2021 IEEE Applied Power Electronics Conference and Exposition (APEC) | 978-1-7281-8949-9/21/$31.00 ©2021 IEEE | DOIL: 10.1109/APEC42165.2021.9487290

Four Control Freedoms AGD for Hybrid SiC
MOSFET and S1 IGBT Application

Yuqi Wei Dereje Woldegiorgis
Department of Electrical Department of Electrical
Engineering Engineering

University of Arkansas
Fayetteville, United States
yuqgiwei@uark.edu

University of Arkansas
Fayetteville, United States

Abstract—Silicon carbide (SiC) MOSFET features low
switching loss and it is advantageous in high switching frequency
application, but the manufacture per Ampere cost is
approximately five times higher than the silicon (Si) IGBT.
Therefore, by paralleling Si IGBT and SiC MOSFET together, a
trade-off between cost and loss is achieved. In this paper, a four
control freedoms active gate driver (AGD) including turn-on
delay, turn-off delay, and two independent gate voltages, is
proposed to optimize the performance of the paralleled device.
By adjusting these four control freedoms, optimal operation for
paralleled device can be obtained. Moreover, the proposed AGD
can dynamically adjust the current ratio between two paralleled
devices, which can help achieve thermal balance between two
devices and improve system reliability. Double pulse test (DPT)
experimental results are presented and analyzed to validate the
effectiveness of the proposed AGD for paralleled Si IGBT and
SiC MOSFET application.

Keywords—SiC MOSFET, Si IGBT, hybrid switch, active
gate driver.

[. INTRODUCTION

Wide band gap devices are widely adopted in tremendous
industrial applications due to their outstanding characteristics
of high frequency and high efficiency operation [1]-[3].
Silicon carbide (SiC) metal oxide semiconductor field effect
transistor (MOSFET) is considered as an excellent substitution
for conventional silicon (Si) insulated gate bipolar transistor
(IGBT) in high voltage and high power applications, like
traction inverters [4], solid state transformers [S5], renewable
energy systems [6], and future data center power supplies [7].
Compared with Si IGBT, SiC MOSFET has faster switching
speed and lower switching losses, which can increase the
converter power density and efficiency. The high performance
of SiC MOSFET can reduce the size of both heatsink and
passive elements. It was experimentally found out that for a 3
kW prototype, the system efficiency improvement is more than

3% for the SiC MOSFET when compared with the Si IGBT [8].

Nevertheless, the manufacture cost per ampere for SiC
MOSFET is five times higher than the Si IGBT [9].

In order to reduce the system cost and achieve a trade-off
between the efficiency and cost, the hybrid switch concept is
proposed in [10]. The maximum operating switching frequency
is increased when compared with traditional Si IGBT. To
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reduce the large switching loss of Si IGBT, different gate
control patterns for hybrid switch were investigated in [11]. It
was found out that the Si IGBT should turn-off firstly to reduce
its large switching loss caused by long tail turn-off current. In
this way, the zero voltage turn-off for Si IGBT can be achieved.
A thermal balance control mode was also proposed for the
hybrid switch to improve the system reliability, where the turn-
on and turn-off delays are manipulated to adjust the thermal
performance of hybrid switch. The optimized current ratio
between Si IGBT and SiC MOSFET was investigated in [12]
to optimize the die size and relax the thermal management
system. Experimental characterizations on a hybrid switch
were obtained in [13], which demonstrated improvements in
terms of loss reduction, short circuit capability, and cost
reduction. Comparative studies of two hybrid switch concepts
were presented in [14] from the switching characteristics,
operational principles, and applications perspectives. The
practical design considerations for the hybrid switch were
discussed from the interconnect parasitic, cost, and current
ratio optimization perspectives [15]. The power loss model and
size reduction algorithm were developed for hybrid switch [16].
The hybrid switches were implemented in different circuit
topologies, including boost converter, active neutral point
clamping inverter and three-level rectifier.

