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PREFACE

Preparation of a report on lightning and its effects
is complicated by the many different factors that are involved--
gaseous discharge phenomena; electromagnetic phenomena on a grand
scale; the electrical behavior of metals, insulators, and the
earth; and the characteristics of many types of electrical devices.
This report is, of necessity, written for a reader with an elec-
trical engineering background. Some familiarity with lightning
protection practices is helpful as well.

In this report, the author has attempted to present
information drawn from a variety of sources on current lightning
protection practices in a unified and coherent manner, to provide
a foundation document for present-day system applications and to
assist in formulation of research and development plans in this
area. Although the treatment deals with railroad signal systems
in general, the impetus for the study, and a primary applicaticn
area, is the impact of lightning protection considerations upon
grade crossing motorist-warning systems. This arises from both
the high degree of public funding of such systems and the exten-
sive use of solid state electronic circuits in them--far greater
than is true for other railroad signal system field installations.

The author has had valuable help from a number of indi-
viduals. Dr. John B. Hopkins of the U. S. Department of Transpor-

tation, Transportation Systems Cente:v, has provided information

Preceding page blank



on the framework within which this work should be carried out,
as related to the Federal Railroad Administration's overall
program in grade crossing safety. Mr. Lennart Long of DOT-TSC
provided useful information concerning DOT's overall interest
in lightning protection, and plans for future activities in that
field. Mr. Ronald L. Pike of Safetran Systems Corporation pro-
vided technical information on the operating characteristics of
his company's lightning protection products. Mr. Emil Kraus of
the Union Pacific Railroad was a source of statistics on actual
lightning damage costs, and a source of first-hand experience
of the effects of lightning on railroad signal systems. The
author would like to express special “hanks to Mr. Fred A. Kahl
nf Joslyn Electronic Systems, Joslyn Mfg. Co., who provided
valuable technical information on the design, characteristics,
testing, and evaluation of lightning protection equipment for
diverse electrical applications, inecluding railroad signalling.
This work has been carried out under Contract No.
DOT-TSC-589, funded by the Office of Research and Development,
Federal Railroad Administration, as part of its program in rail

safety in general and grade crossing frotection ir particular.
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1. INTRODUCTION

Lightning causes damage and destruction of millions of
dollars of railroad signalling equipment yearly in the United
States. This has been the case since the inception of electrical
signalling and control systems on the nation's railroads. Over
the years, protective devices and techniques have been developed
that greatly alleviate the problem of damage to electrical sig-
nalling equipment by lightning but do not completely eliminate it.
It is felt by many persons in the railroad industry that the
standard devices and techniques that have been developed and used
for many years have been generally cost-effective in limiting
lightning damage. Cost-effectiveness here implies that the price
of protective devices and techniques has been more than returned
by savings in equipment replacement costs and maintenance man-
power costs. Conversely, it has been felt that spending a great
deal more money for more sophisticated protection techniques
would not have resulted in a worthwhile additional savings, and
therefore would not have been cost-effective.

Much has happened recently to alter the picture -
lightning damage, damage prevention, and repair from what it
has been over the few past decades. One factor that has changed
drastically is the price of labor. Another factor has been the
introduction of modern solid-state electronic components and

systems, either to replace older electromechanical relay systems



or to perform signal and control functions that were never
possible with electromechanical relay systems. For certain types
of signalling operations, solid-state electronic systems offer
the potential of far less routine maintenance than older elec-
tromechanical systems because of the absence of moving parts.
A good example of this is seen in comparison of maintenance
requirements of equipment for railroad-highway grade crossings
where it is required that train speed be measured to provide
nearly constant warning time to motorists. Timing blocks and
electric motor-driven clock relays have been used in the past
to sense train speed and to control the circuits for gates and
flashing lights. These high-maintenance items are now being
supplanted by sophisticated solid-state systems with no moving
parts, such as the Marquardt Grade Crossing Predictor®. These
solid-state systems require far less in the way of routine main-
tenance and therefore offer potential savings in maintenance
costs. However, the solid-state components in these systems
are inherently far more susceptible to lightning damage than
the electromechanical components that they replace. Similarly,
the widespread use of audio frequency overlay track circuits at
grade crossings depends upon use of solid-state electronics.
Thus, the potential for more effective and reliable
operation at lower overall cost offered by modern solid-state
systems will only be met as new techniques are implemented

for protecting these systems from lightning in the railroad



environment., In addition, there has been steady increase in the
price of labor for maintaining and repairing older electromechan-
ical systems that have been damaged by lightning. This fact
probably increases the cost-effectiveness of more sophisticated
forms of lightning protection for older systems as well.

It is the purpose of this report to review the subject
of lightning, its effects on railroad signalling equipment, and
protection of equipment from lightning damage, with special
attention to known protective techniques-that are employed in
a variety of situations in the power, communications, and rail-
road industries. A brief review is offered of the causes of
lightning and other surges. A more extensive treatment is given
to the means by which lightning and powerline transients induce
surges and over-voltages in signalling circuits. A survey of
protective devices and techriques currently in use for specific
types of equipment is presented. The problem of lightning pro-
tection is discussed from an overall systems viewpoint, encom-
passing development and testing of protective systems and

design of systems so that they can more easily be protected.



2. THE CAUSES AND CHARACTERISTICS OF LIGHTNING

The treatment offered here for the causes and charac-
teristics of lightning is brief and a number of the more subtile
points have been eliminated. However, the central principles of
lightning generation are presented. For more detailed treatments,
the reader is referred to detailed texts on the subject.

At certain times of the year in many locations, the sun
heats the ground and moist lower layers of the atmosphere near
the ground to a. temperature sufficient to cause the moist air
near the ground to thermally expand, become less dense than cold
upper air, and start to rise just as a hot-air balloon would rise.
As the air from near the ground rises, it cools--partly from
adiabatic expansion and partly from becoming mixed with already
cold air aloft. Water vapor then condenses out and forms drop-
lets as the air cools below the dew point. The droplets grow
in size and frequently freeze to form ice particles or snow.

Negative and positive ions always present in air have
a differing affinity for water droplets and for ice particles.

In addition, a falling water droplet that breaks up releases

negative ions to the air, leaving the smaller droplets that

then result with a greater net positive charge. If the droplets
'

fall as rain, this charge is carried to earth. If the droplets

are carried upward to the top of the cloud, net positive charge

is transferred from the bottom of the cloud to the top of the cloud.



The net end result of the rather complex physical process going
on within the atmosphere and within the cloud is that a tremen-
dous degree of charge separation cccurs, with the bottom of the
cloud taking on a net negative charge, and the top of the cloud
and the surface of the ground underneath taking on a net positive
charge, as shown in Figure 1., In addition to the net positive
charge taken on by the ground underneath the cloud due to the
positively charged falling rain, the ground has induced on it
an additional charge distribution due to the dipole field of
the cloud above. The dipole field contribution of induced
charge on the ground will be positive directly under the cloud,
but farther away from the cloud, the dipole field contribution
of induced charge on the ground can in fact be negative. Here,
the total ground charge density can be either positive or nega-
tive, depending on the particular balance of various factors.
The net positive charge on the ground under the cloud
can achieve a value in the range of +100 coulombs, and the net
negative charge within the cloud above can achieve a value in
the range of -100 coulombs, distributed in many cellular regions
of space tiiat are isolated from each other and spread throughout
the volume of the cloud. The existence of these multiple cells
of negative charge, which are discharged by individual lightning
strokes, is the reason why multiple lightning strokes occur,
each stroke discharging a single negative cell by conducting on

the order of a few coulombs of charge each from ground to cloud.
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Figure 1. Simplified schematic diagram of the charge
distribution in a lightning cloud. Note that
because of the dipole nature of the cloud, the
ground charge immediately under the cloud can
be positive while that farther away can be
negative.



Various estimates exist for representative cloud-to-
ground voltages, charges, and stroke currents. The numbers
presented here are representative of values given by a number
of sources. A typical ground-to-cloud height is on the order
of h = 1,000 meters, and a single large cloud could have an
area of 10 km x 10 km, or A = 108 m2. The resulting ground
capacitance is

C= eoA/h = 1 microfarad
where the dielectric permitivity of free space is

€, = (367 x 10%9)"! farads/meter.

At breakdown, the cloud-to-ground average electric field is
typically E = 105 volts/meter, yielding a total voltage of

V= Exh = 10°% volts, and a total charge on the ground,
balanced by total opposite charge in the cloud of Q = C x V =
100 céulombs. The intense electric field causes a corona-type
discharge to initiate at the cloud, and propagate along a con-
tinually lengthening channel toward the ground. This is called
the "leader," and it takes an the order of 20 milliseconds for
the leader to propagate to a point sufficiently near the ground
so that the total cloud-to-ground voltage is now impressed
across a very short remaining gap on the order of 10 to

100 meters long. The tremendous electric field in this short
gap causes an arc discharge to occur across the gap to the
high-conductivity ionized channel of the leader, after which
the circuit is closed for the massive main stroke called the

"return stroke."



When we speak of a lightning "stroke" it is usually
the return stroke we mean, for it is during the return stroke
that massive current flows along the conductive channel from
ground to cloud, partly neutralizing the collected charge on
ground and cloud. Strokes very seldom occur singly. 1In a
single discharge of lightning, there generally occurs a series
of strokes usually from 3 to 4 in number, but sometimes as many
as 25 in number, following each other at 3 to 100 microsecond
intervals, with typical time between strokes in the 40 micro-
second range. These strokes are obviously spaced in time by
intervals shorter than the minimum“resolution time of the eye
and are seen by the observer as a single "flash." Thus, we
see lightning flashes, each comprised of a number of strokes.
The occurrence of multiple strokes is believed to be related
to the existence of numerous charge cells in the lightning cloud,
all of which do not discharge simultaneously. After the first
Stroke, an ionized high~conductivity path exists from ground to
cloud across which the voltage is much lower than before. Thus,
voltage gradient is transferred to regions within the cloud,
causing successive ionization channels to form within the cloud
which connect with the original channel to ground, and along
which additional current flows neutralizing successive cells
of charge.

