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Abstract—The hybrid switch concept of paralleling a higher-
current main Si IGBT and a lower-current auxiliary SiC MOSFET
offers an improved cost/performance tradeoff in power converters.
Currently, the gate control strategy of these two internal devices
emphasizes on minimizing the total power loss, and is referred to
as the efficiency control mode in this paper. However, there is a
serious risk of overheating and reliability degradation of the SiC
MOSFET if solely relying on this control strategy. In this paper, we
propose a new method of gate control optimization, referred to as
the thermal balance control mode, to keep the junction tempera-
ture of both devices within the specified temperature range, and to
minimize the total power loss simultaneously. We first investigate
the dependency of the hybrid switch switching losses on the gate
control pattern both theoretically and experimentally. We then ex-
tensively study control optimization in these two distinct control
modes in a de—dc boost converter. It is found that the thermal bal-
ance control mode can achieve almost the same total power loss
as the efficiency control mode, but much lower and more balanced
junction temperatures of the two internal devices. Experimental
results demonstrate that the Si/SiC hybrid switch in an optimal
thermal balance control mode can achieve a 163% higher power
handling capability in the 20-kHz boost converter or four times
higher switching frequency in the 4-kW boost converter than a
single IGBT solution with hard switching condition, and yet a con-
siderably lower component cost than a single SiC MOSFET solution
in the boost converter.

Index Terms—Gate control, hybrid switch, IGBT, junction tem-
perature, MOSFET , power loss, SiC.

I. INTRODUCTION

OWER MOSFETs have advantage of fast switching speed,
P while high-voltage bipolar devices have advantage of low
forward voltage drop, especially at high current density due to
the strong conductivity modulation. In order to combine the
advantages of power MOSFET and bipolar devices, the hybrid
MOS-Bipolar concept was proposed and led to the invention of
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IGBT in late 1970s [1], [2]. IGBTs have since become the power
switches of choice in medium and high-power converters in the
past three decades. In order to further reduce conduction and
switching losses, hybrid switch configurations based on paral-
leling an IGBT and a MOSFET was proposed in [3]-[6]. In these
Si-based hybrid switches, the MOSFET mainly conducts current
under light load conditions when its forward voltage drop is
below 0.7 V, and the IGBT dominantly conducts at high cur-
rent levels. Therefore, the hybrid switch can achieve reduction
of conduction loss compared to a single IGBT solution. In the
meanwhile, zero voltage switching (ZVS) of the IGBT can be
achieved by means of a specific gate control pattern inside the
hybrid switch so that the IGBT’s turn-OFF current tail can be
avoided and its turn-OFF switching loss is greatly reduced [7].

In the past two decades, high-voltage SiC power devices have
attracted a lot of attention in high-voltage power electronics ap-
plications because of the superior properties of SiC, such as a
high breakdown electric field and a large thermal conductivity
[8]. Among them, much effort has been devoted to the devel-
opment of SiC power MOSFETs because of their low specific
on-resistance and fast switching speed. Commercial 1200-V
SiC MOSFETs start to replace Si IGBTs in some high efficiency,
high density power converters, but not without a significant cost
penalty [9], [10].

In recent years, the hybrid switch concept of paralleling an
Si IGBT and an SiC MOSFET was reported to achieve an im-
proved cost/performance tradeoff [11]-[16]. A 6.5-kV Si IGBT
and SiC MOSFET hybrid switch was developed for high voltage
applications in [11], [12]. Current sharing between the IGBT
and the SiC MOSFET inside the hybrid switch and its dynamic
switching performance were analyzed in [13]-[16]. Obviously,
a hybrid switch made of an SiC MOSFET and an IGBT of com-
parable current ratings is considerably more expensive than a
single IGBT solution [22]. The cost-effectiveness of the Si/SiC
hybrid switch can be improved with a high-current Si IGBT as
the main switch and a low-current SiC MOSFET as the auxiliary
switch [17]. In [18]—[21], special gate drive patterns were stud-
ied to minimize the total power loss of the hybrid switch and
improve the efficiency of converters based on the hybrid switch.
In [18] and [20], current-dependent switching patterns in single
phase inverters were reported to improve the overload capability
of the hybrid switch. Various gate control patterns were stud-
ied to achieve zero-voltage switching operation of the Si IGBT
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inside the hybrid switch and reduce the IGBT’s switching losses
in most of these studies [11]-[21].

