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INTRODUCTION

The occurrence of transient overvoltages in low-voltage
power circuits has been recognized, and new standards have
been published in recent years [1-4] that provide quantita-
tive information on the voltage levels to be expected. Con-
currently, the technology of metal oxide varistors has
gained wide acceptance in the suppression of these tran-
sients [5-7]. These varistors provide an effective method of
diverting surges away from sensitive loads by offering a
low-impedance path to the flow of current, maintaining a
quasi-constant voltage across their terminals. This surge
current diverted in the varistor produces within the bulk of
the varistor material the deposition of energy, with the
long-range effect of a progressive shift in the varistor
characteristic. This phenomenon has been well documented
[8,9], and the proper application of varistors can deal with
the effect without adverse consequences.

Manufacturers of metal oxide varistors publish ratings
which include a family of curves, generally described as
“Pulse Lifetime,’’ that show the number of surges which a
given varistor can absorb before some arbitrary limit of
characteristic shift is reached. These curves show numbers
of surges of equal amplitudes for a set of waveshapes; the
actual occurrence of surges, however, is a full range of
values, from the lowest to the highest, and also of different
waveshapes.

Attempts to simplify the description of surge
occurrences have resulted in the statistical information of
IEEE Std 587-1980, where a family of curves has been
obtained from actual surge recordings; these curves show
the frequency of occurrence of surges as a function of the
voltage surge level, for various exposures (Figure 1).
Carroll first developed a method [10] whereby the statistical
information of IEEE 587 can be combined to predict the
effect of the range of surges, as opposed to constant ampli-
tude surges, on the varistor Pulse Lifetime. Korn has
shown [11] how a simple set of assumptions and computa-
tions based on Figure 1 and Pulse Lifetime curves can pro-
vide an estimate of the time required to reach the varistor
rated Pulse Lifetime.

This paper provides further guidance in applying this
method, including the selection of environmental charac-
teristics in the context of IEEE 587. Since the statistical
nature of surges must be recognized, provision must be
made for the rare cases where a properly applied varistor
might still receive excessive energy, and age or fail prema-
turely. The common practice in dealing with this eventual-
ity is to add a fuse in series with the varistor in order to
eliminate the fault current that might flow in the failed
varistor. Thus, the fuse will be subjected to the surges
absorbed by the varistor, and should not blow under a sin-
gle surge, nor should it be affected by the accumulation of
surge currents at amplitudes slightly below the melting
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Figure 1. Rate of surges occurrence vs. voltage level
(from IEEE Std 587-1980)

level. Unfortunately, published time-current characteristics
of fuses do not provide information on their performance at
the short times and high peak currents involved in the
operation of a surge diverter. To fill this void, a series of
tests was performed on various types of fuses; the first
results are presented in the second part of this paper.

MATCHING THE VARISTOR CAPABILITY
TO THE ENVIRONMENT

Two examples of environments will be used to evaluate
the effect on typical varistors that might be selected for
transient protection. In the first example, the point of
application is the service entrance to a building; in the
second, we postulate a varistor installed in an appliance
located somewhere in the building, with no protection pro-
vided at the service entrance. These two examples will
illustrate the approach, so that other types of applications
can be evaluated in a similar manner.

A table can be developed based on the information of
Figure 1 and combined with the Pulse Lifetime data pub-
fished by the manufacturers, to estimate the time required
for a given varistor size to reach its rated life in a given
environment. One should recognize that these calculations
are based on graphical data which do not allow three-digit
accuracy, even if the numbers shown on the table are car-
ried to three digits for the sake of checking the arithmetic.
Furthermore, reaching the ‘‘rated life’” does not mean that
the device has reached the end of its service life. The pub-
lished Pulse Lifetime ratings are based on the arbitrary
definition of ‘‘rated life’’ as the point at which the nominal
voltage of the varistor has decreased by 10%. This change
of voltage is indeed indicative of some physical change in



the varistor structure, but it does not affect the ability of
the varistor to clamp surges in the high-current region. For
properly applied varistors, a change of 20% in the nominal
voltage would not be objectionable, so that this ‘‘rated life’’
is a very conservative limit.

