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Abstract—Medium voltage dc system has fast rise rate in the
event of a short-circuit fault. To avoid high-peak fault current,
it is necessary to configure dc circuit breaker with fast opera-
tion. Solid-state dc circuit breaker has short breaking time and
high reliability, which is suitable for D¢ system. In this letter, a
novel oscillating-commutation solid-state dc circuit breaker based
on compound integrated gate-commutated thyristors (IGCTs) is
proposed. By combining IGCTs with different advantages, such as
high current breaking and high withstand-voltage capability, the
proposed dc breaker has the advantages at less breaking time, high
performance, low cost, and small volume. The working principle of
the proposed scheme is described in detail, and an 8 KV prototype
with 7 kA current breaking ability is built to verify its feasibility.

Index Terms—Compound IGCT, high current breaking, osci-
llating commutation, solid-state circuit breaker.

I. INTRODUCTION

EDIUM voltage dc (MVdc) power system has the higher
M rate of current rise in the event of a short-circuit fault,
because of its low impedance and small time constant, which
will develop extremely high current peaks in a short period
of time. To solve the short-circuit problem, dc circuit breaker
with fast breaking ability and current limitation function is an
indispensable equipment for MVdc power system, which greatly
improve the security of systems.[1], [2], [3]
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Mechanical circuit breakers (MCBs), which developed earlier
and maturely have low conduction loss. But the disadvantages
of MCBs are obvious. Long breaking time, low life, and main-
tenance cost limit the use of them in the present [4], [5]. Hybrid
circuit breakers (HCBs) have shorter breaking time than MCBs
and their conduction loss is as low as MCBs. But HCBs still
have mechanical switches and arc ablation, which reduce their
life. The reliability of the auxiliary device is also the serious
problem of HCBs [6], [7]. Solid-state dc breakers (SSCBs) have
the advantages of short breaking time, good current suppression
capability, and long life. The structure of SSCBs usually is
simpler than that of MCBs and HCBs, which reduces the volume
of dc breakers. However, due to the limited power capability
of semiconductor devices, a high-capacity SSCB needs many
power-electronic switches for series and parallel connection,
which increases the ON-state loss and cost [8], [9], [10].

In this letter, a novel oscillating-commutation solid-state
dc breaker (OC-SSCB) based on compound integrated gate-
commutated thyristors (IGCTs) is proposed. With different
characteristic of IGCTs, OC-SSCB can break large current and
withstand high voltage, using less power electronic switches.
Besides, A switch is series with MOV for decreasing the over
voltage during the breaking process, which can reduce the num-
ber of switches ON the main branch and save volume and cost.
This letter first introduces the topology and working principle
of the OC-SSCB. Then, the operation process is explained.
Importantly, the key parameters are analyzed and the different
types of IGCTs are introduced. Finally, an 8 kV prototype of
OC-SSCB is built and the feasibility of this novel topology is
verified. The prototype breaks 7 kA current successfully and
there is no delay between receiving the command and breaking
the current. This novel topology has obvious advantages in cost
comparison.

II. TOPOLOGY AND WORKING PRINCIPLE

A. Topology of the OC-SSCB

Fig. 1 shows the topology of this novel OC-SSCB. Main
branch, oscillated branch and energy absorption branch make
up the OC-SSCB. The main branch is composed of two types
of IGCTs: v-IGCT and i-IGCT. The characteristic of v-IGCT is
high voltage-withstand ability but weak current-breaking ability
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Fig. 1. Topology of the OC-SSCB.

while i-IGCT has strong turn-OFF capability and weak with-
standing voltage. These two types of IGCT are series to make
up for their shortcomings. Oscillated branch includes Metal
Oxide Varistor (MOV) with low voltage and capacitor Cy,,. When
i-IGCT in the main branch is turned OFF, the fault current will
be commutated to this branch by a way of capacitor oscillation.
A low-level IGCT and MOV is composed of energy absorption
branch. The use of L-IGCT can make the rated voltage of MOV 4
lower than the bus voltage, thereby reducing the overvoltage
during the breaking process.

Because of the power limitation of power electronics devices,
the traditional SSCBs usually use devices in series and parallel
to form the main branch, which increases the size and cost of the
circuit breakers. To solve this problem, the OC-SSCB combines
the advantages of different IGCTSs to cope with the increase in
voltage and current levels. The i-IGCT is used to cut OFF high
fault current and the voltage is built to commutate current, which
plays an important role like the load commutation switch (LCS)
switch in HCBs. When the current in the main branch decreases
a very low level, v-IGCT can turn OFF safely and then withstand
high voltage. The RC and MOV paralleled with IGCTs can adjust
static voltage distribution and dynamic voltage distribution. In
this way, the power capability can rise with low cost and volume.

