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ABSTRACT This article presents a medium voltage half-bridge circuit where 3.3 kV power switches are
built with two 1.7 kV/325 A SiC MOSFETs series-connected inside power modules. Essence of this work
is an active balancing method eliminating the voltage imbalances between the devices by means of gate
signals modification. The advantage over commonly-used passive snubbers is low cost and limited amount
of additional losses. Performance of the half-bridge is illustrated with a model-based Saber simulation at
first, then, an experimental full-scale model is designed with on-the-shelf power modules capable operating
at power level above 150 kVA. A series of laboratory tests at 1.5 kV DC confirmed reduction of voltage
differences across devices in the stack to an acceptable level – the designed system is working correctly
despite EMI caused by fast switching transients. Moreover, the observed current and voltage waveforms
prove the positive impact of the method as not only voltages but also switching losses are better balanced
among the devices. Experimental comparison to a 3.3 kV counterpart shows two times lower turn-off energy,
therefore, the presented design with two 1.7 kV SiC MOSFET power modules can beneficently compete not
only in terms of lower cost but also switching performance.

INDEX TERMS DC-ac power converters, power conversion, power MOSFET, silicon carbide, voltage
control.

I. INTRODUCTION
Currently, the most common approaches for energy con-
version in medium voltage (MV) range include the usage
of classic Si devices in the form of high-voltage IGBTs or
fully controlled thyristors [1]–[5]. However, the introduction
of wide band-gap power semiconductor technology, espe-
cially SiC MOSFET [6], contributes to the creation
of highly-performant power switches [7], which surpass
state-of-the-art Si devices in terms of, amongst many, lower
power losses and higher switching speeds [8], [9]. Still, even
though SiC power devices are predicted to achieve blocking
voltage levels above 10 kV [10] currently commercially avail-
able MOSFETs are bound to maximally 1.7 kV, as devices
with 3.3 kV and higher voltage capabilities, even if evaluated
with high promise [11], [12], suffer from high cost issues.
On the other hand, Si technology provides well-established
and reasonably priced power devices with blocking voltage
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capabilities as high as 10 kV. Therefore, in order to econom-
ically utilize the many advantages of SiC in the MV range
more sophisticated approaches such as series connection and
multilevel topologies may have to be employed.

This article focuses on problems related to series connec-
tion of transistors, which has been extensively analyzed in
the past, especially regarding Si devices [13]. However, since
SiC technology is capable of much faster switching speeds
combined with higher possible voltages the issues of series
connection become more apparent and severe, thus requiring
more complicated solutions. The most notable problem is the
uneven voltage sharing between the series-connected transis-
tors, which appears both during static and dynamic states.
Such behavior can lead to extreme electrical and thermal
stress for the devices in stack and potentially resulting in a
failure of the system. Several sources of this issue can be dis-
tinguished [14]. Namely, the differences in propagation times
in the gate control structures, the influence of parasitic gate-
to-ground capacitances of the transistors in stack [15], as well
as the mismatches of the parameters of the SiC MOSFETs,
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such as the output capacitance COSS, transconductance or
internal gate resistance. Therefore, the auxiliary voltage bal-
ancing systems are necessary to ensure proper operation of
the transistors inside safe operation area.

