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Abstract—The waveform influencing characteristics by vasistor
coupling of combination wave test waveforms of surge protective
devices (SPD) is studied in this paper. EPCOS vavistors, with
maximum operating voltages ranging between 130 V and 750 V,
are adopted here in OrCAD/Pspice environment to analyze the
influence of vavistor coupling on output characteristic of the
combination wave generator in test levels of 0 to 20 kV. Obtained
results show that, owing to the varistor coupling, reverse
oscillation phenomena will arise in the open-circuit voltages. The
peak value, the front time, and the tail time of both open-circuit
voltage and short-circuit current will decrease, whereas the
virtual impedance will increase. The lower the test level, or the
higher the maximum operating voltage of the vavistor, the more
serious this effect. Compared with the conventional capacitor
coupling, the range of the voltage of power supply networks and
the levels of combination wave test by varistor coupling have to
be limited to a great extent. Varistor coupling for combination
wave test of SPD should be only used in special cases and special
test levels where there are no strict waveforms limitations.
Keywords- Combination wave; coupling network; OrCAD/PSpice;
surge protective device (SPD); vavistor.

I.

INTRODUCTION

In powered testing of class III surge protective device
(SPD), the surges need to be applied to the test sample through
the coupling network, in order to limit the steady-state, powerfrequency current flow drained from the power line into the
combination wave generator (CWG). Decoupling network is
used, on one hand, to provide sufficient impedance for the test
surge, and on the other hand, to prevent the surge from being
fed back to the power-supply network [1]–[5].
In the case of powered testing of SPD where the
coupling/decoupling network is involved, the coupling network
will, however, become a part of load of CWG, resulting in
inevitable alteration of the output waveforms of the CWG. In
the presence of coupling/decoupling network, the output
waveforms, including the amplitude, the duration time, as well
as the undershoot of 1.2/50-μs open-circuit voltage (OCV) and
of 8/20-μs short-circuit current (SCC), of the CWG should be
verified at the terminals of the test sample. The virtual
impedance (VI), defined as the ratio of peak OCV to peak SCC,
is another important parameter to be considered. Table I gives,
for various relevant standards [6]–[8], a summary and
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comparison of the specifications for OCV, SCC, and VI
measured at the output port of CWG in this case.
Capacitive coupling is recommended in [6]–[8] and is
addressed in detail by Zhou et al. [5], who reported that there is
a compromise between having a large enough coupling
capacitance to yield more normalized OCV and SCC
waveforms, and a low coupling capacitance which is able to
limit the steady-state current flow into the CWG. Due to this
defect, broader tolerances of surge waveforms were
recommended by Zhou et al. [5] to IEC 61643-1 [9], a former
edition of IEC 61643-11 [6], after the coupling/decoupling
network is connected to CWG (see Tables V and VI in [5]).
Metal oxide varistor (MOV), which presents high
impedance under power-frequency conditions and low
impedance for the surge, have an operating current of the order
of microamperes. MOVs have the advantage that they can
operate in nanoseconds or less, and that they can be constructed
to conduct relatively large current, up to tens of thousands of
amperes [10]. Perhaps due to the concern about the problem of
power-frequency current flow in capacitor coupling, ITU-T
K.44 [11] suggests the use of MOVs as coupling elements
since they can limit the flow of power-frequency current from
the power line into the CWG. Nevertheless, unlike the
capacitor that is linear, MOVs are basically non-linear resistors,
probably making them problematic since the response
characteristics of MOV might be different under various test
levels. Until now, it appears that very few efforts have been
devoted to the application feasibility of MOV coupling.
Following the above discussion, in this study, we analyze
the influence of MOV coupling on OCV, SCC, and VI
generated by the CWG in the presence of coupling/decoupling
network. The paper is organized as follows. In Section II, we
present the circuit model of a CWG with a single-phase
coupling/decoupling network connected, in which the MOV
serves as the coupling element. In that section, the varistor
model in OrCAD/PSpice environment is described in detail.
Valid test levels by varistor coupling are recommended to IEC
61643-11 and to UL 1449. Influence of varistor coupling on
the OCV, SCC, and VI is simulated in Section III. Section III is
also dedicated to the decoupling effect in the case of varistor
coupling, as well as a comparison with that of capacitor
coupling. Discussions and conclusions are given in Sections IV
and V, respectively.

