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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 ™ —2002; C62.41.2 ™ -2002; and C62.45™-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 designedin 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 BlLs.


mailto:Amansoor@epri-peac.com
mailto:f.martzloff@ieee.org

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
General Electric Company
Pittsfield, Mass.

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.
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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.
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Fig. 1. The present situation.

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, 120V, 60 Hz
AC, 400 Hz) the problem of transient coordination will



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 transients' 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 study? 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 experience' 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 study® 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” Laboratory®, when correlated with the known
nuisance trip level of the devices and the observed number
of trips®, 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
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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 1
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.



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.® Yet, on
the basis of very limited testdata, a standard voltage test
wave was derived, the familiar 1.5 X 40 s wave. Similar
investigations in other countries led to the establishment in
Europe of the 1 X 50 ws impulse wave. International
standardizing activities have now produced the 1.2 X 50 ps
impulse wave, a test wave used throughout the world for
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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 X 40 ws 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



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 X 50 ps 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.

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

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

g)

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 X 50 ws 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.” Other investigations indicate that a
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lower limit of 5 kHz might be more typical.® 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.”'® 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 X 50 ps 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 pws. 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. "
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Fig. 3. Proposed TCL wave shapes.

10 pH. 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 *V'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 circuit'', as shown in Figure 4, may be applicable.
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TABLE II
Possible Transients Control Levels
Open
Circuit Short Circuit
Level Voltage Current (amperes)
No. (volts) Z=50Q Z-= }OuH
1 10 0.2 2.63
2 25 0.5 6. 56
3 50 1 13.1
4 100 2 26.3
5 250 5 65.6
6 500 10 131
7 1000 20 263
8 2500 50 656
9 5000 100 1310
10 10000 200 2630
+/- A'ii'.
0-9KV
R “LINE" OUTPUT
o—" !
120V I“
60He . -
e
500 VA { OTEST ¥
| Sk |
GROUND
n \-7n * NEUTRAL"/GROU
CRO TRIGGER
RELAY
CONTROL outPuY

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 ws rise characteristic is obtained by the series
resonance of L1 and the capacitance of Cl and C2 in
series. Component values were selected to make VL/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 [.2 with the parallel capacitance of C1 plus C2.
Again, VL/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-



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.

NATURE PROTECTING | USER EQUIPM
DEVICES QUIPMENT
VULNERABILITY
AND SUSCEPTIBILITY
LEVEL
NATURAL TRANSIENT
il I I S CONTROL LEVEL
MARGIN
PROTECTED| ]~~~ ~~ 71
TRANSIENT
LEVEL

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
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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
MH?z 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] ANSIC37.90a-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 X 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:
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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 pH in parallel
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Fig. 2. Short-circuit current (Igc) resulting from a transient source with Vo
open-circuit voltage and 50 )/ /50 wH source impedance.
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TABLE 1 — Would transient control level (or some other) specifications and standards
help achieve successful transient coordination between equipment manufac-

Proposed Transient Open-Circuit Short-Circuit turers, utilities and equipment users?
Control Level Voltage Level Current Level ~— Should there be a limited number of fixed levels? The authors feel that it is
Number (volts) (amperes) essential that the number of levels be limited, perhaps to 9-15 levels dis-
) 10 0.68 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
2 25 1.7 : . - . .
with resistor and capacitor values produced according to an arbitrarily
3 50 34 selected geometric progression.
’ — Should these levels reflect the system voltage, the expected reliability of the
4 100 6.8 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.
3 250 17 — Should open-circuit voltage and impedance be stated or, alternatively,
6 500 34 should open-circuit voltage and short-circuit current be specified?
— Is one impedance value suitable for the majority of the systems?
000 63 — What waveshape is appropriate, for voltage as well as current? For damage,
7 ! we are mostly concerned with energy and front-ofwave but if upset (interfer-
3 2500 170 ence) is tr’o be included in TCL, then do we need to specify a frequency
spectrum?
9 5000 340

- . . L REFERENCE
— 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?

[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

Frangois Martzloff F.A. Fisher
General Electric Company General Electric Company
Schenectady NY Pittsfield MA

f.martzloff@ieee.org

Reprinted, with permission, from
Proceedings, 2 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 BlLs.
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TRANSIENT CONTROL LEVEL PHILOSOPHY AND IMPLEMENTATION

I. The Reasoning Behind the Philosophy

F.D. Martzloff and F.A. Fisher
General Electric Company, Corporate Research and Development,

Schenectady, New York, and Pittsfield, Massachusetts

Abstract

This 1is the first of a pair of papers
describing how better transient protection might
be achieved through the use of a Transient Con-
trol Level (TCL) philosophy. The authors have
developed and are proposing this TCL philosophy
because damage to and upset of electronic and
other low-voltage equipment by transients seems
to be a never-ending problem, and one that is
likely to get worse in the future as electronic
controls permeate even more of the products which
affect our lives. A number of proposals have
been made — some already incorporated into stan-
dards — on various test wave shapes and specifi-
cations. The authors propose an approach inte-
grating many of these proposals while focusing
attention on significant parameters.

Introduction

An area where present standards do not seem
to offer sufficient guidance to designers and
manufacturers of electronic equipment is in what
types of transients to consider and how to prove
that equipment works in the presence of tran-
sients. This situation is perhaps under better
control in the electric power field than it 1is in
the fields of aerosapce, general industry, house-
wares, and the military. For instance, the insu-
lation of high-voltage apparatus is coordinated
to the threats that nature provides to that
insulation through the philosophy of insulation
coordination as expressed in the Basic Insulation
Level {BIL) system. The BIL system provides for
a standardized series of levels being coordinated
with the protective abilities of existing protec-
tive devices. On the other hand, electronic and
control equipment 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. In fact,
there may not be any satisfactory answer to the
problem posed by transients.

The authors' TCL philosophy is aimed at
achieving better coordination than now exists
between the transients to which equipment is
exposed and the abilities of equipment to with-
stand the transients. It is patterned after the
BIL approach to insulation coordination so suc-
cessfully used in the electric power field.

The purposes of this first paper are to
explain the reasoning behind the different ele-
ments of the BIL system of insulation coordina-
tion, and to explain how similar reasoning has
led to the formulation of the TCL philosophy.
Some observations on how to perform TCL tests are
given in a companion paper [1].

Proposal for TCL

This proposal can be summarized by saying
that we want to:

1. Establish the concept that equipment shall be
rated in terms of its ability to withstand a
limited set of transient proof tests, rather
than in terms of 1its ability to withstand
unknown "actual" transients.

2. Establish the concept that transient specifi-
cations apply to power and signal lines. In
the past, only power Tines have been con-
sidered.

3. Establish a set of levels (limited in number)
to which equipment is designed and tested.

4. Establish a set of standard test waves (1lim-
ited in number) to which Tlow-voltage
equipment will be subjected.

5. Establish standardized relationships between
voltage and current (source impedance).

6. Differentiate between the task of establish-
ing the family of test Jlevels and wave
shapes, and the task of actually selecting a
specific level. This means that:

e We will propose to you a family of
levels and wave shapes

e You will select the specific level and
shape, based on your reliability goals,
your costs, and your experience.

This proposal is made with awareness that
it may be one more of an already confused array of
standards. However, if accepted by a large sec-
tion of dindustry and users, it could become a
unifying link and make the applications more
successful.
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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 rating 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 suitabTe protection, 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. A1l 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 1lines 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 Tines are to be
subjected to transients is that of "common 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 accommodate existing practices with
minimum disruption.

One way to achieve this is through the use
of major and minor intervals in the Tlevels.
Figure 1 shows several possible Tevel series.
The scales show the range 30 to 3000 volts divid-
ed into intervals based on 10*/3, 10'%, and 101/8
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 1levels per decade
with the spacing between Tlevels being approxi-
mately 101/3, 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 1level 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
CONTROL

LEVELS
LBVELS PROPOSED
PREVIOUSLY
PROPOSED

1EC TC 2BA

SUGGESTED
LEVELS

2nnn TnAn Tnnn

- 2000 |- 2000
|- 1500 - 1250 L 1200
850
- 800
- 600 — 600
- 500
- 450
— 300 |~ 300 [— (300)
B 200 |— (200}
— 150 — 125 L (120
o 85
— (80)
— 60 — 60
- (50)
45
- 30 1Y —  (30)
. L (20)
Io/a Iol/s Iol/s

Proposed levels for TCL voltages
compared to existing level systems

Fig. 1:
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A progression proposed in IEC TC 28A, Low
Voltage Insualtion Coordination, is shown in the
right-hand column. The Tevels that have been
proposed range from 500 to 12000 volts. On Fig.
1, the levels in parentheses are inserted only to
indicate the sequence. This progression, which
seems to be based on the factor 101/, does not
include the 600-volt level.

Levels as arranged in the center column
might appear to provide an appropriate com-
promise. We propose that the levels in boldface
print be the recommended levels while those in
lighter print be used, preferably sparingly, when
intermediate levels are needed. Associated with
each of these Tlevels would be a short-circuit
current level, the magnitude of which is related
to the voltage levels through defined source
impedances. Source impedance will be discussed
further below.

Some of the levels will seem very low,
particularly to those accustomed to dealing with
transients on power lines. They may not be
unrealistic for some low-voltage signal circuits.
A more important point, however, is that the
establishment of a series of levels, from which a
choice may be made, is a task separate and
distinct from that of deciding to what level a
piece of equipment should be designed. This
latter point is discussed in more detail later.

4. MWave shape

Many test waves have been proposed in the
past. Table I shows some that have been pro-

posed.

These wave shapes range from the very fast
rise, short duration, to the slow-rise, long
duration, with oscillatory or unidirectional
voltages. Each of these is based on practical
considerations for specific applications; but the
total picture is then one of confusion and dis-
couraging attempts at standardization.

Observations of oscilloscope recordings
and independent work on the resonant frequency of
power systems [2] have shown that most transient
voltages in Tow-voltage systems have an oscilla-
tory wave shape, in contrast to the well-known
and generally accepted unidirectional wave used
in high-voltage insulations standards. Fre-
quencies are typically in the range of 5 kHz to
500 kHz, with the majority of the transients
having frequencies above 100 kHz [3].

On the basis of these observations, the
authors have proposed the voltage wave shape of
Fig. 2, as being most representative of tran-
sients in low-voltage systems.

This wave is a composite. One component is
aimed at producing the effects associated with
fast rise times. Coupled interference and the
response of inductive devices are examples.
Another component is aimed at producing the ef-
fects associated with the more slowly changing,
and oscillatory, tail. Voltage summation in
capacitive circuits coupled by rectifiers is an
example. Energy handling capability of surge
protective devices is another.

e t = 100 kHz ———s|

N

0.5us
“— A, = 60% A,
Fig. 2: Proposed TCL voltage wave

While this wave may then appear arti-
ficially contrived, it will subject test samples
to the two most significant effects of voltage,
circuit upset, and circuit damage. Since the
wave may be produced by simple laboratory cir-
cuits, comparison tests may be easily done by
different organizations. [4{.

This wave shape was first defined by a
consensus at a meeting of the Ground Fault Pro-
tection Section of NEMA, in August 1973, and has
since received increasing acceptance, notably at
the Underwriter's Laboratories. Recently,
independent considerations [5] have given further
support to a 0.5 ps rise time and 5 us duration
impulse.

However, in all probability this one
oscillatory TCL wave will not meet the needs of
all users. Therefore, we propose that the wave
of Fig. 2 be supplemented by two unidirectional
voltage waves: the classic ANSI 1.2 x 50 us
impulse wave and a 10 x 1000 us wave [6,7].

We believe that most applications can be
treated by one of these three wave shapes, once
the concept is accepted that a perfect match of
"actual” wave shape and "test" wave shape is not
essential. The first wave, fast rise and 100 kHz
ring, would be more applicable for circuits ex-
posed to "lightning remnants" (the natural ascil-
lation of a power system excited by a lightning
discharge or switching transient at some remote
point) as well as control circuitry exposed to
induced transients. The second wave shape, the
familiar 1.2 x 50 unidirectional, would be appli-
cable to circuits where direct exposure to
lightning. strokes is 1ikely; while the third
{Tong tail) would be applicable to situations
involving lightning current discharge on Tong
cables. The second and third wave shapes are
also representative of transients produced by the
switching of inductive circuits.

Special applications, such as NEMP (Nuclear
Electromagnetic Pulse) hardening, or high-volt-
age substation supervisory equipment, would
rather retain their own well-documented
standards.

5. Source impedance and energqy

In some types of tests, the object is to
determine what level of voltage will cause fail-
ure (permanent or temporary) of insulation. The
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TABLE 1 - PARTIAL LISTING OF EXISTING OR PROPOSED TEST WAVES

DESCRIPTION
ORIGIN Wave Shape Amplitude
ANST, IEC - 1.2 x 50 us Specified voltage
- B x20us Specified current
1EEE Std. 472 - 1.25 MHz repetitive 2.5 kV peak
Guide for Surge Withstand at 60 Hz
Capability (SWC) - 6 us decay to 50%
- 1500 source impedance
Fisher-Martzloff [8) - 0.25 us rise Specified
- 5us to zero levels
- Unspecified ring
6E Transient Suppression Manual {4] - 500 kHz rise
- 100 kHz ring 0 to 8 kV
- 40% decay
Crouch-Fisher-Martz1off [10] - 0.5 us rise
- 100 kHz ring Specified
U.L. Ground Fault Interrupters - 2nd peak z 60% First Tevels
- 500 source impedance
1EEE Std. 465.1 Three requirements:
Test Specifications for 1
; ; <10 x 1000 ps current 50 to 500 A
Gas Tube Surge Protective Devices .8 x 20 us current 5 1o 20 kA
» Linear voltage ramp
of 100, 500, 5000, 10,000 V/us
until sparkover
FCC Docket 19528 » Metallic
- 10 x 560 us
- 100 A short circuit current 800 V peak
- Longitudinal
- 10 x 160 us 1500 ¥ peak

- 200 A short circuit current

Rural Electrification - 10 x 1000 us voltage
Administration Spec. PE-60 - 100 V/us rise

NEMP Hardening + Rectangular pulse
3 ns to 10 ps

- Damped sinewave
10* to 10° H2
NASA Space Shuttle + Damped sinewave
125 kHz
* Unidirectional
-2 x100 ws

- 300 x 600 ys

MIL-STD-704 Envelope specified,
max. duration 50 us

30 of protector
Tevel

0.1 to 1000 A

1 to 100 A
E =5V
oc _

ISC-IOA
E_ =50V
oc _

ISC-IOA
foc=o.sv
sc= HA
600 V peak

TYPICAL
APPLICATION

Power apparatus

Low-voltage AC circuits
and control lines in
substation equipment

Low-voltage AC circuits
and signal lines

Low-voltage AC circuits

Low-voltage AC circuits

Telephone protectors

Communications
equipment

Telephone electronics

Evaluation of components

Space shuttle electronics

Military aircraft power

98¢
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nature of the transient following breakdown is
not of much concern. The typical test piece is of
high impedance (except after breakdown), and thus
does not load the generator. People have tended
to overlook the source impedance of the gener-
ator, even in applications where that impedance
is important.

However, with the development of voltage
suppression devices, the source impedance becomes
an integral part of the suppression scheme. Some
types of devices (spark gaps) function by
switching into a low impedance state and reflect-
ing the energy associated with the transient back
from whence it came. Other devices (varistors,
selenium, and Zener type diodes) clamp the
voltage across their terminals while conducting
the surge current and thus dissipate the surge
energy in the protective device. The ability of
the device to handle that energy becomes of im-
portance. In either case, the test generators
must be capable of supplying an appropriate
amount of current, but should not supply too much
current.

Test specifications should reflect the fact
that, in some cases, voltage is the appropriate
measure of the transient, and 1in other cases
current is the appropriate measure. Above all,
they must avoid wording that 1leads the inex-
perienced to struggle valiantly, with everlarger
surge generators, to develop a specified voltage
across a correctly functioning spark gap or
varistor. This has occurred.