A plethora of different approaches have been presented
in the past, in general, they can be separated into two
groups. The first one includes passive methods, such as
voltage clamping and snubber circuits [16], [17] which are
straightforward and do not require alterations in the control
structure, but generate additional power losses and, there-
fore, require supplementary power dissipation means. Thus,
increased complexity and lowered efficiency of the system
is expected, which may be questionable when SiC technol-
ogy is discussed. The second group contains more sophis-
ticated approaches based on the impact on the switching
processes of the series-connected devices. In particular, active
gate driver [15], [18] and active gate delay [19], [20] meth-
ods can be distinguished, as these are the most promising
and commonly used for SiC power devices. Furthermore,
there have been presented other active methods described
in [13] such as master-slave control, which has been verified
for SiC MOSFETs [21]. This method is characterized by
the addition of substantial propagation times, as well as,
amongst many, active voltage clamping, reference voltage
and Miller zone methods. However, these have been pre-
sented only for Si IGBTs and are not easily applicable for
SiC MOSFETs, thus they are not elaborated on. In general,
the active voltage balancing methods are muchmore complex
in terms of structure and usually require advanced measure-
ment systems, but minimize the voltage imbalance between
the series- connected devices at higher precision and with
minimal additional power losses in comparison to passive
approaches [22]. However, there are still some concerns that
need to be addressed when series connection of medium
voltage SiC MOSFETs is considered. To begin with, active
gate driver methods require measurement systems, as well
as corrections in the driving circuits and thus lead to slightly
higher base system costs. Furthermore, even if power losses
increase is much lower in comparison to passive methods,
it is still apparent and reaching several percent [15]. On the
other hand, active gate delay method is usually strictly based
on the measurement and control units, where the latter is
always employed in the system, thus the total costs are
lower. Additionally, no significant power losses increase in
the power circuit is apparent, therefore the efficiency may
be higher. Even if active gate delay approach has already
been presented, it has been only tested in regard to low-
power discrete SiC MOSFETs in double-pulse tests oriented
at single-switch operation [19], [20]. Moreover, none of the
aforementioned works regarding any active voltage balancing
have included experiments in continuous operation or for
more than one operating point, which raises a question about
practical aspects.

In order to address these issues, an active gate delay
approach of active voltage balancing is experimentally veri-
fied in a continuous operation of medium voltage half-bridge

under different load conditions, even during rapid load
changes. Each main power switch is based on two power
switches constructed through series connection of the tran-
sistors of the commercial 1.7 kV/325 A power modules [23].
Main challenges of the circuit with series-connected SiC
MOSFETs are explained in Section II and active voltage
balancing method is introduced in the following Section III.
After the presentation of the simulation study in Section IV,
the description of design issues and suggestions regarding
the power circuit, as well as the measurement and control
system are included in Section V, which presents the labo-
ratory setup. A variety of experimental tests performed in
continuous operation in a half-bridge circuit with an inductive
load at 1.5 kV DC-link voltage are shown in Section VI. The
paper is concluded in Section VII.

II. TWO SERIES-CONNECTED SiC MOSFETS-A
BACKGROUND
In this article a special case of two 1.7 kV rated SiC
MOSFETs replacing a 3.3 kV power switch of the inverter
phase leg is considered – see Fig. 1a. Thus, when we consider
a phase leg it consists of two 1.7 kV rated power modules
instead of a single 3.3 kV one. As breakdown voltage of
the single transistor is lower than DC voltage of the inverter
(usually up to 1.8 kV) themain challenge of series-connection
is to ensure operation of the transistors in safe operation
area. Despite SiC MOSFETs immunity to short overvoltages
balanced voltage sharing in the off state (vDS1 = vDS2) is a
basic requirement. Otherwise, when imbalance occurs, one
of the transistors may enter the avalanche breakdown during
the switching process. In the best case scenario this ends with
extra power losses but permanent breakdown and following
destruction of the devices is a possibility as well.

During steady-state, when the transistors are permanently
off, equal voltage sharing can be achieved by using highly
resistive static resistors RS [13] (Fig. 1a). As soon as switch-
ing of the phase leg starts additional measures are required.
Crucial is the behaviour of the transistors during the turn-off
process, which may end with uneven sharing of the voltage
as presented on idealized waveforms in Fig. 1b. For series-
connected transistors controlled with the same logic signal
ctrl via separate gate driver units (GDUs), including optical
isolation, the first possible cause is time mismatch introduced
to the signal paths. To be more exact, for fast switching
SiCMOSFETs even small differences cause noticeable shifts
in the gate-source voltages. Thus, the plateau voltages are
reached at diverse times and the start of the drain-source volt-
age rise is different (Fig. 1b). In addition to this, differences
appear in:
• parameters of the transistors affecting the turn-off pro-
cess (threshold voltage, transconductances, capacitances,
internal gate resistance),

• parasitic capacitances in reference to the ground
[14], [15],

• gate resistance (including also internal resistance of the
driver)
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FIGURE 1. Power switch built with two series-connected SiC MOSFETs in
a phase leg (a) and associated idealized gate signals, drain-source
voltages and power switch current waveforms during turn-off process (b).