Under the inductive load switching condition, the auxiliary
SiC MOSFET turns ON shortly before and turns OFF shortly after
the main IGBT, conducting 100% of the load current during
these short time delays [17], [18], [20]. Even with its inher-
ently high switching speed, the auxiliary SiC MOSFET incurs a
large switching loss under the high current and high voltage hard
switching transient, resulting in a junction temperature consider-
ably higher than that of the main IGBT due to its small chip size
and high thermal resistance. Both high junction temperature and
extreme temperature cycling will accelerate aging and/or induce
failure of SiC MOSFETs [23]-[26]. One particular concern is the
gate oxide reliability of the SiC MOSFETs at high temperatures
due to the trapping and detrapping of high-density interface de-
fects at the SiC/SiOs interface [27], [28]. Therefore, there is a
serious risk of overheating and reliability degradation of the SiC
MOSFET inside the cost-effective Si/SiC hybrid switch. However,
most studies of the Si/SiC hybrid switch mainly focused on op-
timal gate control strategy to minimize the total power loss of
the hybrid switch in a double pulse test circuit (referred to as the
efficiency control mode in this paper), largely neglecting the
thermal imbalance challenge in actual power converters.

The purpose of this paper is to investigate a new gate control
optimization method, referred to as the thermal balance control
mode, to keep the junction temperature of both the SiC MOSFET
and Si IGBT within their specified temperature ranges, and to
minimize the total power loss simultaneously. It helps prevent
these two devices from operating with an excessive junction
temperature, and improve the maximum power handling capa-
bility of the hybrid switch. The operation principal and charac-
teristics of the hybrid switch is briefly explained in Section II.
In Section III, both the conventional efficiency control mode
and the proposed thermal balance control mode of the hybrid
switch in a dc—dc boost converter are extensively investigated
both theoretically and experimentally. The electrical and ther-
mal performance of the hybrid switch in a dc—dc boost converter
with the optimum thermal balance control mode is demonstrated
in Section IV. Section V concludes the paper.

II. OPERATION PRINCIPLE AND CHARACTERISTICS OF
S1/S1C HYBRID SWITCH

A. Forward Conduction Characteristics

The schematic of a hybrid switch consisting of a high-current
SiIGBT as the main switch and a low-current SiC MOSFET as the
auxiliary switch is shown in Fig. 1. The hybrid switch combines
the advantages of Si IGBT and SiC MOSFET because most of
the load current flows through the SiC MOSFET at a low current
level and the Si IGBT at a high current level, thus offering a
lower conduction loss.

Since the conduction and switching losses of the SiC MOS-
FET are relatively small under the nominal operation condi-
tions, the implementation of a low power SiC MOSFET into
the hybrid switch becomes possible, which makes it much
cheaper than the single SiC MOSFET solutions. A 1200-V 40-A
Si IGBT (IGW40T120) and a 1200-V 12.5-A SiC MOSFET
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Fig. 1. Schematic of hybrid switch.

(C2MO0160120D) [29] are parallel connected to constitute the
hybrid device. Because the power losses and the junction tem-
peratures of the IGBT and the SiC MOSFET may be different
in various load conditions, the optimization of device design is
complicated and not fully considered in this study. The manu-
facture cost per Ampere of the SiC MOSFET is approximately
five times as much as that of the IGBT [22], so the manufacture
cost of the hybrid switch is approximately 256% of a 40-A Si
IGBT or 51% of a 40-A SiC MOSFET (C2M0040120D).

When the hybrid switch is in the steady-state condition, the
current may flow through the auxiliary SiC MOSFET and/or the
IGBT. The current ratio between the main IGBT and the auxil-
iary SiC MOSFET inside the hybrid switch is defined as

_ ?GBT. )
MOS

Fig. 2 shows the forward /-V characteristics of the hybrid
switch and the current ratio between its internal IGBT and SiC
MOSFET at room temperature and 150 °C. The output character-
istics of the hybrid switch show a positive temperature coeffi-
cient due to the positive temperature coefficients of the IGBT
at a high current level and the SiC MOSFET at all current lev-
els. When the forward conduction current of the hybrid switch
is below 5 A, its forward voltage drop is below the turn-ON
knee voltage of the IGBT, and 100% of the forward conduc-
tion current flows through the auxiliary SiC MOSFET. When the
hybrid switch operates at 16 A, the forward conduction current
is evenly distributed between the auxiliary SiC MOSFET and the
main IGBT, resulting in their equal conduction losses. When
the forward conduction current of the hybrid switch is larger
than 16 A, the current flowing through the main IGBT is larger
than that of the auxiliary SiC MOSFET. When the hybrid switch
operates at 40 A and 150 °C, the SiC MOSFET conducts 11 A and
the IGBT conducts 29 A. When the operating temperature of
the hybrid switch increases, the current ratio between its internal
IGBT and SiC MOSFET slightly increases. The reason is because
the SiC MOSFET has a larger positive temperature coefficient
than the IGBT.