TABLE I.

WAVEFORMS SPECIFICATIONS AT THE EQUIPMENT PORT OF COUPLING/DECOUPLING NETWORK IN VARIOUS STANDARDS
Open-circuit voltage

Standard

Short-circuit current
Tail time
Undershoot
(μs)

Fictive
impedance
(Ω)

Front time
(μs)

Tail time (μs)

Undershoot

Front time
(μs)

IEC 6164311:2011

0.84~1.56

40~60

<20 %

7.2~8.8

18~22

<20 %

1.8~2.2

UL 1449:2009

0.84~1.56

40~60

Not
required

6.5~9.0

16~28

Not
required

1.5~2.5

0.84~1.56

Current rating≤16A: 40~60;
16A<Current rating ≤32A:
35~60;
32A<Current rating ≤63A:
30~60;
63A<Current rating ≤125A:
25~60;
125A<Current rating ≤200A:
20~60

Not
required

6.4~9.6

16~24

Not
required

Not required

IEC 61000-45:2014

Combination Wave Generator

II.

ANALYSIS MODEL AND PARAMETERS

Six types of EPCOS varistors, namely, LS40K130QP,
LS40K230QP, LS40K320QP, LS40K420QP, LS40K550QP,
and LS40K750QP, with the largest operating voltage of 130,
230, 320, 420, 550, and 750 V respectively, were used as the
research objects. Our circuit model was implemented in
OrCAD/Pspice program because its parametric sweep tool
allows us to easily get insight into design space by sweeping a
parameter within a range of values and displaying how the
performance of the design changes. The other reason, the more
important one to us, is that the PSpice model for MOVs are
supplied by EPCOS.
Fig. 1 shows our simulation model of CWG in the presence
of a single-phase coupling/decoupling network, in which the
MOV serves as the coupling network. The CWG is made up of
the storage capacitor Cc (8 μF) with an initial charge voltage U,
switch S, and pulse shaping network consisting of RS1 (15 Ω),
RS2 (25 Ω), Lr (10 μH), and Rm (1.2 Ω). These circuit parameters
were determined using a trial-and-error approach to obtain a
1.15/55.51-μs OCV,7.66/21.90-μs SCC, and 2.09-Ω VI, in the
absence of the coupling/decoupling network or any other
components, as shown in Fig. 2. Note that, the front time of
OCV is a virtual parameter defined as 1.67 times the interval
between the instants when the impulse is 30% and 90% of the
peak value, whereas the front time of SCC is defined as 1.25
times the interval between the instants when the impulse is
10% and 90% of the peak value. Note also that, for both OCV
and SCC, although their waveshapes meet the requirement in
[6]–[8], the tail times are slightly larger than the corresponding
nominal value because, as reported in [5], the time durations of
OCV and SCC produced by the CWG alone are preferable to
be longer, for the sake of diminishing the effect of
coupling/decoupling network.
Decoupling network, as essentially a low-pass filter to
provide blocking capability for the surge, consists of
decoupling inductors L1, L2 (air-core type, 1.5 mH) and
decoupling capacitors C1, C2, and C3 (15 μF). The component
values of decoupling network, including decoupling inductance
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Figure 1. Simulation circuit of varistor coupling for combination wave
generator.

(a)

(b)
Figure 2. (a) OCV and (b) SCC waveforms produced by the simulated
CWG model between terminals “HV1” and “LV” in Fig. 1, when the
coupling/decoupling network is not connected.

and decoupling capacitance, were designed based on the
principle that, as specified in [8], the residual surge voltage on
the power supply inputs of the decoupling network when the
test sample is disconnected shall not exceed 15 % of the
applied test voltage or twice the rated peak voltage of the
coupling/decoupling network, whichever is higher. More
details can be found in [4].