The equivalent circuit of lightning stroke current

production is shown in Figure 2. The current waveform during
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Figure 2. The equivalent circuit for charge storage
and lightning discharge. The switches close
successively, causing individual current
pulses to flow through the channel to ground.
Note that all the Q's are negative in polarity,
the (+) and (-) signs indicating the algebraic
definition of polarity.



a single return stroke can be thought of as being determined by
the cloud-to-ground capacitance C, the resistance R of the con-
ducting channel, and the inductance L of the conducting channel.
Thus, the electrical circuit is a damped LRC circuit, and we can
expect the current pulse to take the form of a damped oscillatory
burst at a frequency f = l/2n\[EE-, or to take the form of a
single pulse, depending on the relative magnitudes of L, R, and C.
It is believed that oscillatory current waveforms have in fact
been observed. However, the more usual current waveform is one
in which the current rapidly rises to a peak value, in a time

of 1 to 30 microseconds with a normally observed time in the

3 microsecond range, and then the current falls at a lower rate
approximating exponential décay, with a time interval for
decreasing to half the peak value that is approximately 10 times
the time taken to reach peak value. This type of behavior, with
a ratio of 10 between time to fall to half of peak value and
time to reach peak value, is characteristic of a heavily damped
LRC circuit in which the RC time constant governing rate of fall
and the L/R time constant governing rate of rise are in the

ratio 60 to 1. That is,

If one compares time between strokes and stroke dura-
tions, one finds that they are comparable. Thus, current in a

lightning flash typically has an irregular pulse-shaped waveform

10



due to contributions of several closely-spaced individual pulses,
as seen in Figure 3. Overall maximum current at the peak of a
single stroke can be as large as 100,000 amps, with 10,000 amps

a typical approximate value. Typical charge transferred during
a single stroke is on the order of 3 coulombs, and about 10 times
that for an entire flash. Typical values for total energy
released during a lightning flash are in the range of 1098 to

109 joules, or 1,700 to 17,000 xWh per flash.

11
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Figure 3. Resulting typical waveform for a lightning
flash comprised of a number of strokes.
Note that I(t) as shown is the current
that flows upward from ground to cloud.
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3. LOCATIONAL AND GEOGRAPHIC FACTORS
ASSOCIATED WITH LIGHTNING

From examining the fundamental causes of lightning
storm activity, it is obvious that not all regions of the United
States or the world are equally active lightning areas, and it
is obvious that not all times of year are equally favorable for
lightning storm activity. What it takes to produce lightning
storms is moist air at low altitudes near the ground and warm
sunshine. Thus, those areas that experience the most lightning
activity are the areas that combine the highest humidities and
the highest rates of solar heating. The Isokeraunic Map for
the United States is shown in Figure 4. The contour lines shown
on the map are contours of equal numbers of days per year on
which lightning activity occurs. Note that the Florida peninsula
with a combination of tropical sun and high humidity leads the
nation, with lightning activity occurring on over 100 days per
year in the central area. On the other hand, the extreme western
fringe of the continental United States along the Pacific Ocean
has lightning activity on an average of only 5 days per year.
Besides having a more northerly latitude than Florida, the
weather in this region is dominated by the cool winds that blow
off the Pacific Ocean year-round. Because of their low tempera-
ture, these winds cannot carry much moisture in absolute terms--
and what they do carry mostly falls as rain on the first range

of mountains a few miles inland.
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Figure 4.

The Isokeraunic map of the Continental United
States. Contours are lines of equal thunder-
storm activity, and give the number of days
per year on which a trained observer in a

given locality hears thunder or sees lightning
flashes. :

14



The nationwide variations in lightning activity are
of profound importance as far as yearly costs of lightning damage
are concerned. These variations also affect the economics of
providing lightning protection, as will be discussed later in
this report.

Even within small geographical regions, local factors
often play an important role in determining where and how often
lightning strikes. It has been fairly well established that in
a certain geographical region, each area of a few square miles
or a few square km will experience the same number of lightning
flashes per year as each adjacent region of equal area. However,
within such an area, points of higher elevation, tall structures,
isolated trees, and other solitary objects rising above the sur-
rounding terrain can "attract" the lightning strokes that would
otherwise strike the grouad in a more uniformly distributed manner.
Thus, an elevated object can be thought of as providing a "protec-
tive cone" within which adjacent objects are much less susceptible
to lightning strikes than would otherwise be the case. A gen-
erally accepted rule of thumb is that the radius of the circular
region on the ground that is thus protected is equal to the height
of the elevated object, as is seen in Figure 5. Note that loca-
tions within this cone are not wholly immune from lightning
strikes, since where lightning strikes is dependent on a great
number of statistical factors, but the probability is greatly
reduced. Also note that hills have to be very steep and pre-

cipitous in order to provide a protective cone at all.

15
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UNIT AREA _ :
|
|

Figure 5. Schematic illustration of the Protective Cone effect.

a) The Protective Cone.

b) Approximate graph of the strike rate per unit area
near a protective object compared to the strike
rate per unit area far away from the object.
Lightning strokes are drawn away from the ground
near the tower and strike the tower instead.
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A commonly used statistical rule for predicting fre-
Quency of lightning strikes on any object is to multiply the area
of the base of the "protective cone" or "protective tent" in the
case of overhead lines, expressed in square miles, by 1/2 times
the isokeraunic index, to determine the average number of light-
ning strikes of the object per year. As an example, a 500-foot
high tower in the northeast, where the isokeraunic index is 20,
will be struck on the average of once every 3-1/2 years. The
same tower in central Florida would be struck on the average of
once every 8-1/2 months.

Proper installation of lightning rods and lightning
towers can greatly reduce damage rates from direct strikes by
lightning within protected areas. However, an ironic fact is
that protecting an installation's electrical and electronic
equipment from damage due to direct strikes by installing
lightning towers or lightning rods nearby can even cause an
increase in lightning-induced surges, since more lightning
strokes can be expected to the nearby tower. Thus, providing
lightning rods and lightning towers reduces damage from direct
strikes; however, provision for protection from the effects of
lightning-induced surges must be maintained or increased in any
event. In actuality, many types of electronic equipment, includ-
ing railroad signalling equipment, suffer greater overall damage
every year from induced surges than they do from direct strikes.

This fact is discussed in greater detail later in the report.

17



There is one possible means by which the occurrence
of lightning strikes can be eliminated entirely within certain
areas. This means appears to have been successfully employed
in a number of specific cases. The method of protection in
question is the provision of a mechanism for "bleeding off"
surface charge on the earth in a gradual and continuous manner
a@s it collects during development of a lightning storm.

Lightning Elimination Associates, of Downey, California, has
reported success in completely eliminating lightning strikes

from specific protected areas using this technique. "“Dissipa-
tion Arrays" fabricated from metal sheet and containing a large
number of very sharp metal points are typically mounted on towers
within the area to be protected, with the points pointing upward.
A typical array can be approximately five feet square and contain
1500 sharp points spaced approximately 1.5 inches apart. As an
example of a typical installation, the company mounted 15 such
arrays at the tops of 15 towers 90 feet in height to protect a
3-acre area at the Atlantic~Richfield refinery in Wilmington,
California. There are a total of 22,700 points in the protected
area,

The high electric field strength associated with light-
ning cloud proximity is greatly increased in value at the tip of
each point, giving rise to field ionization or corona formation
directly at the point, and a current flow from the point into

the air above the point. This current flow is quite erratic

18



for any one point, but contributions from many points in an
entire panel exhibit a fairly steady dc current that rises and
falls with passage of a cloud overhead. At the ARCO site, it
was found that a peak current of 8 amperes dc was measured
using an ammeter on a single tower guy wire. It is estimated
that total de current from ground to space could exceed

200 amperes. This mechanism thus provides for current flow
from ground to cloud at cloud-to-ground potentials that are
far less than that required for lightning stroke initiation;
therefore, since charge is continuously bled off, potentials
hever reach dangerous level and lightning strikes are completely
eliminated. '

Overhead lines are protected in a similar manner by
replacing the overhead ground wire strung above power or com-
munication lines with strands of "Digsipation Wire" that is
barbed with in excess of 10,000 active point sets per mile of
line-~-a density of barbs slightly greater than the usual barbed
wire used for fencing. It is essential in the case of either
wire arrays or panel arrays to provide grounding of high quality--~
usually provided by buried cable arrays at bases of towers or
buried ground cable underneath transmission lines, with heavy
conductors connecting the dissipation arrays or cables with
the ground system.

Whereas the economic practicality of such techniques

has been demonstrated in a number of specific instances, more

19



work is needed to prove this method of lightning protection as
an economically viable one for installations such as railroad
systems that are greatly extended in space. At some time in
the future, however, techniques such as these just may greatly

alleviate all aspects of the lightning problem.
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4. LIGHTNING SURGES IN CIRCUITS--DIRECT AND INDUCED

It is fairly evident that when a lightning stroke hits
an object on the ground, be it a building, tree, transmission
line, railroad track, or other object, that the object struck
will be forced to conduct the stroke current. It is not immedi-
ately obvious, but can be seen from a relatively simple analysis,
that induced voltages and currents created by lightning strokes
striking nearby are also a hazard to electrical equipment,
property, and life. Four main causes of voltage and current
surges are discussed below. They are the effects of the direct
lightning stroke itself, voltages developed by stroke current
flowing in structures and the ground, voltage surges in over-
head lines induced by collapsing cloud-to-ground potential,
and magnetically induced surges due to circuits inductively

coupling to the lightning stroke current itself.

4,1 The Direct Stroke Current

As has been discussed, lightning strokes occur in the
form of extremely large pulses of current emanating from sources
with millions of volts of internal source potential, with pulse
current waveforms being determined in large measure by the
impedance characteristics of the cloud-to-ground conduction
channel. In terms of electrical circuit theory, the lightning

stroke is for all intents and purposes a nearly ideal current
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generator and--in any circuit routinely constructed by man--
voltages will reach any level necessary for the stroke current
to flow~-and flow it will. It can be channeled but not stopped.
The equivalent circuit for lightning stroke current generation,
shown in Figure 2, shows that current is determined by the
impedance of the stroke channel--not by any object on the ground.
The electrical energy dissipated in any object through
which the lightning stroke current passes is directly proportional
to the resistive component of voltage developed by the current
Pulse. The total electrical energy dissipated in any object can

be thought of as W = (current)x(resistive voltage)x(pulse duration),

or more accurately as

Wi & j.tl(isurge) . (vsurge) at .

Thus, the damage done to a physical object will in general be
directly related to how much resistance that object provides to

the flow of the surge current through it.

4.2 Heating Effects of Direct Stroke Currents
in Conductors--Generally Negligible

Since lightning strokes are pulses of relatively short
duration, high-frequency techniques must be used in analyzing
the electromagnetic effects of lightning. As far as calculating

resistance heating of wire due to lightning surge currents is
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concerned, account must be taken of the skin-effect decrease in
effective cross-sectional area of the wire that occurs at high
frequencies. This will be done here in a manner that errs on

the side of slightly overestimating the increase of resistance,

just to show that even with a worst-case estimate of skin-effect
consequences, damage to conductors of at least moderate size due
to direct stroke currents is generally negligible.