In the original formulation of the TCL
concept, the authors proposed, and still do
propose, that the generator impedance associated
with the 100 kHz oscillatory test wave be an
impedance representative of that measured on a-c

supply mains. Such an dimpedance can be
HSRF§§9Q§?d as 50 ohms in parallel with 50 micro-

The ANSI specifications dealing with the
long-established 1.2 x 50 s unidirectional wave
do not treat source impedance directly, but
recognize its existence by providing a separate
current test wave for surge arresters or other
surge protective devices. In the TCL concept as
we now visualize it, this same approach would be
followed: separate voltage and current levels.

One of the applications where the 10 x
1000 us unidirectional test wave might be appro-
priate would be those involving switching of
inductive circuits. The impedance associated
with such transients can vary over wide limits
and may be quite low. We do not feel there is yet
a sufficient engineering consensus as to what a
suitable standard source impedance might be. Ac-
cordingly, we made no recommendations for such
impedance, feeling that the evaluation of such
impedance must be done on an individual basis for
the specific application at hand.

6. Selection of specific levels

The task of selecting the transient control
level appropriate for any one piece of equipment,
or any one application, is one of engineering and
cannot be fully dealt with in this paper. How-
ever, some discussion of the task is necessary to
show how that task fits into the overall TCL

philosophy. The BIL system provides some
guidance. A fundamental tenet of the BIL system
is that the insulation structure of apparatus is
not designed until after the required insulation
level is agreed upon, and that this insulation
level is not chosen until one is sure that there
are voltage-limiting devices (surge arresters)
that can control natural transients to levels
lower than those to which the factory proof test
will subject the apparatus under design.

On the other hand, low-voltage and elec-
tronic equipment is all too often designed with-
out consideration of transients or whether pro-
tective devices might even be available if
needed. One guideline is then that equipment
should not be designed until an appropriate
design level has been chosen. This choice should
be made after consideration of the distribution
of naturally occurring transients.

The occurrence of transients is a statis-
tical process, both in voltage levels and energy
content. Low levels are common while high levels
occur rarely. Figure 3 shows the relationship
between voltage Tevel and frequency of occurrence
on 120-volt residential circuits, from
observations made in the United States [9].
While this type of information cannot serve to
predict the occurrences at individual locations,
it is of interest if one is concerned with the
overall statistics of transients. For instance,
a manufacturer can select a withstand level (or
conversely, a failure level) by trading off the
tangible and intangible cost of failures for the
cost of the added protection required to achieve
that level. From the graph of Fig. 3, we can see
that decreasing the withstand level from, say, 4
kV to 2 kV is 1ikely to increase the failure rate
of a product by a factor of 10.

BELL DATA
AUTHOR'S DATA
/AUYHORS DATA

CLOCK
DATA
RATIO

WIRING
\\\\\\\J/FLASHOVER

LIMIT

0.0t |-
X

NUMBER OF SURGES PER YEAR AT AVERAGE LOCATIO!

1 | s
6 B 10 kv
SURGE CREST

|
|
|
|
|
1
4

Exposure of residential circuits to
surges (number of surges vs highest
surge at any one location)

Fig. 3:

Selection of the most appropriate level for
a specific application should remain the preroga-
tive of the parties directly interested. This
choice will be based on a number of factors such
as the circuit rated voltage, the exposure of the
circuit to induced transients, the presence or
absence of a mandatory suppressor in the circuit,
the risk analysis (probability of failure, conse-
quence of a failure, cost-trade off), etc.

T3 ma
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TABLE II = PROPOSED IMPULSE LEVELS BY IEC-TC 28A

Rated Voltages Preferred Series of Impulse
Withstand Voltages in Volts
Line-to- 1-phase 3-Phase System Voltages
Earth or d.c.
Line-to-line According to
L-Mor L-L L-N or L-L TIEC-Publ. 38 Category
Up to Up to Up to
Volts Volts Volts Volts I 11 111 1v v
80 75- 150 500 800 | 1200 { 2000 3000
120/220/240
150 150- 300 150/250 l-phase a.c. 800 | 1200 | 2000 | 3000 5000
110/220 d.c.
220/380 ) 3.
300 300- 600 300/500 240/415 ) hase 1200 | 2000 | 3000 | 5000 8000
' 277/480 )P
600 600-1200 60071000 S 2000 | 3000 | 5000 | sooo | 12000
1000 Jphase

Note:

The values of impulse withstand voltage given in columns I through V are a preferred series of values to be
used by the Technical Committees for the purpose of insulation coordination.

Products subjected in the field to

the same conditions of overvoltages or rated to withstand the same overvoltages are to be assigned values from

the same column.
SC 28A has refrained from doing so.

An example of such a selection process is
found 1in current proposals of IEC 28A for low-

While it might be useful to describe products and specify a preferred column for such products,
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Summarz

Surge voltages occurring in ac power circuits can be
the cause of misoperation or product failure for residential
as well as industrial systems. The problem has received
increased attention in recent years because miniaturized
solid state devices are more sensitive to voltage surges
(spikes and transients) than were their predecessors.

Although surge voltage amplitudes and their fre-
quency of occurrence on unprotected circuits are well
known, their waveshapes and energy content are less well
known. On the basis of measurements, statistics, and
theoretical considerations, a practical guideline for out-
lining the environment for use in predicting extreme
waveshapes and energy content can nevertheless be estab-
lished. The Surge Protective Device Committee of the
Institute of Electrical and Electronics Engineers has been
developing such a guideline, the essential elements of
which are presented in this paper.

Surge voltages [l] occurring in ac power circuits
rated up to 600 V can be represented by various waveshapes
in an attempt to duplicate actual surge voltages. Two
major types of surges reflecting differences in the environ-
ment are described to represent the situation realistically.

Systems located inside a building and separated from
the overhead lines by some line impedance experience
surge voltages of waveshapes and energy levels that differ

from those of the outdoor environment. Outside systems.

exposed to direct lightning strikes or lightning-induced
surges--typically overhead lines--experience levels implied
by IEEE standards for secondary arresters. This guideline
addresses particularly the hazards to these two types of
systems {2].

Scope

The guideline presented here primarily addresses ac
power circuits with rated voltages up to 600 V, although
some of the conclusions offered could apply to higher
voltages and also to some dc power systems. Other
standards have been established, such as IEEE 472, Guide
for Surge Withstand Capability (SWC) Tests, intended for
the special case of high-voltage substation environments,
and IEEE 28, Standard for Surge Arresters for ac Power
Circuits, covering primarily the utilities environment. The
guideline presented here intends to complement, not
conilict with, existing standards, and to present a practical
proposal for the selection of voltage and current tests to be
applied in evaluating the surge withstand capability of
equipment connected to these power circuits, primarily in
residential and light industrial applications.

Some guidance is also presented on how to proceed
from the environment description to the selection of
“standard" test waves.

_ The surge voltages [1] considered in this guideline
are those exceeding two per unit (or twice the peak

operating voltage) and having durations ranging from a
fraction of a microsecond to a millisecond. Overvoltages
of less than two per unit are not covered here, nor are
transients of longer duration resulting from power equip-
ment operation and failure modes. Because these low-
amplitude and long-duration surges are generally not
amenable to suppression by conventional surge protective
devices, they require different protection techniques.

l. The Origin of Surge Voltages

Surge voltages occurring in low-voltage ac power
circuits originate from two major sources: load switching
transients and direct or indirect lightning effects on the
power system. Load switching transients can be further
divided into transients associated with (1) major power
system switching disturbances, such as capacitor bank
switching; (2) minor switching near the point of interest,
such as an appliance turnoff in a household or the turnoff
of other loads in an individual system; (3) resonating
circuits associated with switching devices, such as thyris-
tors; and (4) various system faults, such as short circuits
and arcing faults. Measurements and calculations of
lightning effects have been made to yield data on what
levels can be produced, even if the exact mechanism of any
particular surge is unknown. The major mechanisms by
which lightning produces surge volitages are the following:

(a) A direct lightning strike to a primary circuit
injects high currents into the primary circuit,
producing voltages by either flowing through
ground resistance or flowing through the surge
impedance of the primary conductors.

(b) A lightning strike that misses the line but hits a
nearby object sets up electromagnetic fields
which can induce voltages on the conductors of
the primary circuit.

{c) The rapid collapse of voltage that occurs when a
primary arrester operates to limit the primary
voltage couples effectively through the capaci-
tance of the transformer and produces surge
voltages in addition to those coupled into the
secondary circuit by normal transformer action.

(d) Lightning strikes the secondary circuits directly.
Very high currents can be involved, exceeding
the capability of conventional devices.

(e} Lightning ground current flow resulting from
nearby direct-to-ground discharges couples onto
the common ground impedance paths of the
grounding network.

Fast-acting protection devices, such as current-
limiting fuses and circuit breakers capable of clearing or
beginning to part contacts in less than 2 ms, leave trapped
inductive energy in the circuit upstream; upon collapse of
the field, very high voltages are generated.

Transient overvoltages [1] associated with the
switching of power factor correction capacitors have lower
frequencies than the high-frequency spikes with which this
document is concerned. Their levels, at least in the case of



restrike-free switching operations, are generally less than
twice normal voitage and are therefore not of substantial
concern here, but should not be overlooked.

On the other hand, switching operations involving
restrikes, such as those produced by air contactors or
mercury switches, can produce, through escalation, surge
voltages of complex waveshapes and of amplitudes several
times greater than the normal system voltage. The
severest case is generally found on the load side of the
switch and involves only the device that is being switched.
While this situation should certainly not be ignored, in such
a case the prime responsibility for protection rests with the
local user of the device in question. However, switching
transients can also appear on the line side across devices
connected to the line. The presence and source of
transients may be unknown to the users of those devices.
This potentially harmful situation occurs often enough to

command attention
command atienticon.

2. Occurrence and Voltage Levels
in Unprotected Circuits

2.1 Rate of Occurrence Versus Voltage Level

“The rate of occurrence of surges varies over wide
limits, depending on the particular system. Prediction of
the rate for a particular system is always difficult and
frequently impossible. Rate is related to the level of the
surges; low-level surges are more prevalent than high-level
surges [ 3]. Data collected from many sources (Appendix 1)
have led to the plot shown in Figure I. This prediction
shows with certainty only a relative frequency of occur-
rence, while the absolute number of occurrences can be
described only for an "average location." The "high
exposure" and "low exposure" limits of the band are shown
as a guide, not as absolute limits [2], to reflect both the
location exposure (lightning activity in the area and the
nature of the system) and the exposure to switching surges
created by other loads. Such data are useful in that they
describe the maximum levels likely to be encountered and
give some estimate of the rate of occurrence of such
surges. Of equal importance is the observation that surges
in the range of 1 to 2 kV are fairly common in residential
circuits.

HIGH EXPOSURE

TYPICAL
|“/ OUTOOOR
FLASHOVER
I

| TYPICAL
INDOOR
FLASHOVER

NUMBER CF SURGES PER YEAR
AT UNPROTECTED LOCATIONS

LOW EXPOSURE

|
8 10

|
{ 1 1 1.
1 2 3 4 6
SURGE CREST kv

Rate of Surge Occurrence vs Voltage Level

Figure 1.

From the relative values of Figure 1, two typical
levels can be cited for practical applications. First, the
expectation of a 3 kV transient occurrence on a 120V
circuit ranges from 0.0l to | per year at a given location -
a number sufficiently high to justify the recommendation
of a minimum 3kV withstand capability. Second, the
wiring flashover limits indicate that a 6 kV withstand
capability may be sufficient to ensure device survival
indoors, but a 10 kV withstand capability may be required
outdoors.

2.2 Timing of Occurrence

“Surges occur at random times with respect to the
power frequency, and the failure mode of equipment may
be affected by the power frequency follow current.
Furthermore, the timing of the surge with respect to the
power frequency may affect the level at which failure
occurs [4]. Consequently, surge testing must be done with
the line voltage applied to the test piece.
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3. Waveshape of Representative Surge Voltages

Indoor - Measurements in the field, measurements in
the laboratory, and theoretical calculations indicate
that most surge voltages in indoor low-voltage sys-
tems have oscillatory waveshapes, unlike the well-
known and generally accepted unidirectional waves
specified in high-voltage insulation standards. A
surge impinging on the system excites the natural
resonant frequencies of the conductor system. As a
result, not only are the surges typically oscillatory,
but surges may have different amplitudes and wave-
shapes at different places in the system. These
oscillatory frequencies of surges range from 5 kHz to
more than 500 kHz. A 30 to 100 kHz frequency is a

Outdoor - Surges encountered in outdoor locations
have also been recorded, some being oscillatory [5],
others. being unidirectional. Because the overriding
concern here is the energy associated with these
surges, a conservative but realistic description of the
surges can be derived from the long-established
specified duty of a secondary arrester, as detailed in
Paragraph 3.2. While this specification is arbitrary,
it has the strength of experience and successful
usage.

3.2 Selection of Representative Waveshapes

The definition of a waveshape to be used as repre-
sentative of the environment is important for the design of
candidate protective devices; since unrealistic require-

__________ otec 1ces; allstic

ments, such as excessive duration of the voltage or very
low source impedance, place a high energy requirement on
the suppressor, with a resulting cost penalty to the end
user. The two requirements defined below reflect this
trade-off.

Indoor - Based on measurements conducted by several
independent organizations in 120 and 240 V systems
(Appendix 1), the waveshape shown in Figure 2 is
reasonably representative of surge voltage in these
power circuits. Under the proposed description of a
0.5 us x 100 kHz ring wave," this waveshape rises in
0.5 us, then decays while oscillating at 100 kHz, each
peak being about 60% of the preceding peak.

—V,
0.9V, -

OIV»J '

L_r_.‘ N

Tx1.25=05us

T=10us (f = 100 khz)

60% OF V,u,

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

The fast rise can produce the effects associated with
nonlinear voltage distribution in windings and the
dv/dt effects on semiconductors. Shorter rise times
are found in many transients, but, as those transients
propagate into the wiring or are reflected from
discontinuities in the wiring, the rise time becomes
longer. :

The oscillating and decaying tail produces the effects
of voltage polarity reversals in surge suppressors or
other devices that may be sensitive to polarity
changes. Some semiconductors are particularly sensi-
tive to damage when being forced into or out of a
conducting state, or when the transient is applied
during a particular portion of the 60 Hz supply cycle
(Appendix I1). The response of a surge suppressor can
also be affected by reversals in the polarity, as in the
case of RC attenuation before a rectifier circuit in a
dc power supply.



The pulse withstand capability of many semiconduc-
tors tends to improve if the surge duration is much
shorter than one microsecond. For this reason, the
first half-cycle of the test wave must have a

sufficient duration.

Outdoor - In the outdoor and service entrance
environment, as well as in locations close to the
service entrance, substantial energy, or current, is
still available. For these locations, the unidirectional
impulses long established for secondary arresters are
more appropriate than the oscillatory wave.

Accordingly, the recommended waveshape is 1.2 x
50 us for open-circuit voltage and 8 x 20 us for
short-circuit current or current in a low-impedance
device. The numbers used to describe the impulse,
1.2 x 50 and 8 x 20, are as defined in IEEE Standard
28 - ANSI Standard C62.1; Figure 3 presents the
waveshape and a graphic description of the numbers.

(a) Open-circuit
Voltage Waveform

Vok

(b) Short-circuit Current
(or Current in Low-
Impedance Circuit)

T, x1.25=8us

Figure 3. Waveshapes for Outdoor Locations

4. Energy and Source Impedance

4.1 General

The energy involved in the interaction of a power
system with a surge source and a surge suppressor wili
divide between the source and the suppressor in accordance
with the characteristics of the two impedances. In a gap-
type suppressor, the low impedance of the arc after
sparkover forces most of the energy to be dissipated
elsewhere: for instance, in a power-follow current-limiting
resistor that has been added in series with the gap. In an
energy-absorber suppressor, by its very nature, a substan-
tial share of the surge energy is dissipated in the
suppressor, but its clamping action does not involve the
power-follow energy resulting from the short-circuit action
of a gap. It is therefore essential to the effective use of
suppression devices that a realistic assumption be made
about the source impedance of the surge whose effects are
to be duplicated.

The voltage wave shown in Figure 2 is intended to
represent the waveshape a surge source would produce
across an open circuit. The waveshape will be different
when the source is connected to a load having a lower
impedance, and the degree to which it is lower is a function
of the impedance of the source [6].

