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FOREWORD 
 
The papers included in this Part 2 of the Anthology report on the development of standards concerned 
with surges in low-voltage AC power, bringing “reality checks” based on field performance of surge-
protective devices, which in some cases raise questions on the validity of the requirements promulgated 
in these standards, or in other cases confirm the validity of these standards.  The pre-1985 papers were 
copyrighted by the respective publishers who graciously gave permission for reprinting.  The post-1985 
papers were published under the auspices of the National Institute of Standards and Technology and are 
therefore in the public domain.  The citations of Annex A of Part 2 were collected for the working group 
that developed the IEEE SPD Trilogy (C62.41.1 TM –2002;  C62.41.2 TM –2002;  and C62.45TM-2002) – but 
do not purport to be an exhaustive listing.  Although acknowledged and appreciated, for obvious copyright 
limitations, these 12 papers from other researchers cannot be reprinted here.   
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Significance:
Part 1 Development of standards – Reality checks
Part 6 Textbooks and tutorial reviews

One of the first papers addressing the issues of surge protection in low-voltage AC power circuits, making a
proposal for a departure from the traditional unidirectional and separate 1.2/50 and 8/20 waveforms, on the basis 
of the results of monitoring the occurrence of surges in these circuits.  Nevertheless, the concept is emphasized that
surge test waveforms should not attempt to duplicate the environment, but only to apply “representative” waveforms
and levels that will demonstrate the equipment withstand capability.

The proposal also included the concept of establishing first a level of surges that will not be exceeded, thanks to 
the application of appropriate SPDs, and only then designing equipment that will withstand level higher than the
allowable level of surges.  This was nothing new, having been applied successfully in the high-voltage utility
environment.  However, the proposal was new for the low-voltage community.  

Unfortunately, the fait accompli of equipment being designed and placed on the market without such coordination
prevented application of that proposal.  Thus, industry is left with the situation where equipment failures under
surge conditions can occur, after which remedies must be found as retrofits.

In 1976, the following statement appeared in the paper and should be kept in mind when questions arise on the
selection of “representative waveforms” in IEEE Std C62.41.2:

These BIL amplitudes, while assigned somewhat arbitrarily, were (and are) kept in touch with reality
by the fact that equipment designed in accordance with standards do not fail when exposed to surges
produced by lightning, in contrast to equipment designed prior to the development of the philosophy
of insulation coordination and the establishment of standard BILs.
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ABSTRACT

Failure and circuit upset of electronic equipment
due to transients is a problem now and is one which
has promise of becoming more of a problem in the
future as trends continue toward miniaturization and
circuit complexity. Protection methods are used more
or less extensively and often haphazardly.

At present, there does not appear to be a clear approach
toward achieving compatibility between the transient with-
stand capability of devices and the transients to which such
devices are exposed. A more scientific approach is needed to
guide manufacturers and users of equipment.

The purpose of this paper is to promote a concept
of transient coordination for electronic and other low-
voltage equipment through the establishment of a sys-
tem of Transient Control Levels, similar to the con-
cept of Basic Insulation Levels so successfully used
for many.years in the electric power industry. Specific
suggestions for possible Transient Control Levels and
standard test wave shapes are made, in order to pro-
mote wide discussion as to whether these waveforms
and levels are the best that can be developed toward
good transient coordination for the electronic industry.

INTRODUCTION

Failure and circuit upset of electronic equipment due to
transients is a problem now and is one which has promise of
becoming more of a problem in the future as trends continue
toward miniaturization and circuit complexity. At present,
there does not appear to be a clear approach toward achiev-
ing compatibility between the transient withstand capability
of devices and the transients to which such devices are
exposed. This situation appears somewhat as illustrated
on Figure 1. A similar situation prevailed many years ago in
the electric power industry. Transients produced by light-
ning frequently caused failure of such vital and expensive
power equipment as transformers and generators. Those
transient problems were solved by engineering design
guided by the concept of insulation coordination and the
establishment of a series of Basic Insulation Levels (BIL’s).

Paper F 75 466-3, recommended and approved by the IEEE Surge
Protective Devices Committee of the IEEE Power Engineering Society for
presentation at IEEE PES Summer Meeting, San Francisco, Calif., July
20-25, 1975. Manuscript submitted February 3, 1975; made available for
printing April 28, 1975.

IEEE Transactions on Power Apparatus and Systems, Vol. PAS-95, no. 1, January/February 1976

TRANSIENT CONTROL LEVELS
A Proposal for Insulation Coordination in Low-Voltage Systems

F. A. Fisher F. D. Martzloff
General Electric Company General Electric Company

Pittsfield, Mass. Schenectady, N.Y.

The purpose of this paper is to promote a concept of
transient coordination for electronic and other low-voltage
equipment through the establishment of a system of Tran-
sient Control Levels (TCL’s), similar to the concept of
BIL’s so successfully used for many years in the electric
power industry. In the following sections, specific sugges-
tions for possible standard Transient Control Levels and
standard test wave shapes will be made. While the wave-
forms here suggested are chosen somewhat arbitrarily, they
are well grounded in physical reality. The purpose of mak-
ing such suggestions is to promote wide discussion as to
whether these waveforms and levels are the best that can be
developed, or if indeed the establishment of such standards
is the best way to promote good transient coordination for
the electronics industry. The ultimate purpose of any system
of transient coordination would be to achieve greater
product reliability at minimum cost to the user.

AN EXAMPLE OF THE PROBLEM

TCL concepts would be of benefit to all users of
electronic and other low voltage equipment, such as
railroad, telephone, power, oil industry, aircraft,
and high frequency communications. The source of
transients to which equipment is exposed may be either
external (lightning and power system switching) or in-
ternal (switching of inductive loads, contactor restrikes
or cross talk from adjacent circuits). While the con-
cept of TCL’s is intended to apply to the full spec-
trum of frequencies and voltages (DC, 120 V, 60 Hz
AC, 400 Hz) the problem of transient coordination will

Fig. 1. The present situation.
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here be illustrated by discussion of 120 volt AC systems
intended for consumer and residential use. During the intro-
duction of electronic equipment into consumer appliances
and other residential use, the importance of transient coordi-
nation was not always sufficiently recognized. In some
cases, excessive failure rates occurred as a result of tran-
sients having amplitudes greater than the withstand level of
the equipment.

In residential circuits, transients can occur from two main
sources: internally, from the switching of appliances, and
externally, most typically from the effects of lightning. One
study of internally generated transients1 has indicated that in
about three percent of U.S. households transients greater
than 1200 volts occur one or more times per week. Several
studies have been made of externally generated transients.
One such study2 indicates two percent of recorded transients
exceed 1500 volts. The data also indicate that at the location
studied, approximately two surges per year would exceed
1000 volts. Field experience1 indicated that a 100:1 drop
occurred in the failure rate of clock motors when the with-
stand level was increased from 2000 to 6000 volts. These
data indicate that the exposure rate to surges of 2000-volt
amplitude was sufficient to be of concern, but that surges
exceeding 6000 volts were quite rare, at least on a national
basis. Another study3 showed that during two weeks of
monitoring in a lightning-prone area, several surges exceed-
ing 2000 volts were recorded, with the maximum recorded
being 5600 volts. Experience with field trials of Ground
Fault Circuit Interrupters sponsored by NEMA and the
Underwriters’ Laboratory4, when correlated with the known
nuisance trip level of the devices and the observed number
of trips5, would indicate an occurrence frequency of perhaps
one surge per 7 years above 2000 volts per household.

Most residential wiring systems are constructed in such a
manner that the various wiring boxes will flash over if they
are exposed to surges greater than 5 to 10 kV. This means
that the amplitude distribution will be chopped at 5 to 10 kV.

Based on these admittedly scattered and tentative
numbers, it appears that the typical residential circuit will be
exposed to surges of magnitude and frequency of occurrence
as illustrated in Figure 2.

The magnitude of the transients produced on 120
volt power lines, however, is not of importance ex-
cept as it relates to the vulnerability level of the equip-
ment connected to such lines. “Vulnerability” is defined
here as the level that causes an irreversible and un-
desirable change (usually failure) in a device. A
corollary term is susceptibility, or that level which
causes temporary malfunction of the device. The
susceptibility level cannot, by definition, be higher
than the vulnerability level. Rectifier diodes and
similar semiconductors do not have any particular
susceptibility level; they either fail or do not fail when
exposed to transients. Active semiconductor devices
or a control system operated by a mini-computer
system might be a different story. It is quite possible

Fig. 2. Exposure of residential circuits to surge (Number of surges vs
highest surge at any one location)

that transients of a low level interfere with the opera-
tion of the mini-computer, causing it to give incorrect
results without causing permanent physical damage.
The vulnerability level of such a mini-computer will
be higher than the susceptibility level. Both levels
must be higher than the normal operating level of the
computer logic elements or input/output terminals.

The transient breakdown level or vulnerability of semi-
conductors is not presently a part of any industry accepted
rating system. The vulnerability level is furthermore not
inherently related to the normal operating voltage or peak
inverse voltage (PIV) level. As examples, consider the data
of Table I. During this investigation, power diodes were
subjected to unidirectional transient voltages cresting in a
few microseconds. The voltages at which failure occurred
are seen to have little correlation to the nominal PIV rating.

Similar data have been accumulated for many semi-
conductors, particularly when semiconductors are
exposed to very short transients, characteristic of
those produced by nuclear weapons (NEMP). Such in-
formation has not been widely reported.

TABLE I
Transient Vulnerability Levels

Typical 1A Silicon Diodes

Diode PIV Failure Level Under
Number Rating Reverse Impulse*

Volts Volts

1 200 1100 – 1500
2 400 1400 – 1500
3 600 1400 – 1600

*Breakdown observed when exposed to a unidirectional surge rising
at 1000 volts per microsecond.
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Clearly, surges occur with amplitudes greater than the
vulnerability of the indicated semiconductors. The
frequency of occurrence of such damaging surges,
while small on an individual basis, may be unac-
ceptably high on a product line. The transient ampli-
tudes, of course, could be reduced by the use of suit-
able protective devices. Likewise, the vulnerability
levels of the diodes to transients could be raised. Some
questions now present themselves, all having to do with
the question of who should assume what part of the job
of providing transient coordination.

a) Should it be the responsibility of the user to control
transients to levels that do not damage equipment
supplied by vendors?

b) Should it be the responsibility of the manufacturer to
provide equipment that will not be damaged by the
naturally occurring transients?

c) If it is the responsibility of the user to control tran-
sients, to what level should he control them — the
published operating levels (in this case the published
PIV levels) or some other level higher than the
operating level but below the vulnerability level?

d) If it is the responsibility of the vendor to provide
surge-proof equipment, what level of transient
voltage and transient energy must he anticipate?

Similar questions can be asked for all product lines:
consumer, industrial, and military, and at all levels of
operating voltage.

INSULATION COORDINATION
IN THE ELECTRIC POWER INDUSIRY

Similar questions occurred many years ago during the
development of the electric power industry at a time when
the art of designing equipment to withstand the effects of
lightning was in its infancy. The nature of the transients, the
level of insulation to be used, or what should be expected of
the designers of transmission lines and lightning arresters
was not clear.

Those transient problems have largely been eliminated
today by proper engineering design on a system-wide basis.
The evolution of insulation coordination in the electric
power industry, while it can be only very briefly described
here, may be of benefit to the electronic industry.

First, the type of transients produced by lightning on
transmission lines, their magnitude and wave shape were
measured. This was not easy in the days of cold-cathode
oscilloscopes employing 50 kV accelerating voltages. Even
today with vastly improved instrumentation, such investiga-
tions are expensive and time-consuming to make.6 Yet, on
the basis of very limited testdata, a standard voltage test
wave was derived, the familiar 1.5 � 40 �s wave. Similar
investigations in other countries led to the establishment in
Europe of the 1 � 50 �s impulse wave. International
standardizing activities have now produced the 1.2 � 50 �s
impulse wave, a test wave used throughout the world for

coordination of insulation protection. It was never pre-
tended, however, that naturally occurring surges were of this
type, only that the rise and fall times of the natural surges
were in the vicinity of the above values.

The next stage in the process of insulation coordination
was the establishment of a series of standard test and design
levels, BIL’s. For example, equipment designed for opera-
tion on 115-kV systems was assigned a BIL of 550 kV. The
designer of equipment to be used on 115 kV systems then
was required to provide an insulation structure that would
withstand 550 kV. The level of 550 kV was derived on the
premise that existing lightning arresters could be used to
control the transients applied to that apparatus to less than
550 kV. The proper design of the insulation system was next
demonstrated by subjecting the apparatus in the laboratory
to a surge of 1.5 � 40 �s wave shape and a peak amplitude
of 550 kV . Frequently it was part of the purchase agreement
that the equipment had to successfully pass the laboratory
test. If the equipment failed, it had to be rebuilt or re-
designed. Conversely, it became the responsibility of the
user to insure that no surge greater than 550 kV was ever
applied to the apparatus.

As a result, power equipment achieves its resistance to
lightning-induced transients not so much by being designed
to the threat that might be posed by lightning, but by the
threat that will be posed by an acceptance test. This accep-
tance test does not subject the equipment to transients hav-
ing the complex wave shapes produced by lightning, but
instead to transients having elementary wave shapes that can
be produced by basically simple test apparatus. Neither does
the acceptance test subject the equipment to transients of the
amplitude produced by lightning. However, it subjects the
equipment to transients of amplitude consistent with the
capabilities of existing surge-protective devices.

These amplitudes, the BIL’s while assigned somewhat
arbitrarily, were (and are) kept in touch with reality by the
fact that equipment designed in accordance with standards
does not fail when exposed to surges produced by lightning,
in contrast to equipment designed prior to the development
of the philosophy of insulation coordination and the estab-
lishment of standard BIL’s.

The test and design levels, the BIL’s, are not necessarily
fixed. As better protective devices are developed, the levels
may be lowered so that reliable equipment can be built at
lower cost.

Electronic and control equipment, on the other hand, is all
too often designed, built, and delivered before the existence
of a transient threat is recognized. If transients turn out to
endanger the equipment, there may be no adequate surge
protective devices. There may, in fact, not be any satisfac-
tory answer to the problem posed by transients.

THE TRANSIENT CONTROL LEVEL CONCEPT

One way in which transient compatibility might be
achieved in the electronics industry is to establish a
transient coordination system similar in concept to the BIL
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system, but of a nature more adapted to the requirements of
electronic and control equipment.

In this paper, such a concept is called the Transient
Control Level (TCL)* concept. Specifically, it is hereby
proposed:

a) That there be defined for electronic equipment (and
other low-voltage equipment) a standard transient
voltage similar in concept to, but different in wave
shape from the 1.2 � 50 �s wave used in coordina-
tion of insulation in high-voltage power apparatus.

b) That there be defined for electronic (and other low-
voltage) equipment a series of TCL’s similar in
concept to the BIL’s.

c) That a start be made on assigning one of these
standard levels to individual electronic components
and electronic devices.

d) That individual protective devices be rated in terms
of their ability to control transients to levels no
greater than, and preferably lower than, one of the
above levels.

e) That equipment and procedures be developed by
which equipment may be tested by vendors to
determine which TCL is appropriate to assign to
individual components and equipment.

f) That TCL’s begin to be used in purchase specifica-
tions.

g) That such equipment and procedures be used by
purchasers to evaluate vendor-supplied equipment to
determine its compliance with such purchase
specifications.

h) That such TCL’s begin to appear in regulatory
specifications for consumer apparatus in which the
consumers cannot make the appropriate tests or
prepare appropriate specifications.

Suggested TCL Voltage Wave Shape

The wave shape suggested for the TCL concept (with the
understanding that discussion and presentation of alterna-
tives is actively encouraged) is shown on Figure 3. Shown
are both proposed open-circuit voltage and short-circuit
current waveforms, since the question of the impedance of
the source from which voltage surges derive must ultimately
be considered. These shapes are different from the long-
established 1.2 � 50 �s wave employed in the BIL rating
system for electric power apparatus because none of the
recorded transients exhibited this type of wave shape on
120-volt AC circuits. The type of transient most frequently
recorded appeared of an oscillatory nature, very strongly
damped, and in a frequency range between 100 and
500 kHz.

Independent work on the resonant frequency of
power systems previously indicated a range of 150 to
500 kHz as being the natural frequency of typical resi-
denial sytems.7 Other investigations indicate that a

lower limit of 5 kHz might be more typical.8 Thus, it appears
that the observed transients are not at all typical of lightning
surges propagated directly into the system but are rather the
response of the power system to an initial excitation caused
by a nearby lightning stroke. The internally generated tran-
sients due to switching operations typically are of the same
basic type as those produced by the indirect effects of light-
ning. The observed transients are in each case more nearly
the result of the natural oscillatory response of the local
wiring system, in this case the wiring system of typical
residences. Similar surge wave shapes have been encoun-
tered in a wide variety of other systems, ranging from air-
planes to space booster rockets.9, 10 Typical examples of
recorded transient wave shapes are given in the Appendix.
The great bulk of the recorded transients exhibit a faster
front time and shorter decay time than do the transients
produced by lightning on high-voltage power lines, the
1.2 � 50 �s type of wave.

Switching transients in air break contacts (internally
generated transients) can produce rise times in the order of
10 to 100 ns. Although this steepness attenuates rapidly with
distance, the typical front time is still less than 1.2 �s. For
some types of devices (rectifier diodes) the wave shape is of
secondary importance, with only the peak magnitude being
important. For other types of apparatus (inductive devices
such as motors), the front time, or more correctly the rate of
change, is of importance equal to that of the peak magnitude.
In still other types of devices (surge protective devices), the
total energy content of the surge is of most importance.

Current Wave Shapes and Source Impedances

The characteristics of short-circuit current wave shapes
are less well known than those of open-circuit voltage. The
short-circuit current is of importance both for evaluation of
surge protective devices and for equipment of low input
impedance such as lower voltage semiconductor devices. In
any discussion of test wave shapes and test levels, it is
important to recognize the natural response of the device in
the test. It is inappropriate to prepare a specification that
implies that a specified voltage must be developed across a
device of low input impedance, such as a spark gap after it
has broken down, or to seemingly require that a specified
short-circuit current be produced through a high input
impedance, such as the line-to-ground insulation of a relay
coil. The characteristics of short-circuit currents are poorly
defined because the impedance of the circuits from which
transients are produced is poorly defined or unknown.

For purposes of discussion, it is suggested that
two different types of impedance be considered, one
independent of frequency (resistive source impedance
or classical surge impedance, Z = �L/C), and one of
simple inductive source impedance. The waveform
shown on Figure 3b assumes a source impedance of

* The TCL concept was first proposed by one of the authors (F. A. Fisher)
in regard to electronic equipment on the Space Shuttle.12
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Fig. 3. Proposed TCL wave shapes.

10 �H. Again, for purposes of discussion, it is proposed that
a resistive source have an impedance of 50 ohms, and an
inductive source have an impedance of 10 mH.

Voltage and Current Levels

Central to the success of the BIL system of insulation
coordination is the fact that only a limited number of BIL’s
were established, arranged in a generally geometric order of
progression. For purposes of discussion, we therefore pro-
pose that there be established a series of TCL’s progressing
in the approximate ratio of 3�10 or 3 values per decade.
Such possible TCL’s, as rounded to convenient voltages,
then appear as shown on Table II.

The subject of source impedance and short-circuit current
needs to be further discussed since the concept of constant
surge impedance, and particularly constant inductive surge
impedance, may not be valid. Transients of high voltage and
large energy content tend to be produced by physically large
systems, whose inductance tends to be larger than that of the
systems producing lower voltage or lower energy transients.

Proof Test Techniques

The generation of surge voltages in the laboratory is well
known to manufacturers and users of high power equipment.
However, producing a test wave of the shape and levels
proposed here may present some difftculty for the small
equipment manufacturer. To answer this need, a previously
developed circuit11, as shown in Figure 4, may be applicable.

Fig. 4. Test circuit for applying spikes on 120-volt. AC lines.

The objective of this design was to super-impose on a
120-volt, 60-Hz power line a transient having a rise time to
first peak of 0. 5 uus, followed by a damped ringing at
100 kHz in which each successive peak is 60% of the
preceding peak amplitude. The amplitude of the first peak is
adjustable f r o m 0 to 8000 volts. The source impedance for
the high-voltage transient is 50 ohms.

The 0.5 �s rise characteristic is obtained by the series
resonance of L1 and the capacitance of C1 and C2 in
series. Component values were selected to make �L/C
approximately 50 ohms, and R1 was selected to provide
heavy damping for a smooth transition to the following
wave.

The 100 kHz damped ring results from the parallel
resonance of L2 with the parallel capacitance of C1 plus C2.
Again, �L/C is about 50 ohms. The series damping resistor
R2 was selected to produce the decay to 60% amplitude
between successive peaks.

CONCLUSIONS

1. The present lack of transient coordination methods in
low-voltage systems does not allow the user of electronic
equipment to obtain the best reliability at lowest cost.

2. Manufacturers, vendors, and users could bene-
fit from a systematic approach to transient coordina-
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tion similar in concept to the BIL used for many years
in high-voltage systems. This is illustrated in Figure 5.

3. A concept of Transient Control Level (TCL) is
proposed by the authors. This involves discrete steps of
withstand level and proof tests based on the capability of
available s urge protective devices and reflecting the occur-
rence of surges in the real world.

Fig. 5. Well-coordinated low voltage system.

4. Discussion is earnestly invited on the parameters to
be considered in defining TCL’s such as:

• voltage waveform of the transients
• source impedance of the transients
• current waveform of the transients
• levels to be assigned — current and voltage
• proof-test techniques.

Successful application of the TCL concept will require
careful stud yof these factors, so as to develop a valid
consensus among all interested parties.
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APPENDIX
TYPICAL WAVE SHAPESS

Fig. A1. Transient recorded during starting of a furnaceblower at service Fig. A3. Transient recorded during unidentified disturbance at service box.
box.

Fig. A2. Transient recorded during lightning storm on street pole. Fig. A4. Composite recording of furnace ignition transformer transients
over 24 hours at service box.

Fig. A5. Typical transients recorded during lightning injection tests on
fighter-type aircraft (amplitudes are relative).

Fig. A6. Typical transients recorded during lightning injection tests on
small general aviation aircraft (amplitudes are relative).
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Discussion

S.M. Harvey (Ontario Hydro Research Division, Toronto, Canada): This
paper provides a clear presentation of the case for a transient interference
immunity standard applicable to residential and, presumably, light commercial
electronic equipment. Designing transient or surge withstand compatibility into
low-voltage equipment is not, of course, a new concept. The telephone compa-
nies have been doing it for years. However, the authors have commendably
proposed their Transient Control Level concept in the context of a general and
down to earth philosophy of testing that should encourage informed discussion.

Following the establishment of Basic Insulation Levels, the electric power
industry has not been idle in the area of overvoltage testing of low-voltage
equipment. A number of committees, including the Power System Relaying
Committee of the IEEE Power Engineering Society and Technical Committee
No 41 of the International Electrotechnical Commission have been working for
years on the surge testing of static relays used for transmission line protection.
The Swedish Electrical Commission has prepared a draft proposal for interfer-
ence withstand capability testing of apparatus used in power stations and
industrial installations. These committees have proposed a range of test wave-
forms including the familiar 1.2/50 impulse at peak voltages of 1, 3, and 5 kV,
a moderately damped 1 MHz oscillatory wave at peak voltages of 0.5, 1, and
2.5-3.0 kV, and a high-frequency spark test at 2 - 4 and 4 - 8 kV.

In 1974, Ontario Hydro introduced a uniform transient immunity test speci-
fication for relays and other equipment intended for substation relay or control
buildings. The test waveform is a moderately damped oscillatory transient
whose frequency ’can be specified in the range of 100 kHz to 2 MHz. One of
four test levels, specified in Table I, can be called for. The test is supervised
by our Supply Division and manufacturers are encouraged to supply their own
test equipment. However, it is still frequently necessary for Ontario Hydro to
make its own test generators available.

Table I
Transient Test Levels

Test Peak Amplitude (Volts) Source Impedance (ohms)
A 5000 100-500
B 2500 100-150
C 1000 30-50
D 500 30-50

Note that these levels when specified at I 00 kHz are very similar to tests 6 and
9 in Table II of the present paper. Level B, incidentally, when specified at I
MHz is equivalent to the IEEE Relay Test [1].

Our experience with the tests, although limited, suggests that minor circuit
deficiencies leading to operational upsets are common but that damage is
relatively rare. Probably the marginally greatest value of the tests at this time
lies in their potential for creating an awareness of the transient problem.

A number of questions being considered at this stage of our transient test
program can be rephrased to apply also to the proposals in this paper. Perhaps
the authors could comment on the following:

1. What is the advisability of introducing a new test waveform or test
procedure in addition to those already in circulation?

2. Would it be necessary to shield the test circuit of Fig. 4 or to locate it,
say, 4-6 meters from the equipment under test? In the latter case, should the
voltage and current waveforms be measured at the near end or the far end of
the connecting cable?

3. Can the test circuit of Fig. 4 correctly simulate transient disturbances
that occur when the white wire neutral and the green wire ground are connected
together a quarter wavelength from the device under test?

4. Can a reliable certification procedure, particularly in terms of energy
deliverable to a load, be established for test generators differing in design from
the one shown?

5. Finally, what is the incidence of damage or significant upset to equip-
ment now used in resident at or light commercial environments and does it
justify the introduction of transient testing to this class o apparatus? If applied,
in view of the data contained in Fig. 2 of the paper, what criterion would be
used to select a test level of less than, say 500 volts?

REFERENCES

[1] ANSIC37.9Oa-1974(IEEE Std 472-1974)
Guide for Surge Withstand Capability (SWC) Tests.

Manuscript received August 13, 1975.

E.J. Cohen (U.S. Dept. of Agriculture, Washington, D.C.): We feel the con-
cept expressed in this paper is long overdue in the field of electrical protection
of electronic equipment. Experience within the telephone industry has already
demonstrated that, with present trends to ever smaller equipment, protection
problems can be severely aggravated. The over voltage and current tolerance
of microelectric circuits has decreased to the point where protection should be
major consideration in circuit design.

Added to this increased equipment vulnerability, we have found a
.,communications gap” between the manufacturers of electronic equipment,
and the producers of protection devices. When a protection defect is uncovered,
we frequently encounter disagreements between the equipment and arrester
manufacturers. By establishing “Transient Control Levels,” as proposed by this
paper, much of this “finger pointing” could be eliminated. As both equipment
and arrester manufacturers -should know precisely what the other adequate
protection should be minimized.

It is felt that while the concept expressed here is valid, further consideration
should be given to the levels and waveshapes involved in the tests. As these
parameters may be critical to the workability of this proposal, every effort
should be made to generate realistic values.

Manuscript received August 13, 1975.

Richard F. Hess (Sperry Flight Systems, Phoenix, Arizona): I agree that some
form of action is needed to properly assess and overcome the adverse effects
of power transients on military and commercial equipment. Assuming a con-
sensus is reached concerning the need for transient control and the adoption of
Transient Control Levels (TCL), the following comments are intended to com-
plement the proposal for transient control in low voltage systems.

The voltage specification is based upon measurements which are appropriate
to present and past equipment designs. For the most part these designs use
devices which present a relatively high impedance to a source of transient
energy.

Damage occurs during a power transient when the device breaks down and
high to medium voltages are developed across the device while large to
medium currents are flowing through it. Standard components are not normally
tested under transient conditions, therefore it may be difficult to determine
whether they would break down or to assign a confidence level that they would
survive such a transient. When a device breaks down, either a voltage or a
current viewpoint could be assumed when describing the threat of the power
transient to the device.

If in order to conform to a specified TCL a device has been designed to
withstand a specified voltage level, then the voltage specification is appropri-
ate. However, a manufacturer designing equipment to meet a specific TCL
could adopt an approach which calls for the use of transient power suppression
devices (tranzorbs, metal oxide varistors, etc). In this case, transient power
surges are manifested as large current surges into equipment (through the
protection device) rather than a large voltage transient across the equipment.
Even when passing large currents, the network impedances (suppression
devices, etc.) will probably be significant enough to produce a natural mode
current response within the total network. Thus, current measurement of such
a network would contain a significant oscillatory component similar to that
present in the voltage measurements.

Two types of TCL specifications should be provided:
1. Voltage
2. Current
Like the voltage specification, the waveform and magnitude of the current

specification at each TCL would be based upon the measurement of the current
response modes of networks containing power suppression devices and excited
by a power transient.

With the two types of specifications, equipment could be designed and tested
to withstand a power transient by safely withstanding specified voltage levels
or by safely passing specified currents levels. The test equipment for, the
voltage specification would be calibrated under open circuit conditions and
would be designed to deliver current (in the event of device breakdown) at a
level at least as large as that specified in the current specification. The test
equipment for the current specification would be calibrated under short
circuit conditions and would be designed to provide voltage (in the event of a
high impedance) at a level at least as large as that specified in the voltage
specification.

Manuscript received August 14, 1975.
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Tests for semiconductor vulnerability (damage) levels using square pulse
waveform are common practice with the military. The damage level of many
discrete components has been determined an recorded. However, the damped
sinusoid pulse is more appropriate to susceptibility testing (transient upset).
Depending upon the type of equipment being tested and the frequency content
of expected transients, it may be desirable to test using more than one wave-
form. lower frequency, high amplitude sinusoid (100 KHz) would be used to
vulnerability testing and a higher frequency sinusoid (500 KHz, 1 MHz or
10 MHz depending upon the bandwidth of the equipment) would be used for
susceptibility testing. At each frequency the equipment shoul be subjected to at
least two pulses:

1. Maximum pulse is positive
2. Maximum pulse is negative
As a final observation, testing and test equipment should be kept a simple as

possible to avoid adding inordinate costs to the equipment ideally, the degree
of confidence obtained by such testing should result in a net reduction in
equipment costs (manufacture plus maintenance).

F.A. Fisher and F. D. Martzloff: We appreciate the response of the discussors
and will attempt to both respond to their questions and expan somewhat on the
protection philosophy we propose. First of all, it should be pointed out that
while this paper was written using household appliances as an example and
presented before a group largely concerned with utility relaying, the problems
of transients pervade the entire field of low voltage electrical and electronic
apparatus, including the communication (telephone) industry. One of the areas
where th authors have seen a great need for better transient compatibility is i
the Aerospace field. Much of the background upon which the TCL concept is
based comes from consideration of the transients induced in aerospace vehicles
by lightning and other energetic discharges. Designers in the Aerospace com-
munity tend not to have had the problem of transients brought as forcibly to
their attention as have the designers of relay devices intended to work in the
harsh electrical environment of a utility substation. With reference to Mr.
Harvey’s first question, we feel that it is advisable to introduce new test
procedures because th specialized test procedures adapted in the electric utility
field may no meet the needs of users in other fields.

Each of the discussors mentions the subject of levels and waveshapes. We
suggested the voltage waveshape of Figure 3 of the pape because measure-
ments have indicated that most transients to which electronic equipment is
exposed are oscillatory in nature and generally of faster front and tail times than
the 1.2 � 50 microsecond test wave common in the electric power industry.
Several other factors influence our choice. One was that the proposed wave is
of long enough duratio that breakdown of semiconductor junctions would not
be greatly influenced by deviations from the specified waveshape. With much
shorter waveshapes, the resistance of semiconductor junctions to burn out
becomes strongly influenced by waveshape. Another is that transients of this
nature can be injected into wires by rather simple transformer-coupled pulse-in-
jection generators, whereas transformer injection of higher frequency oscilla-
tory voltages and currents is more difficult. Transformer injection of transients
has not been discussed in this paper but is sometimes an appropriate means of
evaluating the resistance of a device to circuit upset. Mr. Hess mentions the
need for two types of TCL specifications: voltage and current. We agree. We
have seen instances of groups worrying wastefully about specifications that call
for a specific voltage transient to be developed at the terminals of a device
when that device had properly been fitted with a low-pass filter, a low
impedance suppressor, or transient suppression spark gap Specifications that do
not recognize that one can neither develop a voltage across a short circuit nor
circulate a current through an open circuit are not only incomplete but mis-
chievous and counterproductive.

With reference to more of Mr. Harveys questions, we feel that any test circuit
should be built in a sufficiently well-shielded cabinet so that there is no need
to physically separate the test circuit from any device under test. If a test circuit
must be located away from the device under test and an interconnecting cable
be used, we would think that the generator open-circuit voltage and short-
circuit current should be measured at end of the cable nearest the device under
test.

We do not really know what would be the interaction between a
white wire neutral and a green wire ground if the two were connected
together a quarter wavelength away from the generator. We take refuge
in the observation that transient coordination is more likely to be

Manuscript received October 10 1975.

achieved through the successful passing of even an imperfect test than it is in
the avoidance of all but perfect tests.

We hold no special faith in the virtues of the test circuit shown on Figure 4
of the paper and show it only as one example of various test circuits that might
be produced. We feel that a reliable certification procedure not only can be, but
must be, based on specifications that are not unique to any one test circuit. It
is for this reason that we propose specifications be written in terms of open-cir-
cuit voltage and short-circuit currents; a concept that implies a fixed generator
impedance. Care must be taken that the voltage and current specifications not
be incompatible with the generator impedance. Since the writing of this paper
another paper discussing the impedance of AC wiring circuits has been pub-
lished [1]. Based on this paper, we would now propose that the internal
impedance of a transient generator be 50 ohms paralleled by 50 microhenries.
Figure 1, reproduced from the referenced paper with the permission of the
author, shows how the impedance of the line (“the mains”) can be closely
approximated by the parallel combination of 50 ohms and 50 microhenries.
Levels and waveshapes appropriate to such an impedance might then appear as
shown in Figure 2 and Table 1.

As Messrs. Cohen, Harvey and Hess emphasize, the choice of appropriate
levels is crucial to the successful implementation of a TCL philosophy. While
a TCL of 5000 or 6000 volts might be appropriate to high reliability utility
relays or a safety-oriented consumer product such as the Ground Fault Circuit
Interrupter, it might impose an unnecessary economic hardship on a high
volume item intended for routine household use. Likewise, while a TCL of 500
volts might be too low for residential purposes, it might be appropriate for the
power inputs of electronic equipment used in aircraft, and excessively high for
the signal inputs of data processing equipment intercommunicating through
well-shielded signal wires.

Since of the major purposes of this paper is to promote discussion, it is
appropriate to list some of the questions the authors have posed to themselves
during the formulation of this proposal:

Fig. 1. Comparison of impedance measurements made by the Electrical
Research Association (ERA) on the impedance of power systems with a net-
work of 50 ohm & 50 �H in parallel

Fig. 2. Short-circuit current (ISC) resulting from a transient source with VOC
open-circuit voltage and 50 �/ /50 �H source impedance.
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TABLE 1

Proposed Transient Open-Circuit Short-Circuit
Control Level Voltage Level Current Level

Number (volts) (amperes)

1 10 0.68

2 25 1.7

3 50 3.4

4 100 6.8

5 250 17

6 500 34

7 1000 68

8 2500 170

9 5000 340

— Are there sufficient problems relating to transient coordination to warrant an
effort, likely to be major and long term, to achieve better coordination
between the transients to which equipment is exposed, and the ability of
equipment to withstand such transients?

— Would transient control level (or some other) specifications and standards
help achieve successful transient coordination between equipment manufac-
turers, utilities and equipment users?

— Should there be a limited number of fixed levels? The authors feel that it is
essential that the number of levels be limited, perhaps to 9-15 levels dis-
tributed in a geometric progression over the range 10-5000 volts. The
assignment of the levels may have -to be done arbitrarily. This need not be
cause for alarm. The electronic industry for years has worked successfully
with resistor and capacitor values produced according to an arbitrarily
selected geometric progression.

— Should these levels reflect the system voltage, the expected reliability of the
equipment function, the environment?

— What kind of source impedance is appropriate? As mentioned above, an
impedance of 50 ohms paralleled by 50 microhenries may be appropriate.

— Should open-circuit voltage and impedance be stated or, alternatively,
should open-circuit voltage and short-circuit current be specified?

— Is one impedance value suitable for the majority of the systems?
— What waveshape is appropriate, for voltage as well as current? For damage,

we are mostly concerned with energy and front-ofwave but if upset (interfer-
ence) is to be included in TCL, then do we need to specify a frequency
spectrum?

REFERENCE

[1] “Impedance of the Supply Mains at Radio Frequencies”, J. H. Bull,
Proceeding of 1st Symposium on EMC, Montreux, May 1975.
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Transient Control Levels Philosophy and Implementation

Part 1: The Reasoning behind the philosophy
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F.A. Fisher
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Reprinted, with permission, from 
Proceedings, 2nd International Symposium on Electromagnetic Compatibility, Montreux, 1977

Significance:
Part 2 Development of standards – Reality checks
Part 5 Monitoring instruments, laboratory measurements and test methods
Part 6 Textbooks and tutorial reviews

Presentation to the EMC community in a European forum of the Transient Control Level concept being proposed in
the US via the IEEE Power Engineering Society (See Fisher and Martzloff in IEEE Transactions PAS 95, 1976).
A companion paper on implementation is reprinted in Parts 5 and 6 (See Fisher and Martzloff in the same forum).

The proposal also included the concept of establishing first a level of surges that will not be exceeded, thanks to 
the application of appropriate SPDs, and only then designing equipment that will withstand level higher than the
allowable level of surges.  This was nothing new, having been applied successfully in the high-voltage utility
environment.  However, the proposal was new for the low-voltage community.  

Unfortunately, the fait accompli of equipment being designed and placed on the market without such coordination
prevented application of that proposal.  Thus, industry is left with the situation where equipment failures under
surge conditions can occur, after which remedies must be found as retrofits.

In 1975, the following statement appeared in the paper and should be kept in mind when questions arise on the
selection of “representative waveforms” in IEEE Std C62.41.2:

These BIL amplitudes, while assigned somewhat arbitrarily, were (and are) kept in touch with reality
by the fact that equipment designed in accordance with standards do not fail when exposed to surges
produced by lightning, in contrast to equipment designed prior to the development of the philosophy
of insulation coordination and the establishment of standard BILs.
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TRANSIENT CONTROL LEVEL PHILOSOPHY AND IMPLEMENTATION 

I. The Reasoning Behind the Philosophy 

F.D. Mar tz lo f f  and F.A. Fisher 

General E l ec t r i c  Company, Corporate Research and Development, 

Schenectady, New York, and P i t t s f i e l d ,  Massachusetts 

Abstract 

This i s  the f i r s t  o f  a p a i r  o f  papers 
descr ibing how be t te r  t rans ient  protect ion might 
be achieved through the use o f  a Transient Con- 
t r o l  Level (TCL) philosophy. The authors have 
developed and are proposing t h i s  TCL philosophy 
because damage t o  and upset o f  e lect ron ic  and 
other low-voltage equipment by t rans ients  seems 
t o  be a never-ending problem, and one t ha t  i s  
l i k e l y  t o  get worse i n  the fu tu re  as e lect ron ic  
cont ro ls  permeate even more o f  the products which 
a f f e c t  our l i ves .  A number o f  proposals have 
been made - some already incorporated i n t o  stan- 
dards - on various t es t  wave shapes and speci f i -  
cations. The authors propose an approach in te -  
g ra t ing  many o f  these proposals whi le focusing 
a t ten t ion  on s i gn i f i can t  parameters. 

In t roduct ion 

An area where present standards do not seem 
t o  o f f e r  s u f f i c i e n t  guidance t o  designers and 
manufacturers o f  e lect ron ic  equipment i s  i n  what 
types o f  t rans ients  t o  consider and how t o  prove 
t h a t  equipment works i n  the presence o f  t ran-  
s ients.  This s i t ua t i on  i s  perhaps under be t te r  
con t ro l  i n  the e l e c t r i c  power f i e l d  than i t  i s  i n  
the f i e l d s  o f  aerosapce, general indu-stry, house- 
wares, and the m i l i t a r y .  For instance, the insu- 
l a t i o n  o f  high-voltage apparatus i s  coordinated 
t o  the threats  t ha t  nature provides t o  t ha t  
insu la t ion  through the philosophy o f  i nsu la t ion  
coordinat ion as expressed i n  the Basic Insu la t ion  
Level (BIL) system. The BIL system provides f o r  
a standardized ser ies o f  l eve ls  being coordinated 
w i t h  the p ro tec t i ve  a b i l i t i e s  o f  ex i s t i ng  protec- 
t i v e  devices. On the other hand, e lect ron ic  and 
con t ro l  equipment i s  a l l  too of ten designed, 
b u i l t ,  and del ivered before the existence o f  a 
t rans ient  th rea t  i s  recognized. I f  t rans ients  
t u rn  out t o  endanger the  equipment, there may be 
no adequate surge p ro tec t i ve  devices. I n  fact,  
there may not be any sa t i s fac to ry  answer t o  the 
problem posed by transients.  

The authors1 TCL philosophy i s  aimed a t  
achieving be t te r  coordinat ion than now ex is ts  
between the t rans ients  t o  which equipment i s  
exposed and the a b i l i t i e s  o f  equipment t o  with- 
stand the transients.  It i s  patterned a f t e r  the 
BIL approach t o  insu la t ion  coordinat ion so suc- 
cess fu l l y  used i n  the e l e c t r i c  power f i e l d .  

The purposes o f  t h i s  f i r s t  paper are t o  
explain the reasoning behind the d i f f e ren t  ele- 
ments o f  the BIL system o f  insu la t ion  coordina- 
t ion,  and t o  explain how s im i l a r  reasoning has 
led  t o  the formulat ion o f  the TCL philosophy. 
Some observations on how t o  perform TCL t es t s  are 
given i n  a companion paper [I]. 

Proposal f o r  TCL 

This proposal can be summarized by saying 
t h a t  we want to: 

Establ ish the concept t ha t  equipment sha l l  be 
ra ted i n  terms o f  i t s  a b i l i t y  t o  withstand a 
l im i t ed  set o f  t rans ient  proof tests, ra ther  
than i n  terms o f  i t s  a b i l i t y  t o  withstand 
unknown "actual" t ransients.  

Estab l ish the concept t ha t  t rans ient  spec i f i -  
cat ions apply t o  power and signal l ines. I n  
the  past, on ly  power m e s  have been con- 
s i dered . 
Establ ish a set o f  leve ls  ( l im i t ed  i n  number) 
t o  which equipment i s  designed and tested. 

Establ ish a set  o f  standard t e s t  waves ( l im-  
i t e d  i n  number) t o  which low-voltage 
equipment w i l l  be subjected. 

Establ ish standardized re la t ionships between 
voltage and current  (source impedance). 

D i f f e ren t i a t e  between the task o f  establ ish- 
ing  the  fami l y  o f  t e s t  l eve ls  and wave 
shapes, and the task o f  ac tua l l y  se lect ing a 
spec i f i c  level .  This means that:  

a We w i l l  propose t o  you a fami l y  o f  
l eve ls  and wave shapes 

0 You w i l l  se lect  the spec i f i c  l eve l  and 
shape, based on your r e l i a b i l i t y  goals, 
your costs, and your experience. 

This ~ r o ~ o s a l  i s  made w i th  awareness t ha t  
i t  may be one &re o f  an already confused array of 
standards. However, i f  accepted by a large sec- 
t i o n  o f  indust ry  and users, i t  could become a 
un i f y ing  l i n k  and make the appl icat ions more 
successful. 



In the following paragraphs, we will at- 
tempt to present the background justifying our 
proposal, for each of the points listed above. 

1. Basis for ratinq equipment 

The concept that equipment be rated in 
terms of its ability to withstand a standard test 
rather than "actual" service conditions is not 
new. This is at the very heart of the system of 
BIL, which has been so successful in the field of 
electric utility equipment. 

Fortunately for the utilities, few parties 
were involved in making the decisions, and thus 
it was possible at an early stage to establish 
the BIL system and to enforce it because of the 
near total control of the engineering department 
of a utility over the system design. In the field 
of low-voltage systems, however, the selection 
and purchase of a multiplicity of components and 
equipment by a multiplicity of buyers from a 
multiplicity of vendors on behalf of a multi- 
plicity of users have made it very difficult to 
maintain the organized systems approach which 
succeeded in the case of the electric utilities. 

A basic concept, which needs to be mutually 
accepted by users and manufacturers of equipment, 
is that it is impossible to simulate all possible 
transient overvoltages (and over-currents) that a 
product line might experience in service. How- 
ever, by designing the equipment to a certain 
standard and controlling the level of transients 
by suitabrprotection, a much greater chance of 
successful operation in the cruel real world will 
be obtained. 

The task is then to establish a set of 
standard tests, acceptable to the vast majority 
of applications, reflecting the real world but 
not pretending to duplicate it, simple enough to 
be practical, conservative enough to ensure reli- 
ability, but realistic in terms of economics. 

Obtaining complete agreement from all is 
most unlikely an impossible goal, and thus the 
unsatisfactory situation endures. This stalemate 
can be broken by accepting a proposal which might 
not be perfect, but is better than many isolated 
standards or no standard at all. 

2. All lines subject to transient tests 

The existence of transients on power lines 
is by now a recognized and accepted fact, so that 
most applications will involve a certain amount 
of precautions in specifying transient withstand 
capability. However, in the case of signal 
lines, this recognition is less frequent, and 
there have been examples where a total lack of 
appreciation of the problem has led to the design 
and deployment of equipment that cannot be pro- 
tected from transients. 

Transients can be introduced into a piece 
of equipment by the power lines from many 
sources, such as lightning, switching transients, 
fault clearing, and coupling from adjacent cir- 
cuits. Signal lines, especially in the case of 
extensive systems covering a vast area, can also 
be subjected to induced transients by lightning, 
adjacent circuits, ground currents, etc. Since 

quite often the signal circuits tend to be at a 
lower voltage than the power circuits, the dis- 
crepancy between the rated level in the circuit 
and the actual level of transients makes the 
signal circuits more susceptible to transient 
problems. 

A question related to which lines are to be 
subjected to transients is that of "comnon mode" 
versus "transverse mode." This is not always 
clear and must be addressed in a comprehensive 
specification. 

3. Test Levels 

An important feature of the BIL system was 
that it involved a limited number of test levels 
graded to the operating voltage of the system for 
which apparatus was being designed. A successful 
TCL system should also be designed around a rela- 
tively small number of levels. One who tries to 
establish levels is pulled in two directions; one 
to avoid complexity by establishing a minimum 
number of levels, and in another to provide 
levels that accomnodate existing practices with 
minimum disruption. 

One way to achieve this is through the use 
of major and minor intervals in the levels. 
Figure 1 shows several possible level series. 
The scales show the range 30 to 3000 volts divid- 
ed into intervals based on 10lb, and 
The physical positioning of the numbers on the 
figure shows how those numbers match the propor- 
tionate interval scales. In the past, we have 
proposed that there be three levels per decade 
with the s acing between levels being approxi- 
mately lo1/. The factors 1.5, 3, and 6 seem 
appropriate, particularly since such a set could 
include the voltage levels 600, 1500, and 3000 
volts in some existing specifications. The 
widely used specification MIL-704 includes the 
600-volt level for transients, and it would 
appear that this number, at least, should appear 
in any set of TCL levels. Levels based on the 
above progression appear in the left-hand column. 

TRANSIENT LEVELS 
CoNmoL SUGGESTED PROPOSED 

LEVELS 

PROPOSED IEC TC 2 8 A  

7-n 

- 2000 

- 1200 

- BOO 

- 500 

- (3001 

- (200) 

- (1201 

- I801 

- (50) 

- (301 

- (201 
1 0 " ~  

Fig. 1: Proposed levels for TCL voltages 
compared to existing level systems 



A progression proposed i n  IEC TC 28A, Low 
Voltage I n s u a l t i o n  Coordination, i s  shown i n  the 
r ight-hand column. The l e v e l s  t h a t  have been 
proposed range from 500 t o  12000 vo l t s .  On Fig.  
1, the  l e v e l s  i n  parentheses are i nse r ted  on l y  t o  
i n d i c a t e  the  sequence. Th is  progres ion, which 
seems t o  be based on the  f a c t o r  1 0 l i ,  does not  
inc lude the 600-vo l t  leve l .  

Levels as arranged i n  t h e  center  column 
might  appear t o  prov ide an appropr ia te  com- 
promise. We propose t h a t  t he  l e v e l s  i n  bo ld face 
p r i n t  be the recommended l e v e l s  wh i l e  those i n  
l i g h t e r  p r i n t  be used, p re fe rab ly  spar ingly,  when 
in termedia te  l e v e l s  are needed. Associated w i t h  
each o f  these l e v e l s  would be a s h o r t - c i r c u i t  
cu r ren t  leve l ,  t he  magnitude of which i s  r e l a t e d  
t o  t h e  vo l tage l e v e l s  through defined source 
impedances. Source impedance wi 11 be discussed 
f u r t h e r  below. 

Some o f  t he  l eve l s  w i l l  seem very low, 
p a r t i c u l a r l y  t o  those accustomed t o  dea l ing  w i t h  
t rans ien ts  on power l i nes .  They may no t  be 
u n r e a l i s t i c  f o r  some low-voltage s igna l  c i r c u i t s .  
A more important  point ,  however, i s  t h a t  t he  
establishment o f  a se r ies  o f  levels,  f rom which a 
choice may be made, i s  a task separate and 
d i s t i n c t  from t h a t  o f  deciding t o  what l e v e l  a 
p iece o f  equipment should be designed. Th is  
l a t t e r  p o i n t  i s  discussed i n  more d e t a i l  l a t e r .  

4. Wave shape 

Many t e s t  waves have been proposed i n  the 
past .  Table I shows some t h a t  have been pro- 
posed. 

These wave shapes range from the  very f a s t  
r i se ,  shor t  duration, t o  the  slow-rise, long 
durat ion,  w i t h  o s c i l l a t o r y  o r  u n i d i r e c t i o n a l  
voltages. Each o f  these i s  based on p r a c t i c a l  
considerat ions f o r  s p e c i f i c  app l ica t ions;  b u t  the  
t o t a l  p i c t u r e  i s  then one o f  confusion and d i s -  
couraging attempts a t  standardizat ion.  

Observations o f  osci lToscope recordings 
and independent work on the  resonant frequency of 
power systems [2]  have shown t h a t  most t r a n s i e n t  
vol tages i n  low-voltage systems have an o s c i l l a -  
t o r y  wave shape, i n  con t ras t  t o  the  well-known 
and genera l l y  accepted u n i d i r e c t i o n a l  wave used 
i n  high-vol tage i nsu la t i ons  standards. Fre- 
quencies are t y p i c a l l y  i n  t h e  range o f  5 kHz t o  
500 kHz, w i t h  the m a j o r i t y  o f  t he  t rans ien ts  
having f requencies above 100 kHz L31 . 

On t h e  bas is  o f  these observations, t he  
authors have proposed the  vo l tage wave shape o f  
F ig .  2, as being most representa t ive  of t ran -  
s i e n t s  i n  low-voltage systems. 

Th is  wave i s  a composite. One component i s  
aimed a t  producing the e f f e c t s  associated w i t h  
f a s t  r i s e  times. Coupled i n te r fe rence  and the  
response o f  i nduc t i ve  devices are examples. 
Another component i s  aimed a t  producing the e f -  
f e c t s  associated w i t h  the  more s lowly  changing, 
and osc i  1 l a to ry ,  t a i  1. Voltage summation i n  
capac i t i ve  c i r c u i t s  coupled by r e c t i f i e r s  i s  an 
example. Energy handl ing c a p a b i l i t y  o f  surge 
p r o t e c t i v e  devices i s  another. 

Fig.  2: Proposed TCL vo l tage wave 

While t h i s  wave may then appear a r t i -  
f i c i a l l y  contrived, i t  w i l l  sub jec t  t e s t  samples 
t o  the  two most s i g n i f i c a n t  e f f e c t s  o f  voltage, 
c i r c u i t  upset, and c i r c u i t  damage. Since the 
wave may be produced by simple labora tory  c i r -  
cu i t s ,  comparison t e s t s  ma be e a s i l y  done by 
d i f f e r e n t  organizat ions.  [ 4 1  

This  wave shape was f i r s t  def ined by a 
consensus a t  a meeting o f  t he  Ground F a u l t  Pro- 
t e c t i o n  Sect ion o f  NEMA, i n  August 1973, and has 
s ince received increas ing acceptance, notab ly  a t  
t he  Underwr i te r 's  Laborator ies.  Recently, 
independent considerat ions [S lhave  given f u r t h e r  
support t o  a 0.5 p s  r i s e  t ime and 5 ps durat ion  
impulse. 

