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A Novel Solid-State Switch Scheme With High Voltage Utilization Efficiency
by Using Modular Gapped MOV for DC Breakers

Kexin Liu ", Xiangyu Zhang

Abstract—Metal oxide varistors (MOYV) is often used to limit the
overvoltage generated by the current breaking of dc breaker to
protect power electronic device from breakdown. However, while
suppressing overvoltage, the MOV also causes the degradation
of continuous operating voltage capability. This letter proposes a
novel solid-state switch scheme with high voltage utilization effi-
ciency by using modular gapped-MOV (MG-MOYV) for dc break-
ers. The breakable gap is first applied to the protection of power
electronic devices. By using the gap to share the voltage in the static-
state and be broken down in the dynamic state, the overvoltage
and continuous operating voltage of the solid-state switch can be
decoupled. Moreover, based on the modular scheme, the instability
of the gap discharges and the voltage imbalance of the series devices
can be solved well. The working mechanism, voltage-balance and
stability issue of the MG-MOV are discussed in detail in this letter,
and a 15-kA prototype is developed to verify the feasibility of the
novel solid-state switch scheme. The experiment under results show
that voltage utilization efficiency can be increased from 44.4% to
72.0% by using MG-MOV.

Index Terms—DCCB, gap, high-voltage solid-state switches,
metal oxide varistors (MOV), voltage utilization efficiency.

I. INTRODUCTION

HE VSC-HVdc technology has been rapidly developed to

meet the demand for large-scale grid connection of new
energy in recent years. The dc breakers can quickly clear the
fault current in the dc grid and are the key equipment to maintain
the reliable operation of VSC-HVdc system [1], [2]. Due to the
lack of zero-crossing point in the dc system, a large number of
semiconductor devices are required to form a solid-state switch
in a dc breaker to realize the function of current breaking. Since
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Fig. 1. Voltage utilization efficiency of the solid-state switch scheme in hybrid
dc breakers.

the devices are easily broken by the overvoltage when they are
turned OFF, metal oxide varistors (MOV) is often connected in
parallel with the solid-state switch as voltage-limiting circuit.
At present, the voltage-limiting circuits are generally composed
of MOV [3], [4], as shown in Fig. 1.

Although MOV has the ability of voltage-limiting; however,
it also causes the degradation of continuous operating voltage
capability of the solid-state switch. In Fig. 1, the definition of
voltage utilization efficiency Vq./Vimax is given. Vyax is the
maximum withstand-voltage of the solid-state switch. Under this
voltage, the MOV needs to show a low resistance characteristic
to clamp the overvoltage. And the V. refers the continuous
operating voltage, at which voltage level the solid-state switch
with its MOV needs to have a very high resistance. Due to
the limited nonlinearity of MOV, a solid-state switch’s Vg,
is often far lower than its Vyax, resulting in a waste of the
semiconductor devices’ voltage capacity.

The nonlinearity of an MOV is generally expressed by the
ratio of its residual voltage (Vrgg) for a certain impulse current
toits 1 mA reference voltage (Vrgr), as shown in Fig. 2(b). The
Vres/Vrer of a MOV is usually between 1.4 and 2.5 [5], which
means the voltage utilization efficiency of the solid-state switch
with parallel MOV is destined to be lower than 70%. Moreover,
in actual engineering, MOVs’ Vigg is generally designed to be
lower than the V4 x of the semiconductor devices for the safety
margin. Also, MOVs’ Vrgr needs to be higher than the Vg,
of solid-state switches; otherwise, the MOV will be damaged
in the long-term voltage withstanding. Therefore, the voltage
utilization efficiency of the solid-state switch in actual projects
is often extremely low, which is around 40% in the 200 kV
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Working mechanism of the solid-state switch with MG-MOV. (a) Development of the solid-state switch with MOV. (i) and (ii) are the existing schemes,

(iii) is the novel solid-state switch scheme proposed in this letter. (b) MOV V-I curve. (c) Turn-ON and turn-OFF process of the first two existing schemes in dc
breakers. (d) Turn-ON and turn-OFF process of the solid-state switch with MG-MOV.

dc breakers of Zhoushan flexible dc technology demonstration
project [6] and the 500 kV dc breakers of Zhangbei flexible dc
grid project [3], resulting in the excessive series number and
high cost of semiconductor devices.

