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ABSTRACT This article focuses on the problem that the voltage recovery time of relay protection circuits
in converter stations is too long under lightning surges. A surge protective device (SPD) in a relay protection
circuit in an ultrahigh-voltage (UHV) converter station is investigated. Based on the action characteristics of
a gas discharge tube (GDT) and metal oxide varistor (MOV) under a 1.2/50 us lightning surge, the equivalent
circuit model of a series-combined SPD is established. In the equivalent circuit model, this study considers
the breakdown voltage, nonlinear impedance, parasitic capacitance, stray inductance and other parameters
of GDTs and MOVs. Simulation analysis shows that a series-combined SPD can significantly increase the
residual voltage and shorten the voltage recovery time of the protected system. To verify the simulation
results, a test platform based on a low-voltage DC voltage divider was built for the lightning surge test. The
test results are consistent with the simulation results, verifying that a series-combined SPD can meet the dual
surge protection requirements of peak suppression and fast voltage recovery.

INDEX TERMS Lightning surge protection, series-combined SPD, relay protection circuit, UHV converter

station.

I. INTRODUCTION
The surge immunity test is an important test to evaluate the
immunity of electrical and electronic equipment [1], [2], and
it mainly simulates the unipolar surge caused by lightning
and switching transient overvoltage. In the existing research,
scholars have discussed the standard waveform [3] and math-
ematical form [4] of a lightning surge, the design method of
the surge generator [5] and its applications [6]. Some scholars
have pointed out that there is a lack of surge immunity test
standards from the perspective of power line tests [7].
Regarding the research on surge suppression, the nonlin-
earity of the SPD volt-ampere characteristic has always been
the focus of the equivalent circuit model [8]-[10]. In prac-
tical applications, the protection characteristics of SPDs are
affected by many factors [11], [12]. For example, the input
impedance of loads affects the effective protection distance
of SPDs [13], and the increase in ground potential caused
by lightning affects the residual voltage of low-voltage SPDs
[14]. In addition, for the complex and harsh electromag-

The associate editor coordinating the review of this manuscript and
approving it for publication was Dongbo Zhao.

159956

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

netic environment of UHV transmission systems [15], [16],
research on electromagnetic disturbance test methods [17],
[18] and surge suppression measures [19], [20] has been
carried out.

A DC voltage divider is an important device for voltage
measurement in a UHVDC transmission system. Its mea-
surement results directly affect the DC system control closed
loop, which is closely related to the system reliability [21].
In September 2015, the voltage of a grounding grid in a
4800 kV UHV converter station was raised due to a light-
ning strike, resulting in GDT breakdown for the DC voltage
divider secondary surge protection and an instantaneous drop
in the DC voltage in the relay protection circuit. Subse-
quently, the relay protection circuit voltage failed to recover
to the normal value within 80 ms as requested, which caused
DC undervoltage protection maloperation and DC blocking.
This accident shows that the existing surge protection mea-
sures have defects and cannot meet the dual requirements
of suppressing the surge peak value and quickly recovering
voltage.

To solve this problem, experts at the China Electric Power
Research Institute have put forward a series-combined SPD
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composed of a GDT and MOV. Based on PSpice, this article
establishes an equivalent circuit model for series-combined
SPDs and studies the influence of the GDT and MOV param-
eters on the action characteristics of series-combined SPDs.
The main contribution of this article is to verify that series-
combined SPDs can effectively increase the residual voltage
and shorten the voltage recovery time of the protected system
of the relay protection circuit by means of simulation and
testing.

Il. EQUIVALENT CIRCUIT MODEL

A. BREAKDOWN CHARACTERISTICS OF A GDT

A GDT is a voltage-switching SPD. When the applied voltage
increases so that the electric field strength between the poles
exceeds the internal gas insulation strength, the gap dis-
charges rapidly, and the voltage between the poles maintains
a low residual voltage level. Under transient overvoltage,
the breakdown speed of the gas gap depends on the devel-
opment of the electron avalanche process. There is a delay in
the gap discharge, and the actual breakdown voltage has some
dispersion.