Consider a "typical" lightning stroke conducting
10,000 amperes peak with a time between half-maximum-current
points of 40 microseconds. The time of 40 microseconds is one
half-period of a 12,500 Hz sinusoidal signal. For currents
of this frequency, the resistance per meter of copper wire,
which will be defined here as the "lightning surge resistance,"

and is based on inclusion of the skin effect, is calculated to be

R = 417 % 10-6£1/2 4. 66 x 10-%
- X B

oy ohms per meter,
cm cm

where aum is the wire diameter in centimeters. As an example of
electrical effects, consider a current pulse which will be
assumed to be of square shape with 10,000 amperes current and

40 microseconds total duration flowing in #12 AWG copper wire
with the above effective resistance behavior. Number 12 wire

is approximately 0.1 cm in radius, and thus has surge resistance

R

4.66 x 10=3 ohms per meter. The total electric energy dis-

sipated in a one-meter length of #12 wire will be

W = i2Rt = (10%)2(.00466)(4x10-5) = 18.65 watt-sec.

18.65 joules.
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The mass of copper in the 3.1 cm? volume of one meter
of wire is m = 20 grams, and the specific heat of copper is
cp = 5.85 gcal/gm-°C = 24,5 joules/gm-°C. Therefore, the
temperature rise in the copper conductor will be

| o
AT-Fc—p--O.OSC

This amount of temperature rise is truly negligible.

Next, consider a strand of #18 wire with half the
radius of #12 wire and therefore, twice the lightning surge
resistance and one-quarter the cross sectional area and volume;
and allow this wire to conduct a 40 usec pulse of 100,000 amperes.
The temperature rise in this case will be 800 times the tempera-
ture rise in the #12 wire, or 24°C (43°F). This temperature rise
is still not enough to even damage the insulation on wire, let
alone the conductor itself.

The estimates used above for lightning surge resistance
overestimate this parameter to some degree and therefore, over-
estimate the amount of lightning-induced heating of the conductors.
The above calculations do indicate that it is not the current in
a lightning surge itself that is responsible for destroying
conductors, even small conductors. Rather, it is the effects of
not providing a low-resistance path for the current to flow in.
This leads to voltages being reached that are whatever is
required for the current to flow, which leads in turn to arcing
between conductors or between conducting objects at high voltage
levels with tremendously increased energy release in the vicinity
of the conductors.
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4.3 Mechanical Forces on Conductors Due to Surges

Next, consider the electromechanical forces acting on
conductors carrying surge currents, as shown in Figure 6.
A straight current-carrying conductor gives rise to magnetic

field strength circling itself of magnitude

By = ug F%F webers/m2, where My = 4m x 1077 he;gi:i/

Another conductor carrying current I' parallel to the first con-

ductor and of length L will experience a force

F = BI'L, or in vector terms, F = I'BxL .

This force in fact acts mutually on both conductors and is
attractive if the current flows in the same direction, and is
repulsive if current flow is in opposite directions. If both
conductors carry the same current, the force experienced by
each is

F =y 1%L where r is the distance separatin

o Znr g

the wires. The forces acting on each of two parallel wires

one meter long, separated by 10 cm (4 inches), and conducting

typical peak light ing surge current of 10,000 amperes is

F = L4mx10-7)(104)2(1)
(27)(.1)

20.4% kg = 45 1b force.

= 200 newtons =

It must be realized that conductors carrying high-

frequency or pulsed currents will induce currents of similar
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B-field due to I

F oMo II'L

-7
2x10 "IT'
K 3 = NEWTONS
WHERE I,I' ARE IN AMPS
AND r IS IN METERS

g o 1.8 1T

T 1b. force

WHERE I,I' ARE IN KILOAMPS
AND r IS IN INCHES

Figure 6. Magnetic forces between straight
current-carrying conductors.
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magnitude in nearby conductors, whether the nearby conductors
be wires, sheet metal, or metal structural framework. These
currents in turn will cause their own B-fields, which interact
with the original current-carrying conductor. Thus, a single
conductor carrying lightning stroke current will experience
forces of the above magnitude if it passes near other metal
objects or conductors. It is easy, therefore, to see how the
current conduction effects of direct lightning stroke currents
can easily destroy or damage conductors through electro-
mechanical forces. It is therefore obvious that those con-
ductors that will conduct lightning stroke currents, as well as
those conductors that are nearby, must be of sufficient gage
and must be adequately mechanically supported if they are to
escape physical damage.

Whereas a single straight conductor produces a
magnetic field that exerts no self-force on the: conductor,
large self-forces do result when conductors with bends conduct
surge currents. In this case, every single straight segment
of wire can be thought of as a single conductor generating
its own magnetic field, and the forces exerted on the other
segments will be of the same magnitude as the forces exerted
between separate conductors. Therefore, it is- imperative to
provide more adequate support for ground leads with bends in
them than is necessary for straight ground leads passing near

only nonmetallic objects. In addition to increases in reactance
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due to the presence of bends, the bends add to potentiality

for physical damage as well.

4.4 Effects of Surge Currents on Other Objects and Devices

As has been discussed, the heating effects of lightning
stroke currents are directly proportional to the current times
the voltage times the duration of the surge. If an arc discharge
occurs between metal objects in an air atmosphere due to voltage
breakdown, most of the voltage drop of the resulting arc dis-
charge occurs across very short distances near each end of the
arc. These voltage drop regions have voltages across them on
the order of up to 10 volts for materials such as copper, steel,
or carbon, when currents range in the thousands of amperes.

Thus, a typical amount of energy released in a small region

of space very near conducting objects might be on the order of

W = (10,000 amps)(2x10 volts)(ux10-5 sec) = 80 joules.

This much energy would not set fire to anything under
most circumstances, unless a potential arc region had been placed
immediately adjacent to a pile of tinder. We must keep in mind
that lightning stroke currents of 10 times average current and
10 times average duration will occasionally occur, however.
Therefore, on rare occasion, direct lightning surges will dis-

sipate 800 joules; on rarer occasion still, 8,000 joules will
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be dissipated. So once in a very long time, in a location that
has frequent enough lightning activity to begin with, an energy
discharge of 800 joules, or 13 watt-minutes of power will be
dissipated practically instantaneously in a very small region
of space due to a lightning stroke being conducted across an
arc, and combustible material such as wood, plastic, or insula-
tion material can be directly set on fire.

Electrical devices, such as electromechanical relays,
are therefore susceptable to damage due to failure of inter-
terminal insulation and damage of insulation on wires. In addi-
tion, any electrical device having inductive coils or windings,
such as a relay or motor, can suffer extreme mechanical damage
due to the intense magnetic forces generated by interaction of
stroke current with current-induced magnetic field.

It is informative to consider the total energy released
in standard types of lightning arrestors and surge suppressors
due to conduction of a typical'direct lightning current stroke.
The arc voltage drop across a carbor.-block primary arrestor is
approximately 200 volts, giving a total dissipated energy from
a typical stroke of W = (10,000 amps;(200 volts) (40 usec) =
80 joules. This will be sufficient to form a very hot spark of
short duration that will vaporize some electrode material and
will create a loud "pop." The arc voltage drop across a low-
voltage rave-gas-filled arrestor is typically in the 50-volt

range, yielding a total energy release of 20 joules from a
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typical current stroke. Energies of this magnitude are surviv-
able by either of these arrestors. However, it must be remem-
bered once again that on rare occasions energy releases of 10
or even 100 times these levels will occasionally occur due to
strokes of greater than average peak current or greater than
average duration, or both.

Of course, any communications-type semiconductor
device or even a small power semiconductor device will be
immediately destroyed by internal breakdown and heating if
any sizeable portion of direct surge current is allowed to
flow in it. The extremely small volumes of "active region"
of semiconductor devices cause energy dumped into these
devices in electrical impulses all to be concentrated in micro-
scopic volumes, which then are heated beyond the failure point.
Therefore, ultra-short current pulses have effects more severe
by far than do current pulses of smaller amplitude but longer
time duration that dissipate equal total energy in the semi-
conductor device.

Explosive effects of direct lightning surge currents
frequently occur when a lightning arc discharge channel forms
in the interior of a nonconducting object, such as a tree or
Stone or masonry wall. Under these circumstances, the gases
formed in the vaporized arc ‘channel cannot expand as they are
heated and thus rise in pressure. The arc resistance of high-

pressure arc columns increases rapidly as pressure increases,
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and the increased resistance leads to a greater rate of energy
dissipation due tc increased are voltage gradient. The result
can be arc voltage drops of thousands of volts, instantaneous
energy release of hundreds of thousands of watts, and tens of
thousands of joules of total energy released in an extremely
small arc volume in a very short time, causing a small explosion
that can crack a wall opr splinter a tree.

When considering the effects of conduction of direct
lightning stroke currents in the above, no consideration has
been made of the effects of "power-follow" that can occur when
power transmission systems are struck by lightning. Once an
arc is struck, due to high-voltage breakdown caused by the
lightning stroke, it is possible frequently for the arc to be
maintained at voltages that are less than the system operating
voltage for relatively long periods of time, leading to greatly
increased energy dissipation--the energy now being supplied by
the power system rather than by the lightning stroke. The
design of lightning arresters to minimize the effects of power
follow will be discussed in the section on lightning arresters.
At this point, it will simply be noted that properly designed
lightning arresting systems use lightning arresters that are
wired into the circuits being protected in such a way that arcs
occur mainly in the arresters themselves, limiting surge voltages
in the circuits to levels below which arcs can be maintained

anywhere else in the system; and the arresters have conduction
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and power handling characteristics that make them immune to

the effects of power follow,

4.5 Electrostatically Induced Lightning Surges

Consider an overhead line that is at an elevation of
h = 5 meters (16 ft.), with conductor size that gives a surge
impedance or characteristic impedance for wave transmission of
Z0 = 500 ohms, corresponding to #12 wire at that elevation,
according to the relationship Z, = 60 ln(%?) where a = 0.1 cm
for #12 wire, and assume that this line is several kilometers
ir length. Next assume that a lightning cloud passes overhead,
causing induced positive charge on the ground underneath the
line. There will be some finite level of leakage resistance
between line and ground, which will allow the line to charge
to ground potential. The surge impedance Zo of the line, its
inductance per meter L, and its capacitance per meter C, and

its wave propagation velocity are related by the equations
¢ = 3x108 meters/sec = 1/(LC)}/2, 2 = (L/C)1/2,

Therefore, this typical line will have a capacitance per meter

with respect to the ground plane of

c = (LOY/2(c/LM/2 = 1/(2 ) =
6.67x10-12 farads per meter.
Even a total shunt resistance to ground of 1000 megohms every

kilometer of line will give a circuit RC time constant of
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(6.67x10~12%1000%10% = 6.7 seconds, and therefore, in the minutes
it takes for a thunder cloud to pass overhead, the overhead line
will remain quite constantly at ground potential. Charges will
be induced on the line by the overhead cloud; and the amount of
induced charge on the line will be exactly the amount required
to cancel the voltage drop that would occur in the distance from
the line elevation to ground if the line were not there. If the
average cloud-to-ground electric field is near the critical level
for lightning strokes of approximately E = 105 volts per meter,
the charge induced on the line will be

Q = CV = CEh = 6.67 x 10-12x5%105 =

3.33x107¢ coul/meter.