B. Switching Characteristics

The unipolar SiC MOSFET has much lower switching losses
than the bipolar SiIGBT. And the turn-OFF switching loss caused
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Fig. 2. Forward -V curve and current distribution of hybrid switch. (a) For-

ward I-V curve. (b) Current distribution of hybrid switch’s two internal devices.

by the IGBT’s tail current is huge, which can be significantly
reduced with the appropriate gate control pattern of the hybrid
switch. As shown in Fig. 3, there are four gate control patterns
for the hybrid switches. In the gate control pattern I, the auxiliary
SiC MOSFET turns ON shortly before and turns OFF shortly after
the main IGBT. During the switching transient, the auxiliary
SiC MOSFET undertakes the hard switching actions and conducts
100% of the load current for a short commuting time, and the
IGBT undertakes ZVS switching actions. In the gate control
pattern II, both the turning ON and turning OFF of the SiC MOSFET
are prior to those of the IGBT. The IGBT is ZVS turned ON,
and the SiC MOSFET is ZVS turned OFF. In the gate control
pattern III, both the turning ON and turning OFF of the IGBT are
prior to those of the SiC MOSFET. The SiC MOSFET is ZV S turned
ON and IGBT is ZVS turned OFF. In the gate control pattern IV,
the main IGBT turns ON shortly before and turns OFF shortly
after the auxiliary SiC MOSFET. The SiC MOSFET undertakes the
ZVS switching actions.

The turn-ON and turn-OFF gate signals’ delay time between the
IGBT and the SiC MOSFET inside the hybrid switch are defined
as Ton gelay and Togr gelay, respectively. The switching losses of
the IGBT and the auxiliary SiC MOSFET are mainly influenced
by the polarity and magnitude of their turn-ON and turn-OFF gate
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Fig. 3. Gate control patterns of hybrid switch.

signals’ delay time. In order to investigate their correlation, a
double pulse clamped inductive load circuit is built and tested.
A 1200-V/14-A SiC JBS diode (C4D10120A) and an inductor
of 150 pH are used.

The turn-ON process of the hybrid switch with 7o, gelay =
0.2 us and Ty gelay = —0.2 s turn-ON gate signals’ delay time
under a load current of 40 A and a dc-link voltage of 600 V
at room temperature is illustrated in Fig. 4. It shows the hybrid
switch’s drain voltage waveforms, its two internal devices’ cur-
rent waveforms, and the IGBT’s gate voltage. The total turn-ON
switching loss of the hybrid switch is expressed as

Eon (Ton,delay) = Es,on (Ton,delay) + AE‘c,on (TOILdelay) (2)

where E _,, is the total switching on loss of the IGBT and the
SiC MOSFET, AE, ,, is the additional conduction loss of the SiC
MOSFET when the forward conduction current commutates from
the auxiliary SiC MOSFET to the IGBT during a commuting time
of At, on. The At. _,, is defined as the time interval that begins
when the forward voltage drop is 10% of the dc voltage and ends
when the SiC MOSFET’s forward conduction current reaches the
steady-state value. The AF, , can be expressed as

A Eeon
Ate on . ir Vodt. T .
—ton1GBT IMOS — T+~ cVEAL, on_delay < —lonI1GBT
Ateon . _ ip Vedt. T

— Ton delay IMOs 1+~ Fab;,  Lon_delay

S [_toanBT ) ton,MOS]

Ateon . ip
j;on,mos (ZMO - 1+’Y) “Vrdt, Tondelay > tonMOs

3

where the ¢, 1T and ¢, Mmos are the turn-ON times of the IGBT
and SiC MOSFET, respectively. V is the forward voltage drop
of the hybrid switch, and iy is the current flowing through the
SiC MOSFET. The i is the total forward conduction current of
the auxiliary SiC MOSFET and IGBT in the hybrid switch.
When the IGBT is turned ON, its forward voltage drop during
the turn-ON transient is substantially larger than its forward
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Fig. 4. Turn-oN process of hybrid switch. (a) Ton delay = —0.2 us.

(b) Ton,dclay = 0.2 pus.

voltage drop under steady-state condition because of the time
taken to modulate the conductivity of its N-drift region. During
the commuting time, most of the forward conduction current
flows through the auxiliary SiC MOSFET because of its low on-
state resistance, inducing the additional conduction loss of the
hybrid switch.