The first task of this development is to convert the volt-
age surge density probability of IEEE 587 (Figure 1) into a
histogram of surge occurrences at the different levels of
voltage. From Figure 1, selecting a given exposure, one
can obtain the level of voltage surges occurring at different
frequencies, or the number of occurrences between two
voltage levels defining a cell of the histogram.

Referring to Figure 2, the Medium Exposure line of
Figure 1 has been redrawn, and voltage cells of approxi-
mate equal width (on the logarithmic scale) have been
drawn, with the center values as shown in the figure, on
the left side : 13000, 10000, 8000, etc. From the Medium
Exposure line, the corresponding frequencies of occurrence
are read, as shown in the first column of numbers to the
right side : 0.03, 0.07, 0.18, etc. These numbers are the
number of occurrences exceeding the level, so that the
number in the the cell itself is the number for the level,
minus the number for the level to the right. For instance,
the number of occurrences in the cell of level 10 000 V is
0.07 - 0.03 = 0.04 occurrences, and so forth for the other
cells.

Surge recordings, such as reported in IEEE 587, have
shown that switching transients are not likely to exceed
3000 V; therefore, we can attribute all the occurrences
above 3000V to lightning, and assume an 8/20 us
waveform for the resulting current in a varistor connected
at the first interface. Conversely, the occurrences below
3000 V can be considered as an undefined combination of
switching transients and lightning transients. It seems rea-
sonable and conservative to consider that half of these may
be lightning, with the corresponding high energy of the
8/20 us wave shape, while the other half may be switching
surges with the corresponding 0.5 us - 100 kHz which has
negligible energy content, compared with the 8/20 US.
Therefore, the numbers for the cells below 3000 V shown
in the last column of Figure 2 are one half of the number
of occurrences computed for each cell.

The first example of application will be a 32 mm varis-
tor, rated 250 V, which is assumed to be connected at the
entrance of a building, and thus would be subjected to the
Category B (IEEE 587) surges. As shown in Figure 3,
these surges are defined as 6 kV open-circuit voltage and
3 kA short-circuit current. The ratio of voltage and current
can be considered as the source impedance of the surge,
2 Q in this example.

Referring to Table 1, the first column shows the voltage
level of each cell; the number of occurrences for that level,
as derived in Figure 2, is shown in the second column.
From the varistor V-I characteristic (Figure 4), an expected
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Figure 2. Derivation of the cell histogram

clamping voltage can be derived by iteration for the range
of resulting current expected at that voltage level, as shown
in the third column. The voltage of the cell, minus the
expected clamping voltage, is the driving voltage shown in
the fourth column. With the 2 Q source impedance derived
above, this driving voltage, divided by 2, yields the result-
ing current shown in the fifth column. Turning to the
Pulse Lifetime curves of Figure 5, the rated number of
pulses for each current level are shown on the sixth
column. Finally, the last column shows the percentage of
rating consumed for the number of pulses at any level; for
instance, at the 3200 V level, with 4 occurrences at a
current of 1220 A, hence a rating of 500 pulses, the per-
centage consumed is 4 : 500 = 0.80%. The sum of the
percentages of all levels, then, is the percentage of rating
consumed in one year, which yields the number of years
required to reach the rated value, as shown at the bottom.
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Surge Voltages and Currents Deemed to Represent the Indoor Environment
and Recommended for Use in Designing Protective Systems

Energy (joules)

Type Deposited in a Suppressor*
Comparable to Impulse of Speci with Clamping Voltage of
Location IEC No 664 Medium Exposure or Load 500V 1000V
Category [of 'y Wi m Amplitude Circuit (120 V System) (240 V System)
A Long branch . : +
. 6 kV High impedance - —
Circuits and I 0.5 us-100 kHz 200 A Low impedance, § 0.8 1.6
outlets
B Major feeders, 1.2 X 50 us 6 kV High impedanceT — —
short branch I 8 X 20 us 3 kA Low impedancefr 40 80
circuits, and . 6 kV High impedance’ —_ —
load center 0-5 ps-100 kHz 500 A Low impedance, § 2 4

*Other suppressors having different clamping voltages would receive different energy levels,

For high-i

nce test

or load circuits, the volta,
that value for the open-circuit voltage of the test generator.

