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Abstract: In order to study the strong electromagnetic pulse effect of critically vulnerable equipment
in power systems and evaluate the survivability under high-altitude electromagnetic pulses, it
is necessary to study the characteristics of the transient response of metal oxide arresters to the
high-altitude electromagnetic pulse by experiment. In this paper, an experimental platform for high-
altitude electromagnetic pulse conduction current injection for a typical 10 kV metal oxide arrester
was set up, and the key parameters such as peak value of overshoot voltage, peak value of residual
voltage, action voltage and response time were obtained by the experiment. The results show that: the
action voltage of this type of metal oxide arrester is 3.53 times higher than that of its rated voltage; the
peak value of overshoot voltage is 2.19 times that of the peak value of residual voltage under lightning
impulse current; the peak value of residual voltage is 1.57 times that under lightning impulse; and the
response time varies little with the electromagnetic pulse conduction current amplitude, averaging
46.86 nanoseconds under a high-altitude electromagnetic pulse conduction environment.

Keywords: high-altitude electromagnetic pulse; MOV; residual voltage; overshoot voltage; response
characteristics; nanosecond electromagnetic pulse

1. Introduction

A high-altitude electromagnetic pulse (HEMP) is one of the strong forms of electromag-
netic interference that can interfere with wide-area distribution systems simultaneously [1].
It can form nanosecond rising edges and thousands of amperes of current in power trans-
mission lines by field-line coupling [2—4], which poses a threat to key national infrastructure
such as power and communication systems [5-8]. In recent years, vulnerability assessments
of key infrastructure such as power systems under HEMP have become a key research topic.
Therefore, it is necessary to study the protection performance of existing surge protection
devices in power systems under HEMP.

The lightning arrester is the basis for insulation coordination of various types of
electrical equipment in the power system, and it is also an important overvoltage protection
device in the power system. It plays a role in preventing the invasion of and damage
from lightning overvoltage and various forms of operating overvoltage in the system and
equipment [9]. In order to better grasp the surge protection performance of lightning
arresters, clarify their response characteristics for different overvoltage waveforms, and
develop lightning arresters with better performance, scholars at home and abroad have
carried out a large number of relevant studies [10-13].

Since lightning and switching overvoltage are the most common surge environments
in a power system, scholars have mainly carried out a large number of experiments and sim-
ulation studies on the arrester under surges with a rising edge of 0.5~45 us. He Jinliang [14]
analyzed the difference between the operation of zinc oxide nonlinear resistors, the main
component of lightning arresters, in the area of small currents and large currents, and
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made it clear that the overvoltage of different waveforms in different working areas will
have different effects on their working state. Zhong [15] demonstrated that the arrester
has an insufficient inhibitory effect on VFTO by simulating and calculating four typical
arrester models in a VFTO environment. Chen Jie [16] summarized the steep wave response
characteristics of four typical metal oxide arrester models through simulation, and pointed
out that the volt-ampere characteristics and electrical models of existing arresters under
steep waves such as VFTO need to be further studied. Li Zhibing [17] studied the protective
performance of arresters under steep waves through experiments, and proposed that it is
necessary to further study the response characteristics and simulation models of arresters
when the wave front time is less than 0.1 us. P. Valsalal [18] analyzed the importance of
the equivalent capacitance of an arrester to the accuracy of the model through simulation
and experimental research. Zhang [19] studied the response characteristics of varistors
under nanosecond pulses through experimental analysis, and pointed out that they have
a certain inhibition ability against nanosecond pulses. Yi Zhou [20] reviewed the exper-
imental research on the response of 10 kV arresters under nanosecond electromagnetic
interference, obtained the residual voltage law of arresters under 5~100 ns rising-edge
waveforms, and clarified the sensitivity of arresters to rising edge. Valdemir S. Brito [21]
proposed a wide-band model for a zinc oxide arrester, but it showed that the simulation
results of transient voltage with a wavefront time of less than 1 us were contrary to the
relevant standard models.

While the lightning arrester is used for lightning surge protection, scholars at home
and abroad still expect its good performance in steep wave environments such as high-
altitude electromagnetic pulses [22]. However, the current research results are not enough
to quantify the protective effect of lightning arresters under a high-altitude electromagnetic
pulse environment, and the high-altitude electromagnetic pulse environment has not been
used in factory inspection requirements for lightning arresters, and the use and test methods
for lightning arresters as high-altitude electromagnetic pulse protective devices are not
involved in relevant standards. Therefore, as a conventional conduction protection device,
whether the lightning arrester can effectively suppress the high-altitude electromagnetic
pulse conduction environment and protect the key equipment of power systems remains to
be studied.