The capacitor Cy, in the oscillated branch can generate os-
cillating current with the i-IGCT, which helps the commutation
of fault current and creates safe turn-OFF moment for v-IGCT.
The resonant frequency depends on the capacitor Cp, and the
loop stray inductance L,,. MOV3 with low rated voltage can
prevent the fault current from charging C,,, in advance to ensure
the current commutation successfully. Moreover, this MOV can
suppress overvoltage spikes caused by overcharge of C,, and
a certain amplitude of ac harmonics. Besides, L-IGCT in the
energy absorption branch is used to reduce the voltage of series
MOV. When the short circuit happens, L-IGCT is turned ON
and MOV, limits the overvoltage at the residual voltage. When
the process is finished, L-IGCT is turn OFF and withstands bus
voltage with MOV 4, which reduces the overall voltage level of
the MOV, making the overvoltage in the breaking process is
lower. So fewer IGCTs are required in the main branch. The
voltage that L-IGCT withstands is low and the turn-OFF current
is small, so the requirements of the device for voltage and current
are pretty low.
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Fig. 2. Operation process of the OC-SSCB.

B. Operation Process of the Proposed Topology

The operation process of the OC-SSCB is shown in Fig. 2.

to-11: Supposing a short circuit fault occurs at ¢, the current
starts to increase on the main branch at a high rising rate. The
protection system detects and judges the fault current, then issues
a breaking instruction to the OC-SSCB at #,. During this time,
the fault current develops on the main branch and the di/dt is
limited by a suitable reactor to make sure the current is below
the maximum turn-OFF capability of i-IGCT at #;.

t1-t2: When receiving the breaking signal, the i-IGCT turns
OFF first and the current flows the RC path, which is paralleled
with i-IGCT. The voltage across the snubber capacitor increases
rapidly as the current surges. However, because of the MOV
parallel to i-IGCT, the voltage will be clamped at V.. and
the fault current will be commutated to the oscillate branch by
this voltage. By adjusting the capacitance of the capacitor, an
oscillating current with a higher amplitude can be obtained, so
that the current on the main circuit can be reduced a very low
level at 15.

to-t3: At fo, the v-IGCT can turn OFF naturally as the current
on the main branch reduces a very low level. By oscillating
commutation, the fault current flows through C,,. When the
current on the main branch is low, the v-IGCT can be turned OFF
safely since the fault current has been commutated to the transfer
branch. Even if the fault current is very high, the v-IGCT does
not have the requirement of high turn-OFF current capability.
So, the withstand voltage capability of it can be improved. As
the current flows through C,,, the voltage of SSCB increases
quickly. At 73, the L-IGCT is turned ON before the voltage of
Cy, exceed the rated voltage of MOV 4.

t3-t4: As current is commutated, the voltage across Cy,
increases. When the voltage reaches the rated voltage of MOV 4,
the resistance of MOV, will decrease and the current will be
commutated from the oscillating branch to the energy absorption
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Fig. 4. Oscillation process. (a) Current flow path. (b) Equivalent circuit of the
OC-SSCB.

branch. Finally, the current will all flow into this branch and the
voltage will be clamped at V.

t4-t5: During this time, the energy in the system is absorbed
by MOV,. The voltage and current will gradually decrease as
the energy reduce. At 75, the voltage decreases to the bus voltage.
L-IGCT can turn OFF at this time because the current is pretty
low. The performance of existing IGCT can easily meet this
demand.

t5-tg: After the L-IGCT turning OFF, the voltage in the MOV 4
decreases so that the current can drop to OA. At #g, the breaking
process completes.

The working principle is shown in Fig. 3.

C. Analysis of the Commutation Process

Whether the breaking process can realize successfully de-
pends on the commutation from #; to #3. On the one hand, this
commutation must ensure that all the current is commutated to
the oscillating branch. On the other hand, the oscillation period
affects the time when the v-IGCT turns OFF. Therefore, it is
necessary to analyze the commutation process.

At to, the i-IGCT turns OFF. The current charges the snubber
capacitor and the paralleled MOV clamps the voltage at its
residual voltage, as shown in Fig. 4(a). During the commutation
process, the voltage across the i-IGCT can be regarded as a
constant voltage source. The analytical model can be simplified
as Fig. 4(b). The fault current is driven by the voltage source
from the main branch to the oscillating branch. L,, represents
the stray inductance of the commutation loop.
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TABLE I
PARAMETER OF THE PROTOTYPE

Parameter
v-IGCT (/max = 8kv, Imax =3kA
i-IGCT Umax = 4.5kV; Inax = 8 KA
. MOV, 5kVat1mA; 8kV at
Main branch 10 KA
MOV, 3kVat1mA;4.2kV at
10 kA
Cm 100 UF
Oscillation branch ~ MOV 0.8kV at 1 mA; 1.2 kV at
10 kA
L-IGCT Umax =4.5kV; Imax = 5 kA
Energy branch MOV, 8kVat 1 mA; 11kV at

10 kA

The oscillation frequency can be expressed as

1
w:’/CmLm' (1)

The equation in the oscillation process can be expressed as

{ngz + Um + Umov - Ures}

. Ay,
i=Cn™y

2

By calculating (2), the expression for the commutated current
and the voltage of C,, is obtained as

io(t):,/fmsm< - t).(Ures—Umov) 3)

1
Up(t) = |:]. — COS ( mem t>:| (Ures - Umov)~ (4)

The maximum commutable current can be expressed as

Cm
L
By properly selecting parameters, the fault current can be

lower than the maximum commutable current, ensuring the
safety of v-IGCT turn OFF.

