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Abstract— FREEDM-Pair is an innovative power
semiconductor switch which reduces the loss and cost through DC+
the hybrid integration of a Si IGBT and a SiC MOSFET. During f
the turn-off of the FREEDM-Pair, the Si IGBT is turned off first
under ZVS condition and after a carefully selected delay time,
the SiC MOSFET is turn-off. In this way, the turn-off loss of the ST
Si IGBT is significantly reduced due to the ZVS turn-off G1 } )
condition. During the delay time, the current will be carried by i >iC
the SiC MOSFET only. During the turn-on, the SiC MOSFET A
and the IGBT can be turned on at the same time. Due to faster K1 l
turn-on speed of the MOSFET, the IGBT is also turned on under
the ZVS condition. FREEDM-Pair also has better conduction |AC T
characteristics compared to the Si IGBT by the combined
current conduction capability of the unipolar and bipolar
devices. Therefore the FREEDM-Pair provides an ideal option to STMOSFET
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realize the tradeoff between the cost and performance, and can G2
be applied to main stream applications which currently use R
IGBT. Previously, the 1200V/200A FREEDM-Pair with

individual gate terminals for IGBT and MOSFET have been K2 T
designed and published. In this paper, a three terminal
1200V/200A FREEDM-Pair is presented and analyzed for the f
first time. In the three terminal FREEDM-Pair, a passive delay DC-
circuit is designed and integrated into the power module, so only

one gate driver signal is needed. The designed delay circuit will @)
generate the desired delay gate signal for the MOSFET
automatically. To verify the designed gate driver function and
the FREEDM-Pair performance in continuous operation, a half-
bridge (HB) power module consisting of two FREEDM-Pair
switches is developed. The continuous operation of the
1200V/200A FREEDM-Pair in a buck converter topology is
reported for the first time.
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L INTRODUCTION

SiC MOSFETs demonstrate ultrafast switching speed and
low switching losses over Si IGBT due to their majority carrier (b)
conduction mechanism [1]. However, the much higher cost,
primarily due to more expensive SiC wafers and fabrication Fig. 1: (a) Circuit schematic of the 1200V/200A
process, impedes its wide adoption in power electronics FREEDM-Pair HB module; (b) Packaged 1200V/200A
applications. Therefore, the Si IGBTs are still the workhorse FREEDM-Pair HB module.
for important high volume applications such as motor drives,
electric vehicles, PV inverters, etc. Si IGBTs have the
advantages of simple MOS gate control, low forward voltage
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drop due to the conductivity modulation and much lower cost
compared to SiC devices due to matured Si wafer and
fabrication technology. The main disadvantage of the IGBT is
the large switching losses, especially the high turn-off losses,
which limit its switching frequency range and power
conversion efficiency. The FREEDM-Pair concept was
proposed to improve the switching performances of IGBT by
the hybrid integration of the Si IGBT and SiC MOSFET [2-6].
In [7-10], a similar concept is also proposed. In [7-8], the Si
IGBT and SiC MOSFET share the same gate driver signal and
are turned on and turned off simultaneously. In [9-10], the Si
IGBT and SiC MOSFET are controlled by separate gate
signals, which needs two gate driver boards. In the improved
1200V/200A FREEDM-Pair reported in this paper, a specially
designed gate driver circuit is applied to achieve higher
dynamic loss reduction, with only one gate signal needed.
Similar to the gate driver integration methodology in power
module packaging [11-21], integration of the gate delay circuit
is proposed for the FREEDM-Pair power module. This paper is
the first one on a 1200V/200A FREEDM-Pair with only one
gate signal, which simplifies the circuit design and reduces the
Bill of Materials (BOM). It can be used in some critical
applications such as EV and PV.

II. CONFIGURATION AND PRINCIPLES OF THE 1200V/200A
FREEDM-PAIR HALF-BRIDGE MODULE

The FREEDM-Pair module in [6] consists of a
1200V/150A Si IGBT and a 1200V 40mohm SiC MOSFET.
For the purpose of extending current rating, this newly
developed FREEDM-Pair HB power module consists of two
FREEDM-Pair switches, in which a 1200V/150A Si IGBT
from ABB, a 1200V 25mohm SiC MOSFET and a 1200V/50A
SiC JBS diode from Wolfspeed are included, as shown in
Fig.1. A ceramic capacitor is also packaged into the module to
provide lower switching loop inductance. In order to measure
the device current to calculate the switching losses, this
capacitor is not included in the module for double pulse test,
but it is used for the continuous operation. The gate delay
circuit includes a low voltage (LV) Si MOSFET, a delay
resistor, and a delay capacitor. The Cgs of the LV Si MOSFET
is also included in the delay capacitor since they are paralleled.

The forward condition characteristic of the new 1200V
FREEDM-Pair is shown in Fig.2. It clearly demonstrates that
the conduction is dominated by the IGBT in the high current
region and by the MOSFET in the low current region. At lower
current, the SiC MOSFET has better conduction characteristics
because the Si IGBT have to overcome the intrinsic voltage
drop of about 0.7 V. At higher currents, IGBT demonstrates
lower forward voltage drop thanks to its conduction
modulation. The linear current conduction characteristic of the
FREEDM-Pair in the low current region is very useful to
improve the power conversion efficiency at light loads. So the
FREEDM-Pair combines the advantages of Si IGBT and SiC
MOSFET from conduction characteristics point of view.
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Fig. 2: I-V curves of the 1200V/150A IGBT, 1200V
25mohm SiC MOSFET and 1200V/200A FREEDM-Pair.