R_SERIES
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R_VAR

The polarization phenomenon in small current region, the
dynamic voltage-ampere characteristics under the effect of
impulse current, and the overshoot phenomenon under the
effect of steep front impulse current should be taken into
consideration in the equivalent circuit of varistor models [12][17]. The equivalent circuit for the varistor model (see MOV in
Fig. 1) in OrCAD/PSpice environment is shown in Fig. 3,
where L-SERIES is the series lead inductance, R-SERIES is a
given parameter for calculating to stabilize the numerical
integration, and C-PAR is the parallel capacitor. The values of
L-SERIES and R-SERIES are 14 nH and 100 nΩ, respectively,
for all the six types of varistors. Values of C-PAR are, in order
of increasing operating voltage, 5600, 3200, 2300, 1800, 1400,
and 1000 pF, respectively. R-VAL is nonlinear resistor which
can be simulated by the current controlled voltage source in
OrCAD/PSpice. The voltage-ampere characteristics of R-VAL
is characterized as

C_PAR

Figure 3. Equivalent circuit of the varistor.
TABLE II.
Varistor type
LS40K130QP
LS40K230QP
LS40K320QP
LS40K420QP
LS40K550QP
LS40K750QP

PARAMETERS USED FOR THE VARISTOR MODEL
B1
2.399277
2.672993
2.783471
2.907262
3.033246
3.157001

B2
0.024184
0.024459
0.023687
0.023899
0.023941
0.025082

B3
-0.000679
-0.000390
-0.000242
-0.000162
-0.000126
-0.000129

B4
0.002765
0.003235
0.003471
0.003461
0.003570
0.003422


 log(u)  B1  B2  log(i)  B3  exp( log(i))  B4  exp( log(i))
where B1, B2, B3, and B4 are characteristic parameters whose
values are presented in Table II, i is the current, and u is the
voltage. As an example, Fig. 4 gives the response of
LS40K320QP under an 8/20-μs current.
III.

ANALYSES AND RESULTS

As aforementioned in Section I, in the case that the
coupling/decoupling network is connected to the CWG, the
OCV, SCC and VI should be obtained from the ports of HV2
and LV in Fig. 1, in the condition that L, N and PE are
connected together to simulate the low mains impedance. The
charging voltage of Cc, henceforth referred to as charging
voltage, will be adjusted in the following analyses since, owing
to the nonlinear property of MOV, they behave dissimilarly
under different voltage levels.
A. Open-circuit Voltage
Simulations were run to obtain the OCVs coupled by the
six types of EPCOS, as the charging voltage increases from 0
to 21.51 kV. Fig. 5 shows a three-dimensional view of the
OCV waveforms for the case of LS40K130QP coupling. It
should be mentioned that only under a certain voltage level can
the varistor operate, and thus, will a surge emerge between
ports of HV2 and LV.
The front time, the tail time, and the undershoot of the
obtained OCV, with the evolution of charging voltage, are
presented in Fig. 6. Fig. 6(b) gives, for all the six coupling
elements, the computed front time of OCV. As shown in
Fig. 6(b), with the increase of the charging voltage, all the front

Figure 4. Response of LS40K320QP under an 8/20-μs current

Figure 5. Waveform of OCV for LS40K130QP coupling under the
condition of different charging voltages of Cc.

times initially remain constant, and then increase gradually. All
the front times in Fig. 6(b) are smaller than that in the absence

of coupling/decoupling network. For LS40K550QP and
LS40K750QP coupling, the front times of OCV are smaller
than 0.84 μs when the charging voltage is below 10.8 and
14.0 kV, respectively.
The tail time, or termed as time to half-value, of the OCVs
are presented in Fig. 6(c). Contrary to those observed in the
front times, the tail times firstly increase gradually, and then
remain at constant values which are still smaller than the tail
time of OCV in the absence of coupling/decoupling network.