However, i n  a l l  p r o b a b i l i t y  t h i s  one 
osci  1 l a t o r y  TCL wave w i l l  no t  meet the  needs o f  
a l l  users. Therefore, we propose t h a t  t he  wave 
o f  Fig. 2 be supplemented by two u n i d i r e c t i o n a l  
vo l tage waves: t he  c l a s s i c  ANSI 1 . 2 x 5 0 p . s  
impulse wave and a 10 x 1000 us  wave [6,7]. 

We be l i eve  t h a t  most app l ica t ions can be 
t rea ted  by one o f  these three wave shapes, once 
the concept i s  accepted t h a t  a p e r f e c t  match o f  
"ac tua l "  wave shape and " t e s t "  wave shape i s  no t  
essent ia l .  The f i r s t  wave, f a s t  r i s e  and 100 kHz 
r ing ,  would be more app l icab le  f o r  c i r c u i t s  ex- 
posed t o  ' l i g h t n i n g  remnants" ( t h e  na tu ra l  o s c i l -  
l a t i o n  o f  a power system exc i ted  by a l i g h t n i n g  
discharge o r  swi tch ing t r a n s i e n t  a t  some remote 
p o i n t )  as we l l  as con t ro l  c i r c u i t r y  exposed t o  
induced t rans ients .  The second wave shape, the 
f a m i l i a r  1.2 x 50 un id i rec t i ona l ,  would be app l i -  
cable t o  c i r c u i t s  where d i r e c t  exposure t o  
l i g h t n i n g .  strokes i s  l i k e l y ;  wh i l e  the t h i r d  
( l ong  t a i l )  would be app l icab le  t o  s i t u a t i o n s  
i n v o l v i n g  l i g h t n i n g  cu r ren t  discharge on long 
cables. The second and t h i r d  wave shapes are 
a lso  representa t ive  o f  t rans ien ts  produced by t h e  
switching o f  i nduc t i ve  c i r c u i t s .  

Special app l ica t ions,  such as NEMP (Nuclear 
Electromagnetic Pulse) hardening, o r  h igh-vo l t -  
age substat ion supervisory equipment, would 
r a t h e r  r e t a i n  t h e i r  own well-documented 
standards. 

5. Source impedance and enerqy 

I n  some types o f  tes ts ,  t h e  ob jec t  i s  t o  
determine what l e v e l  o f  vo l tage w i l l  cause f a i l -  
u re  (permanent o r  temporary) o f  i nsu la t i on .  The 



TABLE I - PARTIAL L IST ING OF EXISTING OR PROPOSED TEST WAVES 

ORIGIN - 
ANSI, IEC 

DESCRIPTION 
Wave Shape Amp1 i tude 

Speci f ied voltage 

Speci f ied current  

2.5 kV peak 

TYPICAL 
APPLICATION 

Power apparatus 

Low-voltage AC c i r c u i t s  
and con t ro l  l i n e s  i n  
substat ion equipment 

IEEE Std. 472 
Guide f o r  Surge Withstand 
Capab i l i t y  (SWC) 

- 1.25 MHz r e p e t i t i v e  
at  60 Hz 

- 6 p s  decay t o  50X - 150n source impedance 

Speci f ied 
leve ls  

Low-voltage AC c i r c u i t s  
and s ignal  l i n e s  

Fisher-Martz lof f  [ a ]  - 0.25 p s  r t s e  
- 5 u s  t o  zero - Unspecif ied r i n g  

GE Transient Suppression Manual 141 - 500 kHz r i s e  - 100 kHz r i n g  - 40% decay 
Low-voltage AC c i r c u i t s  

Crouch-Fisher-Martzloff 1101 - 0.5 u s  r i s e  - 100 kHz r i n g  
U.L. Ground Fau l t  I n te r rup te rs  - 2nd peak 2 60% f i r s t  - 50n source impedance 

Speci f ied 
leve ls  

Low-voltage AC c i r c u i t s  

IEEE Std. 465.1 Three requirements: 
Test Speci f icat ions fo r  
Gas Tube Surge Protect ive Devices : ~ o x X 2 ~ o ~ ~  ::rF:iFe"t Telephone protectors 

L inear  l o l t a g e  ramp 
o f  100, 500, 5000, 10,000 V/gs 
u n t i  1 sparkover 

FCC Docket 19528 Comnunlcations 
equipment 

- 10 x 560 p s  - 100 A short  c i r c u t t  current  
800 V peak 

. Longi tudinal  

- 10 x 1 6 0 ~ s  
- 200 A short c i r c u i t  current  

1500 V peak 

Rural E l e c t r l f  i ca t ion  

Administ rat ion Spec. PE-60 

- 10 x IDDO p s  voltage 

- 100 V/us r i s e  

3o o f  protector  
l eve l  

Telephone e lectronics 

Evaluation o f  cnmponents Rectangular pulse 
3 ns t o  10 p s  

NEMP Hardening 

* Damped sinewave 
10' t o  lo8  HZ 

NASA Space Shu t t l e  Damped stnewave 
125 kHz 

a Unid i rec t iona l  

- 2 x 1 0 0 u s  

Space s h u t t l e  e lec t ron ics  

Mi 1 i t a r y  a i r c r a f t  Power Envelope speci f  fed, 
max. durat ion 50 g s  



nature  o f  t he  t rans ien t  f o l l o w i n g  breakdown i s  
no t  o f  much concern. The t y p i c a l  t e s t  p iece i s  o f  
h igh  impedance (except a f t e r  breakdown), and thus 
does no t  load the generator. People have tended 
t o  overlook t h e  source impedance o f  t he  gener- 
ator, even i n  app l i ca t i ons  where t h a t  impedance 
i s  important. 

However, w i t h  the  development o f  vo l tage 
suppression devices, t he  source impedance becomes 
an i n t e g r a l  p a r t  o f  t he  suppression scheme. Some 
types o f  devices (spark gaps) func t i on  by 
swi tch ing i n t o  a low impedance s t a t e  and r e f l e c t -  
i n g  the  energy associated w i t h  the  t r a n s i e n t  back 
f rom whence i t  came. Other devices ( va r i s to rs ,  
selenium, and Zener type diodes) clamp the 
vo l tage across t h e i r  te rmina ls  wh i l e  conducting 
the  surge cu r ren t  and thus d i s s i p a t e  the  surge 
energy i n  the p r o t e c t i v e  device. The a b i l i t y  o f  
t he  device t o  handle t h a t  energy becomes o f  im- 
portance. I n  e i t h e r  case, t he  t e s t  generators 
must be capable o f  supply ing an appropr iate 
amount o f  current ,  bu t  should not  supply too much 
cur rent .  

Test spec i f i ca t i ons  should r e f l e c t  t he  f a c t  
t ha t ,  i n  some cases, vo l tage i s  t he  appropr iate 
measure o f  the  t rans ient ,  and i n  other cases 
cu r ren t  i s  t he  appropr ia te  measure. Above a l l ,  
they  must avoid wording t h a t  leads t h e  inex- 
perienced t o  s t rugg le  v a l i a n t l y ,  w i t h  ever larger  
surge generators, t o  develop a spec i f i ed  vo l taqe 
across a c o r r e c t l y  f unc t i on ing  spark gap o r  
v a r i s t o r .  Th is  has occurred. 

I n  the  o r i g i n a l  fo rmula t ion  o f  t he  TCL 
concept, t h e  authors proposed, and s t i l l  do 
propose, t h a t  t he  generator impedance associated 
w i t h  t h e  100 kHz o s c i l l a t o r y  t e s t  wave be an 
impedance representa t ive  o f  t h a t  measured on a-c 
supply mains. Such an impedance can be 
t-gW$~erIzy! as 50 ohms i n  p a r a l l e l  w i t h  50 micro- 

The ANSI s p e c i f i c a t i o n s  dea l ing  w i t h  the  
long-establ ished 1.2 x 50 ~s u n i d i r e c t i o n a l  wave 
do no t  t r e a t  source impedance d i r e c t l y ,  bu t  
recognize i t s  existence by p rov id ing  a separate 
cu r ren t  t e s t  wave f o r  surge a r res te rs  o r  o ther  
surge p r o t e c t i v e  devices. I n  t h e  TCL concept as 
we now v i s u a l i z e  it, t h i s  same approach would be 
fo l lowed: separate vo l tage and cu r ren t  leve ls .  

One o f  t h e  app l i ca t i ons  where the  10 x 
1000 us  u n i d i r e c t i o n a l  t e s t  wave might be appro- 
p r i a t e  would be those i n v o l v i n g  swi tch ing o f  
i nduc t i ve  c i r c u i t s .  The impedance associated 
w i t h  such t rans ien ts  can vary over wide l i m i t s  
and may be q u i t e  low. We do not  f e e l  there  i s  y e t  
a s u f f i c i e n t  engineer ing consensus as t o  what a 
s u i t a b l e  standard source impedance might be. Ac- 
cordingly,  we made no recommendations f o r  such 
impedance, f e e l i n g  t h a t  t he  eva luat ion  o f  such 
impedance must be done on an i n d i v i d u a l  bas is  f o r  
t h e  s p e c i f i c  app l i ca t i on  a t  hand. 

6. Se lec t ion  o f  s p e c i f i c  l e v e l s  

The task o f  se lec t i ng  the  t r a n s i e n t  con t ro l  
l e v e l  appropr iate f o r  any one p iece o f  equipment, 
o r  any one app l ica t ion ,  i s  one o f  engineer ing and 
cannot be f u l l y  d e a l t  w i t h  i n  t h i s  paper. How- 
ever, some discussion o f  t he  task I s  necessary t o  
show how t h a t  task f i t s  i n t o  t h e  o v e r a l l  TCL 

philosophy. The BIL  system provides some 
guidance. A fundamental tenet  o f  t he  BIL  system 
i s  t h a t  the  i n s u l a t i o n  s t ruc tu re  o f  apparatus i s  
n o t  designed u n t i l  a f t e r  t he  requ i red i n s u l a t i o n  
l e v e l  i s  agreed upon, and t h a t  t h i s  i n s u l a t i o n  
l e v e l  i s  no t  chosen u n t i l  one i s  sure t h a t  t he re  
are v o l t a g e - l i m i t i n g  devices (surge a r res te rs )  
t h a t  can c o n t r o l  na tu ra l  t rans ien ts  t o  l e v e l s  
lower than those t o  which the  f a c t o r y  p roo f  t e s t  
w i l l  sub jec t  t he  apparatus under design. 

On the  o ther  hand, low-voltage and elec- 
t r o n i c  equipment i s  a l l  t oo  o f t e n  designed wi th-  
o u t  cons idera t ion  o f  t rans ien ts  o r  whether pro- 
t e c t i v e  devices might even be ava i l ab le  i f  
needed. One gu ide l i ne  i s  then t h a t  equipment 
should not  be designed u n t i l  an appropr iate 
design l e v e l  has been chosen. Th is  choice should 
be made a f t e r  cons idera t ion  o f  t h e  d i s t r i b u t i o n  
o f  n a t u r a l l y  occur r ing  t rans ients .  

The occurrence o f  t rans ien ts  i s  a s t a t i s -  
t i c a l  process, both i n  vo l tage l e v e l s  and energy 
content. LOW l e v e l s  are comnon wh i l e  h igh  l e v e l s  
occur ra re l y .  F igure  3 shows the  r e l a t i o n s h i p  
between vo l tage l e v e l  and frequency o f  occurrence 
on 120-vol t  r e s i d e n t i a l  c i r c u i t s ,  f rom 
observations made i n  the  Uni ted States 191. 
While t h i s  type o f  in format ion cannot serve t o  
p r e d i c t  t he  occurrences a t  i n d i v i d u a l  locat ions,  
i t i s  o f  i n t e r e s t  i f  one i s  concerned w i t h  t h e  
o v e r a l l  s t a t i s t i c s  o f  t rans ients .  For instance, 
a manufacturer can se lec t  a wi thstand l e v e l  ( o r  
conversely, a f a i l u r e  l e v e l )  by t rad ing  o f f  t h e  
tang ib le  and i n t a n g i b l e  cos t  o f  f a i l u r e s  f o r  t h e  
cos t  o f  t he  added p ro tec t i on  requ i red t o  achieve 
t h a t  l eve l .  From the  graph o f  Fig.  3, we can see 
t h a t  decreasing the  wi thstand l e v e l  from, say, 4 
kV t o  2 kV i s  l i k e l y  t o  increase the f a i l u r e  r a t e  
o f  a product by a f a c t o r  o f  10. 

I 
I 

I I 
I I .I 

2 4 6 8 ID kV 
SURGE CREST 

Fig.  3: Exposure o f  r e s i d e n t i a l  c i r c u i t s  t o  
surges (number o f  surges vs h ighest  
surge a t  any one loca t i on )  

Se lec t ion  o f  t he  most appropr ia te  l e v e l  f o r  
a s p e c i f i c  app l i ca t i on  should remain the  preroga- 
t i v e  o f  t he  p a r t i e s  d i r e c t l y  in teres ted.  Th is  
choice w i l l  be based on a number o f  f a c t o r s  such 
as t h e  c i r c u i t  ra ted  voltage, t h e  exposure o f  t he  
c i r c u i t  t o  induced t rans ients ,  t h e  presence o r  
absence o f  a mandatory suppressor i n  t h e  c i r c u i t ,  
t h e  r i s k  ana lys is  ( p r o b a b i l i t y  of f a i l u r e ,  conse- 
quence o f  a f a i l u r e ,  cost- t rade of f ) ,  etc. 
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TABLE I1 - PROPOSED IMPULSE LEVELS BY IEC-TC 28A 

I Rated Voltages 

Line-to-  
Ear th  

up t o  
V o l t s  

1-phase 
o r  d.c.  

~ i n e - t o - l i n e  
L-M o r  L-L 

v o l t s  

150- 300 

300- 600 

600-1200 

3-Phase 

L-N o r  L-L 

up t o  
Vo l ts  

System Voltages 

According t o  
IEC-Publ. 38 

V o l t s  

P r e f e r r e d  Ser ies  o f  Impulse 
Withstand Voltages i n  V o l t s  

Category 

Note: The values of impulse withstand vo l tage  given i n  columns I through V a r e  a pre fer red  s e r i e s  of values t o  be 
used by the  Technical  Cormittees f o r  the  purpose o f  i n s u l a t i o n  coordination.  Products subjected i n  the  f i e l d  t o  
the  salne condi t ions  of overvoltages or  r a t e d  t o  withstand t h e  same overvoltages a r e  t o  be  assigned values from 
the  same column. While i t  might be useful t o  descr ibe  products and spec i fy  a p r e f e r r e d  column f o r  such products, 
SC 28A has r e f r a i n e d  from doing so. 

An example of such a selection process is 
found in current proposals of IEC 28A for low- 
voltage insulation coordination. This proposal 
includes a matrix of voltage levels depending on 
one hand on the system voltage and on the other 
hand on a level category, which is left to the 
users to choose but implies some recognition of 
exposure factors. This proposed table is repro- 
duced here as Table I1 with the permission of 
the IEC TC 28A Chairman. 

Conclusion and Recomnendation 

Acceptance of the TCL concept by manufac- 
turers and users of equipment, as well as stan- 
dardizing and regulatory agencies, would be a 
great step toward simplification of specifica- 
tions and toward more reliable system per- 
f ormance. 

This paper has incorporated the feedback 
received after several proposals made at IEEE 
meetings, and at this point represents the 
position of the authors, supported and amended by 
the comnents received. Further feedback from the 
EMC comnunity is earnestly invited and welcome. 

To sumnarize our proposal, we recomnend 
consideration and eventual acceptance of the 
following: 

Major voltage levels of 300, 600, and 1250 
volts, with intermediate levels of 450, 850, 
and 2000 volts used if necessary; the levels 
to be scaled upwards or downwards by the 
appropriate powers of ten. 

A voltage wave shape of 0 . 5 ~ s  rise x 100 kHz 
ring with current related to voltage by a 
source impedance of 50n and 50 p H .  This wave 
shape would be supplemented by 1.2 x 50 ys 
and 10 x 1000 t~s unidirectional waves. 

All terminals, power and signal, are to be 
subjected to TCL tests. 

For any particular piece of equipment, an 
appropriate level would be chosen from the 
above series, by mutual agreement between 
supplier and user. 

References 

Fisher, F.A. and Martzloff, F.D., "Transient 
Control Level Philosophy and Implementation; 
Part 11. Techniques and Equipment for Making 
TCL Tests, " Proceedings, 2nd EMC Symposium, 
June 1977. 

Speranza, P.D. and Sessler, L.H. (Bell Tele- 
phone Laboratories), Oral Comnunication to 
NEMA, Ground Fault Protection Section, Aug. 
1973. 

Martzloff, F.D. and Hahn, G.J., 'Surge Volt- 
ages in Residential and Industrial Power Cir- 
cuits." 

Transient Voltage Suppression Manual, Gen- 
eral Electric Company, Electronics Park, 
Syracuse, N.Y., 1976. 

Lerstrup, K., "Atmospheric Overvoltages on 
Low-voltage Installations," Document EIC- 
28A/WG1 02/76. 

IEEE Standard 465.1, "Test Specifications for 
Gas Tube Surge Protective Devices," 1977. 

Rural Electrification Administration (REA) 
Specification PE-60, Washington, DC, 20250. 

Bull, J.H., "Impedance of the Supply Mains at 
Radio Frequencies," Proceeding 1st EMC Sym- 
posium, 1975. 

Fisher, F.A. and Martzloff, F.D., "Transient 
Control Levels, a Proposal for Insulation 
Coordination in Low-voltage Systems," IEEE 
Trans. Power Apparatus System PAS-95 No. 1, 
120-129 (Jan.-Feb. 1976). 

Crouch, K.E., Fisher, F.A. and Martzloff, 
F.D., "Transient Control Levels, A Better Way 
to Voltage Ratings in Power Converter Appli- 
cations," Proceedings of 1976 Annual Meeting 
of the IEEE Industry Application Society. 



A GUIDELINE
ON SURGE
VOLTAGES

IN AC POWER
CIRCUITS
RATED UP
TO 600 V



A Guideline on Surge Voltages in AC Power Circuits Rated up to 600 V

François Martzloff
General Electric Company

Schenectady NY
f.martzloff@ieee.org

Reprinted, with permission, from 
Proceedings, 3rd International Symposium on Electromagnetic Compatibility, Rotterdam, 1979 

Significance:
Part 2  Development of standards – Reality checks

Progress report to the European EMC community on the development of what became IEEE Std 587-1980.
Explains the proposition that a Ring Wave should be added to the traditional unidirectional impulses 
NOTE: A parallel paper was presented to the 1979 IEEE PES community at the Summer Power Meeting under the
title “The Development of a Guideline on Surge Voltages in Low-Voltage AC Power Circuits”.

mailto:f.martzloff@ieee.org


A GUIDELINE ON SURGE VOLTAGES IN AC POWER 

CIRCUITS RATED UP TO 600 V 

F.D. ?Aa:tz!cff 

General  Electr ic  Company 
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Summary 

Surge voltages occurring in a c  power c i rcui ts  c a n  be 
t h e  cause of misoperation o r  product fa i lure  fo r  residential 
as well a s  industrial systems. The problem has  received 
increased at tent ion in recent  years because miniaturized 
solid s t a t e  devices a r e  more sensitive t o  voltage surges 
(spikes and transients) than were their predecessors. 

Although surge voltage amplitudes and their  fre- 
quexcy =f eccgrrence on  unprotected circnits =re  we!! 
known, their waveshapes and energy content  a r e  less well 
known. Qn t h e  h i s  of measurements; s t a t l t l c ~ :  and  
theoret ical  considerations, a pract ical  guideline for  out- 
lining the  environment for use in predicting e x t r e m e  
waveshapes and energy content  can nevertheless be es tab-  
lished. The Surge Protect ive  Device Commi t t ee  of t h e  
Inst i tu te  of Electr ical  and Electronics Engineers has been 
developing such a guideline, t he  essential e lements  of 
which a r e  presented in this  paper. 

Surge voltages [ 11 occurring in a c  power c i rcui ts  
ra ted up t o  600 V can  be represented by various waveshapes 
in a n  a t t e m p t  t o  duplicate ac tua l  surge voltages. Two 
major types  of surges ref lect ing differences in t h e  environ- 
ment  a r e  described t o  represent  t h e  situation realistically. 

Systems located inside a building and separated from 
the overhead lines by some line impedance exper ience 
surge voltages of waveshapes and energy levels t h a t  d i f fer  
from those of the  outdoor environment. Outside systems 
exposed t o  direct  lightning s t r ikes  o r  lightning-induced 
surges--typically overhead lines--experience levels implied 
L.. ..-Pi- ---->--A- I-- ..----,..-- ",,:A*l:,.- uy lccc DLalluaI UD IVI JCLUIIUaL y a1 ~ C J L S L J .  L l U J  6 Y I U F l l l l r  

addresses particularly the  hazards t o  these  two  types  of -..- r q i  
J , J L C I I I J  L L  J .  

Scope 

The guideline presented here  primarily addresses a c  
power c i rcui ts  with ra ted voltages up t o  600 V, although 
some of the  conclusions offered could apply t o  higher 
voltages and also t o  some d c  power systems. Othe r  
standards have been established, such as IEEE 472, Guide 
for %Surge Withstand Capability (SWC) Tests, intended fo r  
t h e  special case of high-voltage substation environments, 
and IEEE 28, Standard f o r  Surge Arresters f o r  ac Power 
Circuits, covering primarily t h e  utilit ies environment. The 
guideline presented here  intends t o  complement ,  not 
conflict with, existing standards, and t o  present a pract ical  
proposal for  t h e  selection of voltage and cu r ren t  tests t o  be 
applied in evaluating t h e  surge withstand capability of 
equipment connected t o  these  power circuits,  primarily in 
residential and light industrial applications. 

Some guidance i s  also presented on  how t o  proceed 
from the  environment description t o  the  selection of 
"standard" t e s t  waves. 

The surge voltages [ I  I considered in this  guideline 
& rhc* exceeding ?we pr unit (or twice the  peak 

operat ing voi tagej  and having durations ranging i rom a 
f ract ion of a microsecond t o  a millisecond. Overvoltages 
of less than t w o  per unit a r e  not covered here, nor a r e  
t ransients  of longer duration resulting f rom power equip- 
men t  operation and failure modes. Because these  low- 
amplitude and long-duration surges a r e  generally not 
amenable  t o  suppression by conventional surge protective 
devices, they require  dif ferent  protection techniques. 

1. The Origin of Surge Voltages 

Surge voltages occurring in low-voltage a c  power 
c i rcui ts  or iginate  from two  major sources: !oad switching 
t ransients  and direct  o r  indirect lightning e f fec t s  on  the  
power system. Load switching transients can be further 
divided into t ransients  associated with (1)  major power 
system switching disturbances, such a s  capacitor bank 
switching; (2) minor switching near the  point of interest,  
such a s  a n  appliance turnoff in a household o r  t h e  turnoff 
of other  loads in a n  individual system; (3) resonating 
c i rcui ts  associated with switching devices, such a s  thyris- 
tors; and (4) various system faults,  such a s  short circuits 
and arcing faults. Measurements and calculations of 
lightning e f f e c t s  have been made  t o  yield da ta  on what 
levels can be produced, even if t h e  exac t  mechanism of any 
particular surge is unknown. The major mechanisms by 
which lightning produces surge voltages a r e  the  following: 

A d i r ec t  lightning s t r ike  t o  a primary circuit 
in jects  high currents  in to  the  primary circuit,  
producing voltages by e i ther  flowing through 
ground res is tance o r  flowing through the  surge 
impedance of t h e  primary conductors. 
,, 1:",.4,.:.." -*..:I,- +I...+ -:.--am +ha I;-- h,,+ h:+e ., rr , , 6 " L " " ' 6  J L L I n r  L a l o .  ,111J-J , # I =  ,*I,& Y". ,I.,., a 

nearby object se ts  up e lectromagnet ic  fields 
*zhich can  induce vo!?=pes on the  conduc?ors of 
t h e  primary circuit.  
The rapid collapse of voltage t h a t  occurs  when a 
primary a r re s t e r  operates  t o  limit the  primary 
vol tage couples effect ively  through t h e  capaci- 
t a n c e  of t h e  t ransformer  and produces surge 
voltages in addition t o  those coupled into the  
secondary c i rcui t  by normal t ransformer  action. 
Lightning s t r ikes  t h e  secondary circuits directly. 
Very high currents  can be involved, exceeding 
t h e  capability of conventional devices. 
Lightning ground current  flow resulting from 
nearby direct-to-ground discharges couples on to  
t h e  common ground impedance paths of the  
grounding network. 

Fast-acting protection devices, such a s  current- 
limiting fuses  and ci rcui t  breakers capable  of clearing or  
beginning t o  p a r t  con tac t s  in less than  2 ms, leave trapped 
inductive energy in t h e  c i rcui t  upstream; upon collapse of 
t h e  field, very high voltages a r e  generated. 

Transient overvoltages [ I I associated with the  
:-itching of p e ~ ~ e r  f a c o y  coyrffction c q = c i t o r s  haye 
frequencies than  t h e  high-frequency spikes with which this  
d n m m e n t  is concerned; Their !eve!sj a t  !east in  the  case of 



restrike-free switching operations, a r e  generally less than  
twice normal voltage and a r e  therefore  not of substant ia l  
concern here ,  but should not be overlooked. 

On the  other  hand, switching operations involving 
r , . r h  .; +h,,, ,.,.-I ..,, A h.. . 
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mercury switches, can  produce, through escala t ion,  surge 
voltages of complex waveshapes and of amplitudes several  
*: -.-. ---- * - -  -L-- *L- 8 L-- TL- 
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severest case is generally found on the  h a d  side of t h e  
switch and involves only t h e  device t h a t  i s  being switched. 
While this  s i tuat ion should cer ta inly  not be ignored, in such 
a case  t h e  prime responsibility fo r  protection r e s t s  with t h e  
local user of t h e  device  in question. However, switching 
t ransients  can  a lso appear  on t h e  line side across  devices 
connected t o  the  line. The presence and source of 
t ransients  may be unknown t o  t h e  users of those devices. 
This potentially harmful s i tuat ion occurs  o f t en  enough t o  
command at tent ion.  

2. Occurrence and Voltage Levels 
in IJnprotected Clrcljltr. 

l imits,  depending on  t h e  particular system. Prediction of 
the  r a t e  for  a particular system is always difficult and 
frequently impossible. R a t e  i s  re la ted t o  t h e  level of t h e  
surges; low-level surges a r e  more prevalent than high-level 
surges [ 31. D a t a  col lected from many sources (Appendix I) 
have led t o  the  plot shown in Figure 1. This prediction 
shows with ce r t a in ty  only a relative frequency of occur- 
rence, while the  absolute number of occurrences  can  be  
described only fo r  a n  "average location." The "high 
exposure" and "low exposure" l imits  of t h e  band a r e  shown 
as a guide, not as absolute l imits  [21 ,  t o  ref lect  both t h e  
location exposure (lightning act ivi ty  in the  a r e a  and t h e  
nature  nf t h e  system! and t h e  e x p o s ~ e  t o  stvitching sllrges 
c rea ted  by o the r  loads. Such d a t a  a r e  useful in t h a t  t hey  
describe t h e  maximum levels likely t o  be encountered and 
-.:.... -..-̂  ..-a:--*.. ^S &La ....LA ..* ^^^..""^^^^ ^* "..̂ ,. 
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surges. Of equal  importance i s  t h e  observation t h a t  surges 
in t h e  range of 1 t o  2 kV a r e  fairly common in residential 
circuits. 

SURGE CREST kV 

F ~ g u r e  1. R a t e  of Surge Occurrence vs Voltage Level 

From the  re la t ive  values of Figure 1, t w o  typical 
levels can  b e  c i t ed  for  pract ical  applications. Firs t ,  t h e  
expectat ion of a 3 kV t ransient  occurrence on a 120 V 
circuit ranges f rom 0.01 t o  I per year at a given location - 
a number sufficiently high t o  justify t h e  recommendation 
of a minimum 3 kV withstand capability. Second, t h e  
wiring flashover l imits  indicate  t h a t  a 6 kV withstand 
capability may be  sufficient t o  ensure  device survival 
indoors, but a 10 kV withstand capability may be required 
outdoors. 

2.2 Timing of Occurrence 
Surges occur  at random t imes with respect  t o  t h e  - 

power frequency, and the  ia i iure  mode o i  equipment may 
be affected by t h e  power frequency follow current .  
Fur thermore,  t h e  timing of t h e  surge with respect  t o  t h e  
power frequency may a f f e c t  t h e  level a t  which fa i lure  
occurs 141. Consequently, surge tes t ing must be done with 
t h e  line voltage applied t o  t h e  t e s t  piece. 

3. Waveshape of Representat ive  Surge Voltages 

3.1 Waveshapes in Actual  Occurrences 

Indoor - Measurements in t h e  field, measurements in 
+h, 1-I.---.+ --., ....A *h ..--A +:--I --,-..,-.:--- :-A: -...- 
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t h a t  most surge voltages in indoor low-voltage sys- 
t ems  have oscillatory waveshapes, unlike the  well- 
known and generaliy accep ted  uiiidiieciionai waves 
specified in high-voltage insulation standards. A 
surge impinging on t h e  system exci tes  the  natural 
resonant frequencies of the  conductor system. As a 
result,  not only a r e  t h e  surges typically oscillatory, 
but surges may have dif ferent  amplitudes and wave- 
shapes a t  d i f ferent  places in the  system. These 
oscillatory frequencies of surges range from 5 kHz t o  
more  than  500 kHz. A 30 t o  100 kHz frequency is a 
real is t ic  measure  of a "typical" surge for most 
residential and light industrial ac line networks. 

Outdoor - Surges encountered in outdoor locations 
have a!so been recorded, some being osci!htory ! 5 ! ,  
others. being unidirectional. Because t h e  overriding 
concern here  is t he  energy associated with these  
c,,-"-e 3 ,-,.ncc.w.,3+:,,,3 h,,+ Fa31;.-+;c. . - I - C , - - ; - + ; ~ -  -6 + h e  
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surges can be derived from the  long-established 
specified duty of a secondary arres ter ,  a s  detailed in 
Paragraph 3.2. While this  specification is arbitrary, 
i t  has the  s t rength of experience and successful 
usage. 

3.2 Selection of Representat ive  Waveshapes 
The definition of a waveshape t o  be used a s  repre- 

sentat ive  of t h e  environment i s  important  fo r  the  design of 
candidate  protect ive  devices, since unrealistic require- 
ments, such a s  excessive duration of the  voltage o r  very 
low source impedance, place a high energy requirement on 
the  sq?pressor, with jl res"!ti~g most pem!ty tc the e d  
user. The two  requirements defined below ref lect  th is  
trade-off. 

Indoor - Based on measurements  conducted by several 
indepei~deni  uiganizaiions in iiO and 240 V systems 
(Appendix I), t h e  waveshape shown in Figure 2 is 
reasonably representat ive  of surge voltage in these  
power circuits.  Under t h e  proposed description of a 
"0.5 us x 100 kHz ring wave," this waveshape rises in 
0.5 p, then decays while oscillating a t  100 kHz, each 
peak being about 60% of t h e  preceding peak. 

Figure 2. The Proposed 0.5 us x 100 kHz Ring Wave 
(Open-circuit Voltage) 

The f a s t  rise can  produce t h e  e f f e c t s  associated with 
nonlinear voltage distribution in windings and the  
dv/dt e f f e c t s  on semiconductors. Shorter rise t imes 
a r e  found in many t ransients ,  but, a s  those transients 
propagate  into  t h e  wiring or  a r e  reflected from 
discontinuities in the  wiring, t he  rise t ime  becomes 
longer. 

The oscillating and decaying ta i l  produces t h e  e f fec t s  
of voltage polarity reversals in surge suppressors or  
o the r  devices t h a t  may be sensitive t o  poiarity 
changes. Some semiconductors a r e  particularly sensi- 
t i ve  t o  damage when being forced into  o r  out of a 
conducting s t a t e ,  or  when the  t ransient  is appiiea 
during a par t icular  portion of t h e  60 Hz supply cycle 
(Appendix 11). The response of a surge suppressor can 
a lso be a f fec ted  by reversals in t h e  polarity, a s  in t h e  
case of RC at tenuat ion before  a rect i f ier  c i rcui t  in a 
d c  power supply. 



The pulse withstand capabi l i ty  of many semiconduc- 
t o r s  tends  t o  improve if t h e  surge durat ion is much 
sho r t e r  t han  one  microsecond. For  t h i s  reason, t h e  
f i rs t  half-cycle of t he  t e s t  wave mus t  have a 
-,.sz;-:--* ,4..-..*:-.. 
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Outdoor  - In t h e  outdoor  and service  en t r ance  
-.--..- * e r ~ v i r u r ~ ~ r ~ n ~ r ,  weii a s  in iocations C ~ O %  t o  t h e  

se rv i ce  en t r ance ,  substant ia l  energy, o r  cu r r en t ,  i s  
s t i l l  available. For  t hese  locations, t h e  unidirectional 
impulses long established fo r  secondary a r r e s t e r s  a r e  
m o r e  appropr ia te  t han  t h e  oscillatory wave. 

Accordingly, t h e  recommended waveshape is 1.2 x 
50 us for  open-circuit  vol tage and 8 x 20 p s  for  
short-circuit  cu r r en t  o r  cu r r en t  in a low-impedance 
device. The numbers  used t o  descr ibe  t h e  impulse, 
1.2 x 50 and 8 x 20, a r e  a s  defined in IEEE Standard 
28 - ANSI Standard C62.1; Figure 3 presents  t h e  
waveshape and a graphic  descr ipt ion of t h e  numbers. 

(a) Open-circu~t 
Voltage Waveform 

I l i  

10. (b) Short-circuit Current 
(or Current in Low- 
Impedance C ~ r c u ~ t )  

I / / I  \ 

Figure 3. Waveshapes for  Outdoor Locations 

4. Energy and Source Impedance 

4.1 Gene ra l  
T h e n e r g y  involved in t h e  in teract ion of a power 

sys tem with a surge sou rce  and a surge suppressor will 
divide between t h e  source  and t h e  suppressor in accordance 
wi th  t h e  cha rac t e r i s t i c s  of t h e  t w o  impedances. In a gap- 
t ype  suppressor,  t h e  low Impedance of t h e  a r c  a f t e r  
cnrarlmvar fnrrnc m n c t  ~f ?he enerov t o  d i ~ c i n ~ t ~ C I  -.r-....-.-. --.--'- ...- I. 0, r---- 
elsewhere: f o r  ins tance,  in a power-follow current-limiting 
res is tor  t h a t  has  been added in ser ies  wi th  t h e  gap. In an  
energy-absorber suppressor,  by i t s  very nature ,  a substan- 
t ia l  sha re  of t h e  surge energy . i s  dissipated in t h e  
suppressor,  but i t s  clamping act ion does not  involve t h e  
power-follow energy resulting f rom t h e  short-circuit  ac t ion 
of a gap. I t  i s  t he re fo re  essent ia l  t o  t h e  e f f ec t ive  use of 
suppression devices  t h a t  a real is t ic  assumption be made  
about  t h e  source  impedance of t h e  surge whose e f f e c t s  a r e  
t o  be  duplicated. 

The  vol tage wave shown in Figure 2 is in tended t o  
represent  t h e  waveshape a surge source  would produce 
across  a n  open circuit .  The waveshape will b e  di f ferent  
when t h e  source  i s  connected t o  a load having a lower 
:--A....r̂  -...A +ha  Aan..^s +,. .., h;-h ;+ i r  I,...,c.r i r  &,,nr+;rm 
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of t h e  impedance of t h e  sou rce  161. 
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depends largely on  t h e  t y p e  of surge suppressors t h a t  a r e  
used. The surge suppressors mus t  be  ab le  t o  withstand t h e  
cu r ren t  passed through them by t h e  surge source. A t e s t  
generator  of t oo  high a n  impedance may not  subject  t h e  
device  under t e s t  t o  suff ic ient  s t resses ,  while a generator  
of t o o  low a n  impedance may subject  protect ive  devices  t o  
unrealistically severe  s t resses .  A t e s t  vol tage wave 

specified without r e f e rence  t o  source  impedance could 
imply ze ro  source  impedance - one  capable  of producing 
t h a t  vol tage ac ros s  any impedance, even a shor t  circuit .  
That would imply a n  infinite surge current ,  clearly a n  
I,nrsal;r+;r r;t,,~+;r.n 
",,.LO..a..L a.L"-..Ymm. 

4.2 Proposed Approach 
' Because o i  the wide range of possibie source  iiii- 

pedances and t h e  di f f icul ty  of se lect ing a specif ic  value, 
t h r e e  broad ca t egor i e s  of building locations a r e  proposed t o  
represent  t h e  vas t  major i ty  of locations [7,8 I, from those  
near  t h e  se rv i ce  en t r ance  t o  those  r emote  from it. The 
sou rce  impedance of t h e  surge increases  from t h e  outside 
t o  locations well within t h e  building. Open-circuit 
voltages, on t h e  o the r  hand, show l i t t l e  variation within a 
building because  t h e  wiring provides l i t t l e  a t tenuat ion 1 9  1. 
Table  1 outlines t h e  t h r e e  categor ies  of building wiring. 

Table  2 shows open-cirtuit  voltages and short-circuit  
cu r r en t s  for  each  of t h e  th ree  categories.  The energy 
deposiied in a 500 'v' suppressor has  been coiiipuied and is 
shown for  each  of t h e  categories.  

TABLE l 

Locatlon Categories 

A. Outside and Service Entrance 
Service drop from pole to building ent 
Run between meter and distr~bution pa 'I 

Overhead line to detached build~ngs 
Y 

Underground lmes to well pumps 

B. Major Feeders and Short Branch Circuits 
nic+.;)...*in.. ..=..-I A-.,ir-c 
"La.. ."".."" y"ll.1 "...LC.. 

n,, 2nd feeder SYS?PmS in ind.s?ria! n~;lntr 

Heavy appliance outlets with "short" ronnertions 
to the service entrance 

Lightmg systems In commerc~al bu~ldlngs 

C. Outlets and Long Branch Circults 
All outlets a t  more than LO m (30 ft)  from 

Category B with wires 1114-10 
All outlets a t  more than 20 m (60 ft)  from 

Cateeorv A with wlres 1114-10 

TABLE 2 

Ranges of Voltage and Currents 

Energy Depos- 
Max~mum lted ~n a 500 V , -,--..,.-... 

L"L-.."am mpu!s- $Unnrpssor 

A. Outdoor and 0 10 k V  1.2 x 50 Us tor 
Serv~ce h~gkmpedance c~rcul ts  
Entrance 10 kA 8 x 20 w for 

low-~mpedance crrcults 150 

B. Major Feeders 0 6  kV 1.2 x 50 Ps for 
and Short hlgh-impedance clrcults 
Branch 0 3  kA 8 x 20 Ps for 
Clrcu~ts  ~mpedance clrcults 40 

l 6 kV 0.5 )IS x 100 kHz 
for htgh-impedance clrcults 

0500 A short clrcult for 
low-~mpedance clrcults 2 

C. Long Branch 0 6  kV 0.5 us x 100 kHz for 
Grcuris an; hgh-~iiipzdance CaiCuiiS 
Outlets 200 A short clrcult for 

low-impedance clrcults 0.8 

The values shown in t h e  t ab l e  represent  t h e  maximum 
range, corresponding t o  t h e  "High Exprsure" situation of 
Figure 1. For less exposed systems, o r  when t h e  prospect 
of a fa i lure  is not  highly objectionable, one  could specify 
lower  values of open-circuit  voltages with corresponding 
reductions in t h e  currents.  



5. Conclusion 

The broad range of surge voltages occurring in low- 
vc!t=ge zc pcwer circni t r  car! k simu!ated by a limited set 
of test waves, fo r  t h e  purpose of evaluating their  e f f e c t s  
on equipment. 

Field measurements ,  laboratory experiments, and 
calculations indlcate  t h a t  two  basic waves, at various open- 
circuit voltages and short-circuit cu r ren t  values, can  
represent t h e  major i ty  of surges occurring in residential,  
commercial,  and light industrial power systems ra t ed  up t o  
600 V rms. 

txcept ions  will b e  found t o  the  simplification of a 
broad guideline; however, these  should not  d e t r a c t  from t h e  
benefits t h a t  can  be  expected from a reasonably valid 
uniformity in defining t h e  environment. O the r  test waves 
of di f ferent  shapes may  be  appropria te  fo r  other  purposes, 
and the  present guideline should not be  imposed where i t  i s  
not applicable. 
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Appendix I - D a t a  Base 

Recordings and surge counter  d a t a  have been con- 
tributed from several  sources, in addition t o  t h e  surge 
counter da ta  obtained by members  of t h e  working group. 
Representat ive  oscillograms and summary s ta t is t ics  a r e  
ieqro&i;c& i:: this appendix, in snpport cf the ~c!?=.xa l o ~ o l ~  a- -- ---- 
and oscillatory wave proposals. 

I .  R ~ c o r d r n g s  by Bell Telephone Labora to r~es  

(Data  contr ibuted by P. Speranza, internal report,  
unpublished t o  date)  

1.1 Typical Surge Counter  Stat is t ics  
120 V line at BTL facility in Chester ,  New Jersey,  
during 42 months  of monitoring: 

I46 counts  at 300 t o  500 V 
14 counts  a t  500 t o  1000 V 
3 counts  a t  1000 t o  1500 V 
3 counts  above 1500 V 

1-2 Typlca! Automatic  Recordine Oscilloscopes - 

0 20 40 60 80 100 120 ps 

120 V OUTLET. LABORATORY BENCH 

277/480 V SERVICE ENTRANCE 

2. Recordings by General Electr ic  Company 

(Data  contributed by F.D. Martzloff [ 2 1 ) 

2.1 Surge Counter  Stat is t ics  
a)  Three percsnt of a!! C.S. residences experience 

f requent  occurrences  (one per week or  more) 
above 1200 V 

b) There  is a 100:l reduction in t h e  r a t e  of device 
fa i lure  when t h e  withstand level is raised from 
2 kV t o  6 kV. 

2.2 Typical Automatic  Recording Oscilloscopes 

0 5 10 20 ? O 6 O M 7 5 l O O U S  . . 
FURNACE IGNITION - 24 HOUR PERIOD 

2.3 Simulated Lightning Strokes on a Residential Power 
e i r c u i i  i i abora to ry  ~ o d e i  o i  j y s i emi  i 9 1 

,Recording of open-circuit voltage 
at a branch circuit outlet: 
2200 V peak 500 kHz oscillations 

By connecting a 130 R load at the 
same outlet ( lA load) the voltage 
is reduced to 1400 V peak, with 
more damping. 

Coi~ciusiuns From This Test Series 

i. A cur ren i  of i .5  kA imoderaie  for a iighining 
discharge injected in t h e  ground system) raises 
t h e  wiring system of the  house 2.2 kV above 
ground. Four kiloamperes (still a moderate  
value) will bring this  voltage t o  6 kV, t h e  
typical flashover value of t h e  wiring. 

2. A natural  frequency of 500 kHz i s  exci ted by a 
unidirectional impulse. 



3. In this example, the source of the transient 
(from the loading ef fect  of 130 a )  appears as 

3. Statistics By Land~s and Gyr Company 

Surge counter data on various locations in  Swiss 220 V 
systems (Data contributed by L. Regez - unpublished to  
date) 

The General Electric counter statistics yield a 
point of 1200 V at about 1 occurrence per year (x). 

The General Electric clock data indicate a slope of 
i O O : i  from i i t i t  to  6 k v  i- - - -j. 
The Regez data prov~de a band for the majority of 
Inrstinnc (chnwn rrncc-hstrhorl\ with thn n v r a n -  - - - - - - - . . - . - . . - . . . . - . --I . . - I - . . - - , , . . . I. . ...- 
tion of the rural location with long overhead line, 
which has more occurrences. 

Working Group statistics (. -- . --) indicate a less 
steep slope, perhaps because of the influence of 
outdoor locations Included in  the sample (similar 
to the rural data of Regez). 

The proposed curve, which is the center of the 210 
range of Figure 1, is shown In bold dashed lines (- - -). 
It has been drawn at the 100:l slope, passing near the Bell 
and General Electric points and located within the band of 
the Regez data. 

'" 102 2 5 10' 2 5 10' 2 

PEAK VOLTAGE V 

- Servrce entrance, 16-famdy house, under- 
ground system --- Same house, outlet third floor hvmg  room 

- - . - - - - . Same house, ourlet f i f th floor lmmg room 
k r v l c e  entrance of bank burldrng m Barel --- Landlr and Gyr Plant. Zug, outlet m lab. 
Landlr and Cyr, Zug, outlet in furnace room 
Farmhouse rupplled by overhead lmes 

4. Working Group Surge Counter Statistics 

Surge counters with four threshold levels (350: 500: 
1000, and 1500 V) were used to  record surge occurrences at  
various iocations. Members o i  the Working Group instaiied 
these on 120 and 240 V systems of various types, including 
the following: outlets in  urban, suburban, and rural 
residences; outlets in  a hospital; secondary circuits on 
distribution system poles (recloser controls); secondary of 
padrmounted distribution transformers; lighting circuits in 
an industrial plant; l i f e  test racks at  an appliance manu- 
facturer; bench power supply in  a laboratory. 

Summary Statistics of these measurements are as follows: 

Data base from 18 locations wi th a total recording 
time of 12 years spread over 4 calendar years, 
using 6 counters. 

Number of occurrences per year (weighted aver- 
ages) at  ?'average iocaiion.!' 

e 350 V: 22 

e 500 \.I: !! 

0 1ooov: 7 

0 1500 V: 3 

Significant extremes 

One home w ~ t h  large number of surges 
caused by washer operation. 

Four locations out of 18 never experienced a 
surge. 

0 One home experienced several occurrences 
above 1500 V, with none below that value. 

0 One industriai iocation iswitching o i  a test 
rack! produced ?housands of surges in the 
350-500 V range, and several surges i n  
excess of 1500 V. This location was l e f t  out 
,-.f +hn ~ . , . ~ = , n a  mrnnn~+=ti,-.n hn~t i t  nvnrnnli- 
V' L.'.. O.L.UbL ..V...,,U.Y..V.., 1". 1. --.....,.,..- 
fies a significant extreme. 

From the data base cited i n  the preceding pages, one 
can draw the chart below, including the following informa- 
t ion on voltage vs frequency (rate) of occurrence: 

1. The Bell Laboratories data yield a point of 1000 V 
at  about 2 occurrences per year (-). 

PEAK VOLTAGE - V 

Appendix 11 - Effect of Transient Polarity Reversals 
oii S ~ i i i i ~ ~ i i d i i ~ t ~ i ~  

Breaitaown of sem~conaucrors under varlous conal- 
tlons of load and translent overvoltage appl~rat~ons has 
been 1nvest1~ated.t Ev~dence 1s presented In the two 
mvestlgatlons c ~ t e d  that a reverse voltage apphed durlng 
the conduct~on per~od of the power frequency produces 
lower breakdown voltages than the apphcat~on of the same 
translent w ~ t h  no load or durmg blocking. Examples are 
glven below, taken from these two mvestlgatlons, showlng 
stat~stlcally slgnlf~cant d~fferences In the voltage levels. 

IN1 190 Diode* 

Average 
Breakdown ( V )  

Transient at no load 1973 
Fast wave under load 830 
Slow wave under load 1097 

Transient at no load 2056 
Fast wave under load 894 
Zlnw wave ~tnrler lnarl - - - . . . - . - - . . - - . . - - - I Inc. .--- 

Translenr appiiea ar: 
- peak of reverse voltage 1766 
-25" after start of conductron 1181 
-90' after start of conduction 906 
-155' after start of conduction 1 115 

This effect is one of the reasons for selecting an 
oscillatory waveform to represent the environment: it wil l  
be more hkely to  Induce sem~conductor fa~lures than a 

. unidirectional wave. Also, i t  shows the significance of the 
t iming of the transient appl~cation with respect to the 
power frequency cycle. 

Appendix I11 - Notes and References 

1. Surge Voltage 
Deilnmons o i  terms used in  this guideiine are 

c c ~ j i j t e n t  with !EEE Sr=&=rd !aQ- !977 ,D ic t i ~q>  cf &c- 
trical and Electronic Terms, 2nd ed.; however, some dif- 
ferences exist. For instance, IEEE Std 100-1977 defines a 
sijrge as a " -..--- :--* -' --*--A:-' -- ' 

L I ~ I I ~ C I I L  wave ur ~ u r  IFIIL, ~ULFIILIPI UI puwes in 
the electric circuits'--a definition broader than that used 

*Chowdhuri, P., "Transient-Voltage Characteristics of 
Silicon Power Rectifiers," IEEE IA-9, 5, September1 
October 1973, p. 582. 

t F.D. Martzloff, internal report, unpublished. 



here. Transient overvol tage is defined a s  "the peak voltage 
during t h e  t ransient  condition resulting from t h e  operation 
of a switching devicef'--a definition more  res t r ic ted than 
tha t  of t h e  present  guideline. 

2. Amplitudes of Strikes, Worst Case  
The siiige .v.o;tages described in g.",;e;iile iilc;.u;e 

lightning e f fec t s  on ~ o w e r  systems, mostly s t r ikes  in the  
vicinity of a power line, or  a t  a remote  point of the  power -. system. Ine  i i t e ra tu re  describes rhe irequency o i  occur- 
rence vs amplitude of lightning strikes, from t h e  low levels 
of a few kiloamperes, through t h e  median values of about  
20 kA, t o  t h e  exceptional values in excess  of 100 kA. 
Clearly, a secondary a r re s t e r  ra ted for  10 kA can p ro tec t  
adequately in case  of a mild direct  s t r ike ,  or  of a m o r e  
severe  s t r ike  divided among several  paths  t o  ground. 
However, a very high and direct  s t r ike  will exceed the  
capability of an ANSI-rated secondary arres ter .  

References: 

Cianos, N. and E.T.Pierce, A Ground-Lightning Environ- 
ment  f o r  Engineering Usage, Stanford Research Institute, 
ivienio Park, CA 94205, August i972. 

h d i e ,  D.T., A.Z. Ghazi,  Ivi. Syed, and 2.i. Toodslde, Char- 
acter izat ion of t h e  Electr ical  Environment, Toronto and 
Buffalo, N.Y.: University of Toronto Press, 1976. 

Martzloff,  F.D. and G.J. Hahn, "Surge Voltage in Reslden- 
tial and Industrial Power Circuits," ZEEE PAS-89, 6, July/ 
August 1970, 1049-1056. 

3. Level vs R a t e  of Occurrence 
The relations hi^ between t h e  level and the  r a t e  of 

occurrence of surges is partly caused by t h e  a t tenuat ion of 
t h e  surges as they propagate away from t h e  source of the  
surge and divide among paths beyond branching points. 
Equipment a t  a given point will be  subjected t o  a relatively 
small number of high-level surges from nearby sources, but 
t o  a larger  number of surges from more r emote  sources. 

timing with respect  t o  t h e  power frequency. Switching 
surges a r e  iikeiy t o  occur near or a f t e r  current  zero, but 
variable load power factors  will produce a quasi-random 
distribution. Some semiconductors, a s  shown in Ap- 
pendix 11, exhibit fa i lure  levels t h a t  depend on t h e  timing of 
t h e  surge with respect  t o  t h e  conduction of power 
frequency current.  Gaps or  other  devices involving a 
power-follow cur ren t  may withstand this power follow with 
success, depending upon t h e  f ract ion of the  half-cycle 
remaining a f t e r  t h e  surge before  cu r ren t  zero. Therefore, 
i t  is important  t o  consider t h e  timing of t h e  surge with 1 
respect  t o  t h e  power frequency. In performing tes ts ,  e i the r  1 
complete  randomization of t h e  timing or  controlled timing 
should be  specified, with a sufficient number of timing 
c o d i t i o n s  t o  ievea! t h e  mos t  er i i icai  timing. 

t h e  "classical lightn s been established a s  
1.2 x 50 ~s for  a voltage wave and 8 x 20 p s  fo r  a cu r ren t  
wave. Evidence has been coiiected, however, t o  show t h a t  
oscillations can  also occur. Lenz reports  50 lightning 
surges recorded in two  locations, t h e  highest a t  5.6 kV, 
with frequencies ranging from 100 t o  500 kHz. Martzloff 
reports  oscillatory lightning surges in a house during a 
multiple-stroke flash. 