and may result in mismatches in the dvDS/dt. Applying a
simplified model of MOSFETs (capacitances others than
transistors junction capacitances are neglected) the vDS slew
rate of single transistor could be expressed as follows [25]:

dvDS
dt
=
IS + gfs(VGS(th) − VGG)
COSS + gfsRGCGD

(1)

where IS is the MOSFETs current at the time of switching
off, VGG is a gate driver voltage level during off-state, RG
is gate resistance and gfs, VGS(th), COSS, CGD are MOSFET
parameters. Therefore, time mismatches and various volt-
age slopes lead to the voltage imbalance (1vDS) occurring
after the turn-off time tvr which can also be understood as
voltage rising time of faster switching transistor, as pre-
sented in idealized waveforms in Fig. 1b. In practice, even

small differences in these parameters may end in significant
imbalance 1vDS.

III. ACTIVE VOLTAGE BALANCING
As mentioned above, time and parameters difference may
be compensated by passive methods. However, additional
components and, especially, power losses are difficult to
accept in highly efficient and/or compact converters with SiC
MOSFETs. To ensure voltage imbalance 1vDS within 10%
in reference to supply voltage VDC passive approaches could
increase switching losses by up to 20%, neglecting losses
in snubber circuit itself [22]. The discussed active voltage
balancing method is based on closed-loop control by means
of influencing the control signals of the two series-connected
transistors. In consequence, impact on the power losses is
highly limited, moreover, additional components show low
volume as well.

The method is based on a modification of the gate-source
voltages, specifically via an addition of compensating delay
time (tDELAY) to the appropriate control signal – see Fig. 2.
Unfortunately, due to very high switching speeds of SiC
MOSFETs an on-linemeasurement and correction of the volt-
age rising slopes is not easily achievable. Actually, this solu-
tion was presented in [24] but for seriously reduced switching
speed. Looking at necessary efforts related to high-bandwidth
measurements in strongly distorted environment and also fast
digital systems with very high resolution, the authors believe
that this approach would be possible but at a very high cost.
Thus, more convenient and less expensive ‘‘off-line’’ method
seems to be more reasonable. The term ‘‘off-line’’ means
that the falling edges of the control signals are influenced on
the base of measurement conducted in the previous switch-
ing period – see Fig. 2a. The voltage imbalance 1vDS is
obtained during off-state from two blocking voltages vDS1,
vDS2. The time delay tDELAY introduced to the gate control
signal of the transistor with higher voltage changes the dis-
tribution of the voltage imbalance between the transistors S1
and S2. To be more specific, when S1 sustains higher voltage
(vDS1 > vDS2) and the difference is positive (1vDS > 0)
its signal must be delayed (tDELAY > 0). This leads to
postponed turn-off process of this transistor and voltage rise
phase should end with better voltage sharing. Otherwise,
when 1vDS < 0 the control signal of S2 is delayed.
Assuming that during the voltage measurement the poten-

tial of the whole switch (SL or SH) is close to full DC voltage
only two measurements referenced to fixed potentials are
sufficient to fully determine the voltage distribution among
the transistors: VDC and vDS2 referenced to ground in case of
lower switch SL (vDS1 = VDC - vDS2) as presented in Fig. 2b
or VDC and vDS1 referenced to positive pole of power supply
in case of higher switch SH(vDS2 = VDC - vDS1). Necessary
measurements to determine the current voltage mismatch
1vDS are performed with a resistive voltage divider. These
resistors (Rm) have to be distinguished from static power
series resistors RS applied to balance the voltages when the
system is not operating but voltage is applied. As the other
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FIGURE 2. Waveforms illustrating the concept of the active voltage
balancing method (a) and the scheme of the power switch with two
series-connected SiC MOSFETs and active voltage balancing circuit (b).

crucial part of the system – digital block introducing gate
delays is referred to the main controller ground, an isolation
barrier is necessary. Please note, that the delay block may be
introduced in the main control system level (microcontroller,
DSP or FPGA generating control signals to the power switch)
or may be just additional block applied before GDUs as
in Fig. 2b.

A. CONTROL LOOP
In such a system controlled plant has one input – time
delay tDELAY between gate signals and one output – voltage
imbalance between series connected transistors1vDS. Using
(1) and considering COSS and CGD dependence on vDS,
the relationship between 1vDS and tDELAY could be found
which is in fact the transfer function of the controlled plant.

FIGURE 3. Block diagram of the discrete control loop for one switch
based on series connection of SiC MOSFETs.