In this paper, an experimental platform for electromagnetic pulse conduction current
injection in a typical 10 kV metal oxide arrester was established. The key characteristic
parameters such as action voltage, peak value of overshoot voltage, peak value of residual
voltage and response time of the Y(H)5WS-17(12.7) /50 metal oxide arrester were obtained
by experiments. The transient response characteristics of the electromagnetic pulse were
obtained by comparison with the normal factory parameters of the arrester, which provided
data support for further research on electromagnetic pulse vulnerability of key equipment
in power systems.

2. Experimental Setting
2.1. Experimental Device

In the experiment, a standard HEMP current injection source was used. Its short-
circuit current amplitude was 0~6 kA adjustable, the rise time of the current waveform was
20 ns, the half-height width was 500 ns, and the source internal resistance was 60 (). The
equivalent circuit for the experiment is shown in Figure 1, and in this circuit, Cs = 12.7 nF
was the equivalent capacitance of the circuit, Ls = 695 nH was the equivalent inductance of
the circuit, and Rg = 63 () was the resistance of the discharge circuit. Figure 2 shows the
short-circuit output current waveform when the pulse current injection source voltage level
Uin =330 kV. It should be noted that the voltage level of the high-altitude electromagnetic
pulse current injection source was the charge voltage, not the voltage on the load (arrester),
which was proportional to the pulse current of the injection source, with I, = Uj, /R.
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Figure 1. The equivalent circuit for the experimental setup.
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Figure 2. The short-circuit output current waveform.

In the test, the arrester was connected in series in the discharge circuit, the voltage
waveform of the arrester was measured by a VD-200 resistance—capacitance divider with
16 MHz bandwidth, and the current waveform of the arrester was measured by a Pearson
7427 current probe with 70 MHz bandwidth.

2.2. Metal Oxide Arrester

The MOV is one of the most advanced products among conventional lightning ar-
resters. It has excellent nonlinear voltammetry characteristics, fast response, and high
energy discharge capability. It has basically replaced silicon carbide arresters and become
one of the main protective devices in 10~500 kV power systems. The experimental samples
in this paper were MOVs named Y(H)5WS-17(12.7) /50, which are commonly used in 10 kV
distribution systems. Its basic electrical characteristics are shown in Table 1.

Table 1. The basic electrical characteristics of MOV.

Tvpe Rated Residual Voltage of 8/20 Residual Voltage 30/60 DC 1 mA Reference
M Voltage/kV Lightning Shock Current/kV Operation Impact Current/kV Voltage/kV
Y(F)SWS- 17(12.7) 50.0 425 25.0

17(12.7) /50
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3. Experimental Process and Key Parameter Measurement
3.1. Experimental Process

Using the pulse current injection experimental method [23], the measurement data
were mainly the voltage of the arrester and the current passing through the arrester. Firstly,
we used the voltage output mode of the current injection source to obtain the action voltage.
Secondly, we applied the experimental circuits shown in Figure 1, and the pulse current
injection sources were set to 168 kV, 210 kV, 240 kV, 270 kV, 300 kV, 330 kV and 360 kV. Each
voltage level was repeated 3 times, and the arrester was fully discharged at the end of each
test and replaced with a new one at the next voltage level.

3.2. Key Parameter Measurements

The volt-ampere characteristic curve is the main way to describe the nonlinear charac-
teristics of the MOV. As a basic surge protective device, the MOV mainly focuses on the
key parameters such as residual voltage peak, overshoot peak and response time.

Therefore, the time domain waveform of voltage and current of arrester were measured
in the experiment. The volt-ampere characteristic curve could be obtained, and its key
parameters could be further obtained.

Figure 3 shows the voltage and current waveforms at both ends of the arrester under
the voltage level of 360 kV boosted by the pulse source. On this basis, the volt-ampere
characteristic curve was derived, as shown in Figure 4.
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Figure 3. Typical waveform of voltage and current of arrester under power-off state: (a) Voltage
waveforms; (b) current waveforms.

The parameter used to obtain the residual voltage peak Uy of the arrester is the second
peak of the voltage waveform, that is, the maximum value of the residual voltage part of
the volt-ampere characteristic curve excluding overshoot. The overshoot peak Uy, is the
maximum value of the voltage of the volt-ampere characteristic curve, as shown by the
dotted line in Figure 4.

