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INTRODUCTION

This project was a three-year effort to examine several fundamental
issues in protecting electroniec circuits from damage by transient
overvoltages caused by lighting and detonation of nuclear wzapons (EMP).
The work in the proposal was divided into three areas: (1) numerical
analysis of nonlinear equations that describe fundamental protection
circuits, (2) investigation of reflection, transmissidn, and absorption of
enargy by transient protection circuits, and (3) investigation of nonlinear

series elements for overvoltage protection circuits.

This research project was funded one year at a time with mone from the
U.5. Army Harry Diamond Laboratories. It was necessary to shift the goals
and topics of this research project ea¢h year in order to match the

sponsor's program.
first year (Aug 1987--Aug 1988)

The principal topic during the first year of this project was a review
of ways to make spark gaps conduct {n subnanosecond times. This effort was
completed in March 1988 and described in an Army reportl.

Traditional surge (overvoltage) waveforms are defined with just three
points: two points on the leading edge of the wave and one point on the
tail. Such 2 crude definition is inadequate for mathematical analysis of
surge protectlon circuits. Therefore, it was necessary to find mathematical
representations for the standard surge waveforms that were consistent with
the traditional specifications. The results of thils research effort was

published as a short paper in the IEEE Transactjons on Electromagnetic
Compatibility and is reprinted in this report. Most of the unipolax

Ir. B. Standler, "Technology of Fast Spark Gaps," U.S. Army Harry Diamond
Laboratories Contractor Report HDL-CR-89-078, 44 pp., Sep 1989.




waveforms could be described as double exponentials, however the 8/20 us
current waveshape can not be described as a sum of two exponential
functions. During this work it was discovered that the 100 kHz Ring Wave
specified in ANSI C62.41-1980 can not be satisfied with a simple damped
cosine waveform. The paper gives a more complicated relation that is

continuous everywhere, as well as an "almost satisfactory" dawmped cosine
relation.

The remainder of the first year of this project was devoted to (1) a
comparison of different commercially-available laboratory surge generators
and (2) a proposal to define surge waveforms with equations, rather than
with just three points. The results of this work were presented at the
Eighth International Zurich Symposium on Electromagnetic Compatibility, und
are reprinted in this report. As a result of this research work, the
principal investigator was appointed Chairman of the Task Force that wrote

the specification and tolerances for the standard surge test waveforms in
ANSI C62.41-199X.

Evaluation of commercially-available surge generators for the 100 kHz
Ring Wave showed that three different models of generators did not produce
the same waveform. Thus there was a correspondence between (1) a
specification that could nct be translated into a simple electrical circuit
and (2) a lack of reproducibility of laboratory waveforms among different
equipment vendors. In other words, the neglect of theoretical
consideratiorns (mathematical simplicity) caused a practical problem. Such
situations are all too common in engineering. The principal investigator
has corrected this situation by Inserting the simple damped cosine as the
nominal 100 kHz Ring Wave specification Into the revision of ANSI C62.41.
To prevent making existing generators unacceptable, the principal
investigator specified tolerances that would include the waveform from the
old specification as well as the new, damped cosine. The principal
investigator’s proposals have been accepted by the IEEE Power Engineering
Society Working Group 3.6.4 that is revising ANSI C62.41. This revision of
should be completed and approved in 1990 or 1991.

Use of equations to specify nominal surge waveforms f-v suige ¢
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is not only more precise than the traditional three-point specification, but
the use of equations with specific numerical values for time constants makes
it much easier to design laboratory surge generators, as well as making it

possible to do computer-aided design of overvoltage protection cireuits,

This work was also noteworthy in that numerical algorithms were
developed for objective evaluation of surge waveshapes. As noted in
Appendix 2 of the Zurich paper, these algorithms could increase the
resolution of the data from the digital oscilloscopes.

Another task completed during the first year of this project was the
development of a module that contained both overvoltage protection and a
lcw-pass fllter for protection of equipment on the ac supply mains. The
results of this work were reported at the IEEE Industry Applications Society
Industrial and Commercial Power Conference in 1988, A copy of the
conference paper is included in this report. Noteworthy topi¢s in this work
are the (1) synergistic actions of voltage clamping and filtering to
attenuate disturbances on the mains and (2) the design of a filter that does
not form a resonant circuit with realiséic load impedances. This paper is
one a very few treatments in the archival literature of the role of low-pass

filters in overvoltage protection.
second year (Aug 1938--Aug 1989)

Development of circuit models for TPD_compcnents (metal oxide
varistors, spark gaps, anc avalanche diodes for transient suppression) and
thelr incorporation in the SPICE circuit simulation program was scheduled to
be the principal effort during the second year of this project., Harry
Diamond Laboratory staff insisted on the use of SPICE because they had
already spounsored the development of SPICE code and they preferred to add to
existing tools, rather than reinvent them. The disadvantage of adding code
to SPICE {s that the SPICE code is very large: current versions of SPICE
require overlays in order to run on an IBM PC desktop computer, even with
the maximum 640 kB of memory. Many people have participated in the

develcpmant of the source code over the last twenty years and the present

SPICE prugram is verv sophisticared. Therefove, odding to the SPICE projram




is not a minor undartaking. However, in the second year of this project the
level of funding was cut to half of the amount in the contract with the Army
Research Office due to government-wide budget cuts, which annihilated our
circuit analysis work with SPICE,

The prineipal task during the second year of this project was the
development of a novel circuit that met the following critaria:
1. signal bandwidth from dc to at least 100 MHz,

2. impedance matched to a SO 0 transmission line,
3. survive an 8/20 us waveshape with a peak current of 3 kA, and
4. have & clamping voltage of less than 20 V across the protected port.

Such a circuit would be useful to protect radio receivers and computer
local-area networks from damage by transient overvoltages. This effort was
successful. Details are given in a paper that was submitted in Sep 1989 to

IEEE Trans. on Electromagnetic Compatibility for review and publication. A
draft copy of this paper is included in this report.

Several englneers have calculated the "energy in a surge" from

measurements of the voltage, V, and the relationship
rv?de

The principal investigator analyzed this technique and concluded that it was
flawed for a number of different reasons. The analysis was presented at the
1EEE National Symposium ou Electromagnetic Compatibility in March 1989. A
copy of the conference paper from the printed record is included in this
report. This work is noteworthy in that SPICE was used to compute current

and voltage in a network that was excited by standard surge waveforms.
nonlinear series devices

Conventional surge protection components are normally nonconducting,
but during an overstress they have a resistance of the order of 1 0 or less.
Such devices are placed in shunt with the equipment to be protected. Any
solid state device that can tolerate kiloampere surge currents must have a
large cross-sectional area, which makes the parasitic capacitance large.

This large capacitance makes these devices inappropriate for applications

where signal bandwidths of more than 100 kHz are required. Moreover, the




magnetic fleld from the large surge current can induce dastructive voltages
in neighboring conducting loops. This insidious side effect of the surge

current has been discussed in detailz

A nonlinear series device would be a useful addition to the overvoltage
protection armamentarium. Such a device would be normally conducting (i.e.,
resistance less than 10 @), During an overstress, the device would havs a
large resistance (e.g., more than 1 k@). Such a series device would limit
surge currents to shunt protective devices downstream. In particular,
avalanche diodes with 3 swmall junction area could be fehricated at the
input/output terminals i{nside an integrated circuit as the final overvoltage

protection device,

Nonlinear series devices may also be useful in designing protective
circuits against long-duration overstresses, which have durations of at
least a f'ew milliseconds. Such overvoltages are commonly produced by
switching power-factor correction capacitors on electric power distribution
systems or by continuing current in cloud-to-ground lighting flashes that
strike overhead power lines. They may also be generated by magneto-
hydrodynamic electromagnetic pulses from nuclear weapons. Conventional,
economical shunt protective devices can not absorb &all of the energy in a

long-duration overstress without damage or degradation.

Several different polymer positive temperature coefficient (PTC)
resistors were exposed to large surge currents (e.g., 500 A to 3 kA peak,
8/20 ps waveshap.:) In the principal investigator's laboratory during the
second year of this project. All of the samples exploded. Examination of
the failed component showed evidence of an arc channel between the sharp
ends of the cylindrical electrodes. An invention disclosure was prepared
that suggested a modified design by (1) bending the electrodes so that the
sharp ends were no longer in a region of intense electric field and (2)

placing a ceramic plate between the electrodes to force the current in the

2

R.B. Standler, Protection of Electronic Cig¢uits from Quervoltages, New
York: Wiley-Interscience, pp. 127-128, 209-213.




conductive polymer to have a longer path, which might help avoid an arc
channel. The invention disclosure is currently (Nov 1989) being evaluated

by the manufacturer of the polymer PTC devices, Raychem Corporation,

A preliminary effort was made to evaluate the use of depletion-mode
power MOSFETs as serles elements in surge protection circuits. The
parasitic diode between the drain and source terminals prevented this device

from belng useful in simple protection clrcuits.
third year of project

The principal investigator will move to the University of Kentucky in
July 1990 and the third year of this contract will be performed at that
institution. At the present time (Nov 1989), severe budget cuts have
removed all Harry Diamond Laboratory money that was to be allocated to this
project. If funding is restored, work will continue on developing models of
overvoltage protection circuits in SPICE and will begin on experimental

evaluations of propagation of surges on transmission lines,

In 1987-1988 the principal investigator wrote FORTRAN programs to take
the equations for standard surge test waveforms and produce a plecewise
linear representation tor current (or voltage) that was suitable for
inclusion in a SPICE circult file. This was not a simple task, since there

were conflicting requirements:

1. small number of points in the piecewise linear representation,
2. small relative error (< 0.5%) in linear approximation, and
3. small relative error (< 20%) in slope of linear approximation.

The considerable amount of work in the development of these piecewise linear
representations was rendered obsolete by a new feature in version 4.0 of
PSPIGE, which was released in July 1989, In that version of SPICE one can

use the .FUNC command and either the E or G model to place analytical

expressions in voltage or current sources.
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Equations for Some Transient Overvoltage Test
Waveforms

RONALD B. STANDLER. SENIOR MEMBER, IEEE

Abstract—Simple equations are provided that satisfy the definitions of
five of the most common transient overvoliage test waveforms: the
ringwave specified in ANSI C62.41-1980, the fast transient specified in
1EC 801, the 8/20 pus, 1.2/50 ps, and the 10/1000 us waveforms. These
equations are useful for performing computer simulations of the response
of electronic circuits to transient overvolisges.

Key Words—Qvervoliage transients, test waveforms.

Index Code—A99e.

1. INTRODUCTION

Transient overvoltages, which, for example. mnay be caused by
lightning or switching reactive loads, are a common cause of damage
or upset (temporary malfunction) of electronic circuits and systems.
It is important to assess the vulnerability of electronic systems to
damage and upset by transient overvoltages, as well as to test the
adequacy of protective circuits. To this end. standard publications
describe several test waveforms that are representative of transient
overvolltages [1]-[3]. It was originally envisioned that these standard
test waveforms would be used during experiments in a laboratory.
More recently, engineers (including the author) have also performed
computer simulations of the response of circuits to transient
overvoltages.

The standard documents define test waveforms in terms of front
time, time to fall to half the peak value. amplitude, and, when
appropriate, oscillation frequency. No mathematical relations are
given in these standard documents. Equations would be convenient
for engineers who wish to perform computer simulations of transient
protection circuits. Further, having the time constants (rather than
front time and time to half-value) makes it easier to design RLC
pulse-forming, networks (PFN’s) for use in laboratorv pulse genera-
tors.

1. 100-kHz RING WAVEFORM

A simple mathematical expression for the 0.5-us-100-kHz ring
wave that is specified in (2] is ¥(r), as given by (1):

Vity=AV,{l —exp (—t/7))} exp (—1/1)) cos (wt) 03]

where 7, = 0.5334 ps. 7, = 9.788 us. w = 27+ 10351, 4 = 1.590,
! is the time, and V,, is the maximuni or peak value of V(¢).

The definition of the ring wave in {2] states that the amplitude
* decays to 60 percent between adjacent positive and negative peaks.
These peaks occur 5 us apart, except that the first positive and first
negative peaks occur about 3.9 us apart (owing to the rise-time term).
The decay of the ring wave in (1) is given by the exp (—¢/7;) term,
where the value of 7 is determined by

exp (~5 us/7)=0.6.

In the representation given by (1), the decay of amplitude between the

Manuscript received January 15, 1987: revised October 10, 1987,

The author is with the Department of Electrical Engineering, Pennsylvania
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first positive and first negative peak does not satisfy the definition in
{2]. The first negative peak has an amplitude that is 96.7 percent of
V,: however, the relative amplitudes of all other peaks are correct.
To satisfy the definition with (1) requires that the time constant 7,
change value between the first and second half-cycles of the
waveform. This is not only unphysical, but the methods that [ have
tried spoiled the ratio of amplitudes of the first negative peak and the
second positive peak. .
An accurate representation of the ring wave that is defined in [2
can be achieved by using (2):

y(ty=A{l—exp (—t/1)} exp (—t/13) cos (wt)

| BV,y(l +qy), 0=1s2.5ps
Vin= [BV,,y, 2.5 usst 2
where7) = 0.4791 us. 73 = 9.788 us, w = 2x+10°s-', 4 = 1.590,
B = 0.6208, and n = 0.523. Notice that the value of 7, has changed
from that given above with (1). While this equation is defined in a
piecewise fashion. both V(1) and its derivative are continuous for t >
0. The effect of this procedure is to make the first positive peak
greater than it was in (1), so that the amplitudes of all of the peaks are
correct. A plot of (2) is shown in Fig. |.

I1I. 8/20 us WAVEFORM

A simple mathematical expression for the 8/20 us current
waveform that is specified in [1]-{3) is /(¢), as given by (3):

Hty=Alt* exp (- t/7) 3

where A = 0.01405 (us) %, k = 2,93, 7 = 3.977 us, ¢ is the time
in microseconds, and /, is the peak value of the current. Unfortu-
nately, this expression cannot be integrated analytically to obtain the
charge transferred. A good approximation, which can be integrated
analytically, results when the constants have the following values: &k
=3.0,7 = 3.911 us, and 4 = 0.01243 (us) ~>. A plot of (3) with k
= 3.0 is shown in Fig. 2.

The ¢? approximation gives a front time that is 0.3 percent too
large, and a time to half-value that is 0.3 percent too small. However,
this smafT"error is outweighed by having an equation for current that
can be integrated analytically. The standards [1], [3] specify a
tolerance of + 10 percent for both the 8-us front time and the 20-us
time to half-value, so the 0.3-percent error in using the /¢’
approximation is well within acceptable limits.

It should be noted that the 8-us *‘virtual duration of wavefront’’ is
clearly defined in (1] and [3]. If the initial part of the waveform were
a linear function of time (it is not), then the virtual duration of the
wavefront would be the time between the initial zero and the peak, or
crest, of the waveform.

IV. 1.2/50 us WAVEFORM
The 1.2/50 ps voltage waveform that is specified in [1]-[3]is V(¢),
as given by (4):
V(ty=AV,{l —exp (- t/7))} exp (—t/7) 4)

where r; = 0.4074 us, r; = 68.22 us, 4 = 1.037, ¢ is the time, and
V), is the peak value of V(r). The standards {1], (3] specify that a
tolerance of + 30 percent applies to the 1.2-us front time and a

0018-9375/88/0200-0069$01.00 © 1988 IEEE
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tolerance of + 20 percent applies to the 50-us time to half-value. A
plot of (4), with the parameters for a 1.2/50 us waveform, is shown in
Fig. 3.

V. 10/1000 us WAVEFORM

The 10/1000 us waveform represents transient overvoltages that
appear on telephone lines during thunderstorms (4], (5). While it is
obvious from the designation **10/1000 us'’ that the *‘front time'* has
a duration of 10 us, it is not clear how this word is properly defined
for this waveform. Three different definitions have been used. Bodie
and Gresh (4] appear to have used the word **front time’’ to indicate
the time between the initial zero and the peak value. As a second
definition, Bennison et al. {5] used the standard definition of ‘‘rise
time" in electronic engineering, the time interval between the 10- and
90-percent points of the waveform. The third definition, which is
present Bell Communications practice [6], is to use 1.25 times the
interval between the 10- and 90-percent points on the leading edge of
the waveform as the 10-us front time. This last definition is the same
as that used for the 8/20 us waveform {1], {3] and is consistent with
common high-voltage laboratory practice. A simple expression. for
this voltage waveform, with the third definition of front time, is V(t),
as given by (5):

Vt)y=AV, {1 —exp (—t/1)} exp (= t/1)) (5

where 1) = 3.827 us, r; = 1404 us, A = 1.019, ¢ is the time, and
V, is the peak value of V(). A plot of (5), with these parameters for a
1071000 us waveform, is shown in Fig. 4.

The 10/1000 us waveform may also be represented by the

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 30, NO. |, FEBRUARY 1988

10
0.0
a 0.5
>
Y
; 0.4
0.2
0.0
[] 20 a0 1] 80 100
TIME NS
Fig. 3. 1.2/50 us.
1.0
0.8
a 0.8
>
N
=
> na
0.2
0.0
° 800 1000 1300
TIME uS
Fig. 4. 10/1000 ps.

piecewise continuous expression that is given in (6):

V)= [( Vo/10 us)t,  for 05¢510 us

(6)

V, exp (— (¢~ 10 us)/1428 us), for > 10 us.

While the piecewise representation is advocated in [4], it has the
disadvantage of having a discontinuity in the derivative at t = 10 s,
while the double exponential model has continuous derivatives of all
orders. For this reason, [ favor the use of (5) instead of (6).