(a)

(b)

For the six varistors, only in the condition that the charging
voltage is, in order of increasing operating voltage, larger than
3.2, 5.2, 6.0, 7.5, 9.7, and 12.9 kV, respectively, will the tail
time of OCV be larger than 40 μs, the minimum value meeting
requirement of IEC 61643-11. Further, inferring from Fig. 6(b)
and Fig. 6(c), both the front times and tail times of OCVs
coupled by a MOV with a larger maximum continuous
operating voltage will be decreased more significantly.
Oscillation phenomenon, not observed in the absence of the
coupling/decoupling network, can be found in the OCV by
MOV coupling. Fig. 6(d) presents the calculated results of
OCV undershoot, a parameter defined as the ratio of the minus
peak to the positive peak if the charging voltage is positive.
The undershoot increase at first, and then decrease gradually
with the increase of charging voltage. For six varistors, when
the charging voltage is larger than, in order of increasing
operating voltage, 2.2, 4.3, 6.5, 8.6, 11.8, and 16.2 kV,
respectively, undershoot of OCV will exceed 20%, a threshold
value specified in IEC 61643-11.
According to the above analysis, compared with the
condition of CWG without the coupling/decoupling network
connected, the peak value, the front time, and the tail time of
OCV will be decreased in the condition of varistor coupling.
This decreasing effect will be more obvious if the maximum
operating voltage of the varistors is higher. The OCV
waveforms can meet the requirements of IEC 61643-11 only
when the charging voltage of Cc is larger than, in order of
increasing operating voltage, 3.2, 5.2, 6.5, 8.6, 11.8, and 16.2
kV, respectively.

(c)

(d)
Figure 6. Influence of varistor coupling on open-circuit voltage
waveforms, under the condition of different charging voltages of Cc. (a)
peak value, (b) front time, (c) tail time, (d) undershoot of six varistors’
coupling.

B. Short-circuit Current
Except that HV2 and LV should be connected, to analyze
the influence of varistor coupling on the SCC waveforms,
simulation settings are the same as those for OCV. Fig. 7 is
SCC waveforms for LS40K130QP coupling. Due to the load
effect of MOV, the peak values of SCC by varistor coupling
are lower than the case that the coupling/decoupling network is
connected. Again, only when the charging voltage exceeds a
certain value can the varistor operate. Otherwise, there will be
no current output.
Fig. 8 (b) presents the front times of SCC, showing that as
the charging voltage increases, the front times increase
significantly at first and then remain constant. Compared with
that of SCC in Fig. 2, the front times are decreased, and the
higher the maximum running voltage of varistor, the smaller
the front times. For the six varistors, in the case that the
charging voltage is larger than, in order of increasing operating

Figure 7. Waveform of SCC for LS40K130QP coupling under the
condition of different charging voltages of Cc.

(a)

voltage, 1.0, 2.0, 3.2, 4.3, 6.4, 8.6 kV, respectively, the front
times of SCC are larger than 7.2 μs, the minimum value in
accordance with requirement of IEC 61643-11.
The tail times of SCC are presented in Fig. 8(c). Similar to
the variation trend of front times with the evolution of charging
voltage, the tail times also increase at first and then remain
constant. In respect to undershoot, the SCC waveforms
LS40K550QP or LS40K750QP coupling do not feature with
oscillation phenomenon. For other four varistors with smaller
maximum operating voltages, as shown in Fig. 8(d), as the
charging voltages increase, no oscillations are observed at first,
then oscillations emerge and the undershoot increase gradually.
The lower the maximum operating voltage, the larger the
undershoot. However, all the involved undershoot is below the
maximum required value in IEC 61643-11, 20%.

(b)

According to the analysis above, under the condition of
varistor coupling, the peak value, the front time, the tail time,
and the undershoot of SCC will be decreased. For the six
varistors, when the charging voltage is larger than, in order of
increasing operating voltage, 1.0, 2.0, 3.2, 4.3, 6.4, 8.6 kV,
respectively, the waveforms of SCC will meet the requirements
of IEC61643-11.
C. Virtual Impedance
Fig. 9 presents the variation of VI as a function of charging
voltage. It follows from Fig. 9 that VI has increased due to the
effect of the impedance of varistor, and that the higher the
maximum operating voltage of the varistor, the larger the VI.
For LS40K750QP coupling, within the range of charging
voltage of 0 to 21.51 kV, the VI is always larger than 2.2 Ω, the
maximum limit specified in IEC 61643-11. For the remaining
five varistors, if the charging voltage is, in order of increasing
operating voltage, larger than 3.8, 6.5, 7.5, 10.8, and 18.3 kV,
respectively, the VI is smaller than 2.2 Ω.
From the above analyses, it can be found that the higher the
maximum operating voltage of varistors, the worse its coupling
performance. If OCV, SCC and VI meet the requirements of
IEC 61643-11 which has a relatively large test level (i.e.,
20 kV/10 kA), the charging voltage of the circuit should be
larger than 3.8, 6.5, 7.5, 10.8, 18.3 kV respectively for

(c)

(d)
Figure 8. Influence of varistor coupling on short-circuit current
waveforms, under the condition of different charging voltages of Cc. (a)
peak value, (b) front time, (c) tail time, (d) undershoot of six varistors’
coupling.