References: 

Lenz, J.E., "Basic Impulse Insulation Levels of Mercury 
Lamp Ballast for  Outdoor Applications," Illuminating Engrg., 
February 1964, pp. 133-140. 

Martzloff,  F.D. and G.J. Hahn, "Surge Voltage in Resi- 
dential a ~ d  !nd"stria! PCI\WP~ C i r ~ c i f  ," IEEE PACg_O, 6 ,  Ju!~! 
August 1970, 1049-1056. 

6, Surge !mpec!ance 2nd Socrce !mpedt.nce 
To Drevent misunderstandina. a distinction between 

source impedance and surge imped&ce needs t o  be  made. 
Surge impedance, also called character is t ic  impedance, is a 
concept re la t ing t h e  parameters  of a long line t o  t h e  
propagation of traveling waves. For t h e  wiring pract ices  of 
t h e  ac power c i rcui ts  discussed here, th is  character is t ic  
impedance would b e  in t h e  range of 150 t o  300 Q, but 
because the  durations of t h e  waves being discussed (50 t o  

20 ps) a r e  much longer than t h e  t ravel  t imes in the  wiring 
systems being considered, traveling wave analyses a r e  not 
useful here. 

Source impedance, defined a s  "the impedance 
presented by a source of energy t o  the  input terminals of a 
device, or  network?! iiEEE Standard i O O i ,  is a more useiui 
concept here. 
7. Power System S o u ~ c e I m p e d a n c e  

The measurements  from whlch F l ~ u r e  1 was derived 
were of voltage only. Li t t le  was -known about the  
impedance of t h e  c i rcui ts  upon which t h e  measurements  
were  made. Since then, measurements  have been reported 
on the  impedance of power systems. Bull reports tha t  t he  
impedance of a power system, seen from t h e  outlets,  
exhibits t h e  character is t ics  of a 5 0 a  resistor with 50 pH in 
parallel. A t t empts  were  made  t o  combine the  observed 
6 kV open-circuit voltage with t h e  assumption of a 
50N50  p H  impedance. This combination resulted in low 
energy depos l t~on  capability, which was contradicted by 
field exper ience of suppressor performance. The problem 
led t o  t h e  proposed defmition of oscillatory waves as well 
a s  high-energy unidirectional waves, in order  t o  provide 
!-..*I. *k^ I*^^.- -$ ^^ ^-^:,,^*^".. ... --A *L- L:-L ----- - -  uvut rats f rrccra ur a t  u a c r ~ ~ a ~ u ~  y W a v C  allu i l l ~  ~ l l l j l l - C I I C I  g y  
deposition capability. 

Reference: 

Bull, J.H., "Impedance of t h e  Supply Mains a t  Radio 
Frequencies," Proceedings of 1s t  Symposium on EMC, 
75CH1012-4 Mont., Montreux, May 1975. 

8. Installation Categories  
Subcommit tee  28A of t h e  International Electrotech- 

nical Commission has prepared a report,  referenced below, 
in which installation categories  a r e  defined. These 
installation categories  divide t h e  power systems according 
t o  the  location in t h e  building, in a manner similar t o  t h e  
location categories  defined in this guideline. However, 
there are :=Ke significan: diffe i?ncej  be:w?eii t h e  two 
concepts. First,  t h e  IEC categories  a r e  defined for  a 
"Controlled Voltage Situation," a phrase t h a t  implies the  
presence of some surge suppression device or  surge 
a t tenuat ion mechanism t o  reduce t h e  v o l t a ~ e  levels from 
one  category t o  t h e  next. Second, t h e  IEC report  is more  
concerned with insulation coordination than with t h e  
application of surge protect ive  devices; therefore  i t  does 
not  address t h e  question of t h e  coordination of t h e  
protectors, but ra ther  t h e  coordination of insulation levels 
- that  is, voltages. Source impedances, in contras t  t o  this 
guideline, have not  been defined. Fur ther  discussion and 
work toward t h e  application guidelines of both documents 
should eventually produce a consistent set of recommenda- 
tions. 

Reference: 

ov la ti on Coordination Within Low-Voltage Systems In- 
cluding Clearances  and  Creepage Distances f o r  Equipment, 
internationai Eiectrotechnicai Commission, Report  SCisA 
[Central Office) 5 ;  to he puh!lshed in !979, 

9. Open-Circuit Voltages and Wiring Flashover 
Surges propagate with very l i t t l e  a t tenuat ion in a 

power system with no  substantial connected loads. 
Measurements made  in a n  ac tua l  residential system as well 
a s  in a laboratory simulation have shown tha t  t he  most 
significant limitation is produced by wiring flashover, not 
be  a t tenuat ion along t h e  wires. Ironically, a carefully 
insulated installation is likely t o  exper ience higher surge 
voltages than a n  installation where  wiring flashover occurs 
at low levels. Therefore, t h e  open-circuit voltage specified 
a t  t h e  origin of a power system must  be assumed t o  
propagate unat tenuated f a r  in to  t h e  system, which is t h e  
reason fo r  maintaining t h e  6 kV surge specification when 
going from t h e  "B" location t o  t h e  "C" !omtion. 

References: 
Martzloff,  F.D. and K.E. Crouch "Coordination de  la 
protection con t re  les surtensions dans les r6seaux basse 
: : :  a,  . . .. 
r c l ~ a ~ v t k  iexucr l i l r ls ,  - rrucaearngs, is78 iEEE Canadian 
Conference on Communications and  Power, 78CH1373-0, 
pp. 451-454. 

Martzloff,  F.D. Surge Voltage Suppression in Residential 
Power Circuits,  Report  76CRD092, Corporate  Research 
and Development, General E l e c t r ~ c  Company, Schenectady, 
N.Y., 1976. 
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THE DEVELOPMENT O F  A GUIDELINE 
ON SURGE VOLTAGES IN LOW-VOLTAGE AC POWER CIRCUITS 

F.D. Martzloff ,  Member,  IEEE 
Genera! E!ectr!c Company 
Schenectady,  N.Y. 12345 

Abs t rac t  - Surge voltages In a c  power c i r c u ~ t s  become more  significant  
with t h e  increased application of minia?urized e lec t ron ics  in consumer 
and ~ n d u s t r ~ a l  products.  A Worklng Group of IEEE is preparing a 
Guideline describing t h e  n a t u r e  of t h e s e  surges in a c  power c i rcu i t s  up 
t o  600 V. 

The paper describes t h e  d a t a  base and approach used by t h e  
Working Group and t h e  recommendations proposed t o  represen t  typical  
surges,  in order to  ob ta in  feedback  before t h e  f inal  wriring of t h e  
Guideline. 

Two waveforms  a r e  proposed, o n e  oscil latory,  t h e  o t h e r  
unidirectional ,  depending on  t h e  locatlon within t h e  power sys tem.  
Recommendations for  source  impedance or  short-circuit  cur ren t  a r e  
also included. 

INTRODUCTION 

Surge vol tages  occurrlng in a c  power c i rcu i t s  can  be  t h e  cause  
of misoperation or  product fai lure for  residential  a s  well a s  industrial  
systems. The prob!em has received i n c r e a e d  attention in r e c e n t  y e a i s  
because miniaturized solid s t a t e  devices a r e  more  sensit ive t o  voltage 
surges i s p ~ k e s  and t rans ien ts )  than  were  their  predecessors.  

Although surge  voltage amplitudes and their  f requency  of 
occur rence  on unpro tec ted  c i rcu i t s  a r e  well known, their  waveshapes 
and energy c o n t e n t  a r e  less well known. On t h e  basts of measure- 
ments ,  s ta t i s t i cs ,  and  theore t ica l  considerations,  a p rac t ica l  guideline 
for  outlining t h e  envi ronment  for use in predicting e x t r e m e  wave- 
shapes and energy  c o n t e n t  c a n  nevertheless be  established.  A Working 

'Group of t h e  Surge Pro tec t ive  Devices C o m m i t t e e  is cur ren t ly  
developing such a guideline; this  paper repor t s  t h e  s t a t u s  of t h e  
Guideline, presents t h e  considerations which led t o  t h e  approach 
chosen,  and provldes a possible vehlcle for discussion before  t h e  f inal  
writ ing and publication of t h e  Gu~del ine .  

SCOPE 

The C."ide!ine primarily addresses a c  p o ~ e r  c i rcu i t s  with ra ted  
voltages up t o  600 V, al though some of t h e  conc lus~ons  of fe red  could 
apply t o  higher voltages and also t o  some d c  power systems. Other  
s tandards  have been  established,  such a s  IEEE 472, Guide f o r  Surge 
Withstand Capabil i ty (SWC) Tests,  intended for  t h e  special  c a s e  of 
hlgh-voltage substat ion environments,  and IEEE 28, S tandard  f o r  Surge 
Arres te rs  f o r  a c  Power  Circuits ,  covering primarily t h e  uti l i t ies en-  
vironment.  The Guideline intends t o  complement ,  not  conf l ic t  with,  
e x i s t ~ n g  standards.  

The surge voltages considered in t h e  G u i d e h e  a r e  those 
exceeding t w o  per unit (or twice  t h e  peak opera t ing  voltage) and  
having durations ranging from a f rac t ion  of a microsecond t o  a 
mi l l~second.  Overvol tages  of less than  t w o  per unit a r e  no t  covered,  
nor a r e  t rans ien ts  of longer duration result ing from power equipment 
operation and f a ~ l u r e  modes. Because these  low-amplitude and long, 
d u r a t ~ o n  surges a r e  generally not amenable  t o  suppression by conven- 
t ional  surge pro tec t ive  devices,  they  require d i f fe ren t  p ro tec t ion  
techniques.  

Definit ions of t e r m s  used In t h e  Guideline a r e  consistent  with 
i E E t  Standard 100-1977, Dictionary of Electrical  a n d  Electronic 
Terms, 2nd ed.; however,  s o m e  d i f fe rences  exist .  For instance,  !CEE 
Std 100-1977 defines a surge  a s  a "translent  wave of c u r r e n t ,  potential  
or power in t h e  e l e c t r i c  circultl '-a definition broader than  t h a t  used 
here. Transient  overvol tage  is defined a s  "the peak voltage during t h e  
t rans ien t  condit ion result ing from t h e  opera t ion  of a switching 
device4'-a definit ion more  res t r ic ted  than  t h a t  of t h e  Guideline. 

While t h e  major purpose of t h e  G u ~ d e l i n e  is t o  d e s c r ~ b e  the  en- 
vironment,  a secondary purpose is t o  lead toward  s tandard  tes t s ,  

through a n  application guide t h a t  will be prepared in the  future.  These 
s tandard  t e s t s  wi!! providc a rea l i s t i c  e ~ . a l u a t i o n  of i h e  surge wliiisrdnd 
capabil i ty of equipment connec ted  t o  these  power circuits. Of 
necessity,  t h e  conlplex rea l  s ~ t u a t i o n  must be  simpllfled to  produce a 
manageable  s e t  of standards.  One  must recognize the  unavo~dably 
a rb i t ra ry  c h a r a c t e r  of any  standard and be prepared to  accept  an 
i m p e r f e c t  approach whlch can  s m p l i f y  m a t t e r s ,  ra ther  than demand a 
p e r f e c t  bu t  una t ta inable  match  be tween  t h e  ac tua l  s ~ t u a t i o n  and the  
standard.  

THE ORIGIN O F  SURGE VOLTAGES 

Surge voltages occurrlng in low-voltage a c  power circults  
o r ig ina te  f rom t w o  major sources:  load switching transients and direct  
o r  indirect  lightning e f f e c t s  on t h e  power system. Load s w ~ t c h l n g  
t rans ien ts  can  be  fur ther  divtded into t rans ien ts  a s s o c ~ a t e d  with ( I )  
-",-- !ann;va p w c t  > y > r c l l l  - . , -LA-  s w i i r h i r ~ g  disturbances,  such a s  capacitor bank 

switching; (2) minor switching near the  polnt of Interest ,  such a s  an 
appliance turnoff in a household or the  tu rnof f  of o ther  loads In an 
,",i;l ,;A3a=I c.,-+--. 1-2) ------- ...U...YUYI _ l J J L L I I I ,  \ _ I T  1 ~ 3 ~ l 1 a ~ i j i g  ~ i t - c u i i s  db30ciaTed W I T ~  switching 
devices,  such a s  thyristors;  and (4) various sys tem faults, such a s  short  
c i rcu i t s  and arcing faults .  Measurements and calculattons of lightning 
e f f e c t s  have been made t o  yield d a t a  on what levels can be produced, 
even  if the e x a c t  mechanism of any part icular  surge IS unknown. The 
major mechanisms by which lightning produces surge voltages a re  
following: 

(a) A d i r e c t  lightning s t r ~ k e  t o  a primary clrcult  ~ n j e c t s  h ~ g h  
cur ren ts  in to  the  primary clrcult ,  producing voltages by 
e l t h e r  i lowlng through ground res i s tance  or flowing 
through t h e  surge impedance of t h e  primary conductors. 

(b) A lightning s t r ike  t h a t  misses t h e  !ine but hits  a nearby 
objec t  s e t s  up e lec t romagnet ic  f ields which can induce 
voirages on the  conductors of t h e  p r m a r y  circuit .  

the 

i c j  The rapid coiiapse of  voltage t h a t  occurs  when a prlmary 
a r r e s t e r  opera tes  t o  h m i t  the  prlmary voltage couples 
e f f e c t ~ v e l y  through t h e  capdc l tdnce  of the  transformer 
and produces surge voltages In a d d i t ~ o n  t o  those coupled 
in to  t h e  secondary c l rcu l t  by normal t ransformer  actlon. 

(d) Lightning s t r ikes  t h e  secondary c i rcu l t s  directly.  Very 
high cur ren ts  c a n  be  ~nvolved ,  exceeding t h e  c a p a b h t y  
o t  conventional  devlces. 

(e) Lightnmg ground cur ren t  flow resulting f r o m  nearby 
direct-to-ground discharges couples on to  the  common 
ground impedance  pa ths  of the  grounding network. 

Fas t -ac t ing  protection d e v ~ c e s ,  such a s  cur ren t - l im~t lng  fuses 
and c i r c u ~ t  breakers  capable  of clearing or beginning to  part  contac ts  
In less than 2 ms, l eave  t rapped  mductive energy in the  clrcult  
ups t ream;  upon collapse of t h e  field, very high voltages a r e  generated.  

Tra"sient overvo]tao- 0-1 assoc!at& w ~ f h  the  :-:.r!tching of power 
f a c t o r  cor rec t ion  capac i tors  [ I ]  have lower frequencies than the  high- 
frequency s p ~ k e s  wlth whlch this  document IS concerned.  Their levels, 
a t  l eas t  In t h e  r a s p  of r e s t r i k e f r e e  zw!tching operat!o.ns, a r e  ge.nera!!y 
less than t w i c e  normal vo l tage  and therefore  a r e  not of subbtantlal 
concern  here,  bu t  should not b e  overlooked. 

On t h e  o t h e r  hand, switchmg operations involv~ng r e s t r ~ k e s ,  
such a s  those produced by a l r  contac tors  or mercury s w ~ t c h e s ,  can 
produce, through escalat ion,  surge voltages of complex waveshapes and 
o f  amplitudes several  t lmes  g r e a t e r  than t h e  normal system voltage. 
The severes t  case  is generally found on the  load side of the  switch and 
involves only t h e  device t h a t  is being switched.  W h ~ l e  this situation 
should cer ta in ly  not b e  ignored, in such a case  t h e  prlme r e s p o n s ~ b ~ l i t y  
for  p ro tec t ion  res t s  with t h e  local user of t h e  device in qurst ion.  
However,  switching t rans ien ts  can  also appear on the l ~ n e  s ~ d e  across 
devices connec ted  to  the  line. The presence and source of translents 
may be unknown to  the  users of those devices. Thls potentially 
harmful si tuation occurs of ten  enough to  command attention.  

A 79 428-4 A papr r e c a t u ~ n r l e d  a n d  qoprwed by t h e  
IL'EE SWCJe P r o t e c t i v e  Wvices C o m m i t t e e  of the IEEE 
P G G ~ ~  C n g i i i e e r i r ~ g  Society for p r e s e n t a t i o n  a t  tile I R E  
PES Smwr F I e e t F r q  V a n c o c v e r ,  ~ r i t i s h  Co?;-his, 

While t h e  d a t a  have  been recorded p r ~ m a r i l y  on 120, 2201380, or --- .. - -  
~ / / / r i a ~  V sys tems ,  t h e  general  conc lus~ons  should be valid for 600 V 
systems. To t h e  ex ten t  t h a t  %large voltages a r e  produced 5; a d i sc ie te  
amount of energy being dumped Into a power system, low-impedance, 
heavy  ~ r ~ d u s r r ~ a i  sysrems can be  expec ted  to experlence lower peaks 
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surge suppressor. 
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GCCUKRENCE 4hlD VOLTAGE LEVELS 
IN UNPROTECTED CIRCUITS 

The r a t e  of  occurrence of surges varies over wide limits,  
depending on the  particular system. Prediction of t h e  r a t e  for a 
particular sys tem is always difficult  and f requent ly  impossible. R a t e  
is re la ted to  t h e  level of t h e  ,surges; low-level surges  a r e  more  
prevalent than high-level surges. The relationship between the  level 
and the  r a t e  of occurrence of surges is partly caused by t h e  
a t tenuat ion of t he  surges a s  they propagate away f rom t h e  source  of 
t h e  surge and divide among paths  beyond branching points. Equipment 
a t  a given point will be  subjected t o  a relatively smal l  number of high- 
level surges f rom nearby sources, but t o  a larger number of surges 
f rom more remote  sources. 

Da ta  col lected f rom many sources  have led t o  t he  plot shown in 
Fig. 1. This prediction shows with cer ta inty  only a r e l a t ive  f requency 
o f  occurrence, while t h e  absolute number of occurrences  can  be  
described only for  an "average location." The "high exposure" and "low 
exposure" limits of t h e  band a r e  shown a s  a guide, not a s  absolute 
limits,  t o  r e f l ec t  both t h e  location exposure (lightning act iv i ty  in t h e  
a rea  and the  nature  of t he  sys tem) and the  exposure t o  switching 
surges created by other  loads. 

The l i t e r a tu re  describes the  frequency of occurrence vs 
amplitude of  !ightning strikes, f rom t h e  low levels of a few 
kiloamperes, through t h e  median values of about  20 kA, t o  t h e  
exceptional values in excess  of iOO kA [ 2 3 .  Clearly, a secondary 
arres ter  ra ted for 10 kA can  protect  adequate ly  in ca se  of a mild 
di rect  strike, or of a more severe  s t r ike  divided among several  paths  t o  
ground. However, a very high and di rect  s t r i ke  will exceed t h e  
capability of an  ANSI-rated secondary a r r e s t e r  [ 3  I. 

The voltage and current  amplitudes presented in t h e  Guideline 
a t t e m p t  t o  provide for t h e  vast majority of lightning s t r ikes  but  should 
not be considered a s  "worst case," s ince  this concept  cannot  be  
determined realistically. One should think in t e r m s  of t h e  s ta t is t ica l  
distribution of strikes, accept ing a reasonable upper limit for most 
cases. Where t h e  consequences of a failure a r e  not ca tas t rophic  but 
merely represent an  annoying economic loss, i t  is appropr ia te  t o  make  
a trade-off of t h e  cost  of protection against t h e  likelihood of a fa i lure  
caused by a high but r a r e  surge. For instance, a manufacturer  may be 
concerned with nation-wide failure ra tes ,  those a t  t h e  upper limits of 
t he  distribution curve,  while t h e  user of a specif ic  sys tem may be 
concerned with a single failure occurring a t  a specif ic  location under 
"worst-case conditions." Ra te s  can be es t imated for ave rage  sys tems,  
however, and even if imprecise, t hey  provide manufacturers  and users 
with guidance. Of equal  importance is t he  observation t h a t  surges in 
the  range of 1 t o  2 kV a r e  fairly common in residential circuits.  

From the  re la t ive  values of Fig. I ,  t w o  typical levels can be  
c i ted  f o r  pract ica l  applications. Fi is i ,  t h e  expecta t ion of a ?!:'I 
transient o r r u r r e n c e  on a 120 V ci rcui t  ranges f rom 0.01 t o  1 per year  
a t  a given location - a  number sufficiently high t o  justify t h e  
recommendation of a minimum 3 kV wiiirsiand capability.  Second, t he  
wiring flashover l imi ts  indicate t ha t  a 6 kV withstand capability may 
be sufficient t o  ensure  device survlval indoors, but a 10 kV withstand 
capability may be required outdoors. 

TYPICAL 
OUTDOOR 
FLASHOVER 

Ftg. 1. R a t e  of surge occurrence vs voltage level. 

Timing of Occurrence 

Surges occur  a t  random t imes with respect  t o  t he  power 
frequency, and the  failure mode of equipment may be a f f ec t ed  by t h e  
power frequency follow current  or by t h e  timing. Consequently, surge 
tes t ing must be done with the  a c  voltage apphed to  t he  tes t  piece. 

Lightning surges  a r e  complete ly  random in their t iming with 
respect  t o  the  power frequency. Switching surges a r e  likely t o  occur 

near  or a f t e r  current  zero, but variable load power factors  will 
produce a quasi-random distribution. Some semiconaucrors,  a s  shown 
in Appendix !!, exhibit  fa i lure  levels that  depend on the  timing of t he  
surge with respect  t o  t he  conduction of power frequency current.  
Gaps or o ther  devices involving a power-follow current  may withsrana 
this power follow w ~ t h  success, depending upon the  fraction of t he  
half-cycle remaining a f t e r  t h e  surge before current  zero. Therefore, 
i t  is important  t o  consider t he  timing of t he  surge with respect t o  the  
power frequency. In performing t e s t s ,  e i ther  complete  randomization 
of t h e  timing or controlled timing should be specified, with a sufficient 
number of t iming conditions t o  reveal  t he  most cr i t ica l  timing. 

WAVESHAPE O F  REPRESENTATIVE SURGE VOLTAGES 

Waveshapes in Actual Occurrences  

Indoor - Measurements in t h e  field, measurements  in t he  laboratory, 
and theoret ica l  calculations indicate  t ha t  most surge voltages in indoor 
low-voltage sys tems have oscillatory waveshapes, unlike the  well- 
known and generally accepted unidirectional waves specified in high- 
vol tage insulation standards. A surge impinging on the  system exci tes  
t he  natural  resonant frequencies of t h e  conductor system. As a result, 
not only a r e  t h e  surges typically oscillatory, but surges may have 
d i f f e ren t  amplitudes and waveshapes a t  d i f ferent  p!ace; In the  system. 
These osr i l la tory  frequencies of surges range from 5 kHz t o  more than 
500 kHz. A 30 t o  100 kHz frequency is a realistic measure of a 
"typical" surge for most resideniiai and light industrial a c  line 
networks- 
Outdoor - Surges encountered in outdoor locations have also been 
recorded, some  being oscillatory, o thers  belng unidirectional. The 
"classical lightning surge" has  been established a s  1.2 x 50 u s  for a 
vol tage wave and 8 x 20 ps  for a current  wave. Evldence has been 
col lected,  however, t o  show tha t  oscillations can also occur. Lenz [ 4  1 
repor ts  50 lightning surges recorded In two locations, t he  highest a t  
5.6 kV, with f requencies  ranging from 100 t o  500 kHz. Martzloff 151 
repor ts  oscillatory lightning surges  in a house during a multiple-stroke 
flash. 

Because t h e  overriding concern here  IS t he  energy associated 
with these  surges, a conservat ive  but realistic description of t he  surges 
can  be  derived f rom t h e  long-established specified duty of a secondary 
a r r e s t e r ,  a s  deta i led  below. While this specification is arbitrary, ~t has 
t he  s t rength  of exper ience and successful usage. 

Selection of Representa t ive  Waveshapes 

The definition of a waveshape t o  be  used a s  representa t ive  of 
t h e  environment is important  for the  design of candidate  protective 
devices, s ince  unrealistic requirements,  such a s  e x c e s s ~ v e  duration of 
*c.. ~ 1 , ~  vvlragL or very lew source  impedancej  place a high energy require- 
ment  on t h e  suppressor,  with a resulting cost  penalty t o  the  end user. 
The two  requirements  defined below ref lect  this trade-off. 

Indoor - Based on measurements  conducted by several inaependenr 
organizations in 120 and 240 V sys tems !.Appendix !!; t he  waveshape 
shown in F I ~ .  2 is reasonably representative of surge voltages in these 
power circuits.  Under t h e  proposed descrlptlon of a "0.5 U S  - 100 kHz 
ring wave," this waveshape rises in 0 .5vs ,  then decays while 
oscillating a t  100 kHz, each  peak being about  60% of the  preceding 
peak. 

F I ~ .  2. The proposed 0;5 g s  - 100 Hz ring wave 
(open-circuit voltage). 

The f a s t  i ise can produce t h e  e f f ec t s  associated with nonlinear 
vol tage distribution in windings and the  dv/dt  e f f ec t s  on semiconduc- 
tors.  Shor ter  rise t imes  a r e  found in many transients,  but, a s  those 
t ransients  propagate into the  wiring or a r e  ref lected from 
discontinuities in the  wiring, t he  rise t ime  becomes longer. 

The oscillating and decaying tail produces t h e  e f f ec t s  of voltage 
polarity reversals in surge suppressors or other devices that  may be 
sensitive t o  polarity changes. Some semiconductors a r e  particularly 
sensitive t o  damage when being forced in to  or ou t  of a conducting 
s t a t e ,  o r  when t h e  transient is applied during a particular portion of 
t h e  60 Hz supply cycle  (Appendix 11). The response of a surge 



suppressor can a ! m  be a f f ec t ed  by reversals  in t he  po!arity, a s  in t h e  
case  of R C  at tenuat ion before  a rect i f ier  c l rcui t  in a d c  power supply. -. Ine  pulse withstand capabiiity 01 many sem~conduc to r s  tends to  
improve i f  t h e  surge d u r a t i ~ n  is m ~ h  she r t e r  than one microsecond. 
For this reason, t he  f i rs t  half-cycle of t h e  t e s t  wave must have a 
s u f f l c ~ e n t  duration. 
Outdoor - In the  outdoor and service  en t r ance  environment,  a s  well a s  
in locations close t o  t h e  service  entrance,  substant ia l  energy,  or 
current ,  is sti l l  available. For t hese  locations, t h e  unidirectional 
impulses long established for secondary a r r e s t e r s  a r e  more  appropr ia te  
than the  oscillatory wave. 

Accordingly, t h e  recommended waveshape is 1.2 x 50 u s  for 
open-circuit voltages and 8 x 20 u s  for  sho r t - c i r cu~ t  current  (impulse 
discharge current)  or current  In a low-impedance device. The numbers 
used to  descr lbe  t h e  impulse, 1.2 x 50 and 8 x 20, a r e  a s  defined in 
IEEE Standard 28 - ANSI Standard C62.1; Fig. 3 presents  t he  wave- 
shape and a graphlc description of t h e  numbers. 

Z2 x 1.25=8pr 

Flg. 3. Waveshapes for  outdoor locations. 

ENERGY AND SOURCE IMPEDANCE 

General  

The energy involved in t he  in teract ion of a power sys tem with a 
surge source and a surge suppressor will divide between t h e  source  and 
the  suppressor in accordance with t h e  character is t ics  of t h e  two  
impedances. In a gap-type suppressor, t h e  low impedance of t h e  a r c  
a f t e r  sparkover forces  most of t he  energy t o  be dissipated elsewhere: 
for Instance, in a reslstor added in ser ies  with t h e  gap  for l imiting t h e  
power-follow current .  In an energy-absorber suppressor, by i t s  very 
nature ,  a substantial share  of t h e  surge energy is dissipated in t h e  
suppressor, but i t s  clamping act ion does not involve the  power-follow 
energy resulting f rom the  short-circuit  ac t ion of a gap. It is t he re fo re  
essential t o  t he  e f f ec t ive  use of suppression devices t ha t  a real is t ic  
assumption be made  about  t h e  source impedance of t he  surge whose 
e f f e c t s  a r e  t o  be  duplicated. 

The voltage wave shown in Fig. 2 is intended t o  represent  t h e  
waveshape a surge source would produce across an  open circuit .  The 
waveshape will be  di f ferent  when t h e  source  is connected t o  a load 
having a lower impedance, and t h e  degree  t o  which i t  is !ewer is a 
function of t h e  impedance of t h e  source. 

To prevent misundersranding, a d i s t i nc t~on  between sou rce  im- 
wedance and surge impednnce needs t o  be  made. k r g e  impedance, 
also called cha rac t e r i s t i c  impedance, is a concept  relating t h e  param- 
e r e r s  of a long iine t o  the  propagation of traveling waves. For t h e  
wiring pract ices  of  t he  a c  power c i rcui ts  discussed here ,  this 
characteristic impedance would be  in t h e  range of 150 t o  3 0 0 Q ,  but 
because t h e  durations of t h e  waves being discussed (50 t o  20 p s )  a r e  
much longer t han  t h e  t r ave l  t imes  in t h e  wiring systems being 
considered, traveling wave analyses a r e  not useful here. 

Source impedance, defined a s  "the impedance presented by a 
source of energy t o  t he  input terminals  of a device, or network" (IEEE 
Standard loo), is a more  useful concept  here. In t he  conventional 

Thevenin's description, t h e  open-circuit voltage ( a t  the  terminals of 
t h e  network o r  t e s t  generator)  and the  source impedance (of the  surge 
source  or t e s t  generator)  a r e  sufficient t o  calcula te  t he  short-circuit  
cu r r en t ,  as we!! a; any cu r ren t  f o r  a specified ;uppiessoi impedance. 

The measurements  f rom which Fig. I was derived were of 
vol tage only. Li t t le  was known about t he  impedance of the  circults 
upon which t h e  measurements  were  made. Since then, measurements 
have been repor ted on t h e  impedance of power systems. Bull I 6  1 
repor ts  t ha t  t h e  impedance of a power sys tem,  seen from the  out le ts ,  
exhibits t h e  character is t ics  of a 50Q resistor with 50 pH in parallel. 
A t t empt s  were  made t o  combine the  observed 6 k V  open-circuit  
voltage with t h e  assumption of a 5 0 8 / 5 0  uH impedance [ 71. This 
combination resulted in low energy deposition capability,  which was 
contradic ted by field exper ience of suppressor performance. The 
problem led t o  t he  proposed definition of oscillatory waves a s  well a s  
high-energy unidirectional waves, in order  t o  provide both the  e f f ec t s  
of an oscillatory wave and the  high-energy deposition capability. 

The degree  to  which source impedance is important depends 
largely on t h e  type of surge suppressors t ha t  a r e  used. The surge 
suppressors must be  able  t o  withstand the  current  passed through them 
by t h e  surge source. A t e s t  generator of too high an impedance may 
not subject  t he  devlce  under t e s t  t o  sufficient stresses, while a 
generator  of too low an impedance may sub!ect protect ive  devices t o  
unrealistically s eve re  stresses. A tes t  voltage wave speclfled without 
r e f e i ence  to  source impedance could imply zero  source impedance - 
one capable  of producing tha t  voltage across any impedancei even a 
shor t  circuit .  That  would imply an  infinite surge current ,  clearly a n  .,--..-, :-*:- -:A..-L:.- 
UIII C a L I J L I C  S I L V d L I U t I .  

Because of t he  wide range of possible source impedances and 
t h e  difficulty of se lect ing a speciflc value, t h ree  broad categories of 
building locations a r e  proposed t o  represent  t h e  vast majority of 
locations, from those near  t he  service  en t r ance  to  those remote  from 
it .  The source  impedance of t h e  surge increases from the  o u t s ~ d e  to  
locations well within t h e  building. Open-circuit voltages, on the other 
hand, show l i t t le  variation wlthin a building because the  wiring 
provides l i t t le  a t tenuat ion.  Figure 4 i l lustrates the  application of the  
th ree  categor ies  t o  t h e  wiring of a budding. 

I I 

Fig. 4. Locatlon categories.  
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Subcommit tee  28A of t he  International Elect rotechnical  Com- 
rrtission has prepared a Repo i i  i8 j, in which instailation categor ies  a r e  
defined. These installation categor ies  divide t h e  power sys tems 
according t o  t h e  location in t h e  building, in a manner similar ' t o  t h e  
location caregor ies  dei ined in rhe  Guideline. However, rhe re  a r e  some  
significant d i f ferences  between t h e  two  concepts.  First ,  t h e  IEC 
categor ies  a r e  defined for a "controlled voltage situation," a phrase 
tha t  implies t h e  presence of some  surge suppression device  or surge 
a t tenuat ion mechanism t o  reduce t h e  voltage levels f rom one  category 
t o  the  next. Second, t h e  IEC repor t  is more  concerned with insulation 
coordination than with t h e  application of surge protect ive  devices; 
therefore  i t  does not address the  question o f  t he  coordination of t h e  
protectors  but,  ra ther ,  t h e  coordination of insulation levels - t h a t  is, 
voltages. 

Surges propagate with very l i t t le  a t tenuat ion in a power sys tem 
with no substantial connected loads. Measurements made  in an ac tua l  
residential system a s  well a s  in a laboratory  simulation have shown 
tha t  t he  most significant l imitation is produced by wiring flashover,  
not by a t tenuat ion along t h e  wires. Ironically, a careful ly  insulated 
installation is likely t o  experience higher surge voltages than  a n  
installation where wiring flashover occurs  at low levels. Therefore ,  
t he  open-circuit voltage specified a t  t h e  origin of a power sys tem must 
be  assumed to  propagate unat tenuated f a r  in to  t h e  sys tem,  which is 
the  reason fcr  m a i n t a i ~ i n g  the  6 k?' surge spec i f i ca t im  when going 
from one category t o  an adjacent  ca tegory far ther  in to  t h e  building. 

Furthermore, source  impedances a r e  not defined in t h e  IEC 
report.  The Guide!:ne a t t e m p t s  t o  fil l  this need by specifying severs: 
levels of source impedance, or of short-circuit  current ,  for t h e  various 
categories.  

PROPOSED REPRESENTATION O F  THE ENVIRONMENT 

On the  basis of t h e  preceding discussions, t he  Guideline 
proposes to  reduce t h e  infinite variety of ac tua l  conditions t o  t h ree  
categories,  from t h e  outside service drops t o  t h e  long branch c i rcui ts  
and outlets.  

For each  category t h e  most appropr ia te  waveshape is indicated, 
an  open-circuit voltage for high-impedance loads, o r  a short-circuit  
current  for low-impedance loads. The tabulation tha t  follows shows 
open-circuit voltages and short-circuit  currents  for each  of t he  th ree  
categories.  The energy deposited in a 500 V suppressor has  been 
computed and is shown for each of t h e  categories.  

The values shown in the  table  represent t h e  maximum range, 
corresponding t o  t h e  "High Exposure" s i tuat ion of Fig. 1. For less 
exposed systems,  o r  when the  prospect of a fa i lure  is not highly 
objectionable, one could specify lower values of open-circuit  voltages 
with corresponding reductions in t h e  currents.  IEC Category I, not 
represented in t h e  Guideline, would correspond t o  line cord-connected 
devices in this context ;  

CONCLUSIONS 

The broad range of surge voltages occurring in low-voltage a c  
power c i rcui ts  can be simulated by a l i m ~ t e d  se t  of t e s t  waves, for t h e  
purpose of evaluating their e f f ec t s  on equipment.  

Field measurements ,  laboratory exper iments ,  and calculations 
indicate t ha t  two  basic waves, a t  various open-circuit  voltages and 
short-circuit  current  values, can represent  t h e  majority of surges 
occurring in residential,  commercia l ,  and light industrial power 
sys tems ra ted up t o  600 V rms. 

Exceptions will be found to  t he  sirnpliflcation of a broad guide- 
h e ;  however, these  should nor ae t r ac r  from the  benefits t ha t  can be 
expected from a reasonably valid uniformity in defining t h e  environ- 
ment .  O the r  t e s t  waves of d i f ferent  shapes may be appropr ia te  for 
orher  purposes, and t h e  present guideiine should not be  imposed where 
it is not applicable. 

The Working Group is approaching t h e  final phases of prepara- 
t ion of t he  Guideline document; comments  a r e  solicited from the  
engineering and user communities.  However, readers  must recognize 
t h e  unavoidably arbi t rary  cha rac t e r  of any s tandard and be prepared to  
accep t  an imperfect  approach, which can simpllfy ma t t e r s  and clarify 
t h e  issues a s  well a s  provide uniform evaluations of performances, 
r a the r  than demand a pe r f ec t  but unattainable match between the  
ac tua l  situation and t h e  standard. 
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Recommended Surge Voltages and Cur ren t s  Deemed t o  Represent  t he  Environment 

TY pe 
Impulse of Specimen Energy 

Comparable  t o  Waveform Maximum* or Load Deposited in 
Location IEC SC28A Amplitude Circui t  a 500 V Suppressor 
Ca teao rv  Cateeorv (ioules) 

A. Outdoor and IV 1 .2  x 50 p s  10 kV O.C. High Impedance -- 
Service Entrance 

8 x 2 0 ~ s  10 kA s . c .  Low Impedance 150 

1 7 x 5 0 ~ s  A .- 6 !?I! O.C. High Impedance -- I ! 8 .  Major Feeders  n x 2 0 ~ ~  3 kA S.C. I Luw -... L~avcua< .....-Â --- ,LC 

I and Short 111 
Branch Clrcul ts  

U:-L 1-..- .J - - --  O.C.  rr,~ltIIIIIJC"allCt- 
0 .5  p s  - 100 kHz 

500 A s . c .  Low Impedance 

I Long 
Branch Circui ts  I1 

and Ou t l e t s  

6 kV O.C. High Impedance 
0 . 5 ~ ~  - 100 kHz { 

200 A s . c .  Low Impedance 

I *o.c .: open-circuit  voltage s.c.: short-circuit  cu r r en t  I 



APPENDIX 1 - DATA BASE 

Recordings and surge counter da ta  have been contributed f rom 
several sources; in addition t o  the  surge counter da ta  obtained by 
members of the  Working Group. Representat ive  oscillograms and 
summary s t a t ~ s t l c s  a r e  reproduced in this appendix, in support of the  
voltage levels and oscillatory wave proposals. 

1. Recordings by Bell Telephone Laboratories 

(Data  contributed by P. Speranza, internal report ,  unpublished 
t o  da te )  

1.1 Typical Surge Counter  Stat is t ics  

120 V line a t  BTL facility in Chester ,  New Jersey,  during 
42 months of monitoring: 

146 counts  a t  300 t o  500 V 
14 counts  a t  500 t o  1000 V 
3 counts  a t  I00 t o  1500 V 
3 counts  above 1500 V 

l .2 Typical Automatic Recording Oscilloscopes 

0 20 40 60 80 100 120 ps 

120 V OUTLET. LABORATORY BENCH 

2. Recordings by Generai Electric Company 

2.1 Surge Counter  Stat is t ics  - Martzloff,  F.D. and G.J. Hahn, "Surge 
Voltage in Residential and lndustr~al  Power Circuits,  iEEE P a r a s ,  
6, Ju!y/Augu:t ! 970, ! 049-! 056. 

a )  Three percent of a l l  U S .  residences experience frequent 
occurrences  (one per week or more) above 1200 V. 

b) There is a 100:l reduction in the  r a t e  of device failure when 
t h e  withstand level is raised f rom 2 kV t o  6 kV. 

Number of Houses with R e p e t i t ~ v e  
Surge Activity Above 1200 Volts 

Providence, R. I 
Cleveland, Ohio 
Auburn. N. Y. 
1 , v n e h b k  Vs .  
Syracuse, X Y 
Chicago, Ill. 
Ashland. Mass 

Fort Wayne, Ind 
iJeiiali,, ill 

Surge Counter Recordings Above 1200 Volts 
(Sprmg, Summer, and Fall) 

- - - - - -- - 

Vlrmhcr 
of  

I,oc at >on llornri 
- 

Prowdenre, I <  I 6 
A.hh,,ro \ C' 1 { . . . . . . , . . 
IkKalb, Ill. I I 
Somenworth, S H. { 
Chicago, Ill. I.' 
Cleveland, Ohm X 
Ikcatw, Ill. 12 
Holland. Mwh. 

o 200 400 600 800 lo00 1200 ps 

277/480 V SERVICE ENTRANCE 

I 
{ 

lynch bur^, Va. { 

Total !I I 

-- - - -- - - 

2.2 Typical Automatic Recording Oscilloscopes 

277/480 V SERVICE ENTRANCE 

FURNACE IGNITION - SINGLE RECORDING 



SERVICE ENTRANCE, LIGHTNING STORM 

STREET POLE. LIGHTNING STORM 

2.3 Simula ted  Lightning St rokes  o n  a Res ident ia l  P o w e r  C i r c u i t  (Lab- 
o r a t o r y  Model of S y s t e m )  - M a r t z l o f f ,  F.D. a n d  K.E. C r o u c h ,  
"Coordination D e  La  P r o t e c t i o n  C o n t r e  Less  Sur tens ions  D a n s  L e s  
~ g s e a u x  Basse Tension ~ & ~ d e n t i e l s , "  Proceedings ,  1978 lEEE 
Canadiun  C o n f e r e n c e  o n  C o m m u n i c a t i o n s  a n d  Power ,  7dCH1373-0, 
pp. 451-454. 

1.5 kA c u r r e n t  imoulse  ( 8  x 20 u s  
approx.)  is  i n j e c t e d  i n  round wire  
02 of s e r v i c e  drop .  
e n t s  produce  f lashover  of wiring.) 

Recording  of open-c i rcu i t  v o l t a g e  
a t  a branch  c i r c u i t  ou t le t :  
2200 V p e a k  500 k H z  osc i l la t ions  

By connect ing  a 1 3 0  Q load a t  t h e  
s a m e  o u t l e t  (1 A load)  t h e  v o l t a g e  
is  reduced  t o  1400 V peak, wi th  
m o r e  damping. 

Conclusions f r o m  th is  t e s t  s e r i e s  

I. A c u r r e n t  of 1.5 kA ( m o d e r a t e  f o r  a l igh tn ing  d i s c h a r g e  
in jec ted  in t h e  ground s y s t e m )  ra i ses  t h e  wiring s y s t e m  
of  r h e  house  2.2 k'v' a b o v e  ground. Four  k i ioamperes  k r i l l  
a m o d e r a t e  value) will b r ing  t h i s  v o l t a g e  t o  6 kV, t h e  
typica l  f lashover  v a l u e  of  t h e  wiring. 

2. A n a t u r a l  f r e q u e n c y  of 500 k H z  is e x c i t e d  by a unidirec- 
t lona l  Impulse. 

3. In th is  e x a m p l e ,  t h e  s o u r c e  of t h e  t r a n s i e n t  ( f rom t h e  
loading e f f e c t  of 130  Q ) a p p e a r s  a s  

3. S t a t i s t i c s  by Landis & Gyr ,  Inc. 

Surge  c o u n t e r  d a t a  o n  var ious  loca t ions  In S w m  220 V s y s t e m s  
( D a t a  c o n t r i b u t e d  by L. R e g e z  - unpublished t o  d a t e )  

PEAK V O L I A G E  V 

Ser\/ ice e n t r a n c e ,  !6-fami!u hnrrce, under- 
I 

--- ground s y s t e m  

--- S a m e  house,  o u t l e t  t h ~ r d  f loor  l ~ v i n g  room 

- - - - - - - - S a m e  house,  o u t l e t  f i f t h  f loor  l iving room 
S e r v i c e  e n t r a n c e  of bank building in Basel 

+ -  Landis a n d  G y r  P l a n t ,  Zug, o u t l e t  in lab. 
---_-, Landis a n d  Gyr ,  Zug, o u t l e t  in f u r n a c e  room 
--.- F a r m h o u s e  supplied by overhead  l ines 

F r e q u e n c y  of Vol tage  T r a n s i e n t s  p e r  Y e a r  a s  a Funct ion  of t h e  Peak 
Value of t h e  Vol tage  Trans ien t  f o r  a 220 V, 50 H z  Distribution Sys tem 
w ~ t h  Grounded N e u t r a l  

4. Working G r o u p  Surge  C o u n t e r  S t a t i s t i c s  

Surge  c o u n t e r s  w i t h  f o u r  threshold  leve ls  (350, 500, 1000, and  
1500 V) w e r e  m a d e  a v a i l a b l e  t o  t h e  Working Group by Joslyn 
E l e c t r o n i c  Sys tems,  f o r  record ing  s u r g e  o c c u r r e n c e s  a t  various 
locations.  M e m b e r s  of t h e  Working Group ins ta l led  t h e s e  o n  120 a n d  
240 V s y s t e m s  of var ious  types ,  including t h e  following: o u t l e t s  In 
urban, suburban, a n d  rura l  res idences ;  o u t l e t s  in a hospital;  secondary  
c i r c u i t s  o n  d is t r ibut ion  S Y S ~ P E   pole^ (recIoser C o n t r ~ ! ~ ) t  secondary  of 
pad-mounted d is t r ibut ion  t r a n s f o r m e r s ;  l ighting c ~ r c u i t s  In a n  indus- 
t r i a l  p lan t ;  l i f e  t e s t  r a c k s  a t  a n  a p p h a n c e  m a n u f a c t u r e r ;  bench  power 
suppIy in a !abora torv  I - 

L i m i t a t i o n s  o n  t h e  ava i lab i l i ty  of personnel a n d  cornrnunica t~ons  
m a d e  t h i s  sampl ing  less  t h a n  o p t i m u m  f r o m  a s t a t i s t i c a l  po in t  of view. 
However ,  by c o m p u t i n g  weighted  a v e r a g e s  f o r  e a c h  loca t ion ,  o n e  c a n  
q u o t e  a n  a c c e p t a b l e  o v e r a l l  a v e r a g e ;  t h i s  a v e r a g e  h a s  been  included in 
t h e  graph drawn t o  es tab l i sh  t h e  low a n d  high e x p o s u r e  l imits.  

S u m m a r y  S t a t i s t i c s  of t h e s e  m e a s u r e m e n t s  a r e  a s  follows: 

I. D a t a  b a s e  f r o m  18 loca t ions  wi th  a t o t a l  record ing  t i m e  of 
I 2  y e a r s  s p r e a d  o v e r  4 c a l e n d a r  years ,  using 6 counters .  

2. Number  of o c c u r r e n c e s  p e r  y e a r  (weighted  averages)  a t  
"average  location." 

350  V: 22 

3. S igni f icant  e x t r e m e s  

O n e  h o m e  wi th  l a r g e  number  of surges  c a u s e d  by 
w a s h e r  operar ion  

Four  loca t ions  o u t  of I 8  n e v e r  e x p e r i e n c e d  a surge.  

O n e  h o m e  e x p e r i e n c e d  severa i  o c c u r r e n c e s  above  
1500 V ,  wi th  none  below t h a t  value. 

O n e  indus t r ia l  loca t ion  (swi tch ing  of a t e s t  rack)  
produced  thousands  of surges  in t h e  350-500 V range ,  
a n d  s e v e r a l  s u r g e s  in e x c e s s  of 1500 V. Thls locatlon 
w a s  l e f t  o u t  of t h e  a v e r a g e  c o m p u t a t i o n ,  but it 
e x e m p l i f i e s  a s igni f icant  e x t r e m e .  



Frorn the  da t a  base c ~ i e d  In t h e  preceding pages, one can draw 
the  char t  below, including t h e  following information on voltage vs 
frequency ( r a t e )  of occurrence: 

1. The Bell Laboratories da t a  yield a point of 1000 V a t  
about  2 occurrences  per year  ( 0  ). 

2. The General  Electric counter  s t a t i s t i c s  yield a point of 
1200 V a t  about  I occurrence per  year  ( x ). 

3. The General  Elect r ic  clock da t a  mdicate  a slope of 100:l 
from 2 kV t o  6 k V  (-.-.-). 

4. The Regez da t a  provlde a band for t h e  majority of 
locations (shown cross-hatched), with t h e  except ion of 
t h e  rural location with long overhead line, which has 
more  occurrences. 

5. Working Group s ta t is t ics  (0-0-) indicate  a less s t eep  
slope, perhaps because of t he  influence of outdoor 
locations included in t h e  sample (similar t o  t h e  rural d a t a  
of Regez). 

The proposed curve, which is t h e  c e n t e r  of t h e  '10 range of 
Fig. 1 In the  Guideline, is shown in bold dashed lines (- -). It has  
been drawn a t  t h e  100:I slope, passlng near t h e  Bell and General  
Elect r ic  p ~ i n t :  and located -:thin t h e  band of t h e  Regez  data .  

PEAK VOLTAGE - V 

APPENDIX I1 - EFFECT OF TRANSIENT POLARITY REVERSALS 
ON SEMICONDUCTORS 

Breakdown of semiconductors under various conditions of load 
5.6 t ransient  o \ ~ e r \ ~ o l t a g e  app]ication: h;; been inv?stigated.'t Evi- 
dence is presented in t h e  two  investigations c i t ed  tha t  a reverse  
voltage applied during t h e  conduction period of t h e  power frequency 
produces lower breakdown voltage than t h e  app!ica:ion of the same  
t ranslent  with no load o r  during blocking. Examples a r e  glven below, 
taken from these  two investigations, showing s ta t is t ica l ly  significant 
d i f ferences  in t h e  voltage levels. 

iidi i 90 Diode" 

IN21 60 Diode* 

IN679 Diode t 

7- ..-.:-..*-A - -  , - - J  
I r at IXCI I I a L I IU luau 
Fast  wave under load 
Slow wave under load 

Transient a t  no load 
Fast  wave under load 
Slow wave under load 

Transient applied a t :  
- peak of reverse  voltage 

- 25O a f t e r  s t a r t  of conduction 

- 90' a f t e r  s t a r t  of conduction 

Average 
Breakdown (V) 

1766 

11 8! 

906 

- 155O a f t e r  s t a r t  of conduction 1115 

This e f f e c t  .is one of t h e  reasons for selecting an oscillatory 
waveform t o  represent  t h e  environment: i t  will be  more  llkely t o  
induce semiconductor failures than a unidrect ional  wave. Also, i t  
shows t h e  significance of t h e  timing of t h e  t ransient  apphcat ion with 
respect  t o  t h e  power frequency cycle. 

*Chowduri, P., "Transient-Voltage Character is t ics  of Silicon Power 
Rectifiers." IEEE IA-9, 5, September- /Gi ioter  i973, p. j82. 

~ F . D .  Martz loff ,  in ternal  repor t ,  unpublished. 
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Significance:

This paper is listed under four categories of the Annotated Bibliography as it bears on the corresponding topics. 
The multiple listing reflects the sections in which this paper is cited as supporting material for IEEE Std C62.41.1
and C62.41.2.   Therefore, it can be found in the following four parts of the Anthology:

Part 2  Development of standard – Reality checks
Provides an example of the need to recognize capacitor switching transients when characterizing the surge
environment

Part 3  Recorded occurrences, surveys and staged tests
Provides an example of monitoring and staged tests motivated by field failure, leading to a better understanding of
the environment in which SPDs were expected to perform.

Part 4  Propagation and coupling of surges
Provides an example of how far (3000 meters) the low-frequency transients generated by capacitor switching can
propagate, unabated, in a path involving two step-down transformers.

Part 7  Mitigation techniques
Provides an example of improved mitigation design based on field experience
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VARISTOR VERSUS ENVIRONMENT: WINNING THE REMATCH 
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Schenectady, New York 12345 

Abstract - An unusual case of difficult application of surge 
prntective devices was solved by field measurements with retrofit 
of protective devices suitable for the particular environment. On- 
site measurements indicated that capacitor switching transients 
were causing excessive current surges in the varistors and fuses 
protecting the input to a thyristor motor drive. Knowledge of the 
environment gained by the measurements allowed understanding 
of the probiciti aiid s p ~ i h i i i o i i  of maiching siirge ijioi&i~a 
devices. 

SUMMARY 

During the initial startup of a solid-state motor drive in a 
chemicd processing pian:, dL!m!:ies arcse wI!h !he vxiste: a d  
its protective fuse at the input of the thyristor circuits. Frequent 
blowing of the fuse was observed, with occasional failure of the 
varistor. On-site measurements of the voltages and currents at the 
input to the drive indicated that switching transients associated 
with the operation of a remote substation capacitor bank and the 
relatively low clamping level of the varistor were producing current 
above the fuse and varistor ratings; hence the short lives of these 
two components. When the actual conditions at that site were 
determined by measurements, it became possible to specify surge 
protective devices capable of withstanding that environment. Im- 
mediate relief was secured by the installation of a larger varistor at 
the same point of the circuit; long-term protection was obtained by 
the addition of a gapless metal-oxide varistor arrester on the pri- 
mary side of the step-down transformer feeding the drive. The 
situation has been changed from failures occurring every few days 
to no further problems in the 3 years since the larger varistor was 
insiaiied. 