The degree to which source impedance is important
depends largely on the type of surge suppressors that are
used. The surge suppressors must be able to withstand the
current passed through them by the surge source. A test
generator of too high an impedance may not subject the
device under test to sufficient stresses, while a generator
of too low an impedance may subject protective devices to
unrealistically severe stresses. A test voltage wave
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specified without reference to source impedance couid
imply zero source impedance - one capable of producing
that voltage across any impedance, even a short circuit.
That would imply an infinite surge current, clearly an

unrealistic situation.

4,2 Proposed Approach
© “Because o? the wide range of possible source im-

pedances and the difficulty of selecting a specific value,
three broad categories of building locations are proposed to
represent the vast majority of locations [7,8 ], from those
near the service entrance to those remote from it. The
source impedance of the surge increases from the outside
to locations well within the building.  Open-circuit
voltages, on the other hand, show little variation within a
building because the wiring provides little attenuation [ 9].
Table 1 outlines the three categories of building wiring.

Table 2 shows open-circuit voltages and short-circuit
currents for each of the three categories. The energy
deposited in a 500 V suppressor has been computed and is
shown for each of the categories.

TABLE |

Location Categories

OQutside and Service Entrance
Service drop from pole to building entkance
Run between meter and distribution panet

Overhead line to detached buildings

Underground lines to well pumps

Major Feeders and Short Branch Circuits

Distribution panel devices

Bus and feeder system

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

Lighting systems in commercial buildings

Outlets and Long Branch Circuits

All outlets at more than 10 m (30 ft) from
Category B with wires #14-10

All outlets at more than 20 m (60 ft) from
Category A with wires #14-10

Energy Depos-
ited ina 500 V
Suppressor

Location

®10kV 1.2 x 50 us for
high-impedance circuits

®10 kA 8 x 20 us for
low-impedance circuits

A. Outdoor and
Service
Entrance

150

®6 kV 1.2 x 50 us for
high-impedance circuits

®3 kA 8 x 20 us for
impedance circuits

. Major Feeders
and Short
Branch
Circuits 40

®6kV 0.5 us x 100 kHz
for high-impedance circuits

* 500 A short circuit for
low-impedance circuits 2

6 kV 0.5 us x 100 kHz for
high-impedance circuits

® 200 A short circuit for
low-impedance circuits

Long Branch
Circuits and
Qutlets

0.3

The values shown in the table represent the maximum
range, corresponding to the "High Exp.sure" situation of
Figure 1. For less exposed systems, or when the prospect
of a failure is not highly objectionable, one could specify
lower values of open-circuit voltages with corresponding
reductions in the currents.
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5. Conclusion

The broad range of surge voltages occurring in low-
voltage ac power circuits can be simulated by a limited set
of test waves, for the purpose of evaluating their effects
on equipment.

Field measurements, laboratory experiments, and
calculations indicate that two basic waves, at various open-
circuit voltages and short-circuit current values, can
represent the majority of surges occurring in residential,
commercial, and light industrial power systems rated up to
600 V rms.

exceptions will be found to the simplification of a
broad guideline; however, these should not detract from the
benefits that can be expected from a reasonably valid
uniformity in defining the environment. Other test waves
of different shapes may be appropriate for other purposes,
and the present guideline should not be imposed where it is
not applicable.
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Appendix | - Data Base

Recordings and surge counter data have been con-
tributed from several sources, in addition to the surge
counter data obtained by members of the working group.
Representative oscillograms and summary statistics are

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 to date)

1.1 Typical Surge Counter Statistics '
120 V line at BIL facility in Chester, New Jersey,
during 42 months of monitoring:

146 counts at 300 to 500 V
14 counts at 500 to 1000 V

3 counts at 1000 to 1500 V
3 counts above 1500 V

1.2 Typical Automatic Recording Oscilloscopes

vV I

500

B

0 20 40 60 80 100 120 pus
120 V QUTLET, LABORATORY BENCH

10008 ¢— CREST AT 1300 V.

0 200 400 600 800 1000 1200 pus
277/480 V SERVICE ENTRANCE

-

2. Recordings by General Electric Company

{Data contributed by F.D. Martzlo
2.1 Surge Counter Statistics
a) Three percent of all U.S. residences experience
frequent occurrences (one per week or more)

above 1200 V

b) There is a 100:1 reduction in the rate of device
failure when the withstand level is raised from
2kV to 6kV.

2.2 Typical Automatic Recording Oscilloscopes

0 5 10 20 30 40 50 75 100 us
FURNACE IGNITION - 24 HOUR PERIOD

2.3 Simulated Lightning Strokes on a Residential Power
‘Circuit (Laboratory Model of System}19]

1.5 kA current impulse (8 x 20 us
approx.) is injected in ground wire
only of service drop. é{m
rents produce flashover of wiring)

500 A/div
5 ps/div

ecording of open-circuit volt.
t a branch circuit outlet:
200 V peak 500 kHz oscillations

INEA

500 V/div
2 us/div

By connecting a 130 Q load at the
same outlet (1A load) the voltage
is reduced to 1400 V peak, with
more damping.

500 V/div
2 us/div

Conclusions From This Test Series

1. A current of 1.5 kA (moderate for a lightning
discharge injected in the ground system) raises
the wiring system of the house 2.2 kV above
ground. Four kiloamperes (still a moderate
value) will bring this voltage to 6 kV, the
typical flashover value of the wiring.

2. A natural frequency of 500 kHz is excited by a
unidirectional impulse.



3. In this example, the source of the transient
(from the loading effect of 130 %) appears as

r

) 2200 )
Z =130 Q!.M OJ- 1 =759

3. Statistics By Landis and Gyr Company

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

* SURGES PER YEAR

0* 2 5 {0
PEAK VOLTAGE -V

Service entrance, 16-family house, under-
ground system

—— — — Same house, outlet third fioor living room
—— -—— Same house, outlet fifth floor living room
Service entrance of bank building in Basel
—~— +— Landis and Gyr Plant, Zug, outlet in lab.
—— «-«— Landis and Gyr, Zug, outiet in furnace room
wesm - — Farmhouse supplied by overhead lines

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 locations. Members of the Working Group installed
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
pad-mounted distribution transformers; lighting circuits in
an industrial plant; life test racks at an appliance manu-
facturer; bench power supply in a laboratory.

Summary Statistics of these measurements are as follows:

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

2. Number of occurrences per year (weighted aver-
ages) at "average location."
e 350V: 22

e 500V: 11
e 1000 V: 7
e 1500V: 3

3. Significant extremes

e One home with large number of surges
caused by washer operation.

e Four locations out of 18 never experienced a
surge.

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

e One industrial location (switching of a test
rack) produced thousands of surges in the
350-500 V range, and several surges in
excess of 1500 V. This location was left out
of the average computation, but it exempli-
fies a significant extreme.

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

1. The Bell Laboratories data yield a point of 1000 V
at about 2 occurrences per year (+).
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2. The General Electric counter statistics yield a
point of 1200 V at about | occurrence per year (x).

3. The General Electric clock data indicate a stope of
100:1 from 2 kV to 6 kV (— - — -).

4. The Regez data provide a band for the majority of
locations (shown cross-hatched), with the excep-
tion of the rural location with long overhead line,
which has more occurrences.

5. 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 *10
range of Figure 1, is shown in bold dashed lines (— — —).
It has been drawn at the 100:! slope, passing near the Bell
and General Electric points and located within the band of
the Regez data.

108 2k
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Appendix II - Effect of Transient Polarity Reversals
on Semiconductors

e

SURGES PER YEAR
6.

Breakdown of semiconductors under various condi-
tions of load and transient overvoltage applications has
been investigated.t Evidence is presented in the two
investigations cited that a reverse voltage applied during
the conduction period of the power frequency produces
fower breakdown voltages than the application of the same
transient with no load or during blocking. Examples are
given below, taken from these two investigations, showing
statistically significant differences in the voltage levels.

Average
Breakdown (V)
IN1190 Diode* Transient at no load 1973
Fast wave under load 830
Stow wave under load 1097
iIN2160 Diode* Transient at no load 2056
Fast wave under load 894
Slow wave under load 1106
IN679 Diode t Transient applied at: ’
- peak of reverse voltage 1766
-25% after start of conduction 1181
-90° after start of conduction 906

-155° after start of conduction 1115

This effect is one of the reasons for selecting an
oscillatory waveform to represent the environment: it will
be more likely to induce semiconductor failures than a

- unidirectional wave. Also, it shows the significance of the

timing of the transient application with respect to the
power frequency cycle.

Appendix III - Notes and References
1. Surge Voltage

Definitions of terms used in this guideline are
consistent with IEEE Standard 100-1977,Dictionary of Elec-
trical and Electronic Terms, 2nd ed.; however, some dif-
ferences exist. For instance, IEEE Std 100-1977 defines a
surge as a "transient wave of current, potential or power in
the electric circuit"--a definition broader than that used

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

+ F.D. Martzlof{, internal report, unpublished.
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here. Transient overvoltage is defined as "the peak voltage
during the transient condition resulting from the operation

of a switching device"--a definition more restricted than
that of the present guideline.

2. Amplitudes of Strikes, Worst Case

The surge voltages described In this guideline include
lightning effects on power systems, mostly strikes in the
vicinity of a power line, or at a remote point of the power
system. The literature describes the frequency of occur-
rence vs amplitude of lightning strikes, from the low levels
of a few kiloamperes, through the median values of about
20 kA, to the exceptional values in excess of 100 KA.
Clearly, a secondary arrester rated for 10 kA can protect
adequately in case of a mild direct strike, or of a more
severe strike divided among several paths to ground.
However, a very high and direct strike will exceed the
capability of an ANSI-rated secondary arrester.

References:

Cianos, N. and E.T.Pierce, A Ground-Lightning Environ-
ment for Engineering Usage, Stanford Research Institute,
Menlo Park, CA 94205, August 1972.

Bodle, D.W., A.J. Ghazi, M. Syed, and R.L. Woodside, Char-
acterization of the Electrical Environment, Toronto and
Buffalo, N.Y.: University of Toronto Press, 1976.

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

3. Level vs Rate of Occurrence

The relationship between the level and the rate of
occurrence of surges is partly caused by the attenuation of
the surges as they propagate away from the source of the
surge and divide among paths beyond branching points.
Equipment at a given point will be subjected to a relatively
small number of high-level surges from nearby sources, but
to a larger number of surges from more remote sources.

i 3 1 Dacnan~ + +~ Dawras Eramiianc~y
4. Timing of Surges with Respect to Power Frequency

Lightning surges are completely random in their
timing with respect to the power frequency. Switching
surges are likely to occur near or after current zero, but
variable load power factors will produce a quasi-random
distribution. Some semiconductors, as shown in Ap-
pendix II, exhibit failure levels that depend on the timing of
the surge with respect to the conduction of power
frequency current. Gaps or other devices involving a
power-follow current may withstand this power follow with
success, depending upon the fraction of the half-cycle
remaining after the surge before current zero. Therefore,
it is important to consider the timing of the surge with
respect to the power frequency. In performing tests, either
complete randomization of the timing or controlled timing
should be specified, with a sufficient number of timing
conditions to reveal the most critical timing.

23

5. Oscillatory Surges During Lightning

The "classical lightning surge" has been established as
1.2 x 50 us for a voltage wave and 8 x 20 pys for a current
wave. Evidence has been collected, however, to show that
oscillations can also occur. Lenz reports 50 lightning
surges recorded in two locations, the highest at 5.6 kV,
with frequencies ranging from 100 to 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," llluminating Engrg.,
February 1964, pp. 133-140.

Martzloff, F.D. and G.J. Hahn, "Surge Voltage in Resi-
dential and Industrial Power Circuit," IEEE PAS-89, 6, July/
August 1970, 1049-1056.

6. Surge Impedance and Source Impedance

To prevent misunderstanding, a distinction between
source impedance and surge impedance needs to be made.
Surge impedance, also called characteristic impedance, is a
concept relating the parameters of a long line to the
propagation of traveling waves. For the wiring practices of
the ac power circuits discussed here, this characteristic
impedance would be in the range of 150 to 3009, but
because the durations of the waves being discussed (50 to

20 us) are much longer than the travel times in the wiring

systems being considered, traveling wave analyses are not
useful here.

Source impedance, defined as "the impedance
presented by a source of energy to the input terminals of a
device, or network" (IEEE Standard 100), is a more useful
concept here.

7. Power System Source Impedance

The measurements from which Figure | was derived
were of voltage only. Little was known about the
impedance of the circuits upon which the measurements
were made. Since then, measurements have been reported
on the impedance of power systems. Bull reports that the
impedance of a power system, seen from the outlets,
exhibits the characteristics of a 502 resistor with 50 uH in
parallel. Attempts were made to combine the observed
6 kV open-circuit voltage with the assumption of a
50/50 uH impedance. This combination resulted in low
energy deposition capability, which was contradicted by
field experience of suppressor performance. The problem
led to the proposed definition of oscillatory waves as well
as high-energy unidirectional waves, in order to provide
both the effects of an oscillatory wave and the high-energy
deposition capability.

Reference:

Bull, J.H., "Impedance of the Supply Mains at Radio
Frequencies," Proceedings of 1st Symposium on EMC,
75CHI1012-4 Mont., Montreux, May 1975.

8. Installation Categories

Subcommittee 28A of the International Electrotech-
nical Commission has prepared a report, referenced below,
in which installation categories are defined. These
installation ratepnrle< divide the power systems arrnrr{mo

to the location in the building, in a manner similar to the
location categories defined in this guideline. However,
there are some significant differences between the two
concepts.  First, the IEC categories are defined for a
"Controlled Voltage Situation," a phrase that implies the
presence of some surge suppression device or surge
attenuation mechanism to reduce the voltage levels from
one category to the next. Second, the IEC report is more
concerned with insulation coordination than with the
application of surge protective devices; therefore it does
not address the question of the coordination of the
protectors, but rather the coordination of insulation levels
- that is, voltages. Source impedances, in contrast to this
guideline, have not been defined. Further discussion and
work toward the application guidelines of both documents
should eventually produce a consistent set of recommenda-
tions.

Reference:

Insulation Coordination Within Low-Voltage Systems In-
cluding Clearances and Creepage Distances for Equipment,
International Electrotechnical Commlssmn, Report SC28A
(Central Office) 5, to be published in 1979.

9. Open-Circuit Voltages and Wiring Flashover

Surges propagate with very little attenuation in a
power system with no substantial connected loads.
Measurements made in an actual residential system as well
as in a laboratory simulation have shown that the most
significant limitation is produced by wiring flashover, not
be attenuation along the wires. Ironically, a carefully
insulated installation is likely to experience higher surge
voltages than an installation where wiring flashover occurs
at low levels. Therefore, the open-circuit voltage specified
at the origin of a power system must be assumed to
propagate unattenuated far into the system, which is the
reason for maintaining the 6 kV surge specification when
going from the "B" location to the "C" location.

References:
Martzloff, F.D. and K.E. Crouch "Coordination de la
protection contre les surtensions dans les réseaux basse
tension résidentiels," Proceedings, 1978 IEEE Canadian
Conference on Communications and Power, 78CH1373-0,
pp. #51-454.

Martzloff, F.D. Surge Voltage Suppression in Residential

Power Circuits, Report 76CRD092, Corporate Research

and Development, General Electric Company, Schenectady,
Y., 1976.
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Abstract - Surge voltages in ac power circuits become more significant
with the increased application of miniaturized electronics in consumer
and industrial products. A Working Group of IEEE is preparing a
Guideline describing the nature of these surges in ac power circuits up
to 600 V.

The paper describes the data base and approach used by the
Working Group and the recommendations proposed to represent typical
surges, in order to obtain feedback before the final writing of the
Guideline.

Two waveforms are proposed, one oscillatory, the other
unidirectional, depending on the location within the power system.
Recommendations for source impedance or short-circuit current are

o ineludad
inciuded.

also
INTRODUCTION

Surge voltages occurring in ac power circuits can be the cause
of misoperation or product failure for residential as well as industrial
systems. The problem has received increased attention in recent years
because miniaturized solid state devices are more sensitive to voltage
surges (spikes and transients) than were their predecessors.