Fig. 5 shows the measured additional conduction loss and the
commutating time of the hybrid switch at various turn-ON gate
signals’ delay time between the IGBT and the SiC MOSFET in
a double pulse clamped inductive load circuit with a dc-link
voltage of 600 V and a load current of 40 A at room tempera-
ture. When the turn-ON gate signal’s delay time is smaller than
—0.35 ps for the selected hybrid switch, the additional conduc-
tion loss and the commutating time are zero because the IGBT is
fully turned ON before the turning ON of the SiC MOSFET. When
the turn-ON gate signal’s delay time increases, the additional
conduction loss and the commutating time increase because the
auxiliary SiC MOSFET entails more conduction loss.

When the absolute magnitude of the turn-ON gate signal’s
delay time is very large, the switch-on loss of the hybrid switch
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Fig. 5. Dependency of the hybrid switch’s additional conduction loss and
commutation time on its gate signal’s turn-ON delay time.

is approximately equal to that of the IGBT or the SiC MOSFET
because one of these two devices undertakes the ZVS turning
ON actions. When the absolute magnitude of the turn-ON gate
signal’s delay time is small, the turn-ON switching loss distri-
bution between the IGBT and the SiC MOSFET varies with the
turn-ON gate signal’s delay time because their transient load
current varies. Therefore, the switch-on losses of IGBT and SiC
MOSFET are approximately expressed as

Es,on (Ton,dclay )

Es,oanBTa Ton,delay <—tonIGBT
Ton_delay . .
S (epr tivos) - Vidt, Tondelay € [~tonaapT
ton,MOS]
Es,on,MOSa Ton,delay > tonMOS
“)
Ton,dclay
Es,on,MOS = / Z'MOS : Vth, Ton,delay > tonMOS
tonnos
(5)
—tonIGBT
E, onigBT = / it - Vrdt, Ton delay
7T011,d01ay
< —tonIGBT (6)

where the ipps and it are the current flowing through the
SiC MOSFET and the IGBT, respectively. The E ,nigsr and
Fs onmos are the switch-on losses of the IGBT and the SiC
MOSFET, respectively.

Fig. 6 shows the measured switch-on losses of the IGBT, SiC
MOSFET, and the hybrid switch at various turn-ON gate signals’
delay time between the IGBT and the SiC MOSFET in a double
pulse clamped inductive load circuit with a dc-link voltage of
600 V and a load current of 40 A at room temperature.

When the absolute magnitude of the turn-ON gate signal’s
delay time is small, the current rise (di/dt) of the IGBT and
the SiC MOSFET has overlap, leading to a higher di/dt of the
hybrid switch than other two cases. Therefore, the F_, of the
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Fig. 7. Turn-OFF process of hybrid switch with Tof_detay = 1.8 5.

hybrid switch at a small absolute magnitude of the turn-ON
gate signal’s delay time is smaller than that at a large absolute
magnitude of the turn-ON gate signal’s delay time. Because the
IGBT’s turn-ON speed is lower than that of SiC MOSFET, a small
negative turn-ON gate signal’s delay time can achieve a large
di/dt of the hybrid switch, leading to a local minimal value. The
minimum switch-on loss and the total turn-ON switching loss of
the hybrid switch occur at the turn-ON gate signal’s delay time
of approximately —0.03 us.

During the turn-OFF process of the hybrid switch, the IGBT’s
tail current can cause a large turn-OFF switching loss under a
hard switching condition. The gate control pattern I and pattern
IIT of the hybrid switch can enable the IGBT’s ZVS turning OFF,
SO a positive turn-OFF gate signal’s delay time is preferred to
greatly reduce the turn-OFF switching loss of the hybrid switch.
Fig. 7 shows measured turn-OFF waveforms of the hybrid switch
at a positive turn-OFF gate signal’s delay time Tt gelay = 1.8 s
in a double pulse clamped inductive load circuit with a dc-link
voltage of 600 V and a load current of 40 A at room temperature.
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When the IGBT undertakes the ZVS turning-off action, the
current initially flowing through the IGBT commutes to the
auxiliary SiC MOSFET during the short gate turn-OFF delay time,
inducing the additional conduction loss of the auxiliary SiC
MOSFET.