Although the problem of solid-state switches’ voltage utiliza-
tion efficiency is serious, there is no effective solution at present.
As the material performance is difficult to greatly improve, the
nonlinearity of MOV can only be improved through a large
number of parallel-connection, which is costly and has limited
effects.

In this letter, a novel solid-state switch scheme with high
voltage utilization efficiency by using modular gapped-MOV
to the voltage-limiting circuit of solid-state switch to improve
its nonlinear performance. Based on the modular configuration
scheme, the problems of series submodules voltage balance and
long gap discharge voltage instability are solved well. Thus, the
voltage utilization efficiency of the solid-state switches can be ef-
fectively improved. Section II proposes a new solid-state switch
scheme with MG-MOV, introduces its working mechanism,
and discusses the voltage-balance and gap discharge voltage
stability issues in detail. On this basis, Section III provides the
experimental verification, including a 15 kA experiment for dc
breakers are proposed. The breakable gap is first applied. Finally,
Section IV concludes this letter.

II. PROPOSED SOLID-STATE SWITCH WITH MODULAR
GAPPED-MOV AND ITS CHARACTERISTIC ANALYSIS

A. Proposed Solid-State Switch With MG-MOV

Inspired by the gapped-MOV for lightning protection [7], the
nonlinearity of the MOV can be greatly improved by using a gap.
DC breakers are system protection equipment for breaking pulse
fault current; they do not operate frequently, which provides the
premise for the application of gap in dc breakers.

Compared with the MOV stack scheme and discrete MOV
scheme, as shown in Fig. 2(a-i) and (a-ii) [2]-[4], [6]. On the

basis of the discrete MOV scheme, the breakable gap is applied
to the voltage-limiting circuit of solid-state switch, as shown in
Fig. 2(a-iii). The gap can easily improve the continuous operat-
ing voltage V. in static-state. When the gap is broken down and
maintained at a low resistance, it does not affect the overvoltage
suppression, and decoupling the continuous operating voltage
and overvoltage.

The breakable gap is paralleled with resistor R, in static-state,
the resistor R matched with the leakage resistance of MOV to
keep the gap from discharges, and the voltage across the MOV
is the continuous operating voltage to ensure that MOV will not
be damaged in the long-term voltage withstanding.

As shown in Fig. 2(c) and (d), the new continuous operating
voltage of the novel solid-state switch is equal to the sum of
the gap voltage and the continuous operating voltage V. of the
MOV. This novel scheme greatly increases the long-term rated
voltage that a single semiconductor device can play.

More importantly, this modular scheme can convert the high
voltage problem in the MOV stack scheme to the low voltage
problem in a single module. Compared with the long gap, the
discharge voltage of the short gap is more stable [8]. Of course,
the performance of the gap and stability of the gap discharge
voltage has yet to be tested by multiple tests.

In addition, for series solid-state switches, MG-MOV does not
have the same voltage self-balancing ability as discrete MOV in
static-state; the voltage balancing circuit is needed. These two
issues will be discussed in detail as follows.