Although surge voltage amplitudes and their frequency of
occurrence on unprotected circuits are well known, their waveshapes
and energy content are less well known. On the basis of measure-
ments, statistics, and theoretical considerations, a practical guideline
for outlining the environment for use in predicting extreme wave-
shapes and energy content can nevertheless be established. A Working
"Group of the Surge Protective Devices Committee is currently
developing such a guideline; this paper reports the status of the
Guidelire, which led to the approach
chosen, and provides a possible vehicle for discussion before the final
writing aind publication of the Guideline.

concidaratiame

presents the considerations

résenis e
p

SCOPE

The Guideline primarily addresses ac power circuits with rated
voltages up to 600 V, although some of the conclusions offered could
apply to higher voltages and also to some dc power systems. Other
standards have been established, such as IEEE 472, Guide for Surge
Withstand Capability (SWC) Tests, intended for the special case of
high-voltage substation environments, and IEEE 28, Standard for Surge
Arresters for ac Power Circuits, covering primarily the utilities en-
vironment. The Guideline intends to complement, not conflict with,
existing standards.

The surge voltages considered in the Guideline are those
exceeding two per unit {or twice the peak operating voltage) and
having durations ranging from a fraction of a microsecond to a
millisecond. Overvoltages of less than two per unit are not covered,
nor are transients of longer duration resulting from power equipment
operation and failure modes. Because these low-amplitude and long-
duration surges are generally not amenable to suppression by conven-
tional surge protective devices, they require different protection
techniques.

Definitions of terms used in the Guideline are consistent with
IEEE Standard 100-1977, Dictionary of Electrical and Electronic
Terms, 2nd ed.; however, some differences exist. For instance, IEEE
5td 100-1977 defines a surge as a "transient wave of current, potential
or power in the electric circuit"—a definition broader than that used
here. Transient overvoltage is defined as "the peak voltage during the
transient condition resulting from the operation of a switching
device"—a definition more restricted than that of the Guideline.

While the major purpose of the Guideline is to describe the en-
vironment, a secondary purpose is to lead toward standard tests,

A 79 428-4 A paper recommended and approved by the
IEEE Surge Protective Devices Committee of the IEEE
Power Engineering Society for presentation at the IEFE
PES Summer Meeting, Vancouver, British Colunbia,

Canada, July 15-20, 1979.Manuscript submitted February 6,

1979; made available for printing April 3, 1979,

through an application guide that will be prepared in the future. These
standard tests will provide a realistic evaluation of the surge withstand
capability of equipment connected to these power circuits. Of
necessity, the complex real situation must be simplified to produce a
manageable set of standards. One must recognize the unavoidably
arbitrary character of any standard and be prepared to accept an
imperfect approach which can simplify matters, rather than demand a
perfect but unattainable match between the actual situation and the
standard.

THE ORIGIN OF SURGE VOLTAGES

Surge voltages occurring in low-voltage ac power circuits
originate from two major sources: load switching transients and direct
or indirect lightning effects on the power system. Load switching
transients can be further divided into transients associated with (1)
major power system switching disturbances, such as capacitor bank
switching; (2) minor switching near the point of interest, such as an
appliance turnoff in a household or the turnoff of other loads in an
individual system; (3) resonating circuits associated with switching
devices, such as thyristors; and (4) various system faults, such as short
circuits and arcing faults. Measurements and calculations of lightning
effects have been made to yield data on what levels can be produced,
even if the exact mechanism of any particular surge is unknown. The
major mechanisms by which lightning produces surge voltages are the
following:

(a) A direct lightning strike to a primary circuit injects high
currents into the primary circuit, producing voltages by
either flowing through ground resistance or flowing
through the surge impe of the primary

con
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(b

<

A lightning strike that misses the line but hits a nearby
object sets. up electromagnetic fields which can induce
voltages on the conductors of the primary circuit.

<

(c) The rapid collapse of voltage that occurs when a primary
arrester operates to limit the primary voltage couples
effectively through the capacitance of the transformer
and produces surge voltages in addition to those coupled

into the secondary circuit by normal transformer action.

(d) Lightning strikes the secondary circuits directly. Very
high currents can be involved, exceeding the capability
of conventional devices.

(e) Lightning ground current flow resulting from nearby
direct-to-ground discharges couples onto the common
ground impedance paths of the grounding network.

Fast-acting protection devices, such as current-limiting fuses
and circult breakers capable of clearing or beginning to part co

in less than 2 ms, leave trapped inductive energy in the circuit
upstreams; upon collapse of the field, very high voltages are generated.

Transient overvoltages associated with the switching of power
factor correction capacitors [1]have lower frequencies than the high-
frequency spikes with which this document is concerned. Their levels,
at least in the case of restrike-free switching operations, are generally
less than twice normal voltage and therefore are not of substantial
concern here, but should not be overlooked.

On the other hand, switching operations involving restrikes,
such as those produced by air contactors or mercury switches, can
produce, through escalation, surge voltages of complex waveshapes and
of amplitudes several times greater than the normal system voltage.
The severest case is generally found on the load side of the switch and
involves only the device that is being switched. While this situation
should certainly not be ignored, in such a case the prime responsibility
for protection rests with the local user of the device in question.
However, switching transients can also appear on-the line side across
devices connected to the line. The presence and source of transients
may be unknown to the users of those devices. This potentially
harmful situation occurs often enough to command attention.

While the data have been recorded primarily on 120, 220/380, or
277/480 V systems, the general conclusions should be valid for 600 v
systems. To the extent that surge voltages are produced by a discrete
amount of energy being dumped into a power system, low-impedance,
heavy industrial systems can be expected to experience lower peaks
from surge voltages than 120 V residential systems, but comparable, or
greater, amounts of energy potentially available for deposition in a
Surge suppressor.

ontacts
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OCCURRENCE AND VOLTAGE LEVELS
[N UNPROTECTED CIRCUITS

Rate of Occurrence Versus Voltage Level

The rate of occurrence of surges varies over wide limits,
depending on the particular system. Prediction of the rate for a
particular system is always difficult and frequently impossible. Rate
is related to the level of the surges; low-level surges are more
prevalent than high-level surges.  The relationship between the level
and the rate of occurrence of surges is partly caused by the
attenuation of the surges as they propagate away from the source of
the surge and divide among paths beyond branching points. Equipment
at a given point will be subjected to a relatively small number of high-
level surges from nearby sources, but to a larger number of surges
from more remote sources.

Data collected from many sources have led to the plot shown in
Fig. 1. This prediction shows with certainty only a relative frequency
of occurrence, while the absolute number of occurrences can be
described only for an "average location.” The "high exposure" and "low
exposure" limits of the band are shown as a guide, not as absolute
limits, to reflect both the location exposure (lightning activity in the
area and the nature of the system) and the exposure to switching
surges created by other loads.

The literature describes the frequency of occurrence Vs
amplitude of lightning strikes, from the low levels of a few
kiloamperes, through the median values of about 20 kA, to the
exceptional values in excess of 100 kA [2]. Clearly, a secondary
arrester rated for 10 kA can protect adequately in case of a mild
direct strike, or of a more severe strike divided among several paths to
ground. However, a very high and direct strike will exceed the
capability of an ANSI-rated secondary arrester {3 ].

The voitage and current amplitudes presented in the Guideline
attempt to provide for the vast majority of lightning strikes but should
not be considered as "worst case," since this concept cannot be
determined realistically. One should think in terms of the statistical
distribution of strikes, accepting a reasonable upper limit for most
cases. Where the consequences of a failure are not catastrophic but
merely represent an annoying economic loss, it is appropriate to make
a trade-off of the cost of protection against the likelihood of a failure
caused by a high but rare surge. For instance, a manufacturer may be
concerned with nation-wide failure rates, those at the upper limits of
the distribution curve, while the user of a specific system may be
concerned with a single failure occurring at a specific location under
nworst-case conditions.” Rates can be estimated for average systems,
however, and even if imprecise, they provide manufacturers and users
with guidance. Of equal importance is the observation that surges in
the range of 1 to 2kV are fairly common in residential circuits.

From the relative values of Fig. l, two typical levels can be
cited for practical applications. First, the expectation of a 3kV
transient occurrence on a 120 V circuit ranges from 0.0l to 1 per year
at a given location -a number sufficiently high to justify the
recommendation of a minimum 3 kV withstand capability. Second, the
wiring flashover limits indicate that a 6 kV withstand capability may
be sufficient to ensure device survival indoors, but a 10 kV withstand
capability may be required outdoors.

HIGH EXPOSURE

TYPICAL
r/ OUTDOOR
FLASHOVER

54
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NUMBER OF SURGES PER YEAR
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Fig. . Rate of surge occurrence vs voltage level.

Timing of Occurrence

Surges occur at random times with respect to the power
frequency, and the failure mode of equipment may be affected by the
power frequency follow current or by the timing. Consequently, surge
testing must be done with the ac voltage applied to the test piece.

Lightning surges are completely random in their timing with
respect to the power frequency. Switching surges are likely to occur

near or after current zero, but variable load power factors will
produce a quasi-random distribution. Some semiconductors, as shown
in Appendix 11, exhibit failure levels that depend on the timing of the
surge with respect to the conduction of power frequency current.
Gaps or other devices involving a power-follow current may withstand
this power follow with success, depending upon the fraction of the
half-cycle remaining after the surge before current zero. Therefore,
it is important to consider the timing of the surge with respect to the
power frequency. In performing tests, either complete randomization
of the timing or controlled timing should be specified, with a sufficient
number of timing conditions to reveal the most critical timing.

WAVESHAPE OF REPRESENTATIVE SURGE VOLTAGES

Waveshapes in Actual Occurrences

Indoor - Measurements in the field, measurements in the laboratory,
and theoretical calculations indicate that most surge voltages in indoor
low-voltage systems have oscillatory waveshapes, unlike the well-
known and generally accepted unidirectional waves specified in high-
voltage insulation standards. A surge impinging on the system excites
the natural resonant frequencies of the conductor system. As a result,
not only are the surges typically oscillatory, but surges may have
different amplitudes and waveshapes at different places in the system.
These oscillatory frequencies of surges range from 5 kHz to more than
500 kHz. A 30 to 100 kHz frequency is a realistic measure of a
ntypical” surge for most residential and light industrial ac line
networks.

Outdoor - Surges encountered in outdoor locations have also been
recorded, some being oscillatory, others being unidirectional. The
vclassical lightning surge" has been established as 1.2 x 50 us for a
voltage wave and 8 x 20 us for a current wave. Evidence has been
collected, however, to show that oscillations can also occur. Lenz [41
reports 50 lightning surges recorded in two locations, the highest at
5.6 kV, with frequencies ranging from 100 to 500 kHz. Martzloff {51
reports oscillatory lightning surges in a house during a multiple-stroke
flash.

Because the overriding concern here is the energy associated
with these surges, a conservative but realistic description of the surges
can be derived from the long-established specified duty of a secondary
arrester, as detailed below. While this specification is arbitrary, it has
the strength of experience and successful usage.

Selection of Representative Waveshapes

The definition of a waveshape to be used as representative of
the environment is important for the design of candidate protective
devices, since unrealistic requirements, such as excessive duration of
the voltage or very low source impedance, place a high energy require-
ment on the suppressor, with a resulting cost penalty to the end user.
The two requirements defined below reflect this trade-off.

Indoor - Based on measurements conducted by several independent
organizations in 120 and 240 V systems (Appendix 1), the waveshape
shown in Fig. 2 is reasonably representative of surge voltages in these
power circuits. Under the proposed description of a "0.5 us - 100 kHz
ring wave," this waveshape rises in 0.5yus, then decays while
oscillating at 100 kHz, each peak being about 60% of the preceding
peak.

ok
0.9 Vi P

T=10us {f =100 kHz)

0.1V,

60% OF V,

Fig. 2. The proposed 0.5 us - 100 Hz ring wave
(open-circuit voltage).

The fast rise can produce the effects associated with nonlinear
voltage distribution in windings and the dv/dt effects on semiconduc-
tors. Shorter rise times are found in many transients, but, as those
transients propagate into the wiring or are reflected from
discontinuities in the wiring, the rise time becomes longer.

The oscillating and decaying tail produces the effects of voltage
polarity reversals in surge suppressors or other devices that may be
sensitive to polarity changes. Some semiconductors are particularly
sensitive to damage when being forced into or out of a conducting
state, or when the transient is applied during a particular portion of
the 60 Hz supply cycle (Appendix II). The response of a surge



suppressor can also be affected by reversals in the polarity, as in the
case of RC attenuation before a rectifier circuit in a dc power supply.
The pulse withstand capability of many semiconductors tends to
improve if the surge duration is much shorter than one microsecond.
For this reason, the first half-cycle of the test wave must have a
sufficient duration.

Outdoor - In the outdoor and service entrance environment, as well as
in locations close to the service entrance, substantial energy, or
current, is still available. For these locations, the unidirectional
impulses long established for secondary arresters are more appropriate
than the oscillatory wave.

Accordingly, the recommended waveshape is 1.2 x 50 us for
open-circuit voltages and 8 x 20 us for short-circuit current (impulse
discharge current) or current in a low-impedance device. The numbers
used to describe the impulse, 1.2 x 50 and 8 x 20, are as defined in
IEEE Standard 28 - ANSI Standard C62.1; Fig. 3 presents the wave-
shape and a graphic description of the numbers.
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Fig. 3. Waveshapes for outdoor locations.
ENERGY AND SOURCE IMPEDANCE
General

The energy involved in the interaction of a power system with a
surge source and a surge suppressor will divide between the source and
the suppressor in accordance with the characteristics of the two
impedances. In a gap-type suppressor, the low impedance of the arc
after sparkover forces most of the energy to be dissipated elsewhere:
for instance, in a resistor added in series with the gap for limiting the
power-follow current. In an energy-absorber suppressor, by its very
nature, a substantial share of the surge energy is dissipated in the
suppressor, but its clamping action does not involve the power-follow
energy resulting from the short-circuit action of a gap. It is therefore
essential to the effective use of suppression devices that a realistic
assumption be made about the source impedance of the surge whose
effects are to be duplicated.

The voltage wave shown in Fig. 2 is intended to represent the
waveshape a surge source would produce across an open circuit. The
waveshape will be different when the source is connected to a load
having a lower impedance, and the degree to which it is lower is a
function of the impedance of the source.

To prevent misunderstanding, a distinction between source im-
pedance and surge impedance needs to be made. Surge impedance,
also called characteristic impedance, is a concept relating the param-
eters of a long line to the propagation of traveling waves. For the
wiring practices of the ac power circuits discussed here, this
characteristic impedance would be in the range of 150 to 3008, but
because the durations of the waves being discussed (50 to 20 us) are
much longer than the travel times in the wiring systems being
considered, traveling wave analyses are not useful here.

Source impedance, defined as "the impedance presented by a
source of energy to the input terminals of a device, or network" (IEEE
Standard 100), is a more useful concept here. In the conventional

Thevenin's description, the open-circuit voltage (at the terminals of
the network or test generator) and the source impedance (of the surge
source or test generator) are sufficient to calculate the short-circuit
current, as well as any current for a specified suppressor impedance.

The measurements from which Fig. 1 was derived were of
voltage only. Little was known about the impedance of the circuits
upon which the measurements were made. Since then, measurements
have been reported on the impedance of power systems. Bull [6]
reports that the impedance of a power system, seen from the outlets,
exhibits the characteristics of a 50Q resistor with 50 uH in parallel.
Attempts were made to combine the observed 6 kV open-circuit
voltage with the assumption of a 50Q/50 uH impedance [7]. This
combination resulted in low energy deposition capability, which was
contradicted by field experience of suppressor performance. The
problem led to the proposed definition of oscillatory waves as well as
high-energy unidirectional waves, in order to provide both the effects
of an oscillatory wave and the high-energy deposition capability.

The degree to which source impedance is important depends
largely on the type of surge suppressors that are used. The surge
suppressors must be able to withstand the current passed through them
by the surge source. A test generator of too high an impedance may
not subject the device under test to sufficient stresses, while a
generator of too low an impedance may subject protective devices to
unrealistically severe stresses. A test voltage wave specified without
reference to source impedance could imply zero source impedance -
one capable of producing that voltage across any impedance, even a
short circuit. That would imply an infinite surge current, clearly an
unrealistic situation.