The total turn-OFF switching loss of the hybrid switch consists
of the turn-OFF switching loss of IGBT and SiC MOSFET, and
the additional conduction loss of the SiC MOSFET. The depen-
dency of its total turn-OFF switching loss on the turn-OFF gate
signal’s delay time between the IGBT and the SiC MOSFET is
expressed as

Eoff (Toff,delay) = AE(t,off (Toff,delay) + Es,off (Toff,delay)

Tott delay
= / i1gBT - VRdl
0

Tott delay +tottMOS
+/ (t1eBT +iMmo0s) - Vrdt

Tott delay
(7

where F; o is the total turn-OFF switching loss of IGBT and
SiC MOSFET, A E,. o is the additional conduction loss of the SiC
MOSFET, and % vos 1S the turn-OFF time of the SiC MOSFET.

Fig. 8 shows the measured turn-OFF energy loss of the hybrid
switch at various turn-OFF gate signals’ delay time between the
IGBT and the SiC MOSFET in a double pulse clamped inductive
load circuit with a dc-link voltage of 600 V and a load current
of 40 A at room temperature. When the turn-OFF gate signal’s
delay time between the IGBT and the SiC MOSFET is too small,
the total turn-OFF switching loss of the hybrid switch is mainly
determined by that of IGBT. When the turn-OFF gate signal’s
delay time is too large, the total turn-OFF switching loss of the
hybrid switch is mainly determined by that of the SiC MOSFET
due to its large additional conduction loss. The minimum total
turn-OFF switching loss of the hybrid switch occurs at a turn-OFF
gate signal’s delay time of approximately 1.6 us.
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III. OPTIMAL GATE CONTROL STRATEGIES

A hybrid switch based dc—dc Boost converter prototype is
built and tested in order to investigate the impact of the gate
control strategies on the converter’s conversion efficiency and
its thermal characteristics, as shown in Fig. 9. The SiC MOs-
FET C2MO0160120D and Si IGBT IGW40T120 are selected to
constitute the hybrid device. It is assembled on a heat sink, and
a designed integrated gate driver is used to achieve the special
control patterns of the hybrid switch. The switching frequency
of the dc—dc boost converter is 20 kHz. Its input and output volt-
ages are chosen as 300 and 600 V, respectively. A 1-mH boost
inductor is selected to meet the 30% current ripple specification
of the converter. A 2200-uF output filter capacitor is selected to
achieve the output voltage ripple of smaller than 2%.

A. Efficiency Control Mode of Hybrid Switch

Because the power losses of the IGBT and the auxiliary SiC
MOSFET inside the hybrid switch are strongly influenced by the
gate signal’s delay time of the hybrid switch, the conversion
efficiency of the boost converter is expressed as

U(Ton,delay s Toff,delay )

_ Pout
Pout + Hoss,switch (Ton,delayy Toff,delay) + Boss,others
®)
where
Bossswitch (Ton,dclay ) Toﬁ',dclay)
= ]Dloss,MOS (Ton,delaya Toff,delay)
+ Ploss,IGBT (Ton,delay ) Toff,delay ) . (9)

The P,y is the output power of the converter. Pos_mos and
Pioss1gaT are the power losses of the auxiliary SiC MOSFET and
the IGBT, respectively. Plossothers 1S the power loss of other
components, such as the gate driver, inductor, and freewheeling
diode.
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Fig. 11.  Dependency of the hybrid switch’s switching losses on the turn-OFF
gate signal’s delay time of hybrid switch.

The maximum efficiency of the hybrid switch based dc—dc
boost converter can be achieved as shown in (8) by minimizing
the total power loss of the hybrid switch. The minimum switch-
ing losses of the hybrid switch can be achieved with appropriate
gate signal’s delay time of the hybrid switch as shown in Figs. 6
and 8. Therefore, the maximum efficiency of the dc—dc boost
converter is an indicator of optimal efficiency control of the
hybrid switch.