ge shown represents the surge voltage. In making simulation tests, use

For low-impedance test specimens or load circuits, the current shown represents the discharge current of the surge (not the short-
circuit current of the power system). In making simulation tests, use that current for the short-circuit current of the test generator.
§The maximum amplitude (200 or 500 A) is specified, but the exact waveform will be influenced by the load characteristics,

Figure 3. Voltages and currents in IEEE 587, Categories A and B
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Table 1
Time to Reach Rating for a 32 mm, 250 V Varistor
in Medium Exposure, Category B Location

IMPULSE DURATION —

Figure 5. Pulse lifetime ratings for 14, 20, and 32 mm varistors rated 250 V RMS
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Voltage Number Expected Available Resulting Rated Percent
level of 8/20 clamping driving current number of rating
of cells occurrences voltage voltage at2 Q of pulses consumed
13000 0.03 1000 12000 6000 8 0.37
10000 0.04 920 9080 4540 15 0.26
8000 0.11 840 7160 3580 25 0.44
6000 0.32 810 5190 2595 60 0.53
4500 1 780 3720 1860 200 0.50
3200 4 760 2440 1220 500 0.80
2400 6 740 1660 830 1500 0.40
1700 22 720 980 490 4000 0.55
1200 80 700 500 250 20000 0.40
800 390 680 120 60 10° 0.04
Total Percent of Rating Consumed in One Year 4.29%
Years Required to Consume 100% of Rating 23
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For the selected example of a 32 mm varistor, rated
250 V and connected in a Category B location at Medium
Exposure, it would take 23 years to reach the rated pulse
life of the device under the conservative assumptions made
in this example. Once again, reaching ‘‘rated life’” does not
mean reaching a device failure level.

Another example of estimation will be useful to illus-
trate the process and the type of reasonable assumptions
that can be made. Consider a varistor installed on an appli-
ance connected at some point distant from the service
entrance, still in Category B, Medium Exposure. Table 2
shows the corresponding pairs of numbers of occurrences
and levels, from which the same computations can be
derived as before. We will add some impedance to the 2 ()
value used in the preceding example, say 2 Q@ for an
8/20 us surge propagating in a few meters of wiring [12].
For this example, we will compare a 20 mm varistor to a
14 mm varistor, both rated 250 V; the same value of
expected clamping voltage will be used for both devices
(Figure 4), and the resulting surge current will be com-
puted, as shown in the fifth column of Table 2. Referring
to the respective Pulse Lifetime rating curves for the 20
and 14 mm devices (Figure 5), we obtain the number of
pulses allowed to reach the rating, shown in the next two
columns, and compute the yearly consumption for each
device at each level. Again, the total is shown, with the
resulting number of years required to reach the rating:
20 years for the 14 mm device, and 50 years for the 20 mm
device, in the environment of this example.

Thus, we have a method for estimating the effect of the
environment, as defined in IEEE 587, on the ability of the
varistor to function reliably in that environment. Indeed,
the evaluation is only as good as the assumption made on
the - actual environment, compared to the generalized
description given in IEEE 587; nevertheless, it represents a
reasonable and reasonably conservative approach to select-
ing device ratings for reliable operation and make compari-
sons between different device sizes. Carroll has shown, by
computer-aided analysis [14], that the estimation tends to
yield increased years as the width of cells is made smaller,
reaching an asymptote over one hundred cells. In the
examples shown here with fewer cells, aimed at a rapid esti-
mation, the log-log coordinates tend to weigh the results
toward a pessimistic estimate when the cell numerical
center is taken at the geometric center:

FUSING OPTIONS

It is well recognized that extreme values can be found
which will exceed the predictions of limited-base statistics,
so that one must always take into consideration the case
where excess energy might be deposited in the varistor.
Like any other electronic component abused in this
manner, it will fail, generally in a short-circuit mode.
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Table 2

Depending on the available short-circuit current at this
point of the system, the current flowing in the failed varis-
tor can produce melting of soldered connections or shatter-
ing of the device. Since these ultimate failure modes are
not generally desirable, common practice would be to pro-
vide an overcurrent protection in series with the varistor, in
order to clear the fault from the circuit.