The lightning arrester response time t; was obtained from the time t; corresponding
to 10% of the overshoot peak value to the time t, corresponding to 1.1 times the residual
voltage peak value along the overshoot falling edge, that is, t; = t, — t1, as shown in
Figure 3a.
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Figure 4. The volt-ampere characteristic curve of the arrester.

4. Results and Discussion
4.1. Action Voltage

The voltage at which an over-voltage protection device begins to limit the voltage
or discharge the current after a certain value is called the action voltage, which indicates
the threshold for the protection device to function. Figure 5 shows the current passing
through an arrester, and it shows that a certain width of current begins to appear at the

60 kV voltage level.
180
160 | [‘1
140 | . . .
A certain width of current begins to appear
120 at the 60 kV voltage level
100 L / e 55 kV
< 80 - -4 65 kV
= ol ——70kV
--e-- 75kV
40
20
0
,20 1 1 1 | ]
0 200 400 600 800
t/ns

Figure 5. The current passing through arrester.

It can be seen from the figure that with the increase in voltage level, the working
characteristics of the arrester gradually transition from the small current area to conduction
area. When the pulse voltage amplitude is about 60 kV (the corresponding pulse current
amplitude is about 1 kA), the arrester begins to enter the conduction area, but it does not
enter the high-current area when the voltage rises to about 90 kV.

So, the action voltage of the Y(H)5WS-17(12.7) /50 type MOV is about 60 kV under the
HEMP conduction environment. It is 3.53 times higher than the MOV’s rated voltage of
17 kV.
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4.2. Peak Value of Overshoot Voltage

Under the condition of a nanosecond fast pulse, an overshoot appears because the
arrester has not acted in time. The peak voltage value is the peak value of overshoot voltage,
which describes the leakage quantity of an arrester in response to the fast pulse. Table 2
shows the peak value of overshoot voltage at different voltage levels of the pulse current
injection source, and Figure 6 shows the fitting results.

Table 2. The peak values of MOV overshoot voltage.

Voltage Level /kV 168 210 240 270 300 330 360
Overshoot Peak Value/kV 138.0 162.6 173.6  184.8 192.8 210.3 223.2

240 . T . . : . . :
>
G 220 ot y=0424x + 69857~ 1
g R>=0.9907 1
S
e 200 4
>
S
3 180 4
<=
5
2 160 | 4
o
qa 140 F ®  Measured data _
g " Linear fitting
S
> 120 _
-
= L
éj 100 + L . L . 1 L I

150 200 250 300 350

Voltage Level/kV
Figure 6. Peak values of overshoot voltage at different voltage levels.

It can be seen from Figure 6 that the peak value of overshoot voltage is linear with the
voltage level of the pulse current injection source, that is, it is linear with the pulse current.
The linear fitting results are as follows.

Up = 0.424Uj, + 69.857 kV, 1)

with R-square = 0.9907.
Considering the relationship Ii, = Uj, /R, it can be inferred that

Up =26.7121;, + 69.857 kV, )

where Uy, is the peak value of overshoot voltage, Uy, is the voltage level, and Ij, is the
pulse current.

Because the rising time of the standard waveform used was fixed, the higher the am-
plitude of the injection pulse voltage, the greater the pulse injection current, and the greater
the value of di/dt. Overshoot is the induced voltage generated by the lead inductance
and body inductance of the arrester under a rapidly changing pulse current. The linear
relationship between the amplitude of overshoot voltage and the amplitude of injection
pulse shows that the lead inductance and the inductance of the arrester body basically do
not change with the rising edge.

When testing residual voltage, the amplitude of an 8/20 us shock current is required
tobe 0.5, 1.0, and 2.0 times that of the arrestor’s nominal discharge current. Additionally,
according to the GB11032-2010 [24], the arrestor’s nominal discharge current is 1.5 kA.
Here, we used 1.0 times that of the arrestor’s nominal discharge current, 1.5 kA, and
using Equation (2) we obtained the peak value of overshoot voltage U, = 109.63 kV. It
was 2.20 times higher than that of its peak value of residual voltage under an 8/20 ps
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lightning shock current. That translates to an above-200 kV pulse voltage with 20 ns rising
time under the 5 kA HEMP conduction current.

4.3. Peak Value of Residual Voltage

Under the surge environment, the arrester can limit the voltage to a certain range,
which is called the residual voltage of arrester, whose maximum value is the peak value of
residual voltage and describes the protective ability of the arrester when limiting various
over-voltages. Table 3 shows the peak value of residual voltage at different voltage levels
of the pulse current injection source, and Figure 7 shows the fitting results.