Figs. 10 and 11 show the dependency of the measured ef-
ficiency of the dc—dc boost converter and the hybrid switch’s
switching loss on the turn-OFF gate signal’s delay time between
the IGBT and the SiC MOSFET at a zero turn-ON gate signal’s de-
lay time and various load conditions. The conversion efficiency
of the boost converter in the steady state is measured by the
power analyzer HIOKI PW3390. The energy loss of the hybrid
switch is calculated by the integral of the measured voltage and
current waveforms over the period of a duty cycle in the steady
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state. When the turn-OFF gate signal’s delay time is very short,
the efficiency of the dc—dc boost converter is low because of
the large switching loss of the IGBT. When the turn-OFF gate
signal’s delay time is very long, the efficiency of the dc—dc boost
converter is low because of the large additional conduction loss
of the auxiliary SiC MOSFET. The turn-OFF switching loss of
the IGBT is decreased and the turn-OFF switching loss of the
auxiliary SiC MOSFET is increased with the increasing turn-OFF
gate signal’s delay time as shown in Fig. 8. A minimum total
switching loss of the hybrid switch and a maximum efficiency
of the dc—dc boost converter are achieved at a turn-OFF gate sig-
nal’s delay time of approximately 2.2 us, which is larger than the
needed Tt gelay at its minimum total turn-OFF loss g as shown
in Fig. 8. It is mainly induced by the difference of the junction
temperature of the hybrid switch in the double pulse test circuit
and the dc—dc boost converter, and the temperature dependent
losses of the hybrid switch. As shown in Fig. 8, the optimum
Toft_gelay = 1.6 ps and its minimum total turn-OFF loss Eor in
the double pulse test circuit is achieved at room temperature.
The junction temperature of the hybrid switch with optimum
Toft delay = 1.6 s and minimum energy loss in the steady state
of the dc—dc boost converter is higher than 90 °C, as shown in
Figs. 11 and 15. The conduction loss and the switching loss of
the IGBT increase with the increasing temperature. Though the
conduction loss of the SiC MOSFET increases with the increas-
ing temperature, the SiC MOSFET’s switching loss almost keeps
constant in elevated temperatures. Therefore, the dependency of
the hybrid switch’s loss on its gate signal’s switching delay time
varies with its junction temperature, and the needed gate sig-
nal’s turn-OFF delay time in its minimum energy loss in elevated
temperatures is larger than that at room temperature.

Figs. 12 and 13 show the dependency of the measured ef-
ficiency of the dc—dc boost converter and the hybrid switch’s
switching loss on the turn-ON gate signal’s delay time between
the IGBT and the SiC MOSFET at a turn-OFF gate signal’s de-
lay time of 2.2 us and various load conditions. When the turn-
ON gate signal’s delay time decreases from 0 to —O0.1 us, the
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Fig. 13.  Dependency of the hybrid switch’s power losses on its gate signal’s

turn-ON delay time in the boost converter.

efficiency of the dc—dc boost converter slightly decreases be-
cause of the increase of the IGBT’s turn-ON switching loss.
When the turn-ON gate signal’s delay time increases from 0 to
0.1 us, the efficiency of the dc—dc boost converter slightly de-
creases because of the increase of the turn-ON loss of the SiC
MOSFET. A maximum efficiency of the dc—dc boost converter is
achieved at an approximately zero turn-ON gate signal’s delay
time. The turn-ON switching losses of the IGBT and the aux-
iliary SiC MOSFET in the hybrid switch dramatically increase
with the increasing output power, so the impact of the turn-ON
gate signal’s delay time of the hybrid switch on the conversion
efficiency of the boost converter at a high power rating is much
stronger than that at a low power rating.

B. Thermal Balance Control Mode of Hybrid Switch

In order to analyze the thermal characteristics of the hybrid
switch in the dc—dc boost converter, the relationship of its aver-
age junction temperature in the steady state and its power loss
is expressed as

Tj =T.+ R(')jc * Plogs (10)
where the Ryj., Poss, Tj, and T, are the thermal resistance at a
fixed duty cycle, total power loss, junction temperature, and case
temperature of the IGBT or the auxiliary SiC MOSFET inside the
hybrid switch, respectively.

Because the switching losses of the main IGBT and the aux-
iliary SiC MOSFET are mainly influenced by the polarity and
magnitude of their turn-ON and turn-OFF gate signals’ delay
time, their junction temperature can be controlled by adjusting
the turn-ON and turn-OFF gate signals’ delay time. The balanced
junction temperature control of the main IGBT and the auxil-
iary SiC MOSFET inside the hybrid switch is proposed in order to
prevent one of them from overheating and keep the junction tem-
perature of both devices within the specified temperature range.
The equation of the balanced junction temperature control of
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the hybrid switch is expressed as
(1)

where T} mos and T gt are the junction temperature of the
auxiliary SiC MOSFET and the IGBT, respectively.
Substituting (10) into (11) yields

T;1aT = T M08

AT,
Ropje1aBT - PlossMOs

Boss 1¢BT

= Ap + (12)

Ploss,MOS

And the total power loss of the hybrid switch in the balanced
junction temperature control mode can be expressed as

AT,
Hoss;switch - (1 + )“R)HUSSJ\'[OS + (13)
RyjciaBT
where
AT, =T, mos — Teaesr (14)
Rose

Ap = —2de-MOS (15)

Ryj.aapT

The T, mos and T gt are the case temperature of the aux-
iliary SiC MOSFET and the IGBT, respectively. AT, is the case
temperature deviation between the auxiliary SiC MOSFET and the
IGBT. Ry;cmos and Ry;. gt are the junction to case thermal
resistance of the auxiliary SiC MOSFET and the IGBT, respec-
tively. Ag is the ratio of the auxiliary SiC MOSFET’s and the
IGBT’s junction to case thermal resistances. The ratio of the
auxiliary SiC MOSFET’s and the IGBT’s junction to case thermal
resistances is selected to be 2 due to the difference of their chip
areas and packaging techniques in the experiment.