Now allow a lightning flash to occur in the region near
the overhead line, and assume that the stroke currents that flow
during the flash completely neutralize the opposite charges on
cloud and ground. Flashes occur in extremely short times--times
that are too short for the charge induced on the line to leak
back to the ground. Therefore, immediately after the flash,
the induced charge on the line is still there, and now produces
an electric field between line and ground of opposite polarity
to the original cloud-to-ground electric field; and the result-
ing line-to-ground voltage will be V = Eh = 45 x 105 volts.

This mechanism is pictured in Figure 7.

The total stored energy in a kilometer of line will be

W = £CV2/2 = (1000)(6.67x10-12)(2,.5x1011)/2 = 830 joules.
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This quantit§“of13to£ed;eiectfostetié enefgy is rather large
and is obvioualy capable of d01ng sévere damage to electrlcal
equlpment. Further, it represents ‘a grave safety hazard.

In high-voltage power transmzss;on systems, the lnsulators from
whlch overhead lxnes are suspended mlght often be capable of
w1thstand1ng the extremely hzgh voltages found in the above
analysis. However, communications’lines supported by glass

or ceramic one-piece insulators will not maintain these large
voltages for any considerable time, since arcing will occur
across the insulators to the poles carrying the lines, and

the line voltage will be lowered to approximately the 35,000
volt range in a matter of microseconds, this figure represent-
ing an approximate withstand voltage of typical communications
line insulators. After this lower voltage level is reached,
there remains stored electrostatic energy in one kilometer of

line of approximately

W= 2CvV2/2 = (1000)(6.57x10-12)(35,000)2/2 = 4 joules.

This remaining stored energy is not sufficient to cause damage
to electromechanical components- that are minimally protected
with any type of arrester or surge suppressor. The remaining
stored energy is.sufficient to destroy semiconductor equipment
that is not adequately protected, and it does represent a very

severe safety hazard to humans.
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In order to understand what happens to the induced
charge on the line and the stored ‘energy on the line after
voltages have reached a level along the line that can be with-
stood by the low-voltage insulators used for support, one must
use transmission line theory. Half of the induced charge will
start flowing one way, and half the other way on the line at
almost the speed of light. The travelling current and voltage
surges will be partly reflected, partly attenuated, and partly
transmitted forward every time a resistive path to ground is
encountered, unless a resistance to ground is encountered that
exactly matches the characteristic impedance of the line Zo,
at the end of the line. Even a gap-type lightning arrester
or even a dead short to ground will not cause the surge to be
immediately dissipated. Rather, partial or nearly complete
reflection of the surge will occur, with the wave then travelling
in the other direction down the line. Thus, actual voltage
surge waveforms and current surge waveforms can appear quite
complicated in any given overhead line, with overall time-
varying behavior depending on many factors.

The important fact to remember about surges that are
electrostatically induced in overhead lines is that they do
carry enough voltage and energy to damage unprotected equipment
and to injure or kill humans. Since these surges can result
from lightning strokes in the general vicinity of the overhead

lines--direct strikes not being necessary--current and voltage
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surges of dangerous and damaging magnitude will be observed
far more frequently in overhead lines than one would expect

just on the basis of probability of direct lightning strikes.

4.6 Magnetically Induced Lightning Surges

A good rule of thumb for calculating the induced surge
current or voltage in a line due to a surge in an adjacent line
when no shielding is provided between the lines and when the
lines are located closer to each other than they are to ground,
is to assume that the surge induced in the second-circuit will
be equal in magnitude to the primary surge in the original circuit.
One can calculate the mutual inductance between adjacent conductors
to any degree of accuracy, but for a worst-case analysis, it turns
out that two:- conductors spaced very closely with only their
insulation separating them have mutual inductance nearly equal
tc the self-inductance of either conductor. Therefore, the
mutual inductance between two conductors-can be approximately
calculated by calculating the: self-inductance of one conductor
over the length of the adjacent region. In a situation where
conductors cannot  be magnetically shielded from each other,
each conductor therefore must be equipped.-with lightning
arrester protection equivalent: to the other for the: protection
of connected electrical equipment and for the protection of

persons.
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As an extreme case of magnetic coupling effects,
consider the magnetic coupling that can occur to an overhead
line due to a nearby lightning stroke. Figure 8 shows a
lightning stroke striking the ground at a distance of 100 meters
from the end of a 1-km long overhead line that is § meters above
ground. 'If it is assumed that the current in the lightning
stroke ri%es linearly to a peak value of 10,000 amperes in a
time of 4 microseconds, then the sum of voltages.induced across
devices connected to the ends of the line is

de

V= g C uohImaxln(1100/100)/‘trise = 6000 volts.

This voltage is much smaller than other voltages induced by
other effects, but it is still of dangerous magnitude. The above
calculation serves to demonstrate potential magnitudes of
magnetically induced surges caused- by the very large stroke
current surges even when these are-a great distance from

another circuit.

4.7 Lightning Surges- Induced by Impedance Effects

When analyzing the- currents- and veltages caused by
lightning, one must keep in mind- that- at- the massive current
levels of lightning strokes and- in- the very- short time intervals
it takes for currents to rise and decay, every-single object
through which stroke current flows, including- the ground itself,

must be regarded as an impedance. Wet dirt has a-resistivity
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Figure 8. Schematic diagram showing direct inductive

coupling from lightning stroke current to
an overhcad line.



of approximately p = 100 ohm-meters, and very dry dirt or rock
can have a resistivity in the vicinity of ¢ = 106 ohm-meters.
Thus, lightning stroke currents passing through the ground can
give rise to enormous point-to-point voltages along the surface
of the ground. These voltages produce one of the greatest
hazards to people and livestock outdoors during a lightning
storm. In addition, these voltages appear in circuits of

large spatial extent that are in close proximity to ground.

In analyzing the voltages that result from lightning
stroke currents flowing in the ground, we must calculate the
electric fields that result from currents passing through
bulk resistive material. Under dc conditions, current injected
into the ground at a point wi;; spread radially outward from
the point of injection, and downward as well. Since the current
flows through concentric hemispherical surfaces sf radius r aru
area A = 2rr?, we can calculate electric fields along the sur-

face of the ground by the relation
E = Ip/A = Ip/2%r2 volts/meter.

Under pulsed conditions, account must be taken of the ac skin
effect exhibited by conductors in the presence of rapidly
varying electromagnetic fields. The currents do not penetrate
infinitely deep into a conductor; rather they are concenfrated

in a region near the surface of "skin depth" §, where

$ = Vp/lfu .
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In the above- relation, f 1& tha frequency at- wh;ch the electro-
magnetzc field varlea, and p’ig " the magnetic permeabilxty of the
conductlng material: If‘we assume that a lzghtnlng stroke has
an approximate "frequency" of 10,000 Hz, and we assume that
earth has magnetic perméability littlg different from free

space, then the skin depth is given by
§ = (p/wx4wx10-7x10%)*/2 =V1,000p/21x .

The current due to a lightning stroke can now be assumed to flow
outward across a cylindrical surface of area A = 2mré, producing

an electric field along the surface of the ground of magnitude
E = Ip/A = 1(10=3p) Y/ 2/p ,

Figure 9 shows the behavior of current flow in the ground due to
a lightning stroke. The electric field gradient as a function
of r alcng the surface of the ground is approximately

Ip/2nr2, for p <$o”2

E(r) =
1€2073p) 2/, for p >50'/2 |

Under conditions where the ground resistiQity has a typical value
of approximately 1000 ohm-meters, the critical value of r in the
above equation is approximately 150 meters.

As an example of voltages that can arise in a circuit,
assume that a wire extends 100 meters from an instrument case
at one end to an instrument case at the other end, and each

instrument case is "grounded." Then assume that a lightning
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stroke hits the ground 50 meters from one end of the wire and

150 meters from the other end. The instrument cases then have

-1
1 r;

[f I has peak value of 10,000 amperes, and p

a total potential difference

r,
v =I E(r)dr = (Ip/2n)[

r)

2x10~3 Ip volts.

o] Lt

1000 ohm-meters,
the total of voltage drops between the ends of the wires and the
instrument cases into which the wires run will have a maximum

value of Vma = 20,000 volts.

X
Using the same figures for resistivity and current,
the voltage drop between two rails of a railroad track when

lightning strikes 10 meters away is also calculated to be

Voax lﬁ:?%—igi [fﬁ = IT%WK] = 20,000 volts.
The question immediately arises, If these very large

voltages appear to arise in spatially extended circuits when
ditferent points are tied to local ground, would it not be
better to isolate them from ground? The answer is that one
would have to put the entire system on gigantic standoff
insulating supports and surround it with a Faraday cage if
ne were to take this approach--signal wires, tracks, relay
racks, bungalows, and all. It simply is not practical.
The next best approach is to provide an extensive intercon-

nection system in the form ot a grounding system to tie all
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portions of relay racks and bungalows at one location together,
and ther use lightning arrestors to limit line voltage excursions
away from local ground potential to safe levels. Incoming lines
must be routed and lightning arrestors must be placed so that the
surge currents that flow in incoming lines due to induced ground
potentials can be conducted safely to ground.

Inductive reactance also plays a role in induced surges
one line or wire ccnducting a surge will have on inductive voltage
deop along its length. Voltage can be raised thousands of volts
above the potential of adjacent lines tied to ground a distance
4way, and arcing can then occur between conductors. When the
cverhead ground wire protecting overhead lines from direct light-
ning strikes is hit, local ground voltage at the pole- tops near-
est fthe lightning strike can be raised sufficiently above distant
ground level due to ground resistance and ground lead inductance
in the grounding wire fastened to the pole to cause "back flash-
overs" to the protected lines. The same phenomenon can occur
in instrument housings, and is the reason why ground wires must

be as heavy, short, and straight as possible.