III.  DESIGN AND OPTIMIZATION OF GATE DELAY CIRCUIT

According to literatures [1-10], FREEDM-Pair and other
similar hybrid Si/SiC modules are all controlled by two
separate gate signals. By having one more degree of freedom,
the system efficiency can be improved [10], but it makes the
circuit design and control more complex and increases the total
cost. The improved 1200V/200A FREEDM-Pair has only one
gate signal input by integration of the gate delay circuit, thus it
becomes a three-terminal device, which simplifies the circuit
design and reduces the BOM cost.

A. Operation principle of the gate delay circuit
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Fig. 3: Turn-on gate current path.

During the turn-on process as shown in Fig.3, the body
diode of the LV Si MOSFET bypasses the R-C delay circuit,
and the SiC MOSFET and Si IGBT turns on simultaneously.
The turn-on gate current path for the Si IGBT is shown as red
dashed line, and that for the SiC MOSFET is shown as the
green dashed line.
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Fig. 4: Turn-off gate current path.

During the turn-off process as shown in Fig.4, the delay
capacitor of the gate delay circuit in the power module is
discharged gradually by the discharging capacitor on the PCB
gate driver board, shown as the green gate current path in
Fig.4(a). Once the voltage on the delay capacitor reaches the
threshold voltage of the LV Si MOSFET, the LV Si MOSFET
is turned on, this period is the delay time Tq. After the LV Si
MOSFET is turned on, the channel of the LV Si MOSFET can
conduct current, thus the Cis of the SiC MOSFET is being
discharged by the discharging capacitor on the PCB gate driver
board, shown as the purple gate current path in Fig.4(b).
Different delay times can be chosen by adjusting the R-C
circuit parameter in the gate delay circuit.

B. Optimal delay time selection

The gate-to-emitter voltage (Vg) of the Si IGBT and the
gate-to-source voltage (V) of the SiC MOSFET are measured
when T¢=0.995us as an example, and the result is shown in
Fig.5. The Vg of the SiC MOSFET is measured by inserting
the probe tip into the silicone gel and touch onto the copper
pads. It clearly shows a successful achievement of the desired
delay. The total turn-off loss of the FREEDM-Pair consists of
the partial turn-off loss of the Si IGBT (period 1 or period 1&2
in Fig.6 depending on the delay time), and the conduction loss
of the SiC MOSFET (period 1 in Fig.6), together with the turn-
off loss of the SiC MOSFET (period 2 in Fig.6).
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Fig. 5: Experimental waveforms of Vg of Si IGBT and
Vg of SiC MOSFET with Vg =20V/-5V, Ry = 200hm,
and T¢=0.995us.
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Fig. 6: Experimental turn-off waveform of FREEDM-Pair
under 600V/100A, with Vg = 20V/-5V, Ry = 200hm, and

T¢=0.995us.
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Fig. 7: Experimental turn-off waveform of Si IGBT under
600V/100A with Vg =20V/-5V, Rg=200hm

As a comparison, Si IGBT is also tested under the same
condition, shown in Fig.7. The turn-off loss is 37.02mJ, much
higher than FREEDM-Pair. Fig. 8 shows the total turn-off loss
of the FREEDM-Pair under different delay times for
600V/100A turn-off condition. It can be observed that with
smaller delay time, the partial turn-off loss of the Si IGBT
becomes dominant, and with larger delay time, the on-state loss
during delay time of the SiC MOSFET and the turn-off loss of
the SiC MOSFET become dominant. So there is a trade-off
considering all these three losses. It can be seen that the
optimal delay time is around lus, resulting in the lowest total
turn-off loss of the FREEDM-Pair. It shows a maximum of
66% loss reduction compared with Si IGBT under same
switching conditions.
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Fig. 8: Measured turn-off loss of FREEDM-Pair under
different delay time T4, and turn-off loss of Si IGBT

IV. CONTINUOUS OPERATION OF 1200V/200A
FREEDM-PAIR

To verify the reliable functionality of the FREEDM-Pair
HB power module, a buck converter is built and tested, shown
in Fig.9. Experimental setup parameters are listed in Table 1.
Low-side FREEDM-Pair is used with gate-to-source voltage
equals zero therefore it can be regarded as a rectifier formed by
the body diode of MOSFET and the JBS diode. Gate-to-emitter
voltage (Vg) and collector-to-emitter current (I.c) of the high-
side FREEDM-Pair are measured and shown in Fig.10. it can
be seen that the FREEDM-Pair HB module operates normally
under 22.5kHz switching at 600V input voltage. Due to the
hard switching turn-on of the high-side FREEDM-Pair, power
level reported here is not at full rating. Results of continuous
operation of the FREEDM-Pair HB power module at higher
ratings will be reported in future publications.
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Fig. 9: Buck converter setup based on 1200V/200A
FREEDM-Pair half-bridge module.

TABLE L. EXPERIMENTAL SETUP PARAMETERS
Parameters Values Units
Input voltage 600 \Y%
Duty cycle 0.25 -
Switching frequency 22.5 kHz
Input capacitor 1100 uF
Input inductor 16.8 mH
Output capacitor 500 uF
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Fig. 10: Experimental waveforms of FREEDM-Pair half-
bridge module based buck converter. (Blue: Vg of high-
side FREEDM-Pair; Green: V. of high-side FREEDM-
Pair; Purple: Inductor current; Red: Output voltage)
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