VI. IEC EFT 5/50 ns WAVEFORM

Recently, the IEC has defined an *'electrical fast transient’” (EFT)
test waveform that has a 5/50 ns shape [7]. A simple mathematical
expression for this waveform is V1), as given by (7):

V()= AV, {1-exp (= t/7,)} exp (= t/77) ™

where 7, = 3.5ns, r; = 55.6ns, 4 = 1.270, ¢ is the time, and ¥, is
the peak value of V{(¢). The standard specifies tolerances of + 30
percent for both the 5-ns rise time and 50-ns duration. A piot of (7),
with the parameters for the EFT, is shown in Fig. 5.

VII. CONCLUSION

A plot of three overvoltage test waveforms is shown in Fig. 6. The
EFT waveform is not shown in Fig. 6 because, on this scale, it would
be a vertical line at 1 = 0. The 8/20 us waveform is also not shown in.
Fig. 6 because it is a current waveform, not a voltage waveform. As
shown by Figs. 4 and 6, the 10/1000 us waveform provides a
relatively long duration unipolar stress. The 1.2/50 us waveform and
the 8/20 us current waveform are shorter duration unipolar stresses.
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Fig. 6. Various overvoitage test waveforms.

The 0.5-us-100-kHz ring wave is the only oscillatory waveform in
the collection of test waveforms reported in this paper.

A test waveform in the laboratory, of course, will not exactly
match the waveform given by these equations due to loading by the
device under test. The tolerances of components in PFN’s and the
parasitic inductances and capacitances in components in both the PFN
and test fixture may cause additional discrepancy. Several of the
standards, as noted above, specify tolerances between + 10 and +30
percent for the front time and time to half-value. The output of a
surge generator of unipolar waves is unacceptable only if its rise time
or time to half-value fails to meet the criteria specified in the
appropriate standard.

There does not appear to be a simple mathematical definition for
the ringwave that agrees with the definition in ANSI Standard
C62.41-1980. This document is now being revised, and I hope to
modify the definition slightly.
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STANDARD WAVEFORMS FOR SURGE TESTING:

EXPERIMENTAL EVALUATION AND PROPOSED NEW CRITERIA FOR TOLERANCES

Ronald B. Standler

The Fennsylvania State University

University Park, PA U.S.A.

An experimental evaluation was conducted to
compare waveforms from high-voltage surge
generators to the waveform specifications.
Generators from three major manufacturers were
evaluated for (1) the combination 1.2/50 us
voltage and 8/20 us current waveform and (2)
the 100 kHz ring wave specified in ANSI
C62.41-1980. Changes in the waveform when the
surge generator was connected to metal-oxide
varistors or a 0.1 uF capacitor were also
described, Finally, proposals are made for
more complete specifications for the 1,2/50
and 8/20 ps waveforms.

Introduction

Transient overvoltages, which, for example,
may be caused by lightning or switching
reactive loads, are a common cause of damage
or upset (temporary malfunction) of electronic
circuits and systems. It is important to
assess the vulnerability of electronic systems
to damage and upset by transient overvoltages,
as well as to test the adequacy of protective
circuits. Standard publications specify the
traditional 1.2/50 us voltage impulse and the
8/20 us current waveform in references [1,2)
and the newer 100 kHz ring waveform in (3] as
representative of surges on ac supply mains.
Standard waveforms are defined only for an
ideal load: either an open-circuit for voltage
waveforms or a short-circuit for current
waveforms. The behavior of the surge
waveforms under other types of loads, e.g.,
varistors or capacitors, is unspecified.

Part 1 of this paper reports how well
several commercially available surge
generators meet the specifications for the
1.2/50 and 8/20 pus and 100 kHz ring waveforms.
Part 1I of this paper examines the effects of
three different loads on the voltage and
current waveforms. Part III of this paper
suggests more comprehensive specifications for
adequate surge testing waveforms.

The specifications for the 1.2/50 pus and
8/20 us waveforms contain tolerances for the
front time, duration, and peak value that
define these waveforms. Part I of this paper
is useful as a routine review of the
performance of the 1.2/50 ps and 8/20 us
waveform generators. There are no specified
tolerances for the parameters of the 100 kHz

. ring waveform. F.D, Martzloff, the Chairman

of the Working Group that is presently
revising ANSI C62.41-1980 (3], has proposed
adding tolerances to the 100 kHz ring wave in
the revised version. Part I of this paper is
useful to assist in setting tolerances on the
100 kHz ring wave: It is important that
tolerances in future versions of standards not
make existing ring wave surge generators
unacceptable. If we could avoid making a
model of a commercial 100 kHz ring wave
gensrator unacceptable by specifying
tolerances of, for example, $20% instead of
+108, then it would be desirable to accept the
slightly broader tolerance in the revised
version of ARSI C62.41.

Wav

The unipolar waveforms considered in this
paper are specified by giving the front time,
duration, and peak value. Fig. 1 shows a
typical unipolar current waveform and three
points, t1, T, and t, that occur at the 10%
and 90% points on the leading edge and the 50%
point on the tail, The virtual origin, ty, is
the time that a straight line through the 10%
and 90% points on the leading edge of the
surge reaches zero current. The front time,
te, and duration, ty, are defined by

tg = 1.25 (tz - t) (1)
=tg =ty - % (2)
1.0 I/
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Fig. 1 Pictorial definition of points on a

unipolar waveform that are used to
define the front time and duration.




For a unipolar voltage waveform, the same
procedure i{s used except thar rthe value of t,
{5 determined at the 30% point on tha leading
edge and the front time is decermined by

e = 1,67 (t2 - tl) (&)
The filstorical reasons for these
specifications are given in [4].

The spacifications for the 8/2N us current
waveform call for tolerances of ¢+ 10% on tha
8 us front time, 20 us duration, and peak
value. The specifications for the 1.2/50 us
wave call for a front time of 1.2 us % 304, a
duration of 50 us ¢ 208. The peak voltage is
to be specifled within ¢ 3%.

The 100 kHz ring wave L& specified by a
0.5 pe rise time of the leading edge, and a
10 us period for the oscillation. The rate of
decay of the ovscillation i{s specified by
stating that the ratio of amplitude is 60% for
adjacent peaks of opposite polarity. The rise
ti{me has the usual definition {n electrical
engineering, the tixze difference betwaen the
90% and 108 points on the leading edge of the
waveform. There is no factor of 1.25 or 1.67
in the definition of rise time, which
¢istinguishes "rise time” from "front time”.
Theve are no tolerances in the specification
for this ring wave.

P I, Expe ntal Results

Several commereially available surge
generators were obtained and the output
voltage and current were measured with digital
oscilloscopes for each of the following
waveforme, Generators A, B, C provided the
combination 1.2/50 pe voltage wave and 8/20 us
current waveform. Generator D provided the
8/20 us current waveform. Generators P, Q, R
provided the 100 kHz ring waveform. Most of
these surge generators were loaned by their
manufacturers (Haefely, KeyTek. Velonex) on
the condition that the performance of specific
zodels of generators not be identified. All
seven generators are presently being
zanufactured, none are obsolete.

Fig. 2 shows the connection of the surge
generator, the load., and the measuring
insrruments. A pair of digital oscilloscopes
were used to measure the voltages and
currents. Details of the ,nstrumentation are
given in Appendix I.
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Schematic diagram of apparatus.

Generators B, Q, and R were used with the
back filter supplled by cthe manutacturer, For
shovt-civeuit testing of generators B and R,
the 2ains were disconnected, For othey
loading of generators B and R, the mains were
conneected and the surges were epplied when the
instantaneous value of the mains voltage was
zero. For all measurezents with penerater Q
the three conductore (hot, neutral, and earth)
were econiected together on the mains side of
the back filter to simulate the small
impaedance of the mains. The other surge
genarators were dasigned to give the proper
wavaform without a back {liter, and were
tested without a back filter. These diffavent
tegst situacions were vequived by the design of
the surge generators and tne specific cables
that were suppllied by the manufacturer.

Specifications for overvoltage test
waveforms are given for jdealized loads:
voltage waveforms are specified for an cpen-
circulit load, current waveforms are specified
for a short-circuit load. Therefore. only
open-circuit and short-circuit loads were used
for this part of the experiment.

Because the voitage across the e¢nergy
storage capacitor insicde the surge generator
nmay be proportional to the rms mains voltage,
a ferroresonant line conditioner was used to
provide an essentially constant rzs mains
voltage during these experiwents.

In order to veduce the number of variables,
the peak open-circuit voltage of each
generator was adjusted to approximately 1 kV.
The amplitude control on the front panel of
the generator wae not adjustec during the
remaining expeviments with chact waveform.

Does the actual waveform satisfy the
specificaticrs ?

The parameters for each experimental
waveform (front tize, duration, etc.) were
detersined and compared with the nominal
values in the rvelevant specification. In this
manner, an objective assessment can be aar'c on
the adeqguacy of the waveforms in meeting the
rgquirements of the standards.

Because the data taken from the digital
oscilluscopes is quantized, the data contain
random fluctuations of one or two least
significant bits in addition ter small
oscillations that may be part of the actual
waveform. To suppress errors caused by these
fluctuations and oscillations, a limited
anount of processing wes done to obtain the
pecak value, the 108 (or 30%) and $0% points on
the leading edge of the waveform, snd the 504
point on the tail of the waveform. The
details of this processing are specified in
Appendix II.

Table i gives the measured front time and
duration of the 1.2/50 us and 8/20 us
waveforms. No duration is available for the
1.2/50 ps waveform from generator C decause of
an oversight by the author. Fig. 3 shows the
open-circuit voltage waveforw; Fig. 4 shows
the short-circuit current waveform. 1In order
to have a weaningful comparison of the
waveshapes each set of cata was normali{zed to
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Table 1
Meagured Waveshape Parameters

weasured digcrepancy from nominal
Generator front/duration ps front duration

openscircutlt voltage

A 1.21 57.43 0.8% 15%
B 1.57 55.2 3l % 10%
c 1.22 1.7%

short-clrcuit current

A §.24 26.70 164 34y
B 8.56 25.72 7% 29%
c 10.86 28.50 J6% 424
D 8.3 24,28 4% 218

L . Ring wav The measurad parameters for the

- : ring wave are given in Table 2. The
? : dafinition of the ring wave i{n [3} gives

spacifications oniy for the voltage waveform,
although Tablae 2 also gives paramecers for the
current wavetorn. The open-circuir volitage
wvaveforms for all three generators is shown in
Fig. 5. The vaiue of the initlai pear was
normalized te 1.0, So that the variations in
{requency could be ciearly seen, an offset was
added to time in Fig. 5 to make all of the
wvaveforms have a firsct zero-crossing after the
init{al peak at t-«0. Notice in Fig. 5 that
the waveshape of the first peak Ls remarkably
different for each of the three genarators.
, The waveform from generator A has several
Open-circe.t voltage vaveforms frow reversals in siope during the fivsc cycle.
- generators A and B. The actual

peak values were 867 and 952 V. There are three amplitude ratios given {n
Table 2. The value in the left column is the .
ratio of the amplitude of the first two pesks,
the value in the middle column {s the ratio
for the second and third peak. and the value
{n the right coluzn is the ratio of the third
and fourth peaks. Notice that the amplitude
ratio changes significantly between haif-
cvcles for some of the generators. Part of
the reason for this is that the specitfication
for the waveform can not be satisfied by a
combne vaveform with an exponentially decaying
amplicude 9.

3] R} ] » LL] L] (1] 2] o
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Tiwg us

o : Martzloff {5) discussed properties of two
S s T T TR T T different surge generators for the 100 kHz
Time us ring wave that gave essentially the sawe open-
circuit voltage waveform but different short-
cireuit current waveforms. Such a result is
easy to understand. Common surge generators
have a pulse-shaping network that is composed
of resistors, capacitors. and inductors.
There are different networks that will provide
the same open-circuit voltage waveform.
However, when a short-circuit is applied
across the output terwinals, one would expect
Aifferent output current waveforms because
d.fferent components in the pulse-shaping
netwerk are shorted.

Fig. 4 Short-circuit cusient waveforms
from generators A, , and C. The
peak currents wevre 392, 606, and
555 A.

have a peak value of 1.0 and an offset was
added to time in each set of data to wake the
virtual origin occur at t - 0.

Note that all of the measured duratfors are
significantly longer than the nominal value.
Ail of the generators met, or nearly met, the
specifications for the 1.2/50 us waveforn.
None of the generators satisfy the
specifications for the duration of the 8/20 ps
waveforz; moreover half of the gererators do
not satisfy the specification for front zime.

Effective Jmpedance

In an attempt to make the behavior of surge
generators more reproducible when used with
different loads. HMartzloff {6) used the
concept of "effective impedance,” the ratio of
peak open-clrcuit voltage to peak short-




Table 2
Measured Waveshape Parameters for LCO kliz Ringwave

meagured discrepaney from nominal
Generator rise ratio of frequency rise ratio of freq.
time us  peaks % kilz time neaks % (1
open-circult voltage
P 0.38 51 67 65 103.5 - 248 -5 12 08 3.5
Q 0.39 66 69 70 76.5 <223 615 17 .23.5
R 8.63 7372 49 54.6 +20% 22 20-18  -5.4
shortsclircult currenc
P 0.85 56 52 53 164 not specified
Q 0.90 88 30 39 a3
R 0.77 66 47 87
, acceptable for testing of components, but
LK) , presents difficuities when the surge generator
. H is to be coupled to nongrounded conductors for
! testing vulnerability of electronic equipment.
B |
:.l ’ Cften surge generators are connected to
, \ P test equipment that is powered from the ac
o \ » ‘E' supply mains. In order to inject a high-
N 7 A voltage surge on the mains, a "back-filter"
ta, \Q\<i>\\”// : must be inserted between the supplv and the
, ’ gererator so that nearly all of the surge
1 current goes into the equipment under tesc.
16, ! Conventional back fllters consist of a series
e : inductor and capacitors shunted across the
S PSP L B L L L line on the mains side of the filter. The
Time s .
series inductor presents a smailer impedance
Flg. S Open-circult voltage waveforms from to lover frequencies components of the surge

generators P, Q, and R. The peak
voltages were 981, 934, and 980 Vv,

cireuit current. Because the open-circuit
voltage and short-circuit current have theix
ceaxks at different times, the effective
{mpedance is not the Thevenin impedance of the
surge generator. 'while Martzloff admicted
that effective impedance wus not a rigorous
raraveter, it is easy to determine and
ccnvenient.

Table 3 shows the effective i{mpedance
values for six genevators in chis study.
specificarions give no tolerance for this
lportant parameter.

The

other considexations
Some surge generators have one output
terzinal connected to earth., 7This is

waveform, go that the back filter will zodify
the surge waveform. Richman (7] has suggested
that the back filter be cons{dered part of the
surge generator, so that the generator will
give the proper waveshape when the back filter
is connected. Tests of the effects of back
filters on waveforms was beyond the scope of
the research reported here.

Part

I11; What is _the effect

of other iocads ?

Specifications for overvoitage test
vaveforms are given for idealized loads:
woltage waveforms are specified for an open-
circuit load, current waveforms are specified
for a short-circuit load. When a voltage
waveform {s used to test imsulation, zhe
actual load approximates an open-circuit.
When s curvent waveform {s used to test a
device with a small resistance, Y/I, the

Table 3

Effective Impedance of Generators:
open-circuit voltage/short-circuit current

Generator Measured Value

combination 1.2/50 and 8/20 us

A 2.22 0
3 1.56 Q
¢ 1.73 ¢
100 kHz ring wave

P 13.2 0
Q 35.0 0
R 10.3 0

Nominal VYalue Discrepancy
20 +11s
20 2%
20 ERRAY
12 0 +10%
30 0 +17%
12 a <14y




actual load approximates a short.cireuit., But
for cther types of tests, the actual load may
be far from the idealized open-.circuit or
short-cireult.

To evaluate the effects of different loads
on tie vaveform, the oucput voltage and
current of each generator was measurad for
cach of the Following conditions:

1. open-circult,

2. short.cireuit,

J. metal-oxide varistor (MOV) rated for
service on 130 V rmg mains,

4. metal-oxide varistor (MOV) vaced for
service on 320 V rms mains, and

5. 0.1 uF capacitor,

The two varistors are typical of devices
that are used to protect equipment froum
overvoltages on the mairng. The 130 V model
has the lowvest conductien voltage of any wmodel
suitable for connection to maing with a
nominal volitage of 120 V rms. The 320 V model
has an appreciable safety margin for
connection to mains with a nominal voltage of
250 V vas. The specific models of the
varistors used {n the experiments were
Gereral tlectric VI3CHEL50 and Genera:i

Eilectric VI20PA4LOA.

&

The eapacitor is eypical of those in low-
pags filters for connection to che ac supply
raing: it had a metalilzed polvester
dlelectric which §5 self-healinpg after
breakdown. The specific model used in the
sxperiments had a dc voltage rating of 6 kV.
A resistance of 6.8 MH was permanencly
connected Iin shunt with tha capacitor for
safety reaso~s.

The regults of this part of the experiment
are gsummarized in Table 4 for the combination
vaveform and in Table 3 for tha 100 kHz ring
wave, A plot of the normalized volcape across
a varistoxr from two combination waveform
genaratore is ghown in Fig. 6.

When a voltage waveform is appiled across a
short-circuit or a load with a small value of
V/1, the current iz determined by the output
impedance of the generator as well as the
voltage waveform., When a current waveform is
appiied across an open-circuit or a load with
a large value of V/1, the voltage across the
load {s determined by the voltage on the
energy storage capacitor inside the generator,
as well as by details of the wave shaping
circuit inside the generator.