To further optimize the performance of paralleled device, in
this paper, active gate driver (AGD) with four control freedoms:
turn-on and turn-off delays, two independent gate voltages, is
proposed to optimize the performance of the hybrid switch. In
particular, the proposed method can dynamically adjust the
current ratio between two devices. The benefits of the proposed
method are: 1) switching loss optimization; 2) capability of
adjusting current ratio dynamically; 3) achieve thermal balance
and improve reliability.

The rest of this paper is organized as follows. Section II
presents a brief introduction of hybrid switch. The operational
principles and key design considerations for the active gate
driver with four control freedoms are discussed in Section III.
In Section IV, experiment results from double pulse test (DPT)
are presented and analyzed to verify the functionality of the
proposed idea.
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II. INTRODUCTION OF HYBRID SWITCH

Paralleled operation of SiC MOSFET and Si IGBT is also
known as hybrid switch. The main purpose of hybrid switch is
to achieve trade-off between loss and cost. A 1200-V 40-A Si
IGBT (IGW40T120) and a 1200-V 12.5-A SiC MOSFET
(C2M0160120D) are parallel connected to construct the hybrid
switch [11]. To have the same current capability, a 40-A SiC
MOSFET (C2M0040120D) can be selected. Fig. 1 shows the
circuit symbol of hybrid switch, which composed of a SiC
MOSFET and Si IGBT.

Si IGE:;I

Vee_1cat

Fig. 1. Circuit symbol of hybrid switch.

Cost comparisons among different solutions are shown in
Fig. 2 based on the unit price from Digikey. It can be seen that
compared with SiC solution, the hybrid switch can achieve
almost half of the cost reduction. The large switching loss
(turn-on and turn-off losses) of Si IGBT can be reduced by
designing appropriate gating signals for two devices. Generally,
there exist four gate control pattens as shown in Fig. 3 for
hybrid switch. Clearly, for gate patten 1, the zero-voltage turn-
on switching and zero-voltage turn-off switching for IGBT can
be achieved, which is preferred for the switching loss reduction
of hybrid switch. Therefore, for hybrid switch, the turn-on
delay and turn-off delay should be carefully designed to reduce
switching loss. In addition, the current distribution and thermal
balance between two devices also of great importance to
improve the reliability of hybrid switch.

35

St Hybrid  SIC
IGBT  switch MOSFET

40 A device solutions
Fig. 2. Cost comparisons among different solutions.
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Fig. 3. Gate control pattens for hybrid switch.

To achieve the thermal balance operation of the hybrid
switch, the power loss and thermal models for the hybrid
switch should be derived. In addition, more control freedoms
are preferred to achieve trade-off between switching loss,
conduction loss, and circuit EMI performance. In the existing
literature, only the hybrid switch turn-on delay and turn-off
delay can be controlled, which limits the optimization of
hybrid switch. Thus, in this article, a gate driver with four
control freedoms is introduced to have more control freedoms
to optimize the system. Fig. 4 shows the typical experiment
waveform for the hybrid switch with turn-on and turn-off
delays. Vas mos and Ve 1T are the gate voltage for the SiC
MOSFET and Si IGBT, respectively; Vps is the voltage across
the hybrid switch, iiger and imosrer are the device current for
Si IGBT and SiC MOSFET, respectively. Clearly, since the
SiC MOSFET turns on earlier than the Si IGBT, the voltage
across the hybrid switch already decreases to zero before the
Si IGBT is turning on and the zero-voltage turn-on operation
is achieved. During the turn-off process, the Si IGBT turns off
first, while the SiC MOSFET is still in ON state, the voltage
across the hybrid switch is zero and the zero-volatge turn-off
is achieved for the Si IGBT.
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Fig. 4. Typical experiment waveform for the hybrid switch with turn-on and
turn-off delays.