Table 3. The peak values of MOV residual voltage.

Voltage Level/kV 168 210 240 270 300 330 360
Residual Peak Value/kV 85.5 92.6 103.2 105.9 103.7 106.9 113.9

120 T T T T T T T T
>
24
)
s 110 .
<
=
o
>
g 100 - -
o
R7
O
-
S 90} )
3
= . ®  Measured data
; Linear fitting
= 80F .
O
Q" n 1 2 1 N 1 " 1

150 200 250 300 350

Voltage Level/kV

Figure 7. Peak values of residual voltage at different voltage levels.

It can be seen from Figure 7 that the peak value of residual voltage is linear with the
voltage level of the pulse current injection source, that is, it is linear with the pulse current.
The linear fitting results are as follows.

Up = 0.1319U;, + 66.267 kV, )

with R-square = 0.8772.
Considering the relationship I, = Ui, /R, it can be inferred that

Up =8.3101;, + 66.267 kV, 4)

where Uy is the peak value of residual voltage.

Similarly to the peak value of overshoot voltage, we can obtain the peak value of
residual voltage Uy =78.73 kV using Equation (4). It was 1.57 times higher than that of its
peak value of residual voltage under an 8/20 ps lightning shock current.

4.4. Response Time

The time from applying the surge environment to the start of action of the arrester
is called the response time, which describes the response speed of the arrester. Table 4
shows the response time at different voltage levels of the pulse current injection source,
and Figure 8 shows the scatter plot.
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Table 4. MOV response time.

Voltage Level /kV 168 210 240 270 300 330 360

Average Response Time/ns 50.8 479 48.5 48.3 453 441 43.1

Response time/ns

60 . T : , . , - T
st P
_____ et - o - 0
u L 3
50 e > i ' ---------------------- -
L [ n 3 n "
46.86 ns §
45 ! u " n T
______ L _________j____I__Ll__.
40 T 05 s ‘ :
----- Maximum Value
35k = = = minimun Value
Mcan Value
§ " Measured data
30 L L L L 1 L L
150 200 250 300 350

Voltage Level/kV

Figure 8. Response time at different voltage levels.

The average response time of the tested arrester was 46.86 ns, the maximum deviation

was 5.64 ns, and the deviation range was less than 12%. These data are about the same
order of magnitude as the planned time of the grain boundary layer of a ZnO varistor.
Therefore, the response time of the arrester had little relationship with the amplitude of
pulse voltage. Therefore, the response time was not related to the voltage level of the pulse
current injection source.

5. Conclusions

In this paper, the critical parameters such as action voltage, overshoot voltage, resid-

ual voltage, and response time of Y(H)5WS-17(12.7) /50 MOVs under a standard HEMP
conduction environment were obtained by experiment. The results show that:

(a)

(b)

(©

(d)

In the high-altitude electromagnetic pulse conduction environment, the action voltage
of this type of arrester was about 60 kV, which was 3.53 times its rated working voltage.
In other words, a strong electromagnetic pulse with an amplitude below 60 kV could
be applied to the power equipment at the back end of the arrester completely without
restraint, posing a risk to the insulation of the power equipment.

The peak value of overshoot voltage was 2.20 times higher than the residual voltage
under the 8/20 us lightning shock current. Moreover, it was linear with the pulse
current, which meant an approx. 10 kV/ns pulse voltage under the 5 kA HEMP
conduction current. It poses a greater threat to the insulation of transformers behind
the arrester.

The peak value of residual voltage was 1.57 times higher than the residual voltage
under the 8/20 ps lightning shock current. In addition, it was linear with the pulse
current amplitude, which meant an above-100 kV residual voltage under the 5 kA
HEMP conduction current. Moreover, it took more than ten microseconds for the
voltage to decay to zero, which may cause the burning of weak links such as cables
and transformer bushings.

The response time did not vary with the pulse current amplitude, with an average
of 46.86 nanoseconds under the HEMP conduction environment. That meant that
the response of this type of arrester to high-altitude electromagnetic pulses is not fast
enough, such that the rising edge and peak parts will all leak to the back end of the
arrester, exerting an adverse impact on the downstream equipment.
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Therefore, the existing conventional lightning arresters in the power system are not
sufficient to suppress a high-altitude electromagnetic pulse conduction environment. It is
necessary to consider developing high-performance arresters with faster response speeds
and lower overshoot amplitudes, or adding auxiliary devices such as ferrite magnetic rings
to attenuate the pulse steepness at the front end of the lightning arrester.
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