Switching operation and lightning transients are the causes
of power system overvoltage. The IEC 61000-4-5 specifies
the immunity requirements and test methods of unidirectional
surges caused by overvoltage from switching and lightning
transients. Considering the actual port type and overvoltage
characteristics, a combination wave generator (1.2/50 us -
8/20 us) is selected as the excitation source in this article.
The lightning surge generator used in the test can output a
1.2/50 ps open-circuit voltage wave and an 8/20 us short-
circuit current wave. By increasing the peak voltage of the
lightning surge (V.4 ), the gradient of the applied voltage is
increased. The breakdown characteristic curve of three GDTs
under a lightning surge is recorded by an oscilloscope.

To study the influence of the surge gradient on the break-
down characteristics, three GDTs (75GDT, 150GDT and
350GDT) with different Ugy, are selected for testing. 75GDT
refers to a gas discharge tube with a Uy of 75 V. The DC
discharge voltage (Ug.) of a GDT refers to the average value
of the breakdown voltage under an overvoltage with a rising
gradient lower than 100 V/s.

Fig. 1(a) shows the breakdown characteristic curve cluster
for 150GDT under a lightning surge. The surge peak voltages
corresponding to the five curves are 0.25 kV, 0.28 kV, 0.31 kV,
0.35 kV and 0.40 kV. The trend of the curve cluster shows
that for the same gas discharge tube, the peak voltage of
the lightning surge at the two poles significantly affects the
breakdown delay and the actual breakdown voltage. With an
increase in the surge voltage, the peak value of the transient
pulse increases, and the breakdown delay decreases.

To analyze the breakdown characteristics of different
GDTs, the waveform data recorded in the test are recorded
in Table 1. The breakdown delay (At) of a GDT refers to
the time interval between Up,. and the actual breakdown
voltage (Uy). Table 1 reveals that the At of a GDT is at the
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microsecond level (0.92-15 us) under a lightning surge. The
surge gradient « and voltage increment AU are defined as
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follows:
0.8Unax

“="1n )

AU = Uy — Uge ()
As shown in Fig. 1(b), the breakdown delay decreases
with increasing surge gradient. Under a surge gradient o of
200 V/us, the breakdown delay of 7SGDT is 2.12 us, and that
of 150GDT is approximately 5 us. The comparison between
the two data points shows that under the same surge gradient,
a GDT with a higher Ug- has a longer At. In addition,
Fig. 1(c) shows the relationship between the voltage incre-
ment and the breakdown delay. Under a breakdown delay
At of 5.78 us, the voltage increment of 75GDT is 66.97 V,
and that of 350GDT is 117.88 V, which indicates that a gas
discharge tube with a higher Up, has a larger AU.

TABLE 1. Test waveform data of GDT breakdown characteristics.

GDT At (us) o (V/us) AUV)
12.82 100 355

5.78 120 66.97

75GDT 4.836 133.33 82.56

3.24 160 119.56

2.12 200 174.97

12.35 166.67 29.91

7.06 186.67 75.28

150GDT 442 206.67 107.91

2.93 233.33 139.91

2.07 266.67 193.94

15 333.33 77.94

5.78 360 117.88

350GDT 3.45 386.67 157.75

1.6 426.67 201.94

0.92 466.67 257.94

B. EQUIVALENT CIRCUIT MODEL OF A GDT

The breakdown characteristics of GDTs are affected by the
waveform and gradient of the applied overvoltage, and most
manufacturers do not provide a GDT model that can be used
for simulation design. Therefore, this article establishes a
GDT equivalent circuit suitable for a lightning surge. The
equivalent circuit is based on previous research and incor-
porates the DC discharge voltage, actual breakdown voltage,
breakdown delay and other parameters.