IITI. FOUR CONTROL FREEDOMS ACTIVE GATE DRIVER

Fig. 5 shows the function blocks of the proposed active gate
driver, which mainly includes the flowing three parts: 1) field
programmable gate array (FPGA) controller: due to the high
resolution and control flexibility of FPGA controller, it is
adopted to achieve the system control; 2) variable gate voltage
control circuit: the variable gate voltage circuit can adjust the
positive gate voltage based on the control signals generated
from FPGA controller; 3) two independent gate driver
channels: two gate drivers are adopted to achieve independent
control of two paralleled devices.

SiC MOSFET SiIGBT
1 t
I ]
Gate Gate
driver driver
channel #1 channel #2
Variable Variable
gate volatge gate volatge
control control
. . Turn-on delay
circuit circuit
+ f Turn-off delay
Gate voltage #1
FPGA controller Gate voltage #2
4
Feedback signals

from circuit

Fig. 5. Function blocks of the proposed active gate driver.

The variable gate voltage control circuit is shown in Fig. 6.
It includes an analog adder circuit to adjust the voltage level
and a voltage amplifier to boost the maximum output current
and amplify the voltage level. By controlling the input signals
generated from FPGA controller, the analog adder circuit can
adjust the output voltage level accordingly. 2" voltage
adjustment steps can be obtained by using n channel digital
isolator. In this design, a 6-channel digital isolator with six
different resistor values are selected to provide 64 volatge
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adjustment steps. The voltage amplifier’s output voltage Vas u

can be calculated with Eq. (1).
Va
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Fig. 6. Variable gate voltage control circuit.
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Normally, the maximum gate voltage rating for power
devices is around 25 V. Therefore, in this paper, the adjustable
gate voltage is designed in the range of [15 V, 25 V]. In this
design, the control voltage Ve equals 5 V, for the gate voltage
lower boundary value 15 V, the following equation should be
satisfied.

SX(%)XZ:IS (2)

For the gate voltage upper boundary value 25 V, the
following equation should be satisfied.

Rs Rs Rs Rs Rs Rs

S5x(—+—+—+—+—+—

Ro Ri R> Rs3 R4 Rs

Rs
+ R6)><2_25 3)

By adopting the proposed variable gate voltage control
circuit for each gate driver channel, two control freedoms of
independent gate voltages can be introduced. For the other two
control freedoms: turn-on delay and turn-off delay, the FPGA
controller can easily generate the required delays for two
gating signals.

IV. EXPERIMENT RESULTS

Fig. 7 shows the picture of the designed AGD, there are two
independent gate drive channels and field-programmable gate
array (FPGA) is used to control the gate pattens. Fig. 7(c)
shows the double pulse test (DPT) board to examine the
characteristics of hybrid switch.

Gate driver 2

Active gate driver board

(a) Top view
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(c) DPT board
Fig. 7. Top view and bottom view of the designed AGD and DPT board.

Fig. 8 shows the possible gate pattens for paralleled device,
the turn-on and turn-off delays and two independent gate
voltages can beial,cmivj;usted.
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Fig. 8. Different gate control pattens for paralleled device.

In the experiment, Si IGBT with part number of
IGW40T120 from Infineon and SiC MOSFET with part
number of C2M0160120D from CREE are selected. Fig. 9
shows the experiment waveform when same gate voltage and
no turn-on and turn-off delays are applied for both devices.
Clearly, there are severe oscillation during the turn-on process
due to different switching speed of Si IGBT and SiC
MOSFET. SiC MOSFET turns on first and has most of the
current. During the turn-off process, SiC MOSFET turns-off
first, and the load current flows through Si IGBT. Then, IGBT
undergoing a long time period turn-off process with long tail
current, which generates considerable switching loss.

stop

" 100 V/div

Vngu

IMOSFET
LGBTH

| 800 ns/div.__ .
Fig. 9. Double test waveform with same gate voltages and no turn-on and
turn-off delays.