Two approaches to fusing a varistor can be considered,
as shown in Figure 6. In Figure 6a, providing the fuse in
series with the load ensures that in case of varistor failure,
the power is removed from the load, so that it will not be
exposed unprotected from further surges. In Figure 6b, the
varistor fuse inserted in shunt with the varistor ensures that
the power supply to the load will not be interrupted by a
spurious varistor failure, but only at the price of leaving the
load unprotected against further surges. As pointed out in
industry standards [9], each of these scenarios may be the
preferred one to some users, so that the ‘“fail safe’” descrip-
tion would be misleading to the opposite view. For
instance, an application can dictate that maximum service
continuity be ensured, so that Figure 6b would be labeled
““fail safe’’ by those requiring this mode of failure. Other
users, anxious to protect their hardware even at the price of
losing the function, would label Figure 6a as ‘‘fail safe.””

For the Figure 6b configuration, the only requirement
for the fuse is to ensure fast removal of a failed varistor,
and yet not blow under the surges presumed to flow from
time to time in the varistor. Hence, the selection of this
fuse should reflect the expected surge currents. Unfor-
tunately, data currently made available by fuse manufactur-
ers do not extend the i?r ratings into the microsecond

a) Protection maintained,
function interrupted

b) Function maintained,
protection lost

Figure 6. Fusing options for varistors

Time to Reach Rating for 20 and 14 mm, 250 V Varistors
in Medium Exposure, Category B Location

14 mm 20 mm
Voltage Number Expected Available Resulting Rated Percent Rated Percent
of 8/20 level clamping driving current number of rating number of rating
occurrences of cell voltage voltage at4 Q of pulses consumed of pulses consumed
8000 0.18* 800 7200 1 800 12 1.5 80 0.20
6000 0.32 760 5240 1310 40 0.80 110 0.30
4500 1 730 3770 942 100 1 200 0.50
3200 4 710 2490 622 600 0.67 1000 0.40
2400 6 700 1700 425 1100 0.55 2000 0.30
1700 22 690 1010 252 6000 0.37 10000 0.22
1200 80 680 520 130 50000 0.16 90000 0.09
800 390 670 130 32 2-106 0.02 >107 —
Total Percent of Rating Consumed in One Year 5.07% 2.01%
Years Required to Consume 100% of Rating 20 50

* Surges above 8000 V are not likely to propagate in low-voltage wiring without causing operation of a
protective device, or flashover of a clearance upstream [13}, so that the varistor installed downstream in
the Category B location will not be subjected to the energy associated with levels above 8000 V.



range, nor do they provide guidance on any necessary
derating of the fuse in order to account for the possible
effect of repetitive surges at levels slightly below the meli-
ing level. The second part of this paper therefore aims at
providing some information on this selection process. This
information is based on a limited test program conducted
on various types of low-voltage fuses that might be con-
sidered for fusing a shunt-connected varistor.

It should be noted, of course, that while the operation
of the fuse in the series connection (Figure 6b) has gen-
erally an obvious effect on the system operation — shut-
down — operation of the fuse in the shunt branch is not
immediately apparent. Depending upon the application and
the sconomics of the situation, it may be desirable to pro-
vide some indication that the varistor is no longer protect
ing the circuitry.

PERFORMANCE OF FUSES
WITH REPETITIVE SURGE CURRENTS

An experimental program was conducted on various
fuses in order to determine the minimurm ampere rating
required for the fuse not to blow under rhe iIrge currents
that may be diverted by the varistor at its expeacted point of
installation. This mininium limit not only involves 4 current
level for one single surge, but also a current ievel, presun-
ably lower, for many pulses. This duality is paraliel to the
situation discussed for the varisiors, where the Pulse Life
time is a function of three parameters:
current duration, and number of pulse
fuse manufacturers have not at i

3

s e iblished anvy
information on microsecond-lony current pulses, so 1hat
users resort to empirical derating {.
effect, resembling fatigue, of multpic

TOCS W anticipaie

pulses

Results of tests made on two pes of current-limiting
fuses are presented here t illustrate the effects of repeti-
tive surges and to motivate a discussion of the issues and 4
sharing of information.