A schematic diagram of the equivalent circuit is shown
in Fig. 2, which consists of three parts. Rv is the nonlinear
resistance, which decreases with increasing applied voltage.
The voltage-controlled switch is in the state of insulation
resistance when it is turned off, and the resistance is zero
when it is turned on. The signal voltage module is used to
control whether the switch is on or off. When the input voltage
exceeds the threshold voltage, the output voltage is high, and
the voltage-controlled switch is turned on. When the input
voltage decreases to less than 20 V, the output voltage changes
from a high level to a low level, and the voltage-controlled
switch is turned off.

Fig. 3 compares the simulation and test waveforms of the
GDT breakdown characteristic. The fluctuation trend of the
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FIGURE 2. Schematic diagram of the GDT equivalent circuit.

two curves shows that the rising edge of the voltage wave
is the same before the breakdown of the gas discharge tube.
After the GDT breaks down, the simulation does not match
well with the measurement in the wave tail. However, the
accuracy of the wave tail is not important in this article.
Therefore, the GDT model can be applied to the surge pro-
tection design under microsecond-level overvoltage.
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FIGURE 3. Comparison between the simulation and test waveforms of
GDT breakdown characteristics.

C. EQUIVALENT CIRCUIT MODEL OF AN MoV
An MOV is a limited-voltage SPD with continuous volt-
ampere characteristics. When the applied voltage is lower
than the threshold voltage, the MOV has a high resistance.
When the applied voltage is higher than the threshold volt-
age, the volt-ampere characteristic of the MOV shows high
nonlinearity. Compared with the GDT, the MOV has a lower
discharge capacity and a higher residual voltage. However,
due to the large parasitic capacitance of the MOV, it will
generate a large leakage current when applied in an AC
system.

To meet the simulation requirements in the follow-up surge
protection design, this article builds an equivalent circuit
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model that can accurately simulate the MOV action charac-
teristics under a 1.2/50 us lightning surge. As shown in Fig. 4,
the equivalent circuit consists of Ry, Ry, C and L. R}, repre-
sents the insulation state when the MOV is not in action in
the equivalent circuit as a whole. The value of R, will be of
the hundreds of M2. Ry is the nonlinear resistance when the
applied voltage exceeds the threshold voltage. The nonlinear
resistance (polynomial equation with several coefficients to
be preset [10]) is replaced by only one diode in series with
a controlled voltage source. C is the parasitic capacitance of
hundreds to thousands of picofarads. L is the wiring induc-
tance of approximately 1 nH/mm.

FIGURE 4. Equivalent circuit for the whole area.

Fig. 5(a) shows the DC volt-ampere characteristics of the
MOV. The curve can be divided into three sections: 1) the
prebreakdown area, 2) the nonlinear area, and 3) the rising
area. The volt-ampere characteristic of the prebreakdown area
is linear. When the applied voltage is higher than the threshold
voltage, the MOV enters the nonlinear region, in which a
small increase in voltage will cause the current to increase by
several orders of magnitude. Finally, the volt-ampere charac-
teristic tends to be linear again, but the voltage rising speed
in the rising area is much faster than that in the prebreakdown
area.

The breakdown voltage of the MOV (Uy,,4) refers to the
voltage when passing a 1 mA DC current on the MOV.
100MOV refers to a metal oxide varistor with a Ujua
of 100 V. In Fig. 5(b), the simulation and test waveforms of
100MOV under a 1.2/50 pus lightning surge are compared.
From the peak values and attenuation trends of the two curves,
the equivalent circuit model reflects the action characteristics
of the actual MOV.

ll. SERIES-COMBINED SPD

A. PARAMETER ANALYSIS OF A SERIES-COMBINED SPD
It can be seen from the study of GDT breakdown character-
istics that a GDT can effectively reduce the peak value of
transient overvoltage. However, the residual voltage is too
low, and the voltage recovery time is too long after GDT
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FIGURE 5. (a) DC volt-ampere characteristics of the MOV. (b) Comparison
between the simulation and test waveforms of the MOV action
characteristics.