To reduce the switching loss, turn-on delay and turn-off
delay are inserted to help IGBT achieve soft switching.
Specifically, the zero-voltage turn-on and zero-voltage turn-
off for IGBT are achieved as shown in Fig. 10.
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Fig. 10. Double test waveform with turn-on and turn-off delays to achieve soft
switching of IGBT.

To optimize the hybrid switch performance, experiment
results with different turn-on and turn-off delays are
summarized in Table 1 and drawn in Fig. 11. From the results,
it can be seen that the turn-on loss is minimized when the turn-
on delay is slightly higher than zero, which ensures the zero-
voltage turn-on of IGBT.

TABLE. II. TURN-OFF LOSS WITH DIFFERENT TURN-OFF DELAY

TABLE. I. TURN-ON LOSS WITH DIFFERENT TURN-ON DELAYS
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Fig. 11. Turn-on loss of hybrid switch with different turn-on delays.

Similarly, the experiment results with different turn-off
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Fig. 12. Turn-off loss of hybrid switch with different turn-off delays.

Furthermore, current distribution between two devices is
also of great interest for hybrid switch. Traditionally, the
current distribution is only depended on the load current.
However, with the proposed AGD, the gate voltages for two
devices are adjustable, which can dynamically modify the
device on-state resistance or forward voltage. Thus, the
current distribution can be dynamically adjusted by regulating
the gate voltages. Fig. 13 shows experiment results of the
current distribution between two devices. If same gate
voltages are applied, the steady state current for MOSFET is
around 8.13 A. If the gate voltage for MOSFET is increased
from 15 V to 25 V, the steady current for MOSFET is
increased from 8.13 A to 10.2 A. The MOSFET on-state
resistance is decreasing with the increase of gate voltage, so
the current consumed by MOSFET is increased. The current
distribution capability is beneficial for thermal balance and
reliability improvement for hybrid switch in power converter
applications, which would be the future focus.

TekStop.

delays are summarized in Table 2 and drawn in Fig. 12. When
there is no turn-off delay, the turn-off loss is large due to the
long tail current of the IGBT. The total turn-off loss is reduced
with the increase of turn-off delay to guarantee the zero-
voltage turn-off of IGBT. Further increase turn-off delay will
increase the total turn-off loss since the turn-off loss of
MOSFET is increasing. The optimal point is around the
minimum delay time that ensures zero-voltage turn-off of
IGBT.
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Fig. 13. Current distribution capability with the proposed AGD.

V. CONCLUSION AND FUTURE WORK

In this paper, an active gate driver with four control
freedoms, including two independent gate voltages, turn-on
and turn-off delays, is proposed for hybrid SiC MOSFET and
Si IGBT application. Compared with traditional gate controls
for hybrid switch, two additional control freedoms are
provided. Based on the experiment results, the current
distribution inside the hybrid switch can be dynamically
adjusted so that the conduction losses for two individual
switches can be controlled. Thus, the further optimization of
hybrid switch can be achieved. In the future, the efficiency
optimization and thermal balance with the proposed AGD will
be investigated. To achieve this goal, the following work and
challenges have to be tackled:

1) Power loss model development: an accurate power loss
models for the Si IGBT and SiC MOSFET inside the hybrid
switch should be derived. However, the difficulty of deriving
the accurate power loss models is the coupling between the
junction temperature and power loss.

2) Thermal model development: to achieve optimal control
or balance of junction temperatures for Si IGBT and SiC
MOSFET, the thermal model should be developed to estimate
the device junction temperature.

3) Feedback circuit design: the device power loss and
junction temperature are related with the circuit voltage and
current. Thus, the operating voltage and current for the device
should be detected and send to the controller as inputs. Based
on these input signals, the device power loss and junction
temperature can be derived.

4) Control strategy: for the proposed gate driver, it has four
control freedoms. To optimize the hybrid switch performance,
the specific control strategies should be investigated based on
the applications and optimization targets.
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