INTRODUCTION 

This paper presents a case history illustrating how surge protec- 
tive devices that are successfully applied for the majority of cases 
a n  ~ccasicna!!y snge: fzi!u:e when ~YPOECC! to exceptio??~!!~ 

severe surge environments. This paper also shows how little 
attenuation occurs, at the frequencies produced by switching 
surges, between the distribution level (23 kV) and the utilization 
level (460 V), even though a long line and two step-down 
transformers exist between the source of the transient and the 
point of measurement. 

85 SM 365-2 A paper recommended and approved 
by the IEEE Surge Protective Devices Committee of 
the IEEE Power Engineering Society for presenta- 
tion at the IEEE~PES 1985 Summer Meeting, Vancouver, 
B.C., Canada, July 14 - 19, 1985. Manuscript sub- 
mitted February 1, 1985; made available for print- 
ing April 22, 1985. 

The problem involved a 460 V power supply to a thyristor 
drive circuit in a chemical processing plant extending over several 
square miles. During the initial startup, difficulties arose with the 
varistor and its protective fuse at the input of the thyristor circuits. 
Frequent blowing of the fuse was observed, with occasional failure 
of the varistor. The plant substation, fed at 23 kV from the local 
utility, included a large capacitor bank with one-third of the bank 
"...:+A.c\* -r n r . 4  .-.a- *A ...,...:A- ..,....a. F n r + n .  ,,-A ".rotam .,,.l.nna a n l r n l r u  v u  c u a u  VAL rv p v r n u r  y v n r n  l a r r v r  azru ojururlr r v ~ r a e r  

regulation. These frequent switching operations were suspected of 
generating high-energy transients that might be the cause of the 
failure of the fuses and varistors, because literally thousands of 
similar drive systems have been installed in other locations 
without this difficulty. On-site measurements performed after 
repeated blowing of fuses and occasional la~lure of var~stors con- 
nected at the input to the thyristor drive indicated that indeed the 
devices were not matched to their environment. From this point 
on, specifying larger sizes, sizes appropriate to the environment 
[ll,  solved the problem. 

POWER SYSTEM AND SWITCHING TRANSIENTS 

Figure 1 is a simplified one-line diagram of the significant 
elements of the power system causing the varistor failures. The 
incoming 115 kV power is stepped down to 23 kV. Three banks 
of 5400 kVAR capacitors are connected to the 23 kV bus. Typical 
operating conditions involve two banks connected at all times, 
with the third bank switched on or off automatically to provide 
voltage regulation. Power distribution throughout the site is done 
at the 23 kV level. 

The various drive systems which experienced the difficulty are 
supplied at 460 V by a 2300/460 V transformer in their control 
house. A substation close to the control house supplies the 
2300 V power from the 23 kV distribution system. 

SiTE 
SUBSTATION DISTRIBUTION CONTROL 

SYSTEM HOUSE i CUBICLE 

I 

VARISTORS 4 
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Figure 2 is a simplified three-phase schematic of the power 
input. In the original circuit. the thyristor modules were protected 
by varistors at the power input of the 1250 hp drive, where the 
measurements were made. A 6 line inductance, L1, was 
inserted between the bus and the thyristor modules; 20 m m  
varistors rated 510 V were connected in a delta configuration, in 
series with a current-limiting fuse in each line. The varistor con- 
fieciioii via3 about 80 ciii loag, in:iodi;cing an e3tima:ed ! jiH 
inductance into each lead. 

TO CRO 

1 1 -  

THYRISTOR 
MODULE 

[ IDENTICAL CIRCUIT TO THYRISTOR MODULE 

Figure 2. Simplified three-phase schematic 

Instrumentation and Measurements 

Oscilloscopes were used to measure voltage across one varistor 
and its connection and currents through all varistors. Voltage 
measurements were made phase-to-phase on the floating delta 
460 V bus bars with Tektronix P6015 1000:l probes, connected to 
a Tektronix 7633 storage oscilloscope in differentia mode. Cur- 
rent measurements were made with a Tektronix CT5 20:l current 
transformer coupled with a P6021 current probe and connected to 
a second Tektronix 7633 storage oscilloscope. 

The trigger modes used during a two-hour monitoring period 
inciuaed posiiive or negaiive siopes for both siow ac and high- 
frequency modes. For the various modes, the level was adjusted 
to produce a trigger for a voltage exceeding the normal line volt- 
age crest by about 20°/0, or a varistor current in excess of 2 A.  No 
trigger occurred during the monitoring period. A low-frequency 
voltage recorder installed by plant personnel produced a recording 
characterized as representative of an unusually quiet day in the 
power system operations. 

Manual off-on switching of the 5400 kVAR capacitor bank at 
the 23 kV utility substation was the next step in the measurement 
procedures because the switching of a capacitor bank is always a 
prime suspect for producing transients. Measurements were per- 
formed with one oscilloscope monitoring the line voltage upstream 
of the line inductors (Figure 2) and another oscilloscope monitor- 
ing the sum of the currents in the three varistors (Figure 3). 

Figure 3. CT connection for recording 
all three varistor currents 

Results 
-. 1ne osciiiogiams of Figure 4 show typicai voitage recordings 

made during this sequence. The voltages are not open-circuit tran- 
sient voltages. They are instances of the voltage appearing at the 
bus entrance point. This voltage is the sum of the varistor clamp- 
ing voltage, the voltage drop in the varistor connections, and the 
voltage across two L1 inductances. 

A typical total event recorded on one of the phases during a 
capacitor bank closing is shown in Figure 4A. A low-frequency 
oscillation with a period of 3 ms (330 Hz) and initial peak-to-peak 
amplitude of 450 V decayed in about 10 ms. The high-frequency 
oscillations are resolved in the recording of Figure 4R (recorded 
during a similar switching sequence). This high frequency has an 
initial peak-to-peak amplitude of 2000 V, decaying in about 5 ms. 
The period is 180 k s  (5.5 kHz). A similar, third event is shown in 
Figure 4C. For scaling the amplitudes, the steady-state voltage is 
shown in Figure 4D. 

A Sweep: 2 ms/div 
Vertlcal: 500 Vfdlv 

B Sweep: 0.5 msldlv 
Verticsl: 500 Vldiv 

C Sweep: 1 msldlv 
Vertlcal: 500 Vldiv 

D Sweep: 2 maldlv 
Vcrticd: 500 V l l l i  

Figure 4. Capacitor switching transients 
and steady-state voltage 

Observe that, depending on the time of clos~ng with respect to 
the 60 Hz voltage, the 5.5 kHz oscillation varies in amplitude; 
f,lrtherrr?ore, !he modc!atic)n by the 330 H z  osc!!!ntlcn pcshes 
crests of the 5.5 kHz oscillation above the 1000 V level some time 
after the beginning of the trace, at a time when the 5.5 kHz ampli- 
tude is already lower, producing a burst of pulses above the 
1000 V level. 

The significance of this finding will be discussed next; with 
reference to Figure 5, which shows recordings of transient cur- 
rents in all of the three varistors. The 510 V varistor has a nomi- 
nal voltage at 1 mA [21 in the range of 735 V to 970 V.  For a 
varistor with a nominal voltage in the middle of this range, a cur- 
rent in the order of tens to hundreds of amperes will flow if a 
. .-B.~-- ,.r jnnn T T  :- - - - $ : - A  vwrrat;E; w i  l w w w  r 13 app~lcu io ih2 i i i i i i ~ i ~ i .  Figure 5A shows a 
train of current pulses in the range of 10 to 40 A. In the burst of 
Figure 5B, the recorded current pulses range from 5 A to 200 A.  
The current and voltage traces are not simultaneous events 
because each of the two oscilloscopes was triggered by its internal 
circuit. The nearly symmetrical appearance of this burst can be 
compared to the symmetry of the voltage peaks exceeding the 
1000 V level in Figure 4, the one correlating with the  other. 

The oscillograms of Figures 4 and 5 were selected as most 
severe from a series of 20 capacitor switching sequences. Some 
sequences could not even produce a current or voltage trigger; 
tour sequences produced bursts w~th  the central peak exceeding 
120 A, two of these reaching 200 A peaks. 



Table 1 

FIVE HIGHEST TRANSIENTS 
IN SEQUENCE O F  10 SWITCHINGS 

A Sweep: 0.2 ms/div 
Vertical: 20 A / d l v  

R Sweep: 0.5 msldl, 
Vertlcsl: 40 A/div 

Figure 5. Current surge bursts during capacitor switching 

Without Varistors With Varistors ic 
These recordings establish the nature of the current surges that 

are conducted by the varistors, with an estimate of 10% reaching 
200 A maxlmum crests and another 10% reachmg 120 A crests, 
for a:: c?lpac;ior baiik swiic:liiig. 

In F~gures 4 and 5, we note that the characteristic appearance 
of the voltage and current usually observed during a switch 
restrike is absent 131, indicating a clean switching action of the 
vacuum interrupters used for switching the capacitor bank. Res- 
trikes are most likely to occur during de-energizing. In all the off- 
on switching sequences of this test series, no significant transient 
was observed during de-energizing; all occurred during energizing. 

The oscillograms of Figures 4 and 5 establish and explain the 
pattern of current pulses. The voltages of Figure 4 are not the 
open-circuit voltages impinging the drive input but, rather, the 
voltages resulting from the clamping action of the varistors. To 
better evaluate the magnitude of the switching transients, open- 
circuit voltages were recorded in a next sequence, with all fuses to 
the drive open, thus disconnecting both the varistors and all sensi- 
tive loads. Figure 6 shows two typical recordings of open-circuit 
voltages and two of voltages resulting from varistor clamping, 
recorded during a series of 10 switching sequences for each condi- 
tion. Tabie i shows the recorded crests of the five 'nighest voit- 
ages i:, each condi:ion; :he di!Te:ence b e k e e n  the :wo gioiips, 
with due allowance for the imperfect statistical basis of the obser- 
vations, indicates that the 510 V varistors reduced the peaks from 
a typical high of 1450 V to a typical high of 1100 V. 

Figure 8 shows the same curves for a proposed 32 mm varis- 
tor. It should be noted that the pulse rating does not mean cata- 
strophic failure of the varistor at the end of this rating, but only a 
10% change in the varistor nominal voltage. Although some 
change is indicated, the varistor is quite capable of staying on line 
voltage and of clamping surges. 

Open-Circuit Voitsges 

With  20 mm Varistors 

Al l  Traces: Sweep: 0.4 ntsldiv 
Vertical: 500 Vldiv  

DISCUSSION 

Nature of the Transients 

The absence of any transient (over 120% of normal crest) 
during ihe 2-hour moniroring period was somewhat surprismg, In 
!he cestex! e f  ear!ier repc:!s sf high c~u:,S :cc~ibed with Eiai;t%z 
disturbance analyzers. Frequent checks of threshold levels and 
variations of the possible trigger modes were made, maximizing 
the chance of catching an overvoltage, but indeed none occurred. 
This unusual quiet was also reflected in the chart recording made 
by the plant personnel, so  that the absence of random transients 
for that period can be accepted at face value. 

Therefore, conclusive evidence was obtained that substantial 
current pulses were absorbed by the varistors during capacitor 
switching. The magnitude and duration of these pulses were 
excessive for the capability of a 20 mm disc; many similar drives 
installed elsewhere do not experience the failures encountered at 
that particular location. 

Another significant finding from these measurements is the 
fact that the switching transients, generated at the 23 kV level, 
propagate down to the point of utilization at the 460 V level. 
Numerical discussion of this finding is given later in this paper. 

Effect of Transients on Varistors 

Published varistor specifications inr!ude the "p&e ra!ir?gs," a 
family of curves that define, for each varistor type, the number of 
isolated pulses that a varistor can absorb until its "rating" is 
reached i4i. The curves show lines relating amplitude, duration, 
and total number of pulses. Figure 7 shows this family of curves 
for the original 20 mm varistor. 

lYCULSE DURATION - u 

Figure 6. Capacitor switching transients Figure 7. Pulse ratings of 20 mm varistor 141 



Figure 8. Pulse ratings of 32 mm varistor 151 

A careful examination of the pulse rating curves will show that 
the duration of the pulses has a strong influence on the number of 
permissible pulses. Furthermore, the relationship between the 
increased duration of the pulses and the decreased number of per- 
missible pulses is not proportional. For instance, consider pulses 
of 106 A peak eiid 100 CLs (juia~oii (FigGFe 9A): the ci;rves 
5000 pulses allowed. Now increase the duration of the pulses to 
1000 p s  (a ten-fold increase), while keeping the amplitude at 
100 A: the curves show the permissible number as one pulse 
only. Thus, the ten-fold increase in duration does not result in a 
ten-fold decrease in the number of permissible pulses; the reduc- 
tion in that number is much greater than the inverse of the 
increase in duration. Conversely, taking a pulse duration of 
1000 p s ,  and seeking the amplitude allowable for the same 5000 
pulses, Figure 9B shows that the current is 20 A, which is five 
times less than the original 100 A, not ten times less. Therefore, 
it wou!d be incorrect to treat the multiple pulses of Figure 5 as 
five separate short pulses; rather, one equivalent long pulse has to 
be defined. 

The five-pulse burst of Figure 5 has been redrawn in Figure 10 
in order to plot an equivalent continuous pulse of approximately 
equal duration, with a crest such that the i.t integral of the burst 
and the i . t  of the equivalent pulse are approximately the same. 
The use of i . t  rather than the i2.t integral typically used for fuses or 
other linear loads is justified by the fact that heat deposited in the 
varistors is the significant parameter because the nominal voltage 
change process is temperature related; this heat is the product of 
- - - A  4 r -n -  .. - - n o t n n t  . ,nltona n r r n a e  the nnnlin~nr rrle valrawr; i auu rile I,ral!j c u r l a r s u r  v v a r v b v  a r ~ v u u  U A ~  I.vl.....rr. 
varistor during the burst. 

The equivalent pulse of Figure 10 can then be used to evalu- 
ate, from the pulse ratings of Figure 7,  the number of high- 
amplitude switching transients that will consume 100% of the 
vzris!~r pu!se ra!ing. !nspec!ior? of Figure 6 shows that for a 
800 p s  duration and 100 A amplitude, the pulse rating of the 
20 rnm varistor ( 6  kA rating at 8/20 ps)  is reached with two such 
events. With a probability of about 10% that this highest switching 
transient would occur during random timing of the switching (the 
effect decreases rapidly for transients other than the highest) and 
with 2 to 4 swirching operaiions each day, iht piiise iaiiiig of the 
varistors could be reached with 20 operations, failure perhaps 
starting at 40 to 50 operations, or after about 10 days of exposure 
to that power system environment. This estimate is unavoidably 
imprecise because the pulse rating curves represent a conservative 
minimum; actual failures will occur only for amplitudes or num- 
bers of pulses exceeding the rating by a large but imprecise margin 
to allow for manufacturing variations. However, the order of 
magnitude of this estimated time to failure is in accord with the 
observations made at that installation. 

IMPULSE DURATION-us 

A. Same current, increasing duration 

20 1% I0 MX) 

IMPULSE DURATION-@n 

B. Same number of pulses, increasing duration 

Figure 9. Reading pulse ratings curves 

/L/ ACTUAL 

Figure 10. Single-pulse equivalent pulse for multiple pulses 

Note that two types of events occur. One is the premature 
blowing of the fuse, which is not caused by a varistor iaiiure but 
by the i2 . t  capacity of the fuse being exceeded by the environment 
[I]. The other is the fuse blowing caused by the varistor end-of- 
life ultimate failure. 



Alternate Varistor Selection Other Remedies 

An obvious remedy would be to use a varistor with greater 
energy-handling capability. The 32 mm size offers such a possi- 
bility. Inspection of Figures 7 and 8 shows that the equivalent 
pulse of Figure 10 (800 p s  and 100 A) corresponds to a permissi- 
ble occurrence of 100 pulses for the 32 mm varistor, in contrast to 
the two for the 20 mm varistor. The improvement in the number 
of pulses is 50 times more pulses until pulse rating is reached. The 
improvement in the number of pulses until varistor failure occurs, 
however, is not necessarily 50 times more pulses. Because of the 
imprecision mentioned previously in the margin between end of 
pulse rating and ultimate failure, that margin is not necessarily the 
same for the two sizes, 20 mm and 32 mm, but it is reasonable to 
expect the same order of magnitude improvement in the ultimate 
failure as in the pulse rating. This expectation of a 50 times 
improvement would change !he time be!ween fel!ures fro.?? the 
few days observed with the 20 mm size to perhaps one year with 
the 32 mm size, providing immediate relief and time to make fur- 

-. 
ther changes for the iong term. 'l'herefore, the change to a 32 mm 
size, cannec:eb a; :he saiiie of the circiiit, was immadiaieiy 
implemented for that particular environment. 

Further gains could be obtained in the length of time between 
varistor failures by increasing the clamping voltage of the varistors. 
This increase would result in lower current pulses for the same 
open-circuit transient voltage. A 510 V rating had been selected 
by the designer of the drive as the result of a trade-off between 
varistor clamping voltage and the withstand voltage of the thyris- 
tors protected by the varistors. If thyristors with higher voltage 
withstand were used, the solution would be easy. 

Of course, the standard varistor product line has a certain toler- 
ance band, reflecting normal production lot variations. In princi- 
ple, a selection could be requested from the manufacturer that 
varistors with a narrower band be supplied for this application. 
The maximum clamping voltage allowed by the drive specifications 
would be retained, but those varistors in the lower half of the dis- 
tribution, which draw larger current pulses for a given open-circuit 
transient voltage, would have been removed from the population 
01" varistors. For instance, the range of nominal voltages for a 
575 V, 32 m.r. ua:iatc: (the next higher vokage ofTered1 is 805 to 
1005 V for 1 mA dc, while the maximum nominal vo!tage of the 
same diameter but rated 510 V is 910 V for 1 mA dc. Thus, for a 
normal distribution of nominal voltages of the 575 V varistor, 50% 
of the devices could theoretically be used without exceeding the 
upper limit of the 510 V varistor that is consistent with the drive 
specifications. To achieve this end, it would be necessary for the 
supplier or user to make a careful determination of the nominal 
voltage on a population of 575 V varistors in order to retain only 
the lower half of the distribution (Figure 11). 

ACCEPTABLE LEVEL FOR THYRISTORS 
I 

SPECIFIED BY DRIVE DESIGNER 

PRESENT USE 

RANGE OF NOMINAL 

VOLTAGES FOR 510 V 

- - 
VOLTAGES FOR 575 V 805 1 1005 

I 

Figure 11. Tolerances bands of 510 V 
and 575 V varistors 

In addition to the proposed upgrading of protection at the 
460 V level, three other remedies could be considered: installa- 
tion of surge arresters at the 2300 V level, installation of surge 
arresters at the 23 kV level, or a change in the circuits involved in 
the capacitor switching, designed to reduce the severity of the 
transients at their origin. 

In general, the protection available from surge arresters tends 
to improve when the arresters are installed at higher circuit volt- 
ages. Thus, it is quite possible that arresters installed at the 
2300 V primary of the 23001460 transformer could provide a more 
effective clamping (and at the same time relieve some of the 
energy stress) than the varistors at the 460 V level. (It is of 
course implied that these would be the zinc-oxide type, gapless 
arresters.) The full benefit of these arresters depends on the 
configuration of the 2300 V system and its grounding (solidly 
grounded iieiiirai in a wye sysiem, resistance-grounded wye, or 
Boating de!?a! when the arresters "re mnnected i~ the conven- 
tional line-to-ground mode. In a second phase of the retrofit 
described here, 2300 V arresters were installed at the transformer 
primary. A discussion of their expected performance, validated by 
the success of the retrofit, is given later on. 

Likewise, arresters on the 23 kV side could be installed at the 
23 kV substation to mitigate the capacitor switching transients at 
their origin, or at the primary of the 23 kVl2300 V substation near 
the control house, where they would also serve as lightning 
protection for the overhead 23 kV incoming power line. These 
arresters, again, must be of the gapless type to obtain the most 
effective protection. 

The final remedy in the list of alternatives, but perhaps the first 
in effectiveness when the opportunity exists, would be to attempt 
reducing the severity of the capacitor switching transients at their 
origin. Series inductors or damping resistors may be considered, 
the effectiveness of which would be predictable if a simulation of 
the power system behavior were performed by computer model- ..," 'Wk:l- +h,,+ ----A.. -,... IA --' k6. ,. Lll'LL ,GI.IGUJ wuu HUL be appiied io this pmiiciiiar ioa- 
tion: it is a remedy that should be cnnsiderac! for n simi!ar case c?f 
exceptionally severe environment. 

The measurements made first with open-circuit, then with the 
20 mm, 510 V varistors on the 460 V side have shown a reduction 
of maximum voltage from 1450 V to 1100 V (Table 1) when a 
current of approximately 200 A is flowing in the line and varistors 
(Figure 5). 

We can assume that the voltage drop in the line from the subs- 
tation and two step-down transformers is mostly inductive at 
5.5 kHz, and that the voltage in the varistors can be treated as the 
voltage across a resistor at the time of the crest of the current 
wave. The diagram of Figure 12 shows the relationship between 
the three voltages VoC, VL, and VV, respectively, the open-circuit 
voltage generated by the capacitor switching action, the voltage 
drop in the line and two transformers, and the varistor voltage at 
the current peak. Treating this highly nonlinear circuit as a linear 
circuit is an apprnrimation !ha! wi!! prnvide P! each pin!  ~f !he 
full range of voltage and current conditions a valid order of magni- 
tude for the purposes of this discussion. Numerical methods are 
avaiibie for rigorous treatment at any instant over the full range 
of coiidi:ioii~ :6!. With ih t  shpil'ying assumpiion, we can derer- 
mine the order of magnitude of the 5.5 kHz current that would 
flow in an arrester installed at the primary terminals of the 2300 
Vl460 V transformer as follows. 





CONCLUSIONS 

Voltage and current measurements made on the 460 V input to 
a thyristor motor drive, during staged capacitor switching opera- 
tions, showed current surges in the varistors originally used in the 
system that could consume the pulse rating life of these varistors 
in a few days of typical operation. Short- and long-term remedies 
were achieved. 

For the short term, the change to a larger varistor connected 
on the 460 V side of the system was readily implemented to main- 
tain the originally specified protective level, while the fuse-blowing 
nuisances were eliminated by use of a larger fuse. Available 
devices for this 460 V circuit may still have a relatively short life 
(a few hundred days) in the prevailing environment of the site, 
but they offered immediate relief and therefore allowed successful 
startup of the system. 

For the long term, further protection was obtained by the 
installation of conventional station-class surge arresters, of the 
zinc-oxide, gapiess type, at the 2300 V ievei. T'ne system has now 
eperated fer 3 years ~i!heut p:eb!ems. 

This case history also illustrates the low attenuation of the 
switching transient between the distant source at 23 kV (about 
3000 m, or 2 miles) and the point of utilization at 460 V. 
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Discussion 
J. L. Koepfinger (Duquesne Light Company, Pittsburgh, PA): The author 
has addressed one of many mechanisms for producing repetitive over- 
voltages on low-voltage circuits. In this particular instance, it was possible 
to obtain controlled conditions so that a measurement could be made 
of the voltage and currents resulting from the capacitor switching. It 
would be useful if there was an analytical method presented that cor- 
related the generation of the 5.5-kHz pulses with those measured. Did 
the author attempt to make such a correlation? 

This paper points out the need to know the characteristic of the surge 
so that proper sizing of the protection can be achieved. Therefore it would 
be desirable to be able to have some analytical tool to permit calcula- 
tion of the frequency of the surge due to remote capacitor switching. 

Manuscript received July 24, 1985. 

Frnncois D. Martzloff: The paper reported a case history from which 
usefui informaiion may be derived on reirofiiiina corrections of simiiar - 
pmb!ems or, he??er, on .voiding ?he pmh!em hy foresight. The d?ln- 
tions confronting the author was the need for immediate corrective ac- 
tion rather than complete investigation and mutual validation of analytical 
methods aid fieid measureiiieiits. 

The literature is fairly rich in both theoretical and practical papers on 
the problems associated with capacitor switching, both for energizing 
and for de-eneraizina. the latter involving the risk of restrikes. Because 
of this availabi<ty Gd the limited space available in the m u c n o ~ s  
on one hand. and because of the limitations in scoDe of the field retrofit 
mission on ihe other hand, no attempt was made to correlate the 
measurements with the power system parameters (which were not readi- 
ly available to the author). In response to Mr. Koepfinger's suggestion, 
abstracts are cited below to provide references to both analytical tools 
and practical results published by other workers. 
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[9] D. 0. Wiitanen, J. D. Morgan, and G. L. Gaibrois, "Station 
Tr -_-- :I-- "...1.-LI-- IF..--^:^-*^ 1- -,...I--, --A r?..-^-:-^-.-, uqxutul JWILSII I I I~  I I iulwslrLa, fulayrrcal 611u ~ A ~ ~ L I I I I C I I L ~ I  

Results;" IEEE Trans. PowerApp. Syst. PAS-90, No. 4; July-Aug. 
1971, pp. 1639-1645. 

Station capacitor bank energization transients predicted by a cir- 
cuit model are compared to field-test results. Selection of a suitable 
model is discussed. A computer solution of the model is presented. 

Manuscript received September 19, 1985. 
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Significance:

Part 2  Development of standards - Reality checks
Part 5  Monitoring instruments, laboratory measurements, test methods

Standards for surge testing have a long tradition of using unidirectional waves (“impulses”), in particular a 1.2/50
voltage impulse and an 8/20 current impulse.  Many surveys of surge activity in low-voltage AC power circuits have
shown that a large number of recordings actually show oscillatory surges rather than unidirectional surges.  

This paper provides examples of such waveforms, independently recorded by two organizations, one in the US and
one in Italy.  These examples draw on field measurements as well as laboratory experiments and are offered to
make the case that Ring Waves should be included in the regimen of electromagnetic compatibility tests.
1
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Incompatibility Between the 100/1300 Surge Test

and Varistor Failure Rates

Charles Fenimore and François Martzloff
National Institute of Standards and Technology

Gaithersburg MD 20899 USA
f.martzloff@ieee.org

Reprinted, with permission, from 
Proceedings, 9th International Zürich Symposium on Electromagnetic Compatibility, 1991

Significance:
Part 2  Development of standards – Reality checks

Demonstration ad absurdum: 
Accepting the premise of prevalent 100/1300 high-energy surges and modeling the response of typical metal-oxide
varistors leads to the conclusion that most of the billions of varistors in service should fail at alarming rates – but
we know they do not.  Ergo, the premise is not valid.  
(See also paper “VDE 0160" in this Part 2 for an experimental demonstration.)
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is based, a ready calculation using the capacitively 
stored energy, q2/2C (of order 5000 J ) ,  shows that 
no more than 10% of the stored energy is spent in 
the MOV in the simulations according to the two ap- 
proaches discussed above. Yet, these two tests are 
aiready destructive or' the device. i t  seems iikeiy that 
a test that would meet the 80% criterion would pro- 
vide an even more severe stress to  the equipment, and 
provide a greater disparity between the model results 
and field experience. 

Thus, the authors suggest that a reexamination of the 
premises that led to the VDE 0160 Standard should 
be considered before incorporating a blanket require- 
ment for such a test into new IEC surge immunity 
standards. The authors plan to perform actual tests 
on typical varistors t o  further support the computa- 
tions presented in this paper. 

CONCLUSIONS 

1. A mathematical and derived computational model 
has been presented which permits the evaluation of 
many aspects of varistor performance over a range of 
conditions which are characteristic of the actual oper- 
ating environment and also of the test environment 
contemplated by VDE 0160 and other surge stan- 
dards. 

2. Computer model predictions of the impact of the 
proposed 100/1300ps surge test on the millions of 
varistors in service shows that these varistors should 
experience a greater failure rate than indicated by 
available information on actual failures. The simpli- 
fied inductance-free model provides analytical confir- 
mation of this result. This inconsistency raises serious 
questions on the proposed requirement of such a se- 
vere test to a wide range of equipment. 

3. The lingering ambiguity on setting a constant open- 
circuit voltage or ai?justing the voitage whiie the spec- 
imen is connected needs to be clarified. A constant 
open-circuit voltage is the generally accepted prac- 
tice in surge testing. The premises that led to this 
new surge test may justify adjusting the charging volt- 
age after the test specimen has been connected to  the 
surge generator; that adjustment, however, results in 
larger amounts of energy being dissipated in surge pro- 
tective devices, making the apparent incompatibility 
identified above even greater. 

4. The criterion that 80% of the capacitive energy 
must be transferred t o  the test specimen may be dif- 
ficult to satisfy and needs clarification. The authors 
have been unable to identify a simple circuit which 
satisfies the criterion while maintaining the required 
rate of decay under open circuit conditions. 

5. While the authors do not question the validity of 
the fuse-blowing scenario, they recommend a crit,ical 
review of the statistics of the occurrence of fuse hlow- 
ing, of the use of varistors with low clamping volt- 
age, and of the distribution of actual clamping volt- 
age within manur'acturing tolerances. The serisiiivity- 
model developed in this paper may be a useful tool 
in evaluating the effect of these tolerances. The au- 
thors also urge all users to share informath11 on thc 
observed failure rates, as well as to perform vaiidat- 
ing tests, in order to provide a broader perspective on 
these issues. 
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Significance:
Part 2  Development of standard – Reality checks

Demonstration ad absurdum: 
Accepting the premise of prevalent 100/1300 high-energy surges and subjecting typical metal-oxide varistors to the
stress from a test performed with a prototype generator leads to the conclusion that most of the billions of varistors
in service should fail at alarming rates – but we know they do not.  Ergo, the premise is not valid.  
(See also paper “Validating Surge Tests ..." in this Part 2 for a demonstration by numerical modeling.)
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Abstract - High-energy surge tests have been pe$ormed on metal-oxide varistors of a type in common use, according to 
a proposed ZEC standard derived from German Standard W E  01 60. l%e surge generator used for the test was a prototype 
commercial device developed especially to deliver the I00/1300 ps waveform speczjied by W E  Standard 0160. Depending 
on the position of the varistor within its manufacturing tolerance band, failure or degradation can occur, validating the 
concern that this test requirement may be too severe for universal application. 

INTRODUCTION 

Coiicerm hLle occ-urrence of associaid .*kh ciirreiit-:iiiiiiiiigg fiije operatiofi (Meissen, 
1983 j i j j  have id ~e German (TVQEj to specify a iiigii-energy siirge test to be appli& 
to electronic equipment installed in industrial environments (VDE 0160, 1988 [2]). Essentially, the test 
requires discharging into the ac line interface of the equipment under test (EUT) a capacitor of such capacity 
that the specified waveform is generated, initially charged at a voltage suitable for producing a peak of 2.3 times 
the power-system sine-wave peak (Figure 1). Technical Committee 77 of the IEC has included this test in its 
menu of surge immunity tests (TC77BlWG3, 1990 [3]), without limiting the scope of application to industrial 
environments intended by the Meissen paper. Thus, this test is likely to become a general requirement imposed 
on commercial and consumer equipment, unless its implications are recognized. In the absence of a readily 
available surge generator, computer modeling of the test had previously been performed (Fenimore & Martzloff, 
1990 141, 1991 [5]) .  The findings of these simulations have shown that typical varistors, of which many 
millions have been installed and continue to operate satisfactorily, cannot survive the proposed IECIVDE test 
because excessive energy would be deposited in these varistors during the surge. The recent availability of a 
prototype surge generator made it possible to subject typical varistors to the VDEIIEC surge, as reported in this 

Schaffner*, a manufacturer of surge generators, has now developed a prototype that can produce the VDE 0160 
surge; in response to an invitation to try out this prototype, an informal work session was conducted at the 
Schaffner facility to subject typical varistors to the VDE 0160 surge. The generator includes the specified 
capacitor, up to 6000 pF, the necessary dc supply to charge the capacitor, a 220-V ac supply (for European 
environments), and suitable means to decouple the test specimen circuit from the laboratory ac system. Details 
of the circuits are still proprietary, and only the output of the generator is described in this paper. A 
chronological recitation of the work session would require first a discussion of the various considerations and 
conditions of the test. Recognizing the natural curiosity of the readers, let it be stated here that one varistor 
was destroyed during the test, and the other (barely) survived, consistent with the predictions of the computer 
modeling. Having thus given away the outcome, let us now proceed with the detailed recitation of these 
ronsid_eration; and conditions; 

Y As a poiicy, the idaiiond irisii'iciie of Standards and Teciiiiologii disci'ai~ms aiiy i~xp'ieii edoiseiiieii: of a coiiiiiieicia! p i ~ d u c :  wheii 
identifying such products for the sole purpose of adequately describing the equipment used in the experiment. In this particular case, 
the prototype generator used in the tests was the only one known to be available. Furthermore, there is no certainty that Schaffner will 
offer a commercial product based on this prototype. 



Voirage across h e  test specimen and current delivered by the surge generator were recorded with the .... 
instrumentation avaiiabie at the Schafher engineering demonstration faciiity. l n e  software package inciuded 
in the digital storage oscilloscope did not have the capability of computing the power (i x v) dissipated in the 
varistor and integrating it into total energy deposited. Manual integration of the recorded traces was performed 
after the tests. This computation yields results of sufficient magnitude (that is, large overstress of the varistor) 
to make precise computing unnecessary in evaluating the outcome of the test. 

The test specimens (EUT) were 20-mm diameter varistors, consisting of two 130-V rms rated devices connected 
in series, a good approximation of the practice of applying 250-V rated varistors in the 220-V equipment used 
in Europe (Martzloff and Leedy, 1989 [6]). The nominal voltage, V,,,, of each varistor (voltage measured 
with 0.5 rnA or 1 mA dc injected in the varistor) was determined before the test for each device. One varistor 
pair (referred to as EUT #1) had a nominal voltage of 392.6 V, the other pair (EUT #2), 399.5 V. The 
nominal voltage for a 250-V rms varistor is 390 V, the minimum 354 V, and the maximum 429 V (Harris 
iVianuai, 1996 171). nus, E T ~ T  is siiuaid at 1 % i?"oove the nominal of a 250-xv7 
EUT u2 is at 2.5% above the nominai vaiue. 

To test the varistors under the worst case condition (that is, the varistor at 10% beiow nominai, thus drawing 
energy from the generator for a longer portion of the surge waveform), the test voltage should be raised above 
the voltage specified for nominal test conditions. To place the varistor under conditions equivalent to those 
prevailing for a -10% specimen, a varistor at some tolerance level must be subjected to the same current as that 
occurring for a -10% varistor at the nominal test voltage. With the nominal VDE 0160 test voltage of 2.3 times 
the 220-V peak (714 V), the available EUT varistor specimen can be tested in a manner equivalent to a -10% 
tolerance varistor by raising the test voltage. 

For EUT #I which is 1 % above the V,,, of a 250-V rated varistor, the test voltage should be 10% higher than 
the nominal 714-V peak, plus I % ,  that is, 792 V. For EUT #2, 2.5% above the V,,,,, the test voltage should 
be 12.5% higher, 803 V. This increased test voltage will place the varistor at the correct value of current on 
its I-V characteristic, but raises the power dissipated in the varistor by the same percentage. Thus, the energy 
deposition in varistors other than -10% tested under the artificially raised test voltage received 11 % or 12.5% 
more energy than what a varistor at - i O %  wouid have received. However, considering tine energy ieveis 
observed In the tests reported beiow (about 200% of rated ieveis, this i i - i2 .5% excess does not affect t'he 
conclusions. The significant parameter to be observed is the current level, and that correct level was ~ndeed 
achieved by raising the test voltage. 

The VDE 0160 document states that the specified surge test voltage should be maintained across the terminals 
of the EUT, rather than the usual method of having a preset open-circuit voltage, and then connect the EUT 
without changing the generator setting (the so-called 'let-it-rip' mode [5], and (ANSUIEEE C62.41-1987, 
[8]). Meissen confirmed this interpretation of the document [9], so that the charging voltage of the 
generator capacitor was increased toward obtaining the specified voltage with the EUT connected, using an 
expendable EUT varistor during preliminary tests. However, the prototype generator output voltage, with 
maximum charging voltage and with varistor connected, could only be raised to 774 volts (Figure 2) instead 
of the 792 V or 803 V necessary to place the #1 and #2 varistors in the -10% tolerance situation. Thus, EUT 
#1 was actually tested in a condition corresponding to 7741792 = 98% of the worst case level, and EUT #2 at 
7741803 = 96% of the worst case level. In other words, EUT #1 was tested as if it were at a -8% tolerance 
level, and EUT #2 at a -6% tolerance level with respect to a 0% tolerance on their V,,,. 

The manufacturer's specifications 171 show a 70-5 single-pulse energy rating for the 130-V varistor, or 140 J 
for two in series. Figure 3, from Ref 151, shows the predicted energy deposition as a function of the varistor 
position in its tolerance band, for the test condition where the voltage is maintained across the EUT by 
readjusting the surge generator charging voltage. 



The VDE 0160 doc~ment s h ~ w s  a:: e!ementary circuit diagram (Figure 4) with a maximim of 5 iii of leads 
L ~ + , , , ~ ~ ~  UuCIIuull tho ;,.,..qlt IllpUL ..A& "1 ~4 +I..- UIG +A"4. CGJL -..A,.:--.. JYGLIIIICII md the ijoiiit of injection of the suige. Accordingiy, the test circuit 
set up by Schaffner included approximately 5 m of leads "suitable for a 16 A load" between the varistor and 
the output of the generator. Thus, the impedance presented by the test specimen to the applied VDE 0160 surge 
includes a resistance that will reduce the stress of the varistor; however, this reduction is not readily recognized 
by the simple mention in the figure of a 5-m maximum lead length, and the cross-section of the conductors is 
not specified. Operators can interpret the test procedure in a way producing maximum stress (a short lead of 
large cross section) or a minimum stress (maximum of 5 m of leads with small cross section). 

In accordance with the interpretation of the Figure 4 diagram, the voltage measured and shown in Figure 2 is 
the total of the voltage developed across the varistor and the lead drop. To evaluate the implications of this 
interpretation, the next test was performed, without changing the generator setting (at its maximum available 
voltage), with the voltage measurement made at the varistor terminals (Figure 5). Note the 700-V peak in this 
test, GI- a 74-V difference (!O%Or-) from th,e value recorded is Fig~re 2. 1:: the mode!ing of References [4j and 
[5],  tk,e effect ~ f  t!~is 5-112 test !ead had not been inchibed, so that the c~i ic l t i~ i~ i i s  of the ~iiobdiiig are more 

m.I pessimistic than the conseqlieiices of a test coiiditioii wi;4 a lead length included. IIIUS, the varistor wouid be 
iiiider 16% less voltage stress (keep in mind the noniinear relationship between voitage and currentj than t'ne 
model prediction, and possibly could survive. 

THE DEATH OF A VARISTOR 

According to a subsequent amendment to the VDE 0160 test specification, the maximum* capacitor value and 
the duration of the surges may be reduced to 300 ps for equipment installed in circuits protected by fuses of 
less than 35 A continuous rating. This reduction will provide significant relief to varistors included in non- 
industrial environments. However, the IEC document [3] does not include that reduction. The test sequence 
for EUT #1 included two surges with this reduced stress (Figure 6), followed by surges with the full 6000 pF 
capacitance and full 1300 ps duration, at the maximum available generator voltage, as shown in Figure 2. 
Before and after each surge, the varistor Vnom was recorded to track any shift in characteristics, comparing it 
to the maximum shift of 10% allowed in the manufacturer's specifications. 

The test sequence and results for EUT #1 (a specimen in the -8% tolerance p~si t ion)~ starting with no prior 
surges applied: were the following: 

Shot 1: 718 V crest, 400 ps duration, Vnom shift of 1 % (Figure 6) 
Shot 2: 768 V crest, 1100 ps duration, VnOm shift of 1 % 
Shot 3: 774 V crest, 1400 ps duration, Vno, shift of 1 % (Figure 2) 
Shot 4: Repeat, same settings as shot 3 (voltage measured at varistor, Figure 5 ) ,  

Varistor (a) of pair punctured 
Varistor (b) of pair externally intact, but VnOm = 0 (short circuit) 
Energy deposited in the varistor; approximately 300 J (215% of rating) 

The same test sequence was then applied to EUT #2, that is, first two shots at reduced stress, and then full 
stress for shot 3 and four additional shots. The V,,, shift grew from 1 % after the first shot to 6% after the last 
shot, as measured after cooling down following the test. By the time the author had returned to the United 
States (20 days iaterj, the snift in Vnom, determined by more systematic measurement at NIST, was reduced to 
4%. 'The difference between the 6% immediately after the test and the 4% after 20 days may be the effect of 
a slow recovery of the material, or a difference in the precision of the measurements, or both. 

* The surge duration is the specified parameter in the VDE 0160 document, therefore the required value of the capacitor is 
dependent upon the impedance of the EUT. 



* T - L - - ~ ! L ~ .  -L... J:.. - Ll. - -I.:,?. :.- x 7  lu"LwlmsLanulng mt; snlrr In ",,, iio apparelit damage was "is&le, except for some darkening "f tiie - red epoxy coating. Inus, whiie EUT #2 dici survive a test corresponding to a -6% toierance position, tine onset 
of permanent change leading to failure was observed. 

DISCUSSION OF THE RESULTS 

From the simulation predictions, it was expected that the varistors would be destroyed by the test, even though 
the (late) realization of the stress reduction provided by the lead length does somewhat change the situation. 
In other words, the 10% loss of voltage caused by the leads places the varistors used in these tests at 
respectively +2% and +4% in the tolerance band, a condition that the prediction describes as marginal 
survival. The joule rating specified by the manufacturer tends to be conservative, so that it may take more than 
140 J to destroy a varistor. Furthermore, a larger population of test specimens may produce a distribution of 
more failure as well as more survivals as only two test points can only provide an indication, not a certainty. 
However, the conclusion is clear, that varistors of common use in commercial and consumer equipment would 
be in severe jeopardy if the full 10011300 us surge were applied, even with the mitigating effect of the 5-m lead 
length. Discussing the test results with Meissen, we agreed on the following conclusions: --.. 

1. There is no disagreement that the basic phenomenon of fuse blowing can lead to the high-energy surges 
described by Meissen in the heavy industrial environment (circuits with fuses above 35 A). 

2. The prediction of varistor failure through modeling is consistent with the tests; the mitigating effect of the 
allowable EUT lead reduces the forecast of widespread failures, but varistors in the lower tolerance bands are 
still at risk. 

3. The amendments to VDE 0160 providing for reduced maximum capacitance values (see the footnote on page 
3) and reduced duration make the test more realistic. Further evaluation of these reduced stress levels would 
show appropriate limits of application. 

4. However, this stress reduction has not yet been acknowledged by the IEC proposals (Figure 1; showing only 
one value of 1.7 ms is excerpted from the IEC documenti not the amended VDE 0160 where the alternate 
dmitinn nf 0.3 ms is shnwn). This paper is therefnre s~lhmitted tc! the engineering cnmm~nity at !arge as a 
rec~rnrnefidati~fi ~f !kiting the fi~!! duratim ~f a I300 ps surge and its high energy tc the industria! 
environment for which it was first proposed. 

5. The concept of readjusting the surge generator charging voltage to maintain a specified test voltage across 
the specimen is different from the usual practice of maintaining a fixed open-circuit voltage for the generator. 
However, it may be compared to the practice of readjusting the surge generator used for surge arrester tests at 
a specified test current level. As long as the implications of the procedure are recognized, either method may 
be suitable, if uniformly interpreted. 

6. In its present form, the VDE 0160 document leaves open the possibility of different interpretations by 
different operators. Should the principle of a high-energy test be adopted by the IEC, more detailed 
specifications need to be developed and agreed upon by interested parties. 
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Figure 1. High-energy waveform specification (From Ref. [3]) 
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Figure 2. Voltage across and current through EUT #1 
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Figure 3. 
Energy deposited in varistor as a function of tolerance of device compared to nominal value 
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Figure 4. Elementary test circuit diagram (From Ref. 121) 



Volts 

800 

400 

0 

Amperes 

onn UVV 

400 

0 

Figure 5. Voltage across and current through varistor only 
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Figure 6. Voltage across and current through varistor with reduced stress 
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Significance:
Part 2 Development of standards – Reality checks

Demonstration ad absurdum: 
Accepting the premise of proposed IEC 100/1300 high-energy surges being representative of the environment, and
modeling the response of typical metal-oxide varistors, leads to the conclusion that most of the billions of varistors
in service should fail at alarming rates – but we know they do not.  Ergo, the premise is not valid and the proposed
high-energy test should not be considered as an across-the-board requirement.  
(See also paper “MOV - VDE" in this Part 2 for an experimental demonstration.)

On the other hand, the tests proposed in IEEE Std C62.41 would not result in systematic failure of commonly used
varistors and consequently appear more realistic

mailto:f.martzloff@ieee.org


IEEE TRANSACTIONS O N  INDUSTRY APPLICATIONS, VOL. 28, NO. 6, NOVEMBER / DECEMBER 1992 

Validating Surge Test Standards by Field 
Experience: High-Energy Tests and 

Varistor Performance 
Charles Fenimore, Member, IEEE, and  F r a n ~ o i s  D. Martzloff, Fellow, IEEE 

Abstract-New, high-energy surge tests are emerging in IEEE 
and IEC standards. Field experience offers a valuable criterion 
for validating or invalidating proposed standards. A proposal 
under consideration by the IEC involves so much energy that a 
varistor of the voltage rating commonly used in protecting load 
equipment, if subjected to this test, would almost certainly fail. 
Yet, reported varistor failure rates do not reflect such a situa- 
tion. Thus, a reexamination of the premises that led to the 
proposed test specifications appears necessary. Proposals for 
high-energy tests as additional waveforms in the new version of 
IEEE C62.41, on the other hand, lead to current and energy 
levels that do not place typical varistors in immediate jeopardy. 
Thus, they appear more consistent with field experience. 

NATURAL approach in defining the surge tests to A, e performed on any equipment is to attempt dupli- 
cating the conditions observed in site measurements. 
However, this approach would lead to a situation where 
general conclusions are drawn from limited measure- 
ments of specific surge occurrences. It has, in fact, led to a 
multitude of proposals for test standards that may subse- 
quently be applied outside of their original, correct con- 
text because no other standard is available at the time. An 
example of this situation may be developing with the 
proposal by Technical Committee 77 of the International 
Electrotechnical Commission (IEC) for a high-energy 
100/1300-ps surge test. 

To evaluate the effects of various proposed or existing 
high-energy stress tests on commonly used varistors, this 
paper presents a simple yet effective model of a surge 
generator. The evaluation proceeds by quantifying the 
current through the varistor and the corresponding energy 
deposited in the varistor. The computed results are com- 
pared with the published device ratings to predict the 
likelihood of failure. This likelihood is then compared 

Paper IPCSD 90-40, approved by the Power Systems Protection Com- 
mittee of the IEEE Industry Applications Society for presentation at the 
1990 Industry Applications Society Annual Meeting, Seattle, WA, Octo- 
ber 7-12. This work was supported by the Building Industry Consulting 
Service International (BICSI) and by the US.  Army Research, Develop- 
ment, and Engineering Center. Manuscript released for publication 
September 24, 1991. 

The authors are with the Electricity Division, National Institute of 
Standards and Technology, Gaithersburg, MD 20899. 
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with the available information from field experience on 
failure rates. 

Any immunity test should be conducted with an objec- 
tive that is more subtle than the goal to "duplicate the 
environment." A test stress is applied to a device not to 
demonstrate that it can survive any of the stresses that it 
will encounter in nature but only to demonstrate for the 
benefit of both manufacturer and purchaser that the 
device can survive an agreed-on, simple, and reproducible 
stress. From surviving the test stress, the inference is 
made, subject to confirmation by field experience, that the 
device does have the ability to survive the infinite variety 
of stresses that it will encounter during its life in the real 
world. In other words, simple test stresses are useful 
because they can be reproduced over a period of time at 
the same facility and between facilities, providing a com- 
mon language and a standard of comparison that is essen- 
tial to conduct orderly transactions. Test standards should 
not, however, be misconstrued as representing natural 
phenomena. They are effective only if they discriminate 
between those devices with a potential for long field 
survival and those that are likely to fail. 

The proposed 100/1300-ps IEC test should be reexam- 
ined with this philosophy in mind because it appears that 
commonly used varistors would be expected to fail when 
subjected to this test. Anecdotal experience does not 
support the prediction of failure in the field, raising ques- 
tions as to the general validity of this test. On the other 
hand, high-energy tests derived from new proposals con- 
tained in the revised version of IEEE Std. C62.41 do not 
lead to contradiction between field experience and pre- 
dicted test results. 

PROPOSED IEEE AND IEC HIGH-ENERGY TESTS 

Metal-oxide varistors that suppress surges by absorbing 
energy have proliferated in low-voltage ac power circuits. 
Consequently, new high-energy tests have been proposed 
to assess the ability of these varistors to withstand the 
corresponding stress. In a major revision of the IEEE 
Guide C62.41 [I] (emerging as a Recommended Practice 
[2]), an additional waveform has been proposed to assess 
this ability. The proposal is a 10/1000-ps surge, with 
three "system exposure" levels, which are defined below. 
The IEC Technical Committee TC77 is considering a 

0093-9994/92$03.00 0 1992 IEEE 



FENIMORE AND MARTZLOFF: VALIDATING SURGE TEST STANDARDS BY FIELD EXPERIENCE 

surge test requirement based on the scenario of current- 
limiting fuses clearing a fault at the end of a cable, where 
the energy trapped in the system inductance causes a 
large transient at the time the fuse interrupts the current 
[31. That scenario was first described and quantified by 
Meissen [4] and incorporated in German Standard VDE 
0160 [5]. 

The new C62.41 Recommended Practice proposes, 
among other waveforms, a high-energy stress defined by 
an open-circuit voltage and a source impedance at three 
"system exposure" levels. For the "low exposure" level, no 
high-energy stress is proposed; for the "medium exposure" 
level, the surge environment involves a crest of two times 
the system peak voltage with a source impedance of 1 0. 
For the "high exposure" level, the crest is 2.3 times the 
system peak voltage, whereas the source impedance is 
only 0.25 0. 

The IEC proposal appears to be based on the VDE 
0160 standard, which specifies the direct discharge of a 
large capacitor-thousands of microfarads-into the 
equipment under test (EUT). The VDE test procedures 
are not quite clearly outlined at this point but might be 
interpreted as readjusting the capacitor charging voltage 
after connecting the EUT to the surge generator in order 
to maintain the specified test voltage across the EUT. 
That approach would be diametrically opposed to the 
generally accepted practice of performing a surge test 
with a generator having the capability of delivering a 
well-defined open-circuit voltage and short-circuit current 
or an open-circuit voltage associated with a specified 
source impedance (see Fisher and Martzloff [6] and the 
IEEE Guide on Surge Testing [7]). 

Another ambiguity in the VDE 0160 test specification is 
that it might be acceptable to perform a test where the 
voltage waveform is less than the specification, provided 
that 80% of the energy stored in the surge generator 
capacitor is delivered to the EUT. However, there is no 
provision in the test procedure for measuring this energy, 
and it is doubtful that this condition can be achieved with 
a surge generator containing the parallel resistor that is 
necessary to achieve the specified rate of decay (or dura- 
tion of the tail of the wave) when the EUT offers a high 
impedance. 

Metal-oxide varistors offered by manufacturers include 
ratings of 130 V rms for applications in 120-V systems and 
250 V rms for application in 220-V systems. The motiva- 
tion for using these varistor ratings is, of course, the 
desire to provide the lowest possible clamping voltage to 
protect sensitive equipment. A paper presented at the 
Ziirich EMC Symposium suggests that premature varistor 
aging may result from this close clamping (see Martzloff 
and Leedy [8]). However, the 130- and 250-V varistor 
ratings are still widely used by equipment manufacturers 
who take the position that they are not afflicted by unac- 
ceptable failure rates. Thus, the authors accept that posi- 
tion as reflecting actual field experience and will apply it 
as a criterion for validating or questioning the proposed 

This paper reports the results of modeling the applica- 
tion of a surge test to a family of commonly used varistor 
sizes (14, 20 and 32 mm in diameter). For each varistor 
size, the computations were performed for three levels of 
manufacturing tolerances on the varistor: nominal value, 
- lo%, and + 10%. A varistor with its clamping voltage at 
the maximum acceptable tolerance level (the level shown 
on published I - V curves) will tend to absorb less energy 
than a varistor with a lower clamping voltage because it 
will divert current for a smaller part of the surge. The 
maximum energy deposition in the varistor will occur for a 
varistor having the lowest acceptable clamping voltage 
(typically 20% below the maximum), as indicated by the 

10% tolerance on varistor nominal voltages. Should the 
test generator parameters be at the most severe condi- 
tions within its uncertainties (higher peak voltage and 
longer duration than nominal within allowable tolerances), 
the stress on the varistor would be even greater. 