By solving (1) in different operating points (for varying IS)
linear relation between output and input of the plant can be
obtained which means that series connected transistors can be
modeled as a gain in the control loop [26]. However, to ensure
zero steady-state error (e) a proportional-integral (PI) con-
troller needs to be implemented. If a microcontroller (µC) or
another sequential system is present inside the control loop,
the control system is discrete. For that reason one switching
period delay between calculated tDELAY and its execution in
the gate drivers need to be considered. Complete control loop
of the described system is depicted in Fig. 3. According to
the analysis conducted in [26] the stability of closed loop
control system is ensured when gain of the integral part of
the controller KI is greater than 0.
The approach described abovemakes the regulation system

robust – it can diminish the voltage imbalance regardless of
its source and which transistor turns-off faster. Moreover, this
method is universal for all switched voltages and currents and
have limited effect on the total switching power losses of the
series-connected transistors.

All the considerations in this article concern a power switch
designed as an alternative to 3.3 kV SiC MOSFETs, thus
the switch has been constructed from two 1.7 kV transistors
within one power module. However, the presented voltage
balancing method is theoretically feasible for a higher num-
ber of devices as long as a sufficient amount of voltage
measurements are provided. Knowing power supply voltage
VDC, or in other words, as mentioned earlier the full switch
voltage, the number of series-connected transistors n forming
a single switch and the voltage of n−1 switch transistors it is
possible to determine the required voltage on each transistor
during turn-off equal to VDC/n. Comparing this value with
the actual measured voltage the imbalance voltage1vDSn for
each transistor can be obtained. Thus, applying independent
control loop for each transistor the voltage distribution could
be balanced. If the voltage on any transistor is greater than the
required value its control signal should be delayed in the next
switching period. Otherwise its control signal should be left
unmodified. Obviously, the more devices there is, the more
complicated the system is, especially due to enlarged stray
inductances when more than one power module have to be
employed.

IV. SIMULATION STUDY
Phase-leg with switches based on two series-connected
SiC MOSFETs (see scheme in Fig. 4) was examined via
circuit simulations to verify the described active voltage
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P. Trochimiuk et al.: Active Voltage Balancing of Series-Connected 1.7 kV/325 A SiC MOSFETs

FIGURE 4. Half-bridge circuit with the phase leg based on
series-connected SiC MOSFETs and inductive load.

TABLE 1. Parameters of the simulation circuit.

balancing method. All simulations have been conducted in
Saber with the use of a detailed model of the SiC power
MOSFET modules (CAS300M17BM2) developed in Power
MOSFET Tool on the base of the datasheets. This software
has been chosen since it enables the application of precisely
developed power device models which is crucial when such
rapid processes as voltage distribution of series-connected
SiC MOSFETs are considered.

To focus on the turn-off process tests have been performed
in a square-wave controlled half-bridge inverter with induc-
tive load L (the parameters of the simulation circuit are shown
in Table 1). Taking into account the power devices working
conditions and considering the fact that the control system
is capable of balancing the voltage mismatch among the
transistors regardless of the imbalance source such a system
emulates the operation of the converter phase leg regardless
of the load and power factor. The active balancing method
described in previous section has been applied to both higher
(SH) and lower (SL) switches. The switching frequency has
been set to 10 kHz, which can be recognized as relatively
high for 3.3 kV rated power switch discussed in this article.
Note that the switching frequency limitation is due to cooling
constraints, the proposed method is generally capable of high
frequency operation as long as a sufficiently fast and accurate
measurements are assured. For a given circuit conditions
steady-state peak current has established at 160A – see Fig. 5.

Knowing the switched current, CAS300M17BM2 parame-
ters and utilizing (1) the transfer function of series-connected
transistors was obtained. Subsequently, the discrete control
loop was implemented in Simulink software, where employ-
ing PID tune tool and based on the step response of the
system, PI settings were established to ensure the shortest
settling time without any overshoot and oscillations. For the
standard form of a PI controller and sampling time equal
to the inverse of switching frequency TS = 100 µs the

FIGURE 5. Simulation results; from top: load current (i_L), higher switch
voltages (v_SHH, v_SHL), delays of higher switch transistors gate control
signals (delay_SHH, delay_SHL) when gate signal of SHL is initially delayed
by 6 ns relative to gate signal of SHH, lower switch voltages (v_SLH, v_SLL),
delays of lower switch transistors gate control signals (delay_SLH,
delay_SLL) when gate signal of SLH is initially delayed by 11 ns relative to
gate signal of SLL.