Table ¢
Effect of Various Loads on Waveshape

voltage waveforms: front/duration us

generator ne load 130 V MOV
A 1.21/57.4 0.70/44.5
B 1.57/55.2 0.67/30.9
c 1.22 0.38

320 V Mov 0.1 uF capacitor
0.77/61.5 2.46/5.13
1.0 2,4775.21
0.65 2.43/5.24

current waveforas: front/duration us

32C v MOV 0.1 uF capacitor
3.41/16.6 1.38/2.90
5.60/18.8 1.58/3.02
7.57/20.8 1.26/2.78
5.00/12.9 1.24/2.45

Table 5

generator short 130 v MOV
A 9.24/26.7 6.54/25.3
3 8.56/25.7 7.405/21.%
c 10.86/28.95 0..00,27.2
o} 8.34/24 3 7.20/20.7
Effect of Various Loads on
generator rio load 30 v MoV
risetime (us)
14 0.38 0.23
) 0.39 0.23
R 0.63 3.27

rate of decay of first two pecks (%)

? 51 88
Q 66 36
R 73 58

frequency (kHz)

? 103.5 102
Q 76.5 77
S 94.6 35

20 kHz Ringwave Voltage Vaveform

320 v MOV 0.1 pF capacitor
0.29 1.09
0.34 0.80
0.51 1.27
58 83
77 55
56 §7
103 82
77 62

94 87
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Fig. 6 Voltage waveforns from generators A

and B measured across a retal oxide
varistor rated for service on mains
with a nominal voltage of 130 Vrms.

The clamping action of the varistor makes
the voltage essentially constant when there is
an appreciable current in the varistor
{compare Flgs. 3 and 6). For example, the
peak open-clrcuit voltage of generator 3 was
352 V, while the peak voltape across the 130 V
rms rated MOV was only 317 V. This clauping
action of the varistor makes the ratio of
successive peaks of the ring wave be larger
than the specified 60%, as shown i{n Table 5.

When the capacitive ioad {8 connected, the
vise time for voltage ls increased for all
waveforms. Thig would be expected since the
output resistance of the generator and the
capacitance of the load forms a low-pass
filter. The capacitive load decreases thea
oscillation frequency of the ring wave, as
would be expected.

PART 111; More comprehensive specjifications

The decision on whether or not a unipolar
waveform {s satisfactory {s determined after
considering the value of the waveform at oniy
three different points. as shown in Fig. 7.
The author beiieves that such specifications
are incomplere. The waveform should also
approximate an ideal wavesnape and be smooth
{ro iarge disconctinuities, no iarge undesired
oscillations). These are not new

consicderations, McAuley and Benedict stated

ar ey
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The traditional specificacion of a
unipolar waveform uses three points
on the waveform.
Figs. 1 and 9.

Compare with

them concisely 55 years ago:"...the present
wave definitions are not exact. Only the time
to crest and time to half.-value of the wave
are specified. Hence it is pozsible to
conform te these conditions and at the same
cime have a wave so0 distorted with
ogciliations, that reasonably acecurate and
comparable voltage measurements !with sphere
gaps) are i{mpogeible. The splrit of the
definition assumes that the wave follows
exponential curves." 8! Simple mathematical
relations have been given for the most common
high voltage test waveforms (§). One goal of
this paper {g to suggest ways for a more
comprahensive specification for high voleage
test waveforms, by comparing actual waveforms
to the "ideal" waveform given by the
mathematical relation.

Before waveforms from surge generators can
he compared to an “{deal equation.” one must
find the ideal. Many engineers [8,10,11] have
stated that the {deal waveshape for most
unipolar voitage waveforms i{s specitied by a
double exponenrtial relationship, Eqn. &
Vie) = A vp {1 - exp(-t/vy) ) expl-t/vy)

%4)
Egn. & represents the solution for the ocutput
voitage of comron RC pulse-shaping networks
used in surge generators, so there can be no
doubt that thie is the ideal relatiomship.

If the double exponential relation and the
nominal values of parameters A, Ty, and 71,
were accepted as the ideal waveform, then one
might evaluace surge generators by fitting the
actual waveform to the ideal equations (e.g.,
by the method of least-squares) and examining
the resulting values of the paramaters.
Tolerancas would be specified for the
varaceters in the double exponential relation,
rather than the present practice of specifying
tolerances on the front time and duration.
Flsting the actual waveform to the ideal
equation and examining the resulting
parameters wouid have the advantage that the
entire wavefora (s considered, and not just
the value of the waveforz at three uifferent

points. However, {f the actual waveform has a
nweh different shape than the ideal waveform,
the resulting set of psrameters is meaningless
(although the values wight be within
acceptable limits). If the actual waveforn
has a shape that is very near the ideal, then
the present criteria for examining just three
points i{s adequate and there is no need for
complicated curve-fitting to a set of
experimental data. Therefore, fitting the
actual waveform to an ideal equation is pot a
desirable qualification test for the waveform.

proposal for acceptable waveforn

A more cowprehensive specification would be
to construct boundaries for variations in a
test waveform so that tolerances apply cver
most of the waveform, and not just at several
points. This effort can be done in either the
tize or frequency domain (1) by specifying a
region in the t, V(t) plane, or (2) by
evaluating the Fourier transforms of the
waveform and the equation for the nominal
value of V(t), and then speclfying a region in
the w, Y(w) piane. Examples of proposed




toievances for che time domain are given for

the :.2/50 and 8/20 us vaveforms.

Construction of upper and lower bound
curves in the time domuin L8 simple. The
upper bound has cthe minimum front time, the
naximum peak value, and the maximum duration.
The lower bound has the maximuwa front time,
the minimum peak value, and the minimum
duration., Tor the 1.2,5%0 and 8/20 us
vaveforzs, the tolerances in (1,2 have been

used to establish these maximum and minimum
values.

proposed toleyances on the 1 2/50 _wavefor
The 1.2/50 pus waveform is used as an

exarple of how to congtruct an upper and lower
bound £or an acceptable double exponential
waveform in the time domaln. As the upper and
bound curves have a differenc virtual origin
frox the nowinal curve, it {s desirable tv use
a change of variable t' = t - t, in Eqn. 4.
All three curves have the same virtual origin
when the translated tiume, t', {s used. The
vailues of the parumeters for Eqn. & for each
of the three curves are:

\f T A :0

us ®s LS
upcer 5.27% 83.567 1.053 -5.:36
nominal 0.6075 68.22 1.037 -0.220
lover 0.5558 52.8¢ 1.028 -0,282

when using these parameters with Egqn. 4, V
the pnominal peak voltage: the value of V
needs no adjustment since the tolerances on
the peak are contained in the values for A for
the upper and lower bound curves. Flg. 8
shows plots of the lower bound, nominal, and
upper bound curves.

¢
+5
P

An actual waveform could go outside of
these boundaries for any of several different
reasons. The actual waveform might be double-
exponential, but have an unacceptable vaiue of
one or both time constants. The actual
waveforz might be the superposition of a
doubie-exponential with relativelv large
oscillations. {r the acrual waveshape mav be
far frem a sizpie double-exponential waveform,
perhaps due to large discontinuities.
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References |{1.2) give a tolerance of £33
for measurements of the peak voltage of a
1.2/50 ug waveform. This appears to be a very
striet specification. The vertical amplifiers
in commonly used analog oscilloscopes have an
accuracy of *2% when calibrated co the
canufacturer’s specifications. Thare ig
additional error, which lg often on the order
of 23%, in the attenuation of commonly used
high-voltage probes. 1t appears that the
measurement error will usually be larger than
the 234 tolarance between indicated and
nokinal value. It may be appropriate to
change the tolerance on the pesk value to, for
example, :10%.

sroposed tolerances on the v/20 us waveform
There is no double exponential

representation for the 8/20 ps waveform,
howevey (9! showed that Eqn. 5

I -a L. tXexp(-t/m) (5)
was a simple rélacion for the 8/20 us
wavefornm. Because the upper and lower bound
curves have different virtual origins from the
rominal curve, it is desiradble to use the
transiated tize, ', where t’ = * - .. he
sarameters for Egqn. S rhat vield the three

curves are:

(us)™®  us
18 1.4384E-01 0.2%
1 1.2631E-02 1.67
59 3.6058E-08 6.87

3 T

us
upper bound 1.5779 6.25
noninal 3.00 3.91
lover bound 9.21 1.87
Fig. 9 shows & plot of all three curves.
is proposed to begin to appiy the upper an
lower bound curves at the 30% point on the
leading edge of the wavefort, as shown In
Fig. 9. For eariier times, the upper and
lowar bound curves approach the nominai curve
too closely.

Sy

As reported in Part I of this paper,

commercial surge generators do not meet t

present *iC% tclerance on duration or fron

time. Because there is ro evidence that these
c

he

t
comrercial surge generators are unsatisfacuery
in actual practice, the tolerarces on the
front time and duration shouid be changed.
fepm the present vaiue of :10% to perhaps
-10,+20%.
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Proposed specification for a 1.2/50 us voitage vaveforam.

Any waveform that is between the two dashed .ines is acceptable.
The nominal waveform is shown as a solld line.




2 aroposed tolerances for 8/20 us

‘o

i

Tiug M8
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ig. 9 Proposed specification for an 8,50
k8 current wvaveform. Any wavefors
that {4 between the two daghed
lines {s acceptable. The nominal
waveform {s shown as a golid line,

With this increases in tolerance, Lt may
aiso be desirable to specify the total charge
rransfer, :Q = [ 1 dt, during short-circuit
loadirg of the generator. Many practical
surge protactive devices (e.g., varistors and
avalanche dlodes) have an essentially constant
voitage during passage of appreclable surge

urrents. The energy, which {s an lcportant
parametey, that {s transferred to devices with
a constant voltage is proportional to 4Q. For
exazple, one might requirve

+5.4
8Q « (17.5 4.5 us) Ip

These tolerances on 4Q agree with the proposed
upper and lower bound curves given above. The
nominal value of 8Q c¢orresponds to the nominal
current from Equ. 5.

long-duration unipolay vaveforms

There are several speclal considerations
for gpecilications for uripolar long duration
wavefnrms, such as the 10/7C0 pus and 10/1C00
#s waveforas. Such long duration wavefornms,
when provided by a surge generator with a
small outpuct resistance, can t.ansfer large
energy to a load. 1If the ideal wvaveshape is a
double exponential, the energy transferred
depends on the valuex of the peak open-circuit
voltage, V_, and the decay time constant, v
The vailue of the time constant for the leading
adge of the waveform, vy, has a trivial effect
cn the energy content of the waveform because
the tizme from the ori{gin to the peak of the
wave is zmuch smaller than the duration of the
wavefora. Therefore, one might wish to place
small tolerances (e.g., $5%) on the peak
value, V_, and the decay tlze constant, 7,.
and relatively large tolerances (e.g., :38\)
or the value of the time constant for che
ieading edge, T

osciliatory waveforps

it is especially complicated to construct
boundaries in the time domain for an
vscillatory waveform. If the frequency of

oscillation alone is allowed to vary then the
various boundaries for an acceptable ring
waveform overiap at tlme Increases.

Boundaries for oscillatory waveforms may be
simpler when viewed in the frequency domain
than in the time domain. It (s common to view

requency domain data as a ploc with
logarichmic scales for both amplirude and
frequency. The effect of logarithmic scales
{5 to compress small discrepancies, which {3 a
dizadvantage in setting specifications. Many
laboratories still use analog oscilloscopes to
measure high-voltage surges. Until digitizing
otcilloscopes interfaced to computers with
digital signal processing software becone
common, Lt is premature to specify high.
voltage test waveforms in the frequency
domain,
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Appendix I; Instxumentation

The Tektronix 2430 oscilloscopes that ware
used in these experiments digitize chg signais
with a dynamic range of 256 staces (2° bits)
and take 1(.4 samples of each signal per
record. The oscilloscopes are interfaced to a
digital computar which collects the daca,
Tea'.s the sca.e factors from the oscilloscope,
detevzines the zero levels, and stores the
Cata on a magretic disk. Immediateiv afrer
each waveform ‘s acquired, the computer
connects ail four oscilloscope inputs to
earth, wvaits 2 seconds, and digitizes a blank
record. All 1024 points in each channel are
averaged to obtain an accuratc zero reference
ievel, wnich {s subtracted from the data
before processing.

Textranix P6009 probes were used to measure
the voltages between each side of the load and
earcth, Vpe and Vys. The 120 MHz bandwidth of
the probes was not a limitation durimp these
experinents, since at thc maximum sample rate
the data bandwidth is oniy 40 MHz. These
prebes were compensated in the usual way, the
the compensation of the NG probe was adiusted

ightly to raximize the common-:zode reiection
o, as described in {4'. ALl of the
ge <ata shown in this paper is the
rence, VHN' between the two measured

o

—rm —

The surge currents were measured with Jon
physics Corp. model CM-10-L current
transforzers with a sensitivity of 10 A/V.
This sensitivity was reduced by using a 50 0
coaxial resistive 2C dB attenuator near the
inputs of the oscilloscope. The manufacturer
states that the 3 dB bandwidth of the curvent
transforzers extends frow 5 Hz to 40 MHz, arnd
that the core of the current transtormer will
rot saturate for values of [ 1 dt less than
1 kA iC0 us. This experiment did rot require
two incdependent measurexzents of current, I
and 1,. iowever since they were avaiiabie,
ail of the data shown in this paper is the
average of two {ndependent measurements,
<:H’lﬁ)/2‘ This average reduces the random
noise {n the digiti{zation prccess.

The two voltages, VHG and VSG' were
zeasured sizultaneously on ore oscilloscope.
The two currents, :H and I,, weve measured
sizultareously on the other osci.ioscope.

Soth oscilloscopes had the same rominal sample

L& F1

rate and were tripggered from the same external
trigger source.

8oth voltage and current were =measured
during all tests, even during Part 1. Because
the peak veoltage was negligibly small (<15 V)
whan the load was a short-circult, we can be
certain that the magnetic field from surge
currents as large az 630 A had negligible
effect on the measurement of voltage.
Similarly, the fact that the peak current was
negligibly small (<1.0 A) when the load vas an
open-circuit shows that the electric field had
negligible coupling co the output of the
current transformer. Such checks are
desirable because electrowagnetic flelds can
couple erroneous signals, for example, {nto
the loop area between voitage probes.

aApprendix 13
Processing of data to deterxmine

front time apd duration
A computer program was written to
automaticaily process the data and determine
the front time and duration for each wavefore.
The data are arranged in an arrayv of
coordinate pairs (¢, VHS)i' where 1 is the
integer index.

eak value of unipolar wav 'S
The front time and duration are defined in

teras of the peak value, V., so the first task
{s to determine the best estimate of the peak
vaiue. The program scans ail of the samples
starting with the earllest (i=1) and ending
with the latest (1=-1024). The program tinds
the largest value of qu§| in each data file,
which cccurred at the jt sample. If the same
maximur value occurved at two or more samples
in one data file, the earliest occurrence was
used for the vaiue of !. The peak voltage,
V,., was then calculated froz the average value
ol the five samples between i-1 and i+3. More
?oin§s were taken after the largest valiue of
than before because the decav of
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Cnce V, has been determined, the times of
occurrence of the 30V and 0% points on the
leuding edge are found. The prograx scans the
data starting with the earliest {i=i) sample
until the first occurrence of a voltage
Vg 2 (0.3 V) is found at the k"' sawple.

The program Ehen fits a straight Line by the
method of least-squares through the seven
covrdinate pairs starting at sampie k-2 and
ending at sampie k+4, which gives a line of
the form:
VHN(C) “at+b

The assumption is made in the Least-squares
routine that the tize of each sample is exact
and that only the voltage values have errors.
This assumption {s justified because the
quartz crystal timebase in the oscilloscope is
tuch more accurate than the voltage
digitization. The time of the 0% point, t,,
is found by :

ty = (0.3 v,)) - bisa
The least-square li{near curte fireing and
interpolation is used to accurately specify




the time t, even vhen the data have
paci{llacions and random fluctuatiens (noise).

A simllar process iz ueed to find the time
of the 904 point on the leading edge, t,, and
the tine of the 508 point on the tail of the
waveforn, ty.

These algorithms give idencical values of
front time to 1 significant digits for the
1.2/50 us waveform from one wodel of surge
generator when the voltage data are sampled at
intervals of either 0.01 us or 0.10 ws, This
shows that processing of the data can be used
to increase the effective resolution of the
data,

i u wavefo

The current waveforms were processed in the
same vay, except that the 10% point instead of
the 30% point on the leading edge is used to
calculate the front time.

arameters for ring waveform

Tha largest value of {Vyul in the record is
found in the same way as cLe peak of the
unipolar voltage waveform, except that only
four samples are averaged. Tha vaiue of the
first peak is called Vp(0)4

The zero-crossings of the waveform are
found next. The program searches for the
first zero crossing after the largest peak,
vhen

Ol g * Vg £ 0

' The program then rits a straight line through

the data batween the -2 and j+4 samples,
including the end points. Thz time of cthe
zevo of this straight line is called £, (1),
which is the best esctimate of the time of tha
Eirst zero-crossing.

The program resumes the search for the next

zero at sample
J + INT(2.5 ps/an)

where ] {8 the {nteger sample number nearest
the previous zevo, 2.5 pg is one.quarter of
the norinal period of oscillation, and at iz
the tize between successive samples. The naxt
five zeroeas are found {n the same way as the
first and called CZ(Z).....cz(é).

The average frequency of oscillation, £, (s
determined from the first five zeroes after
the largest peax:

£ = 2/(t,(3) - £ (1))

The program then finds the values of the
other peaks, V_/i}, by searching for the
1a§gesc value of !Vyyl, vhich occurs at the
jt sample, between two successive zero-
crossings, t_{i) ard t ({+1), where 1 £ { 55
The value of each peak is obtained bv an
average over four points from the j-i to the
i+2 sampie.