The fuses were both raied for 250 V circuit volis
with an interrupting capacity of 10 kA representative of
what might be used in an application with moderate ‘ault
currents. The construction of fuses rated for higher pros-
pective fault currents, such as 100 kKA. is different primarily
in the current-limiting characteristics: here we are con
cerned with the element-melting characieristics. A more
comprehensive program wiil have to extend the investiga-
tion to the behavior of fuses with high interrupting capac
ity, as well as circuit voltages up 10 600 V. One fuse was
the so-called “‘fast fuse."* with a ratio of 131 between the
melting currents at 1000 and at 0.01 s. The other fuse
type, the so-called *‘time delay,” had = ratio of 37:1. Both
were rated 3 A: Figure 7a shows an X-ray photograph of
the 3 A fast fuse and Figure 7b shows the 3 A time delay
fuse.

dard 8/20 us impulse used for characterizing varistors and
other surge protective devices. Figure 8 shows such an
impulse, for which the i’ integrai can be coemputed. For an
impulse of 1000 A crest, the i‘r value of an 8/20 us
impulse is 19.5 A Zs.

Fast Fuse Tests

The 3 A fast fuse used in the test has a melting current
of 46 A rms at 0.01's, which corresponds to an i of
21 A%, By subjecting each of 10 fuses to a single-shot
impulse in the range of 1100 to 1000 A crest, the nominal
melting current crest of 1050 A, 8/20 uS, was established.
This current impulse has an i content of 21.5 A%, which
shows a remarkable correspondence to the 27 at 0.01 s with
sine wave current. We will designate this single-impulse
melting i°r as 72T
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Figure 7. N-rav photographs of fuses

e 8 Current impulse 1000 A, 8/20 s

Repetinve bnpuls a rate sufficiently jow to avoid
accumulation of hzai in the fuse. were applied to several
groups of fuses. The first group was subjected to impulses
at 90% of 1he mehing current, the second at 60%. and the
rd at 30%, corresponding respectively to i*t contents of
8L 36, and 9% of the melting /7. In the 81% /2T group
of 10 fuses, all eventually melted as the repetitive impulses
were applied. The first went at the third shot, the last at the
sixty-third shot. In the 36% /T group of 10 fuses, four
fuses melted at shot numbers ranging from S to 200. No
further 1mpulses were applied past 200 shots. Each of the
surviving fuses was then subjected to a single impulse of
higher value to deterimine the one-shot melting current in
this “‘aged’ condition That value was found to be 1050 A
crest, unchanged from the new condition. The 9% /2T
group, containing 20 fuses. received 800 impulses; none
melted. Ten of these were subjected to a single impulse at
1050 A (100% /°T ). 6 out the 10 melted at that current,
the four others survived.

SN

From these results, it seems that a reasonably safe i°r to
ensure no melting of the fuse when exposed to repetitive
current impulses is in the order of 25% of the single
impulse melting /°7. The value of /°T 1o be used for tak-
ing the 25% limit can be obtained from the published melt-
ing current at 0.01 s. However, even ai 10% of the single
impulse melting /27, a slight aging of the fuse is detect-
able, leading to a decreased current capacity. At 36% [°T,
some early mortality is observed, but the survivors do not
appear to have aged more than the 10% /°T group.

Time Delay Fuse Tests

As an alternative to substantial derating of a ‘‘fast”
fuse, the so-called ‘‘time delay’ offers the possibility of
being able to survive larger impulse currents. The larger
ratio of 37:1 between 1000 and 0.01 s currents allows



maintenance of a comparable overcurrent protecti  capa-
bility in the medium range, where a varistor failur  might
require the fuse to melt in relatively short time.

The 3 A fuse tested in this program has a 0.01 s .nelting
current of 130 A rms, or an 2 of 169 A%. By the same
bracketing procedure applied to the fast fuse, the P’T under
impulse of this fuse was determined to be 190 A%t (some-
what higher than the 2t at 0.01 s), corresponding to a crest
current of 3.2 kA at 8/20 us.