B. Working Mechanism of the Solid-State Switch With
MG-MOV

The equivalent model of the circuit is shown in Fig. 3, where
Ry is the equivalent resistance of MOV, which is related to its
voltage. Cgap, is the partial capacitance of the gap, Cyiov is the
junction capacitance of a MOV. The model does not consider
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Fig. 3. Equivalent model of the circuit.

parasitic parameters. The working process of the solid-state
switch with MG-MOJV is as follows:

0-t(static-state): The gap does not discharge and shares part
of the dc voltage in the static-state, and the voltage across the
MOV is its continuous operating voltage. The limitations of the
circuit at this stage are

Van = Vac-NEw = Vgap + Vae < EVmax )
Viae = 0.85VrEer, Veap/Vac = R/ Ry

where V,; is the voltage across the solid-state switch, Vq. NEw
is the improved operating voltage of the solid-state switch, k is
the safety factor of the device, generally 0.8-0.9.

t;-t3: The semiconductor device is turned ON at t;, IT in-
creases gradually, and the voltage V,; drops to the forward
voltage of semiconductor device.

ts-t;: At t3, the semiconductor device is turned OFF, and
the current is transferred to snubber circuit. V) is gradually
increases. In 1314 stage, Cgap, 18 generally a few pF, Cyiov is
a few to tens of nF, before the gap discharges, Vai~Vjgap, the
gap withstands most of the voltage. At t4, Vgap >Vepp, the gap
discharges first, where Vg, is the pulse discharge voltage.

t;-t5: Ignore arc voltage, Van = Vmov. Since the voltage
exceeds the Viygr of the MOV, MOV starts to work, the current
transfers from snubber circuit to MOV branch, and the MOV
limits the overvoltage and absorbs the system energy.

t5-tg: The current in MOV branch decreases gradually, and
the current drops to 0 at time #s. The gap is insulated, and the
MG-MOV circuit withstands the system dc voltage again.

C. Voltage Balancing Issue of the Solid-State Switch With the
MG-MOV

For series power electronic devices, voltage balancing is de-
signed to protect each device from exceeding withstand voltage.
For passive static voltage balancing of series-connected devices,
generally, a suitable resistor is connected in parallel with the
devices.

When series devices are turned OFF, with the MOV stack in
the traditional design, the voltage is extremely disequilibrium,
as shown in Fig. 4(a), the slowest device is just beginning to
turn OFF when the fastest device’s voltage has exceeded the
rated value. For the MG-MOV scheme, although the turn-OFF
processes still have a large difference between each other, as
shown in Fig. 4(b). When the gap is broken down and maintained
at a low resistance, each device’s voltage is limited by the MOV
when it rises to Vrgs, like the dynamic threshold effect of the
discrete MOV scheme [9]. Thus, the devices’ inconsistency only
affects their voltage establishment sequence, and the maximum
voltage on each device is balanced. More importantly, the con-
sistency requirements for devices are low.
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D. Stability and Lifetime Issues of the Modular Gapped-MOV

The performance of gap determines whether MG-MOV
scheme can be applied. In this letter, transverse magnetic con-
tact is applied to the MG-MOV circuit. When the transverse
magnetic contact is breaking current, the arc rotates and burns
between the gap, which delays the generation of anode spots
and improves the breaking ability of the gap. The material of
the contact is tungsten copper. After multiple discharges, the
contact surface is basically unchanged, and there is no obvious
peak. Fig. 5 shows the contact surface condition after 100 and
200 discharges.

Taking the average gap discharge voltage as a benchmark,
the distribution of 200 times pulse discharge voltage of the gap
is shown in Fig. 5. The discharge voltage of the gap decreases
first, and then increases with fluctuation. Finally, it maintained
relatively stable. The gap discharge voltage fluctuation range
does not exceed 10%.

As for the lifetime of gapped-MOV, refer to MOV's maximum
surge current derating curve, under dc circuit breaker working
conditions, its lifetime is about hundreds to thousands of times.
So, the lifetime expectance of the gap should be the same. As for
the lifetime of the gap used in this article, we are still exploring.
The main reason is that the laboratory does not have the test
conditions for long-term large-current breaking of solid-state
switches.