The circuit model used in the computations reported in 
this paper is a simple capacitor-discharge circuit that can 
produce the 10/1000-ps waveform of C62.41 or the 
100/1300-ps waveform of VDE 0160, where each has the 
appropriate selection of the components values. The mod- 
eling results, which are discussed in detail below with 
supporting information in the Appendix, indicate that the 
smaller size varistors would not be damaged at the 
"medium exposure" level of C62.41 but would be dam- 
aged at the "high exposure" level. The 32-mm varistor 
would easily accept several applications of the "high expo- 
sure" level, whereas the 20-mm varistor would have a 
limited life. On the other hand, few varistors will survive 
the VDE 0160 stress. 

Table I presents this information in the form of the 
number of surges that a varistor can survive for the three 
sizes and three tolerance values of varistors and for the 
three type of tests: VDE 0160, C62.41 "high exposure," 
and C62.41 "medium exposure." The results with C62.41 
are in good agreement with anecdotal (unpublished) field 
experience, that is, 14-mm varistors installed at the service 
entrance are often in jeopardy, 20-mm varistors have a 
better chance, and 32-mm varistors are generally success- 
ful. Failure rates are not reported formally in the liter- 
ature, but anecdotal information does circulate. The 
response of industry to the Ziirich paper alerting the 
community to the risk of premature aging caused by 
repeated swells [a] was that 20- and 32-mm varistors do 
not suffer from an unacceptable or alarming failure rate. 

The predicted survival rates of Table I appear to be 
consistent with actual field experience, thus validating the 
stress levels proposed by IEEE C62.41. In contrast, for 
the VDE 0160 stress, the predicted survival rate is so low 
that a conclusion appears inescapable: The VDE 0160 
stress involves an exceptionally high energy level, making 
the application of the test questionable if interpreted as a 
general requirement. The authors do not question the 
scenario leading- to this stress level but do cluestion the 

- - 

high-energy test standards. -.. - ~ a 
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TABLE I 
PREDICTED NUMBER OF HIGH-ENERGY SURGES THAT A VARISTOR 

CAN SURVIVE AS A FUNCTION OF SIZE AND CLAMPING 
VOLTAGE TOLERANCE 

Varistor 
Clamping 

Size Voltage VDE 0160 C62.41 C62.41 
mm Tolerance Class 2 High Medium 

none 
none 
none 
none 
none 

1 
none 

1 
5 

none 
1 
8 
1 
3 

20 
8 

80 
800 

80 
3000 

> loh 
500 

8000 
"indefinite" 

20 000 
200 000 

"indefinite" 

IEC proposal to require an across-the-board test at that 
level for all equipment. 

The dramatic effect of the tolerance value on survival 
rate is also apparent. Greater reliability can be achieved if 
users would accept-better yet, request-a slightly higher 
clamping voltage than the lowest clamping voltage offered 
by the manufacturers of varistors and by the manufactur- 
ers of packaged suppressors. 

The normal practice in surge testing of low-voltage 
equipment, as described in the IEEE Guide on Surge 
Testing 171, is to specify an open-circuit voltage and a 
short-circuit current to be delivered by the surge genera- 
tor. With these two parameters specified, the surge gener- 
ator is considered to be defined for any test involving a 
specimen of high impedance (typically insulation) or low 
impedance (typically a surge diverter). For the unidirec- 
tional surges of 10/1000 and 100/1300 ps, a simple 
four-component model circuit can produce these wave- 
forms. An actual surge generator, of course, requires 
careful attention to avoid problems of parasitic 
impedances, but the simple circuit model of Fig. 1 can 
deliver the required waveforms, as shown in Fig. 2 for the 
case of the nominal C62.41 10/1000-ps waveform. 

In the specification of that waveform, the tolerances 
allowed by C62.41 recognize the fact that the open-circuit 
voltage will inescapably have a longer duration but shorter 
rise time than the short-circuit current. Because the 
high-energy aspect of this test makes the current wave- 
form the most significant parameter, the values of the 
components in the model were selected to most closely 
approximate the nominal 10/1000 ws for the short-circuit 
current while allowing the open-circuit voltage to go to 
the longest duration permitted by the tolerances. For the 
VDE 0160 model, the values of the components were 
selected to comply with the 6000-pF requirement while 
producing the specified open-circuit voltage. 

In predicting varistor failure rates, the model can take 
into consideration the possible combinations of manufac- 
turing tolerances on the varistors and the uncertainties of 
the test (which is something that is more difficult to do by 

Fig. 1. Four-component circuit for 10/1000- and 100/1300-ps surge 
modeling. 

0-0 
0 1 2 

TIME (ms) 

Fig. 2. Open-circuit voltage V and short-circuit current I produced by 
circuit model with parameters set for the C62.41 10/1000-ps waveform. 

tests on random samples). In the simple computations 
reported here, three cases have been computed with the 
varistor at the midpoint and the two extremes of its 
manufacturing tolerance. The surge generator parameters 
were set to produce the nominal current waveform in 
order to make a midrange rather than a worst-case pre- 
diction. The conclusions on survival rates and validation 
of the proposed tests presented above would not be dra- 
matically affected if the surge generator parameter toler- 
ances were included in the computation. 

The component values of the circuit shown in Fig. 1 
may be selected to generate the desired waveforms of the 
various standards. The selection method is described be- 
low. In order to determine the response of the circuit with 
the nonlinear varistor, numerical techniques are used as 
shown in the second step below. 

In the circuit of Fig. 1, the capacitance C is charged to 
an initial voltage q.. The surge generator has a series 
resistance R, and a parallel resistance R,. A small induc- 
tance L is tuned to provide the specified rise time. This 
simple LRC circuit is described by a characteristic equa- 
tion 

where R is defined below. The two decay constants are 

The response of the circuit is a "double exponential" 
waveform [9]. 

Using the allowed tolerances of C62.41 for the model, 
the waveshape of the short-circuit current (in which case 
R is R,) was set at 10/1000 ps. For the open-circuit 
voltage (in which case R is R ,  + R,), the maximum 
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duration allowed by C62.41 is 2000 ps. The decay times, 
which are expressed as full width at half maximum 
(FWHM) for these two waveforms are designated as t, 
and t,, respectively. The effective source impedance is 
defined in C62.41 as the ratio of the peak open-circuit 
voltage Vp to the peak short-circuit current I,. Its value 
Z = %/Ip has the dimension of an impedance. 

Because the time constants are widely separated, the 
determination of the circuit component values from the 
values of t,, t,, Z, and Vp can be simplified to produce 
approximate values. The characteristic decay values A +  
and A- are given by 

Applying a logarithm yields 

R tR 
- 

R . tR 
L E -- 

log .9 - log . l  log 9 ' 

The expressions (1)-(5) uniquely define the characteristics 
of the circuit for given values of the time constants, the 
source impedance, and the peak open-circuit voltage. 

With the parameters of the model test circuit thus 
defined, the solution of the response of the current and 
energy in the varistor is obtained numerically using the 
ordinary differential equation package PLOD [lo]. The 
varistor is presumed to contain an internal series resist- 
ance R, and have the I-V relationship 

In particular, for long times t, the short circuit current I,, 
and open-circuit voltage Voc, are given by The first-order system of equations to be solved is given 

by the definition of the capacitor current I and by Ohm's 
law 

At half maximum, one has 

and 

t, = log2.  ( R ,  + R,) . C .  
The varistor current I, and I are related by (6) and by 

With a small value of the inductance 

and By exploiting this relationship, a direct numerical solution 
for the varistor current is possible. In addition, the energy 
in the varistor Em is found by integrating 

These relations lead to the four equations: 

The initial charge is given by C . T/,, and the initial current 
and energy in the varistor are zero. The computations 
were performed for the two C62.41 exposure levels and 
for the maximum VDE 0160 stress, as described below. 

MODELING RESULTS 

C62.41-10/1000- p s  Stresses 

To evaluate the effects of the test on varistors, a simple 
model of an equivalent circuit of the varistor is connected 
to the terminals of the model generator. The charging 
voltage of the generator is, of course, left unchanged. For 
the range of frequencies involved in these waveforms, the 
only two significant elements of the varistor equivalent 
circuit (Fig. 3) are the pure varistor R,, ( I  = kV") and 
the series resistance R,,, R, in the model. The parallel 
resistance R,,,, capacitance C, and the series inductance 

The inductance is determined by considering the 10-90% 
rise time tR. The widely separated time constants allow 
the fast component of the current to be estimated by 

at short times t. 
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(LEAD 
INDUCTANCE1 

Fig. 3. Equivalent circuit of a varistor (Source: [14]). 

L of the complete equivalent circuit can be neglected. 
Three diameters of 130-V rated varistors were considered, 
each with its characteristic clamping at - 10,0, and + 10% 
of the nominal value published by one manufacturer. 
Fig. 4 shows the type of plots obtained from the model 
where the current through the varistor and the cumulative 
energy deposited in the varistor are computed as a func- 
tion of time. Showing the complete set of results for all 
combinations would require excessive space; a summary 
of the results is presented in the Appendix. In the typical 
example of Fig. 5, three curves show the cumulative 
energy for a 14-mm varistor with nominal rating of 130 V 
rms and three tolerance values - 10,0, and + 10% clamp- 
ing voltage when exposed to the C62.41 "high exposure" 
stress level. 

VDE 0160 loo/ 1300-ps Stress 

Fig. 6 shows the parameters of the 100/1300-ps surge, 
Class 2 described in the most recent amendment to VDE 
0160 [I11 and in the IEC proposal [3] . The voltage level is 
specified as 2.3 times the peak of the ac power system 
voltage. (The amendment also cites a Class 1 category 
with a level of only 2.0 times the peak of the ac power 
system voltage and a shorter duration). Accepting for the 
moment the premises that led to the specification of this 
test, the authors applied the same circuit model used for 
the IEEE waveforms to produce the specified VDE wave- 
form with an energy storage capacitor having the value 
specified in the latest amendment to VDE 0160. (Earlier 
versions of the VDE 0160 standard suggested a 25 000-pF 
capacitor. In the amendment, this value has been scaled 
down to a range of 700 to 6000 pF,  perhaps implying that 
the issue is still unsettled, and thus, the IEC proposal is 
still open to feedback from users.) 

In this case, because the VDE places emphasis on 
maintaining the voltage waveform, the model parameters 
were set to obtain an open-circuit voltage close to the 
100/1300-ps values, with the exception of the resulting 
short-circuit current, for which VDE 0160 does not spec- 
ify a value. Fig. 7 shows the open-circuit voltage and 
short-circuit current computed by the model. 

The computations were performed for the 250-V rms 
rating because the VDE 0160 does not provide specifica- 
tions for system voltages of less than 220 V rms. Details of 
the results are presented in the Appendix together with 
the corresponding results from the C62.41 stress levels. 

0 1 2 
TlME (rns) 

Fig. 4. Energy deposition E and current I in a 20-mm varistor with 
nominal clamping characteristic (0% tolerance) during the "High Expo- 
sure" 10/1000-fis C62.41 surge. 

50 I I I ~ I I I I I  

- 10% - 
Rating of l4mm varistor _ 

+lo% - 

0 1 2 
TlME (ms) 

Fig. 5. Energy deposition in 14-mm varistors at - 10, 0, and + 10% 
values of clamping characteristics during a "high exposure" 10/1000-ps 
C62.41 surge. 

Fig. 6. Voltage waveform of the 100/1300-ps surge specified by VDE 
0160 and proposed by IEC (Source: [5]). 

O L O  

TIME (ms) 

Fig. 7. Open-circuit voltage V and short-circuit current I produced by 
model with parameters set to approximate the VDE 0160 voltage wave- 
form. 
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Typical manufacturer specifications [I21 include a joules 
rating for maximum single pulses; however, industry stand- 
ards (Section 6, IEEE Standard on Varistor Test Specijica- 
tions [131) raise some questions on the application of such 
a simple criterion. 

The cumulative energy levels for the three varistor sizes 
(each at three tolerance levels) were computed with the 
model for the C62.41 and VDE 0160 stress levels. The 
results are shown in Table 11, together with the typical, 
single-pulse joule rating published for these sizes. By 
using this somewhat oversimplified joule criterion (more 
than 10% change in nominal voltage may occur if joule 
rating is exceeded), it would appear that only the 14- and 
20-mm varistor, for the low values of tolerance, might be 
in jeopardy. 

Using the criterion of "pulse rating" proposed by man- 
ufacturers [Ill ,  [14], where the current peak and duration 
are taken into consideration leads to more detailed and 
reliable conclusions, which also agree with field experi- 
ence (see Martzloff [15]). 

Therefore, the current peak and its duration (FWHM) 
were also computed for the nine combinations of varistor 
parameters and compared with the "pulse rating" corre- 
sponding to the duration and peak in each case. The 
detailed results, which are the basis for the summary of 
Table I, are presented in tabular fashion in the Appendix, 
together with a discussion of the finer points of the 
analysis. 

1) Predictions of the impact of the 100/1300-ps surge 
test proposed by the IEC and based on the VDE 0160 
standard show that the millions of varistors in service 
should experience a greater failure rate than that indi- 
cated by available information on actual field failures. 
This inconsistency raises serious questions on the pro- 
posed requirement of such a severe test to a wide range of 
equipment. 

Furthermore, the lingering ambiguity in the VDE 0160 
standard (and, consequently, in the IEC proposal) on 
whether to set constant open-circuit voltage or to adjust 
the voltage while the specimen is connected needs to be 
clarified. A constant, specified open-circuit voltage com- 
bined with a well-defined source impedance is the gener- 
ally accepted practice in surge testing. 

2) The energy levels and currents resulting from appli- 
cation of a waveform described in the revised IEEE 
C62.41, on the other hand, range from benign for typical 
large varistors to severe for small varistors. Thus, this set 
of stress levels appears to be more consistent with field 
experience, at least as inferred from available anecdotal 
information. 

3) Although the authors do not question the validity of 
the fuse-blowing scenario, which is the basis for the VDE 
0160 and proposed IEC test, they recommend a critical 

TABLE I1 
SINGLE-PULSE RESULTS AND RATINGS (IN JOULES)  

O/C varistor varistor 

14 -10 1 212 43 

Varistor 
Size Toler- 
mm ance 

NOTES: 

1.  Five numbers are printed In bold face in the results columns for two values of tolerances in 

the 14-mm and 20-mm varistors. These vdues exceed the rating of the varistor, and thus would 

indicate a high likelihood oi failure at that stress level 

2 The varistor model postulates the same I = kVm relation for the three ratings, with a series  re^ 

nstance that decreases as the hameter o i  the varistor increases. The lower serles resistance invites 

a greater current diversion into the varistor in the upturn region oi  the I V characteristic, where its 

effect is more noticeable, especially for the VDE 0160 and the lower tolerance case for the varistors 

review of the statistics of the occurrence of fuse blowing, 
the use of varistors with low clamping voltage, and the 
distribution of actual clamping voltage within manufactur- 
ing tolerances. They also urge all users to share informa- 
tion on the observed failure rates and thus attain a 
broader perspective on these issues. 

VDE 0160 
Class 2 
250V 

This Appendix provides a summary of the 54 separate 
computations made to determine the current in the varis- 
tor resulting from the three high-energy tests discussed in 
the paper. Three varistor sizes were considered (14, 20, 
and 32 mm), and their "pulse rating" obtained from [12] 
and [14]. The 32-mm size has been dropped from the 
current product line of [I21 and might appear obsolete. 
However, it was selected because it has been applied in 
the past [14], and thus, more field experience is available 
for that size than for the 40-mm size, which is the present 
offering. 

The computed results are presented in Table A1 for the 
VDE 0160 Class 2 and the C62.41 "high exposure" and 
"medium exposure7' stresses. In each major section of the 
table, the computed current peak and FWHM are tabu- 
lated. Next to these computations, the corresponding cur- 
rent peaks are shown from the "pulse ratings" in [12] or 
[14] for the computed duration and for 1, 10, and 100 
applications of that peak of current pulse. 

The usual description of a unidirectional surge is based 
on the FWHM, and therefore, the computations of the 
current in the varistor were aimed at characterizing this 
description of the current waveform. However, the "pulse 
rating" curves in both [I21 and [I41 are based on an 
"impulse duration" defined as the time from virtual origin 
of the wave and the virtual time to half value. In the case 
of the C62.41, with a front time of 10 ,us and a FWHM of 
1000 ps, the difference between the FWHM and the 
"impulse duration" is negligible. In the case of the IEC 
100/1300-ps waveform, the difference is more significant, 

C62.41 
High 
130 V 

C62.41 
Medlurn 1 

130 V 
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VARISTOR 

DIA Toler- 
mm ance 

TABLE A1 
MODELING RESULTS VERSUS DEVICE RATINGS-CURRENT AND DURATION 

VDE 0160 = 10011300 ~s IEEE C62.41 10/1000 ps "High" IEEE C62.41 10/1000 ps 'Medium" 
2.3 x 220 x 1.4; 6000 YF; 2.3 x 120 x 1.4; 0.25 n; 2 . 0 ~  120 x 1.4; 1 . 0 ~ ;  

250-V varistor 130-V varistor 130-V varistor 

of Pulses in Columns of Pulses in Columns 

'Adjustment of approximately half of the rise time made to account for the difference between the computed FWHM and the "virtual duration" used in manufacturers 
specifications. For the short rise time of the C62.41, the difference IS negligible. 

"When allowable peak current for the wrresponding duration and number of pulses exceeds the rated peak current at that duration, the varistor IS deemed in jeopardy; this 
situation is shown by shading the wrresponding area in the rating columns. The unshaded areas represent "survival" of the varistor through the high-energy stress. 

IMPULSE DURATION -In 

Fig. AI. Typical published family of "pulse rating" curves showing 
amplitude, duration, and number of allowable pulses. 

and therefore, the comparisons of Table A1 include a 
40-ps adjustment in the duration (about half of the rise 
time). 

The peak values of the current shown in the table that 
exceed the "pulse rating" have been identified by shading 
the area in the columns. At a glance, it becomes apparent 
that the survival rate to a VDE 0160 exposure can be 
expected to be extremely low; it will be moderate for the 
C62.41 "high exposure7' and will be at its maximum for 
the C62.41 "medium exposure" stresses. 
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Significance:
Part 2 Development of Standards – Reality checks

Three examples of reality checks are given that shed some light on issues raised during standards development
! The apparent reduction in surge voltage activity is explained by the proliferation of surge mitigating devices.
! A proposed high-energy surge would cause failure of ubiquitous SPDs, but they do not fail in the field.
! Allegedly frequent high-level surges would cause frequent failure of light bulbs, but they do not in the field
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Abstract - The paper identifies several realities of surge 
environment and equipment survival that are sometimes ignored 
in surge-protection practices. It questions the quest for what 
could be overly conservative requirements for surge immunity or 
surge mitigation by presenting "reality checks" based an field 
experience or laboratory data. A first check focuses on the fact 
that some recent field recordings of surges may be misleadingly 
low in today's surge environment. Additional checks, aimed at 
moderating the overly conservative requirements, include the case 
history of a proposed high-stress 10011300 ps surge test, data on 
failure levels of clock motors and light bulbs that can serve as 
benchmarks for severity levels, and measurements, validated by 
parametric modeling, showing that large currents cannot 
propagate into long cables without causing a flashover of the 
wiring devices at the beginning of the cable, effectively limiting 
the energy-delivery capability of a surge at the end of the cable. 

1. Introduction 
Some proposals for standards on equipment surge 

immunity or on performance of surge-protective devices 
are driven by the commendable quest for conservative 
ratings. However, when this quest produces compounded 
safety factors, the result may not be cost-effective. 

The purpose of our paper is to present facts and 
rationalizations in support of the development of realistic 
standards on the surge environment in low-voltage ac 
power systems. In addition to contributors to the ICLP 
Conferences, two major players in the development of 
., ,--+ :-,, ,+,,A..rA- ,., +I., l:A.+,:-r ,..-,, ,,..:,,----r 
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are IEC Technical Committee 77 on Electromagnetic 
Compatibility and Technical Committee 81 on Lightning 
Protection. Other contributors addressing switching surges 
a$ well as lightning surges include IEC Subcommittee 28A 
on Insulation Coordination, Subcommittee 37A on Surge- 
Pr~!pc!ivp Devices, and F E E  Com-mjtke on &ge- 
Protective Devices. The standards developed by these 
bodies reflect the collective experience of individual 
contributors as well as the "corporate memory" of these 
groups. In this paper, four items are described that may 
serve as foundations, or reality checks, to be added to this 
corporate memory. The first check can be seen as a 
reminder note to resist the mistake of dismissing surge 
threats because contemporary recordings show benign 
occurrences of surge voitages. Tine three other checks can 
serve as a tempering note, to avoid economically unjusti- 
fied over-specification of surge protection. 

-- ~ 
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2. The ninety-five percent rule 
Debates and definitions concerning compatibility 

levels, immunity limits, or emissions limits generally 
acknowledge that requirements drawn from these consider- 
ations cannot apply simultaneously to 100% of the cases 
and 100% of the time. The term "high probability" appears 
in many definitions, rather than a hard number. This 
avoidance of hard numbers is the result of the difficulty to 
secure a consensus from individuals who represent 
different communities of end-users with different percep- 
tions of what is an acceptable level of probability. 

The military and aerospace communities often speak 
of zero tolerance or zero defects where economics is 
downplayed. In contrast the commercial, mass-production 
communities speak of realistic requirements where cost- 
effectiveness is a very prominent factor. 

An intermediate position can be found in industry 
where a rational balance is sought between the costs of 
exhaustive mitigation and the consequential costs of limited 
mitigation. 

Our reality checks are offered as a guide to striking 
such a balance, recognizing the diversity of circumstances 
and expectations from a diversity of end-users. 

3. Shrinking surges vs. expanding mitigation 
A reality check can explain an apparently puzzling 

development which has been observed since the beginning 
of studies concerning the characterization of the surge 
environment: starting in the sixties, results published by 
researchers monitoring the occurrence of surges have 
reported a gradual decrease in the relative severity of 
surges (Martzloff & Hahn, 1970 [I]; Allen & Segall, 1974 
:2]; Sd! & Nethercott, 1375 [3]; Gddsiein a id  Speranza, 
1982 [4]; Goedbloed, 1987 [5] ;  Dorr, 1995 [6] ) .  

This pmz!ing trend can be exp!&ned by reference 
to the reality: the spectacular expansion of surge-protective 
devices (SPDs) in low-voltage ac power circuits now 
makes it almost impossible to make measurements at a site 
where there is not some hidden SPD. Monitors will now 
report the residual voltage of these SPDs, not the m e  surge 
activity in the environment (Aspnes et al. and discussion. 
1985 [7]). So, it is not that surges have shrunk, but rather 
that mitigation has greatly expanded, masking the persistent 
occurrence of transients which remain a potentiai h e a t .  
This threat has shifted from observed surge voltages -- 
now mitigated -- to the possibility of excessive surge 
currents into candidate mitigation means with low limiting 
voltage which would be particularly attractive to the surges. 



Future surveys of the occurrence of surges in low- 
voltage ac power systems should shift from the recording 
of surge voltages to the recording of surge currents [8]. 
Unless this shift is implemented, the false sense of security 
will be further promoted that potentially damaging surges 
are less frequent than once believed. The 1980 title of a 
seminal IEEE document on the occurrence of surges 
(Guide on Surge Voltages in Low-Voltage AC Power 
Circuits [9]) was appropriate at the time, but ihould now be 
amended to reflect the shift. 

4. The saga of the proposed 100/1300 ps surge 
A proposal was made in the early eighties to require 

a high-stress surge test for industrial equipment. A reality 
check would have revealed the contradiction between the 
failure rates that would result from such a test and the 
observed field failures. 

Starring with observations of the occurrence of long 
duration surges, typically associated wth iuse biowing, the 
proposal was to require an additional test with a surge 
longer than the classic 1,250 - 8/20 ps impulse (Meissen, 
1983 [lo]; VDE 0160, 1989, [ l l ] ;  IEC 1000-4-1, 1990 
[12]). The proposed surge would be characterized by a 
10011300 ps waveform, with peaks as high as 1,3 per unit, 
added to the ac sine wave peak. In the original VDE 01 60 
implementation, the test circuit involved the discharge of a 
24000 pF energy-storage capacitor. An amendment to the 
VDE 0160 standard [13] scaled the capacitance value 
down to 6000 pF, still a large stress for the equipment 
under test. 

For instance, such surges would impose large 
stresses to the millions (or perhaps billions) of small varis- 
tors now installed in low-voltage ac power systems. One 
would observe a conspicuous failure rate in the field as 
typical 20-mm diameter varistors cannot survive such 
surges, but one does not observe this &Glue rate. An 
objection to this surge specification was first proposed on 
the basis of computer simulation of the event (Fenimore & 
Martzloff, 1990 [14]) because no generator was com- 
mercially available to produce that surge. Table 1 shows 
an excerpt from [14] where the current that would be 
caused by the proposed 10011300 ps surge in a 20-mm 
varistor rated 250 V rms was computed and compared to 
the published varistor pulse rating for current-handling 
capability. Only a varistor at the high end of its -+lo% 
tolerance band could survive one application of that surge 
(th.e coxespcnding ~ m p k d  ccmn! pea! is nn!y 269 A, 
compared to a rating of 300 A). In all the other cases, the 
varistor rating is exceeded and likelihood of failure 
increases for lower tolerances and for more than one pulse. 

Later on, when a prototype generator capable of 
delivering this surge was developed by a surge generator 
----.C..-+..--- -m ..At-armA h . r  n a nf t h m  ntathfirr rrnd hv I l l a l u l a b L U G l ,  &am wru l raaru  v j  vnr v~ YAW U Y Y ~ V - Y  U..V Y J  

W.Meissen (the originator of the 10011300 ps surge 
proposal), did confirm the fact that 20-mm varistors are 
destroyed by that surge (Martzloff, 1991 [15]). We now 
understand that the IEC proposals and the VDE 0160 
requirements for the 10011300 ps surge have been pulled 
back or are being reconsidered. 

Table 1 
Computed peak currents for a postulated 100/1300 ps surge 

and varistor rated peak current 

5. Failure levels of clock motors 
and incandescent light bulbs 

Tolerance 
on varistor 

nominal 
voltage I rating 

(%) 

- 10 
0 

+10 

T w ~  simp!e devices have been in service ir? --!!inns 
of households and can be seen as surge threshold detectors: 
motor-driven clocks (before the advent of digital clocks) 
and still today, the ubiquitous incandescent light bulb. We 
have some knowledge on the failure rate of some of these 
devices under surge conditions, from which we can derive 
some inferences on approximate limits on the level of 
frequent surges. As we will see in the following two 
subsections, the data are not precise and are subject to 
undetermined statisticai variations. However, the iarge 
number of observations does give some value to the 
inferences, compared to the limited number of observations 
obtained by more precise recording instruments. 

5. I Failures of motor-driven clocks 

Computed results: 
Current peak and 
duration of surge 

in the varistor 

'FWHM: Full width at half maximum 

In the sixties, a report was published citing a 100: 1 
reduction in the failure rate of clock motors when the 
withstand ievei of the motor was raised from 2 icV to 6 i<ii 
[9], thus providing a verification of the "slope" of surge 
occutrrence  rat^: vs. peak repafled hy many reezchers [I@, 

Varistor rating: Allowable 
peak A for number of 
pulses of computed 

FWHM 

peak 
(A) 

658 
454 
269 

Figure 1 shows a plot of the frequency of occur- 
rence of surge voltages versus their peak amplitude as 
reported by many researchers, and the two-point line of the 
100:l relationship between 2 kV and 6 kV occurrences. 
The parallel position of all these lines is remarkable. While 
&e p!cs qc&d by t u h l ~  rerPE&err %J.P, g ~ ~ ~ _ r & v  limited 

J -------- 
to a few thousand hours of observation, at only a few 
locations, the clock data represent the integration of more 
than 10000 clocks over a period of two to three years. 

pvAvtgM* 
(ps) 

625 
515 
400 

d n n  I V V  

pulses 

45 
55 
65 

Because the data reflect only the number of clocks 
returned by dissatisfied customers, the exact number of 
clocks involved in "monitoring" the surge voltages, and the 
duration of the observation are not known. Therefore, 
rigorous statistical analysis would be meaningless. The 
point of our reality check, however, is still that a very large 
number of observation points were involved, for a period 
of several years, something that no survey couid do -- but 
for this particular case history, it was all done before the 
environment began to be tamed by the proliferation of the 
new generation of low-voltage SPDs. 

I  V  

pulses 

80 
90 
110 

I 

pulse 

210 
250 
300 
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Figure 1 - Plots of frequency of occurrence versus peak amplitude 
reported in 1970-1987 surveys by independent researchers. The 
line marked "clock" only shows the slope from 2 kV to 6 kV, not 
the actual frequency of occurrence. Note how the lines are 
essentially parallel. (Plot reproduced from 1161.) 

5.2 Failure of incandescent.light bulbs under surges 

TesG recently perfo-a by fie authors 120-V 
incandescent light bulbs show that few bulbs will survive 
surges in excess of 1200 to 1500 V 1., and that a surge of as 
little as 800 V, when it occurs under the most sensitive 
condition, can trigger the failure . Limited tests performed 
on 240 V bulbs yield similar results. Comparison of tests 
performed by a researcher in Austria and by the authors on 
both 120 V and 240 V bulbs might be available at the time 
of presentation of this paper. 

Since we do not hear reports of endemic failure of 
light bulbs beyond what can be expected from their known 
service life, we must conclude that the reality is that there 
is not a high rate of occurrence of surges at levels in excess 
of 1500 V. 

t The measurements reported in this paper have been made with 
instnunentation for which the combined uncertainty should not 
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ment results to the failure levels of light bulbs exposed to 
environments with characteristics that are at best hown within 
an order of magnitude, this level of uncertainry does nor affect 
the practical conclusions. 

This observation merits a brief summary of our 
findings about the mechanism of bulb failure triggered by 
a surge. We emphasize the triggered aspect because surges 
of relatively low amplitude do not cause directly the failure 
of the bulb, but cause a secondary flashover at the power 
frequency that burns out the filament. Surges nf higher 
amplitudes can deposit enough energy into the filament to 
melt it, but our point for the reality check is that even low- 
amplitude surges can result in failure of the bulb. 

Figures 2, 3, 4, and 5 present oscillograms of the 
voltage across an energized 120-V bulb and of the current 
flowing in the bulb. Figure 2 shows a narrow window 
commensurate with the duration of the surge delivered by 
a 1,2150 ps - 8120 ps surge generator. We observe the 
chopping of the voltage wave, typical of a gap sparkover, 
and the rise of the surge current after the sparkover. The 
scale of the current trace selected to record the surge 
(hundreds of amperes) does not show the normal current 
(1 A) in the bulb. Observations during this test include 
hearing a pinging noise and seeing a bright flash of light, 
followed by darkness as the filament can then be seen 
broken at its points of attachment to the stems. 

I . . .  i . .  i .  i .  i . . . .  i .  .. i .  ~ - -  i . .  - ~p I .  l . . . .  1 
Top trace: Voltage across bulb terminals, 200 Vldiv 
Bottom trace: Current in bulb. 100 Ndiv 
Sweep: 10 psldiv 

Figure 2 - Voltage and current in light bulb during application 
of a 1,2450 ps - 8/20 ps surge, resulting in surge sparkover 

Figure 3 was recorded (for a new bulb) with a 
ionger window to dispiay two fuii cycies of the power 
frequency. At that sweep rate, the surge is no longer 
resolved, and its apparent peak on the trace may be lower 
than the actual peak because not enough data samples are 
collected around the peak. However, the timing of the 
surge, and the events following the surge are what is 
:...--&..-* :.. *l.:- c -.-- n- --.-- ------- 
l l l l l L  I I L C .  LLIC U I ~ C  CVCIIL a p p c ~  as a 
voltage spike and a current spike, followed by return to 
practically normal voltage and no visible large current. 
Then, suddenly, a pulse of power-frequency current 
appears, with a large amplitude -- the source of the 
observed flash. We believe that it is this current that causes 
the burn-out of the filament, not the "trigger" surge. 
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Top trace: Voltage across bulb terminals, 200 Vldiv 
Bottom trace: Current in bulb, 100 Ndiv 
Sweep: 5 msldiv 

Figure 3 - Voltage and current in light bulb during application of 
a 1,U50 ps - 8/20 ps surge at 30°, resulting in surge sparkover, 
followed by power-frequency flashover 

This belief is supported by the recordings shown in 
Figures 4 and 5. Figure 4 is actually the recording of a 
surge application to the bulb of Figure 3, in a test that 
preceded the fatal surge recorded in Figure 3. The applied 
surge was the same (900 V) for both Figure 3 and Figure 4. 
The randomness of the process of igniting the power arc is 
such that in the case of Figure 4, the power arc was not 
ignited, while in the subsequent surge application on the 
same bulb (Figure 3) and in the same conditions, the power 
arc was ignited, resulting in burn-out of the filament. 

Top trace: Voltage across bulb terminals, 200 Vldiv 
Bottom trace: Current in bulb, 100 Ndiv 
Sweep: 5 msidiv 

Figure 4 - Voltage and current in light bulb during application 
of a l,2/50 ps - 8/20 ps surge at 30°, with surge sparkover but 
no power-frequency flashover 

As f~rht er evidence, Fi-me 5 shows the process (in 
a new bulb) when the surge was applied at zero degrees, 
the time at which there is the least power-frequency voltage 
to ignite a power arc. in that test sequence, the iirsi appiied 
surge had an amplitude of 1000 V. Sparkover under the 
impulse did occur (the pinging noise was heard), but the 
power-frequency arc was not ignited and the bulb survived. 
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Top trace: Voltage across bulb terminals, 200 V/div 
Bottom trace: Current in bulb, 100 Ndiv 
Sweep: 5 msldiv 

Figure 5 - Voltage and current in light bulb during application 
of a 1,2150 ps - 8/20 ps surge at 0°, resulting in surge sparkover 
and delayed power-frequency flashover 

The applied surge was then raised in 100 V steps, 
still with pinging heard but no fatal power-frequency arc. 
Figure 5 was recorded when the applied surge voltage was 
increased to 1300 V. At that level of energy deposited by 
the surge, enough plasma was generated in the path of the 
surge current to eventually ignite the power-frequency arc, 
but it had to wait until the power,frequency voltage had 
rezched i;s pe&. 

To conclude this summary, Table 2 shows the 
relationship between the timing of the surge with respect to 
the sine wave and the amplitude of the surge sufficient to 
trigger ignition of the power-frequency arc. When the 
surge is applied at 90 degrees (the peak of the sine wave, 
making immediate ignition of the power arc easiest), a 
surge of 800 V is sufficient to trigger the power arc. At 
zero degrees, the surge must be raised to 1500 V to 
produce sufficient plasma to result in a subsequent power- 
frequency arc. 

The phenomena are of course subject to the 
statistical variations of sparkover. The values shown in 
Table 2 are the averages of tests performed on a total of 20 
bulbs of the same manufacturer, rated 100 W, replicating 
the test at several timing angles. This paper is not the 
medium for reporting in detail our series of experiments 
with other manufacturers and other watt ratings which 
produced similar results; the point is, however, that our 
inferences are not hased on just the 20 bulbs of Table 2. 

Table 2 
Relationship between timing angle of the surge and amplitude 

necessary to produce a fatal power-frequency flashover 

Angle(") 

Peak (V) 

' One specimen produced 'pinging" starting at 1000 V, but no 
power arc. Eventually. the bulb failed at 1600 V without power arc. 
as a direct result of the energy dumped into the filament by the 
surge alone. 

30 

900 

0 

1500 
- - 

15 

1200 

45 

800 

165' 

1100 

135 

850 

90 

800 

150 

850 



6.  Limits to pushing surges into branch circuits 

S O ~  p p d s  hwe been =..& tc require SPDs 
intended for installation on indoor circuits to withstand 
surges with relatively high peaks and short rise time. Such 
a requirement would mean that a substantial voltage drop 
would be developed (L. dildt) along the wiring. Added to 
the !ifif r?g vn!tage sf the SPD at the end sf th,e !in=, tk 
voltage necessary to drive such a surge at the origin of the 
line would very likely cause flashover of wiring devices at 
the origin of the line. 

This flashover, occurring during the rising part of 
the surge, would effectively shut off further propagation of 
the surge toward the SPD (except for the energy stored in 
the line during the current rise, which is easily dissipated 
by the SPD). Thus, the requirement of a large surge 
capability for SPDs installed with even a modicum of line 
length would be unrealistic. In support of this statement, 
we present here a summary of measurements on actual 
wiring ZK! EMTP [!7] cnmpter simu!~tim ef a r~qge  cf 
parameters. 

Figure 6 shows the experimental circuit with a 
varistor connected at the downstream end of a "branch 
circuit" consisting of two copper conductors of 2-mm2 
cross-section (#I2 AWG), typical of residential wiring. The 
first current transformer monitors the total current 
impinging at the upstream end. The second current 
transformer monitors the current flowing toward the 
downstream end, which will be imposed on the varistor. 
The clearances at the upstream end, such as clearances in 
a service-entrance panel, are represented by a discrete gap 
that can be set to produce sparkover at some given voltage 
during the test as well as in the model. 

To determine the response of the circuit without the 
clearance limitation and verify that the model produces the 
same result, the gap setting was adjusted for this particular 
,--A -- rL-. - -  ---- 1.- 
~ c s r  su umi no s p a o v e r  occurred at the upsueam voirage 
developed for the current delivered by the generator. Once 
the model was validated, parametric variations could be 
performed for any combination of circuit length, applied 
surge, and clearance (gap) sparkover. 

t 9 meters i - - /xlm 
u u v  A " " U  
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Figure 6 - Test setup for driving surges into a varistor 
installed at the end of a 9 m branch circuit. 

I .  I 

Top trace: Gap voltage, 500 Vldiv 
Center trace: Total current, 500 Ndiv 
Bottom trace: MOV current, 500 Ndiv 
Sweep: 10 psldiv 
Figure 7 - Voltage and currents 
measured in the circuit of Figure 6 

Figure 8 - Plot from model of voltage across the gap 
(compare with voltage trace of Figure 7) and impinging 
current (compare with the two current traces of Figure 7) 
for the circuit of Figure 6 

Inspection of Figures 7 and 8 clearly shows the 
agreement between real-world measurements and model. 
The voltage traces are quite comparable. In Figure 7, the 
two current traces are identical since no current is diverted 
in the arrester. In Figure 7, the current trace is the one 
pstu!ateC! in the mnde!ing. %is c~nespmdence a!!ows 
us to make parametric variations in the model with 
postulated impinging surges of higher values, such as those 
being proposed for consideration in some standards-writing 
groups. Another advantage of the model is that it allows 
postulating a current source -- the consensus choice among 
lightning researchers - rather than using a surge generator 
which is only a charged capacitor with a wave-shaping 
network. Consequently, the surge generator interacts with 
the circuit into which the surge is injected, changing the 
waveform and losing the postulated constant waveform. 
This changing of the waveform makes it more difficu!t to 
perform parametric tests, compared to the ease of 
modeling. Table 3 below shows the results of such 
computations for the current waveform of Figures 7 and 8. 



Computed upstream voltage (in kV) necessary to drive a 
current of the peak value shown (columns) and rise time of 

10 ps into a branch circuit of length as shown (rows), 
terminated with a 130-V rated varistor 

As mentioned above, the insertion of an inductance 
in the load connected to the surge generator increased the 
rise time beyond the standard 8 ps, In making the 
parametric computations, we chose to stay with this 10 ps 
value to maintain continuity with the testlmodel validation. 

Typical wiring devices used in 120-V installations 
have minimum flashover points in the range of 5 to 8 kV 
(this as a result of prevailing clearance requirements rather 
than insulation withstand levels as recommended by IEC 
Publication 664 [18]). Comparing thls flashover level with 
the voltage values of Table 3 shows that, indeed, there is a 
strong possibility that within the range of current levels and 
branch circuit lengths of the table, a flashover would occur 
to throttle further propagation of the surge toward the 
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postulating ever-larger surge currents into ever-longer 
branch circuits leads to a contradiction with the physical 
reality of the eventual occurrence of self-limiting flashover. 
This paradox has been discussed in greater details in a 
paper dedicated to that very subject [19]. 

Peak 2 w  i 3 k ~  / 5 k ~  / 7 k ~  I Length 

7. Conclusions 

10 m 
?n m "" 8 , .  

50 m 

1. Reality checks on the surge environment can bring 
a sense of perspective and help developing realistic 
standards for performance and application of surge- 
protective devices. This perspective can help avoid 
both over- and under-specification. 

2. The proliferation of surge-protective devices in 
low-voltage ac power systems has made the 
recording of surge vohges practically irrelevant at 
best, and misleading at worst because the recorders 
indicate the let-through voltage of the SPDs, not the 
impinging surge. Surveys of k e  surge environment 
should focus on the ability (threat) of a surge to 
deliver a current to those ubiquitous surge- 
protective devices. 

2 3  
C. Q 
- 9 -  

9.3 

3. Field failure rates of various devices for which the 
failure level is known can provide some realistic 
and useful information on the rate of occurrence and 
level of surges in the environment. 

4. Modeling the propagation of surges in a circuit, in 
particular computing the resulting voltages and 
comparing them with the known withstand level of 
insulation can provide a restraining influence on 
over-specifiing surge protection requirements. 

3,3 
8,s 
13,7 

Support for the development of this paper was 
provided by the Power Quality research groups of 
Delmarva Power & Light, and Pacific Gas & Electric. 
Support for the testing and modeling was provided by the 
Electric Power Research Institute. 
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Significance:
Part 2  Development of standards – Reality checks

Investigations were conducted in the US as well as in Austria, on 120-v and 240-V incandescent lamps to determine
the levels of surges that can trigger an internal flashover of the hot filament, resulting in filament burnout. 
Repetitive surge application below the threshold do not result in premature failure of the lamp, but above the
threshold, a single application can trigger a fatal flashover.  By combining measurement of currents and voltage
during the event with high-speed video recording, the mechanism has been clearly determined.

Depending on the characteristics of the surge (waveform, amplitude, and timing with respect with the power-
frequency sinewave), thresholds of failure range between 800 V and 2000 V.  Very few bulbs survive surges above
2200 V.  Therefore, the conclusion is inescapable: if such surges were occurring frequently – according to some
SPD advertizing claims – lamps would fail very promptly.  We know they do not, ergo the alleged frequency of
occurrence is incorrect.



.



.



.



. - 582 -



.



.



DEVELOPING 
A

CONSUMER-
ORIENTED

GUIDE
ON

SURGE
PROTECTION



Developing a Consumer-Oriented Guide on Surge Protection

Thomas Key, EPRI-PEAC, 942 Corridor Park Blvd, Knoxville TN 37932 TKey@epri-peac.com

François Martzloff, National Institute of Standards and Technology, Gaithersburg MD 20899  f.martzloff@ieee.org 

Roger Witt, State Farm Insurance Co., 1 State Farm Plaza, Bloomington IL 61710

Jim May and Stacey Black, Illinois Power Company, 500 South 27th Street, Decatur IL 62525

Reprinted from Proceedings, PQA’97 Conference, 1997

Significance: 

Part 2 Development of Standards – Reality checks

Caught among contradictory stories on the need for surge protection as well as unsupported anecdotes of surge-

related failures, the typical consumer is in a quandary on how to best allocate personal resources to protect the

expensive electronic equipment found in a modem household.

To help provide some answers to this quandary, a team of experts developed and engineering guide on the basics

of surge protection.  One of the recommendations addresses the issue of ineffective configuration of utility

connections that are responsible for surge-induced failures.  This paper served as a progress report, documenting

the status of the project at the end of 1996.  An update on this project was reported under Key et al. 1999, which is

included in Part 6 of this Anthology
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Each year !ightning is estimated to be responsib!e for 250 to 500 ml!!ion do!!ars in propew damage 
in the United States. This estimate is based on an analysis of insurance claim cempared to cloud- 
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A iypicai modern residence contains many eiecironic and muiti pori appiiances. in order io ideniify 
speciiic protection practices, a typicai resiaence was deiinea wiin eiectronic appiiances and systems 
illustrated in various rooms 8s shown in figure 1. The main systems are home entertainment 
InC!gdlng cab!e TV, home ~ f f l c e  Inc!udlng fe!pphQnp, and e!ecfrOnlc klfchen app!rance.. Other 
cammen vu!nerab!e systems are heme security, intercem, sate!!ite receiver, garage deer epener, 
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These including lightning, surge propagation, grounding, surge protection practice, and built-in 
appliance immunity. The workshop was successful in building consensus despite the fact that 
different experts had different backgrounds and experiences. At the end all agreed on essential 
principles of how to protect sensitive equipment. However, specific devices and procedures that 
could be applied case by case were more difficult to obtain. Also, there is currently no information 
aboiji compaiiGiiiv ieveis and points of -"iiiiierabiiiv for rnaiiji modern eiecironic 
appliances and systems. Consequently, specific installation methods and precise recommendations 
on how to protect these electronic systems from surge threats are not yet fully developed. 

A few appliances seem to have varying susceptibility to surges, The most notable losses, according 
to insurance claim records, are telephones and modems, computerized equipment, TV, VCR and 
satellite receiver systems. These are generally multi-port appliances-that is, appliances connected 
to several different systems, such as an entertainment center connected to power, cable, and 
telephone or a security system connected to power, sensor, and control. These multiple 
connections, and the likelihood of potential differences between them, are believed to be major 
factors in surge damage susceptibility of many residential appliances and systems. 

Lightning is not the only threat, but remains a dominant one.. Most of the Continental United States 
experience at least two cloud-to-ground (C-G) flashes per square kilometer per year. About one half 
of the area will see three C-G flashes per km2, which is equivalent to about 10 discharges per 
square mile per year. The maximum flash densities are found along the southeastern Gulf Coast 
and the Florida peninsula, where the values approach 20/km2 or 50/mi2. Overall about 30 million 
C-G flashes strike the United States each year, and lightning is clearly among the nation's most 
severe weather hazards. 

In high lightning areas, perhaps a threshold of three C-G flashes per square km per year, some 
degree of structural lightning protection is recommended. This threshold may be economically 
justified by the growing value, and vulnerability, of residential electronic systems. There is good 
:-L..--.+:-.- A,.-:I.-.C,l.-. n- I-.-.., +rr rrrrnrrm-l;rrC, +C,;- -rn+rr.-.+;n- Dm-;- I;rrh+m;-m -rrr+nrr+;n- -rrr.-.+:-rr- A".-. 
II IIUI I I I ~ L I V I  I avallault: UI I I IUW LU abbul l  lp1131 I LI 113 ~ I V L C ~ L I U I  I. ua31b I I ~ I  ILI III l y  ~ I V L C L L I U I  I p l a b i ~ b ~ a  a l e  

well defined in the Lightning Protection Code, NFPA 780. An illustration of the basic elements of 
this protection is provided in figure 2. These protection techniques will not eliminate surges that 
enter the residence either via different wiring systems-including the grounding electrode 
s y s t e ~ ~ :  cwpled into :vi:ing from nearby flash.es. In additim to the lightning threg!, some bssic 
household appliances can act as surge generators, for example a light switch or a furnace igniter. 

Protection against these surges can take several forms. The possibilities are: preventing the surge 
at its origin (impossible for lightning and difficult for surges associated with normal operation of the 
power system), diverting the surge to ground as it impinges on the building, before it enters the 
building (the most effective approach), and finally, clamping by a surge protective device (SPD) at 
the equipment (either by an add-on, plug-in, or built in SPD). Of these three approaches, only the 
service entrance and add-on SPDs are options available to the end-user. Service entrance 
protection may be offered by the local utility. If not, a licensed electrical contractor may offer 
installation service. In either case installation of service entrance protection must be done by a 
professional. Various locations for power line or transient-voltage surge suppressors (TVSS) are 
shown in figure 3. 



Legend - 
Air terminal spaced 6 meters (20 ieet) apart aiong ridges and within 0.6 meter (2 ieetj o i  
ridge ends 
Down conductors (minimum of two) 
Grounding rods; minimum of two, at least 3 meters (1 0 feet) deep 
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Air terminals located within 0.6 meter (2 feet) of outside corners of chimney 
Dormers protected with air terminals 
Antenna mast bonded to roof ground conductor 
Gutters and other metal objects bonded to grounding system 
Surae arrester installed at service Dane1 to ~rotect  appliances 
I 

l o .  Transient voltage surge suppressors installed at receptacles powering sensitive electronics 

Figure 2. Typical comprehensive lightning protection of a residence (reprinted with permission 
from Underwriters iaboratory inc.j 

\ 

Power Line Suree Protectors 

Service Entrance Arresters @,a,@,@ 
Branch Circuit Suppressor @ 

Receptacle Plug-in Suppressor O 

Plug Strip with Suppressor 8 

Figure 3. Options for power-line surge protection in a residence 



A fundamental application issue in surge protection is grounding. Proper grounding is critical for 
the case of ground-seeking surges such as lightning currents. However, even more critical for multi- 
port appliances or systems is the difference in ground reference between port connections. This 
vuinerabiiiiy issue is addressed in the Nationai Eiectric Code (NFPA 70j, which requires that ine 
grounding conductors of all systems entering a facility be bonded together. As shown in figure 4 
(left), a split bolt is used to bond different system grounding conductors to the power system 
grounding electrodes. Unfortunately this bonding is not always done and a common, but incorrect 
and dangerous to personne! 2nd equipme~f, scen=rrio is s h w n  ir! figwe 4 (right). 

#6 AWG to ground bus 
f i n  electrical panel 

#6 ~um'per around 

I , T , L . -  .&.. , --->..!- - 1 1  
W llCll  SLCCI LUllUUlL a l l  

Driven ends of the conduit 
Ground Rod shall be bonded to the 

grounding wire. 

CATV and 11 teleohone 
Electric 
Meter 

@ service. 

? A single ground 

I not be less than 
rod, may or may Each service has its own 

ground rod and none are 

1 25 ohm, as connected together. 
required by code 

Figure 4 - Minimum code-required service grounding (left) and commonly found, but incorrect 
grounding of existing house (right) 

The incorrect grounding of the house, figure 4 right side, was identified by the study group as the 
primary problem in residential system surge protection. Even with independent surge protection of 
the power and communications ports, smart electronic appliances are left vulnerable to surges. 
During a surge, an elevation of only one of the port reference potentials relative to the other(s) can 
upset or damage appliances. The problem is depicted in figure 5, which shows the connection of 
a f a ~ s i i i i i l ~  iiiachiiie (FAX), to bolh the power system and commi;nication syskm. The SPE (also 
called TVSS in the industry jargon) on the power port of the FAX can be built-in or installed 
externally by the end user. The arrester at the service entrance, shown in dotted lines, may or may 
not be present. According to standard practice, the telephone company has installed a network 
interface device [NID) at the point of entry. The NID is installed primarily to protect the telephone 
system and human users from hazards of faults and surges that travel from the premises toward 
the telephone system, rather than to protect from surges impinging from the telephone system into 
the premises. Nevertheless, should a surge impinge on the telephone system, the NID will divert it 
to ground, in this case the nearest cold water pipe. 

Consider the case of a surge impinging on the entrance of the telephone system. The surge current 
shown as "Surge i" in figure 5 flows in the long path from the entrance of the telephone system to 
the grounding point in common with the power system entrance. The inductance of this path is 
&.....:--ll.. &-- -  - 5  -:-"- I--...-:-- .....A &LA -..,.-- -..""--& --- ":..A 4- --.,-"-I I-..-A--A ' 
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microsecond. The resulting voltage drop along the current path from the telephone port to ground 



is L x dildt (voltage elevation at the FAX communications port). In contrast, the FAX power port is 
not affected by the surge because none of the power port conductors carry any surge current. 
Assuming 10 pH for L and 500 Alps for dildt, the voltage drop that appears between the power port 
and telephone port of the FAX is Vdifference = 10 pH x 500 A11 ps = 5000 V. This voltage is likely 
sufficient to cause a flashover on the printed circuit boards, or a semiconductor failure in the FAX. 
Most FAX failures can be readily explained by the elevated reference potential associated with 
independent surge protection of the two ports. 