I cmax —

( Ures - Umov ) . (5)

III. PROTOTYPE AND EXPERIMENT OF THE OC-SSCB

To verify the feasibility of this novel topology of SSCB,
a 8 kV/7 kA OC-SSCB prototype is developed. The value
of capacitor Cp, is chosen based on the breaking current and
estimated stray inductance L,,. Besides, the value of MOVs is
determined by the characteristic of IGCTs and the fault current.
The key parameters of the prototype are shown in Table I. The
experimental platform setup is shown in Fig. 5. An LC test
platform is built to simulate the fault current. Fig. 6 shows the
waveforms of 7 kA interruption experiment results with 10 kV
overvoltage.

When t = 4.8 ms, IGCTs on the main branch is turned ON
and the current increases. When t = 7.2 ms, the current on the
main branch reaches at 7 kA. The i-IGCT is turned OFF and
the voltage of it reaches the residual voltage of MOV, rapidly.
At the same time, L-IGCT is turned ON. Then, the current is
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Fig. 6. Overall waveforms of interruption experiment.

commutated to the oscillating branch within 20 ps. As the current
is totally commutated, the current through the v-IGCT decreases
to 0 A, and this IGCT is turned OFF. After that, L-IGCT is
turned ON. The voltage of C,, increases as the current charges
it. When the voltage reaches 8 kV, MOV, starts to work and
the current is commutated to energy absorption branch. As the
voltage increases further, the current flows through the MOV 4,
and the energy in the system is absorbed by the MOV 4. When the
voltage drops to the bus voltage, L-IGCT is turned OFF and the
breaking process is completed. Because MOV 3 absorbs much
energy, the current commutated to the energy absorption branch
is very low.

When the i-IGCT is ordered to turn OFF, the fault current
cannot rise and starts to drop after 20 us. So, the breaking time
of the OC-SSCB is much shorter than 3 ms. According to the
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Fig.7. Comparison of OC-SSCB and traditional SSCB. (a) The novel topology
in this paper. (b) The traditional topology.
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definition of the breaking time of the hybrid circuit breaker, the
breaking time of the OC-SSCB is 20 ps.

IV. DISCUSSION

The OC-SSCB topology makes full use of the advantages of
different types of IGCTs to achieve high capacity with fewer
components, saving costs, and optimizing volume. Fig. 7 shows
the topology in this paper and traditional topology, respectively,
and Fig. 8 compares the OC-SSCB and the traditional series-
parallel topology in five perspectives, which the voltage level is
10 kV and the current level is 10 kA.
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The number of power devices in the novel is much less than
that in the traditional topology. Because the cost of capacitor is
low, which is under 2000 RMB, the cost of the two topologies can
be equal to the number of full-controlled power devices. So, the
cost of the new topology is about 60% of the traditional topology.
Besides, because using more devices, the conducting loss of
traditional topology is higher than that of the novel topology.
As shown in Fig. 7, the ON-state voltage drop of the traditional
topology consists of the voltage drops of three level IGCTs in
series and three diodes in series. In comparison, the voltage
drops of the topology proposed in this article only consists of
the voltages of a v-IGCT, two parallel i-IGCT, and a diode. The
conducting loss of the novel topology is about 60% of that of
the traditional topology. Therefore, the requirements for heat
dissipation of traditional topology are also higher. Despite the
increased capacitance, the novel topology is still smaller because
there are fewer power devices. The volume of OC-SSCB is 70%
of that of traditional SSCB. The operation of OC-SSCB is more
difficult due to the current commutation. However, IGCTs have
a current zero-crossing detection function, so the turn-OFF time
of the v-IGCT can be judged by the IGCT itself. This simplifies
the control difficulty to a certain extent.

V. CONCLUSION

This letter proposes an OC-SSCB that combines different
types of IGCTs and realizes high power breaking with low cost.
As the voltage and current levels increase, this novel topology
has more obvious advantages at cost. With fewer IGCTs on the
main branch, the structure can be simplified and the ON-state
loss is less than the traditional SSCBs. Besides, the breaking

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023

time of the OC-SSCB is still very short, which can effectively
suppress the development of fault current. The 8 kV proto-
type can successfully turn off 7 kA current, which verifies the
feasibility of the OC-SSCB topology. The proposed topology
provides an effective design scheme for the dc breaking demand
on MVdc.
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