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Abstract—Semiconductor devices based solid-state circuit
breakers (SSCBs) are promising in the dc power distribution sys-
tem as protective equipment for their ultrashort action time. This
letter proposes a topology of SSCB using series connected silicon
carbide (SiC) metal oxide semiconductor field effect transistors
(MOSFETs), which only requires a single isolated gate driver. The
SSCB has very low cost and high reliability because it only has
13 components including passive components and diodes apart
from two SiC MOSFETSs to achieve both balanced voltage distribu-
tion during short-circuit interruption duration and reliable positive
gate voltage during ON-state. The SSCB prototype is built and ex-
perimentally verified to interrupt 75 A short-circuit current under
the dc-bus voltage of 1200 V within 1.5 us.

Index Terms—Series-connection, silicon carbide (SiC) metal ox-
ide semiconductor field effect transistor (MOSFET), solid-state cir-
cuit breaker (SSCB), voltage balancing, wide-band-gap device.

I. INTRODUCTION

IRCUIT breakers protect both alternating current (ac) and
direct current (dc) power distribution systems from dam-
age caused by overload or short circuit [1], [2]. Compared
with a traditional mechanical circuit breaker, semiconductor
devices based solid-sate circuit breakers show more promise
for dc power distribution which has no natural zero-crossing in
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contrast to ac systems [3], [4]. With the increasing popularity of
dc power distribution applications such as multielectric aircraft
and ships, data centers, and renewable energy sources based mi-
crogrid, it reveals high demands of high performance solid-state
circuit breaker (SSCB), which can be implemented economi-
cally, interrupt fault current as fast as possible, and have very
small conduction loss.

Semiconductor devices in the SSCB act as the main switch
to achieve conduction of load-current and interruption of fault-
level current. The characteristics of SSCB highly depend on the
chosen device. The turn-OFF characteristic of commercial silicon
(Si) based devices including insulated gate bipolar transistors,
integrated gate-commutated thyristor, gate-turn-OFF thyristor,
and several specific applications have been fully investigated
from the perspective of dc breaker application [5]-[7]. Com-
pared with conventional Si devices, wide-band-gap silicon car-
bide (SiC) devices have much lower conduction loss and shorter
turn-OFF transient and higher blocking voltage potential [8].
These advantages benefit both the power converters and circuit
breakers to increase their efficiency and power density [9]. The
availability of many kinds of SiC devices such as SiC metal ox-
ide semiconductor field effect transistors (MOSFET), SiC junction
field effect transistor, SiC static induction transistor, and SiC
emitter turn OFF thyristor have been demonstrated [10]-[14].
The comparison between some existing SSCBs is given in [15].

To withstand much higher dc-bus voltage, commercially
available SiC devices still need to be series connected. Even
though 10 kV SiC sample devices have been used [16], they
still cannot fulfill the voltage requirement in high voltage dc
grid. The balanced voltage distribution across these series con-
nected devices is the most challenging technical issue.

This letter proposes a series connected SiC MOSFETs based
SSCB. The SiC MOSFETs are selected in this letter due to
their relative wide range application and low cost. Specifically,
the SSCB can be controlled only by a single standard gate
driver. Only several passive components and diodes are used to
realize the reliable gate voltage during ON-state and balanced
voltage distribution during the short-circuit interruption. The
reliability and power density of the SSCB has been substantially
increased. A prototype was built, and its feasibility was verified
experimentally.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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II. STRUCTURE OF THE PROPOSED SSCB

The topology of the proposed SSCB is illustrated in Fig. 1.
It is designed based on the novel gate control circuit for two
series connected SiC MOSFETs, which has been proposed in our
previous paper [17]. Several changes have been made to make
the circuit operate as SSCB. Two varistors V,,; and V,,,, two
RC snubbers, and a high voltage diode D; have been added to
the circuit. Besides, additional gate resistor R,3 has been added
to the gate loop of SiC device M. To reduce the cost, only one
Zener diode is applied to guarantee the gate reliability of M,
rather than two reverse series connected Zener diodes in our
previous paper. The function of these components contained in
the SSCB will be described in detail in the following part. The
SSCB is connected to the grid with power terminals P and N
and can be directly controlled with control terminals A and B.

To clarify the function of these passive components and
diodes, component parts with the same function have been
marked in the same background color. Varistors V,,; and V.,
absorb the interruption energy stored in the current limiting in-
ductor which will be shown in Fig. 3(a) to suppress the overvolt-
age across M| and M;. R, and R, assure the balanced voltage
distribution across M, and M, during OFF-state. RC snubbers
benefit the transient voltage balancing during switching pro-
cesses. C provides the required gate charge for M,. C5 is added
to the circuit to compensate the influence of C; on the transient
unbalanced voltage distribution. During the ON-state, D, pro-
vides the current path for the gate circuit of M, to guarantee the
reliable positive gate voltage. Zener diodes Z,;,—Z,3 prevent the
gate voltage from exceeding the safe range. R,1—R,3 provide
the damping for gate voltage oscillation.