Because of the wide range of possible source impedances and
the difficulty of selecting a specific value, three broad categories of
building locations are proposed to represent the vast majority of
locations, from those near the service entrance to those remote from
it. The source impedance of the surge increases from the outside to
locations well within the building. Open-circuit voitages, on the other
hand, show little variation within a building because the wiring
provides little attenuation. Figure 4 illustrates the application of the
three categories to the wiring of a building.
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A. Outside and Service Entrance B. Major Feeders and Short Branch Circuits

Service drop from pole to buiiding Distribution panel devices

entrance
Bus and feeder systems in industriat
Run between meter and distribu- plants

ion
tion panel Heavy appliance outlets with "short"”

Overhead line to detached buildings connections to the service entrance

Underground lines to well pumps Lighting systems in commercial buildings

C. OQutlets and Long Branch Circuits

All outlets at more than 10 m {30 {t) from
Category B with wires #14-10



Subcommittee 28A of the International Electrotechnical Com-
mission has prepared a Report [8 ], in which installation categories are
defined.  These installation categories divide the power systems
according to the location in the building, in a manner similar ‘to the
location categories defined in the Guideline. However, there are some
significant differences between the two concepts. First, the IEC
categories are defined for a "controlled voitage situation," a phrase
that implies the presence of some surge suppression device or surge
attenuation mechanism to reduce the voltage levels from one category
to the next. Second, the IEC report is more concerned with insulation
coordination than with the application of surge protective devices;
therefore it does not address the question of the coordination of the
protectors but, rather, the coordination of insulation levels — that is,
voltages.

Surges propagate with very little attenuation in a power system
with no substantial connected loads. Measurements made in an actual
residential system as well as in a laboratory simulation have shown
that the most significant limitation is produced by wiring flashover,
not by attenuation along the wires. Ironically, a carefully insulated
installation is likely to experience higher surge voltages than an
installation where wiring flashover occurs at low levels. Therefore,
the open-circuit voltage specified at the origin of a power system must
be assumed to propagate unattenuated far into the system, which is
the reason for maintaining the 6 kV surge specification when going
from one category to an adjacent category farther into the building.

Furthermore, source impedances are not defined in the IEC
report. The Guideline attempts to fill this need by specifying several
levels of source impedance, or of short-circuit current, for the various
categories.

PROPOSED REPRESENTATION OF THE ENVIRONMENT

mramrading

th proLclny

On th the

proposes to reduce the infinite variety of actual conditions to three
categories, from the outside service drops to the long branch circuits
and outlets.

For each category the most appropriate waveshape is indicated,
an open-circuit voltage for high-impedance loads, or a short-circuit
current for low-impedance loads. The tabulation that follows shows
open-circuit voltages and short-circuit currents for each of the three
categories. The energy deposited in a 500 V suppressor has been
computed and is shown for each of the categories.

The values shown in the table represent the maximum range,
corresponding to the "High Exposure" situation of Fig.l. For less
exposed systems, or when the prospect of a failure is not highly
objectionable, one could specify lower values of open-circuit voltages
with corresponding reductions in the currents. IEC Category I, not
represented in the Guideline, would correspond to line cord-connected
devices in this context.

asis of discussions. the Cuideline
CRICE O qaiscussions, ine Guigeline

CONCLUSIONS

The broad range of surge voltages occurring in fow-voltage ac
power circuits can be simulated by a limited set of test waves, for the
purpose of evaluating their effects on equipment.

Field measurements, laboratory experiments, and calculations
indicate that two basic waves, at various open-circuit voltages and

short-circuit current values, can represent the majority of surges

Exceptions will be found to the simplification of a broad guide-
line; however, these should not detract from the benefits that can be
expected from a reasonably valid uniformity in defining the environ-
ment. Other test waves of different shapes may be appropriate for
other purposes, and the present guideline should not be imposed where
it is not applicable.

The Working Group is approaching the final phases of prepara-
tion of the Guideline document; comments are solicited from the
engineering and user communities. However, readers must recognize
the unavoidably arbitrary character of any standard and be prepared to
accept an imperfect approach, which can simplify matters and clarify
the issues as well as provide uniform evaluations of performances,
rather than demand a perfect but unattainable match between the
actual situation and the standard.
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APPENDIX I - DATA BASE

Recordings and surge counter data have been contributed from
several sources, in addition to the surge counter data obtained by
members of the Working Group. Representative oscillograms and
summary statistics are 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
to date)

1.1 Typical Surge Counter Statistics
120V line at BTL facility in Chester, New Jersey, during

42 months of monitoring:

146 counts at 300 to 500 V
14 counts at 500 to 1000 V
3 counts at 100 to 1500 V
3 counts above 1500 V

1.2 Typical Automatic Recording Oscilloscopes
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2. Recordings by General Electric Company

2.1 Surge Counter Statistics - Martzloff, F.D. and G.J. Hahn, "Surge
Voltage in Residential and Industrial Power Circuits, IEEE Pas—89,
6, July/August 1970, 1049-1056.

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

b) There is a 100:! reduction in the rate of device failure when
the withstand level is raised from 2 kV to 6 kV.

Number of Houses with Repetitive
Surge Activity Above 1200 Volts

Number Houses
of Recording with
Homes Period Repetitive
Location Surveyed (weeks) Surges
Providence, R. 1. 4 2-6 none
Cleveland, Ohio 28 2-4 none
Auburn, N. Y. 12 2-3 none
Lynchburg, Va. 3 2-3 none
Syracuse, N. Y. 8 1-2 1
Chicago, 111 23 1-6 none
Ashland, Mass. 24 1-2 1
Holland, Mich. 6 2-10 none
Louisville, Ky. 10 2-6 none
Somersworth, N. H. 50 12 1
Plainville, Conn. 5 i none
Asheboro, N. C. 24 12 none
Fort Wayne, Ind. 3% 1-4 3
DeKalb, IH. 14 3-12 e

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

Number Total Number
of Homes of
Location Homesx X Weeks Surges
Providence, R. 1. 6 60 1
Ashboro, N. C. 13 5 note
DeKalb, 11l 11 60 p
Somersworth, N. H. 3 4% 1
Chicago, T1. 12 H% none
Cleveland, Ohio 8 106 1
Decatur, Il 12 72 2
Holland, Mich. 7 56 none
Auburn, N. Y. 3 70 none
Springfield, Pa. 1 24 none
Ashland, Mass. 6 72 none
Pittsfield, Mass. 3 60 1
Plainviile, Conn. 3 6t} none
Lynchburg, Va. 3 15 nane
Total 91 K46 X in
8 homes

2.2 Typical Automatic Recording Oscilloscopes
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“Coordmanon De La Protectxon Contre Less Surtensions Dans Les
Réseaux Basse Tension Reésidentiels,” Proceedings, 1978 IEEE
Canadian Conference on Communications and Power, 78CH1373-0,
pp. 451454,

1.5 KA current impulse (8 x 20 us.

approx.) is injected in ground wire
only of service drop. (Higher cur-
ents produce flashover of wiring.)

500 A/div
5 us/div

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

500 V/div
2 us/div

By connecting a 130  load at the
same outlet (1 A load) the voltage
is reduced to 1400 V peak, with
more damping.

500 V/div
2 ys/div

Conclusions from this test series

I. A current of 1.5 kA (moderate for a lightning discharge
injected in the ground system) raises the wiring system
of the house 2.2 kV above ground. Four kiloamperes (still
a moderate value) will bring this voltage to 6 kV, the
typical flashover value of the wiring.

2. A natural frequency of 500 kHz is excited by a unidirec-
tional impulse.

3. In this example, the source of the transient (from the
loading effect of 130 Q) appears as

2200 1]

Z- 1300 [_1400 -

= 75Q

3. Statistics by Landis & Gyr, Inc.

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

104
\ 1)
103 I\ \ \‘*

SRS

SURGES PER YEAR
=)

L\

PEAK VOLTAGE -V

Service entrance, 16-family house, under-
ground system

Same house, outlet third floor living room
Same house, outlet fifth floor living room

ouse, outlet f
Service entrance of bank building in Basel
Landis and Gyr Plant, Zug, outlet in lab.
Landis and Gyr, Zug, outlet in furnace room
" Farmhouse supplied by overhead lines

Frequency of Voltage Transients per Year as a Function of the Peak
Value of the Voltage Transient for a 220 V, 50 Hz Distribution System
with Grounded Neutral

4. Working Group Surge Counter Statistics

Surge counters with four threshold levels (350, 500, 1000, and
1500 V) were made available to the Working Group by Joslyn
Electronic Systems, for recording surge occurrences at various
locations. Members of the Working Group installed 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
pad-mounted distribution transformers; lighting circuits in an indus-
trial plant; life test racks at an appliance manufacturer; bench power
supply in a laboratory.

Limitations on the availability of personnel and communications
made this sampling less than optimum from a statistical point of view.
However, by computing weighted averages for each location, one can
quote an acceptable overall average; this average has been included in
the graph drawn to establish the low and high exposure limits.

Summary Statistics of these measurements are as follows:
I. Data base from 18 locations with a total recording time of

12 years spread over 4 calendar years, using 6 counters.

2. Number of occurrences per year (weighted averages) at
"average location.”

e 350V: 22

e 500V: 1l

e 1000 V: 7

e 1500 V: 3
3. Significant extremes

e One home with large number of surges caused by
washer operation

e Four locations out of 18 never experienced a surge.

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

e One industrial location (switching of a test rack)
produced thousands of surges in the 350-500 V range,
and several surges in excess of 1500 V. This location
was left out of the average computation, but it
exemplifies a significant extreme.



From the data base cited in the preceding pages, one can draw
the chart below, including the following information on voltage vs
frequency (rate) of occurrence:

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

2. The General Electric counter statistics yield a point of
1200 V at about | occurrence per year { x ).

3. The General Electric clock data indicate a slope of 100:1
from 2 kV to 6 kV (——— ).

4. The Regez data provide a band for the majority of
locations (shown cross-hatched), with the exception of
the rural location with long overhead line, which has
more occurrences.

5. Working Group statistics (e—e—) 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 *10 range of
Fig. | in the Guideline, is shown in bold dashed lines (= ==). It has
been drawn at the 100:1 slope, passing near the Bell and General
Electric points and located within the band of the Regez data.
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APPENDIX Il - EFFECT OF TRANSIENT POLARITY REVERSALS
ON SEMICONDUCTORS

Breakdown of semiconductors under various conditions of load
and transient overvoltage applications has been investigated.*+ Evi-
dence is presented in the two investigations cited that a reverse
voltage applied during the conduction period of the power frequency
produces lower breakdown voltage than the application of the same
transient with no load or during blocking. Examples are given below,
taken from these two investigations, showing statistically significant

3 n o yvaltags loayenle
differences in the voltage levels.

Average
Breakdown (V)

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

Transient at no load 2056
Fast wave under load 894

IN1190 Diode*

IN2160 Diode*

Slow wave under load 1106
IN679 Diode T Transient applied at:

- peak of reverse voltage 1766

- 25° after start of conduction 118t

- 90° after start of conduction 906

-155° after start of conduction tiis

This effect ‘is one of the reasons for selecting an oscillatory
waveform to represent the environment: it will be more likely to
induce semiconductor failures than a unidirectional wave. Also, it
shows the significance of the timing of the transient application with
respect to the power frequency cycle.

*Chowduri, P., "Transient-Voltage Characteristics of Silicon Power
Rectifiers." IEEE IA-9, 5, September /October 1973, p. 582.
TF.D. Martzloff, internal report, 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

Frangois D. Martzloff, Fellow IEEE
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Abstract — An unusual case of difficult application of surge
protective 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 measuremems allowed understanding
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specification of matching surge protective

SUMMARY
During the initial startup of a solid-state motor drive in a

Ahnminal o 1 H H i H
chemical processing plant, 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. 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
installed.

INTRODUCTION

This paper presents a case history illustrating how surge protec-
tive devices that are successfully applied for the majority of cases
can occasionally suffer failure when exposed to exceptionally
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

amitahad A ~FfF ¢ id
switched on and off to provide power factor and system voltage

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 failure of varistors 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
[11, 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
CONTROL CONTROL
SUBSTATION ms;egguou A o
—1 VAC 5400 kVAR
OCB 5400 kVAR
| =
OCB 5400 kVAR
'_/\
A
THYRISTOR
§§ '2%00Vs MODULE
s 3 3
Bky VARISTORS
Figure 1. Simplified one-line diagram
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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 uH line inductance, L1, was
inserted between the bus and the thyristor modules; 20 mm
varistors rated 510 V were connected in a delta configuration, in
series with a current-limiting fuse in each line. The varistor con-
nection was about 80 cm long, introducing an estimated 1 uH
inductance into each lead.

THYRISTOR
MODULE

6 A FUSES

20 mm
VARISTORS

460 v

» |DENTICAL 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 1000:1 probes, connected to
a Tektronix 7633 storage oscilloscope in differential mode. Cur-
rent measurements were made with a Tektronix CT5 20:1 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
included positive or negative slopes for both slow 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%, 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).

TO CRO

CT connection for recording
all three varistor currents

Figure 3.

Results

The oscillograms of Figure 4 show typical voltage 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 4B (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 us (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
Vertical: 500 V/div

B Sweep: 0.5 ms/div
Vertical: 500 V/div

C Sweep: 1 ms/div
Vertical: 500 V/div

D Sweep: 2 ma/div
Vertical: 500 V/div

Figure 4. Capacitor switching transients

and steady-state voltage

Observe that, depending on the time of closing with respect to
the 60 Hz voltage, the 5.5 kHz oscillation varies in amplitude;
furthermore, the modulation by the 330 Hz oscillation pushes
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 [2] 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
voltage of 1000 V is applied to the varistor. 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;
four sequences produced bursts with the central peak exceeding
120 A, two of these reaching 200 A peaks.



A Sweep: 0.2 ms/div
Vertical: 20 A/div

B Sweep: 0.5 ms/dlv
Vertical: 40 A/div

Figure 5. Current surge bursts during capaciter switching

These recordings establish the nature of the current surges that
are conducted by the varistors, with an estimate of 10% reaching
200 A maximum crests and another 10% reaching 120 A crests,
for all capacitor bank switching.

In Figures 4 and S, we note that the characteristic appearance
the voltage and current usually observed during a swiich
restrike is absent [3], 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. Table 1 shows the recorded crests of the five highest volt-
ages in each condition; the difference between the two groups,
with due allowance for the imperfect statistical basis of the obser-
vations, indicates that the S10 V varistors reduced the peaks from
a typical high of 1450 V to a typical high of 1100 V.

With 20 mm Varisters

All Traces: Sweep: 0.5 ms/div
Vertical: 500 V/div

Figure 6. Capacitor switching transients
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Table 1

FIVE HIGHEST TRANSIENTS
IN SEQUENCE OF 10 SWITCHINGS

Without Varistors | With Varistors
1450 1100
1400 1100
1300 1050
1300 1050
1300 1050
DISCUSSION

Nature of the Transients

The absence of any transient (over 120% of normal crest)
during the 2-hour monitoring period was somewhat surprising, in
the context of earlier reports of high counts recorded with Dranetz
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 unusuai quiet was also refiecied in the chart recording made
by the plant personnel, sc 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 include the ‘‘pulse ratings,” 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 [4]. 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.

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.
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Figure 8. Pulse ratings of 32 mm varistor [5]

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 100 A peak and 100 us duration (Figure 9A): the curves show
5000 pulses allowed. Now increase the duration of the pulses to
1000 us (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 us, 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 would 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 it integral of the burst
and the it of the equivalent pulse are approximately the same.
The use of it rather than the i%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
the variable i and the nearly constant voltage across the nonlinear
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
varistor pulse rating. Inspection of Figure 6 shows that for a
800 us duration and 100 A amplitude, the pulse rating of the
20 mm varistor (6 kA rating at 8/20 us) 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 switching operations each day, the pulse rating 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.
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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 failure but
by the >t capacity of the fuse being exceeded by the environment
[1]. The other is the fuse blowing caused by the varistor end-of-
life ultimate failure.



Alternate Varistor Selection

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 us 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 the time between failures from 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 long term. Therefore, the change to a 32 mm
size, connected at the same point of the circuit, was 1mmed1ately
implemented for that particular environment.