following settingswere obtained: gain of the proportional part
KP = 0.18, time constant of the integral part TI = 50 µ,
KI = KP/TI.
The imbalance, emulated in the simulations through the

use of delay time in the span of nanoseconds between series
connected transistors control signals, occurs in switches but
due to active compensation the voltage mismatch between
the transistors is reduced below 1% of the supply voltage
after 7 switching periods. The best results in simulations were
obtained for following settings of the PI controller:KP = 4.4,
TI = 50 µs, TS = 100 µs. Slight differences versus initial
values occurred due to inaccuracy of the simulated model and
in case of such fast regulation process, where hundreds of
picoseconds have a significant impact on results time step
of the simulation also notably affects the outcomes. How-
ever, fundamental aim of the simulation was to validate the
viability of the proposed active voltage balancing method,
which has been confirmed. Note that the described method is
capable of bringing the voltage imbalance to zero regardless
if upper or lower transistor from the power switch (as shown
in Fig. 5 for SHH and SLL respectively) is switching faster.

The system is characterized by one switching period delay,
which results in a slower response and may lead to initial
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incorrect error calculation for the PI input. Therefore, it would
be beneficial to address the start-up process in terms of
software means or auxiliary protective circuits [27].

V. LABORATORY SETUP
In order to validate the proposed active voltage balanc-
ing method for a phase leg based on series-connected
1.7 kV/325 A SiC MOSFET inside power modules an exper-
imental setup has been built. The parameters and design
considerations of the system are presented in the paragraphs
below.

A. POWER CIRCUIT
As SiC devices and especially SiC MOSFETs are character-
ized by far higher switching speeds, the negative influence
of the parasitic inductances is significantly more impactful
leading to reduced performance during the switching process
in comparison to standard Si power modules. Therefore, it is
crucial to minimize the stray inductance and its repercus-
sions in the power circuit. There are several ways in which
this problem can be addressed. A commonly used method
thoroughly described in [28] is to design the power circuit
with low characteristic impedance using planar, oval-shaped
busbars. Furthermore, as current paths are directly associated
with the stray inductance, it is essential to minimize the con-
nection lengths as well. Specifically in the system, 2mm thick
copper connections have been employed in a dimension-
wise optimized layout. Additionally, using several capacitors
as the DC capacitance is beneficial for stress decrease as
well [29]. Thus, six series-parallel-connected 100 µF Ducati
DC 89 GC series capacitors have been used. Moreover, since
the system operates continuously only in short spans of time
(several hundreds of pulses for each test) the matter of power
dissipation due to power losses is not a concern. Thus, the
heatsink selection will not be elaborated on. Finally, a self-
made 110 µH/400 A choke has been used as the load induc-
tance, either in singular or parallel setup accordingly to the
required operating point conditions.

B. ACTIVE VOLTAGE BALANCING SYSTEM
The main challenge of the discussed method is a prac-
tical implementation of the control system. Both func-
tional blocks: measurement circuit delivering the voltage
mismatches for higher and lower switch and digital sys-
tem introducing time delays require special effort. On the
one hand accurate signals from voltages in range of kVs
have to be extracted, next to fast switching power devices.
On the other hand, the required corrections of switching
signals for the discussed SiC MOSFETs can reach even
below 1 ns.

The base of the active balancing method are high voltage,
accurate, fast measurements of notable frequency signals.
Because of large - both conducted and radiated - EMI lev-
els in the system and due to isolation demands this part
is especially challenging. To meet the system requirements
a fully analogue measurement system has been designed –
the measured signal is sampled at the ADC input of the

FIGURE 6. The system employed for fast-response, isolated high voltage
measurement – a simplified schematic.

control unit. In order to obtain the full information on the
voltage levels and appropriately calculate voltage imbalances
for two switches three voltage measurements are required.
In this case DC-voltage VDC, and voltages referred to fixed
potential are conducted: the lower transistor in lower switch
vSLL, and the upper transistor in higher switch vSHH. All of
these are identical in terms of measured signal flow - the
simplified diagram of the employed measurement system is
depicted in Fig. 6.