Power rL;; 
TVSS System l.4 Arrester 

Entrance 'I:' 

Cold Water Pipe 
a a - - 

Surge i 

Figure 5. Surge voltage potential difference develops between two protected ports of appliance 

antenna grounding wires. 

I \( a E l e c t r i c  Meter I 

J 

lL MinX14 AWG wire 
I I I I ! I 

.I \ b p i o n a l  method is to use a UFER 
ground. A 112" dia., 20 ' -0  long steel 

I I rod or #4 bare copper wire encased in 
the concrete footing. 

b2O'-O"4 When steel conduit is used to protect 

I grounding wire, all ends of the conduit 
shall be bonded to the grounding wire. 

Figure 6. Recommended service grounding for enhanced surge immunity 



The recommended practice to avoid the problem discussed above is an "intersystem bonding point," 
as shown in figures 6 and 7. This approach addresses the issue on a facility basis. The two 
services, power and telephone, must enter at the same point and must be bonded together at that 
point. The NEC requires bonding together the two service grounds, but does not require entry at the 
same point. As shown in figure 5 system bonding is provided by the cold water pipe, which is 
: I  - -  a- L : n. . r  r ~ ,  ..-I+,,, ,,c,,r:,~ ~:rr, , , , , ,  ,~:I I  ,,,. .,, L. ,,,. .,, ,I r ~ -  
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separated entry points. Figure 7 shows the details of how an inter-service bonding point might be 
constructed and installed. 

\TO GROUND BUS IN PANEL 
INTERSYSTEM BONDING POINR 6"x 6 
x 3" weatherproof box with a 6 position 
grounding lug suitable for #14- #6 wire. Labels 
shall be permanently attached. This is for 
connection of telephone, television, and radio ELECTRICAL METER 
antenna grounding wires. 

G 

AWG BARE COPPER 
OUNDING ELECTRODE 

WEATHERTIGHT FITTING 

GROUNDING BUSHING USE1 
rOR iviETAiiiC 

Figure 7. Details of the essential intersystem bonding point 

Beyond grounding, for a surge-protective device (SPD) to be effective it must provide a protective 
level, or surge clamping, below a level potentially harmful to the equipment. But the level should 

be so i()w that device absorbs energ.y i" its iife is or ii faiis prematureiy 

under the stresses resulting from a temporary overvoltage. This principle holds for power, signal, 
telephone or cable, albeit at different threshold levels. The SPD must also have a surge current 
handling capability commensurate with the surge currents that might occur at that location. 

The application of an SPD satisfying the criteria cited above must also take into consideration the 
rest of the circuit where the device is to be applied. For instance, operation of the SPD must not 
cause adverse side effects. In the case of protection of load equipment which is connected to the 
power system as well as to a communication system (telephone, cable or satellite TV) particular 
attention must be given to this issue. It is possible that protecting the two interfaces of the 
equipment, each with a separate SPD, might leave the equipment in jeopardy as the result of 
overvoltages appearing between the two separate systems, see Key, Martzloff, [2,3]. 

Because effective operation of an SPD invoives aiveriing tine surge to ground, the actuai grounding 
system and its connections in a residence must be taken into consideration. The impedance of the 



grounding system to "true earth" is far less important than the integrity of the bonding of the various 
parts of the grounding system. As noted earlier the worst possible mistake-and a violation of the 
NEC-is to provide separate grounds for the power system and for the communications system. 
Even so, many instances are found of such multiple grounding practice in residences, either 
intentionally, or by accident. A typical example is services such as cable TV that used the metal 
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at the time of installation, but can easily be defeated when the water piping inside or outside the 
house is replaced with plastic. So an improper separation of grounds is camouflaged by the short 
link of steel pipe going through the foundation wall and sealed in the concrete. 

k distance -------.I 

Suppressor 
1 
Arrester 

C62.41 
Location ---1 

Category B 

C62.41 
Location 

Category A 

Figure 8. Cascade arrangement of upstream and downstream SPDs 

OPEN AND UNRESOLVED ~SSUES 

Several issues remain open at this point and will be addressed in the Guide. We hope that the 
Guide will resolve some of these issues, but others might take more research to resolve. In some 
cases an iterative process be among uiiiiiies, and eqLIipmeni inan"factLIrers 

to optimize the process instead of exchanging blame. 

One important problem that can be resolved by future research is the coordination of an SPD 
cacade, (see figure A). !f the se!ectinn nf a sewice entrance SPD is appropriately coordinated with 
the installation of appropriate SPDs within the residence, then the resources will be allocated in an 
effective manner, both technically and economically (see Martzloff, Lai [4,5]). Clearly, this 
coordination can only be achieved by cooperation of the utility, SPD manufacturers, and premise 
occupants and full knowledge of the characteristics of the SPD's and the surge itself. 

Another problem that can be resolved is the effective protection of equipment connected to two 
different systems. The concept of equalizing ground references has now been sufficiently 
advocated to motivate SPD manufacturers to offer SPDs with both power and telephone protection, 
or both power and i'v' protection, in the same enciosure (see figure 9j. The iEEE designation of 
"Surge Reference Equalizer" was published in 1992, [6]. It has not yet found general use in the 



industry, but for most residential applications the device can be found in electronics supply stores. 
Still, a possible problem in that solution is the absence of industry standards on the performance 
of surge reference equalizers. At this point, the user is left with some uncertainty as to how effective 
a particular brand may be compared to another. In this intensely competitive market, claims and 
counter claims need to be sifted via experiment, a role that some utilities might be willing to assume, -- &L-& ....---:-..&:--.-. -L.-..lA -&.-I.,.-..-.- 
UI L l  Id1 LUI 15UI I I'SI Vl y d l  llLdllV113 31 IVUIU dUUlG33. 

Figure 9. Surge reference equalizer to protect multi-port appliances 

Last but m t  !east, app!icatim of SPD or !ightning protection must consider risk ana!ysis. Protection 
of appliances against surges generated within a building, or impinging at the power service 
entrance, can be accomplished with relatively low cost. However additional investment may be 
required if multiple services (telephone, TV, and power), and multiple grounds are present. External 
protection against a direct lightning strike may also be needed with cost depending on the structure 
and location. In any case good practice should be sought in the face of an "act of God" event, 
where damage can be minimized by observing appropriate rules of grounding, bonding, and 
protection, as the Guide will propose. However, even with the best practices some degree of risk 
will always remain. 

More aiieniion to siiige p i ~ i ~ ~ i i ~ i i  practices is warranted bjj the increased iise and i i ihe i~ i i t  SiiiCje 
vulnerability of residential electronic systems and appliances. While there is consensus on the basic 
principles of protection, specifics and installation procedures for cost-effective applications are not 
readily available. By applying data and practices for grounding, lightning and surge protections to 
specific appliance sets; these needed details are beginning to take form. To be successful a 
Consumer-Oriented Guide on surge protection will have to address complex topics of whole-house 
protection including such techniques as multi-port devices and cascade coordination. When 
complete, the Guide should provide a comprehensive document that insurance companies can use 
to educate their policyholders, employees, and agents about how to reduce damage resulting from 
surges caused by lightning. 
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Significance:
Part 2  Development of Standards – Reality checks
Part 4  Coupling and propagation of surges

In the propagation of a surge current injected at the service entrance of a building, two significant factors can
prevent the propagation of a postulated “large” surge current to the end of the branch circuits of the facility.  

1. The combination of the inherent inductance of the wiring and the high rate of current change for such a current
to begin flowing into the branch circuit results in a high voltage at the driving end   (V = L x di / dt).

2. In the absence of a surge=protective device at the service entrance, the withstand voltage of the wiring devices
at the driving end – the service entrance – is very likely to be exceeded by the voltage that this rising current
will develop along the branch circuit. 

The resulting flashover will abort further propagation of the surge current toward the far end, thus establishing a
limit to what is physically possible.  If there is a surge-protective device at the service entrance, the scenario
becomes a matter of cascade coordination.

The paper provides quantitative information on this limitation, as a function of wiring length and current rate of rise.
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High Surge Currents into Long Cables: 

Arshad Mansoor, Member, IEEE 
Power Electronics Applications Center 

Knoxville, TN 37932 USA 

Abslract - Reality checks can and should be applied to proposals 
for characterizing the surge environment and application of surge- 
protective devices (SPDs) to end-user, low-voltage power systems. 
One such check is the fact that driving a large current with steep 
front toward an SPD installed at the far end of a branch circuit 
cable could require such a high voltage that the connections at the 
near end of the cable will flashover, limiting the stress applied to the 
far-end SPD. Tests and numerical modeling were performed to 
support this thesis. The results of real-world measurements and 
modeling, presented in the paper, are in good agreement and 
validate each other. From that point on, the model allows 
parametric variations of cable length and surge current amplitude 
and waveform, of which several examples are presented. 

I. INTRODUCTION 

In the never-ending quest for better data on the frequency of 
'occurrence and level of threat of overvoltages, we should not 
overlook some "reality checks" that can be applied to proposals 
for characterizing the surge environment. One such check is the 
fact that forcing a large surge current with steep fiont toward a 
surge-protective device (SPD) installed at the far end of a branch 
circuit cable could require such a high voltage that the wiring 
device connections at the near end of the cable will flashover, 
limiting the stress applied to the far-end SPD. 

' Electricity Division, Electronics and Electrical Engineering 
Laboratory, Technology Administration, U.S. Department of Commerce 
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Large surge currents considered by standards-writing bodies 
and discussed in this paper are presumed to impinge from the 
outside of a building, as a result of a direct or indirect lightning 
flash. These involve postulated rise times in the order of a few 
microseconds, with a duration ranging from a few tens to a few 
hundreds of microseconds. While there are different propositions 
made on what duration should be considered as "representative" 
waveforms, there is a consensus on rise times ranging from about 
4 ps to 20 ps [I]. However, consensus on what value to select 
for "representative" amplitude(s) has been challenged by 
proposals to increase the current surge capability of devices 
intended for installation at the end of branch circuits. 

A growing trend in the application of SPDs to residential or 
commercial installations is to provide " whole-house protection" 
with an upstream SPD connected at the service entrance, and 
downstream SPDs in the form of plug-in devices installed at 
receptacles. Selecting the ratings for these two devices is the 
subject of some debate. The voltage rating of the devices 
introduces the issue of cascade coordination which has been 
addressed at length in the literature [2]-[8] and will not be 
discussed here. At this point in time, the vast majority of 
installations do not include an upstream SPD intentionally 
connected at the service entrance, other than a gap in the 
revenue-meter socket. This gap is provided by the meter 
manufacturer to protect the meter more than the downstream 
installation. Nevertheless, there are other "gaps" at the service 
panel -- the clearances of the wiring devices, which have some 
limits to their voltage withstand capability. 

II. SURGE PROPAGATION IN WIRING 

The possibility of a clearance flashover is the basis of our 
thesis: If a large surge current is postulated as propagating 
downstream (and then taken as a requirement for the downstream 
SPD), the propagation characteristics of this surge current would 
result in high voltages at the service entrance, upstream. In turn, 
the high voltage would cause flashover of upstream clearances, 
acting as a relief valve for the surge energy headed for the 
downstream SPD. This relief action would then contradict the 
proposed requirement for high energy-handling capability of the 
downstream SPD. Thus, appropriate selection of current ratings 
for the downstream SPD, in the light of our thesis, should take 
into consideration this reality check that defines an upper limit 
for the current rating required for the downstream SPD. 

0885-8977/97/$10.00 O 1996 IEEE 



The surge propagation characteristics mentioned in the 
preceding paragraph are controlled by three parameters: the 
impinging surge, the impedance of the wiring from the service 
entrance to the downstream SPD, and the I-V response of the 
downstream SPD. The impinging surge could be considered 
either as a voltage source or as a current source. The present 
consensus is to consider it as a current source, resulting from the 
coupling and subsequent division of a lightning surge, part of 
which impinges on a given service entrance. 

The impedance of the wiring is that of two parallel wires of 
known dimensions and separation. It can be represented either 
by lumped parameters -- series R and L and parallel C -- or by a 
"short" transmission line. The reason for placing quote marks 
around the qualifier of "short" is that the term is to be viewed by 
comparing travel time over the length of the transmission line and 
duration of the traveling pulse -- another subject discussed in the 
literature [9] that we will not discuss here, with the exception of 
a brief comparison of results obtained when modeling the 
propagation with lumped parameters or with a transmission line. 

When using the lumped RLC model, during the rise of the 
surge current, the significant parameter of the wiring impedance 
is its inductance, L. The voltage at the upstream end resulting 
from driving the surge current into such an impedance is primarily 
L x dildt, with dildt determined by the amplitude and rise time. 

By performing surge measurements on real-world wiring 
components, followed by numerical modeling with the Electro- 
lmagnetic Transients Program (EMTP)' [lo], this proposition can 
be verified and applied to a range of postulated surge waveforms 
and typical configurations found in the premises wiring of low- 
voltage systems. These results will allow developing realistic 
recommendations for the rating of SPDs offered for surge 
protection at the equipment location -- either as plug-in additions 
by the end-user, or as permanently wired devices at the end of 
typical branch circuits. The measurement results also show the 
need to consider the possibility of "blind spots" in the protection 
schemes, and illustrate our title paradox of "more begets less." 

Measurements were conducted on a simple circuit consisting 
of 9 meters of nonmetallic jacket cable typical of residential 
installations, with a metal-oxide varistor connected downstream 
at the far end. A Combination Wave surge generator, suitable 
for producing the waveform described in IEEEIANSI C62.41- 
1992 [I ]  was used to inject a surge current at the upstream end 
of the cable. Current and voltage waveforms were recorded. 
The current waveform resulting from this injection was 
duplicated in a closed-form equation to be applied as the 
postulated surge current injected into the EMTP model of the 
circuit, allowing computation of the corresponding voltages. 

' Certain commercial instruments and software packages are identi$ed 
in this paper in order to adequately specify the experimental procedure. 
Such identzjication does not imply recommendation or endorsement by 

\the National Institute of Standards and Technology, nor does it imply 
that these are necessarily the best available for the purpose. 

111. MEASUREMENTS AND MODELING 

A. Characterizing the varistor 
First, the varistor to be connected at the far end was tested to 

determine its I-V response and demonstrate that the model to be 
used for this highly nonlinear component would be adequate to 
simulate its behavior in the circuit when connected at the down- 
stream end. Figure 1 shows the test circuit used for making that 
measurement. The surge generator used for the tests was the 
KeyTek 7 1 1 with a P7 wave-shaping output network. 

The varistor used in these tests was a 20-mm diameter metal- 
oxide varistor (MOV) disc, rated 130 V rms (200 V at 1 mA dc). 
The inductance Lp shown in series with the varistor is not a 
deliberate addition of a real component, but is the representation 
of the coupling between the loop where the surge current flows 
and the voltage measurement loop formed by the varistor leads 
and the two probes used for the differential measurement. That 
inductance is included in the model as a discrete series 
inductance, with a value of 0.5 pH selected to emulate the 
observed voltage at the point of measurement -- which is not the 
"pure" varistor voltage, as discussed in the narrative of Figure 2. 

Figure 2 shows the recording obtained for a particular setting 
of the surge generator, and Figure 3 shows the result of modeling 
the circuit shown in Figure 1 for an injected current surge corre- 
sponding to the actual current surge recorded in Figure 2. The 
equation used for the modeling is a damped sine wave that 
allows a close approximation of the current delivered by typical 
Combination Wave generators into inductive loads [7]. It is 
known that actual generators tend to produce an "undershoot" 
when connected to an inductive load, and this test was no 
exception. However, computational artifacts occur when using 
a simple damped sine wave because its dudt derivative (a cosine) 
is not zero at time zero. Furthermore, we know that nature does 
not allow an instantaneous jump of current from zero to a steep 
rise. By adding a multiplier term [l-e'-t)], these artifacts are 
eliminated and the waveform has a "gentle toe" which is a better 
model of reality. This improved equation is then: 

= 4200 * sin((). 12fjt) * e(-t'28.') * [ 1 - e( - 1  (1) 
with I in amperes and t in microseconds. 

Surge 
generator 

Digital 
signal 

analyzer 

Figure 1 - Test circuit for determination of 
the I-V characteristics of the varistor 
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Top trace: Voltage, 500 Vldiv 
(Center trace: inactive) 
Bottom trace: Current, 500 Ndiv 
Sweep: 10 psldn 

Figure 2 - Real-world recording 

Inspection of Figures 2 and 3 clearly shows the agreement 
between real-world measurements3 and model, and thus merits 
some observations. One might have expected a flat-top voltage 
waveform reflecting the clamping action of the varistor. Instead, 
a drooping waveform is observed. This droop is caused by the 
parasitic inductance Lp in series with the ideal varistor. At the 
time of current peak (di/dt = O), the "true" varistor voltage is 
seen on the oscillogram. Before the peak, the positive Lp x di/dt 
adds a spurious voltage to the recording. After the peak, the 
/negative Lp x di/dt subtracts the spurious voltage. 

These observations are significant in appreciating the all- 
important inductive effects during the rise and fall of a surge 
current in the wiring of branch circuits. The issue of the 
importance of inductance versus other circuit parameters [ I 1 1  
hopefully has been put to rest by the surge and impedance 
measurements with corresponding computations performed in 
the so-called "Upside-Down House" [12], a real-world replica of 
a typical residential wiring system. In [12], it was shown that 
inductive effects prevail, so that rate of rise of the surge current 
and circuit inductance, more than any other parameter, are the 
significant parameters for the voltage necessary at the upstream 
end to drive a given current into the branch circuit. 

The model used in the simulation for the varistor is derived 
from the published varistor I-V characteristic (general shape and 
slope of the curve) with one specific point defined by the "true" 
varistor voltage read from the oscillogram of Figure 2 at the 
point of zero Lp x di/dt contribution. In turn, this varistor model 
will be used for the modeling of a varistor connected at the 
downstream end of a branch circuit, as discussed in the following 
reported measurements and simulations. 

The measurements reported in this paper have been made with 
instrumentation for which the cumulative uncertainty should not exceed 
5 to 6%. Given the process of applying the measurement results to the 
response of surge-protective devices exposed to environment with 

)charactenstics that are at best known within an order of magnitude, 
this level of uncertainty does not affect the practical conclusions. 

Note: the voltage trace has been expanded by a factor of 2 to 
enhance resolution on the vertical scale. 

Figure 3 - Modeling the circuit of Figure 1 with the impinging 
current set to match the test current, as shown in Figure 2 

B. Measurement and modeling with varistor installed 
at the downstream end of a branch circuit 
The circuit of Figure 4 shows the varistor characterized by 

the test and modeling in the preceding paragraphs, connected at 
the downstream end of a "branch circuit" consisting of two 
copper conductors of 2-mm2 cross-section (#I2 AWG) with solid 
insulation and a separation of 6 mm between centers. The first 
current transformer monitors the total current impinging at the 
upstream end. The second current transformer monitors the 
current flowing toward the downstream end, which will be 
imposed on the varistor. The clearances at the upstream end, 
such as clearances in a service-entrance panel, are represented by 
a discrete gap that will be set to produce sparkover at some given 
voltage during the test as well as in the model. 

Figure 5 shows the recording obtained with the circuit of 
Figure 4, with the surge generator left at the same setting as that 
used for Figure 2. To determine the response of the circuit 
without the clearance limitation, the gap setting was adjusted for 
this test so that no sparkover occurred at the upstream voltage 
developed for the current delivered by the generator. 

9 meters * 
CT2 

Laser 
prlnter - 

Figure 4 - Test circuit for determination of the voltage 
necessary at the sending end to drive a given current 

into the far-end SPD 



Top trace: Gap voltage, 500 Vldiv 
Center trace: Total current, 500 Ndiv 
Bottom trace: MOV current, 500 Afdiv 
Sweep: 10 psldiv 

Rgure 5 - Real-world recording of sending-end 
voltage with gap set for no sparkover 

Comparing the traces of Figure 5 and Figure 2, the addition 
of the inductance of the 9 meters of branch circuit changes the 
load on the surge generator, reducing the current peak from the 
2.8 kA in Figure 2 down to 2 kA in Figure 5. 

The two current traces of Figure 5 are identical. Since there 
is no current diverted by the gap, the current in the branch circuit 
,is the same as the current delivered by the surge generator. 

Another effect of the added inductance is the increase in the 
time from origin to the first current zero, 33 ys in Figure 5,  
compared to 25 ps in Figure 2. In the subsequent model, that 
change of the actual impinging current surge is taken into 
consideration by modifying the current equation as follows: 

I = 357 1 * sin(0.095 t )  * e(-t'26.') * [I -e'"] (2) 
with I in amperes and t in microseconds. 

Turning to the modeling, Figures 6 and 7 show the 
waveforms of the impinging current, as defined by Eq. (2), and 
the resulting voltage at the upstream end. To address some 
concerns expressed by colleagues in discussions of this subject, 
the EMTP modeling was also done with the transmission-line 
model which is readily available in the EMTP code. Figure 6 
was obtained with the lumped-parameter circuit model, and 
Figure 7 was obtained with the transmission-line model. 

Inspection of the two figures reveals no difference in the 
results. The only difference is in the consumption of computing 
time: with the transmission line model, the computation time- 
step has to be significantly shorter (0.02 ys in this case) than the 
travel time for the reflections, while in the case of the lumped 
model, the time-step can be longer (0.1 ys in that case). The 
result is that the simulation of Figure 6 took 43 seconds on a 
486-based PC, compared to 263 seconds for Figure 7. 
Therefore, the lumped-parameter model is perfectly adequate to 
represent reality, and performing a transmission-line analysis [5] 
is an unnecessary consumption of computing time and resources. 

Figure 6 - Impinging current and resulting upstream 
voltage as computed with lumped-parameters model 

Figure 7 - Impinging current and resulting upstream 
voltage as computed with transmission-line model 

In both Figures 6 and 7 ,  the effect of the branch circuit 
inductance on the resulting voltage is apparent as the peak voltage 
occurs at the beginning of the rise (as soon as the "gentle toe" 
effect ceases), not at the peak of the current. The step change in 
the voltage trace corresponds to the reversal of the current in the 
varistor, showing the relative contributions of the varistor effect 
and of the inductive effect as seen from the upstream end. 

Table 1 below shows the results of such computations for the 
waveform of Figures 5, 6 and 7.  As mentioned above, the 
insertion of an inductance in the load connected to the surge 
generator increased the rise time beyond the standard 8 ys. In 
making the parametric computations, we chose to stay with this 
10 ps value to maintain continuity with the test/model validation. 

TABLE 1 
Upstream voltage (in kV) necessary to drive a current of the peak 
value shown (columns) and rise time of 10 ps into a branch circuit 
of length as shown (rows), terminated with a 130-V rated varistor 

Length\Peak 2kA 3kA 5kA 7 k A  10kA 



Figure 8 - Three surge current waveforms with different rise 
times used to compute the values of Table 2 

Figure 8 shows three waveforms of same amplitude, with 
nominal rise time of 5 ps, 10 ps, and 20 p ,  obtained by taking 
half or double of the frequency used in Eq. (2). The actual rise 
time [1.25 x (time from 10% to 90%)], as opposed to the nominal 
rise time used to describe the waveforms, was computed as well 
as the maximum rate of rise for each wave. The maximum rate of 
rise (which is obtained when the second derivative of the current 
is equal to zero) occurs initially, once the gentle toe is over, and 
determines the maximum resulting voltage produced by the 
inductive effect. Table 2 shows the corresponding values of the 
rise time, maximum rate of rise, and resulting voltage for a 
branch circuit length of 10 m and amplitude of 5 kA. Note that 
for a 1-to-4 increase in nominal rise time, the maximum di/dt 
decreases only by one half, with the same decrease appearing in 
the resulting voltage, showing once again that initial rate of rise 
is more important than rise time and amplitude. 

TABLE 2 
Effect of the rate of rise of the postulated current on the 

resulting voltage at the upstream end of the branch circuit 

Nominal rise time, y s 5 10 20 

Actual rise time, ws 4.3 9.5 13.5 

Maximum di/dt, A!ys 1250 850 630 

Resulting voltage, kV 7.0 5.2 3.6 

In the scenario tested and modeled so far, no flashover 
possibility was considered. Nevertheless, the values shown in 
Table 1 clearly indicate that some real-world circuit lengths and 
surge parameters postulated in some SPD application standards 
under development can produce high upstream voltages that will 
cause a flashover of the upstream wiring devices. 

C. The paradox of "more begets less" 

Common-sense intuition might lead the unwary to expect that 
higher surge currents would impose a greater stress on the circuit 
components, including the downstream varistor. Also, a longer 
branch circuit, with its corresponding higher inductance, could 
be expected to have the capability of storing more energy during 
build-up of the surge current toward the downstream varistor, 
into which that stored energy ultimately has to be dissipated. 
Cascade coordination studies [4], [6] ,  [a], have shown that in 
some cases, the downstream varistor continues to carry current 
long after the impinging surge current has gone past its peak. 

To explore the validity of such expectations, we performed 
tests and modeling, with an actual gap in the test circuit, and a 
switch in the model circuit, to bypass the current at the upstream 
end when sparkover voltage is attained. By measuring the 
current that flows in the branch circuit toward the downstream 
varistor and the voltage across the varistor, the energy deposited 
in the varistor during the total surge event can be determined. 
Likewise, the modeling can determine the current in the varistor, 
hence the voltage across it, and allow computation of the energy. 

In [4], agreement was reported between, on the one hand, 
computing the deposited energy through actual measurement of 
the current and voltage, followed by computation of the energy 
by means of the digital signal analyzer used for measurements 
and, on the other hand, the model computations. Therefore, in 
the tests reported here, we were satisfied to verify waveform 
agreement between the actual varistor current measurement and 
the computed varistor current, and let the model alone compute 
the energy deposited in the downstream varistor. 

Figure 9 shows the real-world recording of the situation that 
develops for a "clearance" sparkover of 2 kV. This relatively 
low value, compared to the 6 kV to 10 kV level that we might 
expect from typical low-voltage wiring devices, is made neces- 
sary for the test case where only 9 meters of branch circuit were 
considered, and the setting of the surge generator was maintained 
at the same nominal 3 kA short-circuit current. The object, of 
course, is to demonstrate that the clearances are likely to flash 
over, as indicated by progressively higher values of the necessary 
upstream driving (or resulting) voltage shown in Table 1. 

Under the conditions of Figure 9, sparkover of the gap 
occurred at approximately 1 ps. After sparkover, the current 
delivered by the surge generator is the sum of the currents in the 
gap and in the branch circuit. Its peak (3.2 kA) is greater than 
those of Figures 2 and 5 because the generator does not need to 
overcome the varistor that reduced the voltage available for 
driving the current, nor the impedance of the 9 meters of cable. 

Top trace: Resulting voltage, 500 Vldiv 
Center trace: MOV current, 500 Ndiv 
Bottom trace: Total current. 500 Ndiv 
Sweep: 10 psldiv 

Figure 9 - Voltage and currents with gap sparkover at 2 kV 



Figures 10 and 11 show the results obtained by the model for 
voltages and current in the circuit. In the modeling, only one 1 current waveform was applied to the circuit, the one prevailing 

until flashover occurs, which the postulated current-source real 
world would maintain. In contrast, the surge current delivered by 
the surge generator (Figure 9) increases after the flashover, but 
that is not relevant to our consideration of what happens to the 
circuit before and up to the time of flashover. 

Figure 10 - Voltage across the gap set to sparkover at 2 kV 

Figure 11 - Current in downstream varistor 

The waveforms of Figures 10 and 11 are shown with an 
expanded scale, compared to that of Figure 9, that gives a better 
resolution for the gap voltage and current in the varistor. There 
is good correspondence between the waveforms of the two traces 
and the gap voltage and downstream current traces of Figure 9. 
In Figure 10, however, the gap voltage collapses to zero, while it 
does not in Figure 9. The difference is that the real-world circuit 
has a parasitic inductive voltage added to the true gap voltage, 
already discussed for the varistor of Figure 2. Figure 11 shows 
the linear ramps typical of current changes in an inductance. 

As mentioned above, we can expect that the energy deposited 
in the downstream varistor for a given impinging surge will be 
influenced by the length of the branch circuit. Using the model 
developed and validated according to Figures 5 and 6, the energy 
can be readily computed. In the case described by Figures 9, 10, 
and 11, the gap sparkover voltage was preset at 2 kV so that 
sparkover could indeed occur for the surge current available 
from the real-world generator and the resulting upstream voltage. 

Now that we are in the (validated) model-world, we can 
arbitrarily set the sparkover voltage at a level more typical of the 
flashover point of clearances, say 6 kV. Of course, we have the 
possibility of assessing energy for a wide range of parameters. 

In the example reported below, we kept the same three values 
of branch circuit length and performed the computations for the 
same five values of impinging current as those used for the 
computations of Table 1. Table 3 shows the energy deposited in 
the downstream varistor for these combinations of branch circuit 
length and peak current values, for the applied current waveform 
of Figure 5, and a 6 kV flashover point. 

TABLE 3 
Energy deposited into a 130-V rated far-end varistor 

as a function of the branch circuit length shown (rows), 
current peak (columns) of waveform shown in Figure 5, 

and flashover of the clearances set to occur at 6 kV 

The results shown in Table 3 merit close examination as they 
reveal some counter-intuitive trends: we might have expected 
that for higher impinging current values, the resulting energy 
deposited in the downstream varistor would be higher. Likewise, 
we might also have expected that for a longer branch circuit, the 
greater inductance would store more energy, ultimately to be 
deposited in the varistor. In fact, the opposite occurs. The table 
also reveals the interesting finding that the first three lower- 
current, short-line cases (bold face type in the table) produce 
larger energy deposition, compared to the other cases. Actually, 
the explanation that follows is simple and might be anticipated 
(especially with hindsight, illustrating that intuitionis a hazardous 
process when dealing with nonlinear circuit components). 

Starting with the second observation (more joules at lower 
threat levels), we have a beautiful illustration of the blind spot 
effect -- not limiting tests and designs to the maximum stress of 
a worst-case scenario -- [13]: for 10 meters of circuit and at the 
lower current levels, the resulting voltage at the clearance is not 
sufficient to cause flashover, and ail the energy has to go to the 
downstream varistor. At the higher threat level of 7 kA, the 
voltage produced in the inductance of 10 meters of line, added to 
the varistor voltage, is sufficient to sparkover the 6 kV gap, 
relieving the varistor from further involvement beyond that of 
discharging the energy stored in the line. In the case of the 30-m 
long line, this transition occurs between 2 kA and 3 kA. 

Turning now to the first observation, that higher current or 
greater inductance result in less stress, this apparent paradox is 
caused by the fact that with the higher values of di/dt and L, the 
voltage at the clearance rises more quickly to the flashover point. 
Consequently, the build-up of energy in the line inductance is 
shut-off earlier so that the current level in the line reached at that 
point is lower and, in spite of the greater inductance, the stored 
energy '/z L iZ is lower for higher applied current peaks and 
longer branch circuits. 



IV. CONCLUSIONS 

The development of a validated EMTP model using existing 
computational tools allows us to look into all scenarios of surge 
propagation and surge mitigation schemes. The reality check 
proposed by the measurements and modeling reported in this 
paper should be useful in the process of selecting stress levels to 
be specified in the application of SPDs downstream from the 
service entrance, from the point of view of successful cascade 
coordination as well as integrity of electromagnetic compati- 
bility. Specific conclusions can be drawn: 

Realistic surge current amplitudes and rise times can be 
defined for SPDs installed at the end of branch circuits, with 
upper limits set by the laws of physics applied to real-world 
conditions. 

The general practice for describing surge waveforms is to cite 
"rise time" or "front time", followed by duration, as in 8/20. 
However, when the effects of circuit inductance are assessed, 
in particular by numerical modeling, the maximum rate of 
rise must be considered, not an average over the rise time. It 
is especially important to define the conditions at the origin 
of the waveform, such as inclusion of a gentle toe. 
The importance of looking for blind spots is, once again, 
demonstrated by the parametric computations, a much 
simpler task than exhaustive equipment-exhausting tests. 

Reliable computational tools makeit possibleto obtain a wide 
range of parametric assessments, and thus avoid recourse to 
intuition when dealing with nonlinear circuits, where blind 
reliance on common-sense may lead to flawed conclusions. 
The parametric computations offered in the paper point out 
the need to consider a balance or trade-off among several 
critical factors in the design of branch circuit protection, in 
particular the uncontrollable length of branch circuits in 
actual installations. 
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Discussion 

M. Darveniza (University of Queensland, Australia 4072): 

The authors are to be congratulated for drawing attention to an important feature in surge 
protection. Namely, the magnitude of the voltage up-line from a surge protective device 
will exceed the protective level of the SPD, the extent of the over-voltage depending on 
distance and on waveshape of the incident surge. Because of this, flashover at an 
upstream device (for example, another SPD) will limit the severity of the surge stressing 
the downstream SPD. 

Two examples are offered which support the author's statement "more begets less" and 
wh~ch can he rephrased by saying that in some cases, a less onerous surge may impose 
more severe overstress than a more onerous incident surge. The two examples are: 

1. A cable-entry substation protected by an upstream SPD connected at the 
overhead line-to-cable junction. The most severe stress at the substation occurs 
when the surge incident from the line onto the cable is just not large enough for 
operation of the SPD at the line-cable junction. 

2. A hybrid surge protection system for low-voltage and electronic equipment 
involving two SPD's coordinated by an intervening series impedance. The series 
impedance is selected to ensure that the downstream SPD is not overstressed, by 
virtue of operation of the upstream SPD caused by the voltage drop in the 
impedance (which adds to the clamp voltage of the downstream SPD). However, 
if the voltage drop is not large enough to "turn-on" the upstream SPD, either 
because the magnitude or the steepness of the incident surge current is not 

sufficiently large, then the downstream SPD may still be overstressed if the 
duration of the surge current is too long. Paradoxically, a more severe incident 
surge will "turn-on" the upstream SPD, thus protecting the downstream SPD 
from excessive overstress. 

Manuscript received October 4, 1996. 

Franqois Martzloff : 

We are glad that the message we were presenting has found a 
favorable echo with Professor Darveniza, and appreciate his kind 
words. The two examples he cites are indeed good illustrations 
of the "more begets less" theme which we have expressed in the 
manner of a paradodepigram to make it easy to remember. This 
reality check on the likelihood of a stress-limiting flashover 
should be applied whenever a scenario is proposed that involves 
the propagation of surge currents. We hope that our colleagues 
involved in standards development will remember this well and 
assess some of the proposals now under consideration for SPD 
requirements in the light of that epigram. 

Manuscript received November 13, 1996. 
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Significance:
Part 2  Development of standards – Reality checks
Part 4  Propagation and coupling of surges

In the case of a direct lightning stroke to a building, the earth-seeking current is dispersed among all available paths
to earthing electrodes, including intentional made electrodes and opportunistic electrodes.  A substantial part of that
current will exit the building via its connection to the power distribution system.

The configuration of this power distribution system (daisy chain from the transformer or radial from the transformer)
influences the sharing of the current among these possible paths.

From simulations performed with a 10/350 waveform, the paper provides quantitative information on these effects. 
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Abstract - Computer modeling with the EMTP code has been 
applied to several configurations and earthing practices in use in 
various countries to show the effect of any differences in the 
dispersion (sharing) of a lightning stroke current among the available 
paths for the earth-seeking lightning current. Simplifying assumptions 
have been made to some details of the configurations to focus on the 
main difference -- earthing practices. Identifying such differences 
provides the necessary perspective on their significance and the strong 
need to take them into consideration when developing international 
standards on surge-protective device applications. 

I. INTRODUCTION 

When designing a lightning protection scheme for a low- 
voltage power system within a building, several scenarios must 
be considered for the point of termination of the lightning 
stroke. Common wisdom classifies these by decreasing order 
of severity: directly to the building, directly to overhead low- 
voltage distribution lines (or other utilities) outside of the 
building, to other objects near the building, distant cloud-to- 
earth strokes, and finally perhaps cloud-to-cloud discharges. 
Several standards-writing projects are underway, at the IEEE 
and at the IEC, based on present knowledge of the lightning 
flash characteristics and on assumptions about the way the 
lightning current divides among the many paths available for 
distributing (dispersing) this current to the ill-defined "earth" 
which is the termination of the cloud-to-earth strike. 

The purpose of our paper is to show the effect that differ- 
ent practices for neutral earthing in the low-voltage distribution 
system can have on the relative dispersion of the lightning 
current which is seeking the path of least impedance to earth. 
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ratory, Technology Administration, US.  Department of Commerce. 

PE-968-PWRD-0-05-1997 A paper recommended and approved by the 
IEEE Surge Protective Devices Committee of the IEEE Power 
Engineering Society for publication in the IEEE Transactions on Power 
Delivery. Manuscript submitted January 2, 1997; made available for 
printing May 23, 1997. 
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Gaithersburg MD 20899 USA 

To accomplish this purpose in an eight-page paper, and to 
concentrate on the essential difference, the models we present 
are simplified from the detailed reality, so that one of our first 
tasks will be to explain and justify the simplification. To avoid 
confusion in the meaning of the word "distribution" which can 
relate to the distribution of electric power by the utility or to the 
distribution of the lightning current among the available paths, 
we will use the term "dispersion" for the second meaning, 
lighting current dispersion. Another term used by some authors 
to convey the concept is "sharing" (among available paths). 
Note that the actual return stroke actually goes from earth to 
cloud in the majority of cases, but the scenario is generally 
described as if the stroke "t~erminated" on earthbound objects. 

In the case of a low-voltage power distribution system, 
different countries have adopted different practices on earthing 
the neutral conductor, and writing a history of why that is so 
would give an interesting insight into the development of power 
systems. The fact is thai today, two approaches are well 
entrenched in their respective territories, the so-called TN 
system and TT system where the difference lies in the mode of 
earthing the neutral. We will give a brief overview of the 
differences in ,a following section. Our purpose is to show how 
the difference in these practices affect the sharing, or 
dispersion, of the lightning current among the available paths to 
earth, and coiisequently affect the rating of surge-protective 
devices which may be included in these paths. We used the 
EMTP simulation code [I]  to model several scenarios in each 
of the TN and TT systems, with small but possibly significant 
differences in the configuration. By postulating a direct stroke 
to one building, and requesting EMTP to compute currents in 
the (simplified) complete power system, we obtained results for 
the two most severe cases of lightning termination: the case of 
a direct stroke to one building, and the case of a nearby stroke 
which propag,ates and impinges at the service entrance of many 
buildings on that part of the low-voltage distribution system. 

The literature and draf standards contain many examples 
of such scenarios, but it seems that each is confined to a 
specific appr~oach or power system configuration with fairly 
detailed arrangements of load connections. The result is that 
from this plurality of examples, it is difficult to extract a clear 
perception of the significant parameters in the dispersion of the 
lightning current resulting from different earthing practices. In 
this paper, we: will simplify the scenarios to concentrate on the 
fundamental difference between the neutral earthing practices. 

0885-8977/98/$10.00 O 1997 IEEE 



IT. THE TT AND THE TN SYSTEMS 

The IEC has promulgated a letter code system describing 
the arrangement of the neutral earthing in single-phase and 
polyphase power systems [2]. For the purposes of our paper, 
we can summarize the TT system as being a distribution system 
where the neutral is earthed only at the distribution transformer 
secondary, and the protective earth in a building is obtained 
from a local earth electrode. This system is used in some 
countries. The TN system has its neutral earthed at any 
available opportunity outside of a building, including the 
distribution transformer secondary, some or all poles, and the 
service entrance. In the United States, an "Equipment 
Grounding Conductor" (EGC) is created at the service 
entrance, bonded to the incoming power system neutral and to 
the common local earthing point, after which the neutral 
conductor and the EGC are carefully (and by mandate from the 
National Electrical Code [ 3 ] )  kept separate from one another. 

111. NECESSARY SIMPLIFICATIONS 

Another difficulty in making a detailed comparison of 
results Erom different authors is that different models are often 
used. When apparently different results are reported, a 
lingering question is that of differences attributable to the 
simplifying assumptions and possible modeling artifacts. We 
have used the well-known EMTP code [l] for which our 
previous experience in cross-validation between the computer 
model and full-scale experimental measurements [4], [ 5 ]  gave 
us great confidence in the validity of the results. 

The literature offers many contributions on the system 
simulation but our purpose is not literature review -- again, our 
purpose is only to focus on the neutral practices considerations. 
However, to support some of our postulates, we will cite some 
papers to show that in the maze of assumptions, 
simplifications, and simulations, we are not alone. 

A. Down-conductor representation 

Some authors have included in their modeling a down- 
conductor feeding the stroke current to the common bonding 
point of the building [6]. In our model, since we postulate that 
the current is delivered from a current source, the impedance of 
the down-conductor has no effect on the current being injected 
at the common bonding point which is the point at which 
dispersion (sharing) begins. Therefore, we did not include a 
down-conductor in our models. 

B. Earthing impedance as a function of time and current 

Some authors consider the fact that the exact value of the 
earthing impedance is variable as a function of time and current 
level. For instance, [6] initially proposes a model involving 
resistance, capacitance, and inductance, with some dependency 
on time or current, or both. But after studying the problem 
closer, the authors of [6] conclude that a reasonable approxi- 
mation is merely a fixed 10-8 resistance. We have used this 
value in our models of the building earthing, and postulated an 
improved, lower 5 -8  resistance at the earthing electrode of the 
distribution transformer. 

C. Other available current paths 

Some standard proposals include telephone, water and gas 
connections as possible paths for the earth-seeking lightning 
current. Considering that the telephone service is a balanced 
system normally isolated from earth (until a network interface 
device becomes involved), that some water and gas services can 
include a cathodic-protection isolation or be implemented with 
plastic pipes, we chose a conservative approach of not 
including these as additional paths to earth. 

D. Actual Circuit Configuration for Service Entrances 

Figure 1 shows a schematic of a single-phase 3-wire TN 
1201240-V service to a building. One surge-protective device 
(SPD) is connected between each of the two lines and the 
common earth at the service entrance, ignoring any SPDs within 
the building under the assumption that in a well-coordinated 
cascade [7] the majority of the current is carried by the service 
entrance SPD which has the lowest limiting voltage in the 
installation. The stroke current, postulated to have terminated 
on a point of the earthing system of the building, can seek a 
path to earth in two ways: directly through the earth electrode 
of the building, and by means of the three conductors back 
toward the power system. 

Figure 1.  Service connections in a 3-wire T N  system 

Figure 2 shows a schematic of a three-phase 4-wire TT 
2301400-V service to a building. A dedicated protective earth is 
created and connected to a local earth electrode, while the 
incoming neutral of the power distribution system is not bonded 
to this protective earth. At the service entrance, SPDs are 
connected between the local earth and each of the incoming 
lines and the neutral. 

Figure 2 - Service entrance connections in a 3-phase, 4-wire TT system 



E. Postulated lightning stroke current 

While some authors propose a 200 kA, 101350 ps surge 
[S], [9], others suggest that even a 100 kA peak might already 
be too high a value [6], [lo], [l l] .  In agreement with the latter 
three references, we postulated a 100 kA peak, 101350 ys surge 
current. This selection also offers the convenience that when 
we report current levels in kiloamperes in the various circuits, 
the numbers also represent the percentage of the sharing, 
making it easier to follow the process. Since many standards 
for surges impinging on SPDs (at the service entrance) are still 
based on an 8/20 ys current waveform, we will also show one 
example of the energy deposition in the SPDs when such an 
8120 ps surge is postulated. 

The surge currents are modeled using the EMTP Type 60 
Slave Source. Using the "Freeform FORTRAN expression, 
any surge current waveform that can be expressed as a closed- 
form equation can be used as signal source in the main EMTP 
program. The equations for the 101350 ps and 8120 ps wave- 
forms with a 100 kA peak are respectively (1) and (2) below: 

10/350 ,us: I(t) = [IJq] [exp(-t/zJ - exp(-t/zJ] (1) 
where I, = 100 kA 

q = 0.9542 
z, = 480 
2, = 4 

8/20ps: I ( t )=AI , f exp( - t / z )  (2) 
where I, = 100 kA 

A = 0.01243 
z =3.911 

(In both equations, t and z's are in ps; I(@ is in same units as I,) 

F. Influence of Distribution Transformer Simplification 

The presence of distribution transformers has been 
included in many models in the literature, but their character- 
istics are not the same among authors. Some authors have used 
a coupled inductor with parasitic capacitor to represent the 
inter-winding capacitor in the transformer model [12]. 

While these models are more accurate in studying trans- 
former failure modes due to low-side surges, for our main 
focus which is current dispersion among available paths, we 
have chosen the simple model postulated in [8] of a simple 
inductor to represent the winding. As results show, the 
presence of a transformer at the far end of a daisy-chain low- 
voltage distribution system does not have considerable effect 
on the results. Therefore, we felt justified in adopting the same 
transformer model as described in [8] for all of our circuit 
configurations. 

G. Simplifying the Circuit for Modeling 

The circuit impedances have been modeled in EMTP using 
discrete components. The wiring between buildings and from 
building to transformer is modeled as a series inductance with 
the following parameters: R = 1 mQ/m and L = 1 yWm, typical 
values for aluminum conductors of 34 mm2 cross section 
(#2 AWG) [13]. The SPDs are modeled using the EMTP Type 
92 Nonlinear Element model. Because of the simplified nature 

of the model, we performed parametric variations on factors 
such as line impedance and transformer inductance, and found 
that their influence on current dispersion is not large enough to 
warrant concern on the somewhat arbitrary values we have 
postulated in the baseline xenario. 

IV. MODIELING RESULTS 

In this section, we present selected results of EMTP runs 
for each of three TN or TT system configurations with points 
of lightning 'termination next to the distribution transformer 
("first" case) or at the opposite end of the transformer ("last" 
case), for a total of seven scenarios. We postulated a separation 
of 100 m between buildings and 20 m from the transformer. 

For each scenario, a pair of figures is given. The first 
figure of each pair is a schematic showing the configuration and 
point of stroke, together vvith indications of the peak current 
values in the circuit branches. The second figure of each pair 
shows selected current waveforms, generally currents leaving 
the house by way of the earthing electrode and the service 
conductors. Note that the peaks can occur at different times 
so that the sum of peak brimch currents shown on the figures, 
Kirkhoff notwithstanding, is not always exactly zero. 

A. TN-Radial, strike on one of the buildings 

A distribution transformer supplies three buildings in a 
radial arrangement where all the service drops originate at the 
pole where the transformer is installed (Figure 3). This 
configuration is a typical U.S. residential configuration. The 
lightning stroke is postullated to terminate on the earthing 
system of one of the three buildings. Figure 4 shows the 
current waveforms. 

"Peak: occurs very 
late In event 

- 
I 1 

Figure 3 - Radial TN configuration with three buildings supplied by one 
distribution transformer, one building struck by a 101350 ps, 100 kA surge, 
showing peak values of currents shared among available paths. 



Time (vs) 

SPD - Current into each line of service drop, through SPDs 
GND - Current into local building earth electrode 
Nout - Current into neutral conductor of service drop 

Figure 4 - Waveforms of currents leaving Building 1, as defined in Figure 3, 
for a 100 kA, 101350 ps surge terminating on the building earthing system 

B. TN-Daisy clzain, strike on first building 

Another typical arrangement uses a distribution 
transformer which supplies several buildings along a street, 
with short service drops from the poles to each building. The 
lightning stroke is postulated to occur upon the first building, 
next to the transformer. Figure 5 shows the circuit 
configuration and the peak currents in the branches; Figure 6 
shows the waveforms of the currents leaving the building. 
Note the early peak of the current in the neutral -- directly 
connected to earth at the pole, thus a lower inductance 
compared with the inductance of the line conductors that 
include the transformer winding. 

Buildlng 1 Buildlng 2 Buildlng 3 
-* - 

20 m 100 m - - 100 rn * I 

I I 
Figure 5 - Daisy chain TN configuration with building next to transformer 
struck by a 101350 ps, 100 kA surge, showing peak values of currents 

C. TN-Daisy clzain, strike on last building 

This is the same configuration as B, but the building being 
struck is at the opposite end (Figure 7). The difference, if any, 
would give insight on the relative importance of modeling the 
presence of a specific transformer. In fact, the difference in the 
SPD stress for a strike on the first building (20 kA) compared 
with a strike on the last building (26 kA) is small, showing the 
small effect of transformer position. In the building earthing, 
where there are no SPDs, a strike on the last building produces 
42 kA compared with 23 kA for a strike on the first building. 

- 

SPD -Current lnto each lme of servlce drop, through SPDs 
GND - Current mto local bulldlng earth electrode 
Nout - Current lnto neutral conductor toward the transformer earth 

Figure 6 - Waveforms of currents leaving Building 1, as defined in Figure 5, for 
a 100 k.4, 101350 ps surge terminating& the building earthing system 

' Peak occurs early In event 

Figure 7 - Daisy chain TN configuration with building at opposite end of 
transformer struck by a 101350 ps, 100 kA surge, showing peak currents 

0 zw - Xx) 

Time (ps) 

SPD - Current into each line of service drop, through SPDs 
GND - Current into local building earth electrode 
Nout - Current into neutral conductor toward the transformer earth 

Figure 8 - Waveforms of currents leaving Building 3, as defined in Figure 7, 
for a 100 kA, 101350 ps surge terminating on the building earthing system 

For Figures 7-8, the greater distance (inductance) from the 
transformer earth electrode forces initially more current flow in 
the building earth than in Figures 5-6 for a closer transformer. 



D. TT Zwire, strike on first building 

A transformer (single-phase or one phase of a three-phase 
transformer) supplies several buildings along a street, with 
short service drops from the street poles to each building. The 
lightning stroke is postulated to occur upon the building next 
to the transformer (Figure 9). The waveforms of the currents 
leaving the building are shown in Figure 10. 

Building 1 Building 2 Building 3 -* - - 
20 rn loom - loom * 

10 kA ID kA 9.5 lc4 
I 

* Peak occurs early in the event I 
L 

Figure 9 - Daisy chain TT 2-wire configuration with building next to 
distribution transformer struck by a 101350 ps, 100 kA surge 

Time (ps) 

N-E SPD - Current through neutral-to-earth SPD 
L-E SPD - Current through line-to-earth SPD 

GND - Current into building earthing electrode 

Figure 10 - Waveforms of currents leaving Building 1, as defined in Figure 9, 
for a 100 kA, 101350 ps surge terminating on the building earthing system 

E. TT 2-wire, strike on last building 

The configuration is the same as in D, but the lightning 
stroke is postulated to strike the building at the opposite end of 
distribution line, away from the transformer (Figure 11). 
Figure 12 shows the waveforms of the currents leaving 
building 3. 

Where end-users are provided with three-phase service, a 
three-phase transformer supplies several buildings along a 
street, with short service drops from the street poles to each 
building. In this configuration, the difference from a 2-wire, 

single-phase service is that four conductors instead of two are 
available as exit paths for the lightning current postulated to 
have stmck the building of interest (first or last building). 

To conserve space, we do not present two pairs of figures 
for that configuration, but the summary of Table 1 includes the 
current values computed by EMTP for the two scenarios in that 
configuration. 

Building 1 Buiidlng 2 Building 3 
---+-----+< 

20 rn 100 rn 100 m 
Q kA 28 W 38 1cA 
IT. 100 kA 

- 

- 
Figure 11 - Daisy chain TT 2-wire configuration with building at opposite end 
of distribution transformer struck by a 101350 ps, 100 kA surge 

"Peak occurs late In the event 

N-E SPD -Current through neutral-to-earth SPD 
L-E SPD - Current through line-to-earth SPD 

GND - Current into building earthing electrode 

Figure 12 - Wavt:fonns of current; leaving Building 3, as defined in Figure 11, 
for a 100 kA, 101350 ps surge terminating on the building earthing system 

G. Compariwn of the seven scenarios 

Results of our model runs for the seven scenarios (Table 1) 
show that, contrary to some speculations or intuitive 
considerations on the sharing among service conductors, the 
earthing connection of the building does not carry anywhere 
near the 50% quoted in some proposed standards [9]. 