Equations (12) and (13) mean that the balanced junction tem-
perature of both devices inside the hybrid switch can be achieved
when their power losses have an optimum ratio. The ratio is cor-
related with their case temperature deviation and the junction-
to-case thermal resistances.

Under an ideal cooling condition or in the case of a hybrid
switch power module with the SiC MOSFET die and the IGBT die
on the same DBC substrate, the case temperature of the IGBT
is assumed to be equal to that of the auxiliary SiC MOSFET.

Equation (11) is simplified as
PlossiGBT  Rpjenos

Possnmos  RgjeaanT

(16)

Equation (16) means that both the junction temperature and
the case temperature of two devices inside the hybrid switch
can be balanced if the ratio of the IGBT’s and the auxiliary SiC
MOSFET’s power losses is inversely proportional to the ratio of
their junction to case thermal resistances.

The case temperatures of the auxiliary SiC MOSFET, the main
IGBT, and the SiC Schottky diode are measured using an in-
frared imager of FLIR A655sc as shown in Fig. 14. Their junc-
tion temperatures are calculated using (10). The 1200-V/33-A
SiC Schottky diode (C4D20120D) is selected as the freewheel-
ing diode in this paper. Its maximum operating junction temper-
ature (175 °C) is higher than the maximum operating junction
temperature of the IGBT and the SiC MOSFET (150 °C), and
its thermal resistance is smaller. Although its measured case
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Fig. 14. Infrared images of the hybrid switch at 9 kW.
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Fig. 15. Dependency of hybrid device’s temperature and energy loss on its
gate signal’s turn-OFF delay time.

temperature is higher than those of the IGBT and the SiC MOS-
FET at 9 kW power rating, its estimated junction temperature is
132 °C, which is still below the its junction temperature limit
and slightly higher than the junction temperature of the IGBT
and the SiC MOSFET.

When the output power of the dc—dc boost converter is 9 kW,
the hybrid switch’s switching loss, measured case temperature,
and calculated junction temperature of the auxiliary SiC MOSFET
and the IGBT inside the hybrid switch at various gate signal’s
turn-OFF delay time and a zero turn-ON delay time are shown in
Fig. 15. When the gate signal’s turn-OFF delay time increases,
the case temperature and the junction temperature of the IGBT
decrease, while those of the auxiliary SiC MOSFET increase. It is
explained by the decreasing switch-off loss of the IGBT and the
increasing turn-OFF loss of the auxiliary SiC MOSFET with the
increasing gate signal’s turn-OFF delay time, as shown in Fig. 8.
The balanced junction temperature between the auxiliary SiC
MOSFET and the IGBT is achieved at the gate signal’s turn-OFF
delay time of 1.6 us, and the corresponding case temperature
deviation is approximately —8 °C. The ratio of the IGBT’s and
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Fig. 16. Dependency of hybrid device’s temperature and energy loss on its
gate signal’s turn-ON delay time.

the auxiliary SiC MOSFET’s power losses is approximately 1.66
at the gate signal’s turn-OFF delay time of 1.6 us. The measured
power loss and temperature are consistent with (12). And the
total energy loss of the hybrid switch at the balanced junction
temperature is 1.65% larger than its minimum total energy loss.
The hybrid switch’s junction temperature is 49 °C below the
junction temperature limit in the balanced junction tempera-
ture control mode, while it is only 31 °C below the junction
temperature limit in the efficiency control mode. Therefore, the
balanced junction temperature control mode is helpful to reduce
the failure rate of the hybrid switch or increase its lifetime. Also,
the balanced junction temperature control mode can make full
use of the hybrid switch’s power handling capability, which is
useful to greatly increase the converter’s power rating.