The rise time of the leading edge of the
ring wavefora s found last. The values of
the 108 and 90% pointe for the rise time are
found {n the sames way as for unipolar
waveforms.
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Abstract ~ The design of commercial lcw-pass rlilter
wodules for eoulnpent connected to the low-voltage
supply mains is reviewec., Problems of uaing these
filtors to protect electroni¢ ecuipment from damage
oP upset by high-voltage transients on the 8aina are
discussed, fThe design and performance of circuits
that {ncorporate both overvoltage protection and a
i0W-pass filter are discussed. Cne circuit is
designed for coemercial environzents, the other for
medical equipment {n patient care areas, Fliltera for
medical aquipment In patient care areas must have
very small line-vo=ground leakage currentas, which
makes it difficult to provide either overvoltage
protection or low~pass filtering, Using an
ovarvoltage-protected low-=pass fliter l3 less
expensive than using a line conditioner to protect
eGuipment, and, in many {nstances, the flilter may
g.ive sarlsfactory protection,

I. INTRCOUCTION

low-pass fllters are commonly connedted in
series with tha power oord for éleoctronid equipment
to achieve alectromagnetic comparibility. These
filters attenuate high frequency nolse that {s
generated i{nside the cha3sis and conducted on the
power cord out of the chassis and into the
anvironzent. This application of filters is
well known and covered {n itany standards and
regulations, Low-pass fi{lters may also protect
equipment from some disturbances on the mains, such
as high-freguency nolse and transient overvoltages.

High-voltage transients on the mains can damage
electronic circults or cause temporary malfunction
(upset) of these c¢ircuits. Common sources of highe
voltage trarsients include lighthing strikes to
overhe2d pcver lines and awitching of reactive
icads {']. Transient overvoltages with a peak value
greater than about SC0 V are rare events. Bursts of
high-frequency noise with a peak-to-peak value
tetween 40 and 100 V occurred at one residential
at an average rate of 0.5 per hour [2]., Maxinum
values cf | dV/dt | of the order of ! kV/u3 vere common.
dgccuse the peaxk voltage values {n these bursts of
noise are less than the amplitude of the steacy-atate
aains voltage, overvoltage protection (e.g., zetal
oxide varistors) vill be ineffective in attenusting
these disturbances. However, a low-pass rilter could
ne efrective in attenuating these bursts of nolse.
This paper examines the design and use of low-pass
f{lters to protect aquipment from high-voltage
transients on the mains.

High-frequency noise i2a transferred from the
=mainsg through step-down transforzers by parasitic
capacitince tetween the prirary and secondary coils
"3). Thersfore, the high-frequency noise at the
secondary may be larger than would be sxpected on the
basls of the turns raclo and the amplitude of the
nolse on the mains. Oneé cannot rel; on common d¢
voltage regulator circults to attenuate high-
frequency noise or tranaient overvoltages because
*hesa circuits do not reject high-frequency nolse at
the same degree as the ripple voltage at twice the
=ains frequency on account of liamitations imposed by
the gain-bandwidth product. Electrolytic filter
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capacu.iors that reduoe the ripple {n dc power
supplics have appreciable séries induotance whleh
wakes them inéffestiva for bypassing nolss to ground
at frequendies of about ! MHZ or greater. Therefore,
high=-frequénoy noias or tranaient overvoltages on the
sains may be able to propagate through a d¢ power
3upply and upset the operacion of an electronic
clirocult,

Common low-pass filter mocdules for commeércial
service provide approximately 30 dB to 70 d8 of
attenuation in a 50 Q aystem at frequancies between
0.15 MHz and 30 MHz., Owing to limitarions on the
nhysical size of i{nductors and capacitors, o3t
fllters have little attenuation at ‘requencies Zelow
" Mh7, However, mains fllters for awitching power
capplles may need significant attenuation at
frequencies as low as 10 kHz. Common transient
overvoltasze:. have appreclable energy at freguencies
below ! kHz. Above about 30 MHz mzOst noise s
transferred in or cut 9 a chassls by radiation
through spacs rather than by conducti{on along u‘res.

A transient on the malns with a peak valuelof
2000 V wculr be attenuated *o sbout 60 V by a rilter
with an attenuation of 30 dB., This amount of |
attenuatlon might be adequate. However, a problem
ar{ses because g filter that 13 rated to have an
attenuation of 30 dB ray have leas attenuation during
high=voltage transients. Flilters are normally
characterized with a sinusoidal voltage with an
amplitude of only a few volts., Attenuation data from
thesa experiments are not relavant to performance
during high=voltage transfents for the following
reasons:

(13 The dielectric¢ |n shunt capacitora may break
down and produce a large value of dv/dt {nside
the filter, which behaves as an unexpected
source,

The i{nductance of chokes tyrically decreases
during large currents cwing to partial or
complet®d saturation of ferromagretic core

- zatertal, Abriormally large currents may flow !n
chokes during high-voltage transients,

Large voltage stresses across series {nductors
zay cause {nsulation breakdown and shunt the
fnductor with an arc.

Attenuation data in manufacturer's
specifications {3 measured with a 50 0 resistive
load. While this {s a reproducible test Tethcd,
it does not correspond to actuai operacing
cond{tions (U],

The last reason (s particularly {nsidious. The SC §
resistive load {n the standard test method damps
resonances that may be present with the LC elements
{n the f{lter, Furthermore, a resctive load during
real-world oparaticn of the fllter zay cause
resonance with the output port of a low-pass fillter
and produce voltage gain [51.

II. CONVENTICNAL DESIGN OF FILTERS

Modern, low-cost f{lter modules for ccxurerclal
service have a typical circuit configuration shown in
Flg. 1.

The {nductor In F{g. | has two {dentical cc!ls
that are wound or a ferrite toroid, as described by
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fig. 1. Typlcal low-¢cost, .ow-pass f{ilter module for

ude between rains and electronic equipment.

{6, This component {3 called a "common-mode
choke,” since Lt presents a much larger induc.ance o
common-mode than to differential-mode signals. A
typical commson=xodd choke in a mains rilter has an
indyctanrce between about 1 mH and 235 ~H to
common-moce signals. 7The inductance for
differential-zode si{gnals !a cf the order of 3¢ uH
(7). Tre small ¢{fferertlal-mode {nductance pravents
tyraticn ¢f the magnetic core bty ncrmal load
currenty, wrhiegh may e of the order of ' to &0 A ras.
2 this reason, :his component !9 sometirmes called a
Teurrent-2ozpensated choke," The centinuous toroldal
core structwre 13 particularly desirable because |{t
has no alr gap to radiacte magnetic fleld and Increase
ambient glectromagneric noise levels.

There are two practical way$s to connecte
capacltera in a jow-pass filter for the mains. Cne
or =ore capacitors, such as C! and ¢2 in Fig. !, can
ta shunted between the hot and jeutral conductors to
attenuate differential-mode nofse. Cr a pair of
capacitors, such as C3 and CU in Fig. ', can bte
shupted between ground and each mains conduetor to
attenuate coason-20de nolae., The capacitance values
of €3 and CY are nominally identical, =0 that
com=on=mode nolse [a not converted to appreciable
di{fferential-mcce nolse by unbtalanced inpedances.

The capacitarce of efcher C! or T2 18 usually hetween
apecut .1 UF and 0.% uF, and iI can be macde larger.
The cacacitances of {3 and C4 mus:t be small for
3afety reaaons; values of the ¢rder cof 2 nF are
yeical. 17 the ground connection were ogpen, an

-
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lecoric ancck hazard would exist {f the capacitance
etween the not ¢enductor In the rmains and the
hassis grourd {8 large.

The naximum cafacitance between the mains and
reund L8 cetermined by the allowable leakage current.
“e leakage current {3 meisured berwean the

0 ¢ D et

#%

iiter {3 connected to the mains without a ground
<ire. The maxiTum leakage current, and the Jaximup
capacitance for use on 120 V r=s, £0 Hz mains, {3
given in Table 1.

“he input capacitor, C1 in Flg. ', {8 vulnerable
to dazage by transient overvoltages on tre mains,
Consider the common 8/20 us current wavefrorm with a
r@ak ¢f SCC A that i3 used for tescing surge
crotective devices. Thia rtest wWwavreform transfers
8.7 »C of 2rarge, If we ccnalder a typical = fllter
with rwo 5.5 4F capacitors and 3 30 yM chowe, Lhe
sotential difference acroas the capacitors will have
a ceax value of anout 3.6 kV. This large voltage
across the capaciter could cause dielectric
sreakdown, followed by an arc {nside the capacitor.
The peak voltage of 9.6 kxV that is predicted by
calcuiatlon vould probably not occur {n a reallscic
3f{ryaiicn: common electrical cutlets flashover at 3
cotential cf about § xV. Whatever the peak voltage
~May ce curing a severe overstress, .t stili threatens
the c¢leleceric (n shunt c¢agaciiors.

Table 1
Maximum Leakage Current and Capacltanee

waxiaum
capacitance
maxinug rma iine to ground
leakage 120 V ros
environmant current 6C Hz sarvie.
rediocal equipmenc:
patient care area 0.1 2 2.2 nf
residenctial and
non-patient care medical .5 mA 11 afF
cosmereia. 3.5 24 77 nfF

Maximum leakage curvent speciflcatliohs are contalned
in sectlon 27 of Underwriters Laboratory Standard 544
(for sedical equipment) and (n section 20 of
Underwriters Standard 1283 (for mains (ilters).

To avoid deatruction cf unprortecred filvers
curing operation when connected te the zains,
stecifications ccomonly accress benavior curing
tranalent high-voitage streases. For example, [8)
requires filters that are rated for 250 V ac or less
to withstand a potential difference of 1414 V de-
between the hot and neutral terminals ard a potengial
difference of 2'21 ¥ d¢ between ground and either the
hsét or neutral conductor, !

An additional problem with f{lters during
transients {3 the possible resonance that may cause
the amplitude of the volrage across the output port
to exceed the amplirtude of the source voltage. There
are several techniques to avold constructing a high-Q
ressnant clrcuit. Chokes with a fer~ite core can be
fabricated vo have a large resistive component of
ippedance at frequencies between about 0.1 MHZ and
10 MHz, This resistance damps osciliations in an
otherwise pure LC cirgult without using resistors.
The permeability {(and thus the !nductance) c? ferrite
cores decreases as the current lncreases. ™is
effect also helps to avotd resonance. However,
rescnance can stiil cccur when a reactive icad i3
connected Lo the filter,

*

III. DESIGN OF AN OVERVOLTAZE-PPOTECTED
LOW-PASS FILTER FOR THE MA&INS

The diascuasion of the deaign of a low-=pass
filter that contains integral overvolLage protection
{s divided into three parts. First, the overvoltage
srotaction and tasic filter design will e discussed.
Second, damping of rasonances and safety
considerations #ill Se dlacussed., Third, an
alternate cdesign will be discussed for applications
that require low line-to-ground leakage currents,

The netal-cxide vari{stor 13 wicely recognized as
a cost-effective voltage limiting device 7or use on
the nains (3). OCne of the features of these
vari{stors {8 a parasitic capacitance, which {3 cfien
betweean 0.5 nF and S nF, chunted acrcs’s !ts terrinals.

his capacitance can bde ytilized to -axke the flrac
stage cf a low-pass filter, while also obtaining
voltige lim=iting ('07.

The circuit shown in Flg. 2 has two atages. The
first stage uses nominalliy !dencical wetal-cxlde
vari{stors, V1 and V2, to provi-e voltage liziting for
cormon-a0de transients, Both the hot and neutral

conductors are ¢lamped at 30oxe relatively small
sotential {e.g., 300 V to SCO V. from ground.
induyctor L1 and varlistor V! forc a nonlinear

voitage <ivicer for transient overvoltages with shor:

.
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Fig. 2. Simple nvervoltage~protected low=pass rilter,

durations., L2 and V2 act in the samé way for
tray3tents on the neutral conductor. For
nigh-freguency nolse, thé inductances L) and L2 form
a low-pass filter with the parasitic capacitance of
variators Y1 and V2 and with capacitor (2.

The second stage of the circuit shown In Fig. 2
cntalns a ccmron-pode choke, L3, and bypass
a; acitors, C!, CS, and Cé. 7The second stage of the

~pass fllter shown in Flg. 2 attenuates tine
remnant o7 any transient overvoltage that passes
Zownstrean from varistors ¥ and Y2 and also providea
addivional attenuation of high-frequency noise,
Components L3, ¢S5, and C6 form a low-pass fllter for
compon-—mode signals. Owing to iaperfections (n the
symmetry of the two coils in L3, this choke presents
a relatively small inductance to differential-mode
signais. Tmis inductance and C! form a low-pass
filter for differential-mode signals., Additional
protection frox transient overvoltages is obtained by
connecting vari{stor V3 as shown {n Fig. 2.

There are many considerations involved in
selecting component values for the c¢lrcult shown in
“lg. 2.

The (nput inductors nave a single layer
constructlon to prevent insulacion breakdown bdetween
layers and are rated to withstand at least a 5 kv
\mpulse betveen terminals, as suggested by T11), e
singie layer construction 4.3 increases the
self-reacnant ‘reguency of the choke by decreasing
he parasitic capacitance betwzep the terminals.
Zhokes L1 and L2 are connected upstream from L3
mecausa regular chokes can be more easily cesigned to
w{thatand high-voltage transients than can
corpon-mode choke L3.

The {nductance values for ! and 1.2 are limited
oy two consideratrions. These inductors are in serles
#1th the load current and have a voltage acroas them
luring tWe normal oparation of the filter. If the
rilter i3 rated for 'O A rzs, 60 Hz service and if a3
irop of ' ¥V rms across the filter can be tolerated,
tne maximum inductance ls about 27C uH. This
‘nductance limit applies to the sum cof {nductance: L!
and L2, and the (nductance of the choke L3 for
aifferential-rode currents, Subject to this limit,
iarger values of inductance are zore desirable.

Size {s the other consideraticn for inductance
value. The input !nductors, L' and L2, should hrave
single layer construction. These lnductors should bte
able o withstand at least 5 kV across the terminals.
The high-voltage construction of these inductors will
=3ke Lhem relatively large: a lengih belween 7 ca and
12 ca 18 typlcal of asingle layer choke3 with faerrite
sores, an inductance between 10 yH and 80 uH. and a
20 ¥ rating. Since devices with larger {ndiuctance
values have a3 .arger size ang there are size
sonatraints on the compieted fiiter module, the 3lze

<
<

of the module may determine the rwaximua praztical
{nduotance value for L1 and L2.

All lumped element capacitors have a &mall
parasitiec inductance, which may be as small as 5 nH,
that makes the capacitor useless at high frequencles.
It s well known that the parallel conneotlen of two
different capacitors (e.g., 0.5 uF and 0.0! uF) will
provide a amaller magnitude of lapedance over a wider
frequency rarge than eithar capaoitor alone (7). The
paraaitic capacitance of the varistor V3 {a effegtive
in this ray J4ith ¢apaaltor C1.

A. ‘Yaristo Specificacions

It {8 (mportant that Vi and V2 be nominally
identical devices, 1f the varistc® connected betweeh
rhe neutral and grounding conductors, V2, were to
have a szaller conduotion voltage than V1, then
comon-=0d6 trangient overvoltages and noise would te
converted to differential-mode by the mixsatched
varistors., Owing to the use of a common-mode choke,
1.3, with its large value of inductance in the second
stage of the filtar, the common-mode attenualion can
e greater than the differential-code attenuation.
Therafore, it 13 desirable to have nominally
identical devices for Vi and V2. There 13 also the
prospect of having an application where the hot and
neutral conductors are reversed {n the wall outlet,
a0 that v2 {3 exposed to the full mains voltage,

It {3 recommended that varlstors 7or use cn
zains with a nominal voltage of 120 ¥V rrs neer the
follewing specifications:

(1) Wnen Vy is the varistor voltage at ! =mA doj

current and at a temperature of 25¢ C, the value
of Vy should satisty

210 < vy ¢ 300 v

{2) There should be less thah 500 V across the
varistor during an 8/20 ys test current with a
100 A peak value,

(3) The varistor shou)l survive an 8/20 us waveshape
with a peax current of at least 5 kA without
rupturing the casa or loas of protective
functicn.

(4) The varistor should be able to tolerate at least
a mililon pulses of 850 A peak current (8/20 us
waveshape) without changing Vy by more than
+10%.

for long-teram relladbiiity, there should de small

power dlssipated in the varistor when the rms voitage

{3 somewhat greater than normal (F. Hartzlor

personal comzunication). For this reason, e

specificazion has a larger zinlaum vajue o' "q

might cthervw!se appear necesaary.

With InC varistor technology available in 1987,
such a varistor will have a cinimun diazeter of 20 mo.
In the c¢ircutt shown {n Fig. 2, varistors ¥1 and ¥
are expected to be exposed to larger surge currents
arid therefore suffer more rapid degradation.
Therefore, one could speclify that varistors V1 and V2
have somewhat greater cenduction voltage than
varistor V3, Alternaveiy, the firat two varistors
may be specified to have a larger dlameter than
var{stor V3. . For Jxample, V1 and V2 aight have a
dlazeter .f 32 z=m, while V3 might have a dilamneter of
20 =m.

