Part 1. It is
observed that the horizontal geometrical distance covered by the prescribed curves are less than that
covered by rolling sphere of the radius corresponding to each lightning protection level. In other words, the
protection angle method followed by IEC 62305 is a simplified approach on the basis of principle of
minimum distance to provide the end users a readily available guideline for simple structures.

1.3.5 Mesh method

1.3.5.1 Model

a)  The lightning stroke will only terminate on a grounded (earthed) conductors placed on the roof of
the object. This is probably based on the superior conductivity of air termination material over the
general structural material used for roof.

b)  There is no discussion in IEC 62305 on the model for the physical process of initiation.

¢) The lightning stroke travels through the air. There is no discussion on the physical process of the
travel.

1.3.5.2 Method

a)  Determine the probabilistic minimum stroke current for the object to be protected
b) Determine the corresponding lightning protection level from the look up table.

c¢) Determine the required minimum size of mesh for the applicable lightning protection level for the
plane surface to be protected.

d) Positioning is intended to create a configuration that results in stroke termination on the protective
equipment rather than the protected object.

e) The object is considered to be protected for the specific minimum stroke current if the dimension of
the mesh (width and length) is less than the minimum mesh size prescribed for the applicable
lightning protection level.

Note on the method

The mesh method is prescribed to be a suitable form of protection where plane surfaces are required to be
protected. The method is considered to protect the whole surface under certain conditions, such as
positioning of air-termination conductors on prescribed locations, limiting mesh dimensions within
prescribed limits, providing minimum two direct routes to earth, prohibiting any metal installation to
protrude outside the volume of protection provided by the mesh method. Location of an isolated metallic
part on the same plane of protected surface is apparently not prohibited by this method. However, the
minimum distance principle could necessitate a minimum height of the mesh over the roof in case of
presence of a metallic part on the roof requiring protection.
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