To condition high voltage signals to appropriate levels
resistive dividers with a RC noise filter at the output stage
have been used. Total resistance of a single divider has been
about 10 times greater than the resistance of the adequate
static resistor RS (in case of MOSFET voltage measure-
ments). All conditioned signals are buffered from the main
circuit by voltage followers. In this way, the impact of the
conducted disturbances from the power circuit to the mea-
surements have been reduced and power losses in signal
conditioning part have beenminimalized.Moreover, themea-
surement system has not affected the waveforms in the power
circuit as well. The appropriate isolation has been provided
by highly linear analog optocouplers HCNR201 with its
auxiliary circuits (Fig. 6). To further reduce the impact of
EMI noise on the measurement system, thus increasing its
robustness, special care has been given to the measurement
PCBs layout. In order to minimalize the stray inductances and
capacitances all connections have been designed to be as short
as possible. A lot of attention has been paid to the ground
potential arrangement, both on uninsulated and isolated side,
so that large areas of parasitic inductance loops could be
avoided. To improve the quality and reliability of the ICs
supply, feedthrough capacitors have been used in their supply
paths. To avoid the common-mode noise all ground potentials
(on each board) have been earthed through class-Y safety
capacitors.

Measurement signals (vmeas) are transmitted through a
shielded BNC cables to the control unit board – see Fig. 7. In
the final, industry-ready version this would be a high-speed
FPGA unit with high precision, however, for the method
validation another solution in the form of the commonly-
known Texas Instruments DSPs with high resolution PWM
modules have been employed. These digital systems are able
to provide single delay times as low as 150 ps, which is
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FIGURE 7. Photo of the laboratory setup.

a sufficient value for optimal voltage compensation. More
specifically, the control unit shown in Fig. 7 is based on
TMS320F28379Dmicrocontroller with C2000DelfinoMCU
F28379D LaunchPad. After passing through small RC filters,
the measurement signals are delivered to the ADCs, latched
at the off-state of the appropriate transistors. For instance,
when the higher switch SH is in the on-state, VDC and vSLL
are measured to find voltage imbalance on lower switch
transistors. Then, the averaged values from a few samples
are adopted for the calculation of errors, which are further
converted to the gate control signals delays via PI controllers
implemented in the control unit. Finally, the modified control
signals are sent to the gate drivers via fiber optic interface to
ensure high isolation and minimalize the propagation delays
of each signal. The design choice for the gate drivers for MV
SiC MOSFETs is a complex matter, extensively described in
literature [30], [31]. In case of the proposed active voltage
balancing method all the voltage mismatch compensation
is executed strictly in the control unit based on the mea-
surements. Thus, no special alterations are required in the
gate driver structure. Therefore, commercially available dual
channel SiC MOSFET MS2K8W9A-17 gate drivers from
Markel have been employed in the experimental setup, as they
provide satisfactory timing and electrical characteristics for
the switching of the transistors.

VI. EXPERIMENTAL STUDY
This part of the paper regards laboratory evaluation of the
phase leg with series-connected SiC MOSFETs with active
voltage balancing. The half-bridge circuit (Fig. 4) was sup-
plied from DC voltage source of 1.5 kV, switched at 10 kHz
and loaded with L = 110 µH inductor. Taking into account
considerations in Section III and preliminary experimental
results the following PI settings have been found as optimal
(the shortest settling time without any overshoot): for SH −
{KP = 0.25, TI = 50 µ}, for SL− {KP = 0.1, TI = 60 µ},
TS = 100 µs for both controllers, which closely correspond
to the theoretical values. The PI controller has been tuned
only once for this basic operating point and then used for all
the experiments.

FIGURE 8. Voltages across phase leg transistors (v_SHH, v_SHL, v_SLH,
v_SLL), DC voltage (V _DC) and output current (i_L) at fs = 10 kHz, L = 110
µH without any regulation in 2 ms/div (a), 100 µs/div (b) scale.

FIGURE 9. Voltages across phase leg transistors (v_SHH, v_SHL, v_SLH,
v_SLL), DC voltage (V _DC) and output current (i_L) at fs = 10 kHz, L = 110
µH with proposed active voltage balancing in 100 µs/div scale.