T™e clamplng voltage for c¢ifferential-mode
transients at the input of L3 is twice the
coumon-mode value, since V1 and V2 are (n series for
differential-mode voltages. This peak voltage value
{s unllxely to damage the dielectric of the
capaciters, C1, C2, CS, or C6, or the insulation of
the choke, L3. While {t 1s no longer critical that
the capacitors {n this f{lter be adble to withstand
high-voltage transients, it is recommended that only
capacitors with self-nhealing dlelectrics that are
rated for cperation at 600 V dc {or zcre) be used.
This provides a greater relfabllity fcr tne filter.
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B. Suppression of fessnances

The fllter shown in Fig. 2 wi{ll have voltage
gain at varilous freéequencies owing to resonances of
various Lo pairs. There (s a resonance for
common~mode signals owing to L3, €5, C6, and the
parasitio capac .cances of V! ard V2. Another
resonance for common-mode signals 1§ owing to LY, L2,
and the parasitlo capaaitances of V1 and V2, There
i3 a resonance for differenctal-mode signals owing to
L1, L2, €1, C2, and the ron-{deal\ {nductandge of L3 to
difrerenttal-zode signals.

As mentloned earlier, the possibility exista
that the fllter-l1cad system will have reacnanaes when
a reactive lcad is conneéated to a low-pass filtes,
There are two posaibilivies for reactive loads:
inductive and capacitive. Pure {nductive loads are
unusual, Most [nductive loads across the palns
(e.g., motors, relay coils) have substantial serie
resfstance that vill aot to6 damp any resonances.
However, high-quality capacitive loads do exist: many
pieces of electronic equipment have capasitors
connected to the malns for asuppression of
electrogagnetic noise. Many products intended for
cffice »ng {ndustrial applications have conven:ional
low-pass filters connected to the zains, which have a
capacitive {nput {see Fig, i), Many electronic
products for consumer applications (e.g., television
recelvers, v.ded tape recorders=, stereo receivers,
src.) have simple cagacitors acrcas the zains.

Yoltage gain can Ve avoi{ded by adding resistive
dampening, as shown in Fig., 3. Te ¢ircult shown {n
Flg. 3 instludes all of the components shown (n Fig.
2, plus seven resistors and two capagitors.

b -:
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Cvervoltage-protected fi{lter for commercial
use.

Given the types of reartive loads {n the world,
cne Cannot suppress resonances in a low-pass filter
y merely connecting resistors lh series with shunt
capacitors inside the fi{lter. w¥hile this would damp
internal resnnances, [t doe2 ncthing o solve the
resonance owing to tha external capacitive load.
rstead, resistors, such as RS and R6 (1 Flg., 3, are
chunted acro3d the {nductor nearest the output port.
A crude inftial approximation for the valu. ¢~ Chese
o s{stances car. be obtaf{ned by calculating the
~eactance of one coll in L3 at the resonance
frequency.

it {3 undesirable to connsst resistors in
raralliel with L1 and L2 because these inductors cay
be exposed to high-voltage transients that af{ght
damage inaxpersjive resistors.

T™e series RC networks shown in Flg. 7 nrovides
Zamping of resonances. Such retwo."ks are ~>.mion in
ajtching aprlica lons with relays. SCRs. <. .rlacs,

-~

=Hgre tney are xnowa a8 "mubber networks.,”

Resisror
R2 dazips the resonanve to dirferentlal-sode signals
formad by L1, L2, €2, C1. and the different{al-zode
{ndugtance ot L3. The subber netwsrks R3,C3 and
RU,Cl provids damping of resonances of comdon-gode
signals cwing to L3, C5, and C6, Further damping for
both differential- and comdon-~modes may be provided
by the resiative component of the (mpedarice of L1,
L2, and L3 owing to the losses in the cores of these
chokas.

Tharé {3 no rrason to inolude a Jamping resistor
in serles “{th C1, aince a capacitive load would
remove the effeot of this reslstance. The uase of
damping resistor R2 cah adequately auppress
dif.erentlal-mode resonances.

Resistor RT {3 included to discharge the
capacitors {f the filter {as disconnectad from the
aalns with no load present. The value of R7T may be
chosen to decrease the potential across capacitors !
and C2 ro some amall value {e.g., iesa than 30 V) one
second after the mains are disconnected at a positive
peak of the sinusoidal xzains wavefors, There |5 no
need to dlischarge capacitors C5 and Cé pecause their
capacitance L3 30 small. If C3 angd C4 have large
capacitznces, another discharge rssistor, 28, should
be {ncluded. The resistances of R7 and RSB are OO
large to have an effect 01 cdamping of resonances;
these resistors are {ncluded only for salety
conajderations.

IV. DESIGN OF AN OVERVOLTAGE-PROTECTED MAmst
FILTER FOR PATIENT CARE EQUIPMENT ;

A filter can be designed for medical equipmpnt
in pactient care applications using the principles
discu.sed above, The only unusual eriterion {s that
¢f very lcCw leikage current (see Table 1). If a
generous safety margin {s to be provided, the
line-to-ground capacitance must be limited to about
500 pF., which effectively prohibics the use of either
metal-oxide var{stors or large capacitances (n
line-to-ground connections. Some of these
diff{culties can Bbe overcoms with the circui{t shown
in Flg. &.

hot L! RS
« ! .
‘ X ; /o
H 1
-— i k] ' i .
Vi e ; /Cs = P
grounding | . L
SIS N () e e
E -/ =
V2 RZ /// \\\36 - ;
I
L B i
" neutral R6
Fig. d Jvervoltage-protected fll*ar for patient

tare equipment.

The relatively large parasitic capacitance of
the line-to-ground varistors, V! and Y2, !s reduced
to only 3 few picofarads by connecting a spark gap in
series. However, the spark gap has a delay time
betveen the applfcation of an overvoltage and the
onset Of an arc {nside the gas. By placing the spark
gaps and varistors upstrream frow chokes [! and L2, ve
obtaln two advantages. F{rst. the {inductance !n L!
and L2 helps create a large voltage during transient
overvoltages with a sahort rise time, which will
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reduce the delay time {n the spark gaps. Second, the
‘owepasa filters 7or@ed Dy the vari{ousd {nduétors and
ecapacitors atkenvite the re@nant that passes
dewnstredm from the spark gaps, V!, and V2. Prior to
the onset of the ary inside the spark gaps, thia
resnant will be the entire tranalént oOvervoltage
across the Input port. Thias idea is not new: (11)
advogated (t thirty years ago. However, the me~its
of thia eircuit appear to have been !gnored,

The selectio= of varistor models for thia
cireuit s guided by the samé prinelplea that were
4l scuasad above for a commerclal environment, Use of
a vaPispor that (§ sultable for direct oconnection
between the mains and ground » {1l cause the spark gap
te extingulsh when the overvoltage ceases; there will
be no "follow current.®

Attenuation of differential-mode ove-~voltages {a
previded by chokes (! and L2, together with varlstors
V3 and V4, A differential-mode low=-pass fllter ia
forzed by L', L2, and C2., Reaonance 13 suppressed by
including resistor R2 in the ziddls of the filter.
Additional attenuation of high-fraguency differential-
msode 3signals (s provided by the parasitic
capacitances of V3 and Va.

A common-ndde luw=pasa filter is formed by
common-mode choke, L3, and capacitors CS and C6. ror
safeny reasons, the capacitance of {5 ard C6 is
imitad to about SC0 pF each.

“he purposes of R5, R6, and R7 In Flg. i are
Llentical to the components of the same designations
{n Fig. 3, which were explalined above.

Y. TESTS

Prototype varsions of the overvoltage-prctected
filters for use in either a compeércial or medical
environment were subjected to a number of different
tests In a laboratory. The steady-state frequency
response ls rr~aented first. Then the responsa to
transjent overvoltages |3 discussed.

A. Steady-State Frequency Peésponse

Attenuation as a function of frequency vas
=easured with the Circuit shown in Fig. 5. The
3{ghal source was a Wavetek aocdel 191 funct'on
g9nerator that was ccnnected to an Amplifler Research
=odel SOA'5 power amplifier. This combination could
c=ovide a siausoldal wvaveforsm oOver the frequency
~asge from 10 kHz to 20 MHz. Nearly all of “he data
vere ¢gllected with 3 20 V peak~to-peak sinusoidal
‘nput aignal. The volimeters were the two charnels
2f a Tektronix model 2445 oscilloscnpe, which have an
‘nput impecance of 1 M{ shunted dy about 15 pF. &

0 f coax!al 13ad was connected at the front panel of
the caciiloscope for the measurement of voltage
across the filter':s output port. Coaxial cable was
480 for All connections, Freguency measurements
“ere wads with the cursors on the oscilloacope
screen.

It was not possidble to measure the (ifferential-
a0de resporse of tha fi{lter, sincs a nigh-quallty,
center-tapped transforger with z wide vandwidth was
not available. A c¢rude substitute vas to connect '"e
seutral to ground at both the Input and output ports,
«hich gives vhat oy be callea the "normal-mode”
response. Since one terminal of the oscilloscope
‘aput ls at ground potential, no other chofce was
possidbie.

f{g. 6 snow’ the frequency - esponse fror the
ow-pa88 fllter for commercial environments, which
uses he schemzatic shown in Fig. 3. 7The a0lid iine

shows the response to common-mode signals: the dashed
itne ahows the response to normal-mode algnals. The
~esonance near 0.8 MMz {a caused by the {nductances
af L%, L2, and the parasitic capac'tances of V! and

SO0 H  H . common
®© @  VlweN ke ®
I g . :
et 8

nput output
source  vollage device under 1est voltage
measurement measurerment

500, L .

IR o
@ @ SENE R IVER R £ BC
PSSR S S .. normal

: v O G

. mode

Fig. 5. Schematic fo. frequency response
measurerignts,
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Fig. 5§, Frequency response of the fl.ter for

commercial environments,

¥2. The resonance for normpal-mode yignals near
20 kH= {3 caused by L1, L2, and C2,

Fig. 7 shows the frequency response of the
iow-pass filter ror medical anvironments, which uses
the schematic shown in Fig. 4, 7The attenuaticn of
common -mode signals at frequencies below about
C.! MHz 13 mostly due to voltage diviston usiiz the
inductance {(L!, L2, and L3) and the S0 N resist{ve
icad at the oscilloscope input., This {3 not
surprising, since there 1> a stringent lizait cn the
maxigmum vaiue of line-tc-Tround capacitance (n this
environzent. tThe amount of attenuacion of
nornal-mode signals of thias rilter (s similar Lo that
of the f{iter for commarcial environments.

B. Hespronse to Transient Gvervoltages

The respons to transienr overvoltazes of
various luv-pass filters for use on the mains wvas
tested. using the schemat!i¢ dfagrams ahcwn in Flig. 8.
The ovarvoltages wdre 3suppliad dy a Keytek model 424
surge generator. The respunse vas zovitored by a
Tektronix modei T612D digitizer with two TA13
dzplifiers with differential inputs, The voltage

~4
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across the {nprt port of the fllter waa measursd with
a palr of Tektronix P6015 probes; model P6009 probes
were used Lo neasure the voltage across the output
port. Use of a palr of probes and a true
differential azplifier eli{minateas errors owing to
changes (n ground potential during the application of
the overvoltage. The probeés were properly
compensated in the usual way. Then the ccmmon-mnode
rejection ratic was maximized dy adjusting the
compensation of the reference probe (the cne
connected tu the inverting lnput of the amplifier) to
give the minimum d{fferential signal when doth probes
were connected simultaneously to the 3'mé output of a
rectangular pulue generator,

The two cables for the P6015 probes were twlisted
together and secured with plastic spiral wrap. This
reduces the amount of error voltage induced on the
cables by rapldly chenging magnetic flelds during
surge testing. “he two PE0OCY probes had their cadles
tWisted together and secwed {n the same way.

All surge testing was done with a 0.5 us-100 kHz
ring vave, which (s Zefined {% ANSI C$2.41-1980,

The fllter under test was connected to the 120 V
23, 5C Hz zains through a back-f{lter. The {nternal
tack-filter in tre Keytek model PN28! progranmer

6
[
L input
N
output ﬂ‘
\ 200 J P »:,./ .
b N
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)
!
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veon | ) _
] 1 ) [ [} 1}
Time ue
Fig. 9. 1 kV open-¢ircult common-mode Fingwave

applied to medical Pilter.

fnetWork was used. Additional protective devices
(metal-oxi{de varistors and low-paas filteras) vere
placed upstream from thi{s back-filter for increased
asasurance that equipment elsewhere (n the bullding
would not be damaged or upset by this testing.
Because the filter {3 designed to be connected to the

zains during normal use, it ls {uporvant to test it
when ehergized by the mains voltage.

In order to observe a worst-case condition, no
load was used during these testa, WwWhile this is
the typical vway to use a filter, Lt does present d
worst=case. A low-pass filter is built with a large
series impedance and a ssall shunt i{ppedance. Use of
any capacitive load at the output port will decrease
the shunt i{mpedance and increase the attenuation.
Usé of a purely resistive load {3 likely to damp any
resonances,

The major concern during the design of the
low-pass filter for use in medical environments was
whether the filter would provide adequate attenuation
of the remnant that travels downstrsam from the spark
gaps and varistors V1 and V2 (n Flg., 4, The
woruyt=case for passage of a remnant occurs when the
voltage aoross the input port has a slow rate of
rise, so that the spark gaps are relatively slow to
conduet and the remnant has a relatively long
duration. The worst-case can be worsened further by
applying a common-mode transient overvoltage, 3ince
the attenuation of the fi{lter {3 markedly lesas fcr
common~mode signals owing to limits on the maximoum
line~to-ground capacitance.

Fig. 9 shows the common-wode voltages acroas the
input and output ports of the filter for zedical
environment3a. The surge generator was set to provide
a peak open-ciroult voltage of about 1 kV. The
voltage at the left edge of Fig. 9 i3 about 170 V,
the peak of the maina voltage. The surge 13 applied
and the voltage across the {nput port Increases at an
dverage rate of 1.9 kV/us, At least one of the gaps
conducted when the voltage across it and {ta series
varistor was S75 V. The voltage across the input
port decreases abruptly to abouv 220 V and behaves (n
a very noisy manner. The times of the peaks in this
noise were reproducible from one test to anocther, 3o
they probably arise from reflections from the various
procective dev{ces upstress from the back-filter and
from nodes inside the filter under test. The peax
current frow the surge generator, zeasured by an
ammeter inside the surge generator, was U4 A. This
was a very mild stress.

The voltage across the output port of the fliter
{s nuch smoother and of a generally spaller amp;‘tude
than the voltage 2croas the {nput jort. At the left
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Fig, "1 1.5 ¥V open-circeuit differentlal-mode ring

wave appiled t0 medical filter.

2dge Of Flg. 9, the voltages across the input and
output ports have the saets value, as would de
expected, since there {3 negligible loass in the
filter at the frequency cof the ac zains., When the
gap{s) sparkad over, the voltage across Lhe output
port had an osclllation vith a peak-to-peak value of
about S0 V. This osci{llation may be due to radifated
electromagnetic¢ nolise from the large value of d4l/dt
in the spark gap(s). Neglecting these oasciilations,
the {nitlal rate of change of the voltage across the
output pere was about 0.08 kV/yus, about 4% of that
across the (nput port, The voltage acroas the output
sort (s greater than that across the injut port at
times ear 4 and 8 us, Thers 13 no common-mode
voltage c.amping at the output of this filter, %
such an outcorme (3 possible.

“{g. '0 shows a larger common-mode overstress
test of the sanme f{lter. The surge generator was
adjusted to give a peak open-circult voltage of about
S xV. The digitizing rate was slowed to capture the
encire ring wave, The greater inftlal value of Jv/dt
across the {nput port caused the spark gap(s) to
conduct at a lower voltage than {n the test shown in
Fig. 9. Tmis {3 to be expected: it i3 wall xnown
that spark gaps conduct zore quickly when | dv/dt | 1s
greater. The peak current drawn from the 3urge
ganerator was '80 A, The common-mode voltage across
the output vort {s clamped at 4CO0 V in thls test.

l ,loput
) output

c
-—-v

volts
L

Mk . =

o0 |

Time us

Fig. 12. 6 &V open-olreuit differential-mode ring
wave applied to medical f{iter,

Fig. 11 ahows a m:tld differential-code ring wave
test. The surge genarator vas agjusted to give a
reak open-circult voltage of about '.5 V. “The peax
voltage across the input port, about '.° KY, {3
greater than that In Fig. 9 because tha two spark
gaps and variators V1 and V2 vere in ssries wivh the
surge generator, unlike the common-mode test irg
Fig. 9. The value of dV/dt across the input part
prior to Sparkover was sbout 2.9 kV/us. The peak
current drawn frow the surge generator was 16 A; this
was a m1ld stress. The voltage acroass the ocutput
port {a much smoother than the voltage across the
input port. Since tre attenuation of
differential-mode 3ignals {3 greater than the
attenuation of common-mode signals ror this filter,
it 13 not surprising that the voltage across the
output port (s smoother in Fig. 11 than {n Fig. 3.

Flg., 12 shows a greater differential-mode
overstress test of the same f{lter. The surge
generator wa3 adjusted to give a peak open-circult
voltage of about 6 XV. The digitizing rate vas
slowed to capture the entire ring wave. The peai
current crawn from the surge generator was 164 A,
The d{fferentlal-mode voltage acr'oss the output port
{3 clamped at 360 V in this test.

w> Further tests wers planned with (i) this
overvoltage-protectsd filter for a medical
environment, (2) an "orf-the-shelf" low-pass filter
nodule that has no overvoltage protection, and (3)
the overvoltage-protected filter for commercial
environments that was descridbed ‘n Flg, 3. The
nonprotected rilter was tested next with the same
experimental arrangement that was dascried above., A
differential-mode ring we'e with an open circuit
veltage of 6 kV produced insulation btreakdown in the
line-to-neutral capacitor inside the f.lter. Bnough
energy and voltage reached the output port of this
filter to damage the amplifier {n the digitizer. The
amplifier could not be repaired {n time to prepare
additional figures for thias paper. This unfortunate
result does show that including overvoltage
protection in f{lters can reduce the incidence of
carmage to sensitive electronic circuits!

