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Abstract—Device series connection is a method to
achieve higher blocking voltage with multiple devices.
However, a voltage unbalance among the series connected
devices is a critical issue that may lead to a failure of
the devices. The unbalance can be caused by difference
of device characteristics and mismatch of gate signals due
to delay of external gate drive circuit. In this work, a
voltage balancing control (VBC) for series connected SiC
MOSFET submodules is studied to solve the unbalance
issue. One submodule consists of two switches and one
shunt capacitor. By charging or discharging the shunt
capacitor, voltage balancing can be achieved. The VBC
is experimentally verified with four series connected SiC
MOSFET submodules up to 3 kV DC voltage. Voltage
balancing is achieved within 5 % of an expected balanced
voltage.

Keywords— Wide bandgap (WBG) device; Silicon car-
bide (SiC) MOSFET; Series connection; Voltage balancing
control.

I. INTRODUCTION

Silicon (Si) power device is the most commonly used device
in power electronics applications. However, the physical prop-
erty of the Si limits the performance of power device regarding
switching frequency and blocking voltage. Therefore, SiC de-
vices are increasingly being considered as a potential substitute
to Si devices due to their capability of higher switching fre-
quencies and higher voltages [1]. Despite of the potential high
voltage capability of SiC device, the highest blocking voltage
of a commercial discrete SiC MOSFET is limited and not able
to meet high voltage demand in power converter applications.
To fulfill the high voltage demand, multiple devices can be
connected in series which makes higher voltage capability
achievable. Another advantage of series connection is lower
on-resistance than using a single higher voltage rating device
[2]. However, a main problem of series connection is a voltage
unbalance issue caused by difference of device characteristics
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and mismatch in gate signals due to delay of external gate
drive circuit. The unbalance voltages can harm the devices. In
order to solve the unbalance issue, voltage balancing control
(VBCQ) is required in device series connection.

In general, the VBC for series connection consists of two
parts, drain-side control and gate-side control [3]. For the
drain-side control, a passive snubber circuits are commonly
used. A snubber circuit is studied and experimentally veri-
fied with different devices [4]-[6]. It is easy to implement.
However, using passive snubber circuit causes a additional
switching losses with slow switching speed. Since a fast
switching speed is one of main advantage of using SiC device,
a passive snubber circuit ruined a merit of using SiC device.

The other method is the gate-side control. A digital signal
processor (DSP) or a field-programmable gate array (FPGA)
based control techniques and external balancing circuits to the
gate side have been studied [7]-[15]. Even though this method
allows faster switching speed than using snubber circuit, it is
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Figure 1. Circuit configuration of series connection
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Figure 2. Voltage balancing operation principle

complicated and difficult to implement.

In this paper, a VBC with capacitor charging method is
studied for series connected SiC MOSFET submodules. The
VBC allows fast switching speed and accurate voltage bal-
ancing with simple PI-based control algorithm. The main idea
is to control PWM signals to charge or discharge capacitors
for voltage balancing. A fundamental control technique is
first proposed in [16] for stacked Si IGBT modules with
analog control circuits. Due to the fast switching speed of
SiC device, it requires high precision of controller which is
more challenging than control of Si device. In order to achieve
a precise control, a DSP is used instead of analog control
circuits in this work due to its flexibility. A PI controller is
proposed in this work, which provides faster voltage balancing
compared to the P controller as presented in [16]. Since the
PWM signals are directly controlled by DSP and capacitors
are charged and discharged by the controllable PWM signals,
there is no need of extra control circuits. Besides, the proposed
VBC can achieve a highly accurate voltage balancing, within
5 % tolerance.

The rest of this paper is organized as follows: In Section I,
the voltage balancing control with capacitor charging method
is described; in Section III, the hardware circuit board and
experimental results are presented; finally, Conclusion is pre-
sented in Section IV.