L,8 Conclusions

The total surge current and voltage waveforms resulting
in an electrical system due to a single lightning stroke or a

series ot lightning strokes in one flash must be viewed as
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resulting from a combination of effects. Direct stroke currents
can release tremendous energy in an electrical system that is
net adequately protected. In addition to direct lightning
strikes, induced surges are of equal importance, and perhaps
because of their greater probability of occurrence, of greater
importance in estimating overall potential hazards to éircuits
from lightning. The problems of protecting against induced
Surges are more complex than those of protecting against damage
from direct lightning strokes. For the latter, it suffices to
install as many lightning rods and ground conductors as are
required to do the job, but for protection against the former,
great care must be taken in circuit design, layout, employment
of shielding for conductors, and placement of protective devices--
even atter the hazards of direct stroke currents have been com-
pletely eliminated.

To cenclude this section of the report, the reader is
reminded once again that all of the sample calculations that
were performed above in which maximum surge currents of 10,000
amperes, and current rise and fall times of 4 and 40 micro-
secends respectively, only give typical results of lightning
strokes. Stroke currents of greater than 100,000 amperes and
stroke durations of 400 microseconds or even longer will occur

some proportion of the time, and must be protected against.
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5. DEVICES AND TECHNIQUES USED TO PROTECT ELEC=-
TRICAL CIRCUITS FROM LIGHTNING SURGE EFFECTS

Devices used to protect electrical circuits from
surges caused by lightning operate in a number of ways. Voltage-
limiting devices such as spark-gap arresters and zener diodes
provide low-impedance paths for conducting surge currents to
ground while voltages are maintained below levels that are pre-
sumably safe for equipment. Reactive devices such as series
inductors and shunt capacitors are used to "slow down" and
"flatten out" the residual portioﬁs of surges that get past
voltage-limiting devices, so that voltage rises and current
amplitudes will be further attenuated, and so that.following
voltage-limiting devices will have time to work. Reactive
elements can be thought of as providing low-pass filtering
to block the high-speed surge transients while allowing normal
circuit operation at very low frequencies or dc. A large
number of types of devices and combinations of devices are
described below. Equivalent circuits for these devices are

shown in Figure 10.

5.1 Gap-type Arresters

One of the first types of protective devices to be
used in electrical circuits for shunting lightning surges to
ground was the gap-type arrester (Figure 10a). Depending on

the specific shape of the gap electrodes--pointed vs. flat--and
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Figure 10. Circuit diagrams and symbols for various
types of lightning arresters and surge
protective devices,
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depending on the electrode material qnd the spacing of electrodes,
it is possible to‘éohstruct an aif-gap device with electrode
spacings on thé order éf a fraction of a millimeter that will
electrircally break down forming an arc discharge when dc gap
vcltages reach approximately 300 to 3,000 volts., Generally,
Fointed electrodes give lower breakdown voltages, and smoothly
polished electrodes give higher breakdown voltages. As the gap
€pacing widens, breakdown voltage increases, but the relation-
ship is not a linear one. As a practical matter, there are
difficulties in using simple air-gap arresters for protecting
power circuits, since after an arc discharge is struck by a
high-voltage surge, a much smaller dc or 60 Hz ac voltage is
sufficient to sustain the arc. Figure 11 illustrates the
current-voltage characteristics of arc discharges. If the
normally present system voltage and source impedance are such
as to produce a load-line that does not intercept the arc
current curve, the arc will extinguish itself after the surge
passes. 1f the system voltage and impedance characteristics
are such as to sustain the arc once struck, a permanent fault
results.  In high-vecltage power transmission systems relying
or gap-type arresters, series circuit breakers are used to
interrupt circuits long enough to extinguish arcs and clear
faults. These brief interruptions of power are what frequently

cause the lights to flicker or blink during a lightning storm.
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One critical difficulty in employing air gap-type
arresters is that the initiation of the arc discharge depends
on avalanche breakdown of the air in the gap, and the time
required after a voltage surge is impressed to establish the
arc discharge and lower the voltage is statistical in nature
and is frequently too long on the average to provide adequate
protection to sensitive circuits. The response speed of a
given gap-type arrester is generally stated by recording the
ratio of sparkover voltage upon application of rising voltage
ramps of different speeds to the sparkover voltage under dc
conditions. For instance, an air-gap arrester that has a dc
rating of 500 volts may not break down until a surge rising
at 10,000 volts/microsecond reaches 1,500 to 2,000 volts.
Faster rising surges will go higher before breakdown is reached.
In addition, after breakdown is reached., some time is taken for
the arc to establish itself and for the voltage to drop to the
sustaining voltage level. The result is that the air-gap arres-
ter passes a residual surge that must further be dealt with.
Heavy electromechanical railroad relays are generally immune
from normally encountered residual surges. Solid-state equip-
ment is not.

Gas-filled gap-type arresters (Figure 10b) have been
used increasingly in recent years, and offer a number of advan-
tages over air-gap arresters. Mixtures of rare gases at a

total pressure of approximately one atmosphere are typically used.
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The breakdown characteristics of the gas allow wider gap spacing
for equal breakdown voltages, and the wider spacing makes possible
maintenance of more accurate tolerances on breakdown voltage, and
thus allows for use of devices having lower nominal breakdown
levels. in addition, they are generally faster in operation.
Some gas-filled arresters incorporate a radiocactive source to
enhance operating speed. A potential disadvantage of gas-filled
arresters is that since the arc volume is completely enclosed

in ar insulating envelope, unrelieved pressures can be reached
during high-power surges that can rupture and destroy the
devices.

Gap-type arresters are seldom employed alone but are
generally used as one element in an overall protective system.
One modification that has been used in air-gap arresters to
improve their operating characteristics is to include a carbon-
block resistor in series with the air gap (Figure 10c). This
produces an overall current-voltage characteristic that will
cause the arc to self-extinguish in low-power circuits. Inclu-
sion of the resistor offers the disadvantage that it causes
additional voltage and additional power consumption and heating
during high-current éurges.

One air-gap type arrester that is widely used in
railroad applications employs closely-spaced gap electrodes

in series with a carbon resistor, in conjunction with an added
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electrode w1th wider spacing that has no resistor in series
(Flgure lOd). In operation. the narrow gap breaks down first,
but rlslng current causes IR voltage drop across the resistor
that makes the longer gap the lower-impedance path for current.
Ionization from the narrow gap in;t;ates the arc discharge
across the w1der gap, which in turn limits the current through
the resistor. Figure 12 compares this device's I-V characteris-
tics to the previously mentioned devices. This device offers
the turn-on characteristics of a harrow-gap arrester, and the
turn-off characteristics of a wide-gap arrester, and thus offers
superior protection in conjunction with greater immunity from
the effects of power=follow in low=-power circuits. A typical
device of this design will self-¢lear in circuits where dc
voltages are 50 volts or less, or where ac voltages are 175 volts

or less, while providing breakdown voltage of- 700 to 1000 volts.

5.2 Varistor Devices (Valve or Thyrite Devices)

If protective levels below approximately 300 volts are
desired in electrical circuits, air-gap or gas-gap devices are
generally unuseable. Manufacturing tolerances do not allow the
required dimensional accuracy in the very narrow- spacing needed
at lower voltages. For voltage limitation to lower levels under
surge conditions, the nonlinear current-voltage characteristics

of "Thyrite" materials are typically used. (Thyrite is General
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Figure 12.

b)

a)
c)

d)

v

Current vs. Voltage Behavior for

a) Low-voltage air gap, b) low-voltage air
gap in series with a resistance, c) high-

voltage air gap, and d) device of type (b)
shunted with device of type (c).
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Electric's registered trade name.) Thyrite devices, also referred
to as varistor or valve devices (Figure 10e), are basically com-
posed of bulk silicon carbide with portions of other materials
added that is finely ground and then compressed and sintered.

The conductivity characteristics of a s§0lid device made from

Such material result in current vs. voltage behavior that over
many orders of current magnitude can be approximated by the
relation

I=kv, or V= (I/k)!/n

where n is typically approximately 3 to 5. These devices are
generally spoken of as having decreasing resistance with increas-
ing current, or a negative current coefficient of resistance.

The value of k will depend on the dimensions and exact composi-
ticn of the material used, and the value of n will depend on
composition.

In operation, a device having k = 107® and n = 4 will
pass .0l amps at V = 10 volts, and 100 amps at V = 100 volts.

A 10,000 ampere surge will result in a peak voltage of 300 volts,
at which time the ratio of voltage to current will be (V/I) =
0.03 ohms.

General Electric has recently introduced varistors
fabricated from metal oxide material for which their trade name
is GE-MOV. This new material produces varistors with n as high
as 25, thus providing exceptional voltage limitation during

high-current surges.
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In signal circuits, varistor devices are typically
employed when it is desired to provide surge voltage limitation
at values from a few tens of volts up to the range where air
gaps become practical. In addition, they are employed in power
circuits at all voltage levels because they are immune to power-
follow effects. 1In signal circuits where the primary danger is
from power-line transients and other surges not as severe as
lightning surges, varistors are often used by themselves, with
voltage  and power handling capability being chosen as a function
of specific application. For applications in higher power
systems or in more severe environments, varistors are used in
conjunction with spark gaps to provide the required current-
voltage behavior and to provide the required energy handling
capacity.

Since varistors are frequently used to limit surge
voltage differences between conductor pairs in balanced signalling
circuits or across signal lamp filaments, they are called
"equalizers." When used in other applications, they are called
"discharge resistors.” For heavy-duty applications, a spark gap
is provided to shunt extremely high current surges around the
varistor, thereby controlling the maximum energy dissipated in
the varistor (Figure 10f). These devices are also referred to
as "heavy-duty equalizers" and "shunt-type arresters." Heavy-
duty equalizers have been designed for ac- power circuit appli-

cations to protect power transformers. In such an application,
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a number of low-voltage shunt-type devices are connected in
series to establish a higher voltage rating. Surges of lower
current are passed directly by the varistor elements. Higher
current surges will cause the air gaps to arc, but the arcs
will self-extinguish in an ac circuit after the surge has
passed, due to cooling during the current zero-crossings.
Extinguishing of the arc is aided by the varistor, which can
be thought of as "robbing current" from the arc at higher
voltages. Initial arcing voltage levels can be maintained at
a relatively high level, since power transformers are rela-
tively rugged devices.