VI. CONCLUSIONS

Many kinds of cdevices have been recommended by
engineers to protest vulnerable equipment rog
dlaturbances on the mains, including noise and
high-voltage transients. These devices include
isolatjon tranasformers, line nonditioners, ac voltage
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. regulators, and motor generator =eta {12]., These
devices are expensaive: a unit that .9 rated for
sérvide at 20 V rms, 500 VA costs at least $400, In
many applications regulation of the ag mains voltage
{8 o longer oritical. For example, many awitching
power suppliées that are intended fOr use on nominal
120 ¥ ras mainas will operate reliably with any i{nput
voltage betwean 80 and 130 V rms, Common desktop
computer 3ystéams use ssitehing power supplies and do
A6t raquire a regulated ac mains voltage, When ag
voltage regulation 13 not needed, a low-paas filter
that {ncludes protection from transient overvoltages
may be an acceptable substitute for more expenaive
devices suoh as line conditicnera, when {a0lation at
do and the frequancy of the mai{ns 13 not regquired,
the commori=mode choke in a low—=pass filver may be an
acceptable substitute for nolse reduation by
{&lacion tranaformers. Providing critical loads,
such as computer systems, vith protection froa
transi{ent overvoltages and noisae would be expescted to
reduce the upssut and dagage rate for the systems.
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ABSTRACT

We report the development, design, and performance of an overvoltage
protective circuit that has a signal bandwidth from dc to 200 MHz, is
matched to the impedance of a 50 Q transmission line in order to avoid
reflections during normal operation, and clamps the voltage across the
protected port to less than 16 V during a surge with a 8/20 us waveshape and
a peak current of 3 kA. This overvoltage protective circuit has
applications in preotecting high-speed computer local area networks (LAN),

the antenna input port of radlo receivers, and inputs of oscilloscope

vertical amplifiers.
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INTRODUCTION

An important problem in the design of cvervoltage protection has been
to protect computer local area networks (LANs) from damage by lightning.
Common LANs transmit rectangular pulses at a rate of the order of 10’ pulses
per second. A bandwidth of at least 50 MHz, and preferably 100 MHz, is
desirable for circuits connected to LANs. Another important problem is
protection of milftary radlo receivers from damage by either the
electromagnetic pulse produced by detonation of nuclear weapons or by high-
power microwave weapons. A third application would be protection of inputs

of wideband vertical amplifiers in oscilloscopes.

A review of the previously reported ways to protect electronic
equipment from damage by surges cn data and signal lines, with concentration
on the properties of these protective circuits at high frequencies, shows
that there are f:w acceptable devices for a broadband overvoltage protection
circuit (Standler, 1989). Spark gaps and silicon avalanche diodes are well-
known as components that are useful to protect electronic systems from
damage by transient overvoltages. Hcwever. each of these components have
disadvantages that may make it unsuitable when used alone to protect modern
integrated circuits. Spark gaps require a time between 10'9 and 10'3 s to
conduct, depending on the rate-of-change of the voltage across them. Prior
to conduction the full overvoltage, which can have a peak value in excess of
1 kV, can propagate downstream past the spark gap. This large remnant can
damage vulnerable semiconductors. Avalanche diodes alone can be damaged by
relatively small surge currents (e.g., S00 A for an 8/20 ps waveform), but

have fast response. In order to survive large surge currents, the cross-
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sectional area of the diode must be large in order to reduce the curreat
density. The large area makes the parasitic capacitance large. The large
parasitic capacitance of avalanche diodes makes them unsuitable when used

alone for a broadband protection circult.

HYBRID CIRCUIT

Bodle and Hayes (1957) first described the combination of a spark gap
and avalanche diode in the so-called "hybrid" circuit shown in Fig, 1. The
highly nonlinear V-1 chdracteristic of the avalanche dliode can provide tight
clamping of the voltage across the proteqted port. When a large current
surge current passes through the series impedance, R + jowL, and the
avalanche diode, a large voltage appears across the spark gap. This large
voltage causes the gas in the spark gap to lonize and the spark gap shunts
current away from the avalanche diode. 1In this circuit the avalanche diode
protects the devices downstream, while the series impedance and the spark
gap protect the avalanche diode (Standler, 1989). Some imnlementations of
this circuit omit either the resistance or the inductance (but not both) in

order to reduce cost or space.

Typical values of resistance, R, range between about 3 and 22 Q. When

inductance is used alone, typical values of L are of the order of 30 uH.

The series impedance forms a low-pass filter with the parasitic
capacitance of the avalanche diode. A typical value of the parasitiec

capacitance of a 6.8 V avalanche diode that is designed for conduction of

surge currents is 10 nF. The combination of a 10 2 series resistance and a
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10 nF shunt capacitance makes a low-pass filter with a corner frequency of
about 1.6 MHz. In addition to the attenuation of high-frequencles, the
circuit of Fig. 1 is a poor match to the characteristic impedance of a
transmission line so that reflections will be produced. This circuit i{s not
sultable for protecting circuits that must routinely carry high-frequency

signals.
MATCHED CIRCUIT

Fig. 2 shows a circuit described by Schlicke (1974) that uses the
parasitic capacitance of a metal-oxide varistor, C, and a series {nductor,
L, to build a single lumped-element approximation of a transmission line
that has a characteristic impedance Z,. The protective circuit is matched
to the impedance of the transmission line when Eqn. 1 is satisfiled,

z, = VL/C (1
This watching would seem to eliwinate reflections from an impedance
discontinuity at the transmission line--protective circuit interface.
However, the circuit in Fig. 2 does little to extend the bandwidth of the
system. If C i{s 10 nF, then L must be 25 uH to provide a match to a 50 Q
transmission line. This combination of L and C makes a low-pass filter with
a corner frequency of 0.6 MHz and a slope in the stop-band of -12 dB/octave
(instead of the -6 dB/octave slope of a single RC low-pass filter). The

circult of Fig. 2 may provide more attenuation at high frequencies than the

circuit in Fig. 1. Both circuits are undesirable in applications that

require wide bandwidth.
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DESIGN AND CONSTRUCTION OF CUR CIRCUIT

We report here the development, design, and performance of a modified
hybrid protective circuit that hus a signal bandwidth from dec to nearly 200
MHz and can easily survive surge currents with an §/20 us waveshape and a
peak value as large as 3 kA. The schematic dlagram of this protective
circuit is shown in Fig. 3. After a search of semiconductor catalogues,
computer-aided design. building, and testing several prototypes, the parts
in Table 1 were chosen for a wideband protective circuit matched to a 50 @

transmission line.

The spark gap, series impedance, and diode D; follows the traditional
design shown in Fig. 1. The final inductor-capacitor section in Fig. 3 uses
an inductor and parasitic capacitance of nonlinear shunt elements in a way
similar to the circuit shown in Fig. 2. The rectifier diode D, in Fig. 3 is
included to reduce the shunt parasitic capacitance provided by Dy in order
to extend the bandwidth (Popp, 1968; Clark and Winters, 1973). 1In addition
to having a small capacitance, rectifier diodes D, and D, must have a small
forward voltage drop at high surge currents and fast turv-on time. Since Dy
prevents D; from conducting during negative polarity, the rectifier diode D4

is included to provide clamping of the output port during negative polarity

svrges.

The series inductance is determined by Eq. 1l in order tn match the
impedance of the transmission line. To match the retwork to a
characteristic impedance of 245 = 50 0, the value of L, would have to be 50

nH for a total diode capacitance of 20 pF. 1In Fig. 3, the total value of




impedance jo(Ly + Ly + L;) between the spark gap and Dy is too small to
provide proper coordination during surges with durations of at least tens of
microseconds (e.g., 8/20 ps wave shape). Therefore, Lt was necessary to
insert a small resistance, R, to limit the current in the avalanche diodex

and cause che spark gap to conduct during surges.

In order to improve the natch between the protection circuit and the
transmission line a cascade of two passive inductor-capacitor sectlons,
L,/Cy and L,/Cy, were inserted as shown in Fiz. 3 and as suggested by Garver

(1976).

A

Since the protection module is to be used to pass VHF frequencies, the
components must have good high frequency characteristies. For example,
ferrite-core inductors would be too lossy, so air-core inductors were used.
The alr-core inductors were formed by winding copper wire with a diameter of
0.5 mm and plastic insulation into a single-layer coil of a few closely-
spaced turns with an inside diameter of 2.5 mm. The single-layer
construction reduces the parasitic shunt capacitance and raises the self-

resonant frequency of the inductor.

Our prototype circuit used devices in conventional packages, rather
than surface mount devices. Initially we were concerned that the diodes
should have a large surge current rating and that Cy and C, should have a
large voltage rating. We were not able to obtain such components in surface

mount packages.

Magnetic fields from the surge current upstream from and inside the
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spark gap can induce undesirable voltage across the protected port by
coupling into lovp area downstream from the gap (Ter Haseborg agd Trinks,
1984; standler, 1989). By placing the spark gap in a coaxial mounting in a
separate package upstream from the remainder of the circult shown in Fig. 3,

we avoided the adverse effects of the radiated magnetic field from spark gap

currents.

As with any high-frequency circuit, component placement {s critical.
The inductors L1 Ly, Ly had a common axis to mimic a continuous

transmission line.
rf model for the diodes

We determined the component values for the circuit in Fig. 3 to
wmaximize the bandwidth end minimize the VSWR of the circuit in the passband.
To do the design, it is necessary to have a model of the diode network,

including parasitic elements, that is valid at radio frequencies.

Diodes Dy, D,, and Dy (connected as shown in Fig. 3) have a complex
impedance that is mostly capacitive at frequencies below 40 MHz, with a
small resistive part. The parasitic inductance and capacitance of the
diodes provides a self-resonant frequency of the order of 500 MHz. At
frequencies higher than the self-resonant frequency, the diodes’ lead and

package inductance dominates and the impedance i{s all inductive.

To develop an appropriate diode model at VJF and UHF frequencies. a

diode network consisting of Dl’ DZ' and D3 were connected to a Hewlett
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Packard model 8510A Network analyzer. The lead lengths were kept as short
as possible in order to minimize the parasitic inductanze and thus increase
the self-resonant frequency. Short leads also minimize the inductive
voltage rise that occurs for large values of di/dt of transient
overstresses. The lead lengths were only long enough to allow the diodes to
be soldered to the circuit card. The dicdes’ scattering parameters were
measured from 45 MHz to 1000 MHz. A sinusoidal signal with an amplitude of
0.4 V across Dy and a dc bilas of +2 V were chosen to insure that the dlode
network was not forward bilased for either polarity of input signal.
Measurement of the scattering parameters revealed the frequencies at which
the diode network had serles and parallel self-resonances. A serles
resonance occurs at about 460 MHz and a parallel resonance at 780 MHz. The
value for the parasitic inductance of the network of all three diodes {s

approximately 6 nH.

A better approach in determining the parasitic diode elements was
accomplished with the aid of microwave CAD software. Touchstone, a
wicrowave CAD program from the EESOF company, was used to generate the "best
fit" parasitic elements by comparing the model's s-parameters to those

obtained from measurement. The element values are then iteratively found

from the s-paramecers.
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small-signal rf performance

Depending on the particular application, the bandwidth and input VSWR
of the protection network can vary. For applications involving small
signals with a voltage between -0.5 and +0.5 V, the measured passband of the
protection network extends from dc to 198 MHz in a 50 Q system. The

{nsertion loss is 0.5 dB at 100 MHz and the VSWR at port 1 is less than 1.5

from de to 160 MHz.

The 3 0 resistor, R, contributes 0.25 dB of insertion loss throughout
the passband. If this loss is objectionable, then a swall capacitance could

be placed in shunt with R.

For applications involving larger signals, the diodes exhibit slightly
different characteristics. Under different dc bias, the diodes’ capacitance
varies and the fixed parameters in the design modcl are not valid. 1In order
to characterize the performance of the circuit as a function of bias
voltage, a series of measurements were macde wich 3 Hewlctt-Packard Model
851CA network analyzer, We used a sinusoidal signal with an amplitude of

0.4 V across Dq and a dc bias of 2, 3, and 4 V. The forwvard transamission,

VSWR at each port, and phase response, ail as a function of frequency and de

-
19
e

bias voltage, are shown in Figs. a--7,
As shown in Fig. 4, the bandwidth decreases as the bias voltage
increases. With a +4 V bias, the bandwidth is 131 MHz, about 66% of the

bandwidth at zero bias.
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As shown in Fig. 5, the frequency at which the VSWR at port 1 is 1.5 {is
about 158 MHz for bilas voltage of 0, 2, or 3 V. However, the VSWR at port 1
{¢ less than 1.5 for frequencies less than 66 MHz when the blas voltage is 4
V. The VSWR at port 2, which is shown in Filg. 6, is slightly larger than at

port 1.

As shown In Fig. 7, the phase response is approximately independent of
bias voltage between 0 and 4 V. The phase response shows the self-resonant

frequency of the protection circulc, £

The protection circuit may also be useful as a low-pass tilter, for
example to prevent aliasing by an analog-to-digital converter and to prevent
upset of systems connected to port 2 by noise or the remnant of a transient
overvoltage. Measurement of Sy shows that the transmission is less than
-32 dB for frequencies between 400 MHz and 1 GHz, with a de¢ blas of 0, 2, 3,

or 4 V.

It would be highly beneficial {f the protection wodule could periorn
equally well in the reverse transmission moce: when a signal is transe! .d
from the protected port (port 2) to port 1. A bidirectional network i w:ll
suited for digital data line transmission and receptien such as those found
in local comwputer network Links or other bidirectional data buses. When
this circuis is used in the reverse .ransmission wode, both the bandwidth

and the phase response remain unchanged. However, the reflection

——

coefficient at port 2 is not the same as that of port The transmitting
source sees a s.ightly different impedance and so the VSWR is altered

slightly. To make the optimal bidirectional circuit, the circuit should be

I S
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symmetrical: the protection diodes should be placed in the middle section of

the filter, as shown in Fig. 8, rather than at the end.

Use of surface mount diodes would reduce the parasitic inductance in
those devices and improve the rf performance of the clrcult. We expect that
coating the interior of the shielded hox that contcined the clrcult with a
compound that absorbs electromagnetic radiacion would {mprove the rf
performance of the circuit, because remcving the metal box increased the

attenuation zbove 400 MHz by about 10 dB.

This circuit was originally designed for protection of computer local
area networks that have a signal level between 0 and 5 V. The input of a
radio receiver would have a smaller range of signal levels, so diode D;
would not be necessary for that application. There are many variaticons on

the circuit in Fig. 3 that would be appropriate for different applications.

Surge Performance: large currents

To determine the clamping vnltage across the protected port, a number
of dif’ ~nt tests were performed with surge currents applied to port 1.

The te-.:. schematic is shown in Fig. 9.

Surges with a short-circuit current waveshape of 8/20 us were generated
by either a Keytek model 424/PN 242 generator or a Haefely model PC-6-288
generator. The Keytek was used for peak currents between 50 and 500 A; the
Haefely for currents between 0.5 and 3 kA. The current in port 1 was

weasured with an Ion Physics model CM-10-L current transformer. The voltage




|
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across the protected port was measured with Tektronix P6009 probes  The
data vere recorded with a Tektronix model 76120 programmable digitizer with
two 7A13 amplifiers. The digitizer samples both channels simultaneously at
a maxigum rate of >ne sample per 5 ns. The digitizer was typlcally

programmed to veco.d 128 samples prior to the trigger event and 1920 samples

after the triggar event.

Fig. 10 {s a plot of the ocutput port voltage and input port current vs,.
time. The applied input surge is the 8/20 us current waveform with a peak
at +535 A. The first 2.4 ps of the surge illustrates clamping of the diode
a.ray alore. When the input current reaches 86 A there ls 258 V across the
3 0 serims current limiting resistor, R, and there is enough potential
differeﬁce across the the spark gap to cause the spark gap to conduct. When
the spark gap conducts the surge cui‘ent increases suddenly because the
surge generator "sees" a lower impedance. The output voltage across the
protected port is clamped to +11.3 V prior to the conduction of the spark
gap. After the gap conducts and shunts current away from the diodes, the

voltage across the protected port talls to aboutr 8 V.

The circuit was also tested with an 3/20 us waveform with a peak :urge
current of +2 kA. The maxinum output voltage across the protected port was
15.9 V. The spark gap conducted 0.32 us after the surge began. When the
spark gap conducted the cutput voltage at the protected port decreased to
about 8 V. The protection circuit survived repeated exposures to an 8/20 us

waveform with a peak current of 3 kA without detacrable degradation of

either the rf performance or the clamping voltage.
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Surge testing: blind spot

Because the diodes are the most vulnerabls zomponents in the ceireuit,
it is critical to test the circuit with the maximum stress that the diode
network can tolerate wlthout the spark gap conducting, the so-called "blind
spot”. To determine the blind spot for a glven surge waveform, a series of
surge tests are conducted. If the spark gap conducts, the magnitude of the
input current is reduced during the subsequent test., If the spark gap does
not conduct, the magnitude of the surge current is increased during the
subsequent test. For an 8/20 pus waveform, the largest peak current that
would not cause the spark gap to conduct was between 72 and 75 A. The
voltage across the output port is clampeé to +10.4 V during the blind spot

tests.