< ha ahtained in tha
Further gains could be obtained in the

vanstor failures by mcreasmz the clamping v

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
of varistors. For instance, the range of nominal voltages for a
575V, 32 mm varistor (the next higher voltage offered) is 805 to
1005 V for 1 mA dc, while the maximum nominal voltage 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).
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SPECIFIED BY DRIVE DESIGNER

RANGE OF NOMINAL
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Tolerances bands of 510 V
and 575 V varistors

Figure 11.
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Other Remedies

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 2300/460 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 neutral in a wye system, resistance-grounded wye, or
floating delta) when the arrestors are connected in 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 kV/2300 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-
ing. "While that remedy could not be applied to this particular loca-
tion, it is a remedy that should be considered for a similar case of
exceptionally severe environment.

EXPECTED PERFORMANCE OF THE 2300 V ARRESTERS

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 approximation that will provide at each point of the
full range of voltage and current conditions a valid order of magni-
tude for the purposes of this discussion. Numerical methods are
available for rigorous treatment at any instant over the full range
of conditions [6]. With this simpifying assumption, we can deter-
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
V/460 V transformer as follows.
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1. From the actual measured voltages shown in Figure 12, we
derive the voltage drop, VL, in the 23 kV line and two step-
down transformers:

VL = (14507 — 1100312
= 940

Thus, at 5.5 kHz, the impedance between the source and the
varistor is
n-

_ %40V
200 A

=470

Note that this 4.7} impedance means that the 5.5 kHz switch-
ing transient, generated at a distance of about 3000 m (2 miles)
from the point of measurement, and at the 23 kV level, can
travel a long distance and pass through two step-down
transformers with less attenuation than might be expected from
the unsound but popular view that ‘‘surges cannot travel that
far without substantial attenuation.”

2. We now arbitrarily assign equal values to the three elements of
this impedance, ZL: (1) the 23 kV line impedance; (2) the
23 kV/2300 V transformer; and (3) the 2300/460 V trans-
former. The impedance between the source and the primary of
the 2300/460 V transformer is then two-thirds of the total
impedance, ZL, or about 3} for the 460 V side of the
transformer.

3. On the 2300 V side, the impedance of 30}, calculated above,
becomes 3 0 x (2300/460) = 75 Q) and the open-circuit volt-
age of 1450 V which was measured on the 460 V side becomes
1450 V x (2300/460) = 7250 V.

4. Knowing the open-circuit voltage and the impedance between
the source and the 2300 V arrester, we can compute the cur-
rent in the arrester by iteration if we assume some current
value and read the corresponding clamping voltage on the I-V
characteristic of the arrester:

a) Assume a current crest of 50 A, producing a drop of 50
x 75 = 3750 V in the line and 23,000/2300 V transformer.
Adding this voltage to the varistor voltage, corresponding to
50 A, which is read as about 5700 V on the arrester charac-
teristic curve for minimum discharge voltage (Figure 13),
we have (37507 + 57002)2 = 6780 V, or somewhat below
the expected 7250 V open-circuit voltage, which is to equal
the quadratic sum of the two voltages VL and Vv.

b) Assume, for a new iteration, a crest of 60 A, producing a
drop of 60 x 75 = 4500V, while the varistor voltage
remains essentially the same, i.e., 5700 V. The quadratic
addition becomes (4500 + 57001V = 7210 V, or a value
close to the goal of 7250.

5. Thus, we can expect that the 2300 V arrester will experience
current pulses occurring in bursts not exceeding 60 to 70 A,
with durations similar to those found on the 460 V varistors,
i.e., 5 to 7 pulses per train, or a total duration in the order of
1 ms. Information on arrester duty available from the
manufacturer indicates that, for a pulse train of that duration
and a crest of less than 100 A, no limitation of the number of
pulses need be imposed on the arrester as long as enough time
is allowed between pulses to permit cooling of the arrester.

Furthermore, the 5700 V clamping level predicted for the
2300 V surge arresters at 60 A would be reflected as a crest of
5700 V x 460/2300 = 1140 V on the 460 V side. The 510V,
32 mm varistors, connected in series with the impedance of the
2300/460 V transformer, would then be exposed to this maximum
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Figure 13. Minimum clamping voltage characteristic

for 2300 V arrester

open-circuit voltage of 1140 V, a value much lower than the
1450 V open-circuit voltage that was applied to them in the
absence of the 2300 V arresters. For that applied voltage, the cur-
rent drawn by the varistor would be in the range of 10 to 20 A,
values much lower than the 200 A measured without the 2300 V
arrester. Compiuting the equivalent pulse, as was done in Fig-
ure 10 for the 200 A crests, would yield an equivalent crest of
about 10 A, for which the pulse rating curves of the 32 mm series
show more than 100,000 pulses before its rating is reached.

To place these large differences of performance and withstand
capability into perspective, Table 2 shows the relative sizes and
volumes of varistor material applied to the taming of the capacitor
switching transient. In other words, the environment has now
been matched by the capability of the varistors.

Table 2
VARISTOR AND ARRESTER DIMENSIONS

Type Diameter | Thickness | Volume
20 mm 1.8 cm 0.35 cm 0.9 cm’
32 mm 3.0cm 0.35 cm 2.5 cm’
2300 V Arr. | 6.1 cm 24 cm 70 cm’




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, gapless type, at the 2300 V level. The system has now
operated for 3 years without problems.
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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.

Francois D. Martzloff: The paper reported a case history from which
useful information may be derived on retrofitting corrections of similar
problems or, better, on avoiding the problem by foresight. The situa-
tions confronting the author was the need for immediate corrective ac-
tion rather than complete investigation and mutual validation of analytical
methods and field measurements.

The literature is fairly rich in both theoretical and practical papers on
the problems associated with capacitor switching, both for energizing
and for de-energizing, the latter involving the risk of restrikes. Because
of this availability and the limited space available in the TRaNsACTIONS
on one hand, and because of the limitations in scope of the field retrofit
mission on the 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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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
onein ltaly. 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.
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REAL, REALISTIC RING WAVES FOR SURGE TESTING

Frangois D. Martzloff
National Institute
of Standards and Technology
(NIST)
Gaithersburg, MD USA

ABSTRACT - Five independent investigations on the coupling
of surges into low-voltage circuits (data or power lines), and of
their effects, show that a damped oscillatory transient is a real,
realistic stress for equipment connected to these lines.

INTRODUCTION

Traditional surge testing performed on electromechanical
equipment has been based on the unidirectional 1.2/50 us
impulse deemed to represent the threat of lightning in power
transmission networks. The purpose of these tests was to
demonstrate the ability of high-impedance insulation to
withstand a voltage stress. Asacomplement tothese traditional
tests, a current waveform was defined to demonstrate the ability
of low-impedance components, such as surge arresters, to
carry the currents associated with simulated lightning
discharges. Application of systematic tests based on these two
waveforms, as part of the Basic Insulation Level concept, was a
turning point in ensuring greater reliability of power systems.

These tests, however, were primarily aimed at demonstrating
the ability of equipment to survive inthe presence of thelightning
phenomenon ortransients in the low-voltage power cables. The
reliability of systems in the presence of other electromagnetic
disturbances requires considering other tests, dealing not only
with equipment withstand capability, but also with its immunity.

With the development and increasing deployment of improved
instrumentation, it became apparent that typical waveforms of
surges in low-voltage circuits are not only the traditional
unidirectional wave, but also a decaying oscillatory wave. The
results of measurements performed over the years in widely
different environments, however, [1], [2] have demonstrated the
prevailing pattern of oscillatory transients.

SPECIFIC INVESTIGATIONS

This paper briefly cites the results of five investigations
performed by the authors, which point out the need to consider
damped oscillations as a necessary complement to the
traditional unidirectional waveforms. Included are two
unpublished investigations of coupling from a high-voltage line
into low-voltage signal and control lines that were performed at
facilities of the Italian Electricity Board, ENEL, in 1969 and 1975,
as reported in this paper by G. Pellegrini. One investigation of
surge coupling between a grounding conductor and other
Jow-voltage conductors was performed in 1978 in support of
IEEE Std C62.41 [3], [4]. Another investigation of the
propagation surges was performed in 1987 by NIST at an
industrial building in California [5]. Preliminary tests have been
conducted in 1990 at the NIST facilities on semiconductor failure
modes, illustrating the implications of oscillatory stress on
semiconductor failure modes. These last three investigations
are reported in this paper by F.D. Martzloff. From these five
investigations, the conclusion is reached that oscillatory surges
- Ring Waves — need to be included in a comprehensive test
program for electromagnetic compatibility [6]

Giuseppe Pellegrini
ltalian Electricity Board (ENEL)

Research & Development Department

Automatica Research Center
Milano, ITALY

1. Surge voltages induced in low-voltage control and
signal cables located near transmission lines
impacted by lightning

To establish realistic surge immunity specification for
equipment installed in high-voltage (HV) substations, it was
imperative to identify the parameters of transient voltages
induced in associated signal and control lines. To that end,
investigations were carried out in 1969 at the ENEL “Verderio”
HV Substation [7], [8].

Primary phenomena (lightning, switching, and faults) were
simulated on the HV line. The resultant surges induced in
control and signal cables running parallel to the line were
identified and measured.

1.1 Simulation of primary phenomena — The phenomena
considered in the investigation are lightning surges and
switching surges (energizing and initial transient of ground
faults). Rise time and duration were the two most significant
parameters. The 1.2 us rise time of the standard 1.2/50 us
impuise was selected as representative of the phenomena
considered. The duration of the standard 1.2/50 us impulse is
representative of lightning, but too short for switching surges.

Therefore, simulation of the primary phenomena was obtained
by a 1/500 us Marx generator (600 kV, 18 kJ, 75 ohms internal
impedance, output capacitance 3 nF), by applying this
unidirectional pulse to a 31-km long line (line-to-ground, single
phase). The resultant voltage pulse applied totheline, unloaded
and not terminated on its characteristic impedance, was 106 kV
peak and the line current 264 A peak.

The waveform of the generator open-circuit voltage is shown in
Figure 1 and the resulting voltage applied to the line in Figure 2
(front of wave and complete waveform). The oscillograms show
how the unidirectional impulse produces a wave characterized
by a unidirectional component pius oscillations caused by the
impedance mismatching at the end of the line and also along it,
the latter associated with line towers having different heights.
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-0-
Vertical: 40 kV/div
Sweep: 500 us/div

Vertical: 40 kv/div
Sweep: 1 us/div

Figure 1. Open-circuit Voltage of Surge Generator
Simulating Lightning on the Transmission Line
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-.0-
Vertical: 20 kV/div

Sweep: 1 us/div

Vertical: 20 kV/div
Sweep: 500 us/div

Figure 2. Surge Voltage Applied to the High-Voltage Line

1.2 Measurements on cables — Twelve types of cables were
included in the test program. In the present summary, results
are cited for typical unshielded and shielded cables, including
coaxial and triaxial cables. For each cable, several
measurements were made, including common and differential
modes, with various combinations of earth connection for the
shields and terminating impedances. Space limitation in the
present paper prevent presentation of detailed test
configurations and results; these can be supplied to interested
parties by G. Pellegrini. Figure 3 illustrates one of the types of
connections and combinations of grounding for one example
of cable. The major point of this paper is to call attention to the
occurrence of oscillatory waveforms in the cables, rather than
detailed numerical values. For each cable, the characteristics
of the voltages are summarized below, and selected
oscillograms (Figures 4-7) illustrate the waveforms.

C.M. = Common Mode D.M. = Differential Mode
Figure 3. Typical Connections for Cable Measurements

Control cable, unshielded (Figure 4)
Common mode voltage: 200 kHz damped oscillation.
Differential mode voltage: 250 kHz damped oscillation.

Telephone cable, 20 pairs, aluminum tape shield  (Figure 5)
Shield-to-earth voltage: 200 kHz damped oscillation.

Common mode voltage of the pairs (shield earthed at both
ends): unidirectional component with a few microseconds
duration and superimposed 400 kHz oscillation.

Differential mode voltage: not shown, but negligible value (less
than 1 V).

Coaxial cable, RG 58/U_(Figure 6)
Shield-to-earth voltage: 300 kHz damped oscillation.

Conductor-to-shield voltage (shield earthed at both ends):
unidirectional component with about 40 s duration

Triaxial cable, RG 58AU (Figure 7)

The outer shield-to-earth voltage presents the same general
waveform as the one observed for the coaxial cable. The inner
shield-to-earth voltage, with the outer shield earthed at the ends
is similar, but the unidirectional component has 400 kHz
oscillations superimposed. The same situation occurs for the
conductor-to-earth voltage, with an amplitude of about 15% of
the first case, due to the higher shielding efficiency.

Common-Mode Voltage
Vertical: 2 kV/div
Sweep: 1 us/div

Conductor-Earth Voltage
(100-ohm termination)
Vertical: 100 V/div
Sweep: 1 us/div

Differential-Mode Voltage
Vertical: 200 V/div
Sweep: 1 us/div
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Figure 4. Transients Induced in Unshielded Control Cable
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Shield-Earth Voltage
Vertical: 2 kV/div
Sweep: 1 us/div

Common-Mode Voltage
Vertical: 100 V/div
Sweep: 1 us/div

Figure 5. Transients Induced in Shielded Telephone Pair

el

Shield-Earth Voltage
Vertical: 2 kV/div
Sweep: 1 us/div

Conductor-Shield Voltage
Vertical: 10 V/div
Sweep: 1 us/div

Figure 6. Transients Induced in Coaxial Cable

Outer shield to
Earth Voltage
Vertical: 2 kV/div
Sweep: 1 us/div

Inner Shield to

Earth Voltage

(Outer shield earthed)
Vertical: 20 V/div
Sweep: 1 us/div

Conductor-Earth
Voltage

(Both shields earthed)
Vertical: 5 V/div
Sweep: 1 us/div

Figure 7. Transients Induced in Triaxial Cable



1.3 Discussion of results — The shape of a unidirectional pulse
impressed onto a line though a generator is subjected to
modifications due to the practical impossibility of terminating
the line on its characteristic impedance. The actual
phenomenon occurring on the line and impacting the
secondary low-voltage cabling is quite different from the
theoretical double exponential pulse. This interaction between
the surge generator and its load occurs whenever a similar pulse
is applied to other networks or structures.

Whenever the predominant coupling is inductive, the surges in
the victim cables have a damped oscillatory waveform at a
frequency that may range from 100 to 300 kHz, with a damping
dependent on the type of cable shield and the propagation of
the induced voltage. When there is a common impedance
coupling of the cables with the primary phenomenon, as in the
case of the shield earthed at the ends, with consequent transient
current flowing in it, the induced voltage shows a unidirectional
component with superimposed damped oscillations.

2. Surges induced in control and signal cables near
6 kV and 380 V cables

This investigation, complementing the Verderio measurements,
was carried out in 1975 at the ENEL “Turbigo” Power Plant. The
purpose was to identify the surges induced in control and
low-level (mA, mV) measurement cables instalied along power
cables in power plants, as well as in industrial plants [8], [9].

The causes of disturbances considered were the switching of
power circuits at 6 kV and 380 V, occurring under worst case
conditions of switching at the crest of the power-frequency
voltage.

2.1 Primary Phenomena — The power circuits used for the
investigation were a 6 kV cable feeding a 700 kW load in an
operating power plant; the 380 V cables were connected to an
artificial load of 2.5 Q (120 A peak). The waveform of the 6 kV
surges occurring at the closing of a circuit breaker is given in
Figures 8 and 9. The waveform related to the 380 V cable is
given in Figure 10. The waveform of the surge inthe 6 kV cable
(difficult to read in the reproduced oscillograms) has a rise time
less than 1 us, with a step after 4 us due to the reflection in the
proximity of the load (it has been verified that the waveform is
independent on the presence of a load). Because the shield of
the 6 kV cable was earthed only at the switchgear cell, the
voltage between shield and earth at the other end of the shield
was also measured (Figure 9), as this voltage may be the most
likely to couple disturbances into adjacent control lines. The
surge in the 380 V circuit has a rise time of about 50 ns.