Frequently, varistors are used in series with air
gaps (Figure 10g). In this configuration, a completely open
circuit results at lower voltages. Voltage surges will break
down the air gap, but the overall current-voltage characteris-
tics of gap plus varistor will enhance self-clearing. Series
combinations of varistors and air gaps are called "autovalve
arresters" or "autovalve blocks." Lower-voltage units are
stacked in series and packaged for outdoor use for protecting
high-voltage power lines. Autovalve arresters can be designed
to offer adequate lightning protection to ac power transmission
lines and at the same time have overall current-voltage charac-

teristics that will provide for self-clearing of faults in

ac systems.
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5.3 Arresters Incorporating Magnetic Arc Control

For providing a high degree of reliable surge protec-
tion and elimination of power-follow problems in either dc or
ac power circuits, devices using magnetic arc control are
employed (Figure 10h). In these devices, a fraction of the
surge current is passed through magnetic coils, and a magnetic
field is generated at a right angle to the majority of surge
current that is conducted across an arc gap. The I x B force
causes the arc to move sideways, stretching it, increasing its
voltage, and cooling it, thus causing it to self-extinguish
after the surge has passed. In one such device, called the
"Magne-Valve," spark-gap bypass is provided around the magnetic
coil to protect it from damage from very large surges, and a
series varistor is included to assist in elimination of power-
follow. Individual magne-valve units are stacked in series
for protection of high-voltage power lines, with one unit added
for each 6 kv of line voltage. When used in series strings,
each magne-valve unit incorporates a very high-resistance
varistor and a small capacitor shunting the main arc gap to
assure uniform voltages and breakdown conditions along the
string during fast rising surges. Magne-valve arresters can
be designed to adequately protect high-voltage dc power trans-
mission lines, and self-clear to prevent power-follow. When
used on ac power lines, they offer greater effectiveness and

reliability than autovalve arresters.
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In some arresters designed for even low=-voltage systems,
magnetic coils or permanent magnets are employed to produce mag-
netic fields that continuously move the arc in a spark gap, thus
Preventing overheating of any one §pot on the cathode electrode.
This design feature leads to greater power handling capability
and longer lifetime.

In some very sophisticated lightning arresters, pulse
transformer igniting circuits or piezoelectric igniting circuits
are used to speed initial arc formation. Magnetic arc control

devices frequently use arc chambers filled with rare gas.

5.4 Solid-state Devices Used for Surge Suppression

No solid-state semiconductor device used for surge
Suppression can really be spoken of as being a "lightning
arrestor" but a variety of semiconductor devices are routinely
used to attenuate residual surges left after gap-type arrestors
or varistor-type arrestors have shunted the bulk of a surge to
ground. In an electronic environment where surges offer hazard
to semiconductor components, it is axiomatic that "you have to
use a semiconductor to protect a semiconductor." Semiconductor
devices offer great speed, sensitivity, and packing density in
electronic or electrical circuits. These attributes are made
possible by microscopic size of the actual silicon chips that

perform the electronic functions, but these same attributes
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result in extreme sensitivity to total surge energy and to
surge voltage transients.

For providing high-speed voltage limitation at levels
of a fraction of a volt to a few volts in semiconductor circu{ts,
parallel back-to-back pairs of single silicon diodes or strings
of diodes are generally used (Figure 10i). I-V characteristics
are depicted in Figure 13. Silicon power rectifier diodes are
available that can handle thousands of amperes of instantaneous
gurge current for very short periods of time. Such diode arrays
are more expensive than varistor-type devices, but they do pro-
vide very reliable protection, due to practically unlimited
speed of operation and extremely rapidly rising current vs.
applied voltage. As semiconductor device costs have fallen
over the years, the use of silicon diodes as surge suppressing
elements has become more econumically viable and attractive.

For voltages from a few volts up to a few hundred
volts, silicon zener diodes are frequently employed (Figure 10j).
These offer a very steeply rising current vs. voltage character-
istic in the reverse breakdown region--more steeply rising than
any varistor material. In the past, the reverse-breakdown
characteristics of selenium diodes have been used to provide
voltage limitation in sensitive electronic circuits. They
offer current-voltage characteristics intermediate between
those of silicon zener diodes and varistor devices, but until

recently provided greater reliability than silicon zener diodes

at less cost.
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Figure 13.

=
\'f

BACK-TO-BACK ZENER
DIODES (SILICON): Vo =~ 3 TO 300V.

b) SERIES STACKS OF PARALLEL
DIODES: Vo ~ 0.6 V, PER DIODE PAIR

c) BACK-TO-BACK SELENIUM DIODES: V, = 30V.
d) VARISTOR; Vo = 10 TO 1000 V.,

Normalized current-voltage curves for a
variety of surge protective devices.

In general, the steeper the curve rises
for voltages above V_, the greater the

protection against o?ervoltages.

61



The power dissipated in any voltage limiter is equal to
the instantaneous current times the voltage maintained while
current flows. Since the devices mentioned above sustain the
voltage instead of switching to a low-voltage "on" state, they
will dissipate a great deal of electrical energy during a current
surge. This problem can be avoided by using solid-state break-
down devices such as silicon controlled rectifiers or bidirec-
tional breakdown diodes (Figure 10k) to provide voltage limita-
tion. All such devices, including unidirectional breakdown
diodes or diacs, and bidirectional SCR's or triacs, are spoken
of as "thyristors." Bidirectional breakdown diodes are the
solid-state equivalent of a spark gap. Within the silicon wafer
of the device, a semiconductor region exists that is insulating
until voltage is applied that causes avalanche ionization of
the semiconductor material and production of large numbers of
holes and electrons. After avalanche ionization occurs, the
device becomes a very good conductor and the voltage across the
device falls to a fraction of - a volt while very high-current
surges are passed. Since a very small current is sufficient
to maintain the device in the on-state, bidirectional break-
down diodes are unuseable in dec circuits. However, their
turn-off speed is so fast that they will turn themselves off
in the first zero-crossing of current in an ac circuit.

Because of the breakdown mechanism, the same type of voltage
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overshoot can resglt when fast-rising transients are applied
to these devices as occurs in spark-gap arresters. For this
reason, silicon controlled rectifiers with zener diode trigger
circuits are frequently used to provide faster response to
surges (Figure 10&). SCR's also will not turn off until
current is reduced to the milliampere range or less, and
therefore, SCR surge protectors are more suitable for ac
systems, also.

In industrial power-handling applications, SCR's
are used both to switch on dc power, and by use of special
reactive "commutator" circuits, switch it off. In principle,
it would probably be possible to incorporate such commutator
circuits in conjunction with SCR's for providing high-speed
protection for dc circuits. However, signal sources of
turn-off signals would have to be provided, as well as pro-
tection for the commutator circuit. One device currently in
the R & D stage is the "gate-turnoff SCR"™ which will turn
itself off upon proper gate signal application. This device
will make possible reactanceless commutator circuits, but
for providing surge protection in dc¢ circuits, the turn-off
gate signal will still be required. For use of SCR's in pro-
tection of low-voltage dc circuits, a reliable and inexpensive
approach would probably be the use of series circuit-interrupt-

ing relays that would remain closed while a surge passes but
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would open and quickly re-close under the influence of power-
follow current, allowing the SCR's to turn off and return the
circuit to its operating state.

Composite systems are currently employed using SCR's
in series with diode stacks (Figure 10m), to make a low-voltage
equivalent of the autovalve arrester. In this case, the diode
Stack provides sufficient voltage drop to cause the SCR's to
turn off completely, presenting essentially an open circuit
at normal dc circuit voltage levels. Surges will turn the
SCR's on, resulting in lower overall surge voltage than would
be possible using a higher diode stack alone.

As far as overall systems design is concerned, it
is evident that the best solid-state surge protection, provided
by triggered SCR's, is most easily applicable to ac circuits.
Therefore, when it is desired to use solid-state equipment for
any signal circuit application, there is an advantage in using
only ac signals, and in using only ac power to solid-state

equipment wherever possible.

5.5 Application of Reactive Elements for Surge Protection

Reactive elements can be nothing but lengths of signal
line. For instance, it is frequently advisable in heavy lightninj
territory to place heavy-duty gap-type arresters from line-to-
line and from line-to-ground a few poles distant from where

overhead signal line:s enter a station, and then to place
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additional arresters across the lines at the station. The first
arresters will eliminate the majority of surge energy, and the
line shunt capacitﬁnce and series inductance will smooth out

the remainder, resulting in a slower rate of voltage rise and
lower firing voltage for the second set of arresters. In a
typical solid-state signal circuit application, gap-type arres-
ters might be employed to attenuate most surge energy, with
series inductors and shunt capacitors then employed to smooth
out the remaining pre-ionization voltage spike getting past

the gap-type arrester, reducing it to a safe level for further

attenuation by solid-state arresters.

5.6 Overall Lightning Arrester and Surge Protector Design

In any system, all of the equipment used for lightning
protection and surge suppression should be thought of as a
protective sub-system in which each component relates to every
other component. More will be said about this concept later
in the report. In a geographically extended system incorporating
overhead or buried lines, there is a hierarchy of protection that
must. be provided. Protection must be provided at places for
shunting direct lightning strokes to ground; such devices are
the first line of defense for the overall system. It is
desirable to place these primary protective devices so that

the reactances within the system will assist in smoothing out
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the residgﬁ; s#rggé, 'IQ a&dition, if might Se desirable to add
further luipeé :e;éfanée. Fower-capacity gap-type arresters
and v;ristor éevicesvfhen furtﬁer reduce residual surges and
induced surges. These in turn provide protection for solid-
state protectors, which in turn protect sensitive solid-state
equipment.

Given enough money and design time, it should be
possible today to protect practically any electronic circuit
of any sensitivity from the effects of lightning. A vast array
of protective devices are available spanning orders of magnitude
of current, voltage, and power levels. The real problem is to
determine what level of protection is economically justified.
The remainder of this report will attempt to aid in the resolu-

tion of this dilemma.
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6. CIRCUIT LAYOUT AND INTERCONNECTION CONSIDERATIONS

A number of excellent reports on the importance of
routing and shielding power, signal, and ground conductors in
~omplex electrical installations have recently appeared. The

most important points of these will be restated and summarized

below.

6.1 Grounding Systems

At a specific enclosed location, the most important
function that the grounding system performs is to tie to a
common potential level all structural parts of the location,
including metal framing, relay racks, equipment chassis, metal
fixtures, water pipes, and concrete or dirt floor areas,
This feature of a properly installed grounding system leads
to the physical protection of persons inside the building or
enclosure. The second vital part of a grounding system is
the connection of the interior ground bus to "true ground"
fa hypothetical region deep within the earth at which the
electrical potential is never changing) by means of a ground
rod driven into the ground, or by means of connection to
buried metal pipe. It is important that the resistance between
the grounding system and "true ground” be sufficiently low

that the resistive vcltage drops and ground electric fields
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Present during conduction of lightning surges do not create a
safety hazard for people near or just entering the building or
enclosure. Properly installed ground rods throughout a geograph-
ically extended system will also insure that lightning surges
will not propagate through the system beyond the first ground
rod encountered.