Surge currents of negative polarity were also applied to the protection
network as shown in Fig. 10, For an 8/20 us surge current with a peak of
+72 A, diode Dy clamped the voltage at -3 V. The blind spot current range
was found to be the same as mentioned above. This is reasorable because
during a surge of either polarity the magnitude cf the voltage across port 2
is much smaller than the peak voltage across port 1. Thus, the spark gap
does not "see" a significant difference i{n the magnitude of clamping voltage
owing to conduction of Dy during negative current surges or Dy during

positive current surges.
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Surge testing: nanosecond response

We measured the speed of response of our cireuit with the test
schematic shewn in Fig. 11, We used a rectangular surge voltage waveform
from a coll of 50 O coaxial cable with a one-way propagation time of 0.5 us
that was charged to between 0.5 and 1.0 kV and discharged into the circuic
under test through a mercury-wetted relay. This generator had a rise time
of 0.6 ns. A T&M coaxial resistor with a value of about 0.14 0 was
installed so that the current in port 1 could be measured. We observed the
voltage across the protected port through a 10X coaxial attenuator. The
waveforms were measured with a Tektronix model 7104 analog oscilloscope with
a 7A29 vertical amplifier and a 7Bl5 time base. The manufacturer’'s
specifications for these Instruments give a system rise time of less than

0.35 ns. A photographic camera was used to record the CRT image.

A typical oscilloyram of the voltage across port 2 as a function of
time i{s shown in Fig. 12. The voltage across the protucted port reaches a
peak of 35 V, then decreases to a steady-state clamping voltage of abcut 8 V
less than 10 ns after the stress begins. The actual peak woltage may be
greater than that indicated in Fig. 12, due to limiting by the 1 GHz

bandwidth of the oscilloscope.

The maximum voltage across the prctected port was observed (with a
sweep rate of 2 ns/div and a charging voltage of 1 kV) to be 62 V, which is
much greater than that observed during stresses with 8/20 us waveform. Such

overshoot {s a common feature of transient protection circuits, although

such overshoot is often not observed simply because of inadequate bandwidth
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{n the oseilloscope, digitizer, or voltage divider and because of

insufficient value of |dV/dt| in the surge generator.

It i3 easy to understand why the clamping voltage is larger for a
rectangular pulse than fer an 8/20 ps waveform. The rectangular waveform
used in this test has a value of dV/dt that is three orders of magnitude
greater than that of the input voltage during the 8/20 us waveform. The ;/
8/20 us waveform does not have a sufficiently large value of dV/dt to allow

the response time of the diode network in our circuit to be measured.

There are two causes for the large clamping voltage for the first few
nanoseconds of the overstress. A rectifier diode D, has a much longer
response time than does the reverse-biasecd avalanche diode Dy (Clark and
Winters, 1973). The large packages of D, and D, have a total parasitic
inductance of about 10 nH. This inductance prevents instantaneous
conduction of the diodes. We attempted tv minimize the response cime of 02
by specifying an "ultrafast” diode and connecting it with minimal lead
length. Surface mount devices would reduce the parasitic inductance, but we

do not know how to further decrease the turn-on time of DZ'

For this waveform, the largest short-circuit current was only
1 kv/50 @, or 20 A, With this small current it was not possible to observe
a change in the voltage across the protected port when the spark gap
conducted. By observing the voltage across port 1, we were able to

determine that the spark gap conducted between 7 and 10 ns after the

beginning of the rectangular pulse.
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CONCLUSION

The circuit shown in Fig. 3 has a lower {input VSWR and has two orders
of magnitude wider bandwidth than the traditional overvoltage protection
c¢ircuits that were discussed in the {ntroduction, while maintaining surge
curreat handling capabilities and tight output clamping. This new circuit
shows promise in protecting electronic systems that require a large signal

bandwidth from damage by transient overvoltages.
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Table 1

Ceneric parts for eircuit in Fig. 3

220 V de in coaxial mount

3.0 @, 1 W carbon cowposition

IN6373 6.8 V avalanche diode (transient suppressor)
1IN5806 ultrafast-recovery rectifier dicdes

27 nH, ailr core

19 nH, air core

62 nH, air core

10 pF, mica

20 pF, mica
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Figure Captionu

Basic overvoltage protection circuit,

Overvoltage protection circuit matched to impedance of
transmission line, as {nvented by Schlicke. The varistor could be

replaced by diodes.

Overvoltage protection circuit designed by authors,

Magnitude of forward transmission, S91 for circuit in Fig. 3 as a
function of frequency for four different dc bias voltages: 0, ?,

3, 4V across D3.

Voltage standing-wave ratio (VSWR) at port 1 for circuit {in Fig. 3
as a function of frequency for four different dc bias voltages: O,

2, 3, 4 V across D3. !

VSWR at port 2 for circuit in Fig. 3 as a function of frequency

for four different dc bias voltages: C, 2, 3, 4 V across Dj.

Phase of forward transmission, S,q, for circuit in Fig. 3 as a

function of frequency for four differeut dc bias voltages: U, 2,

3, 4 V across D3.




Fig. 8
Fig. 9
rig. 10
Fig. 11
Fig. 12
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Symmetrical circuit for optimal bidirectional signal propagation,
This may not be a good overvoltage protection circuit, because the

voltage is not tightly clamped across =ither port.

Schematic for surge testing with 8/20 us waveform. True
differential amplifiers were used for both channels A and B to

avold errors owing to common-mode voltages.

Output voltage across port 2 and input current into port 1l as a
function of time. The surge begins at t = 2.4 us; the spark gap

conducts at t = 4.8 us.

Schematic for determining the response time with a rectangular
waveform with a rise time of 0.6 ns. All connections were made
with coaxial cable with a characteristic impedance of SO Q. The
amplifiers for channels A and B were Tektronix model 7A29, which
has a 50 0 input impedance, in a model 7104 mainframe. Only one
channel was connected for each surge in order tr avoid ground

locps.

Digitized oscilloscope trace from the test schematic shown in Fig.
11. The voltage across port 2 is shown as a function of time.

The oscilloscope display scales were ¢ V/div and 5 ns/div. The

transuission line was charged to 500 V.
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SESSION 4C

CALCULATION OF ENERGY IN TRANSIENT OVERVOLTAGES

Ronald 8. Standler
Depsztment of Electrical Enginaaring
The Paunsylvania 5State University
University Park, PA 16802

ABSTRACT

There have been aany weasuraments of the voltage,
V(t), betwean the hot conductor in the mains and
gtound. This paper tonsiders tha cslculation of the
energy in a ciunsicnc ov.rvoltags from the tise
integral of V4(t)/Z, vhare Z has the default value of
50 0. Such 2 caleulation {s often used {n analysis of
data frem recordings oL transient overvcltages. Thete
are several ohjections to this method: Z {3 & function
of frequency and possibly of volcage, and this
calculation does not measurs the total energy in an
overvoltage. A quantitative error analysls is
presented that uses an artificial mains network to
simulate a long branch cireuit and to give the
{mpedance of tha wains a&n a funcrion of frequency.

1. INTRODUCTION

Knowledje of the energy contained {n transient
overvoltages, for axample on the mains, is an {aportant
parameter in dasipning and testing clrcults for
protection frow overvoltages. Fevw measurewsnts of
eflergy in transiart svarvoltages have been published.
However, thers ace many messurements of transient
overvoltages on the maing. Can one calculate the
energy in an overvoltage from uessurements of volctage
alone by using Eq. 1?
vg = 1 v3(ey/2 e (1)
In Eq. 1, V(t) is the measured voltage us a functiovn of
time and 2 is the impedance of the aains. The
subscript E on Wy in Eq. 1 Indicates the:r Wy {s an
estimate of tha anergy, to distinguish it from the true
value of the anergy, W.

One manuldcturer of mains dlsturbsnce monitoring
equipment pri.ts the energy that is calculated from Eq.
1 with the ¢e<ault valus for Z of 50 0, a real
constant. Me{ssen [l}! used Eq. ] with Z = 50 0 to find
the energy content of transient overvoltages on the
zains. Goedbloed (2] used

JESTrT
as a measure of the eneargy, but properly stopped short
of speclifying a value for Z. In drafts of the revision
of ANSI C62.41-1980 {n 1987, V. Rhoades proposed the
use of Eq. 1 with Z = 50 0 to calculate energy from
measured voltage vaveforms. It certainly would be
desirable {f the snergy could be calculated from these
measurements of voltags.

Theve are four general areas of concern about the
validity of this technique:

1. the {mpedance of the wains, Z, is a function of
frequency,

2. Z may be a function of voltage (flashover of
{nsulation, conduction of vari{stors),

3. Wg does not represent the energy in the transient
overvoltage, and

[ the relative location of the source of the

overvoltsge, other loads, and the measurement
point are usually unknown during measurement of
v(t).

Each of these topics ls discussed In this paper. A
quantitative error analysis of the use of Eq. 1 {s
presentead, with Z = 50 0 and sevsral standard
overvoltage test waveforms.
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IX. IMPEDANCE OF THE MAINS

There have been many messsurements of the impedance
between aither the hot or neutral conductor and the
grounding conductor of the low-voltage mains [3-6].
There are several general conclusions that can be drawn
from these seasurements. Probably the most important
is that the lwpedance of the mains {s a functien of
frequency. At frequencies below about 20 kHz the value
of Tzl {s small, e.g. less than 5 0. At moderats
fraquenties, betvaen about 20 kHz and 1 MH:z, the
impadance of the mains tends to increase as frequency
{ncreases. At high frequencies, between about 1 MHz
and 20 MHz, the lmpedance of the mains tends to be
approximately independent of frequency; the magnitude
of Z can vary from about 50 0 to sbout 300 0. The
value of Z at high frequencies often contalns a
substantial reacti{ve part, but the value of the
reactive part depends stroagly on the loads that are
connected to the mains and {s therefore not
reproducible from si{te to site.

Because the {mpedance of the zains is a strong
function of fraquency, {t would appear necessary to usa
a Fourier transform to evaluats Wy. One can transform
V{t) to V(w). V(w) {s then divided by Z(&) to get the
current, I{w). The current is thon transformed back to
the time domain, I(t). Finally the value of

I ey 1(e) oe
i3 computed. While this i{s better than using Eq. 1
with a constant 2, {t {s still not useful for practical
situations. The value of the lapedance, 7Z(w), is
rarely knovn at the site of transient overvoltage
measuregeants. Furthermore, the ifwpedance of the wmains
will change with time owihg to connection and
disconnection of loads (7, 8].

Using Z = 50 0 i{s a bad choice at frequencies
below about 10 kHz, since measurements shov that the
actual impedance is often between about 0.4 and S 0.
Apparently it is not videly appreci{ated that common
overvoltage waveforus have appreciable energy at low
frequencies. The Fourier transforms, V(o), of several
common overstress test waveforms are shown in Flg.
These transforms vers computed analycicaliy In '9!.
Fig. 1 clearly shows that most V(&) have a relatively
large value between dc and a corner frequency between
100 Hz and 100 kHz.
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Fig. 1 Frequency Spectra of five common overstress
test waveforns. The J dB reference level is 1| ¥V or
1 A. The peak voltage is 6 kV for both the 1.2/50 us
and 100 kHz Ring Wave, & kV for the EFT, and 0.6 kV for
the 10/1000 us wvave., The peak current is 3 kA for the
8/20 us wave. The 1.2/5" us vave is shown as a dashed

iine to cloarly distinguish {t from the others.
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III. 2 MAY BE A FUNCTION OP VOLTACE

Vhen theré are no surge atrresters at tha point of
entxry, lightning strikes to overhead power lines can
cause flaghover of {nsulation inside nearby buildings.
Flashover of outlets on the low-voltage mains usually
vequires peak voltages of the order of 4 kV to 6 kV.
When flashover occurs, the impedance “sean® by tha
translent overvoltage will decreasse to less than a few
ohas. 1t L3 well.-known that the voltage across an are
{s of the ordar of 20 V and is approximately
independant of current. If a trans{ent current of
100 A passés down the line, the {upedance seen by the
transient {s 20 V/100 A, or 0.2 @. This value {s wuch
less cthan 50 a.

It may be argued that flashover of insulation is
not common. However, the large transient overvoltages
that are associated with flashovers may be assoclated
with unusually large energy transfers from the source.

Modern electronic systems may have one or wore
petal oxide vari{stors in them to limit the voltage
during transient overvoltages. These varistors may be
in boxes or outlet strips that are installed
specifically for protection against overvoltages, ovr
they may be hidden inside the chassis of electronic
equipment (indeed, this i{s good engineering practice)
when the varistor conducts a current of more than
10¢ A, the effective value of Z ut the varistor vill be
raduced to less than 5 0. Thereé arc two congequences
of this: (1) calculations of Wy will seriously
underestimate the value of the energy in the varistor,
and (2) few, {f any, overvoltages vill e observed that
have a large peak value, e.g., greatsr than 500 V. The
second consequence has been discussed in (10).

IV. ENERGY IN WHAT ?

Despite the problems dliscusged above. one might
manage to properly calculate the energy froa
measuregents of V(t) and 2(w). One might then ask,
"What {s the significance of this calculation ?*.

If V(t) vere a voltage vaveform that vas
propagating i{n one direction on a transaission line
with a characteri{st{c {mpedance of Z = 50 0, then UE
would be the energy in the traveling wave at the point
where V(t) was measured.

But this simple interpretation is not realistic.
Most overvoltages have a duration of at least a few
tens of microseconds. During this time, the voltage
vaveform can tiavel several kilometars, which {s much
longer than the size of most bulldings. Therefore, the
zeasured V(t) will be the sum of multiple waves,
craveling in both directions, that have been reflected
from discontinuities in the {mpedance of the
transoission line, which are caused by various
electrical loads on the branch circuits.

There does not appear to be a simple answer to
this questior about the significance of W.

Martzloff and Gruzs [11) briefly considered this
{ssue and concluded that one could determine the energy
deposited {n a particular device, but could pot
determine the total energy in the transient
overvoltage.

In a laboratory environment {t i3 possible to
measure the total energy in a transient overvoltage.
The simplest wvay (s to measure the current and voltage
at tae tsrminals of the source of the transient
overvoltage. However, this technique is usually not
applicable (n a natural environment because (1) it is
not possibie to ldentify the location of the source or
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(2) it {3 not possible to find the comductors that
contaln the entire surge current.

There {s yet another problem in caleulating and
interpreting Wp. In a single-phase three-vire branch
clreuitr, for exdnple, one may get different results
froe Eq. 1 {f V(t) is the voltage between the hot and
grounding conductors or i{f V(t) is the voltage between
the hot and neutral conduccors. The common-moda
overvoltage appears between both the hot and the
neutral conductors and the grounding conducter, while

~the differential-mode overvoltage appears between the

hot and neutral conductors. It is not possible to find
the total energy in an overvoltage in a three-wire
clreuit by measuring the potential difference between
just two conductors. One must measure the potential
diffarences between two pairs of conductors to get the
completes picture, but this {s rarely done in field
studies of transient overvoltages.

Should the normal mains voltage be subtracted from
the value of V(t) before calculating Wg? The two ways
of calculating Wp could yfeld significantly different
rasults. Cons{der the fictitlous example where V(t) {s
a rectangular pulse of 500 V amplitude with a duration
of 10 us. Computation of Vg from Eq.) with 2 = 50 @
gives Wy = 0.05 J. However, one gets a different
result {f the mains voitage {s subtracted from the
total voltage to get the voltage "in the transient ®
If the same overvoltage occurs when the instantaneous
value of the mains voltage is 150 V and the mains
voltage {8 subtracted from the total, then V(t) = 350 V
and one gets Wg = 0.024 J, which i{s about 50¢ smaller.
Orie can just{fy either method, but considering the
total voltage may be preferable because that i{s what
su:ge protective davices and equipuent sre exposed to.
As a practical umetter during measuremants, subtraction
of the normal wains voltage requires {nsertion of extra
circuit elesents (e.g., series capacitors in a high-
pass fllter, operational amplifiers in an active
filter) that often compromise the response of the
circuit above | MHz.

V. IS Vg A USEFUL APPROXTMATION ?

As stated {n the {ntroduction of this paper, it
would be des{rable to be able to esti{sate the energy
from existing weasurements of voltage during surges.

In the following paragraphs the difference betveen V.,
fron Eq. 1. and the true energy from the sourcs of the
overvoltage is calculated for an example of an
overvoltage that propagates on one branch. An
artificlial ssins network i{s used to wodel che lupedance
of the braneh circult. The effects of three different
ioads and four different waveforms are also considered.

axtificial maing netwoxk

In order to make reproducible measurements of
conducted emissions of noise from equipment connected
to the wmains, {t is necessary to have a standard aains
{mpedance. Such a circuit {s calied an “artificial
wains astwork" or a "line lupedance rtabilizarion
aetwork® (LISN). The official artificial mains network
specifiad in {12-14] is shown in Fig. 2. In Fig. 2 the
hot;, the grounding, and the neutral conductors are
labeled H, G, and N, respectively. The impedance at
low frequencies is modelled by resi{stances of 5 @ and
10 0 between each line and the grounding conductor.

The impedance at moderate frequencies i3 modelled by
inductors in series with osch line, together with the
res{stors. The constant f{mpedance at high frequencies
{s wodelled by a 50 O resistance shunted between each
line and the grounding cowductor. One of the 50 @
resistances is the {mpedance of a voltmeter {n the
conventional use of tha netvork in Fig. 2, the other
50 O resistance {3 a used to maintain the balance of
the circult.
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Flg. 2 The artificial sains network specified in

112-14] for use {n a testing laboratory.

The network in Flg. 2 is for useé in the frequancy
band between 10 and 150 kHz. For g¢algulations. vhere
paraiitic effeccs of components are unimportant, the
network should be acceptable for frsquencles up to
30 MHz.