breakdown. Compared with the protection measure of using
a GDT alone, connecting an MOV in series can increase
the residual voltage of the protected system after the series-
combined SPD action. Meanwhile, the MOV in series can
block the continuous current of the GDT to make it turn off.
Therefore, a series-combined SPD can effectively suppress a
surge and recover the working voltage of the protected system
within 80 ms, which can meet the dual requirements on the
surge protection characteristics in the actual project.

The series-combined SPD in Fig. 6(a) is composed of an
MOV and GDT, which have different action characteristics.
In the test, different types of MOVs and GDTs are selected for
series combination. The voltage waveform of a 50 €2 resis-
tance is recorded after the series-combined SPD action, and
influence of parameters Uy,,4 and Ug, on the action charac-
teristics of the series-combined SPD are analyzed. As shown
in Fig. 6(b), a series-combined SPD action characteristic test
system is built.

To eliminate the influence of different batch factors on
the test, the same types of MOVs and GDTs are selected in
each batch. In the test, three types of GDT are selected with
different Uy, parameters, from 150 to 600 V, and three types
of MOV, with Uy,,4 parameters from 33 to 100 V, which are
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FIGURE 6. Test system of series-combined SPD action characteristics. (a)
Schematic diagram. (b) Actual wiring diagram.

divided into two groups to carry out the test. The oscilloscope
is set as a single-pulse rising-edge trigger. Under a lightning
surge, the voltage waveform of 50 2 resistance is recorded.

Fig. 7(a) reveals that under the same surge, the Uy, of the
GDT will affect the Uy of the series-combined SPD, which is
positively correlated with it. In Fig. 7(b), the residual voltage
of the 50 2 resistance increases with increasing Uy,,4. From
the perspective of overvoltage suppression, the smaller the
instantaneous pulse peak value between U and Uy under
the same surge is, the better the overvoltage suppression
performance of the SPD. From the perspective of shortening
the voltage recovery time, properly increasing the residual
voltage is conducive to the rapid recovery of the system
working voltage. Therefore, when using a series-combined
SPD, the MOV and GDT should be selected according to the
surge protection characteristics.

B. PARAMETER SELECTION FOR A SERIES-COMBINED
SPD

In the design of surge protection circuits, the selection of
GDTs should adopt an empirical method. The parameters can
be selected according to the operating conditions of GDTs
in the protected system. For an AC system, GDTs should be
able to ensure that no maloperation occurs within the normal
operating voltage range and allowable fluctuation range of the
line. Therefore, Uy should meet the following requirements:

min(Upe) > 1.25 x 1.15U, 3)

Here, Uy is the DC discharge voltage; U, is the peak
value of the normal operating voltage of the line; 1.15 is
the maximum allowable fluctuation of the system operating
voltage; and 1.25 is the additional 25% safety margin.
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FIGURE 7. Analysis of the action characteristics of a series-combined
SPD. (a) The influence of GDT parameters on a series-combined SPD. (b)
The influence of MOV parameters on a series-combined SPD.

If the allowable deviation of Uy is 0.2, then
min(Ugge) = (1 — 0.2)Upge “4)

Eq. (5) can be obtained by combining (3) and (4):

1.25 x 1.15
Utac =

= TUP ~ 18Up (®)]

Similarly, for a GDT in a DC system,
Utsc = 1.8Upc (6)

To reduce the possibility of series-combined SPD malop-
eration, the Uy of a GDT should be large. However, the Uge
parameter affects the Uy of the series-combined SPD, so it
may exceed the withstand value of the protected system and
damage the equipment. Therefore, the characteristics of the
GDT should be considered in the trade-off between the two
requirements.
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The MOV should be selected to block the continuous
current (0.1-0.4 A) in the arc area of the GDT. Consider-
ing that the voltage of a GDT in the arc area is generally
approximately 20 V and the normal operating voltage at the
secondary side of the DC voltage divider is 70 V, a reasonable
option can be chosen. When the voltage of the MOV is 50V,
the current should be less than the continuous current of the
GDT arc area, which can be conservatively taken as 50 mA.