The most severe stress, for the parameters postulated, 
occcurs in the neutral SPD in Scenario D (TT 2-wire, first 
building struck) for whicZl the configuration has the lowest 
impedance to earth and thus invites the largest share. Other 
scenarios generally reflect ]primarily the number of service-drop 
wires available for the current exit. 



TABLE 1 
SUMMARY OF CURRENT SHARING AMONG CONDUCTORS FOR THREE CONFIGURATIONS IN SEVEN SCENARIOS FOR 100 kA STROKE 

Scenario: Most severe but rare - Building being directly struck Less severe but more frequent 
Configuration: Building See Currents leaving building via building earthing Currents impinging onto 
Distribution being figures and service conductors (peak kA or %) * adjacent buildings (peak kA or %) 

system struck -- 

- -  Building Service SPD in SPD in SPD in SPD in 
earthing neutral the neutral the lines the neutral the lines 

TN Radial Any 3 -4 2 1 33 NIA 2 3 x 2  NIA 10 x 2 

TN Daisy First 5-6 23 27 NIA 20 x 2 NIA 7 x 2  
TN Daisy Last 7-8 42 26 NIA 2 6 x 2  NI A 8 x 2  

TT 2-wire First 9-10 26 N/A 5 1 28 x 1 10 l o x  1 
TT 2-wire Last 11-12 48 NIA 3 8 3 8 x  1 13 1 3 x 1  

TT 4-wire F m t  -- 22 NIA 32 16 x 3 5 5 x 3  
TT 4-wire Last -- 3 8 NI A 20 20 x 3 6 5 x 3  

* Peak values do not occur at the same time in the different paths so that totals of numbers shown may be more than the impmging 100 kA peak 

V. ENERGY CONSIDERATIONS 

In the model parameters, to start the iterative process, we 
have postulated that the SPD consists of a metal-oxide varistor 
(MOV) with relatively large cross-section that might be capable 
of absorbing the energy involved in diverting the 101350 ps 
surge. For the TN configurations, we selected a 150 V rms 
rating, and a 300 V rms rating for the TT configurations. For 
the cross section, we postulated an area equal to ten 20-mm 
discs in parallel because available manufacturer's data [14] 
readily gives the 20-mm disc characteristic. Such a combination 
would have a total one-shot joule rating of 800 joules for a 
1011000 ps surge in the 150 V rating. 

Because we suspect that even this array of ten discs might 
not be capable of dissipating the energy involved in a 101350 ps 
surge, the next step in this iterative process is then to compute 
the energy that would be deposited in the SPDs, under the 
current distribution patterns computed in the seven scenarios. 

As one example, Table 2 shows the energy deposited in the 
MOVs, computed for the case of the TN Radial configuration 
where one SPD is connected between each of the two lines and 
the earth point of the installation (Figure 3). Two waveforms 
are shown in the table, the 101350 ys and the 8/20 ps surges. 

TABLE 2 
ENERGY DEPOSITION IN SERVICE ENTRANCE MOVS 

FOR THE TN RADIAL CONFIGURATION AND TWO WAVEFORMS 

Rating for ten Energy deposition 
Waveform 

20-mm discs Direct strike Nearby strike 

101350 ps 800 J 3500 J 840 J 

8/20 !AS 800 J 200 J 805 

For the 101350 ps waveform, the rare scenario of a direct 
strike (energy deposited is 3500 J) would require a very large 
varistor at the service entrance -- four times the ten discs we 
postulated, while this ten-disc array would be sufficient in the 
less rare scenario of a nearby strike (840 J). 

On the other hand, if we were to stay with the 8120 ps as a 
postulated waveform, even the large 100 kA peak would be 
handled with comfortable margin by the ten-disc array. These 
results provide quantitative data which we will discuss further 
under the CostlRisk heading. 

VI. PARAMETRIC VARIATIONS 

We performed several parametric variations for the purpose 
of exploring the typical "what i f '  questions, and also to show 
whether or not our postulated values might be viewed as too 
arbitrary because of their influence on the results. 

A. Line impedance and building separation 

The value of 1 pHlm for conductors has long been used by 
many researchers as a typical value. To investigate the 
significance of that postulated 1 pH1m combined with the 100- 
m separation, we ran two cases, one with half the value and one 
with double the value. The first case corresponds to either half 
the separation for the same unit impedance or half the unit 
impedance with the same separation. For the second case, one 
of the parameters is doubled while the other is held constant. 
Table 3 shows a comparison of the baseline case with these two 
parametric variations. 

TABLE 3 
EFFECT OF LINE IMPEDANCE ON SHARING - TN DAISY LAST 

Baseline Half Double 
Percent of 100 kA peak 100 m, 1 uHlm baseline baseline 

Current into building earthing 42 32 53 

Current in service neutral 26 27 25 

Current in SPDs 26 26 25 

This comparison shows no significant differences in the 
current sharing for each of the three available conductors (there 
are two line conductors, each with an SPD) when the postulated 
unit impedance or building separation is varied over a 1:4 
range, so that our selection for these two parameters should not 
be a matter of concern. 

B. Transformer pole earthing resistance and building 
earthing system resistance 

By their relationship, these parameters can be expected to 
have an influence on the outcome. In the baseline case, we 
postulated a 5-Q pole earthing resistance and a 10-8 building 
earthing resistance. Table 4 shows the comparison of the 
baseline case with the reversed relationship between the pole 
earthing resistance and the building earthing resistance. 



TABLE 4 
EFFECT OF POLE EARTHINGBUILDING EARTHING - TN RADIAL 
pp - - -- 

Percent of 100 kA peak Baselme Reverse baseline 
5-Q oole. 10-Q b l d ~ .  10-9  ole. 5-Q bldz 

Current in building earth 2 1 3 1 

Current in service earth 33 14 

Current in SPD 23 22 

Indeed, the relationship of pole versus building earthing 
resistance has a significant effect on the current carried by the 
neutral, but not on the current carried by the SPDs. This is 
particularly true, although not obvious in the table (where only 
the peak values are shown, reflecting the inductive effect on 
initial current dispersion), for the tail of the 101350 ps 
waveform where the subsequent sharing is determined by the 
resistance ratios [6], [12]. 

C. Length of circuit (more buildings along a street) 

Postulating a greater number of buildings along the daisy 
chain, while keeping the resistance of the building earthing 
constant, can be expected to offer a path of lesser impedance to 
the currents exiting the building, because of the greater number 
of available earth electrodes. Table 5 shows the effect of going 
from 3 buildings (baseline) to 9 buildings, still with the last 
building being struck. 

TABLE 5 
EFFECT OF NUMBER OF BUILDINGS IN TN CIRCUIT 

ON SHARING, DISTANT HOUSE STRUCK 

Percent of 100 kA peak Baseline 3 buildings 9 buildings 

Current in building earth 42 42 

Current in service earth 39 14 

Current in SPD 26 27 

Again in this case, a difference is noticeable in the neutral 
conductor current, but not in the SPD current. Thus, this para- 
metric variation shows that the number of buildings between the 
building being struck and the distribution transformer, while 
affecting the neutral current, does not affect the stress imposed 
on the SPDs in this TN configuration. 

VII. DISCUSSION 

A. Effect of posiulaied waveform 

While we have adopted for our baseline the 101350 ps 
waveform, many SPD standards cite an 8/20 ys or a 4/10 ps 
surge waveform as an SPD capability requirement [15], [16] or 
as a surge environment description [17]. To explore the effect 
on sharing of the stroke current with different waveforms, in 
particular during the initial part of the 101350 ps surge where 
inductive effects dominate for the circuit parameters selected, 
we made one run with a 8120 ys surge instead of the 101350 ps 
used in the baseline case of the TN Radial. Predictably, given 
the small difference between a 10 ps and an 8 ys rise time, little 
effect was noted in the sharing during the first 20 ys. Of 
course, the energy involved for the total surge duration is 
another matter, already discussed in Section V. 

B. Selection of  SPDs 

If the design objective is to provide protection for a direct 
stroke to the building (a topic which will be the subject of the 
costhisk analysis mentioned below), the SPDs must be selected 
with sufficient current-handling capability to survive the surges 
resulting from the postulated surge. 

Alternate proposals have been made to use a spark gap as 
service entrance SPD. Such a gap must then be capable of 
clearing the resulting follow current, which may be an issue for 
systems having a large available fault current, such as the 10 kA 
rms specified For U.S. installations [3], [la]. 

We have ]made one run with a spark gap model instead of 
a varistor model. From the sharing point of view, the difference 
is small, which can be readily explained by the fact that 
inserting in the lightning current paths a varistor with a limiting 
voltage of 1 kV or so, or a gap with an arc voltage of 100 V or 
so, should have a very small effect on the sharing because of 
the many kilovolts developed by the lightning current flowing 
in the inductances and resistances of the line conductors and 
earthing connections. 

An essential aspect of designing an effective surge 
protection system is to perform a costlrisk analysis involving 
the probability of a building being struck by a large surge, such 
as 100 kA, versus the cost of ensuring survival of the service 
entrance SPDs to be installed. This analysis introduces factors 
such as the flash density in the locale, the randomness of the 
distribution of the flashes over the area of attraction of the 
building which depends in part on the height of the building, 
and the distribution of peak amplitudes of lightning strokes. 
For instance, [l I ]  reports statistics [19] whereby an 80 kA 
amplitude is exceeded for less than 5% of the strokes. Such an 
analysis is beyond the scope of our paper, but it must be 
mentioned here to keep the situation in perspective and remind 
developers of SPD application guides or standards to include it 
in their recommendations. 

D. Applying-field experience lo standards 

The ultimate test of the usefulness of a standard is that 
equipment manufactured according to that standard has 
satisfactory fi~ald experience, while being produced at a cost that 
users are willing to accept. Very low field failure rates can be 
seen as overdiesign, high failure rates obviously as underdesign. 
It is the dream of one of the authors to establish a clearinghouse 
where field experience of manufacturers could be collected and 
applied to optimize the definition of the environmental stress 
[20]. Given the competitive nature of the industry, this is likely 
to remain only a dream. However, many U.S. utilities are now 
offering to their customers the installation of a meter-base 
adapter SPD. The field experience for these SPDs might be 
collected from utilities ..- with safeguards on proprietary 
information -- and become an input to the process of 
moderating slome proposals for high-stress requirements, on the 
basis of the successful field experience of SPDs with 
capabilities below those irnplied in proposed standards. 



VIII. CONCLUSIONS 

Modeling several typical TN and TT configurations of 
neutral earthing practices and scenarios of lightning strike point 
provides insights on significant effects, which should lead to 
more effective application of surge-protective devices (SPDs). 

A direct lightning stroke to a building can produce high 
stresses on the service entrance SPDs as the earth-seeking 
current will exit in part by way of the utility service drop. 
SPDs in that building will be strongly affected, while nearby 
buildings will be impacted by much lower surge currents. 

The major difference among the scenarios we have modeled 
appears in the current carried away from the building by the 
neutral conductor. 

In a TN system where the neutral is bonded to earth at the 
service entrance, there is no SPD in that path, and thus no 
concern about neutral SPD integrity. In typical residential 
single-phase U.S. systems, the line SPDs can carry about 
25% of the stroke current. 

In a TT system where there is an SPD in the neutral path, 
a single-phase two-wire configuration can have 50% of 
the stroke current being carried by the neutral SPD. In a 
three-phase TT system where there are four conductors to 
carry away the stroke current, the neutral SPD can carry 
up to 30% of the stroke current. 

For line conductors, the difference reflects primarily the 
total number of conductors in the system, which can be two, 
three or four. The earth-seeking lightning current will divide 
(but not always equally) among these conductors. While the 
initial dispersion (during the first 20 ps) is controlled by the 
inductances, the later dispersion is controlled by the relative 
values of the earthing resistances. 

If the postulated stroke is as high as some of the proposed 
standards suggest, modeling the behavior of service entrance 
SPDs of the type installed in increasing numbers by U.S. 
utilities shows that some failures could be expected. As 
field experience seems to indicate an acceptable failure (if 
any) rate, one can question the need for imposing such 
severe requirements, unless the mission of the,facility is 
such that even a rare failure would be unacceptable. 
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Discussion 

P. Hasse and J. Birkl (Dehn + Sohne, 92318 Neumarkt, 
Germany): The problem of lightning current distribution 
depending on the different kinds of current distribution 
systems and under the influence of possible variables has been 
very clearly represented with this contribution. 

The curve development gained by the EMTP program 
matches very well with the simulation calculations conducted 
in Germany with the PSPICE program. 

In respect to the described results, however, a few additions 
are necessary from our point of view: 

1. Section 111. G. and VI. A.: 

The induction of a conductor system always results out of 
the geometric system of the slip-knot consisting of coming 
and going conductor. A separation in coming conductor 
impedance and going conductor impedance is not realistic. 

In particular, in case of multiple conductor cables it is to be 
observed that in case of the same flow direction of the 
lightning current, the inductivity of the total system 
differentiates to a single conductor system. 

2. Section VI. Schedules 3 - 5 :  

In particular, in case of longer connecting cables between 
buildings and between building and transformer a change 
in waveform of the surge flowing through these cables. 
Only the observance of the amplitude factor of the flowing 
lightning currents is not sufficient. In this situation, it 
would be more meaningful to consider also the energy 
distribution. 

3. Section VII. B.: 

For decades now, in Europe, spark gap arresters, with a 
mains follow current quenching capability, are being 
installed successfully as lightning current arresters at the 
building entrance. In particular, the high down-lead ability 
and impulse-time shortening of the rest impulse make a 
favourable co-ordination with connecting MOV's possible. 

Section VII. 4: 

The lightning protection necessity for a system, as well as 
the deduced lightning protection class resulting from this, 
is described in IEC 1662. At the same time the lightning 
protection class is determined, the layout of the lightning 
protection system necessary lightning parameters are 
defined (IEC 13 12-1). A deviating layout of protection 
measures on the basis of test currents 8/20 ps is therefore 
not permissible. 

Manuscript received November 3, 1997 

Frangois D. Martzloff (National Institute of Standards and 
Technology, Gaithersburg MD) : 

We thank the two authors of the discussion for taking the time 
to review our ;paper and provide comments aimed at broadening 
the consensus on the subject. In particular, we are delighted to 
hear that our computations based on EMTP matches very well 
with the simulation calculations conducted in Germany with the 
PSPICE program. With respect to their specific four comments, 
we offer the following responses, preceded by the general 
remark that the purpose of our computations was to reveal the 
differences among various postulates for the circuit configu- 
rations, as influenced by the grounding practices for the neutral 
in effect in different countries, rather than the precise values for 
a particular set of parameters. We emphasize the concept of 
postulate, lest we fall into the trap of taking electromagnetic 
environment standards as an exact duplication of reality, while 
they are in fact only the documentation of an industry consensus 
on how reality might be represented '. 

1. Section I1 G and IV A 

Indeed, the concept of inductance is based on a conductive 
loop that carries the current in a closed circuit. However, in the 
circuits we postulated for our computations, the conductors in 
question - phase and neutral - may be considered as one part 
of the closed circuit and might be called "coming," according to 
the tenninolcgy used by our colleagues, while the path con- 
sisting of the earth, the distant return to the cloud, the lightning 
channel, and [even the down-conductor (see Section I11 A) may 
be considered as the other part of the loop and might be called 
"going" conductors. 

For this reason, we represented in our figures the phase and 
neutral as if they were separate, while in reality they can be at 
some finite distance from each other (the so-called "open 
wiring" used jn overhead lines) or in close vicinity, as in the case 
of an underground cable or an overhead "triplex." Aware of the 
differences, we started our computations for a given, postulated 
configuration - always the same for the variations in the neutral 
grounding -. but performed a parametric variation in the line 
inductance (taking twice or half the value used in the baseline), 
as stated in the subject paragraph, to convince ourselves that the 
influence on dispersion is not large enough to cause concern. 
Space limitations for the paper prevented us from providing 
detailed numerical results - as they also do here - and we 
were hoping that our simple statement that we did consider the 
issue and found little effect on the differences among neutral 
grounding scenarios might be acceptable. 

2. Section VI 3 to 5 

One of the results of our computations based on a postulated 
101350 ps waveform was to show that, for the distances we 
selected, the impedance of the cable between buildings - and 
therefore their length - has only a small influence on the long- 
term current waveform and dispersion among conductors, which 
is primarily influenced by the postulated values for respective 
earthing resistances. With the values selected for inductances, 



the current dispersion is substantially affected by the respective 
inductances only for the first 20 or 30 ps. 

We agree that additional information might be conveyed by 
reporting the energy distribution along the complex path of the 
lightning current, but here again space limitations intervene. We 
can offer the response, however, that in view of the large values 
of the earthing resistance compared to the other resistances in 
the circuit - cable resistances and dynamic "resistances" of the 
varistor or gap SPDs - the latter are not a priority in reporting 
results. The EMTP model of course has the capability of 
reporting any set of parameters if "asked" to do so. 

For specific applications of one type or another of SPD 
technology, the EMTP model can provide detailed information 
on the energy that will be deposited in these SPDs for the 
various scenarios to be considered. 

Section VII B 

We are aware that in some countries, the installation of a 
service-entrance arrester is a common practice, and that gapped 
arresters may be used for that purpose. The issue is one of cost 
vs. benefits for an arrester designed for the large lightning 
currents associated with a rare direct strike to the building. We 
have observed, during our interactions with several international 
or IEEE technical committees, that consensus has not been 
reached on what current waveform and peak amplitudes should 
be considered when making the cost vs. benefits analysis. 
Depending on the nature of the installation, the cost vs. benefits 
equations are different. Several proposals for "risk analysis" are 
currently under consideration in several standards-developing 
bodies, and consensus is clearly not achieved at this point. This 
lingering question is addressed in our response to the fourth and 
last comment after the present one. 

Our intention in making the remark on available fault 
current in the second paragraph of this section was not to contest 
the successful European experience cited by our colleagues, but 
to alert our readers at large to the importance of considering that 
requirement. The point that mains follow-current quenching 
capability is not trivial was confirmed in a comment by one of 
the reviewers of our forthcoming paper, "Gapped Arresters 

Revisited" (scheduled for presentation at the IEEE-PES Winter 
1998 Meeting and later publication in IEEE Transactions). 

Section VII 4 

We are aware of the work conducted in the IEC Technical 
Committee 8 1, the responsible body for development of the IEC 
61662 and IEC 61312 publications. We are also aware of some 
discomfort among other parties concerning the stipulations from 
that body which might result in less than fully cost-effective 
solutions to the question of real necessity for protection against 
worst-case scenarios. The footnote offered in support of our 
introductory remark applies here also. There is a long and 
successful history of application of surge-protective devices 
based on a postulated 8/20 ps surge current waveform, using the 
appropriate values of amplitudes. For that reason, we included 
in our paper as alternate postulate the 8/20 ps waveform. From 
the point of view of E C  TC 81, their recommendations might be 
considered normative and thus non-negotiable, but protection 
measures in the various countries are typically determined - if 
at all - by bodies that promulgate codes based on a consensus 
drawn from experience based not exclusively on TC 81 recom- 
mendations. Therefore, the use of the term "not permissible" 
appears somewhat strong in the context of voluntary or even 
regulatory practices. 

In conclusion, we appreciate the opportunity to present more 
detailed background information on our computations and 
underlying postulates, thanks to the discussion contributed by 
our colleagues. 

1. Long ago, my mentor, Frank Fisher, taught me this concept 
which I recite in the following terms, well worth repeating in the 
present context: "The criterion of validity of an environment 
standard is not so much how closely it duplicates reality but 
rather how well equipment designed in accordance with this 
standard p e ~ o r m  in the field. If equipment designed in 
accordance with the standard pedorm well in the field, while 
equipment ignoring the standard do not perform well, the 
chances that the standard be a good standard are pretty good." 

Manuscript received January 7, 1998. 
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Significance:
Part 2 Development of standards
Part 7 Mitigation techniques

The application of surge-protective devices (SPDs) in low-voltage AC power circuits, in particular metal-oxide
varistors (MOVs) has been influenced by the perception that low-limiting voltage is a desirable characteristic. 
Unfortunately, this low limiting voltage – intended for surge protection – makes the devices more susceptible to
fail under conditions of extended temporary overvoltage (TOV).

Like any electronic component, SPDs will fail if overstressed beyond reasonable limits, and this is not a cause for
rejecting their application, but a cause for concern on ensuring that the failure mode – rare as it might be – will be
acceptable.  

This acceptability must also take into consideration the effect of the available fault current that the power system
can deliver at the point of connection of the SPD.  This point needs to be more clearly and specifically stated in
emerging standards on SPD applications.
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The Dilemma of Surge Protection vs. Overvoltage Scenarios: 
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Abstract - The application of surge-protective devices in low- 
voltage systems faces the dilemma of providing effective limiting 
against surges while not attempting to limit the temporary 
overvoltages that do occur in a power system The paper illustrates 
this dilemma with specific scenarios and presents recommendations 
for reconciling these two conditions through adequate design and 
more explicit standards. 

I. INTRODUCTION 

The concept of b4Whole-House Surge Protection" has become 
a popular subject of discussion and has in fact been 
implemented by several utilities in North America. In this 
approach, the utility will install a surge-protective device (SPD) 
at the service entrance of the customer and provide additional 
plug-in SPDs. These additional SPDs are presumed to be 
wellcoordinated with the service-entrance SPD, and are 
installed within the customer premises, presumably at the point 
of connection of so-called "sensitive appliances" such as home 
entertainment, computers, and sophisticated kitchen appliances. 

The main purpose of these SPDs is to protect sensitive 
equipment against surges, a mission that they can accomplish 
quite well. However, the failure mode of these devices under 
temporary overvoltages (TOVs) that might be expected under 
abnormal but possible conditions of the power system has 
become cause of some concern for utilities and their customers. 

An SPD should not be expected to protect downstream 
equipment in the case of a TOV and then return to normal 
operation, as it does by definition for surge protection. The 
dilemma for SPD designers is whether to select a maximum 
continuous operating voltage (MCOV) high enough to survive 
common TOVs - but at the price of diminished surge 
protection - or to select surge protection with a lower MCOV 
- and then accept failure of the SPD for infrequent but 
possible TOVs. In any case, one should expect that if a TOV 
at any level would cause the SPD to fail, that failure mode 
should be acceptable. 

Fraqois Martzloff, Fellow, IEEE 
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This dilemma of surge protection versus overvoltage scenarios 
has been created by the industry's obsession with providing 
very low clamping voltages for surge mitigation (Martzloff & 
M y ,  1989[1]). And now, the need to ensure coordination of 
the "cascade" of the service-entrance SPD and the plug-in 
SPDs has exacerbated this situation. The issue of cascade 
coordination has already been debated at length in the literature 
(Martzloff & Lai, 199 1 [2]); (Stonely & Stringfellow, 199 1 [3]); 
(Hostfet et al., 1992 [4]); (Rousseau & Perche, 1995 151). 
Further debate or exhaustive references to the many papers on 
that subject is not our purpose. It is mentioned here only as a 
contributing factor to the dilemma, but a factor that cannot be 
ignored in a complete assessment. 

11. SURGE PROTECTIVE DEVICES 
FOR LOW-VOLTAGE SYSTEMS 

Ihe  introduction of metal-oxide varistors (MOVs) in the 
seventies was a timely innovation, concurrent with the 
increasing use of semiconductors in consumer products. While 
these semiconductors opened new opportunities, their relatively 
low tolerance for surges created a strong demand for better 
surge-protective devices. Unfortunately, market competition 
encouraged a downward "auction" that led to attributing high 
value to low clamping voltages, a situation unwittingly 
encouraged by the listing of "transient suppression levels" 
stipulated in UL Standard 1449 [6]. The list begins at 330 V 
for SPDs intended for 120 V circuits, although there is good 
evidence that most consumer loads do not need such a low level 
of protection (Anderson & Bowes, 1990 171); (Smith & 
Standler, 1992 [8]). 

The generic structure of typical low-voltage residential power 
systems is shown in Figure 1 for the case of a detached home. 
Underground service has similar characteristics. This system 
extends from the outdoor line-side of the service drop all the 
way through the premises wiring, including plug-in type SPDs. 
Figure 1 also shows the various locations where an SPD can be 
installed. 
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Typically, there are six locations. The first three: O at the 
outdoor weather-head, Q at the service entrance, and O on the 
line side of the main disconnect are within the scope of IEEE 
Std C62.34 [9]. The next three are within the scope of ongoing 
IEEE project P62.62 [lo]: @I at the load side of the panel 
disconnect, 6 at a permanently wired receptacle, and 8 as a 
plug-in device. Locations O through Q are within the premises 
wiring and therefore under the control of the end-user, while 
locations O and Q are under the control of the utility. 
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Figure 1 - Possible SPD locations for a residential building 

An emerging requirement in standards for application of the 
low-voltage SPDs under development at the International 
Electrotechnical Commission (IEC 61643-1 [I 11) as well as at 
the IEEE (P62.62 [lo]) is the provision of a "disconnector" 
intended to discomect a failing SPD. Failure under conditions 
exceeding the SPD capability is recognized as unavoidable, but 
the consequences of such failure are made acceptable thanks to 
the action of the disconnector. 

Unfortunately, some ambiguity has crept in the interpretation 
of this requirement. In some cases is has been interpreted as 
only disconnecting the failed SPD component from the power 
system, but leaving the load energized - and without further 
surge protection (Martzloff, 1998 [12]). If the disconnector is 
of this latter type, the SPDs components of an SPD package 
will fail under TOV conditions, presumably in a safe manner, 
but then allow the TOV to be applied to the downstream load. 
This is undesirable for the typical user who values equipment 
protection above continuity of operation. Finally, there is the 
worst case, as reported in many anecdotal instances, where the 
failure mode of SPDs under TOV conditions has not been 
graceful, to say the least. These instances, while not very 
frequent, have led to new testing requirements for failure 
modes from the Underwriters Laboratories in the updated 
Second Edition of their UL 1449 [6] Standard for low-voltage 
surge-protective devices ("TVSS" in the industry jargon). 

Given this unsettled situation, it will be useful to review the 
scenarios that can lead to failure of an SPD component in an 
SPD package, in particular under TOV conditions. For the 
sake of completeness, we will describe first some failure 
scenarios under surge conditions, as they have some bearing on 
the disconnector design. 

III. FAILURE MODES UNDER SURGE 
CONDITIONS 

For a correctly applied SPD, failure under surge conditions 
should be a very rare occurrence. Nevertheless, one can 
enumerate the following failure scenarios in a field application 
- including misapplications: 

A single, large, and not anticipated impinging surge 
exceeds the capability of the SPD. An example of this 
situation can be the presence of switched capacitor banks; 

A succession of surges, such as multiple lightning strokes, 
exceeds the capability of the SPD. This situation has been 
identified for distribution arresters (Darveniza, 1997 [I 31) 
and might also occur for low-voltage SPDs; 

A thermal runaway is launched in an SPD exposed to high 
ambient temperatures at the time when a surge (within 
specifications for normal ambient) occurs; 

In the questioriable scenario of an alleged "degraded" SPD 
(Stringfellow, 1992 [14]), a thermal runaway is launched 
by the heat generated during a within-specifications surge. 

For all these scenarios, the ultimate failure mode depends on 
the fault current that the power system can deliver at the point 
of connection of the SPD. For maderate fault currents, such as 
on branch circuits, the disconnector can generally provide 
protection. The fuse design can still be a challenge: carry the 
load current, carry the specified surge current, but melt in case 
of a power-frequency fault current resulting from failure of the 
SPD component. For very high available fault currents, such 
as that prevailing at some service entrances close to a large 
distribution transformer, successful clearing may be a greater 
challenge. Furthermore, coordination of overcurrent protection 
is more difficult, compared to branch circuits inside the 
building where the wiring impedance and the rating of circuit 
breakers in the panel can ensure proper coordination. 

IV. FAILURE MODES UNDER TOV CONDITIONS 

Three major types of TOV-induced failures can be identified 
for low-voltage SPDs: 

Moderate TOVs associated with power system faults, such as 
a line-toearth fault in a three-phase system, creating a 1.73 
times n o d  line voltage in the other phases. Ferroresonance 
can also produce moderate but significant overvoltages. 

Extreme TOVs associated with the commingling scenario 
(accidental fall of conductors of a higher voltage upon 
conductors of a lesser voltage). No conventional, varistor-only 
SPD can be expected to survive such a scenario. 

Double voltage TOVs associated with the loss of neutral in a 
single-phase, threeconductor, earthed center-tap system such 
as the 1201240 V service typical of North American systems. 

Depending on the philosophy of the system designer, in 
particular the utility for the case of a service-entrance SPD. 
survival or expected but acceptable failure can be stipulated for 
the loss-of-neutral scenario. 



a) Moderate TOVs: System Faults 

Among abnormal conditions that can produce temporary 
overvoltages, we give two examples of incidents resulting in 
overvoltages not exceeding twice the normal voltage. Some 
SPDs based on the misconception that a very low clamping 
voltage is desirable might not survive such moderate TOVs. 

Single-phase faults to earth on a three-phase system produce 
a shift in the unfaulted phases. The severity of the voltage rise 
depends on the fault location, the system impedance, and the 
earthing practices. For a 'IT power system in steady-state, the 
neutral will by symmetry be at the same potential as earth, as in 
Figure 2 (a). However, if an earth fault occu on one phase, it 
will cause a shift of potential as the system attempts to maintain 
balance. The neutral will be elevated and a corresponding shift 
will be experienced by the other two phases. In the worst case 
of a completely isolated system with a bolted fault to earth on 
one of the phases, we could have the situation depicted in 
Figure 2 (b). This shows a neutral which has been elevated to 
one per unit, causing the unfaulted phases to drift up to 1.73 per 
unit with respect to earth. 

For three-phase systems with an artificial neutral through an 
earthing transformer or a finite resistance, the earth impedance 
is high. This arrangement limits the fault current during a 
singleline-toearth fault, but allows enough for fault detection 
using overcurrent relays. It also inserts some impedance 
between the system neutral and the actual earth so that the 
voltage on the unfaulted phases will shift toward somewhat less 
than line-line value as shown in Figure 2 (c). 

Figure 2 - Effect of a single phase-to-earth fault 

Series resonances occur in a power system when a series 
circuit consisting of an inductance and a capacitance is excited 
at its natural frequency. As an example of this condition, 
Figure 3 shows a portion of a temporary overvoltage resulting 
from a power system switching incident (restoring power phase 
by phase after interruption [15]), which produced a sustained 
rms voltage exceeding 150% and lasting four seconds. 

Source: EPRl Report [l5] 

Figure 3 - Temporary overvoltage caused by ferroresonance 

b) Extreme TOVs: Commingling 

In this real-life scenario, the low-voltage SPD connected on the 
secondary side of the distribution transformer, and normally 
energized at its rated voltage, is first brought to failure by the 
large overvoltage resulting from commingling conductors. In 
an overbuilt system, a collision of a vehicle with a pole, or 
breaks caused by icing, the conductors of the higher voltage 
distribution system or sub-transmission system can fall on the 
lower voltage distribution system. Such accidental contact 
injects an intruding voltage for a few cycles, until the higher 
voltage breaker clears the fault. 

Figure 4 shows a simplified one-line diagram of the two 
medium-voltage systems (the intruding MV1 and the victim 
MV2) being accidentally commingled. In this figure, the bond 
between the two systems earth connections is shown in dotted 
line to present the generic case of commingling. In an overbuilt 
system with common neutrals, a solid bond exists where the 
dotted tine is shown in the diagram. In the scenario of a simple 
crossing of two systems (not overbuilt along the right of way), 
or delta systems, a solid bond might not be present, and the 
fault current from MV1 will involve the earthing impedances 
shown in the diagram In that case, the intruding voltage Vi 
might be less than the system voltage MV1 but still enough to 
precipitate failure of an SPD on the secondary. 

Figure 4 - Commingling overvoltage applied to the distribution 
transformer primary and reflected on the LV side 



c) Double-voltage TOV (Loss of neutral) 

There are many situations where loss of neutral can occur. 
Some can be of a transient nature, such as a loose connection, 
while some might be permanent until repaired, such as a 
mechanical break or corrosion of the neutral conductor. While 
the latter might not linguistically fall under the label of 
'temporary', the consequences are the same. In a three-wire, 
single-phase system typical of North American practice, this 
condition has been observed many times. 

Figure 5 shows a system where one side of the supply (Ll) is 
lightly loaded, while the other side (L2) is heavily loaded, 
Under normal conditions, the two sides remain at normal 
voltage. Should the neutral connection be lost, then the voltage 
at mid-point is determined by the ratio of impedances on the 
two sides: the L1 side experiences an overvoltage that can 
approach twice nonnal. Any SPD connected to this side will 
then be exposed to the twice-normal voltage, with an available 
current determined by the impedance 22. This current, by the 
very design of the circuit, will not be interrupted by the 
overcurrent protection and is available to generate substantial 
heat in the SPD that has failed as the result of the overvoltage. 
A disconnector designed to clear larger fault currents, such as 
those occumng if the SPD fails while the neutral is connected, 
might not be capable of clearing the limited current. Other 
schemes are then necessary to ensure an acceptable failure 
mode, such as a thermally-activated disconnect. 

1996 National Electrical Code, 230-65, Availabk Short-circuit 
Cumnt 
"Service equipment shall be suitable for the short-circuit 
current available at the supply terminals." 

IEEE C62.341996, Standard for Performance of Low-Voltage 
Surge-Protective Devices (Secondary Arresters), Article 7.6 
"If the manufacturer claims a fault current withstand rating, 
then that rating shall be verified." 

IEC 61643-1 (FDIS November 1997) Surge protective devices 
connected to low-voltage power distribution systems - Part I: 
Performance requirements and testing methodr, Artick 6.2.11 
"The SPD shall be able to carry the paver short-circuit 
current until it is interrupted either by the SPD itself; by an 
internal or external overcurrent disconnector, or by the backup 
overcurrent protection." 

It is noteworthy that none of these documents specify a value 
for the available short circuit, but rather leave it to the 
discretion of the manufacturer, while imposing criteria of 
acceptability after the failure. The NEC tersely requires the 
device to be "suitable," without elaboration. The two standards 
applicable to a service-entrance SPD - where the available 
fault current can be quite high - acknowledge the possibility 
of failure and significance of the available fault current, but do 
not stipulate specific values. 

In an attempt to obtain information on what levels of fault 
currents should be considered, an informal survey was 
conducted among a few utility engineers. It turns out that very 
few utilities limit the available fault current at the service point 
of residential customers but many people are under the 
misconception, as cited below, that all residential service load 
centers and breakers are limited to an available fault current of 
10 kA and therefore they assume that actual available fault 
current must be less than 10 kA. 

Figure 5 - Three-wire, singlephase system 
where a broken or intermittent neutral connection 

creates a voltage imbalance 

V. AVAILABLE FAULT CURRENT 

As described in the preceding paragraphs, several scenarios can 
produce failure of the SPD, ultimately offering a very low (but 
not zero) impedance to the flow of the fault current that the 
power system can deliver. For each scenario, the available fault 
current at the point of connection of the SPD will have a very 
significant effect on the failure mode. 

The significance of available fault current is recognized in 
standards, but the value that should be considered is generally 
left undefined. The following statements can be found in 
published standards. 

Interestingly, none of the individuals consulted on this issue 
could cite a standard or even a document with the status of 
a consensus guide that does stipulate a current value. Two 
perceptions seem to prevail among the individuals consulted, as 
quoted below: 

Based on the observation that breakers for typical 
residential service panels (up to 200 A) generally have an 
interrupting capacity of 10 kA, it would be logical that 'the 
available fault current at the service entrance would be in 
the same order of magnitude. 

Based on the reality that a service entrance connected 
clo,e to a large distribution transformer (such as a garden 
apartment or high-rise) will have available fault currents 
in excess of I0 kA, it would be prudent to review the 
specifics of the situation. 

Furthermore, these standards do not require that the SPD 
application data state a limit of acceptable fault current. 



VI. EMERGING STANDARDS 

a) SPDs installed downstream from the service entrance 

In recognition of the issues raised by failure modes of the SPDs 
within the scope of UL Standard 1449 - downstream of the 
main disconnect - the second edition of this standard [6] now 
requires demonstration of an acceptable behavior in the failure 
mode of SPDs exposed to various overvoltage scenarios. 
Specifically, among the many tests required by UL, three tests 
address the issue: 

Temporary overvoltage with high available current - This test 
is stipulated un&r article 37.2 of UL 1449, calling for extended 
exposure to 125% of normal line voltage with either an 
acceptable temperature equilibrium being attained or until an 
internal disconnect device operates. This test will demonstrate 
capability of sustaining moderate overvoltages, primarily 
providing a margin against high system voltage, but not the 
higher levels of temporary overvoltages covered in the next 
test. The available fault current specified for this test is defined 
as a function of the ampere rating of the service over a range of 
200 A to 25 000 A. 

Fullphase voltage with high available fault current - This test 
is stipulated under article 37.3 of UL 1449, calling for exposure 
to the "full phase voltage" as shown on Figure 2(b) of this 
paper. The same criteria as above apply, namely acceptable 
temperature equilibrium or operation of an internal disconnect. 

The available fault current specified for this test is &fined as 
a function of the ampere rating of the service over a range of 
200 A to 25 000 A. 

Overvoltage with limited current - This test is stipulated under 
article 37.4 of UL 1449, with overvoltage values presumably 
corresponding to a loss of neutral scenario, and the associated 
low values of current supplied by the connected load, as in 
Figure 5. 

It is noteworthy that in the stipulations of these three tests, the 
emotionally charged word "failure" is not used. Instead, a list 
of unacceptable conditions is given, including emission of 
flame, molten metal, flaming particles, charring of adjacent 
material, ignition of enclosure, or creation of openings leaving 
live parts accessible. 

b) SPDs installed upstream from the service entrance 

For SPDs connected upstream from the service panel, the 
recently published IEEE Standard C62.34 does describes a 
loss-of-neutral scenario with limited current, similar to the UL 
37.4 test. However, a demonstration test is not mandated, as 
the consensus development process settled for a weaker 
statement: "if the manufacturer claims a loss of neutral 
withstand capability ... then that capability shall be venjied ..." 
Thus, the inference might be made that if no claim for loss-of- 
neutral withstand capability is made, no demonstration test is 
required. However, an additional paragraph in the standard 
does mention "...must fail in an acceptable manner. " 

From this brief overview of emerging standards, it appears that 
on the low side of available fault current, both the UL and the 
IEEE standards have recogruzed the issues of acceptable failure 
modes associated with temporary (or quasi-permanent) 
overvoltages. On the other hand, at the high side of available 
fault currents, it seems that insufficient recognition of the issue 
still prevails, as discussed in the preceding section on the 
significance of the level of available fault currents. 

Nevertheless, Figure 6, offered as background information in 
a tutorial addressing considerations on the revenue meter 
environment (Ward, 1980 [16]), shows typical values of fault 
current as a function of distribution transformer size and length 
of service drop. That figure clearly shows values in excess of 
10 kA, but somehow this information has not been fully 
recognized by the SPD community. 

- - 

AVAILABLE FAULT CURRENT 
WITH rOorr SERVICE COR 3 
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Source: (Ward, 1980 [I 61) 

figure 6 - Fault current amplitude as a function of. 
transformer rating and length and size of service drop 

vn. POSSIBLE SOLUTIONS 

Among possible solutions, two approaches may be 
considered: making the SPD less sensitive to TOVs, and, 
in any case, ensure that if failure is unavoidable under 
extreme stress, it will be in an acceptable mode. 

The obvious way to desensitize SPDs to TOVs is to 
design them with a higher MCOV. However, as the 
higher MCOV in a varistorsnly SPD means a higher 
surge-limiting voltage, there is a limit beyond which such 
an SPD becomes useless (op cit., [2-51). 

A pos:.ble solution may be in reviving the concept of a 
gapped arrester for the upstream SPD of a "whole house" 
scheme (Mansoor et al., 1998 [17]). There, the initial 
let-through associated with the gap volt-time response 
can easily be mitigated by the downstream SPD, while 
the gap prevents the SPD from becoming involved with 
moderate TOVs. 



Of course, for the (rare) commingling scenario, little can 
be done but to ensure a graceful failure. This condition 
should be an implicit requirement, but, as discussed in the 
section on available fault current, the implications of such 
a requirement apparently have not been recognized by all 
interested parties. Even among the community of SPD 
engineers, there has been some reluctance to accept the 
concept that temporary overvoltages should be addressed 
in documents discussing the surge environment. 

VIII. CONCLUSIONS 

The dilemma of providing a suitable surge protection of 
load equipment by means of surge-protective devices, 
while ensuring acceptable response of these surge- 
protective devices to unavoidable temporary overvoltages 
raises several application issues that demand attention. 

"Acceptable response" can be interpreted either as survival 
of the SPD (a challenge to the coordination of cascades) or 
as accepting failure, but within well-defined conditions of 
the failure mode (a challenge for applications where high 
available fault currents prevail). 

Coordinating a cascade of surge-protective devices can be 
solved by providing a gapped arrester at the service 
entrance, which will coordinate with the de facto situation 
of low limiting voltage SPDs inside the building. 

The need for a service-entrance arrester to withstand the 
scenario of lost neutral can be satisfied by a gapped 
arrester having sufficient maximum continuous operating 
voltage capability. 

Emerging standards for low-voltage SPDS have given new 
recognition to the importance of taking into consideration 
temporary overvoltages in the design of SPDs. 

Notwithstanding conclusion (3, SPD application standards 
as well as performance and test standards should be more 
explicit in defining how to deal with the issues raised by 
available fault current in case of unavoidable SPD failure. 
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Significance:
Part 2 Development of standards

Part 5 Mon itoring instruments

Recent projects of mon itoring Power Quality in AC  systems have focused on voltage surges rather than current

surges.  The predictab le results of such monitoring  – low apparent surge voltages – which  in fact only monitors

whatever limiting voltage is allowed  by the proliferating SPDs and PCs, do not reflect the surge activity, now confined

to surge currents flowing into the “attractive” paths of the SPDs and the capacitors included in the switch-mode power

supplies of PCs (and  other electronic appliances).

At standard-writing times, questions have emerged  as to why men tion “large” surges when  monitoring shows only low

voltages.  W ith proper perspective, it becomes apparent that the proliferation of these voltage-limiting, surge-

absorb ing SPD s and PCs are the explanation.  W hile voltage surges might now

no longer be a threat, the possibility of substantial curren t surges is indeed  a threat to equipm ent.

mailto:Amansoor@epri-peac.com
mailto:f.martzloff@ieee.org
mailto:Kphipps@epri-peac.com


The Fallacy of Monitoring Surge Voltages: 
SPDs and PCs Galore! 

Arshad Mansoor and Kermit Phipps Fran~ois Martzloff 
EPRI-PEAC National Institute of Standards 

1052 1 Research Dr. and Technology ' 
Knoxville, TN 37932 Gaithersburg MD 20899 8 1 13 

Abstract 

To support the recommendation of shifting transienl rnonilori~ig l i w i  vvltage surges lo current 
surges, the paper presents experimental results as well as numerical modeling results demonstrating 
two mechanisms causing an apparent decrease of surge activity in low-voltage ac power circuits. 
The first mechanism is the proliferation of surge-protective devices, a situation which is by now well 
recognized. The second, which should also have been recognized, apparently escaped scrutiny 
so far: the proliferation of electronic appliances containing a switch-mode powcr supply that 
effectively places large surge-absorbing capacitors across the ac power systems. 

1. Introduction 

This paper is unabashedly tutorial, and some of the themes presented here might be quite familiar 
to some of our readers. However, we have observed that these concepts, which could almost be 
characterized as obvious when given the benefit of hindsight, are still not widely recognized. 
Therefore, we will present them to th~s  forum, and illustrate their validity by experimental 
measurements and numerical modeling. The three major themes of this presentation are: 

1 .  There is a logical explanation for the apparent decrease in the level of voltage surges reported 
in recent power quality surveys: the proliferation of surge-mitigating devices. 

2. The present practice of recording voltage surges can lead to erroneous concepts on surge 
protection, which in turn can lead LU equiprr1~111 fililu1t;s. 

3. There is an unfulfilled need to develop and deploy power quality monitors that can 
characterize the energy-delivery capability of a surge event. 

The first theme will be introduced by a historical perspective showing how voltage surges 
became the focal point of monitoring surges, even before the term "power quality" was coined. 
Experimental measurements and numerical modeling will be described to illustrate the effect of 
the proliferation of surge-protective devices (SPDs) and of new electronic appliances that serve 
rcspcctivcly as intcndcd and unintcndcd surge-mitigating devices. The next two theme:; will be 
only briefly discussed because, once the first is accepted, these two follow quite logically. 

I Electricity Division, Electronics and Electrical Engineering Laboratory, Technology Adminrsrrution, 
U.S. Department of Comti~crce. 
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2. Historical Perspective 

The proliferation of SPDs in low-voltage ac power circuits has been recognized as nnc: nf t he  root 
causes of the apparent decrease of the surge levels recorded in recent power quality surveys. The 
change in the occurrence of surges began to be recognized [Dorr, 19951 ' and explanations were 
offered attributing the phenomenon to the emerging proliferation of SPDs in low-voltage ac power 
circuits [Martzloff, 19961. It is noteworthy that for many people, the term "surge" is equivalent 
to "transient overvoltage" to the point that the phenomenon has generally been recorded by 
instruments acting as voltmctcrs, and thc tcrm was without much scrutiny accepted in gcncl-a1 as 
meaning a voltage surge. 

For instance, in the bi-lingual publications of the International Elecrrotechnical Commission (IEC), 
the French text which parallels the English text uses the term "surtension" (meaning overvoltage), 
because there is a mind set, reinforced by the lack of a neutral term in French that could be 
applied to either or both voltage surges and current surges. In the United States, the Underwriters 
Laboratories perpetuates this narrow perspective by calling SPDs "Transient Voltage Surge 
Suppressors" (italics ours) [UL Std 1449, 19961, although both recent IEC and IEEE definitions 
of SPDs introduce and emphasize the concept of current surges as well as voltage surges. 

Now less recognized but significant, a similar cause for the apparent decrease of voltage surge levels 
is becoming important as more and more electronic appliances depend on a switch-mode power 
supply with a rectifier-capacitor DC link. Through the rectifies, the DC link capacitor which is 
typically in the order of 200 pF  to 500 pF,  offers a low-impedance path to current surges 
impinging on the power port of these appliances. With many such appliances connec~ed i n  an end- 
user installation, the effect is that of quite a large capacitor being connected across the ac mains. 
Small wonder then that even largc surge currents (for instance, with the capability of delivering 
currents of 3 kA, 8/20 ps) [ANSVIEEE C62.41- 19951 can no longer raise the voltage across the 
mains to the high values sometimes reported in earlier surveys of surge voltage occurrences. 

Another historical mind-set has been to recognize the origin of surges only as a voltage event 
while in fact i t  can be either a true induced-voltage event, or the end-result of the injection of a 
surge current somewhere in the power system. Typical induced-voltage surges are associated 
with the electromagnetic coupling into the power circuits of the field created by a nearby (but 
not direct) lightning flash. Such voltage surges, which can develop substantial voltages in high- 
impedance circuit loops [Martzloff et al., 19951 can easily be mitigated with relatively small 
SPDs because their energy-delivery capability is relatively small [IEC document 64/1034/CD, 
19981. In contrast. current surges are produced either by the dispersion of the current associated 
with a lightning flash when a direct strike injects current at some point of the power system, in 
close vicinity or at a more remote point of the power distribution system [Mansoor et al., 19981. 
Another source of current surges is switching surges involving the injection of residual energy 
into parts of the power system. The energy-delivery capability of these current surges can be 
substantial, and be a threat to the survival of improperly sized SPDs. Note in passing the use of 
thc tcrm "cncrgy-dclivcry capability" and not "cncrgy in thc surgc." Somc of our rcndcrs arc by 
now familiar with that theme [Lindes et al., 19971 - perhaps even tired of seeing it  repeated - 
but the sad truth is that usage of the term "surge energy" is still rampant. 

I Citations appearing in the text as [Author, date] are listed in alphabetical order in Section 7, Bihl io~raphy 



The significance of making the distinction between recording current surges versus recording 
voltage surges is very important for equipment designers. A decision to provide only modest 
surge withstand capability for an SPD incorporated at the powcr port of thc cquipment might be 
made because the contemporary surveys reveal few and moderate (voltage) surges. When combined 
with the misconception that "the lower the clamping voltage, the better" [Martzloff et al., 19891, 
the result can be disastrous. We have in our laboratory 'morgue' two examples of such mass- 
produced devices incorporating an inappropriate SPD that led to early mortality of the product. 
Without identifying the culprit - perhaps a harsh word for a designer who was lulled into this 
position by referring to misleading reports on surge actlvlty - but to illustrate the situation, we 
can name the two products: a compact fluorescent bulb, and a remotely-controlled ceiling fan. 
To recite a recurrent theme in our tutorial presentations ("Transients Are Here to Stay"), voltage 
surges might appear to have faded away, but current surges are still here, ready to destroy a small 
SPD incorporated in a design based on the misperception of fading voltage surges, fostered by 
recording only voltage surges. 

3. Experimental Measurements 

To illustrate the effect of nonlinear SPDs as well as linear capacitors connected across the mains, 
the Power Electronics Applications Center (PEAC) "Upside-Down House" [Key et al., 19941 
was used to inject surges into the service entrance of the I Jpside Down House with various 
combinations of SPDs and/or personal computer (PC) power supplies connected at the end of' 
two branch clrcu~ts, one 9-m long, the other 3h-rn long. In  Figure I ,  currents In the branches a ~ i d  
voltages at the nodes are identified respectively as I,, I,, I,,, and Vo, V,, V,, . The charging voltagc 
setting of the Combination Wave surge generator was kept constant to provide a 2 kV, 1.2150 ps 
open-circuit voltage (OCV). In a second series of experiments, the setting was increased to 4 kV. 
This second series, not reported here in detail because of limited space, confirmed the expected 
nonlinear response of varistors and the linear response for capacitors only. 

Figure 1 - Upside-Down House branch circuits 

3.1 Metal-oxide varistors only 

Given the known and predictable behavior of multiple SPDs - often reported in the literature 
to the point that bibliographic citations would take several lines to list all of them - this  part of 
the experiment was performed only to provide a baseline. Metal-oxide varistors (MOVs) rated 
150 V, 20 mm diameter, were used for this experiment. To record all interesting currents and 
voltages, two shots are necessary when using the 4-channel digital signal analyzer; therefore each 
oscillogram in the figures contains the trace of Vo to serve as a common reference (Figure 2). 
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Figure 2 - Typical recordings1 made during the first experiment - SPDs only. 

In Figure 2, the current traces (left oscillograrn) show the unequal sharing between the two 
MOVs, reflecting the difference in the inductance of the two branch circuits. Because the peaks 
uT 11ic cwu ~ I ~ ~ I I C I I - L ~ I L L I ~ L  U L I I ~ ~ ; I ~ ~ S  ale nut simultancuus (the cu~-~-cnt in thc longcr branch circuit 
takes longer to build up) their sum seems to exceed the peak of the injected current, I,. 

The voltage traces (right oscillogram) show how the voltage at the service entrance, Vo, is 
mitigated from the 2 kV open-circuit voltage supplied by the generator that would propagate 
without attenuation in the absence of a surge-mitigating device [Martzloff et al., 19861. This 
voltage Vo is the sum of the clamping performed by the varistor at the node V,, and the inductive 
voltage drop in the 9-m long connection. Note that this inductive voltage is additive during the 
rise of the current I,, and subtractive during the fall, hence the apparent "overshoot" in the trace 
of V,, compared to the flat-top trace of the varistor at V,. The voltages at V, and V,, are the 
typical clamping voltages of the MOVs corresponding to the current they carry. 

In a subsequent experiment with a 4 kV open-circuit voltage setting of the generator (twice the 
value of Figure 2, but not reported here in detail because of limited space), the voltages across 
the varistors, predictably, were nor substantially increased. However, the substantially increased 
current in the 9-rn long branch circuit (from I000 A to 2800 A, resulting from the nonlinear 
response of the varistor) produced an increased inductive effect to the point that the voltage at 
the service entrance was raised to 1300 V from the 790 V recorded for the case of Figure 2. 
Table 1, at the end of this section, presents a summary of the peak values recorded in the various 
combinations of components, branch circuits, and amplitudes of the injected surge. 

The experimental values shown in Figures 2, 3, and 4, and in Table I were recorded with a digital signal analyzer. 
They have been rounded off to the nearest ten to convey a simpler set of numbers, uncluttered by a precise last digit. 
Uncertainty in these measurements is not an issue here as it does not affect the general conclusions. 