The capacitors, shown {in Fig. 2. pravent the
normal nains vavefora, which usually has & frequincy of
50 Hz or 60 Hz, from dissipating appreciabls pover in
the shunt resistances. These capacitors causa the
impedance of the artificial mains network to increase
as the frequency decresses below 7 kHz. which is
contrary to the actual behavior of the impedance of the
sains. To use this artificial mains network in
caiculacions of the lupedance of the mains at low
frequencies, it is desirsble to remove the capacitors,
as shown in Flg. 3.

(W T
$0u 250uH

1
, antificiai mains network

Artific{al mains network for use in
calculations i{n this paper.

Fig. 3

A plot of £ = |V(0)/I(w)| a8 & functien of
frequency for steady-stata sinusoidal excitation {3
shewn in Flg. 4. This plot should be compared vith
Fig. 1 to appreclace that Z is not 50 O over most of
the reglon vhere overvoltages have appreciabla enzrgy.
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Flg.4 Plot of 12| vs. frequemcy of steady-;tnt53
excitation for the clrcuir shown in g 3.
A logarichalc scale s used fcr frequency.

Measurements {6, 15, 16} of the characteristic
impedancs for propagation on the hot and neutral
conductors for three-conductor cable that {s commenly
usad {n singlé-phase branchas inside buildings give a
value of about 100 0 for propagation on the het and
neutral conductors. These measuremencs agree vith the
differential-mode lmpedance at high frequencies of the
cirveuit (n Fig. 3.

The network in Flg. 1 is enly used for
caleulations of differantial.sode voltages because no
{nductance {a shown i{n the grounding cenductor. 1In the
conventional use of an srtificisl mains network to
messure conducted noise from equipment, inductance in
the grounding conductor is not necessary, since the
ground is & metal plane on a laborstory bench.

and 1oads

The most favorable situstion for comparing W, to
the true energy delivered by a transient overvoltage
occurs when the source of the overvoltage ls contiguous
to the points where V(t) {s measurocd. This situation
will be discussed first, later & wmore reallscic
situation will be discugsed.

In the schematic of Fig. 3, the source of the
overvoltage is represenced by a Thevenin equivalent
circuit, where R, {s the output resistance of the
voltage source. Four different standard overvoltage
test vaveforms vere used:

1. & single pulse from the [EC 801-4 electrical fast
transfent (EFT),
2, the 100 kHz Ring Wave defined {n ANS1 C62.41-1980,
3. che 1,2/50 ps voltage wavefora, and
4, the 10/1000 us wvaveform.
The EFT has & duration of 0.05 ps and represents a
single pulse in & showering arc, such as generated by
switching an inductive load with moving svitch
contacts. The 100 kHz Ring Wave represents
overvoltages that sre comionly observed on branch
circuits inside buildings. The 1.2/50 us vaveforn is
the standard lightning overstress. The 10/1000 us
waveform {3 used to simulate overvoltages that have
iong durations.

Threae different loads vere used during the
calculations:
i rno load (open circuit),
2. 6 mH +40 Q, and
3. 0.2 wF || 200 0.
Vines et al. (6! reported that a 3/4 horsepower
induction motor had an i{mpedance of 40 + 188) Q at
S kHz, which vas the inductive load used in these
¢alculations. The capacitive load used {n these
calculations was an approximate characterization of a
small telovision receiver. ‘

The arror caused by different values of the
{ppedance of the mains and a load can be estimated by
the following calculations.

calcwlation of exxok

The trus energy transferred from the source, W, (s
calculated from Eq. 2, where V(t) {s the veoltage across
the load and I(t) (s the current through the source
when the artificial wains retwork and the load are
connected.

W= [ v(t) I(t) dt (23
The estimated energy, UE, {s calculated with Eq. 1 and
Z - 50 0, where V(t) i{s the voltage across tha load
when the artificial mains network and the load are
connacted a¢ shown in Fig. 3. The current and voltage
vere calculated by the circuit siwmulation program
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Table 1
Trua and Estisated Energy in
diffevential -saoda Overvoltage

Overvoltags Wiveform and

Tr e Energy Estinaced Crecyy Rat{
Load Impedance v Vg & U/U;
5/50 na EFT vaveform, 4 kV pesk, R, =500
no load 2.7 wJ 5.2 mJ 0.507
é @H + 40 6 2.7 aJ 5.2 mt 0.507
0.2 yF || 200 ¢ IS 30 W 1.36
0.5 us+100 kHz ring waveforw, 6 kV pesk, Ry =il v
ne load 0.81 J 1,34 0.606
6 mH + 40 0 0.81 ) 1.3 0.606
0.2 F || 2000 0.61 2 0.46 2 0.896
1.2/50 us vaveform, 6 kV peak, Ry =3¢
no load 82,3 4J 14.2 2 5.80
6 ad + 40 @ 83.7 J 13.8 7 6.08
0.2 x| 2000 86.1 4 13.8 7 6.08
10/10)0 us waveforam, 800 V peak, Ro - 10 ¢
no load i1y l.oJ 7.82
6 aH + L0 0 10.7 J 1.2 8.90
02 wFl] 2000 11.0J .63 8.07

PSPICE, version 3.06. The value of W was calculated by
a trapezoidal rule {ntegration using the values of V
and I frow the PSPICE progtam. The results are given
in Table L. The ratio W/W: {s useful as & correction
factor: when Wp is uulciplind by this factor, one
obtains tha true energy froa the output terminals of
the source.

The results are easy to interpret. First,
consider the EFT vavefora. When the load has a largs
{mpedance at high frequencies (no load, motor load),
the value of Wy is about twice the value of W. By
{nspection of El;, 3, it {3 easy to see that the
different{al-mode i{wpedance seen by high frequency
cterus from the source is 100 0, not 50 0 used in the
calculation of W., This ratio of values of Z accounts
for the fact that W/Wp 1s not unity. The problem (s
not {n tha circuit chosen for Fig. 3, since this
different{al-mode impedance agrees well with
zegsuresents of actusal branch circuits, as di{scussed
above. When the load has a small {mpedance at high
frequencies (e.g., 0.2 uF load), the value of W, tends
to be smaller than V.

For a long duration vaveform, such as the

10/1000 us vave, the lmpedances of the 50 uH sud 239 r.d
series inductances in Fig. 3 ave negligible coapared to
the resistance values. The differenti{sl.wode {mpedance
has a lov-frequency limit of 6.25 0, which {s a factor

of 1/B of the 50 @ value used In tne computation of W..
This ratio of lwpedances accounts for most of the rat%o
of W/Wg.

The results for the moderate duration vaveforms
fall between the two lisiting cases of the EFT and
10/1000 us waveforms.

Whera the source of the overvoltage is contiguous
to the seasutement point and there are no varistors or
flashover, the ratio of W/Wg is between 0.5 and 9 for
the 12 cases presented (n tEis paper. While these
correccion factors aight seem to indicate that Ve could
be used as a crude estimate of W, these factnrs were
obtained from the unrealistic assumption that the
zeasuring polnt for V(t) was contiguous to the source
of the overvoltage and that there were no reflections.

S{mple representativa circult dlsgras for
propagation of ovarvoltages inside a

Fig. 5

building. The cylinde:s represent ideal
tranzaission lines with a clarscteristic
{mpe ‘ance of 100 0.

soupce on gifferent branch thap voltage measuregent

When the source of the overvcltage {s unknown, the
zeasursd voltage data would rarely come from a point

that was contiguous to the source as in Fig. 3. A dgore
typical situstion is shown in Fig. 5. An overvaltage
source is located at point A cn one branch. There are

six other branches. which are terainated by losds 2,
through 2.. Point B {n Flg. 5 represents
distribution panel i{n the building vhere ti.
overvoltage originated., The voltage V(t) is sessured

across the load on one of the branch circuits.

‘Jhen the overvoltage reaches point B, {t splits
into eight parts. One part propagates out of the
building {nto the utility network. One part is
vreflected back tovard the source of the overvoltage by
the iiscontinui-y in {mpedance at point 3. The other
six parts propagate on the transmission lines that
represent the branch circuits inside the building.
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The utility network may be zodeled by the
artificlal mains netvork shown in Flg., 3, with cus
changas. (1) The output impedance of tha utiliey
network at low frequencies (L.&., < 1 kHz) (3 modslled
by a 0.4 0 resistance and a total inductance of 800 uH
ag described {n [17). A conventional artificial mains
network for laboratory use has such & saall
d{fferencial-nods component when the mains are
connected to the network, (2) Because only
differential-mode volcages are considered, the
connections to earth {n Fig. 3 are deleted {n Fig. S.

The paler of 50 O realstors (n the artiffelal malns
retwork that account for the characteristic {mpedance
of the cable at high frequencies watch the 100 @
characteristice impedance of the transmizsion line.

This prevents reflections of high-frequency informstion
at the junction batwasn the continuous and ludped:
slenent reprasentitions of the transsissicn line.

Wavas on the transmission lines are reflected froa
{spedance discontinuities presented by loads that are
connected to the branch circuits. The wultiple
reflections in this cype of netvork will generate an
oscillatory voltage vaveform across each load, even
when the original overvoltage is unipolar [9]. In the
limit of long times, the transaission lines wmay be
negiected: steady-state circuit analysis will be
adequate 9, i5] to describe the volitages, currents,
and energy in Flg. 5.

For simpllicicy, only one load is shown on each
Sranch clrcuit and no additional buildings are shown
connected to the utility network in Flg. 5, although
Lhese additional features may be necessary for a
realistic calculation.

In ovder to uake an accurate estimate of energy
fron measurements of V(t), it would be desirable to
obrain a correction factor, H/UE. frou calculations of
voltages snd currents in a representative cirecult, such
ag the one shown in Fig. 5. However, this {s not
feasible since both the length of the branch circuits
and the complex iopedance of the loads that were
connected to the mains in the building where V(t) was
measured ate usually unknown.

VI. MEASUREMENT UF ENERCY DEPOSITED IN VARISTORS

Attempts to estimate energy from transient
avervoitages across unspecifi.d branch ci{rcuits may be
dasirablie in order to ge: as much {nformation as
poesibla from previous amesasurements of rars
overvoltages. Howvever, future wessurements of
overvoltages across tha mains shoild be done with a
representative protective device, such as a metal oxide
varistor, at the weasurement point. It i3 no longer in
doubt that overvoltages exist. Numerical data are now
necded on how %o use uppropriate devices to protect
vulrerable systems from overvoltages.

standler {18 described an experiment to deteruine
the energy absorbed in zetal oxide varistors that ave
connected across the zains as shown {n Fig. 5. Both
the current and voltage are aeasured in each varistor
with a four-channel digital oscilloscope. (This
experiment (s now entering i{ts third year; results will
be published tn future papers.)

in addicion to being a relevant experiment., using
varistors at the measuring point can prevent damagas to
the (instruzentation by transient ocvervoltages. The
varistors also can be used to compress the voltage
scale so that common events are in the widdle of che
voitage range, wnile rare events that have a large
energy are rot beyond the full-scale voltage.
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Flg. 6 Clrcuit diagram for experiment to measure
enexgy deposited by overvoltages in two métal oxide
varistors connected to the mains. A pair of current
transforssrs and digital oscilloscopes messure che
currents {n the hot and neutral conductors, 1y and 1.
A palr of voltage probes and digital oscilloscopes
zeasure the voltages between the hot arnd grounding
¢onductors, Vye, and between the neutral and grounding
conductors, VNC'

L

There are ssversl reasors why the energy
dissipated {n a varistor wi{ll be iess than the total
energy in the surge. Some of the energy in the surge
will propagate on other branches and zay be absorbed in
other varistors and resistive ioads elsevhere {in the
building. Sode of the transient voltage will appear
acrocs tha resistance of the building wiring and
dissipate energy in the resistance of tha wire. While
the varistor vill prevent flashover at the geasurement
point, it i{s pessible that flashever might occur
upstreas from the varistor. The measurad energy in the
varistor is a lover bound for an estimate of the total
energy in the surge.

It would be desirable to increase the fraction of
surge current that {s geasured, and thus wake the
energy that i{s measured (n the varistor be a betrer
approximation for the total energy in the surge.

There are two ways to do this. (1) For experimental
purposes, one might choose varistors with the smallest
clamping voltage that will not conduct appreciable
current during norsal mains operation. This may
decrease the magnitude of the current {in other surge
protective devices that may be {n the environment. {3)
The varistors should be azounted near the circufit
bresker panel at the point of entry. Onm average, the
distribucion panel is the closest point to a source on
an unspecified branch. Overvoltagss that propagate
toward the point of entry will *see” the var{stors
before anpreciable overvoltages propagate away from the
distribution panel on other branches of the circuit.

VII. CONCLUSIONS

In the introduction of this paper the question was
posed: “Can one caiculate the energy in an overvoltage
{rom measurements of voltage alone 7~

Where the source of the overveltage {s cont{iguous
to the measurement point and there are no varistors or
flashover, calcuiating Wg with Z = 50 Q could be used
as a crude estimate of W. However, the assumption that
the messuring point for V(t) was contiguous to the
source of the overvoltage is unlikely to be valid in
@ost situations. When the source and the measurewent
point are on diffarent branches, W¢ {s not a good
approximation for W. This alone makes the calculation
of energy from measurements of voltage alone an
unreliable operation. Consideration of flashover and
the effects of surge protaective deviccs in the
environment will further weaken the relationship




between V¥ and Wy, Furtharsors, ths cosmon-aode and
differential.mods voltages are lrretrievably mixed in
any measuremant of & single voltage difference in a
thrée-wire syates, which further complicates the
interprecation of Wg (n thede situacions.

The total energy in the transient overveltage is
still of incerest as a “vorst-case” axposura for a
protective device. Howaver, as uxplained {n this
paper, there is little hope of being able to accurately
determine the total energy Iin a transienc overvoltage
except in a laboratory environaent.

A method for méasuring energy dissipated in a
varistor {3 advocated for usa in futurs experimsnts.
While measuring the energy in & varistor avolds many of
the probleas asscciated with UE. the energy dissipated
in & varistor is also an underestimate of the total
enetgy in the trangient overvoltago.

ACKNOWLEDCMENTS

It {s & pleasure to acknowledge helpful
didcussions vith F,D. Martzloff, P. Richman,
R.M. Showers, and D. Shaksrjian. This work was
supported by contracts frow the U. S. Aray Research
Office and the Allegheny Pcwer System.

REFERENCES
o w. Meissen, "Transiente NQCzﬁberspannungen.'

Elextxosech. Z., 107:50-55, 1986.

[2) J.J. Goedbloed, "Transient in Low-Voltage Supply
Networks,* IEEE Irans. EMGC, 29:104-115, May 1937.

(3v  J.H. Bull, "Voltage Spikes in L.V. Distribution
Systems and thelr Effects on the Use of
Electronic Control Equipment," Report Nr. 5254,
Electrical Resesrch Associstion, Leatherhead,
Surrev. 1968,

147 J.R. Nicholson and J.A. Malack, "RF lapedance of
Power Lines and Line Impedanca Stabilization
Networks in Gonducted Interference Measurements,"

IEEE Iraps. EMC, 15:84-86, May 1973.

[5] J. A. Malack and J.R. Engatrom, "RF lmpedance of
United States and European Pover Lines,* ]EEE
Irans. EMC, 18:26-38, Feb 1976.

(6] R.M. Vines, H.J. Kussell, X.C. Shuey, and J.B.
O0'Nesl, *Impedance of the Residential Power-

Distribution Clrcuit,* [EEE Trans. EMG..
27:6-12, Feb 1985,

(8

)

i10]

(11)

(32)

[16]

(17

L8

222

SESSION 4C
J.R, Wicholson and J,A. Malack, "Reply to

Comments by R.A, Southwick”, 1EEE Traps. EMG..
15:199, 2w 1973,

R.A, Plet: “Incrabui‘din; Data Transmission

Using Powc.-Line Wiring,* Hewleti-Packicd
Jourpal, oA 35 40, May 1987.

R.B. Standler, protscglon of Elestronic ¢
from Qvervoltages, wiley-Interscience, New York
429 pp., 1989.

F.D. Martzloff, “Discussion of: Rural Alaska
Power Quality by Aspnn- Evans, and Merrvitt,“

1EEE Iransactions on Pewep Apparatus and Systems,
104:618-9, Havch Less

F.D. Martzloff and T.M. Gruzs, “Power Quallcy
Site Surveys: Ffacts, Fletion, and Fallacles,
JEEE Iodustry Aliliiﬂxlﬂhi Society Industrial and

soumercial Rower Conforence, Nashville, TN, pp.
21.33, hay 1987,

American National Standard C63.4-1981, "Methods
of Measurement of Radio-Noise Emisgions from lLow-
Voltage Electrical and Electronic Equipment in
the Range of 10 kHz to 1 GHz.®

C.1.5.P.R 16, "Specification for Radlo
Interference Measuring Apparacus and Measuring
Methods, * i987.

VDE £76-1, "Gerate zur Messung von
Funkstorungen,* 1978,

F.D. Martzloff, “The Propagation and Attenuation
of Surge Voltages and Surge Currents in Low-

Voltage AC Circuits,” IEEE Irans. Power Apparatus
and Systems, 102:1163-1170, May 1983,

R.B. Standler and A.C. Canike, M{tigation of
Maing Oilsturbances, U. S. Alr Force Weapons
Laboratory TR-86-80, 192 pp.

1EC Publication 725, "Consi{derations on Reference
[upedance of Use {n Determining the Disturbance
Characteristics of Household Appliances and
Similar Slectrical Equipment,” 1981.

R.B. Stardler, *An Experiment to Monitor
Disturbances on the Mains," IEEE I

ipgustry
dpplications Soclety Conferepce. Atlanta, CA,
PP. 1325-1330, dct 1947.

L™