IV. SURGE PROTECTION MEASURES FOR THE
SECONDARY SIDE OF A DC VOLTAGE DIVIDER

A. TRANSIENT CHARACTERISTIC ANALYSIS OF A DC
VOLTAGE DIVIDER

An 800 kV converter station reduces the 800 kV DC voltage
to 70 V through a DC voltage divider and introduces it into
the balance module. The balance module is then transmit-
ted to the secondary circuit through an isolation amplifier.
To analyze the transient characteristics of voltage recovery at
the secondary side of the DC voltage divider, the equivalent
circuit of the DC voltage divider is established, as shown
in Fig. 8. This equivalent circuit is based on the actual param-
eters of the DC voltage divider in the converter station.

U1=800KV
R1=400M Q |:| f— C1=400pF
u2=70v

FIGURE 8. Equivalent circuit of the DC voltage divider.

By analyzing the equivalent circuit of the DC voltage
divider, the differential voltage equation between U, and U
can be obtained:

duy uj duy R+ Ry
Cil—+—=0C1+C)— +
! dt Ry (€ 2) dt ( RiR>
After the GDT breaks down, the initial value of U is 0 V,
but the initial value of U is Vp = 800 kV. In the process
of secondary-side voltage recovery, U; remains unchanged,
so the U, voltage recovery equation can be derived as

uy (7

R{+R
Us(t) = lez_f?b |:1 - e_Rlel(Clicz)t:| (8)

It can be seen from (8) that the capacitance C2 is limited,
and the voltage U, cannot be changed suddenly; Ux4) = 0
V. With C2 charging, U2 gradually changes to the steady-state
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value:
R,Vp
R+ R
Therefore, the time constant t of the secondary-side volt-
age recovery process can be obtained:
.- RiR>(C1 + C2)
Ri + R
After the GDT breaks down instantaneously, the secondary
voltage of the DC voltage divider must undergo a transient

process of hundreds of milliseconds before it can return to
the normal operating voltage.

Uz(o0) =

©))

= 159ms (10)

B. SIMULATION ANALYSIS OF A DC VOLTAGE DIVIDER
The simulation circuit of the DC voltage divider is shown
in Fig. 9, and it can be divided into three parts. The first
part is the DC voltage divider circuit, which is composed
of V1, R1, R2, C1 and C2. The second part is the 1.2/50
s lightning surge generator circuit, which is composed of
the capacitor Cs1 and the resistance and inductance elements
forming the rising edge. The third part is the GDT circuit
model, which is primarily composed of a voltage-controlled
switch, the nonlinear controlled source and a signal voltage
module.

R1 = ¢l

I
I'T
e

- |

J

0

FIGURE 9. Simulation circuit of the DC voltage divider.

When a lightning surge is applied to the secondary side of
the voltage divider, the measured voltage of C2 is as shown
in Fig. 10(a). The simulation results show that the voltage
of C2 drops to 20.4 V after the GDT breaks down. The
voltage of C2 then rises slowly and reaches 70 V after nearly
500 ms, which cannot meet the requirement (80 ms) of DC
undervoltage protection. Therefore, it is necessary to increase
the existing surge protection measures to shorten the voltage
recovery time.

In previous research, it has been verified that the series-
combined SPD has a high residual voltage. A high residual
voltage means a reduction in the voltage recovery time. In Fig.
10(b), the protection effects of different series-combined
SPDs are compared. The voltage recovery time with the
series-combined SPD protection is significantly shorter than
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that with the GDT alone. The residual voltage increases with
increasing Uj4. In all combinations, 150GDT and 66MOV
in series have the best voltage recovery effect, and the voltage
can be recovered to 70 V within 80 ms.