3.2 Capacitors only 

In a second set of experiments, less easily predictable would bc thc bchavior of the still all-linear 
circuit involving the capacitors of a PC power supply (440 pF each in this experiment) when 
receiving a surge originating from the complex RLC wave-shaping network of a Combination 
Wave surge generator (Figure 3). 

V, 1 kV1div 

1, 550 Ndiv 

1, 500 Ndiv 

I, 5OONdiv 

Sweep: 5 psldiv 

Currents in branches 
- -1- 

Sweep: 5 psldiv 

v " 
(peak V) 

Voltages at nodes 
T i r ?  

Figure 3 - Typical recordings made during the second experiment - Capacitors only 
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In Figure 3, the voltage at the service entrance, V,, is mitigated from the 2 kV open-circuit 
voltage supplied by the generator. However, because of the interaction between the RLC 
components in the wave-shaping network of the Combination Wave generator on the one hand, 
and the capacitances of the PC power supplies and inductances of the branch circuits on the other 
hand, this voltage rings around an average voltage level of 1300 V, reaching a peak of 1700 V. 
To reflect this situation, the tabulation of the voltages in the figure shows two lines, peak and 
average. Thus, the mitigation effect is degraded by the ringing. Nevertheless, one can expect 
that a <  more PC% wni~ld he added, the ringing freqi~ency would hecome lower and the voltage 

peaks lower. 

3.3 Capacitor and MO V 

' Y  

(peak A) 

In a third set of experiments, a capacitor was connected at the end of the Y-m branch circult 
and an MOV was connected at the end of the 36-m branch circuit. Interest in this particular 
configuration was motivated by the desire to show how an MOV would mitigate the ringing 
that was observed in the preceding experiment at the end of the 36-m line (V,, in Figure 3). 

'db 

(peak A) 
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Figure 4 - Typical recordings made during the third experiment - capacitor and MOV. 

Experiments 2 and 3 (Figures 3 and 4) do show decreasing levels of voltage surges at various 
points of the Upside Down House, compared to the open-circuit conditions. However, (lie 
interactions between the capacitors of the generalor RLC wave-shaping network on the one hand, 
and the PC capacitors on the other hand, make detailed interpretation of the waveforms tedious 
and beyond the scope of our illustrative examples. Numerical modeling with a current source, 
as reported in the following section, avoids this interaction and provides further evidence on the 
"PCs Galut~" effc~t.  FUI 1t;adel~s interested in thc dctails, Tablc 1 documents thc rcsults 
concerning peak voltages noted from the oscillograms kept on file but not reproduced here. 
Readers interested primarily in the big picture may skip a close examination of this table. 

Table 1 - Summary of node voltages for component combinations 

Dctailcd cxpcrimcnt Device 
description number Combination 

9 m 36 m 

1-1 3.1 - MOVs onlv MOV 

Capacitor 

3.3 - Capacitor and MOV Capacitor MOV + F 
3.2 - Ca~acitors onlv r&Ec 

I I I 
Ringing at the open-ended line is the cause of this voltage being greater than Vo 



4. Numerical Modeling 

Our previous experience with modeling cascaded SPDs [Lai et al., 19931 and the behavior of the 
Upside Down House with installed SPDs [Martzloff et al., 19951 can be readily applied to the 
prediction of the behavior of the three circuits subjected to the experimental measurements, with 
an imposed current source, free from the unavoidable interactions that occurred in the preceding 
experimental measurements. This approach yields the best of the two methods: a computation 
that has been well demonstrated as suitable for modeling nonlinear SPDs, and the freedom to 
Impose any fixed waveform - what reality Imposes on a res~dence is not the surge from an 
impedance-limited surge generator - combined with the possibility to model many branch 
circuits and many combinations of SPDs andlor capacitors. 

4.1 Modeling combinations of loads and branch circuit lengths 

In a series of modeling runs similar to the combinations of the experimental measurements, the 
model used the circuit of Figure 5. A current source feeds a fixed current surgc via a common 
service drop to the panel bus of the service entrance, where three branch circuits made of 2-mm 
diameter conductors ( # I  2 AWG) take off, with length of respectively 5 m, 10 m, and 20 rn. The 
choice of these lengths was based on curiosity about the effect of the long distance connection 
(and thus an effect that might bc delayed 01 degraded) to the irnmediate occurrencc of an 
overvoltage at the end oS shorter branch circuits. The currents in the circuit are identified In 
Figu~e 5 respectively as I,, I,, I,, I,,, and I,,, wth the node voltages at the servicc bu\  and hanch 
circuit ends respectively as V,, V,, V,,, and V,,. 

FlgUre 5 - Service drop and branch circuits for modeling combinations 

As in our previous modeling applications, the EMTP program [EPRI, 19891 was used. To avoid 
computational artifacts, a finite 10 kQ resistance was always postulated at the ends of all branch 
circuits, whether these were left in "open" or "loaded" condition. The loads that were modeled 
included combinations of SPDs, capacitors, and 100 Q resistors. The SPDs were all 20-mm 
diameter, 130-V rated MOVs. The capacitors included a capacitance of 440 pF and a series 
resistance ("ESR") of 0.25 0 to represent an electrolytic capacitor. Initial conditions for the 
models stipulated an initial charge on the capacitor to represent the normal condition of the DC 
link. The 100 Q resistor was selected as a typical value for a 150-W power-consuming appliance 
connected at the end of the branch circuit. 



Just to illustrate the point of a readily predictable behavior of a purely linear circuit, Figure 6 
shows the voltages andcurrents for the case of 100 Q loads confronted with a current source. 
Compared with the 100 0 load at the end of the branch circuits, the series impedance has a vcry 
small effect and the impinging surge current I, divides almost equally (3000 A I4 = 750 A) in the 
nearly identical four branches I,, I,, I,,, and I,, (I, being the current in the service entrance 
'branch', with a length of 0). Thus, the voltage developed by this 750 A current across 100 In 
would simply be expected to be 75 000 V (seventy five thousand volts). We say "would be 
expected" because, of course, the insulation level of a real-world low-voltage insulation cannot 
withstand such a voltage. The result of this theoretical case is another illustration of the theme 
"More Begets Less," according to which a high-amplitude, steep-front surge cannot propagate 
in branch circuits because a flashover will occur at the origin [Mansoor et al., 19981. 

Currents in branches: Time in milliseconds, peaks in amperes Voltages at nodes: Tlme in milliseconds, peaks ~n volts 

Figure 6 - Currents and voltages for the baseline case of 100 R loads without SPDs 

Figure 7 shows the example of two PCs, onc at thc cnd of thc 5-m branch circuit, the othcr at 
the end of the 10-m branch circuit: the surge current is shared (unequally) between the two 
capacitors, with a corresponding decrease of the voltage level at each DC link, and also a 
reduction of the voltage at the open end (unprotected) of the 20-m branch circuit. This example 
shows the beginning of the "PCs Galore !" effect. Several intermediate and further steps were 
modeled by adding combinations of surge-mitigating devices to build our case file and confirm 
the expected effects, but we will spare the reader from a tedious recitation. 

The results shown in Figure 6 call for several comments: 

The unequal division of the currents I, and I,, reflects the effect of the larger impedance of the 
10-m branch circuit, compared to the 5-m branch circuit. 

Substantial mitigation is obtained at the nodes V, and V,,, as a result of the filter-like action 
of the line inductance and the capacitance of the PC power supply. 

Thc voltngc surgc dcvclopcd at thc nodc Vo propagates, unabatcd, to the end of thc opcn- 
circuited 20-m branch circuit, a reminder that the notion of voltage surges being attenuated 
as they propagate in building wiring [IEC Report 664, 19801 was incorrect. 



Currents in branches: Time in milliseconds, peaks in amperes Voltages at nodes: Time in milliseconds, peaks in volts 

Figure 7 - Currents and voltages for the case of two PCs without SPDs 

The voltage results are especially worth noting, in the context of what a power quality monitor 
would report in such an installation, depending upon its point of connection. 

From the (impossible) high voltages of the 100 Q baseline (no SPDs), the voltage that would 
be recorded by a monitor installed at the service entrance is now reduced to "only" 1960 V. 

A voltage-only monitor installed at the point of use of the power (typical selection of point of 
~nstallat~on In many surveys), namely the two reccptacles at 5 m anti 1 U m fcedlng thc I'Cs, 
would report respectively 5 10 V and 290 V, creating the illusion Cfallacy) that there is 1 1 0  

significant surge activity at these points. 

In reality a current surge I, of nearly 2000 A is carried by the PC rectifier into the capacitor, 
via a line fuse. Such a high current - undetected by a voltage-only monitor - could very 
wcll bc fatal for thc rcctificr or thc input fusc, or for thc capacitor of thc PC powcr port. Such 
failures were found in post-mortems of equipment recently performed at PEAC. That 
scenario is also what occurred in the experimental test of Section 3 for a 4 kV open-circuit 
voltage and capacitor-MOV combination (shown in next-to-last row of Table 1). 

4.2 Modeling PCs Galore 

As a grand finale for illustrating our major theme, the case of an increasing number of PCs was 
modeled, with each of the PCs connected at the end of a dedicated branch circuit, with all branch 
circuits having the same length of 20 m, still with the 10-m long service drop driving a 3 kA 
current surge into the installation. 

Table 2 shows the resulting voltages at the service entrance and at the point of connection of the 
PC>, as well as 111e i~npusecl i r r~yir~gi~~g culreIil a d  Ll~e resullii~g cu1-rerrls i n  the individual power 
ports of the PCs. Indeed, the effect is linear with increasing numbers of PCs, and the resulting 
decrease in the voltages expected to be reported by a power quality monitor installed at the point 
of use is quite apparent. 



Table 2 - Effect of an increasing number of connected PCs 

Number Impinging current 

of I ('1 

Inspection of thc tablc shows that thc cffcct is practically proportional to thc numbcr of PCs in 
use in the installation. While we have used the short acronym of PC in the title and preceding 
discussions, the proliferation that we observe is not limited to PCs, but includes many electronic 
appliances, such as home entertainment, heating and air conditioning with adjustable speed drive, 
that use a DC link with large energy-storage capacitor. 

Current at PC port 

(A) 

5. Action Items 

The customary closure of a paper is to list conclusions. However, in this case we suggest action 
items for industry, rather than academic conclusions: 

Voltage at service entrance 

('4 

Thc cxamplcs givcn hcrc clcarly show that thc fallacy of littlc surge activity can bc crcatcd 
by limiting power quality measurements to voltage surges. With undetected current surge 
activity, users of electronic appliances will be puzzled by unexplained failures in the face of 
reporls of little voltage surge activity. 

We offer the explanation that these unexplained failures are likely to be associated with 
the (heretofore not characterized) surge current delivery capability of the environment. 
Such failures could have been avoided, had designers been better informed. 

With our leading theme now solidly established, questions arise about what to do about it. 
This matter requires the dedicated attention of both manufacturers and users of power quality 
monitoring instruments. 

Unfortunately, more than three years after beginning the crusade to overcome the fallacy of 
limiting surge measurements to voltage surges [Martzloff, 19951, there is no commercially 
available power quality monitor capable of characterizing the energy-delivery capability of 
a surge event. 

Worse yet, among the international delegates to an IEC working group chartered to develop a 
standard on measurement of power quality parameters (which is likely to dominate the design 
of future monitoring instruments), there are some claims being made that "a current surge is 
not a power quality parameter" and therefore it should not be included in the emerging 
standard prescribing measurements methods. This misconception needs to be corrected. 

Therefore, the crusade must be pursued with perseverance, and it is the goal and hope of the 
authors that sufficient recognition of the fallacy will eventually create a market demand for 
appropriate instruments, which forward-looking manufacturers may have developed or may 
be in the process of developing in anticipation of such recognition. 

Voltage at PC point of use 

(V) 
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Abstract: Simplifications often made when simulating 
the dispersion of lightning current can yield results 
that depart too much from the complex reality of a 
direct lightning flash to a building. The unpredictable 
occurrence of side-flashes increases even more the 
complexity. Such simulations, if taken at face value, 
might lead to unrealistic specifications for service- 
entrance surge-protective devices (SPDs). A real-world 
anecdote illustrates both the complexity and a case 
where an SPD with only modest ratings, compared 
wiih some present proposak, pyovided satisfactory 
protection on the power-port apphances of a residence. 

Key Words: Lightning current dispersion, side- 
flashes, surge-protective devices 

1. INTRODUCTION 

Recent discussions among participants in the 
development of surge-protection standards have shown a 
lack of consensus on the possible scenarios concerningthe 
dispersion of the lightning current when a direct flash to a 
building is involved. Skepticism has been expressed both 
on the simulation of available paths for the dispersion, and 
on the magnitudes and waveforms postulated for the 
resulting currents flowing in the conductive elements of the 
installation - especially the service entrance surge- 
protective devices (SPDs). Note that the skepticism does 
not aim at the parameters of the lightning flash itself, which 
have been accepted now for many years [I], but at the 
simulation conclusions concerning requirements for 
service-entrance SPDs with very high current-handling 
capability. 

Another objection has been that the distinction 
between a building equipped with a lightning protection 
system (air terminals, down-conductors and earthing 
system), on the one hand, and a building without such a 
system, on the other hand, might be misleading. 

Every building that contains electrical circuits (power 
or communications), electrically-conducting mechanical 
elements, metallic structures, etc., has a de facto lightning 
'protection' system of intended or unintended air terminals 
and down-conductors - except that their connection to the 
earthing system might have unpredictable and unwanted 
side effects. 

As an input toward developing consensus, this paper 
reviews in a first part two examples of simulations that have 
been performed by others, and in a second part relates a 
real-world anecdote of a corroborated case of a direct flash 
to a residence. 

2. SIMULATING DISPERSION 

2.1 Examples of simulations 

A Joint Working Group of the International Electro- 
technical Commission (IEC) has recently developed a 
Technical Repad on surge pmntp,ctian[2]. This &-year 
effort involved the participation of five ZEC Technical 
Committees interested in the subject. The data base 
considered by the group included, among many sources, 
two published papers, identified in the Bibliography of the 
report, authored independently by members of the group. 

In both studies, a 10f350 ps waveform was postulated, 
and a time-invariant earthing resistance and inductance 
were postulated. Currents in the available paths to earth 
and voltages at selected points of the systems were 
computed. For the purpose of this paper, three figures only 
are reproduced here for a qualitative glimpse on the results. 

Figure 1, simplified from Ref [2 ] ,  shows the nature of 
circuit components and configuration: two buildings and the 
distribution transformer linked by a cable in a linear 
arrangement. The point of strike is Building 1. The detailed 
numerical values, which are given in the referenced paper, 
are not significant for this comparison of the two studies. 

* Electricity Division, Electronics and Electrical Engineering Laboratory, Technology Administration, U.S. Department of Commerce 
Contributionsfrom the National Institute of Standards and Technology are not subject to U.S. Copyright. 
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Figure 1 - Circuit components and configuration used in the Hasse simulation (Ref [Z]) 

Figure 2 shows examples of the computed waveforms 
for currents at selected points of the Figure 1 circuit, from 
top to bottom : the postulated stroke current, the current 
exiting Building 1 via the power supply cable, the current 
in the earthing impedance of the building, and the current 
in the service-entrance SPDs of Building 2 resulting from 
the surge that is now, for Building 2, an impinging surge. 

The radial service drops also consist of a resistance and 
an inductance, not drawn in the figure, but modeled in the 
computation according to the 20-m length of each radial 
drop. The point of strike of the flash is the earthing system 
of Building 1 (to which the neutral is bonded). 

Figure 2 - Current dispersion for Figure 1 

The numerical values are not significant, but the - 
waveforms are. The current exiting the building (IMa!nns) 
has the same waveform as that of the stroke. The earthmg 
current (Iearthing) has an initial peak, due to the additional 
inductance of the power supply cable; in the long term, the 
inductive effect disappears, and the current division simply 
reflects relative values of the available earthing resistances. 

In contrast with Figure 1 where the buildings are strung 
along a power supply cable, Figure 3, from Ref [3], shows 
a radial configuration of three buildings, each supplied by 
its own service drop, with all three connected directly to the 
terminals of the common distribution transformer. 
Varistor-type service-entrance SPDs are provided for each 
building. The transformer and each building have their 
own earthing electrode connection, represented by a fixed 
resistance and an inductance. 

-~ - 

Figure 3 - Buildings configuration and resulting 
currents, according to Mansoor (Ref [3]) 

The significance of citing these two independent 
studies, separated by an ocean, by two different languages 
used by the authors, and by two different simulation 
programs, is that quite compatible conclusions were 
reached after exchanging information, first across the table 
during IEC working group meetings, then later on, via 
intensive e-mail messages, as a working relationship 
blossomed in spite of logistics barriers. This important 
point will be elaborated further in Section 7 of this paper. 



With hindsight, it appears predictable that the initial 
current dispersion (the first ten microseconds) should be 
strongly influenced by the relative values of the postulated 
inductances, and the later dispersion by the relative values 
of the postulated (time-invariant) earthing resistances. 

2.2 Involvement of service-entrance SPDs 

The results of these simulations show that the stresses 
imposed on the service-entrance SPDs that become 
involved in dispersing the part of the lightning current 
toward remote earthing electrodes of the power distribution 
system will reflect the relative values of the earthing 
impedances. These stresses also vary with the postulated 
current waveform, ranging from the short 8/20 ps long-used 
for designing SPDs, to the more recent proposed 101350 ps 
and finally to the seldom-considered continuing current 
within a multiple-stroke flash. 

Performing these simulations was not a futile exercise 
but provided insight on the influence of significant 
parameters. However, among end-users, this complexity 
of postulates decreases the credibility of defining SPD 
requirements on the basis of simulations, giving a greater 
credibility to field experience of widely-used SPDs that 
have demonstrated satisfactory performance over many 
years. 

3. SIDE FLASH 

One event that contributes to the complexity and 
uncertainty of lightning current dispersion is the possible 
occurrence of a side-flash. A side-flash can establish 
unexpected paths to earth, with two consequences that 
extend beyond the consideration of service-entrance SPD 
stresses - the motivating concern for this paper. 

The side-flash itself can have hazardous consequences 
by acting as an igniter, as will be told in the anecdote 
of Section 4. 

The side-flash can cause currents to flow along 
conductive paths within the installation, thereby 
coupling transient overvoltages in the circuits of the 
installation, by common path or by induction. 

Of course, the latter has the same end-result as what 
the bonding applied to avoid the side flash will produce, 
except for its unpredictability. 

4. FROM SIMULATIONS TO REALITY 

4.1 Setting the stage 

To illustrate the credibility gap that separates reality 
from simplified representations, the following story should 
be narrated: 

.... Once upon a time, in a far-away land (Upstate New 
York, U.S.A.) there lived an engineer who was recording 
surges, writing papers and presenting tutorials on surge 
protection, including the need for good bonding practices. 

This engineer had bought a house from the previous 
owner who had lived many happy years there without any 
problem, so that our engineer made the (unwarranted) 
assumption that the house and its electrical wiring were in 
good order. The house was surrounded by several tall, 
mature trees so he thought that the cone of protection from 
the trees would benefit the house. Alas ! All-knowing Zeus 
recognized that this engineer needed to be taught a lesson 
on reality and thus sent a downward stepped leader toward 
the general area of the engineer's house ... 

By now, dear readers, you have guessed that our 
mythical engineer is none but the author of this paper ... 
who will now offer this true story for your edificution. 
First, the "where" : Figure 4 shows a simplified (here we 
go again ...) topology of the house, a two-story woodji-ame 
with basement and attic. Utilities (power, telephone, and 
cable TV), all entered, via overhead service drops, at the 
rear of the house, while water and sewer underground 
pipes were at the front of the house. The telephone system 
was not involved in the incident and therefore is not shown 
in the figure. The power installation included the usual 
revenue-meter (outside) and service panel (inside) with 
circuit breakers controlling a multitude of branch circuits. 
Only three are shown in the figure: lightingfixture in the 
attic, TV on the secondfloor, and a counter-top receptacle 
(via ground-fault interrupter) for the kettle (@in Figure 4)  
sitting on the enamelled cast-iron kitchen sink. (The 
significance of this detail will sulface shortly.) 

-Firm bonds - Dubious bonds 

Figure 4 - Simplified configuration anecdotal 



Water service and indoor piping were all copper, with 
a bond between the ground bus of the service panel and the 
nearest cold-water pipe. There was no visible grounding 
conductor to a (non-existent) made-electrode, but the 
perception existed that, given the vintage of the house 
(circa 1920), the water piping was su.cient, in addition to 
the multiple-grounded neutral of the power company. 

Upon moving in the house, I had installed in the 
service panel a surge arrester (circa 1965 vintagej- 
consisting of a silicon-carbide disk in series with a 
stamped-metalair gap. The cable TV service, as origlnalJylnalJy 
installed by the utility, only had a 50-cm long picket 
allegedly serving as "ground". Having been exposed to 
the concept of bonding, I had installed a bond between the 
picket and the nearby outdoor waterfaucet. A very passive 
- but soon to become active -part of the installation was 
the typical sewer system made of lead-bonded cast-iron 
pipe extending a to vent through the roof and connected to 
the street sewer, still with cast-iron pipes and thus offering 
the topology of a well-grounded air terminal, albeit below 
the peak of the roo$ But I am getting ahead of myselj as 
I had never considered this vent as a lightning air terminal, 
since the house was surrounded by taller trees and thus 
"obviously" within their cone of protection. 

Now for the "When " and "How" : On the day when 
the tale unfolded, my wi$e (the corroborating eye-witness) 
and I were standing in the kitchen, listening to the 
approaching thunder and watching the big drops of rain 
just beginning to splash on the window. Then, a bright 
flash outside, with an immediate, deafening thunderclap, 
and also we both saw a smallflash under the kettle. "That 
was a close one " we both said, whereupon I proceeded to 
check all appliances in the house. Several were 
inoperative, but a check of their branch circuit breakers 
revealed that they had tripped, and resetting them restored 
order. The only one that did not work was the old TV set, 
although there was no evidence of severe damage or 
burned smell, and we considered ourselves lucky - until 
a smell from the attic attracted my attention: the ceiling of 
the attic (which was covered by cellulose-base panels) was 
smoldering ! 

Fortunately - and not by accident - a handy fire 
extinguisher allowed me to quench the smoldering, while 
my wife called the Fre department. To their credit, they 
were infront of the house within minutes. I told them that 
I believed that the $re extinguisher had done the job; 
nevertheless, one fireman proceeded to climb on a ladder 
to the am'c window and hacked it away to Let the smoke 
out, while another entered the house, pushing me aside. 
with a high power water hose in tow - which fortunately 
he did not turn on. Afrer ripping several of the ceiling 
panels to verify that the fire indeed was out, the firemen 
lejf, with our emotional- thanks  and^ the applause o f  the 
neighbours gathered in front of the house. 

4.3 The homeowner's epilogue 

One obsolescent TV receiver, which was not repaired, 
but catalysed the purchase of a new and upgraded set 
(missing the opportunity to do an extensive post- 
mortem as in the "Case of the Cozy Cabin" [4]). 

Several hundred dollars expended to repair the window 
destroyed by the firemen, install a splice on one attic 
rafter weakened by charring, and- replacing the ripped 
panels. 

After raovering- f h m t h e  shock, a- realization of how 
lucky to have been in tbe house at t h ~  time of the 
incident, and glad for the foresight of having a fire 
extinguisher on every floor of the house ! 

4.4 The engineer's epilogue 

Such a traumatic experience called for an investigation 
of the incident. The first observation was that the previous 
owner had installed insulation between the attic rafters, 
stapling the aluminum foil of the bats to the rafters, but not 
overlapping them across the edges of the rafters. This 
arrangement, concealed by the panels, created several gaps 
along the 5-m distance separating the sewer vent pipe from 
the light fixture at the apex of the attic, but reducing the 
total gap to a few centimetres - an easy side-flash 
scenario, resulting in the ignition of the dust and surface 
fizz ofthe rough-fiom-sawrnill~rafters. 

The second observation, a few days after the incident, 
was to notice a small rust spot on the kitchen sink where the 
kettle usually sat: there was a small hole in the otherwise 
good-condition glaze, exposing the underlying cast iron: 
The flash seen under the kettle (0) was the cause of the 
enamel puncture; several kilovolts must have been required 
to break down the series-connected insulation of the heating 
element inside the kettle, and the porcelain glaze of the 
sink. The electronic ground-fault circuit breaker controlling 
the receptacle had to be reset, but it was not damaged, and 
subsequent use of the kettle did not cause it to trip, so we 
concluded that the brief breakdown of the insulation of the 
heating element was not a massive event. 

The immediate action was to install a bond between the 
sewer vent pipe and all extraneous metal in the attic. The 
long-term effect on the engineer was a consciousness- 
raising on the issue of surge protection of multiple-port 
appliances, even though a bond had been provided between 
the incoming cable TV service and the power system [5].  At 
that time, the concept of the surge-reference equalizer [6] 
had not yet surfaced, and no commercial device was 
available to provide that function. In fact, the proliferation 
of plug-in surge-protective devices launched by the 
introduction of metal-oxide varistors had not yet occurred. 

A casual inspection of the fist-sized surge arrester at 
the service panel showed no distress, an indication of 
adequate design for the rare scenario of a direct strike to a 
building [7]. 



This arrester used only a 30-mm diameter silicon 
carbide disk as varistor, which most likely would be 
destroyed by the high-energy lightning surges presently 
considered or recommended by some IEC committees. 
(Sorry, the house has changed owners and an exhaustive 
test on that particular surge arrester, desirable as it would 
be in retrospective, is not possible.) 

The attic side-flash (@ in Figure 4) clearly indicated 
that the sewer vent pipe was the point of strike (a), raising 
the question- of why the tall trees failed in their expected 
mission of establishing an effective cone of protection. 
Perhaps one explanation might be that during the initial part 
of the rainfall, the still-dry trees could not emit a successful 
competing upward streamer, compared to the well- 
grounded cast-iron pipe. Comments from lightning physics 
experts on this speculation would be welcome. 

Thus, our engineer had learned his lesson, and lived 
happily without further incident for fifteen more years in 
the far-away land. However one cannot say 'lived happily 
ever after' : After moving to a new home further South, 
one night a nearby lightning flash triggered a burglar alarm 
(which had to be pried open to silence the horn turned on 
by a failed semiconductor, at 02:OO am no less) and 
damaged a remote-control garage door opener: Zeus had 
still kept track of the battle-hardened surge-protection 
engineer, but that is another story ... 

5. FROM REALITY TO SIMULATION 

Among several investigations based on rocket- 
triggered lightning, the ongoing effort at Camp Blanding in 
Florida, U.S.A. is aimed at injecting a lightning current at 
specific points of the replica of a residential power system. 
Initial results (1997) were inconclusive because of 
instrumentation problems, but as these are progressively 
overcome, more definitive information becomes available. 
Actually, the most recent report [8] provides so many raw 
measurement results that an effort of synthesis will be 
necessary to gain a better understanding of the issues. 

The major advantage of such systematic projects over 
a random recitation o f  anecdotes could be the possibility o f  
goirrg frrJm a real-world c d g u r a t i o ~ ~  to a sufficiently 
detailed numerical representation of the circuit parameters. 
A cross-validation of the measurement results and of the 
simulation results would then significantly increase the 
credibility of both, and lead to realistic designs and ratings 
for SPDs. 

The challenge, of course, will be to represent enough 
of the many, many parameters involved in the real world 
but not so many as to make the simulation model 
unmanageable. For instance, the real-world situation of 
the anecdote already simplified in Figure 4 - with the 
ill-defined bonds and side-flashes - would be difficult to 
turn into a manageable and credible simulation. 

6. DISCUSSION 

The simplified assumptions on lightning current 
dispersion illusPated in Section 2 have met with some 
skepticism among the North-American surge-protection 
community and perhaps others. Part of this skepticism is 
also based on the relatively rare occurrence of massive 
failures for secondary arresters (distribution transformer 
secondary terminals and residential service entrance) 
designed to withstand the "classical" 8/20 ps or 4/10 ps 
surges, at crest levels of a few to a few tens of kiloamperes. 
Furthermore, the two simulations cited in Section 2 were 
based on the assumption that earthing electrodes have a 
constant resistance during the flow of the lightning current, 
an assumption that is questioned on the basis of preliminary 
results of measurements made in Florida in connection with 
triggered lightning experiments [8]. 

In contrast with these simplified scenarios, the real- 
word anecdote would be a challenge for any numerical 
modelling but demonstrates evidence of substantial 
overvoltages developed in the* installation (insulation 
puncture at the kettle) during the flow of this undetermined 
lightning current dispersion among the complex available 
paths to earth. The anecdote also offers an example of a 
surge arrester with modest current-handling capability 
surviving the scenario of a direct strike to a building. 

A symptom of the incomplete consensus is the 
noticeable lack of a discussion of risk analysis in the report 
developed by the IEC Joint Working Group [2]. This topic 
was initially included in the document outline, raising 
high expectations, but, confronted with incompatible 
proposals, the group gave up on that initiative. The 
proposed methodologies ranged from elaborate and detailed 
mathematical formulae - which turned out to be using 
somewhat arbitrary postulates - to common-sense, almost 
intuitive considerations. 

7. A PROPOSAL FOR THE DISPERSION 
OF LIGHTNING INFORMATION 

In a 1963 freedom-seeking speech that still resonates 
today, the mantra "l'hve a dream" was coined. On a much 
more modest scale, the author has a dream of unfettered 
information-sharing on lightning. Having cited the 
preceding examples of developing, but still incomplete. 
consensus on the dispersion of lightning current, here is the 
proposal (or is it a challenge ?): Hopefully helpful timely 
participation, on a world-wide basis via electronic mail 
could supplement - not compete with - the established 
routes for information sharing, at a much accelerated pace. 
We are still mostly in a mode of developing standards - 
a notoriously slow process - by volunteers or delegates 
often hampered by travel budgets, or of publishing peer- 
reviewed papers - unquestionably a wise process, but 
entailing long delays between generation and ultimate 
publication of the information. 



This process of information dispersion might take one 
of the many forms by which the Internet has revolutionised 
information sharing. Should this paper be accepted for oral 
presentation at the Conference, the author would propose 
to make only a very brief summary of the paper itself - 
available to all in print - and make use of the scheduled 
presentation time for a cross-pollination of ideas among the 
attendees (much superior to the one-on-one poster process) 
on how to implement the proposal, bringing reality to the 
dream. Pessimists will point out hurdles such as the 
requirement of ''previously unpublished information" for 
later acceptance of an archival paper reporting research on 
the subject, or the understandable modesty of researchers 
who want to be sure that the work is complete before 
publishing even preliminary results, and so forth. Optimists 
will find ways to by-pass these hurdles and broaden an 
early consensus. 

CONCLUSIONS 

While there is no disagreement, or at least very little 
skepticism, on the specific parameters of the lightning 
discharge, consensus on the implications of lightning 
current dispersion for the rating of surge-protective 
devices has not yet been reached. 

Anecdotal information offered in many countries on 
their experience with service entrance surge-protective 
devices having moderate handling capability suggests 
that the proposed ratings for very high duty levels 
might be unnecessary and not cost-effective, unless a 
convincing risk analysis demonstrates otherwise. 

Information dispersion on these issues could be greatly 
enhanced by establishing an informal and time- 
sensitive world-wide site (in parallel, not in conflict 
with more formal procedures), which the author is 
prepared to undertake if encouraged and supported by 
colleagues in the lightning-protection community. 
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adequate to show knowledge of work by others?" or words 
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hundred citations, which seems an overkill. 
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protection of houses and the Purfleet munitions storage [9]. 

Lightning 15 791 
Lightning + surge 2348 
Lightning + current 3306 
Lightning + damage 1130 
Lightning + protection 6349 
Lightning + arrester 1816 
Lightning + earth + electrode 139 

These numbers show that it would be unrealistic for a 
single researcher to examine in detail the contents of fifteen 
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Significance

Part 2 Development of standards – Reality checks
Part 4 Propagation and coupling – Numerical simulations

Most simulations performed to investigate the sharing (dispersion) of lightning current for the case of a
direct flash to a building have focused on the role and stress of surge-protective devices (SPDs) installed
at the service entrance of a building and their involvement in that part of the lightning current that exits
the building wia the the power supply connection to the energy supply.

The numerical simulations performed for this paper, based on a postulated waveform and amplitude
suggested by current standards,  include downstream SPDs, either incorporated in equipment or
provided by the building occupant; the results show that a significant part of the exiting lightning current
can involve those downstream SPDs with some likelihood that their surge withstand capability might be
exceeded.  Such a possibility then raises questions on the validity of the postulated amplitude in the face
of the relatively rare occurence of reported failures.
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Abstract – This paper examines the sharing of 
lightning current associated with a direct flash to a 
building. This sharing involves not just those surge-
protective devices (SPDs) that might be installed at the 
service entrance, but also all SPDs involved in the exit 
path of the lightning current.  Such sharing might 
involve built-in SPDs of some equipment located close 
to the service entrance, but heretofore not included in 
numerical simulations performed by many researchers.  
From the numerical simulations reported in this paper, 
conclusions are offered that may influence the design 
and EMC testing of equipment, as well as the risk 
analysis associated with lightning protection. 

 
I.  BACKGROUND AND RATIONALE  
 
This paper offers additional information to the body of 
knowledge accumulated on how the lightning current of 
a direct flash, injected into the earthing system of a 
building, is shared among the many available paths 
towards intended or opportunistic earthing electrodes. 
 
Recent developments in the International Electro-
technical Commission (IEC) and the Surge-Protective 
Devices (SPD) Committee of the Institute of Electronics 
and Electrical Engineers (IEEE) have focused on the 
role of SPDs connected at the service entrance of a 
building in the case of a direct lightning flash to the 
building.  This scenario is described in IEC 61312-3 
(2000) [9], IEEE PC62.41.1 [12] and PC62.41.2 [13]. 
 
Prior to this new focus, most of the considerations on 
SPD applications were based on the scenario of surges 
impinging upon the service entrance of a building as 
they come from sources external to the building.  The 
new (additional) focus addresses the scenario of the 
earth-seeking lightning current as it is shared among the 
many possible paths to earth, including the deliberate 
and opportunistic exit paths of the building earthing 
system, services other than the power system 
connection and, mostly, the power supply connection.  
 
Quite independently from these lightning protection 
considerations, the IEC Subcommittee SC77B had 
developed a series of documents on the electromagnetic 
compatibility of equipment, IEC 61000-4-5, Surge 
withstand capability [8] in particular.  These documents 
were primarily concerned with immunity against typical 
disturbances, the rare case of a direct lightning flash to a 
building containing electronic equipment not   included.  
 
Increasing recognition of the need to include the 
scenario of a direct flash to a building – rare as it might 
be – has motivated the formation of an IEC Joint Task 

Force TC81/SC77B for the purpose of considering 
surge stresses on equipment higher than those currently 
described in the IEC document 61000-4-5 on immunity 
testing [8]. 
 
The purpose of the paper is to examine in detail the 
sharing of lightning current, not just by the SPDs at the 
service entrance, but also by all SPDs that might be 
involved in the exit path of the lightning current.  Such 
sharing might well involve SPDs incorporated in the 
equipment located close to the service entrance, but not 
always included in the numerical simulations that have 
been performed by many researchers (Altmaier et al., 
1992) [1]; (Standler, 1992) [23]; (Rakotomalala, 1994) 
[20]; (Birkl et al., 1996) [3]; (Mansoor and Martzloff, 
1998) [15]; (Mata et al., 2002) [19].  In its recent 
development of a Guide and a Recommended Practice 
on surges in low-voltage ac power circuits [13] the 
IEEE has refrained from identifying SPDs as being 
those that may be connected at the service entrance.  
Instead, it refers to "SPDs involved in the exit path" 
without reference to their point of installation.   
 
Given the tendency of equipment manufacturers to 
include an SPD at the equipment power input port, the 
issue of "cascade coordination" arises.  Several previous 
papers  (Martzloff, 1980) [17]; (Goedde et al., 1990) 
[5]; (Lai and Martzloff, 1991) [14]; (Standler, 1991) 
[22]; (Hostfet et al., 1992) [7]; (Hasse et al., 1994) [6] 
have explored the concept of cascade coordination 
involving two or more SPDs connected on the same 
power supply but at some distance from each other.   
 
The legitimate wish of the energy service providers to 
specify robust SPDs at the service entrance results in 
SPDs having a relatively high Maximum Continuous 
Operating Voltage (MCOV).  On the other hand, some 
equipment manufacturers tend to select SPDs with a 
low MCOV under the misconception that lower is better 
(Martzloff and Leedy, 1989) [18].  This dichotomy can 
result in a situation where the low-MCOV SPDs 
included in equipment might well become involved in 
the "exit path" and thus become overstressed in the case 
of a direct flash to the building.  This situation is made 
more complicated by the fact that commercial SPDs 
packages are assembled from typical distributors' 
supplies that can have an allowable tolerance band of 
±10% on the voltage-limiting rating. 
 
To explore the possibility and implications of a 
questionable coordination, numerical simulations were 
performed on a simplified model of a building featuring 
SPDs installed at the service entrance and SPDs that 
may be incorporated in equipment connected inside the 
building near the service entrance. 



II.  NUMERICAL SIMULATIONS 
 
II.1  Basic circuit 
 
Figure 1 shows a simplified building power system that 
includes the key elements of this scenario:  the building 
earthing system and all earthing electrodes, with the 
corresponding exit paths via the service-entrance SPDs 
and a built-in SPD provided at the power port of a 
typical item of electronic equipment.  In this example, 
these SPDs are metal-oxide varistors (MOVs) with 
typical voltage ratings (150 V at the service entrance 
and 130 V in the equipment) selected for a 120/240 V 
residential power system.  (The conclusions obtained 
for this type of power system will also be applicable to 
240/400 V systems.)   
 
Numerical analysis of the circuit behavior by EMTP [4] 
allows inclusion of the SPD characteristics as well as 
the significant R and L elements of the wiring, with 
injection of a stroke current of 100 kA 10/350 µs at any 
selected point – the earthing system in this case.  The 
selection of a 100 kA peak is consistent with the 
postulate made in many published simulations, but 
might be questioned on the basis of field experience and 
lightning detection statistics, as will be discussed later 
in this paper. 
 
In Figure 1, the neutral is defined as part of a "multiple-
grounded neutral" system (TN-C-S), with distributed R 
and L elements between its earthing electrode 
connections. The R and L values for the cables used in 
the numerical simulation, but not shown in the figure to 
avoid clutter, were selected to emulate the typical wire 
diameters used in low-voltage power distribution 
systems and building installations. 
 

Previous studies (Birkl et al., 1996) [3]; (Mansoor and 
Martzloff, 1998) [15] have validated the intuitive 
expectation that the tail of the 10/350 µs waveform 
often postulated for simulations will be shared among 
the available paths simply according to the relative 
values of resistance in the paths leading to the earthing 
electrodes.  This fact is apparent in the results of Figure 
2, for example at the 350 µs time: when inductive 
effects have dwindled, the current IH in the 10-Ω 
earthing resistance of the building is ten times smaller 
than the total current exiting the building [IN+IL1+IL2] 
toward the power distribution system in which multiple 
earthing electrodes offer an effective earthing resistance 
of only 1 Ω.  It is also worthy to note that this sharing is 
controlled by the relative values of the resistances, so 
that any earth conductivity differences associated with 
local conditions will wash out. 
 
The combination of the service-entrance 150-V MOV 
on Line 2 and the 130-V MOV incorporated at the 
power port of the equipment constitutes a so-called 
"cascade".  When two such cascaded SPDs are to be 
coordinated, a decoupling impedance must be provided 
between the two SPDs so that the voltage drop caused 
by the current flowing in the decoupling impedance – in 
this example the impedance of the 2,5 mm2 diameter 
wires – and added to the limiting voltage of the 130-V 
MOV, will cause enough of the current to flow through 
the 150-V MOV to reduce stress on the 130-V MOV. 
 
The simulation was performed for three values of the 
impedance (length) of the connection, i.e., 0,1 m, 1 m, 
and 10 m to assess the effect of this impedance for 
practical situations.   Figure 3 shows the results for 
these three cases and Table 1 shows the resulting energy 
deposition in the respective MOVs.

 
 

 
 
 
 

Figure 1   Simplified building schematic with service-entrance SPDs, one built-in equipment SPD, and 
multiple-grounded power distribution system in case of a direct lightning flash to the earthing system 
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Legend 

IO: 100 kA, 10/350 µs stroke to the building earthing system 
IN: current exiting via the neutral of the power supply 
IL1, IL2: current exiting via the two lines of the power supply 
IH: current into the building earthing electrode(s) 

Vertical scale: current in kA – Horizontal scale: time in µs 
 

Figure 2 – Sharing of the lightning current among 
available paths to earth electrodes 

 
In the traces of Figure 3, the total current in Line 2 (sum 
of the two currents in the two MOVs) remains 
essentially unchanged for the three combinations, but 
the sharing of the current between the two MOVs is 
significantly affected. 
 
Figure 3a, with only 0,1 m of separation, is not a 
practical example of connection of equipment that close 
to the service entrance – except perhaps an electronic 
residual current device incorporated in the service 
panel.  The two other figures, 3b and 3c, show how the 
130-V MOV that took the largest part of the current in 
the case of Figure 3a, now takes on less as separation 
length increases. An interesting situation develops as 
the current flowing in the 10-m line to the 130-V MOV 
stores energy that will cause a stretching of the current 
in the 130-V MOV long after the 150-V MOV current 
has decayed.  This is significant because the total 
energy deposited in the MOVs is the criterion used for 
coordination, even though the current in the 130-V 
MOV could be lower than the current in the 150-V 
MOV.  Table 1 shows how this energy sharing changes 
with the length of the decoupling connection, according 
to the integration of the varistor currents and voltages 
obtained from EMTP. 

 
Table 1 – Sharing energy between MOVs 

for three different connection lengths 
 

Energy deposition (joules) SPD 0,1 m 1 m 10 m 
150-V MOV 620 1090 2470 
130-V MOV 2560 2030 890 

 
These energy levels might be acceptable for a 150-V 
MOV sized for service entrance duty, but the 890-joule 
deposition into the 130-V MOV incorporated in the 
equipment exceeds common-wisdom ratings for such  
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IL2: current exiting via the power supply phase conductor 
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All vertical scales: current in kA 
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Figure 3 – Sharing of lightning stroke current 
 
devices.  This finding then raises a question on the 
effectiveness of a cascade for the case of direct flash to 
the building.  In an actual installation, there would be 
more than one piece of equipment, presumably each 
with a 130-V built-in MOV at the power port. One 
might expect that some sharing among these multiple 
SPDs would reduce the energy stress imposed on these 
devices.   



To explore this situation, an additional simulation was 
performed for three branch circuits, respectively 10 m, 
20 m, and 30 m, each of them supplying equipment 
incorporating a built-in 130-V MOV.  Figure 4 shows 
the sharing of current among these three MOVs and the 
150-V service entrance MOV, and Table 2 shows the 
energy deposition. 
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Figure 4 – Sharing of current among MOVs 
  
 

Table 2 – Energy sharing among MOVs 

Branch circuit length and energy 

deposition into three 130-V MOVs 

10 m 20 m 30 m 

Service entrance 

150-V MOV 

620 J 370 J 280 J 1930 J 
 
                                   
II.2  Effect of manufacturing tolerances on 
commercial-grade metal-oxide varistors 
 
The simulations discussed so far were performed by 
postulating that both the 150-V MOV and the 130-V 
MOV had their measured voltage limiting at the 
nominal value as specified by typical manufacturer 
specifications.  Such a postulate is of course difficult to 
ensure in the reality of commercial-grade devices.  For 
instance, the nominal voltage-limiting value of MOVs 
rated 130 V rms is 200 V, with lower limit of 184 V and 
upper limit of 220 V.  To check that aspect of the 
problem, an arbitrary lot of 300 devices rated 130 V rms 
was purchased from a distributor and the actual 
measured voltage-limiting value at 1 mA dc was deter-
mined in accordance with IEEE Std 62.33-1994 [11]. 
For this lot, the standard deviation (sigma) was found to 
be 8 V. 
                                                      
On the basis on these measurements and to give an 
indication of the significance of tolerance effects, the 
computations reported for Figure 3c (10 m separation) 
were repeated, still with a 150 V MOV at the service 
entrance, but with varistors at ±1 sigma of the 130 V 
rms rating, that is, 122 V and 138 V rms.  The results 
are shown in Table 3. 

 Table 3   Energy sharing for three values of the 
equipment built-in MOV (10 m separation) 

                                                  
Energy deposited  (J) Equipment 

MOV rating 
(V rms) 

Equipment 
MOV 

150-V service 
entrance MOV 

122 915 2320 
130 890 2890 
138 750 2650 

 
These results illustrate the significance of tolerances in 
a situation where the difference between the two SPDs 
of the cascade is not large, because of the de facto 
situation of low values of MCOV that the industry has 
unfortunately adopted.  Of course, if tolerances were 
also taken into consideration for the service entrance 
MOV, the extremes of distributions for both MOV 
would make an effective coordination between a 
nominal 150-V MOV and a nominal 130-V MOV even 
more problematic. 
 
                                   
II. 3  Nonlinearity of circuit elements 
                                   
Most of the reported simulations, as cited above, have 
been performed with a conservative postulate of a 100 
kA 10/350 lightning discharge.  The median of the 
current peaks compiled in the seminal Berger et al. 
paper [2] is only 20 kA.   Occasional reservations have 
been voiced on the validity of these data collected with 
technology dating back to the 1970’s.  A recent (July 
2000) actual case history was communicated to the 
authors by a colleague for two major lightning storms 
recorded in the area of Tampa in Florida by means of 
the Lightning Detection System [24], during which over 
30 000 flashes were detected in a period of less than 12 
hours, with only one at the 150 kA level, and a median 
of 20 kA, confirming the Berger at al. data.   
 
One could expect that the dispersion of the lightning 
current that results from the combined action of linear 
elements (resistance and inductance) with nonlinear 
components (MOVs) might produce a different sharing 
of the current as the decoupling element is linear but the 
SPDs are nonlinear.  To explore this hypothesis, the 
computations for the case of Figure 4 and Table 2 were 
repeated, for peak currents of 100 kA (the original value 
of the computation), 50 kA, and 25 kA (about the 
median of the statistics).  Table 4 shows the results of 
these computations.  It is interesting to note that as the 
applied stroke is decreased 4 to 1 (from 100 to 25), the 
total energy deposited in the varistors is decreased by a 
factor of 3200/610 = 5.2. This relative greater decrease 
is caused by the larger portion of the current exiting via 
the linear-path neutral, further relief for all the SPDs 
involved in the exit path. 
                                   

Table 4   Nonlinear effects on current sharing 
Branch circuit length and 

energy deposited into  
three 130-V MOVs 

10/350
stroke 
(kA) 

10 m 20 m 30 m 

Energy 
into 

service 
entrance 
150-MOV 

Total 
energy 
in the 
MOVs 

100 620 J 370 J 280 J 1930 J 3200 J 

50 329 J 215 J 179 J 700 J 1423 J 

25 170 J 120 J 90 J 230 J 610 J 



III.  DISCUSSION  
                                   
We have made all these computations based on 
postulating that the insulation levels are sufficient to 
prevent a flashover that would drastically affect the 
continuing energy deposition in the downstream SPDs. 
We have not included the limits of energy handling of 
the devices, which of course should be compared with 
computed deposited energy levels in a practical case.  
 
Another set of readings from the EMTP computations 
confirmed that the presence of SPDs at the critical 
points prevents such overvoltages from occurring (as 
long as the SPDs can carry the resulting currents) 
                                   
Not surprisingly, the results of the simulation confirm 
that the sharing of the lightning current occurs in 
inverse ratio of the resistances leading to the earthing 
electrodes after the initial phase of the 10/350 µs stroke.  
Likewise, one can expect that inductances will limit the 
current flow so that low-inductive paths, such as 
intended and opportunistic earth electrodes of the 
building itself, compared to the longer lines of the 
power supply, will carry a larger share of the total 
current during the initial phase of the current.  This 
effect is clearly visible on the IH of Figure 2, for the 
relatively slow rise time of 10 µs of a first stroke.  One 
may expect that for the subsequent strokes, or the 
flashes associated with triggered lightning experiments 
that have shorter rise times (Rakov et al., 2001) [21], 
this effect will be even more apparent. 
                                   
An important finding – predictable on a qualitative basis 
but heretofore not quantified for the case of a direct 
lightning flash to buildings containing electronic 
equipment – concerns the cascade coordination of built-
in SPDs in the equipment.  From the simple examples 
presented, it appears that a cascade of a robust service-
entrance SPD and a built-in SPD sized for limited 
energy-handling capability, according to the common-
wisdom practice, might well be a delusion.   
 
A solution to the difficult coordination could be to 
replace the all-MOV SPD at the service entrance with a 
combined series gap-varistor device (Mansoor et al., 
1998) [16].  Such a device would also alleviate the 
concerns about the temporary overvoltage problems 
associated with MOV-only SPDs.  Sparkover of the gap 
during the initial rise of the lightning current (when the 
coordination by means of the decoupling inductance 
occurs) will invite the remainder (continuing rise and 
tail) of the surge current exiting via SPDs to use the 
service entrance SPD rather than the simple and less 
robust built-in MOVs downstream. 
 
Last but not least, the practical question remains open 
on the need to provide surge protection against worst 
cases – the combined worst case of a direct flash to the 
building and the high-level 100 kA stroke, which is 
only at the 4% probability, according to the Berger et al. 
data [2] and even lower in the yet-anecdotal case of the 
Tampa Bay lightning storm [24]. The nonlinearity effect 
presented in II.3 adds further credibility to the overall 
need to make reasonable risk assessments of cost-
effectiveness before specifying high surge level 
requirements, both for the service entrance SPDs and 
for built-in SPDs in connected equipment. 
 

IV.  CONCLUSIONS 
 
1. When accepting the postulate that the reference 
parameter of a direct lightning flash to a building should 
be a 10/350 µs current with a peak of 100 kA, the 
numerical simulations performed for a simplified 
system with one surge- protective device installed at the 
service entrance, and one or more built-in SPD in 
downstream equipment indicate that the downstream 
SPD is very likely to be overstressed and fail, most 
likely catastrophically. 
2. There are several possible explanations for the 
apparent contradiction between a prediction of down-
stream equipment failures based on this postulated 
lightning parameters, and equipment field experience 
that does not report such frequent failures, although of 
course anecdotes abound.                                 
• The occurrence of a direct flash to a building can 

cause such extensive damage that a post-mortem for 
investigating the specifics of a prevailing ineffective 
coordination is not performed at that time and the 
issue is ignored. 

• Enough uncontrolled clearance flashovers occur in 
the installation to provide significant relief for any at-
risk SPDs incorporated in downstream equipment. 

• In an installation where many built-in or plug-in 
SPDs are present, the sharing illustrated by Figure 4, 
combined with a low probability of a 100 kA stroke, 
might reduce the stress on downstream devices to a 
value within their capability.  In particular, many 
commercial plug-in SPDs advertise capabilities of 
hundreds of joules, unlike the 20 joules of a single 
MOV, which might be provided at the input port of 
electronic equipment. 

• Insufficient field failure data have been obtained, 
compiled, shared, and published to enable realistic 
assessment of frequency and severity of occurrences 
involving an unsuccessful cascade coordination. 

                                   
3. It is impractical at this point to mandate high energy 
handling capability for built-in SPDs.  Such a move 
might meet with strong objections from manufacturers 
whose products have satisfactory field experience, and a 
risk analysis might show it to be not cost-effective. 
 
4.  Economic and political realities related to the type 
and mission of the installations to be protected should 
be kept in mind.  Clearly, mass-market applications 
such as cost-conscious consumers, in a framework of 
regulated or unregulated installations, are different from 
bottom-line-conscious industrial applications, and even 
more so in the case of national assets – be they cultural 
or military. 
 
5. Another approach for manufacturers might be to 
avoid placing low MCOV varistors at the input port of 
their equipment.  Rather, they should select an SPD 
with an MCOV and resulting surge-protective level as 
high as their equipment can inherently stand.  This is a 
“selfish” approach which is mentioned here half-
seriously, half-facetiously: there are enough low MCOV 
SPDs installed by users or included in other equipment 
in a typical system that those unfortunate low-MCOV 
devices will take up the stress, leaving unscathed the 
equipment wisely provided with high MCOV SPDs! 
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