E. Dimensioning, Cost and Power Loss Issues of the Modular
Gapped-MOV

Regarding gapped-MOV used in the letter, Fig. 6 shows the
gapped-MOV we used. The gap is about 100 mm long, 80 mm
high, and 80 mm wide, the gapped-MOV will have a larger
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Fig. 7. Comprehensive experimental method of the solid-state switches with
MG-MOV. (a) Solid-state switch prototype. (b) Ideal experimental circuit. (c)
Static-state operating experiment circuit. (d) Large current breaking experimen-
tal circuit.

volume than the classical MOV device. Its length will increase
from 180 to 250 mm, and its height will increase from 88.5 to
125 mm. However, compared with the volume of high voltage
solid-state switches, as shown in Fig. 7(a), the gap has little effect
on the layout of the solid-state switch.

In terms of cost, the two longitudinal magnetic contacts total
0.018(p.u.), and the two MOV devices total 0.04(p.u.), the cost
of the gap is negligible relative to the cost of the IGBTs [1(p.u.)
each]. So, the gapped-MOV has a very high-cost performance.

In terms of power losses, dc circuit breakers are usually
equipped with a mechanical switch, and the series modules
do not need to withstand long-term dc voltage. The dc circuit
breaker only withstand the dc voltage of the system during the
reclosing period (a few hundred ms) or when the system has a
permanent fault. Thus, the power losses and aging problem of
the MOV can be ignored [9].

III. EXPERIMENTAL RESULTS OF THE SOLID-STATE SWITCH
WITH MG-MOV

To verify the correctness and effectiveness of the proposed
scheme, we build an experimental platform to carry out static-
state operating experiment and large current breaking experi-
ment, as shown in Fig. 7.

Fig. 7(a) is a solid-state switch prototype, two semiconductor
devices are connected in series, and each semiconductor device
is in paralleled with the MG-MOV and the snubber circuit.
Fig. 7(b) is an ideal experimental circuit, but without sufficient
dc power supply system or capacitor bank, it is difficult to carry
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TABLE I

CIRCUIT PARAMETER DESIGN

Ve 2.4kV(ImA) R 6MQ/10W
Vbc/Ro 2.0kV/10MQ IGBT 4.5kV/3kA
MOV [ﬁ 1pulse>

1.5us,7kA,3.6kV Ry, R 100kQ

Vres
E 50kJ RCD [ ¢ 50uF
Vo <2kV Diode | 4.5kV/2000A
Gap

Viph <4kV

'RCD snubber circuit is used in the solid-state switch, Ry and R are the static voltage-
balancing resistors, and Cg is the snubber capacitor.

2R is the parallel resistance of the gap; Ry is the leakage resistance of the MOV. 3¢¢
is the front time of the impulse current; E is the maximum energy that a single MOV
device can absorb.

#Vgpu is the pulse discharge voltage, Vi1, the static-state discharge voltage.
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Fig. 8. DC static-state operating experimental result. (a) VI curve of MG-

MOV. (b) Discharge voltage waveform of gap in static-state.

out dc static-state operating experiment and current breaking
experiment of the solid-state switches with MG-MOV under
actual working conditions in laboratory. We have to carry out
the static-state operating experiment and large current breaking
experiment step by step.

The static-state operating experiment circuit is proposed, as
shown in Fig. 7(c). For the static-state operating experiment, it
is mainly to verify the effect of the gapped-MOV on solid-state
switch’s continuous operating voltage improving, the require-
ment for the capacity of the power supply is relatively low.
During the experiment, a dc voltage was applied to the solid-state
switch and gradually increased, and the MOV and the gap each
shared part of the voltage. Until the voltage of the MOV is its
continuous operating voltage, then increase the voltage by a
small amount until the gap breaks down.