At first, the operation without dynamic balancing between
the devices in stack have been tested – see Fig. 8. After
the start of the system the triangle load current settled at
176 A peak-to-peak value. In case of the specific power
modules used in the tests the natural mismatch has not been
damagingly severe – it reached 361 V for the higher switch
(SH) and 274 V for the lower one (SL), according to detailed
measurements of waveforms in Fig. 8b. In both cases upper
devices block more voltage and, in result, takes switching
losses thus confirming theoretical presumptions [15]. But the
main problem is that in different circuit conditions 1vDS
could potentially reach much higher values resulting in a pos-
sible failure. To avoid this scenario active voltage balancing
is applied to the system operating at the very same conditions.
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FIGURE 10. Voltages across phase leg transistors (v_SHH, v_SHL, v_SLH,
v_SLL), DC voltage (V _DC) and output current (i_L) at fs = 12.5 kHz,
L = 110 µH (a) and fs = 10 kHz, L = 55 µH (b) with proposed active
voltage balancing in 2 ms/div scale.

It can be seen in Fig. 9 that the PI controller reduces voltages
across upper transistors and minimizes the voltage mismatch
effectively down to mere 7 V (<1%). The balancing process
takes just five cycles which corresponds to roughly 500 µs
compared to nearly 700µs observed for the simulation results
(Fig. 5). However, the proposed approach is characterized
by a one sample delay and the voltage imbalance during the
first switching cycle (exactly the same as in the previous
case in Fig. 8) is not addressed. This problem should be
addressed via either hardware approaches or soft-start con-
trol, for example adding TVS structures, setting initial delay
values or booting the system in lower, safer voltage range and
reaching the nominal conditions at a slower pace in order
to allow the system to calculate the appropriate PI output
beforehand.

In order to test the robustness of the system and its
capability to properly endure various operating points experi-
ments have been conducted at different load currents affected
by changes in inductances and operating frequencies. The
results from those tests are depicted in Fig. 10, which
showcases an experiment with higher switching frequency
(12.5 kHz with base 110 µH load inductance - Fig. 10a) and
another one with lower load inductance (55 µH with base
frequency of 10 kHz - Fig. 10b). In case of the test with greater
operating frequency (Fig. 10a) the load current settled at a
lower value, reaching nearly 140 A peak-to-peak at steady-
state. Since the control system settings have been adjusted
for a different operating point (base case with 110 µH

FIGURE 11. Voltages across phase leg transistors (v_SHH, v_SHL, v_SLH,
v_SLL), DC voltage (V _DC) and output current (i_L) during dynamic change
of switching frequency from 15 kHz to 10 kHz (L = 55 µH) with proposed
active voltage balancing in 2 ms/div (a) and 250 µs/div (b) scale.

and 10 kHz), the voltage mismatch between the devices in
stack settled at meagerly higher value of 29 V, which cor-
responds to less than 2% of the total DC voltage. On the
other hand, in the test with lower load inductance (Fig. 10b)
the current peak-to-peak value in steady-state achieved larger
amounts – slightly above 350 A. Under this conditions the
steady-state voltage mismatch reached 24 V at most, which
equals to roughly 1.5% of the supply voltage.

Then, the susceptibility to a rapid change in the operating
frequency, which results in a dynamic current alteration in
the system, has been investigated experimentally. The test
presented in Fig. 11 showcases an experiment with 55 µH
load inductor in which the switching frequency has been
briskly changed from 15 to 10 kHz after 150 pulses lead-
ing to alterations in the voltage distribution between the
series-connected devices and an increase in the steady-state
peak-to-peak load current value from 230 up to 350 A with
momentary peak current value reaching as high as 270 A.
Throughout the whole experiment the voltage imbalance in
steady-state has not exceeded 32 V (roughly 2% of the supply
voltage), whereas in dynamic states during the current tran-
sition after the frequency change it settled as high as 78 V,
which correlates to slightly above 5% of the total DC voltage
obtaining satisfying results for the whole process.

Therefore, the inverter phase leg with active voltage
balancing is capable of robust operation with very high
precision, satisfying voltage balancing for various operating
points, even with rapid load current disturbances at moder-
ately high magnitude. The calculated time delays required
for proper voltage balancing throughout the whole series of
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FIGURE 12. Turn-off voltages (v_SLH, v_SLL) and current (i_SL) of low
power switch SL transistors without regulation (a) and with proposed
active voltage balancing (b) at V _DC = 1.5 kV, I_SL = 135 A in 100 ns/div
scale.