The proposed series connected SiC MOSFETs based SSCB is
cost effective and relatively robust compared with conventional
voltage balancing methods based SSCB and this is beneficial to
large-scale use of SiIC MOSFET SSCB. As shown in Fig. 2, the two
series connected SiC MOSFETs based SSCB with conventional
voltage balancing methods requires two gate control sets for two
devices. Each gate control set contains isolated power supply,
gate signal isolation, and a driver integrated circuit (IC). The
voltage unbalance issue resulted by different device parameters
and unsynchronized gate signal need to be handled very well.
There are several methods such as active gate control, active
clamping circuits, and passive snubber circuits can be used to
minimize voltage unbalance across individual devices in series
strings of SiC MOSFETs [18], [19]. Comparatively, only 13 com-
ponents including passive components and diodes can achieve
the reliable gate control and voltage balance which will make
the proposed SSCB have lower cost and higher robustness.

III. OPERATION PRINCIPLES

The basic operation principles have been elaborated in pub-
lished paper by authors [17]. This letter only focuses on the
changes which have been made and the operation principles
under specific working condition as SSCB.

The simplified application circuit of SSCB is shown in
Fig. 3(a). Typical waveforms are given conceptually in Fig. 3(b).
At the time of 1, the SSCB is turned-ON. Then the load current
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Fig. 1. Topology of proposed series connected SiC MOSFETs based SSCB.
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Fig. 3. (a) Simplified SSCB application circuit. (b) Typical operation
waveforms of SSCB.

Ipc flows through the SSCB from dc power supply to the load.
Suddenly, the short circuit fault occurs inside the circuit at z,.
Consequently, the current through the SSCB rise rapidly. After
the detection time and some control delay, the SSCB starts to
interrupt the fault current at #3. The time interval between 7, and
t3 includes the response time of the protection At;, and the action
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Fig. 4. Equivalent circuit of driver loop for M, during ON-state.

time of SSCB Ar,. At 13, the current through SSCB reaches the
maximum value /e, and this value should be lower than max-
imum current breaking capability of SSCB. The voltage across
the SSCB is then clamped by varistors to the maximum value
Vetamp- The short circuit energy will be absorbed by the varistors
during the period before the interruption process finishes at 4.
From #;, the SSCB withstand the dc-bus voltage Vpc. Overall,
the largest two challenges for proposed SSCB are that device
M, should have reliable positive gate voltage during ON-state
and two SiC MOSFETs devices should have symmetric voltage
distribution during fault current interruption process.

A. ON-state

To assure M, has reliable positive gate voltage, the high volt-
age diode D, has been added to the circuit. It provides the gate
current for M, from the standard gate driver. The equivalent
driver circuit of M, is shown in Fig. 4. Vps_on1 represents the
conduction voltage drop of M. The positive gate voltage pro-
vided by the outside gate driver is represented by V4. Then,
the gate voltage of M, equals to the Zener voltage of Z;3 when
the following relationship is established:

Vag — Vbs—on1 = Vp

17min < 1
Z(min) = Rg2 ( )

where V), is the forward voltage drop of D and I (min) represents
the minimum Zener current. Otherwise, the gate voltage of M,
can be defined by

VgsfMZ = VAB - VDsfonl - VD - iloop : Rg2 (2)

where Ijo0p is the current flow inside the circuit. Therefore, the
reliable gate voltage can be guaranteed in both cases.

B. Fault Current Interruption Process

To illustrate the fault current interruption process more
clearly, some typical current paths have been shown in Fig. 5. As
shown in Fig. 3(b), the SSCB begins to handle the short-circuit
fault after the response time of the protection Af; at , + Aty,
the gate voltage of M, starts to decrease. Therefore, M, starts
the process of turning-OFF. Then, C; will be charged with 7,
shown in Fig. 5. Consequently, the gate capacitor of M, will be
discharged which means that M, starts the process of turning-
OFF the same as M. As shown in Fig. 3(b), the inductive current
limiter stores a lot of energy during the time interval between
1, and t3. At 13, two series connected devices are all turned OFF.
The energy stored in the inductive limiter will transfer to the
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Fig. 5.

Typical current paths during fault current interruption process.

capacitors Cgs and Cgq of My and M,, which will lead to the
rapid voltage rise. At the same time, the voltage across both
varistors V1 and V,,, and capacitors C; and C, all rise rapidly
and synchronously. When the voltage across both varistors V.
and V,,, reaches the clamping limit voltage Vi, defined by
their inherent electrical characteristics, their equivalent resis-
tance will become very small. As a result, the energy stored
in the components inside the SSCB will be dissipated in two
varistors by current i, and i3 separately. Residual energy stored
in the inductor will transfer to varistors with current path i4. The
interruption process ends at 74 when all short-circuit energy has
been consumed by varistors thoroughly.