Current railroad practices call for primary grounding
conductors to be of #6 AWG gage or larger, to be as short as
possible and free of bends so as to offer minimum inductance,
and to be installed so that surge currents conducted in them
do not cause inductive coupling or back flashovers to other
circuits. Current practices call for a maximum allowable resis-
tance to true ground of 15 ohms. If this cannot be obtained
with a single ground rod, multiple ground rods, buried conduct-
ing arrays, or salting of the ground are to be employed to get

the resistance within the required range.

6.2 wiring Practices

A number of specific wiring practices can be used to
assist in controlling the effects of lightning-induced surges.
Overhead lines can be protected from direct stroke currents by
use of an overhead ground wire. Differential-mode induced surges
can be minimized by running overhead lines in twisted pairs or

bundles. Differential-mode surges can be further reduced, and
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common-mode surges reduced by running bundles or pairs inside
metal shielding, with the shielding grounded at both ends.
Buried lines can be shielded in a similar manner. The loop
inductance of the shield conductor and the ground return path
then serves to limit surge current risetimes, and the ac skin
effect limits penetration of electromagnetic fields of the
surge wave to the enclosed conductors.

Inside enclosures, leads to specific devices should
be run in twisted pairs to avoid inductive pickup of differen-
tial-mode induced surges. Shielding that is grounded at both
ends can be used to reduce common-mode induced surges here as
well. Placement of wire bundles should also be made to mini-
mize inductive pickup. Special care should be taken to
physically and electrically isolate incoming lines and primary
ground leads from lines attached to more sensitive equipment.

This practice will be covered further in the next section.

6.3 Levels of Protection

Since the advent of solid-state equipment in railroad
signalling applications, the concept of "levels of protection”
against lightning and surge effects has gained increasing impor-
tance. Figure 14 shows a typical multi-level protective system.
When providing lightning protection at a hierarchy of levels,

heavy-duty gap-type arresters often called "primary arresters"
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are used to conduct the major surge currents to ground.

A primary arrester is cohnected between every line and ground

at the points where lines enter the enclosure or station, and
connection is made using heavy ground wire of as short length

as possible to a heavy copper bus or plate which serves as the
"primary ground point." Power leads, signal leads from overhead
cr underground lines, and track leads are so protected. All of
these leads are potential carriers of direct stroke currents
that must not be allowed to enter equipment or cause secondary
effects.

Heavy electrical equipment and electromechanical relays
will probably be able to survive in the field with only primary
protection. More sensitive equipment such as telephones and
radios will require additional protection. The additional pro-
tection might, for instance, consist of series inductors or
resistors and/or shunt capacitors between lines and ground,
followed by gas-filled gap arresters or varistors. The ground
leads for the second level of protection must run separately
%o the prime ground terminal, so that they do not carry primary
surges.

A third level of protection will be required by semi-
conductor equipment. It, for instance, will be provided by
additional series inductance or resistance, additional shunt
capacitance, and finally semiconductor surge suppressors suit-

able for the system and application, connected from line to line
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and line to ground. The ground leads at this third level should
be run separately from those of the primary and secondary levels
to avoid coupling. They can be attached to a common third-level
ground point that is then attached in turn to the second-level
point.

These levels of protection with the inclusion of an

unprotected level have been listed by one author as follows:

The unlimited transient level (unprotected level)
contains all outdoor equipment and conductors for
signalling, power, and communications, including
tracks, that are exposed to the direct and indirect
effects of lightning. Maximum lightning current
surges of greater than 200,000 amperes can be
expected.

The power transient level (first or prirary
level of protection) is protected by primary arres-
ters, and protection is adequate for ac power and
lighting transformers, heavy electromechanical
equipment, heavy-duty relays, power switchboards,
and most 110 VAC equipment.

The supervisory transient level (second level
of protection) is the first level that is safe for
personnel on a 24-hour per day basis, and therefore,
the level of protection required for telephone equip-
ment, office and lab equipment, control panels,

switches, indicators, etc.
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The computational transient level (third level of
protection) is required for solid-state equipment such
as digital computers and other sensitive semiconductor

equipment.

Lightning surges or other surges can be thought of as
extremely large pulsed signals that appear on leads. Overhead
lines, railroad tracks, and even underground lines serve as
antennas or sources of these signals. The signals contain very
high frequency components due to their rapid risetimes and short
durations. The signal voltages can either appear line-to-line,
in which case they are called differential-mode, metallic, or
transverse surges; or they can appear line-to-ground, in which
case they are called common-mode, or longitudinal surges. The
problem of dealing with these surges can be regarded as one of
providing limiting or clipping, filtering, and attenuation--
functions that are routinely performed in a variety of electronic
circuits at much lower power levels. These functions are per-
formed cn a step-by-step basis in a multi-level protective system.

It is possible, knowing the statistics of surge currents,
voltages, and rise and fall times, and the statistics governing
the firing and operation of gap-type arresters, as well as the
electronic characteristics of other protective devices, to
accurately model the b?havior of electrical systems under surge

conditions. It is even possible to test systems to some degree
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in the laboratory by subjecting them to artificially generated
surges of considerable power. The size of equipment required for
this makes field testing impossible, but artificially generated
surges are routinely used by a number of companies in the design,
analysis, and manufacture of surge protection equipment. What is
more difficult to predict is the exact behavior of a system whose
configuration departs in some degree from a system whose behavior
is known. Small departures in design can lead to unanticipated
consequences.

Over the years, lightning protection practices in the
railroad industry have evolved which have been regarded as being
generally acceptable to protect the equipment that has been used.
The recent introduction of sophisticated semiconductor equipment,
and the necessity of multi-level protection have changed the
picture dramatically. In order to properly provide the multi-
level protection required for semiconductor equipment, further
work is called for in the analysis of entire grounding systems.
Such efforts may be justified as well for providing updated
protection for older equipment, given recent advances in tech-

nology and a continually changing economic picture.
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7. ECONOMIC CONSIDERATIONS IN LIGHTNING PROTECTION

As mentioned previously, any electrical system can be
made arbitrarily immune from the effects of lightning, if cne
is willing to pay the price. Exposed conductors can be made
arbitrarily heavy so that arbitrarily large surge currents will
not cause them to melt. As many stages of surge protection as
required may be provided. System layout can be analyzed in as
detailed a manner as required to accurately predict response
to lightning surges. Overall system design concepts can be
"altered to make for greater ease of lightning protection.

All of these steps cost money, and the costs involved must be
weighed against potential return.

On the one hand, electrical equipment, such as rail-
road signalling equipment, costs money to replace when damaged
by lightning, but signalling equipment has a lifetime of finite
length even when lightning damage does not occur. Therefore,
lightning damage is unlikely to rob one of 100 percent of a
device's potential lifetime.

On the other hand, in what is known as "heavy lightning
territory," replacement of signal system components at intervals
shorter than yearly is often required, even when current standard
protection practices are followed; and the equipment costs
involved, including installation labor, might be many times the

cost of updated lightning protection.
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One question is, How much does a certain degree of
lightning protection cost, including engineering, design, equip-
ment purchase, installation, maintenance, and replacement of
damaged lightning protection devices? The other question is,
How much money is saved on replacement costs for equipment and
labor, reduced maintenance requirements, and greater operating
reliability affecting operating continuity of the railroad
system?

The true costs of lightning damage are not known.

One large midwestern and western railroad estimates yearly

equipment replacement costs of several million dollars per

year, alone.

Determination of lightning damage costs of all types
as a function of geographical location, local considerations,
and electrical system configuration must be made in order to
accurately answer the question of what degree of lightning pro-
tection is most economically justified under what circumstances.
What would probably be shown by such a study is that in those
areas of the nation where lightning activity is more rare,
less protection is called for, and protective equipment of
lighter construction is acceptable, since beyond a certain point,
equipment lifetimes are limited by factors other than lightning.
On the other hand, in those areas where lightning activity is

more prevalent, it is probably economically justified to spend

76



more than is currently being done on the design, procurement,
installation, and maintenance of improved heavy-duty lightning
protection systems, using multi-stage protection even at the

primary level, and paying the price for more thoroughly

designed layouts.
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8. OTHER SYSTEMS CONSIDERATIONS IN LIGHTNING PROTECTION

One prime systems consideration in lightning protection
is, of course, the economic one, which has been discussed. The
economic aspects of all other considerations must be taken into
account. Other considerations, some of which have been previously
mentioned in this report, are increased performance capability vs.
increased sensitivity to lightning damage on the part of equipment,
ease of field maintenance, standardization of circuit design and
installation of equipment, specification of surge withstand-
ability on the part of equipment, and specification of surge
protection device characteristics including electrical charac-

teristics and lifetime.

8.1 Present Specifications for Overvoltage Withstandability

Presently, the systems approach to lightning protection
in general use for railroad signalling equipment calls for all
electromechanical relays, bells, and motors that are used in
vital circuits to pass a 3,000 vac withstand test for one minute,
or a one-minute withstand test of 800 vac in the case of signal
lamp receptacles with lamp removed. Since primary arresters of
the gap type with dc arc-over voltages in the range of 700 to
1000 volts will not pass fast-rising surges of greater than
3,000 volts an appreciable portion of the time, the primary

protection provided is generally considered adequate. Likewise,
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AAR standards call for varistor-type devices to be used across
lamp filaments and across other signal lead pairs to further

limit surges to voltage levels considered tolerable. The stan-
dards that exist for ground system installation, wiring layout
practices, arrester characteristics, and withstand test stan-
dards, can be regarded as forming an overall systematic approach
to lightning protection adequate for electromechanical components,
but it is not apparent that the existing standards provide the
level of overall operating reliability required of electro-

mechanical components at optimum overall cost. In addition,

no standards exist within the railroad industry for specifying
the surge protection requirements of solid-state equipment, or
for specifying the surge withstandability of such equipment.
For instance, one systems approach for guaranteeing
the viability of gate arm motors is to insist on- passage of the
one-minute 3,000 vac withstand test, and then insist on standard
primary arrester protection; but a potentially less expensive
approach might be to specify the surge withstandability of a
motor under true surge conditions at some maximum voltage level
and some risetime and falltime, and then to specify the secon-
dary surge protection required to be used with the motor to
enable it to survive the residual surges present after primary

protection. Such an approach might result in even greater
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reliability than now enjoyed, and lower cost as well. What is
important obviously in railroad signalling applications and
other applications is not that all equipment be able to meet

a single criterion for surge withstandability, but that the

surge withstandability of every piece of equipment be known

and accurately stated, so that proper protection can be pro-

vided.