Vertical: 2.4 kV/div
Sweep 1: 1 us/div

Sweep 2: 2 ms/div
(Power-line voltage)

Figure 8. Surge Occurring on 6 kV Cable, between
Conductor and Shield

Vertical: 1 kV/div
Sweep: 1 us/div

- 501 -

95N2

Vertical: 100 V/div
Sweep: 0.1 us/div

Figure 10. Surge Occurring on 380 V Cable

2.2 Measurements on cables ~ Two different sets of control and
low-level cables, of the same type used in the operating plant,
were included in the measurements of induced surges: one set
laid down on the same tray as the 6 kV cables and near them,
and another set in a PVC tube. For both the cable sets, two
values of separation were used, a few centimeters and 0.3 m
from the power cables. The length of the parallel runs of power
cables and control cables varied between 100 and 300 m.

In this procedure the actual control and low-level cables were
not used so that measurements could be carried out under
reference condition independently of the service operating
condition at the time of measurement. Using separate cables
permitted changing the earthing condition of the shields at the
process instrumentation in the field or at the supervisory system
side.

The cables for which the measurement results are cited as
representative examples (the complete test schedule included
other types) were a 1-pair twisted thermocouple cable, and a
1-pair twisted, low-level signal cable.

The measurements were made with earthing of the signal
source and of the cable shield at the field end (process
instrumentation) or at the supervisory system end (according
to some manufacturers specifications). At the signal source
(process instrumentation side) the cable circuits were
short-circuited. At the measurement side, the pairs were left in
open-circuit condition, in order to simulate the real operating
condition (normally corresponding to the multiplexer input).

For each cable, the characteristics of the voltages are
summarized below, and selected oscillograms (Figures 11-14)
illustrate the waveforms. For the sake of brevity, the
oscillograms are given only for the common mode (CM) and
differential mode (DM) measurements with the earthing of the
signal circuit and of the cable shields at the process
instrumentation in the case of the 0.3 m cable separation.

The results depend on the condition of earthing of the signal
circuit and cable shield at the side of the computer and for a few
cm separation from power cables present values (differential
mode only) that are generally higher, up to one order of
magnitude. The waveforms, however, present the same
characteristics (frequency of oscillation, damping). Once
again, the major object of citing these results in the context of
this paper is to show waveforms, not detailed data.

Differential Mode
Vertical: 200 mV/div
Sweep: 5 us/div

Common Mode
Vertical: 12.5 V/div
Sweep: 10 us/div

Figure 9. Surge Occurring on 6 kV Cable, between
Shield and Earth, at Floating End of Shield

Figure 11. Transients Induced in Thermocouple Pair
by Surge Occurring in 6 kV Cable
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3. Conversion of unidirectional lightning current
in ground conductors into oscillatory surges

Tests were performed in the General Electric High Voltage
Laboratory [3], aimed at simulating the passage of current in
the grounding (protective earth) conductor of the service drop
to a building. The motivation for the test was part of a general
investigation on propagation of surges in low-voltage wiring
without a preconceived notion on the waveform of the surges.

Common Mode Differential Mode As it turned out, the injection of a unidirectional current
Vertical: 2.5 V/div Vertical: 50 mV/div produced an oscillatory voltage.

Sweep: 10 us/div Sweep: 5 us/div The building wiring system was simulated by erecting a service

- - - entrance panel and several branch circuits, in a geometry

Figure 12. Transients Induced in Thermocouple Pair representative of the normal wiring practice applied in the U.S.

by Surge Occurring in 380 V Cable The service drop was simulated by using a pole-type distribution

transformer including its connection to the earth reference (the
ground plane of the laboratory in this test), a three-conductor
service drop, and the prescribed grounding of the neutral at the
service entrance (Figure 15). The service drop conductor
configuration was the conventional, three-conductor
"messenger wire" strung between the pole and the building.
This messenger wire serves as a mechanical support as well as
the multiple-grounded neutral conductor, with the two other
conductors wrapped in a long pitch around the messenger.

Unidirectional 8/20 us current impulses were injected between

Common Mode Differential Mode the neutral terminal of the distribution transformer and the
Vertical: 12.5 V/div Vertical: 200 mV/div ground plane. Forthe initial scenario of 30 kA in the messenger
Sweep: 10 us/div Sweep: 5 us/div wire, resulting from an assumed 100 kA stroke (Figure 15),
several flashovers were observed in the branch circuit wiring.

Figure 13. Transients Induced in Signal Pair The current had to be reduced to 1.5 kA for flashovers to stop.
by Surge Occurring in 6 kV Cable The resulting voltages were then measured between the phase

and neutral conductors at various points of the branch circuits.
In all cases, a large oscillatory component at 500 kHz was
present in the measured voltage, in addition to a unidirectional
component. Figure 16 shows the injected unidirectional current
and Figure 17 shows the induced voltage appearing at one of
the receptacles at the end of a branch circuit.

100kA

Common Mode Differential Mode
Vertical: 2.5 V/div Vertical: 50 mV/div
Sweep: 10 us/div Sweep: 5 us/div

Figure 14. Transients Induced in Signal Pair
by Surge Occurring in 380 V Cable

2.3 Discussion of the results — The surges induced in the
measurement cables have common-mode levels of less than
100 V peak and differential-mode levels of less than 1 V peak -
mode on the signal lines (pairs). Legend: t

LA: Distribution system arrester
XF: Distribution transformer

M : Watthour meter

The waveforms are substantially damped oscillatory waves
(single shot), affected by a damping dependent on the
propagation characteristics of the 6 kV and 380 V cables. The -
frequency of the oscillations ranges from about 100 to 200 kHz; Figure 15. Configuration Simulating Lightning Current in
higher values are observed for the common mode and lower for Messenger Wire of a Service Drop to a House
the differential mode voltages. The propagations affect each
other; it is important to note that, in practical cases, the final
waveform parameters of induced surges cannot be predicted
or precisely defined due to the variability of the installation
parameters (length of cables, dielectric constant of the
insulation, separation from the ground of reference, etc.).

Vertical: 500 A/div

It is evident that, in particular for the differential mode, the Sweep: 2 us/div
induced surges do not include a unidirectional component.
Such a component appears only in limited amount for the
common+mode on the pairs within a cable, whenever the surges
are induced by the transients on the 380 V power cable. In this
case, because these 380 V cables are unshielded, the capacitive

coupling occurs in the low frequency range.

Figure 16. Injected Current in Messenger of Service Drop
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Vertical: 500 V/div
Sweep: 2 us/div

Figure 17. Transient Induced as 2.2 kV Differential Mode
by a 1.5 kV 8/20 us Impulse in Messenger Wire

4. Response of a building wiring system to a
unidirectional surge applied at the service entrance
of the building

During a series of measurements aimed at defining the surge
propagation characteristics of an actual building wiring 5], it
was found that applying a unidirectional surge at the service
entrance of the building, on the primary side of the transformer
installed within the building, results in oscillatory transients. In
contrast with the previous test where current surges were
injected in the grounding conductors, in this test series voltage
surges were injected phase-to-phase on the transformer
primary.  Figure 18 shows the voltage waveform at the
transformer primary resulting from a standard 1.2/50 surge
voltage. Note the occurrence of a small oscillation (12%) at the
crest, but the predominant waveform of the surge is
unidirectional, a situation somewhat different from the
interaction between the Marx generator and the mismatched
high-voltage line seen in Figure 2.

The resulting transient inside the building is a superposition of
a unidirectional component and an oscillation (Figure 19), that
is, the same situation of common impedance discussed in
paragraph 1.3. This transient then propagates throughout the
wiring inside the building.

In Figure 19, aline has been drawn on the oscillogram to show
the unidirectional component in the resulting oscillatory
transient. Note that the first cycle of the osciliation has an
amplitude of three times the unidirectional component,
compared to the 12% ring of the applied unidirectional surge.
Details of the propagation characteristics are presented in Ref
[5]. A significant finding was that for the dimensions of the
building (length of the conductors), the faster front (0.5 us) of
the 100 kHz Ring Wave produced reflections which would not
occur with a slower 1.2/50 us impulse. On the other hand,
much faster waves, such as the 5/50 ns burst [10] were found
to be quickly attenuated. Thus, this ring wave produces a unique
stress on equipment connected to the end of a branch circuit,
such as an electronic control circuit in standby mode, the
subject of the next investigation.

! Vertical: 500 V/div
l i Sweep: 2 us/div
: L

Figure 18. Applied Unidirectional 1.2/50 us Voltage at
Primary of Service Transformer of Building

Vertical: 500 V/div
Sweep: 2 us/div

VA o
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Figure 19. Oscillatory Transient Appearing in Building as
Result of Application of the Figure 18 Surge

5. Effects of oscillatory surges on semiconductors

Various published and unpublished test results [11], [12] have
reported that the reversal of bias on a semiconductor junction
produced by applying an oscillatory surge can have a strong
effect on the surge withstand capability of the device. Thefailure
is also more likely when polarity reversals are applied during
conduction, forcing the junction from a forward bias toa reverse
bias.

This uncontested but not widely acknowledged finding was
recently illustrated again by a series of measurements
performed at NIST in preparation of qualification tests for an
equipment using triacs for power control. The test schedule
called for both the unidirectional wave, described as
“Combination Wave” [13], and the 100 kHz Ring Wave defined
in several U.S. standards and under consideration in IEC
standards in progress [14].

Figure 20 shows one example of failure of the semiconductor
occurring, not at the crest of the first part of the oscillation —
which would be the expectation under a unidirectional stress —
but upon reversal of the polarity during a Ring Wave test. This
observation has rekindled interest in the issue and further tests
are planned to better characterize the behavior of power
semiconductors under ring wave stress.

Vertical: 500 V/div
Sweep: 2 us/div

Figure 20. Failure of Triac During 100 kHz Ring Wave Test

SURGE IMMUNITY SPECIFICATIONS AND TESTS

The four independent experiments cited in this paper include
induced transients and injected transients, carried out at
different times, countries, and installations. The results show
that the surge environment of low-voltage circuits, for ac power
systems as well as for control systems, is dominated by damped
oscillations with a frequency range of 100-500 kHz.

This observation, especially for surges of large amplitude,
should not be misconstrued as denying the significance of other
surge test stresses, such as the Electrical Fast Transient [10]



where the interference aspects of the test are its major objective.
Furthermore, in the high-voltage power apparatus domain, the
traditional, "slow-rising" 1.2/50 us impulse has often been
complemented by a chopped wave, introducing transition times
much shorter than 1.2 us. Low-voltage equipment, however, is
generally not required to pass a chopped-wave test.

On the other hand, for a device sensitive to total energy
deposited in the device, unidirectional waveforms provide a
suitable stress level. This three-part stress range - fast,
low-energy; medium fast, medium-energy; slow, high-energy -
has recently been emphasized in a revision of Ref [4], now in
the final stages of approval by the |IEEE, where the range of
recommended surge tests includes the EFT, the 100 kHz Ring
wave, the 1.2/50-8/20 us Combination Wave, a new 5 kHz Ring
Wave, and a new unidirectional, high-energy 10/1000 us wave.
The latter is similar to the 100/1300 us test under consideration
by IECTC77 [6], although the latter may involve extremely high
energy levels encountered only under special circumstances
[15], [16].

Discussions in IEC standard-writing groups produced the
argument that the amplitude density spectrum of the 1.2/50 us
impulse is so wide that it would cover the spectrum of the
damped oscillatory ring wave. In fact, the ring wave shows a
peak that extends almost one order of magnitude higher in
frequency, as shown in Figure 21 [17]. Furthermore, the
reversal of polarity effects discussed above are not produced
by the 1.2/50 us impulse. In the IEC, both waveforms are
considered in the general overview of immunity tests [6] and in
dedicated basic standards [13], [14].

10/1000 us ¥, = 0.6 kY

-20
8/20us /o= 3kA

3
g -40 100 kHz Ring Wave ¥, =6kV
a8
- 60
\
- \
EFT V= 4kV \
\ m
—BOF v e ersim— H
1 10 100 1k 10k 100k M oM

Frequency (Hz)

Fig. 5-12. Plot of Fourier translorm of various nominal waveforms. The peak voltage or
current is labeled with the name of each waveform. The zero dB reference is 1V or 1 A. The
spectrum of the 1.2/50 us wavelorm is shown with 8 dashed line for Clarity.

Figure 21. Frequency Spectra of Various Test Surges
Source: Standler [17]

CONCLUSIONS

1. The five independent examples cited in the paper provide
converging evidence that there is a difference in the
environment and its effect between power transmission
systems, where the unidirectional test impulse reigns, and the
low-voltage utilization circuits, where ring waves are a more
realistic representation of the stresses encountered by modern
electronic equipment.

2. To evaluate withstand capability of bulk solid insulation, it may
be stressed adequately by unidirectional impulses. However,
more complex devices such as windings or semiconductors
may exhibit failure modes that will be more prevalent under ring
wave test conditions.
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3. The two basic surge waveforms, the Combination as well as
the Ring Wave, should be taken into consideration for damaging
as well as upsetting disturbances. Depending on the nature of
the equipment, its characteristics, and installation type, one
waveform may be preferred to the other. The choice is the
responsibility of relevant product committees, best qualified for
assessing the exposure of their equipment, on the basis of a
comprehensive menu of real, realistic waveforms.
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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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Abstract — A proposed high-energy surge test fea-
turing a 100/1300 ps waveform and a peak voltage of
2.3 times the peak voltage of the low-frequency mains
is under consideration by the IEC. The energy stor-
age capacitor suggested for the surge generator, orig-
inally specified as high as 25 000 uF, has been scaled
down but is still at a level of several thousand micro-
farads. To determine the energy dissipated in vari-
ous surge tests, numerical integratation is applied to
a simple but realistic mathematical model of a test
circuit. The energy that would be deposited into a
varistor of the voltage rating commonly used in pro-
tecting load equipment, if subjected to this test, far
exceeds the capability of the varistor, but reported
varistor failure rates do not reflect such a situation.
Thus, a re-examination of the premises that led to
the 100/1300 us test specifications appears necessary.

INTRODUCTION

The IEC Technical Committee TC77 is considering a
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 [1]. That scenario was first described and
quantified by Meissen [2], and incorporated in Ger-
man Standard VDE 0160 {3]. However, there seems
to be an inconsistency between the predictable failure
of varistors that would be subjected to this test, and
the reported failure rate of varistors, considering that
several hundred million of these varistors are currently
connected across the mains in a wide variety of load
equipment.

Accepting the premises that led to the specification of
this test, the authors developed a simple circuit model
that produces the specified waveform, with an energy
storage capacitor having the value specified in the cur-
rent amendment to VDE 0160 [4]. Applying the surge
available at the output of the circuit model to varis-
tors of the ratings commonly used in load equipment
results in an amount of energy deposited in the varis-
tor that exceeds by far the capability of the varistor.

If the scenario of fault-clearing by fuses occurs at a fre-
quency such that a universal test should be required
to simulate its effect on all equipment, then one would
expect a substantial failure rate among the varistors
incorporated in equipment in actual service. This ex-
pectation follows from the computations which show
that typical varistors used in mains-connected equip-
ment cannot survive such a test. While equipment
failure rates are not widely published, anecdotal in-
formation and the sharing of field experience in the
engineering community do not support the existence
of a large failure rate attributable to that scenario.
Therefore, the authors suggest that the premises that
led to the specification of the test, the consequences of
the test on in-service varistors, and the actual failure
rates of these varistors should be examined to resolve
the apparent inconsistency.

THREE FORMS OF THE 100/1300 TEST
SPECIFICATION AND
VARISTOR RATINGS

Figure 1 shows the parameters of the 100/1300 us
surge described in Ref [1]. The voltage level is speci-
fied as 2.3 X Upk, the peak of the mains voltage. How-
ever, under the clause addressing the test generator
specification, one finds the interim statement ‘Under
Consideration’. The VDE 0160 documents do not in-
clude specifications for the test circuit, but leave the
circuit design to private industry [5]. Referring to
working documents and the original and later amend-
ments of VDE 0160, the test circuit essentially con-
sists of an energy storage capacitor up to 25000 uF
discharged into the equipment under test.

A subsequent VDE amendment shows a table of ca-
pacitance values ranging from 700 uF for 660V rms
mains to 6000 uF for 220V rms mains. According
to the amendement, the capacitor charging voltage
may be set at one of two levels, respectively 2.3x and
2 x Up, the peak of the mains voltage. Furthermore,
two durations are also stated, the original 1300 s and
one reduced to 400 us.
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Figure 1. Parameters of the 100/1300us surge test
waveform from VDE 0160 [3].