II. VOLTAGE BALANCING CONTROL WITH
CAPACITOR CHARGING METHOD

A. Circuit Configuration and Operation Principle

A test circuit with four series connected submodules is
shown in Figure. 1. One submodule consists of two switches
(S1,n, S2,») and one shunt capacitor (Cs ) (n =1,...,N,N =
4). The two switches are turned on and off complementary.
When the main switch (57 ) is turned on, the submodule
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is conducted. On the other hand, when S;,, is turned off
and auxiliary switch (S ;) is turned on, the module becomes
open circuit with a voltage determined by capacitor voltage
(Ves,n). During turn-off transient of Sy ,,, the drain current
will commute to the auxiliary branch and charge C ,, through
D5, due to stray inductance. This charging current results in
a spike in the capacitor voltage. Once the S5, is fully turned
on, the capacitor will release this charge back to the source.

Figure. 2 shows the operation principle with waveforms. In
the waveforms, the Vi  is lower than Vi .o p during to —11,
where Vi ep is a reference of balanced capacitor voltage.
Therefore, the C 5 should be connected to the circuit earlier
than C 1 and charged more. This results from decreased duty
ratio of S7 . On the other hand, the Vi, 1 is higher than
Vs, rep during ¢ty — t; which requires increased duty ratio
of Si1 to lower Vg, 1. Eventually, S12 and S;; will be
turned off at ¢; and ¢ respectively. The capacitor C, ; will be
connected to the circuit later than C o and thus the Cj o is
charged for a longer time than Cj ;. This results in balanced
voltages between the two capacitors.

Figure. 3 shows how the PWM signals in Figure. 2 are
generated. Triangular carrier (V4,;) is shared by all the mod-
ules; V,ef,q is a initially defined reference signal to achieve a
desired duty ratio; K, is proportional gain and K; is integral
gain. As shown in Figure. 3, the V,.fq is shifted with an
offset determined by the corresponding e,, feedback, where
en = Vos,ref —Vosn- Given that Vi, 1 is higher than Vi, e,
the reference signal of 15 module (V1) becomes negatively
shifted. On the contrary, V.. ;2 is positively shifted since Vi 2
is lower than Vg ;e y. During turn-off, it can be seen in Figure.
2 that Cj o is connected earlier and thus charged more. In other
words, if Vi, , needs to be increased, the duty ratio of S,
is decreased so that C , is charged more. If Vi, should
be decreased for voltage balancing, the duty ratio of S; ,, is
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Figure 4. Schematic diagram of the proposed VBC for one SiC MOSFET submodule

increased.

B. Voltage Balancing Controller Design

A controller diagram of one submodule is shown in Figure.
4. It is closed loop control with Vg, , feedback signal.
The feedback signal is isolated by an isolation amplifier
(AMC1311) and converted to digital signal in DSP. The
Vcs,n is compared with the Vi, oy to calculate how much
the capacitor voltage is unbalanced from reference voltage.
The Vis,rey is predefined reference of balanced capacitor
voltage which is Vpo/N. The e, is used in the proposed
PI controller to determine the amount of the V,.;q shift.
As a result, V,cy, is calculated in the following equation;
Viefm = Viepa + Kp - en + K; [ €,. The calculated V.., is
used in ePWM Dead-Band Module to generate two compli-
mentary PWM signals (PWM, ,,, PWM; ;,,) with a dead time
to avoid short circuit.

III. EXPERIMENTAL VERIFICATION
A. Test Setup

The circuit configuration of Figure. 1 is implemented in
hardware as shown in Figure. 5. A DC link and load resistors
are connected to a mother board. A TI TMS320F28335 DSP is
used in this work which operates at 150 MHz with 32 bit CPU
and provides a 12 bit resolution of analog to digital converter.
A Rohm semiconductor 650 V SiC MOSFET (SCT3120AL)
is first adopted for the test [17] and its system parameters
are listed in Table I. The proposed VBC is tested at different
DC voltages (1.6 kV, 2 kV) with 400 Q at 20 kHz switching
frequency with maximum 10 kW power. A shunt capacitance
is chosen as 1 pF based on parameter selection studies in [16],
[18].