Regarding the large current breaking experiment, LC oscillat-
ing circuit is a commonly used circuit for dc circuit breaker, as
shown in Fig. 7(d), the capacitor C is precharged, and the circuit
is turned ON after triggering the thyristor SCR. Taking the 500
kV circuit breaker in the Zhangbei flexible dc grid project as a
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Fig. 9.  Solid-state switch large current breaking experimental result. (a) Two

series solid-state switches using classical MOV devices. (b) Two series solid-
state switches using modular gapped-MOV devices.

reference, two parallel 4.5 kV/3000 A IGBTs turn OFF the 25
kA fault current in 3 ms, in this letter, single 4.5 kV/3 kA IGBT
is used is a solid-state switch, the solid-state switches turn OFF
the pulse current-ITpax = 15 kA in 3 ms.

Based on the above-mentioned analysis and [9], and taking the
solid-state switch in the 500 kV circuit breaker in the Zhangbei
flexible dc grid project as a reference, the appropriate circuit
parameters are shown in Table I. The parameters are easy to
obtain, so the parameter calculation will not be discussed here.
In addition, after multiple tests and adjustments, the appropriate
gap spacing is obtained.

A. Static-State Operating Experimental Result

The static-state operating experiment has low power require-
ments for dc power supply, and ordinary dc power supply can
be used for experiment. As shown in Fig. 8, the V-I curve of
MG-MOV is shown in the figure (red curve). Compared with
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the V-I curve of MOV (black curve), the continuous operating
voltage V. increases from 2000 to 3240 V, and the voltage uti-
lization efficiency of solid-state switches increases from 44.4%
to 72.0%. The setting of new V. should consider the influence
of system voltage fluctuation; the static-state discharge voltage
should be higher. Here, the gap discharge voltage margin is set to
200 V. The static-state discharge voltage is 1377 V, and the volt-
age across the MOV is 2056 V, V,;; = 3433 V. Furthermore, the
dynamic characteristics of the MG-MOV remain to be verified.

B. Large Current Breaking Experimental Result

Based on the large current breaking experiment circuit in
Fig. 6, and the test waveform of the solid-state switch breaking
15 kA current is shown in Fig. 9. IGBTs turn ON, and the fault
current reaches 15 kA after 3 ms, then IGBTSs are turned OFF.
Fig. 9(a) shows the experiment result of the two series solid-state
switches using classical MOV devices. Fig. 9(b) shows the
experiment result of the two series solid-state switches using
modular gapped-MOV devices.

The large current breaking process of the two solid-state
switch schemes is basically the same. As mentioned earlier, in
IGBTs turn-OFF transient, the gap shares almost all the voltage.
When the voltage exceeds the pulse discharge voltage of gap,
the gap discharges. Then, the MOV absorbs energy and limits
overvoltage. Injov gradually decreased to 0, the gaps are insu-
lated.

In Fig. 9(b), the two gaps are broken down successively, and
the discharge voltages are 2622 and 2680 V. Due to the dynamic
threshold effect of the MG-MOV, each device’s voltage is limited
by the MOVs. The voltage spikes of the two series devices
with are 3887 and 3691 V. The voltage spikes of the two series
devices with classical MOV devices are 3818 and 3658 V. The
voltage spikes are slightly different, which may be related to the
parameters of MOVs and the parasitic parameters in circuit.

In summary, the experimental results show that no module is
damaged, the performance of the gaps and the proposed novel
solid-state switch scheme is good.

IV. CONCLUSION

This letter proposes a novel solid-state switch scheme with
high voltage utilization efficiency by using modular gapped-
MOV for dc breakers. Due to the dual advantages of the MG-
MOV scheme, the continuous operating voltage of the 4.5 kV
solid-state switches is increased from 2000 to 3240 V, the
voltage utilization efficiency is increased from 44.4% to 72.0%.
The static voltage-balancing issue and dynamic threshold effect
of the MG-MOV are also discussed in detail. Meanwhile, the
overvoltage of the solid-state switches meets the design require-
ments. The solid-state switches have broken large current up to
200 times and the gaps are in good condition, the stability of the
gap discharge voltage has also been verified.
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