200 ,
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FIGURE 10. Voltage recovery of C2 on the secondary side after a lightning
strike (a) with 150GDT; (b) with a series-combined SPD.

C. LIGHTNING SURGE TEST BASED ON A LOW-VOLTAGE
DC VOLTAGE DIVIDER

The simulation results show that a series-combined SPD
can effectively increase the residual voltage and shorten the
voltage recovery time of the protected system. To verify the
correctness of this conclusion, a lightning surge test platform
is constructed based on a low-voltage DC voltage divider. The
lightning surge generator selected in the test is LSG-510A.
Its open-circuit voltage wave front edge is 1.2+30% pus, its
pulse width is 50£20% ws, and its peak value is 0-10 kV. The
DC voltage source selected is DH1722. Its output voltage is
0-250 V, and its output current is 0-1.2 A. The Uya of the
MOV ranges from 22 to 100 V, and the Uy of the GDT is
150 V in the test.
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FIGURE 11. Lightning surge test circuit based on a low-voltage DC voltage
divider.

The test circuit is shown in Fig. 11. In this circuit, R1, C1,
R2 and C2 simulate the high- and low-voltage bridge arms of
the DC voltage divider. The function of diode D1 is to prevent
the DC voltage source from being burned out by a lightning
surge counterattack. The function of diode D2 is to keep the
surge generator disconnected from the external circuit when it
is not working. In the test, different types of MOVs and GDTs
are selected in series. The C2 voltage recovery characteristics
under a 1.2/50 us lightning surge are tested, and the results
are shown in Table 2.

TABLE 2. Voltage recovery characteristics of different series-combined
SPDs.

SPD U (V) Voltage at 80 ms (V) Ui (V)
150GDT 70DC 40 238
150GDT+22MOV 70DC 55 80
150GDT+33MOV 70DC 60 102
150GDT+56MOV 70DC 72 138
150GDT+68MOV 70DC 80 168
150GDT+100MOV 70DC 82 293

Table 2 reveals that the selection of different MOVs will
lead to different voltage recovery effects. The voltage recov-
ery effect is best when 56MOV and 150GDT are used in
series. In 80 ms, the voltage can recover to 72 V, which meets
the requirement of DC undervoltage protection. The compar-
ison of the voltage recovery characteristics of different series-
combined SPDs is shown in Fig. 12.

By comparing the test waveform in Fig. 12 with the sim-
ulation waveform in Fig. 10, it can be seen that the test and
simulation results are consistent. When the GDT is used alone
as the surge protection device, the voltage recovery time is
approximately 500 ms. After using a series-combined SPD
as the surge protection device, the voltage recovery time
can be shortened to within 80 ms, which can prevent the
maloperation of DC undervoltage protection and meet the
needs of the actual project.

V. CONCLUSION
Based on a 1.2/50 us lightning surge test, this article presents
the equivalent circuit model of a GDT and MOV in PSpice.
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FIGURE 12. Voltage recovery of C2 (a) with 150GDT; (b) with 150GDT+22MOV; (c) with 150GDT+56MOV; (d) with 150GDT+100MOV.

By comparing the simulation and test waveforms, the appli-
cability of the equivalent circuit model in microsecond-level
surge protection design is verified.

The influence of the GDT and MOV parameters on the
series-combined SPD is analyzed by simulations and tests,
and the parameter selection method for the series-combined
SPD is described.

Finally, a lightning surge test based on a low-voltage DC
voltage divider is carried out. The test results show that
the application of the series-combined SPD can significantly
shorten the recovery time of the protected system and meet
the requirement of DC undervoltage protection in practical
engineering. The research content of this article can provide
a reference for the design of surge protection in similar relay
protection circuits with dual requirements.
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