IV. EXPERIMENTAL RESULTS

As mentioned previously, the proposed SSCB should ver-
ify both that there is reliable positive gate voltage for M, and
it is feasible for short-circuit interruption. To experimentally
demonstrate the effectiveness of this proposed SSCB, two tests
have been conducted, and corresponding experiment circuits are
shown in Fig. 6. The resistive load test circuit shown in Fig. 6(a)
will be used to obtain the ON-state gate voltage. The positive
time of gate control voltage T,,,; should be up to several hours.
The inductive load test circuit shown in Fig. 6(b) helps to verify
the current interruption process. The gate control signal is one
pulse signal and the positive time of gate control voltage T, is
determined by
Ipeak . Llimit

3)

T =
on2 VDC

The SSCB prototype and experiment setup with inductive
load are shown in Fig. 7(a) and (b), respectively. It should be
noted that, the single standard gate driver board also has been
embedded on the SSCB board to minimize the driver loop for
M,. The detailed parameters and descriptions of components
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Fig. 6. Experiment circuits of the proposed SSCB. (a) With resistive load.
(b) With inductive load.

Fig. 7. (a) Photograph of SSCB prototype. (b) Photograph of experimental
setup with inductive load.

TABLE I
PARAMETERS IN THE TEST

Symbol Value Descriptions
Vbe 800 V/1.2kV DC-bus voltage
Liimis 20 uH current limiting inductor
M;, M, 1.7kV,72 A C2M0045170D from Wolfspeed
Ry 10Q gate resistor of M,
Re> 22Q gate resistor of M,
Ry 4.7 Q gate resistor of M,
C 330 pF driving capacitor of M>
C, 330 pF voltage balancing capacitor of M,
Cy1, Cyz 2.2nF capacitors of RC snubber
Ry, Ry> 200 Q resistors of RC snubber
R, R, 100 kQ static voltage balancing resistor
Zai 62V gate protection Zener diode
Zizy Za3 20V gate protection Zener diode
Varts Var 889.5V, 6.5kA energy absorbing Varistors
D, 22kV,30 A providing gate current for M,

contained in the SSCB topology are shown in Table I. Specif-
ically, the SiC MOSFET chosen in the prototype is the most
high-power rating discrete device available in the commercial
market.

Fig. 8(a) shows the gate voltage waveforms of both devices
with resistive load. Due to the limit of the dc power supply, they
are tested under 1 A load current and waveforms captured after
running for several hours with differential probes. Nevertheless,
the reliable gate voltage for both devices can be verified.

The inductive load test results under the two cases are shown
in Fig. 8(b) and (c). The current through the inductive load can be
defined by ON-time T, and dc-bus voltage. In the case shown in
Fig. 8(b), the dc-bus voltage is 800 V and the maximum current
is 50 A. In the case shown in Fig. 8(c), the dc-bus voltage is
1200 V and the maximum current is 75 A.

All voltage waveforms are recorded by differential-voltage
probes, and the load current is measured by a current shunt. It
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Fig. 8. (a) Experimental results of gate voltage during ON-steady-state with
resistive load. (b) Experimental waveforms of the SSCB with inductive load
under 800 V dc-bus voltage. (c¢) Experimental waveforms of the SSCB with
inductive load under 1200 V dc-bus voltage.

should be noted that the drain-source voltage scale shown in
Fig. 8(b) is 250 V/div and the value is 500 V/div, as shown
in Fig. 8(c). The results reveal that the SSCB can successfully
interrupt the current within 1 us and 1.5 s separately under the
two cases. They are ultrasmall values compared with reported
SSCBs in [15]. The highest Vg voltage of both devices is much
lower than the maximum blocking voltage which is 1.7 kV.
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Importantly, the voltage across the SSCB is evenly distributed
among the two devices during the phase of current drop and
oscillation. Two series-connected SiC MOSFETSs show high drain-
source voltage consistency even with only one gate driver.

V. CONCLUSION

This letter proposes a SiC MOSFETs based SSCB. With sev-
eral passive components and diodes, it can operate reliably
both during ON-steady-state and fault current interruption pro-
cess. Specifically, the robustness and compactness have been
increased with the smaller cost since it only requires a single
gate driver to control the behavior of two series connected de-
vices. The prototype has been built and its feasibility has been
verified experimentally. Ultrashort interruption process is also
achieved. 75 A short-circuit current under the dc-bus voltage of
1200 V can be interrupted within 1.5 ps. The proposed SSCB
provides an effective design and can be applied to future much
more high power rating SiC MOSFETS to gain higher power rating
SSCB.
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