B. Experimental Results

Experimental results of SCT3120AL SiC MOSFETs are
shown in Figure. 6-10. Device voltages of four main switches
(Vsi,n, n = 1,...,4) are measured. When the main switch is
turned off, the Vg, is the voltage across the Cs, which
indicates that the voltage balancing of Cj, results in the
balancing of device voltages (V51 ,). In this work, a voltage
balancing is defined as when the all voltages are within 5

% tolerance of balanced voltage (Vpc/N). Figure. 6 shows
unbalanced voltages at 1.6 kV DC voltage without the VBC.
In order to study how the PI controller improves balancing
control, P controller is first tested and voltage balancing time is
measured. With the P controller, voltage balancing is achieved
in 3.01 ms as shown in Figure. 7. For the proposed VBC with
PI controller, voltage balancing is achieved in 2.24 ms which
is 25 % faster balancing time than P controller as shown in
Figure. 8 (a).

The balancing process of device voltages are shown in
Figure. 8 (b). It is observed that different devices have different
duty ratio for voltage balancing. Since Vg2 and Vg; 3 have
to be increased, the duty ratios of the S and S;3 are
decreased. Therefore, positive pulse widths of Vg1 2 and Vs 3
are increased which results in more charged capacitor voltages.
In reversely, the duty ratios of S;,; and Sy 4 are increased to

Table I. Test circuit parameters for SCT3120AL SiC

MOSFET
Parameters Value
DC voltage (Vpe) 1.6 kV, 2 kV
Load resistor (Rpeq) 400 Q
Inductance (L) 390 uH
Shunt capacitance (Cy) 1 uF
Switching frequency (fs.,) 20 kHz
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Figure 8. Balanced voltages of SCT3120AL SiC MOSFETs with the proposed VBC using PI controller at 1.6 kV
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Figure 9. Dynamic voltage sharing of devices at 1.6 kV

reduce Vgi,1 and Vg1 4. When the voltages are unbalanced,
duty ratio of each device is controlled to charge or discharge
capacitors. Once the voltage balancing is achieved, duty ratio

of each device will be same as predefined value depending on
Vief.d-

Figure. 8 (c) shows that the four main switches have same
duty ratio which is 50 % when the voltages are balanced.
Dynamic voltage sharing of devices are shown in Figure. 9. A
20.5 ns is measured as an average voltage rising time (f,;se)
of four devices. It shows that the proposed VBC does not
ruin the fast switching speed of SiC device since a typical
trise Of SiC device is tens of nanoseconds. Voltage balancing
at 2 kV is tested as shown in Figure. 10. Since the highest
voltage capability of four series connection is 2.6 kV with
SCT3120AL (650 V), 2 kV is selected as highest DC voltage
for voltage balancing test of SCT3120AL device.
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Figure 11. Balanced voltages of C2M0280120D SiC MOSFETs with the proposed VBC using PI controller at 3.0 kV

In order to study the VBC at higher DC voltage, a CREE
1.2 kV SiC MOSFET (C2M0280120D) is adopted [19]. Sys-
tem parameters of the test circuit with C2M0280120D SiC
MOSFETs are listed in Table II. DC voltage is 3 kV and 3.25
A load current with 9.75 kW power. As shown in Figure. 11,
voltage balancing is achieved at 3 kV with C2M0280120D
SiC MOSFETs as well.

Table II. Test circuit parameters for C2M0280120D SiC

MOSFET
Parameters Value
DC voltage (Vpe) 3 kV
Load current (1;,,4) 325 A
Inductance (L) 390 pH
Shunt capacitance (Cy) 1 uF
Switching frequency (fs,) | 20 kHz

IV. CONCLUSION

A VBC with PI controller using capacitor charging method
is studied for four series connected SiC MOSFET submodules.
The VBC is experimentally verified with two different SiC
MOSFETs at 20 kHz. The 650 V SiC MOSFET is tested at 2
kV with 10 kW and the 1.2 kV SiC MOSFET is tested at 3
kV with 9.75 kW. In both devices, the proposed VBC achieves
a highly accurate voltage balancing, within 5 % tolerance.
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