Preparing for repetitive impulses, it was found that at
81% I?T, the fuses would not survive the second shot; at
64% I°T, the fuses would melt at the second or third shot.
The it had to be lowered to 50% /?T to allow passing 10
shots. The 36% I?T group received 100 impulses without
having one fuse melt; this is to be compared to 3 fuses out
of 10 melted by the twentieth shot in the fast fuse series.
These fuses conditioned by the 100 shots were then sub-
jected to one single pulse each to determine the melting
level, which was bracketed at 160 Als, or a crest of 2.9 kA
at 8/20 us. The third group of fuses in this series was
exposed to 800 impulses at 9% I1°T; no melting occurred in
20 samples. Subjecting these successful survivors to one
single impulse each bracketed the melting i2t at 90% of the
un-aged I’°T (95% of the current), a small shift downward.

These tests on the ‘‘time delay”” type fuses also show
some degradation or aging in the fuse, but somewhat
different from the aging of the fast fuse type. The conclu-
sion will still be that a derating on the order of 25 % of the
I*T (50% of the current) is required to provide reliable
continuity of service under repetitive surge conditions.

CONCLUSIONS

1. Varistors can be selected to provide predictable perfor-
mance under assumed surge conditions by combining
the published Pulse Lifetime curves with environment
characteristics.

2. Guides on the surge environment in ac power circuits,
such as IEEFE 587-1980, can be used to generate a
reasonable definition of the duty imposed on varistors.

3. Current-limiting fuses that might be used in series with
a varistor exhibit aging characteristics when subjected
to repeated pulses, as they will in actual application.
Pending availability of detailed information from
manufacturers, a derating factor needs to be applied to
the i%t ratings computed from the shortest time
(0.01 s) of the time-current characteristics.

Readers of this paper and users of fuses in impulse applica-
tions are invited to share information with the author in
order to generate an imgproved evaluation of the problem.

518

(1]

[2]

13

[4]

{51

(61

(71

(8]

{10]

[11]

[12]

[13]

[14]

REFERENCES

IEEE Std 587-1980, Guide for Surge Voltages in
Low-Voltage AC Power Circuits.

IEC Reports 664 and 664A-1980, Insulation Coordi-
nation Within Low-Voltage Systems, Including Clear-
ances and Creepage Distances for Equipment.

R. Hasler and R. Lagadec, ‘‘Digital Measurements of
Fast Transients on Power Supply Lines,”” Proc. 3rd
Symposium and Technical Exhibition on Electromag-
netic Compatibility, Rotterdam, 1979, pp. 445-448.

F.D. Martzloff, “Transient Overvoltage Protection:
The Implications of New Techniques,”” Proc. 4th
Symposium and Technical Exhibition on Electromag-
netic Compatibility, Zurich, 1981, pp. 505-510.

M. Matsuoka, T. Masoyama, and Y. Ida, ‘‘Supple-
mentary Journal,” Japanese Society of Applied Physics
39, 1970, pp. 94-101.

J.D. Harnden, F.D. Martzioff, W.G. Morris, and
F.B. Golden, ‘‘Metal-Oxide Varistor: A New Way to
Suppress Transients,” Electronics, October 1972.

H.R. Philipp and L.M. Levinson, “Zinc Oxide for

Transient  Suppression,”” IEEE  Trans. PHP,
December 1977.
Transient Voltage Suppression, Electronic Data

Library, General Electric Company, Auburn, NY,
1982.

IEEE Std C62.33-1982, ‘“‘Test Specifications for
Varistor Surge Protective Devices.”

E. Carroll, “Transient Attenuation with Metal Oxide
Varistors for AC Mains Powered Equipments,”
COMEL Conference, Twente, Holland, 1980.

S. Korn, “‘Transients and Transient Suppressors for
Power Conversion Equipment,”” INTELEC Confer-
ence, Washington, D.C., 1982.

F.D. Martzloff, *“The Propagation and Attenuation
of Surge Voltages and Surge Currents in
Low-Voltage AC Circuits,”” Paper 82SM453-9, IEEE
Power Summer Meeting, 1982.

F.D. Martzloff, ‘“‘Coordination of Surge Protectors in
Low-Voltage AC Power Circuits,”” IEEE PAS-99(1),
Jan-Feb 1980, pp. 129-133.

E. Carroll, private communication.



	REPETITIVE SURGES
	Significance
	Introduction
	Matching varistor
	Fusing options
	Fuse performance
	Conclusions
	References