For the sake of exploring the implications, the au-
thors accept the 100/1300 us at 2.3 x U, proposal
and will develop conclusions on varistor performance
under this proposed test, the more severe of the two
levels and two durations. However, an ambiguity ex-
ists on the test procedure. Two different interpreta-
tions of the VDE 0160 text can lead to different test
procedures: providing a fixed charging voltage for the
energy storage capacitor or re-adjusting the voltage
after connecting the test specimen.

These two different interpretations result in two ap-
proaches with two sets of different values for the model
parameters. A first method, based on using fixed
charging voltage, is the approach generally used in
surge testing [6], [7], often described as “let it rip.”
However, the VDE 0160 standard contains a sentence
that reads: “The test apparatus is used to generate
the test voltage impulse between the terminals of the
test specimen while it is operating.” This statement
would suggest a second method, that is, adjust the
charging voltage with the test specimen connected.
The implications of the two interpretations will be
shown below.

A further statement reads “... under certain condi-

tions, the required half-peak duration of the pulse of
1.3 ms cannot then be reached. In this case it shall be
ensured that not less than 80% of the energy stored in
the test device is supplied to the sample.” A simple
capacitor discharge circuit, as implied by Figure 14 of
VDE 0160, reproduced here as Figure 2, will require
a parallel resistance to pull the voltage of the 6000 uF
capacitor down to half-value in 1.3 ms. The surge gen-
erator shown as “Test Equipment” in Figure 2 does
not explicitly include such a resistance. Such a resis-
tor will drain enough energy from the capacitor that
it is not clear how 80% of the capacitor energy will be
left for the sample. Thus, the computations presented
here include three approaches:

1. Fixed initial charging voltage (“let it rip”)
2. Fixed peak surge voltage (readjust initial voltage)

3." Expend 80% of the capacitor energy into the test
specimen.

Test Measuring instrument
equipment e.g. oscilloscope

Smil©
_E:37 Sample

L1 )
z X1
Supply system EE
(L2)N

X2 Supply cable
(max. 5 m)

Figure 2. Schematic test circuit for the 100/1300us
surge test waveform from VDE 0160 [3].

Metal-oxide varistors offered by manufacturers include
ratings of 130V rms for applications in 120V sys-
tems and 250 V rms for application in 220 V systems.
The motivation for using these varistor ratings in elec-
tronic equipment is, of course, the desire to provide
the lowest possible clamping voltage to protect sensi-
tive equipment [8]. Therefore, the model developed in
this paper is applied to a 220V system and a 250V
varistor. For these values, the peak surge voltage is
220 x 1.41 x 2.3 = 715V, and the varistor voltage (at
1A)is 485V.

ENERGY DEPOSITION IN VARISTORS
FOR THREE TEST CRITERIA

A simple, but realistic model of a capacitor discharge
through a wave-shaping circuit can produce the speci-
fied surge rise and duration of 100/1300 us. Referring
to Figure 1, this 1300us half-maximum is that of the
surge, which is superimposed on the mains sine wave.
Thus, the surge duration of 1300 us corresponds to the
level of Up + 3(1.3 X Upt), that is 1.65 x Up.

Figure 3 shows a simple test circuit which is the ba-
sis for the mathematical model. Without the metal
oxide varistor (MOV) in place, the circuit is config-
ured for the open-circuit discharge test of a model
test generator. Using circuit component values of
C = 6000uF, L = 25uH, and R, = R, = 0.271,
the open-circuit voltage response is generated numer-
ically and is shown in Figure 4.

L Rg
s B (1 —
| I

| el
/o 1
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i
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Figure 3. Schematic test circuit for the 100/1300us
surge test waveform used for the mathematical model.
(The open-circuit test is performed without the

MOV.)
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Figure 4. Plot of the open circuit voltage wave-
form obtained by discharging the capacitor in Figure
3 without the varistor in place.

The basic model is then modified by placing the varis-
tor across the open-circuit terminals of the circuit in
Figure 3. The non-linear IV character of the MOV is
expressed by the ‘equation of state’:

i\ P
VU = A (l) + Rmim (1)

31
in which i, is the current through and v,, is the volt-
age across the MOV. This equation is a two-term re-
duction of the full five-term model for a varistor [9].
It is appropriate to the slow waveforms in this surge
testing environment. The unit current, ¢;, should be
chosen to be characteristic of the problem. In the
present application, ¢; = 1 A. Where doing so causes
no ambiguity, we have suppressed the current unit,
i1, in the analysis. R, is the series resistance of the
MOV, in the examples used here, 0.12§2. The volt-
age threshold for the MOV, A, has a nominal value of
485V. The exponent, p, is nondimensional and in the
present calculation has been given the typical value of
31 [9].

The circuit model is formulated to produce a system
of differential equations which are solved for ¢, the
stored charge on the capacitor, ¢,,, and €,,, the energy
deposited in the varistor. The voltage drops around
the circuit must satisfy

2

v + VR, + Um +vc =0

which yields

=0

.
L—:+R,i+vm+ (3)

d c
It is possible to express (2) as a differential equation in
im because v, is a function of ¢, and Kirchoff’s Law
implies that 7 is a function of ¢,,, # = i, + v/ Rp. The
evolution equations for g, i, and e, are thus:
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dq
o - (4)
&i | dim . q
P@ﬂiﬁ‘* Ri-vm-7
dde—;" = imm, (6)
where
di R A
et 142 _'ml/p—l'
e * R tor (7)

The non-linear system (4-5) is equivalent to a second
order equation for i,,. The initial conditions for ¢,,
and e,, are zero, while ¢(0) is chosen to generate the
maximum voltage required by the test as specified be-
low. The solution of the system is computed using a
general purpose ordinary differential equation solver,
PLOD, which permits a variable time-step size and
handles stiff systems (those with widely differing time
constants) [10].

1. Results with fixed initial charging voltage

Figure 5 shows the voltage, v, and current, 7,,, wave-
forms at the varistor under the ‘let-it-rip’'mode, a pro-
cedure under which the open-circuit voltage of the
generator is preset and no adjustment is made after
connecting the test specimen. The desired waveform
is generated with ¢(0) = 9C. Note that the addi-
tional path in the circuit with the varistor in place
reduces the peak voltage below that for the open-
circuit test, from 715V to 680V. Figure 6 displays
the time-resolved deposition of energy in the varistor,
and compares it to the allowable energy deposition.

800~
600 +" ~~~~~~~~~~~ Voltage (V)
400}
Current (A)
200
I l 1 J
0] 0.5 1.0 1.5 2.0
TIME (ms)
Figure 5. Plot of the current and voltage wave-

forms at the varistor with charge ¢(0) = 9 C and with
A =485V.



- 528 -

ENERGY (J)

300 N
=435

200 -

100

TIME (ms)

Energy waveforms at a fixed charge,
¢(0) = 9C, for dissipation in the MOV at three ratings
of the varistor, A = 435V, 485V, and 535V.

Figure 6.

The three energy curves correspond to three values
of the parameter A, the voltage rating of the MOV.
The values are A = 435V, 485V, 535V, which are the
lowest, mid, and highest values for acceptable ratings
from the manufacturer (a £10% band about the nom-
inal value of a varistor rated at 250 V). The typical en-
ergy rating for a 20-mm, 250-V varistor is 130 joules.
Denoting by en(t, A) the energy as a function of time
and of voltage rating, the total amount of energy de-
posited by the pulses, en(00,A), is displayed in Ta-
ble 1. Only the highest voltage rating survives. This
fundamental model suggests a gross inconsistency be-
tween the failure rate that the test would produce
and the available information on actual failures of in-
service varistors. The Appendix confirms these con-
clusions based on an analytical, inductance-free model
for the test circuit.

~ TABLE 1
Energy deposited in a 20-mm dia, 250-V MOV
as a function of tolerance on voltage rating,
at fixed initial voltage ("let it rip")

Voltage tolerance (%)| -10 0 +10
Varistor voltage 4 (V) 435 485 535
Energy em (=, 1) (J) 257 152 74
Peak vm (V) 615 645 673

2. Results with readjusted charging voltage

The authors note that VDE-0160 is not unambiguous
on the character of the test procedure. The standard
may be construed to require that the voltage maxi-

mum with the MOV in the circuit remain 2.3 x Up,
rather than accept whatever value will occur under
the ‘let-it-rip’ mode. Under this interpretation, the
charging voltage of the generator must be increased to
obtain the required level; additional energy is stored in
the capacitor and destruction of the MOV is assured
at all permissible tolerances, Figure 7. Thus, for the
three values of the voltage tolerances given above the
initial charges on the capacitor, ¢(¢, ) to reach the
voltage maximum, 715 V, and the energy deposited
are displayed in Table 2. In each case, the energy
rating of the MOV, 130J, is exceded substantially.

ENERGY (J)
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Figure 7. Energy waveforms with the peak voltage
fixed, Vipar =715V. The energy dissipated in the MOV

is shown at three ratings of the varistor,

A = 435V, 485V, and 535V.

TABLE 2
Energy deposited in a 20-mm dia, 250-V MOV
as a function of tolerance on voltage rating,
at fixed (readjusted) peak voltage

Voltage tolerance (%)| -10 0 +10
Varistor voltage 4 (V) 435 485 535
Energy em (e, 1) (J) 839 459 192
Initial charge ¢(0) (C) 11 10.75 10

3. Expend 80% of capacitor energy in specimen

An alternate criterion suggested by VDE 0160 is that
80% of the capacitor energy be dissipated in the MOV.
For the simple circuit on which the present model



is based, a ready calculation using the capacitively
stored energy, ¢?/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
already destructive of the device. It seems likely 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 to 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 100/1300 us 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 adjusting the voltage while 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 to 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.
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5. While the authors do not question the validity of
the fuse-blowing scenario, they recommend a critical
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 manufacturing tolerances. The sensitivity
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 information on the
observed failure rates, as well as to perform validat-
ing tests, in order to provide a broader perspective on
these issues.
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APPENDIX - SENSITIVITY OF e, (})

The sensitivity of the energy deposited in the varistor,
em(00, A), to changes in the voltage rating of the MOV
is given by

dem (00, A)

-

This quantity can be determined by numerically in-
tegrating the model (4-7). However, this sensitivity
can also be analyzed in closed form by considering the
inductance-free, (L = 0), version of the model (Eq. 2
or 3). In this case, an algebraic expression for the sen-
sitivity can be derived. It is shown to be accurate to
within 15% over a significant range of values of A.

The sensitivity of the energy dissipated in the MOV
to changes in )\ is most easily expressed in terms of the
initial current through the varistor and the sensitivity
of that current to changes in A. In the inductance-
free case, the initial conditions must be reformulated
so that i,,(0) is non-zero. When the initial data is
the capacitor charge, ¢(0), as was the case with the
inductive model, it is possible to find ¢,,(0) by finding
the root of the non-linear expression given by:

F(im,\) = (l‘t,..(1+&)+1<ts)im

+ (1+ )A e £ (O) (8)

=0 9)

which is a direct translation of (3) in the case that
L=o.

This equation can be solved for 7,,(0) using a few iter-
ations of Newton’s (gradient) method. Furthermore,
the sensitivity of ¢,, to changes in A is given by:

di,, oF oF

> = "/ (10)
_ _a RB AT
= —if (R"'+R,+Rp+pz"' . (11)

To find the energy deposited in the MOV, first con-
sider the evolution of the varistor current, ¢,,. This
time evolution is given by differentiating equation (3)
and applying (1) and (6):

As a result of separability, the energy may be written
as a time-independent integral in which A appears as
a parameter:

6,,.(00, )‘)

/°° Vmim dt (14)
o

G
Vit G (i )i 15
[ PrimGlim) (15)

0 A1 o1
—on [, (sie [ L] )
im(0) < pR R,
5 XiMP 4+ Roim
X7 + (R + Rp)im

dim,  (16)

where
II=R,R,R, and
1 1 1
E=—qdt —4 =
R, + R, + R,
Expansion in )\ about the nominal voltage threshold
for the varistor, that is in powers of AX where A\ =
Anom + A, gives the leading term for the sensitivity
of e, to changes in A:

den (00, A)

1 1 1 . dig
22 = CR,RyBm (—+—+~—) i

R, R, R, dx

(17)
The sensitivity (17) may be evaluated algebraically
once iy, is known from solving (8-9). A comparison
with the inductive model is displayed in Figure 8.
The curve shows numerically determined values of
em(A) for the inductive model in ‘let-it-rip’ mode. The
straight line has a slope determined by evaluating ex-
pression (17). The same expression may be used with-
out recomputing the initial current in the case that the
voltage, and hence the current, is adjusted to a fixed
value.
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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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Testing Varistors Against the VDE 0160 Standard

Frangois D. Martzloff
National Institute of Standards and Technology

Abstract — High-energy surge tests have been performed on metal-oxide varistors of a type in common use, according to
a proposed IEC standard derived from German Standard VDE 0160. The surge generator used for the test was a prototype
commercial device developed especially to deliver the 100/1300 us waveform specified by VDE 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

Concerns over the occurrence of high-energy surges associated with current-limiting fuse operation (Meissen,
1983 [1]) have led the German standards organization (VDE) to specify a high-energy surge test to be applied
to electronic equipment instailed in industrial environments (VDE 0160, 1988 {2]). Essentiaily, 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 (TC77B/WG3, 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 [4], 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 IEC/VDE 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 VDE/IEC surge, as reported in this
paper.

TESTING VARISTORS WITH HIGH-ENERGY SURGES

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
considerations and conditions.

* As a policy, the National Institute of Standards and Technology disclaims any implied endorsement of a commercial product when
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.
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Voltage across the test specimen and current delivered by the surge generator were recorded with the
instrumentation available at the Schaffner engineering demonstration facility. The software package included
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 mA 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
Manual, 1990 [7]). Thus, EUT #1 is situated at 1% above the nominal value of a 250-V rated varistor, while
EUT #2 is at 2.5% above the nominal value.

To test the varistors under the worst case condition (that is, the varistor at 10% below nominal, 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 #1 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 1%, 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 -10% would have received. However, considering the energy levels
observed in the tests reported below (about 200% of rated levels, this 11-12.5% excess does not affect the
conclusions. The significant parameter to be observed is the current level, and that correct level was indeed

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 [S], and (ANSI/IEEE 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 774/792 = 98% of the worst case level, and EUT #2 at
774/803 = 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 [7] show a 70-J single-pulse energy rating for the 130-V varistor, or 140 J
for two in series. Figure 3, from Ref [5], 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.
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The VDE 0160 document shows an elementary circuit diagram (Figure 4) with a maximum of 5 m of leads
between the input port of the test specimen and the point of injection of the surge. Accordingly, 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, or a 74-V difference (10%) from the value recorded in Figure 2. In the modeling of References [4] and
[5], the effect of this 5-m test lead had not been included, so that the conclusions of the modeling are more
pessimistic than the consequences of a test condition with a lead length included. Thus, the varistor would be
under 10% less voltage stress (keep in mind the nonlinear relationship between voltage and current) than the
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 us 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 uF
capacitance and full 1300 ps duration, at the maximum available generator voltage, as shown in Figure 2.
Before and after each surge, the varistor V,,,, 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 position), starting with no prior
surges applied, were the following:

Shot 1: 718 V crest, 400 ps duration, V,,, shift of 1% (Figure 6)

Shot 2; 768 V crest, 1100 us duration, V,  shift of 1%

Shot 3: 774 V crest, 1400 ps duration, V,,,, 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 V. = 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 later), the shift in V,,,, 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.



84

Notwithstanding the shift in V,,,, no apparent external damage was visible, except for some darkening of the
red epoxy coating. Thus, while EUT #2 did survive a test corresponding to a -6% tolerance position, the 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 100/1300 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
3 A . . LT
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 1.3 ms is excerpted from the IEC document, not the amended VDE 0160 where the alternate
duration of 0.3 ms is shown). This paper is therefore submitted to the engineering community at large as a
recommendation of limiting the full duration of a 1300 us surge and its high energy to the industrial
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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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