FIGURE 13. Voltage (v_DS) and current (i_S) of 3.3 kV SiC MOSFET during
turn-off process at V _DC = 1.5 kV, I_S = 135 A in 100 ns/div scale.

tests established between 15 and 60 ns delay and from 110 up
to 145 ns for the lower (SL) and higher (SH) power switch
respectively.

Significant observation from the conducted tests is that
the proposed active voltage balancing method does not affect
switching speed and total semiconductor power losses. The
transistor turn-off switching process, which is crucial for the
voltage sharing, is presented in Fig. 12a and b for the system
without and with regulation respectively. It can be seen that
the waveform of the drain current is exactly the same and only
slight changes in the drain-source voltage occurs. It seems
that switching losses among transistors are more balanced
when active balancing is enabled (Fig. 12b). This is con-
firmed via the switching energy loss calculation performed
for the lower power switch SL. On the base of the waveforms
for the non-regulated case (Fig. 12a) it was obtained roughly
7.9 mJ for the top transistor SLH, whereas the bottom one SLL
dissipates 5.3 mJ. This sums up to 13.2 mJ energy losses in
total when turning off 135 A at 1.5 kV, which is nearly the
same value as for the casewith voltage regulation.Waveforms
in Fig. 12b shows that the energy loss is distributed more
equally, as the transistor voltages are balanced – 6.8 mJ

on the top device (SLH) versus 6.5 mJ on the other one
(SLL). Therefore, using the proposed active voltage balanc-
ing does not only minimize the voltage mismatch between
the series-connected devices, but also, in consequence, lead
to more balanced power and stress conditions put onto the
transistors, which will result in a more reliable operation.
Moreover, when obtained results are compared with other
voltage mismatch compensation methods used with devices
in similar power range such as the snubber circuits [17] and
active gate driving [15] it can be concluded that the losses
apparent in the circuit are noticeably lower.

Finally, the turn-off waveforms and calculated energies
are compared to presented in Fig. 13 counterparts measured
for a single 3.3 kV SiC MOSFET module [32] as series
connection of two 1.7 kV SiC MOSFETs is considered as a
possible alternative. Single pulse test with MSM450FS33A
and self-made gate driver was conducted to set the same
circuit conditions for the transistor turn-off process (135 A,
1.5 kV). Using oscilloscope themeasured turn-off energywas
calculated to be roughly 27 mJ which is approximately two
times more than in the case of two series connected 1.7 kV
SiC MOSFETs. This shows advantages of series-connection,
especially when the circuit with two power modules is char-
acterized by much higher inductance of the switching loop.
Consequently, relatively high gate resistors (RG = 10 �)
were applied to avoid excessive ringing, while low-inductive
3.3 kV SiC MOSFET module was tested with 3.3 � gate
resistors. It can be anticipated that for a loss-optimized cir-
cuit and, a future low-inductive half-bridge power module
with series-connected 1.7 kV-rated transistors the superiority
would be even more noticeable. The turn-on process is out
of scope of this article, as it is not apparent in the presented
system, however, the authors can conclude that switching per-
formance of series-connected transistors is preferable, even if
this comparison is superficial.

VII. CONCLUSION
Experimental results presented in this article obtained at
medium voltage and apparent power in the range up to
150 kVA confirms for the first time the remarkable per-
formance of series connected SiC MOSFETs in continuous
operation. Applied in a real circuit conditions the active
gate delay voltage compensation method has been fully ver-
ified for different operating conditions. It is shown that it
effectively minimizes the voltage imbalance between the
power devices in stack to maximally several percent using
only relatively low-cost measurement circuits along with
an inexpensive digital system. Method is robust enough to
withstand rapid load changes and various operating points.
Moreover, the observed impact on the switching transients
is limited. Actually, turn-off energies are better balanced
with the applied method. In spite of higher loop inductance
and significantly higher gate resistors, two series-connected
1700 V/325 A SiC MOSFETs show two times lower turn-off
energy than the 3.3 kV-rated counterpart. This opens new
possibilities as discussed solution is competitive not only in
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terms of cost but also the efficiency of medium voltage power
converters.
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