8.2 Statistics of Surges and Surge Severity

The isokeraunic map of the United States shown in
Figure 4 is one important item of information useful in judging
the overall threat presented by lightning in a given geographical
area. Another useful item of information is the probability
distribution of the magnitudes of surges that occur in various
types of systems. For instance, Figure 15 shows the probability
distributions of peak surge current magnitudes of surges due to
strokes to transmission line ground structures and strokes to
underground structures. A significant amount of work has been
done over the years in collecting data such as this for appli-
cation to development of surge protection techniques for power
transmission systems. More data of a similar kind directly
related to railroad signalling systems needs to be done.
This type of information is needed if one is to predict what

type of lightning protection is economically justified and
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what the energy-handling capabilities of lightning arresters

must be to serve reliably, in a given situation for the desired

lifetime.

8.3 Specification of Test Surges and Surge Withstandability

The statistics of surges, including peak current and
voltage probabilities and waveform behavior, is one type of
information required for specifying standard test surge ampli-
tudes and waveforms to be used in testing equipment. Another
type of information is knowledge of the vulnerability of various
types of equipment that will be used. Based on these two types
of information, test surges to be used in equipment design and
in manufacturing quality control can be specified. It is
uneconomical to specify and use test surges which in some way
are more severe than anything found in the real world, since
that will lead to spending money for protection against threats
that do not exist in the real world.

The optimum test surge for use in design and quality
control work is perhaps one that represents the worst-case surge
likely with some probability to Le encountered by a piece of
equipment during its service life. For instance, a relay might
be specified as having a service life of 10 years. In a typical
installation, surge statistics predict that once every 8 years

on the average, a surge will occur with peak voltage greater
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or equal to 5,000 vclts and duration 100 microseconds or greater.
This voltage level and duration might then form the basis of
specifying that rélays be designed to withstand and be tested
with §,000-volt, 100-microsecond surges.

For use in "heavy lightning territory," where surges
of 5,000 volts and duration of 100 microseconds might occur on
the average of once every 2 years, and surges of 10,000 volts
and duration cf 150 microseconds might occur every 8 years,
it might be desirable to insist on relays that can take a
10,000-volt, 150-microsecond surge test. On the other hand,
it might be more economical to compromise on a 7,500-volt,
125-microsecond surge withstandability and lower :ost, knowing
that expected failures from lightning will increase.

The IEEE Relaying Committee has proposed two types
of surges to be used as test surges for use in testing equip-~
ment to be used in typical situations. These are probably
near~optimum for certain types of equipment in certain environ-
ments, and are shown here in Figure 16 as examples of standard

surges being considered for specific situations.

8.4 Specification of Levels of Protection

As indicated previously in this report, modern surge
protection calls for empioyment of a multi-level scheme of pro-
viding lightning and surge protection. Solid-state equipment
needs a number of levels of protection, whereas heavy electro-

mechanical equipment might need one or at most two. In order
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to insure the most economical systems designs for the greatest
number of users, there should be standardization of the surge
withstandability specifications to be used at each level.

That will allow purchasers of electronic and electrical equip-
ment to know what levels of surge protection are built into
equipment the way it comes from the manufacturer, and it will
allow purchasers to know specifically what protective devices
must be added to increase the level of protection so that the
equipment can be used alone at some more severe level. If such
a scheme were adopted, variation in amount of protection in a
system as a function of severity of the environment would
probably be made at the primary levei. Then, after the primary
protective level, where heavy electromechanical equipment is
found, the local electronic environment would be no more severe
than average, and standardized protective techniques for higher

levels could be used reliably by all users throughout the nation.

85



9. SUMMARY 2 ' CONCLUSIONS

In gathering and analyzing information for this report--
from the technical literature, from experts in the field of light-
ning protection, and from railroad signalling personnel--the
following general conclusions were reached:

Lightning itself as a natural phenomenon is incompletely
understood. The specific nature of the charge separation process
within clouds, and between clouds and ground is complex and vary-
ing from one situation to the next. However, once the current
waveforms of lightning strokes are specified (and they can be
measured), the consequences of lightning to electrical circuits
and systems can be quite accurately predicted on the basis of
electromagnetic theory and electrical circuit theory, and this
is the important point--that known scientific and analytical
techniques are available to calculate the surge behavior of
electrical systems. Of course, given the nature of lightning,
and given the nature of electrical breakdown and arcing in air
and in insulating media, the analysis or surge behavior depends
upon statistics and probability theory, as well as circuit and
wave theory.

Lightning-caused surges are not limited to direct-
stroke currents. Induced surges are of great overall importance
in determining the total severity of the surge environment for
electrical equipment and are caused by a variety of electrical,

magnetic, and electromagnetic effects.
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A great variety of surge-protective devices are avail-
able within the electrical and communications industries. These
can be grouped generally into spark-gap devices, varistor devices
(silicon carbide or metal oxide), solid-state breakdown devices
(the SCR and triac), solid-state voltage-limiting devices
(forward-biased diodes, Si zener diodes, reverse-breakdown
celenium diodes), impedance elements (shunt capacitors, series
inductors, series resistors), and more complex multidevice surge
suppression circuits using a series of devices.

Within the railroad industry, surge protective devices
are generally not described in a manner that indicates their
specific electrical characteristics in a standard and unambiguous
manner. One symbol often is used to indicate a variety of speci-
fic devices in circuit and wiring diagrams, and specifics of lead
dress and circuit laycut, very important in determining the
electrical behavior of arresters and circuits under surge con-
ditions, are generally not reccrded. In addition, technical
data concerning the performance of specific lightning arresters
and surge suppressors is often not made routinely available in
manufacturers' catalogs.

The problem of lightning and surge protection of rail-
road signalling systems is a multifaceted problem having inter-
related technical and economic aspects. The problem has been
addressed in the past primarily by a trial-and-error process

slowly evolving over many years. With a few exceptions, it
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appears that recent advances in semiconductor technology and
recent introduction of new semiconductor circuits in railroad
signalling applications have raced ahead of the ability to
provide protection using traditional techniques.

Rapid advances have been made in recent years in
development of new surge protection devices and techniques,
and in analysis of electrical systems under surge conditions
using computer modelling. These advances have been utilized
to a lesser extent in the field of railroad signalling than
they have in other fields, and there certainly appears to be
handsome payoff from undertaking more analytical work in a way
that relates directly to railroad signalling electrical systems.

Standards exist within the railroad industry for
specifying performance of older types of vital electrical equip-
ment under overvoltage conditions. However, these standards are
not directly related to the electrical characteristics of surges
that actually occur. Standards applicable to newer solid-state
equipment have not been developed. Overvoltage requirements
that do exist are written in such a way that they apply to
separate pieces of equipment only. They are not performance-
oriented--that is, they do not specify the type of realistic
surge that a piece of equipment with its surge ﬁrotection in
place is supposed to withstand, and it is completely unclear
that the required level of reliability in the field is most

economically guaranteed by use of the current standards.
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10. RECOMMENDATIONS

Based on the analysis of the information gathered from
which this report was prepared, and based on the conclusions
drawn, the following recommendations are made:

1) Information on surge statistics should be gathered in
a variety of situations and in a number of geographical regions
throughout the United States, by making measurements of surge
currents and voltages in actual railroad signalling systems.
This information would be useful in calculating the exact dimen-
sions of the threat faced by various types of electrical equip-
ment to damage from lightning-induced surges. It will lay the
groundwork for modelling and analysis of the behavior and con-
sequences of surges in railroad signalling circuits.

2) More experimental work should be undertaken, using
currently available information about the nature of surges,
to devise and test advanced lightning protection concepts based
on existing devices and techniques, such as multi-level protec-
tion, improved circuit layout, and use of heavier-duty arresters
at the primary level. This should be done by field testing new
concepts and gathering statistical data on their effectiveness.
This work can be updated in nature as further information on the
nature of the surge environment is developed.

3) Information on the statistics of lightning damage to

railroad signalling equipment :should be collected lrom dround
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the country in an accurate and uniform manner, covering standard
systems now in use and newer developmental systems as well.

4) Modelling and analysis of the behavior of surges in f
railroad signalling systems should be pushed forward, based
on the best information available; and new surge protection
concepts should be evaluated for predicted usefulness.

5) The economic factors related to lightning damage to
railroad signalling systems should be investigated, including
not only equipment and labor costs, but also costs of inter-
rupted service. This information will be necessary for deter-
mining what level of lightning protection expenditure is
economically justified, after safety considerations have

been met.

6) Standardized specifications for surge testing and

surge withstandability should be developed, based on a multi-
level protection system. Specification of standardized test
surges and surge withstandability should be based on known
statistics of the surge environment, required equipment life-
times in that environment, and the known failure modes under
surge of various types of electronic equipment. Special
attention should be given immediately to preparing interim
standards for solid-state equipment.

7) Standardized symbols for protective devices should be
adopted that denote clearly their function, internal operating

mechanisms, and electrical behavior. These could be directly
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based on IEEE standards for such devices as spark gaps,
varistors, zener diodes, SCR's, etc.

8) Standardized specifications fcr surge protective
devices such as spark gaps, varistors, etc., should be developed,
such as currently exist in the electronics industry for transistor
and diode parameters. Wide availability of this information
should stimulate and aid design work and analysis of new surge
protecticn techniques. (It should be pointed out that some
manufacturers currently do make such information available.)

9) In general, mcre interest in the problem of lightning
and surge protection specifiéally as it relates to railroad
signalling should be stimulated within the electrical engineer-
ing community. In recent years, surge protection of electronic
systems, computers, and communications equipment has been worked
on hard. (Unfortunately, the work cn protecting such equipment
from the surges induced by the electromagnetic pulse (EMP) of
nuclear blasts has been classiftied.) The power industry over
the years has had a large and ccntinuing research and develop-
ment effort for surge protection which has paid handsome dividends.
In closing this report, the final observation the author has to
make is that more wovk directly related to the railroads' prob-
lems by existing trained specialists in the surge protection

field should pay handsome dividends in terms of return on

labor invested.
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11. B1UBLIOGRAPHY

This report has been prepared incorperating information
from a variety of books, reports, and other documents, most of
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persons mentioned in the Preface. Included in this bibliography
are sources that were used in preparation of this report, with
comments as to the specific types of intormation covered in each.
The author assumes no responsibility for occasional errors in any

of the sources or inconsistencies between them.
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voltage ligh*ning arresters are given in Part 95, "Specifica-
tion tor Low-Voltage Lightning Arrenters.” Part 179, "Discharge
Resis*ors" gives characteristics and specitications for varistor-
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REPORT OF INVENTIONS APPENDIX

After a diligent review of the work performed under

this contract, no innovation, discovery, improvement or

invention was made.
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