The circuit configuration of CWG model in Fig. 1 is
referred to IEC 61000-4-5. Other values of parameters with the
same circuit configuration [18]-[20], or even other circuit
configurations [18], [21], [22] can also give the normalized
waveforms and fictive impedance of the CWG. In order to
evaluate how the results presented in Section III could be
affected by different choices of component values and
configurations for the CWG, an extensive number of
simulations with other CWG models were also performed.
Obtained results show that, although there may be slight
differences in parameters of OCV and SCC waveforms
generated by specified CWGs, similar variation trends can be
found for waveform parameters and fictive impedance with
variation of the charging voltage.
V.
Figure 9. Influence of varistor coupling on virtual impedance, under the
condition of different charging voltages.

LS40K130QP, LS40K230QP, LS40K320QP, LS40K420QP
and LS40K550QP coupling. Accordingly, the combination
wave test level should exceed 3.3 kV/1.5 kA, 5.5 kV/2.5 kA,
6.4 kV/2.9 kA,
9.1 kV/4.2 kA,
and
15.8 kV/7.2 kA,
respectively. Varistor coupling is not suitable for the testing
occasion where testing level is a relatively low, such as
6 kV/3 kA as specified in UL 1449, although it has much less
strict requirements in waveform parameters.
IV.

DISCUSSION

SUMMARY

Compared with the condition without any coupling element,
reversed oscillation occurs in the waveform of open-circuit
voltage under varistor coupling. Moreover, the peak value of
open-circuit voltage and short-circuit current, as well as the
front time and the tail time will be decreased, whereas the
virtual impedance will be increased. For the involved six kinds
of varistor coupling, when the charging voltage of storage
capacitor of the combination wave generator is larger than 3.2,
5.2, 6.5, 8.6, 11.8, and 16.2 kV, respectively, the waveforms of
coupled open-circuit voltage can meet the requirements of IEC
61643-11. For varistor coupling, the parameters of waveforms
can meet the standard requirements such as IEC 61643-11 in a
relatively limit range of combination wave testing level.

The normal operating voltage of varistor should be lower
than the maximum operating voltage, otherwise, the heat
generated under alternating current would exceed the
dissipation ability and lead to the failure of thermal equilibrium.
IEC 61643-11 requires that the voltage of power-supply
network need to be adjusted to the maximum operating voltage
(i.e., 52~1500 kV) in the testing of combination wave. In order
to limit the power-frequency current flow from the powersupply network into the CWG, the impedance of coupling
network need to be far larger than the equivalent impedance of
the CWG. Therefore, almost all the voltage of power-supply
network will be applied to the coupling network. If the varistor
coupling is used, the requirement for testing SPD is that its
maximum operating voltage needs to be lower than that of the
coupling varistor. For instance, LS40K130QP is not an ideal
coupling element for SPD whose maximum operating voltage
is 320 V.

The lower the maximum operating voltage of varistors, the
slighter the influence of varistor coupling on the output
characteristics of the combination wave generator, and hence,
the better the coupling performance. The varistor which has a
lower maximum operating voltage is easy to be influenced by
the working voltage scope of power-supply network, and hence,
its application is limited.

From the standpoint of the working voltage ranges in
power-supply network of combination wave testing, a higher
maximum operating voltage of coupling varistors is expected.
However, the higher the maximum operating voltage, the
worse its coupling performance. If a varistor with a good
performance but a low maximum operating voltage is selected,
the working voltage of the power-supply network will have to
be limited to a narrow range. Hence, varistor can be applied to
the test level which require less strict for the parameters of
combination waveform.
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