When the output power of the dc—dc boost converter is 9 kW,
the measured case temperature, the hybrid switch’s switching
loss, and the calculated junction temperature of the auxiliary
SiC MOSFET and the IGBT inside the hybrid switch at a gate
signal’s turn-OFF delay time of 2.2 s and various gate signal’s
turn-ON delay time is shown in Fig. 16. When the gate sig-
nal’s turn-ON delay time increases, the case temperature and the
junction temperature of the IGBT decrease, while those of the
auxiliary SiC MOSFET increase. It is explained by the decreasing
switch-on loss of the IGBT and increasing turn-ON loss of the
SiC MOSFET, as shown in Figs. 5 and 6. The balanced junction
temperature between the auxiliary SiC MOSFET and the IGBT is
achieved with a gate signal’s turn-ON delay time of —0.04 ps,
and the corresponding case temperature deviation is approxi-
mately —11 °C, and the ratio of the IGBT’s and the auxiliary
SiC MOSFET’s power losses is approximately 1.48 at the gate
signal’s turn-ON delay time of —0.04 ;s. The measured power
loss and temperature are consistent with (12). The total energy
loss of the hybrid switch with the optimal balanced junction
temperature control mode is 2.3% larger than its minimum total
energy loss with the optimal efficiency control mode. The hy-
brid switch’s junction temperature is 46 °C below the junction
temperature limit in the balanced junction temperature control
mode, while it is 31 °C below the junction temperature limit in
the efficiency control mode.
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C. Experimental Demonstration of Hybrid Switch

In order to demonstrate the superior performance of the hy-
brid switch to the single IGBT solution, the boost converters
based on the 40-A single IGBT solution and the hybrid switch
with two optimal control methods are tested and compared, re-
spectively. Fig. 17 shows the measured efficiency of the boost
converter based on the single IGBT solution and the hybrid
switch at a switching frequency of 20 kHz and various load
conditions. The efficiency of the boost converter based on the
hybrid switch is approximately 0.8% higher than that based on
the single IGBT solution at the same output power. The max-
imum output power of the boost converter based on the single
IGBT solution is approximately 4 kW when the IGBT’s junction
temperature reaches its temperature limit. The maximum output
power of the boost converter based on the hybrid switch with the
thermal balance control mode and the efficiency control mode
are approximately 10.5 and 9.5 kW, respectively. The maximum
output power of the hybrid switch based boost converter with
the thermal balance control model is 10% larger than that of the
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efficiency control mode although its efficiency with the thermal
balance control mode is approximately 0.05% smaller.

The maximum output power of the hybrid switch and the
40-A IGBT based dc—dc boost converter at various switching
frequencies is shown in Fig. 18. When the switching frequency
of the boost converter is 20 kHz, the maximum output power of
the hybrid switch based dc—dc boost converter with the thermal
balance control mode is 163% higher than that of the single
IGBT solution with hard switching condition. When the output
power of the boost converter is kept to be 4 kW, the switching
frequency of the hybrid switch based dc—dc boost converter with
the thermal balance control mode is four times higher than that
of a single IGBT solution with hard switching condition.

IV. CONCLUSION

In order to achieve low power loss, large power handling
capability, and reliable operation of the hybrid switch in power
conversion applications, the theoretical analysis and experimen-
tal study of its loss and operation temperature at various gate
control patterns in the double pulse test circuit and the dc—dc
boost converter have been carried out. The theoretical princi-
pal and experimental comparison of the conventional efficiency
control mode and the novel thermal balance control mode of the
hybrid switch in the dc—dc boost converter is extensively inves-
tigated and analyzed. The target of the conventional efficiency
control mode is to achieve the minimum total power losses of
the hybrid switch and the maximum efficiency of the converter.
However, the auxiliary SiC MOSFET has much higher junction
temperature than the main IGBT in the steady state of the dc—
dc boost converter with the efficiency control mode. It results
in severe concern of the SiC MOSFET’s degradation or thermal
runaway, and induces the reduction of the converter’s maximum
output power.

In this paper, we propose a new method of gate control op-
timization, referred to as the thermal balance control mode, to
keep the junction temperature of both devices within the speci-
fied temperature range, and to minimize the total power loss si-
multaneously. Theoretical analysis and experimental study show
that the optimum ratio of the power losses between the auxil-
iary SiC MOSFET and the main IGBT is needed to achieve the
thermal balanced control mode, which is correlated with their
thermal resistance. Compared to the efficiency control mode,
the implementation of the thermal balance control mode in the
hybrid switch can achieve much low operation temperature of
switching devices and much larger output power of the dc—dc
converter with almost the same conversion efficiency. Using the
optimum thermal balanced control method, the Si/SiC hybrid
switch shows significant improvement in the maximum power
handling capability and maximum frequency capability com-
pared to the single IGBT solutions.
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