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Abstract—The application of silicon carbide (SiC) devices as
battery interface, motor controller, etc., in a hybrid electric vehicle
(HEV) will be beneficial due to their high-temperature capability,
high-power density, and high efficiency. Moreover, the light weight
and small volume will affect the whole powertrain system in a
HEV and, thus, the performance and cost. In this paper, the
performance of HEVs is analyzed using the vehicle simulation
software Powertrain System Analysis Toolkit (PSAT). Power loss
models of a SiC inverter based on the test results of latest SiC
devices are incorporated into PSAT powertrain models in order to
study the impact of SiC devices on HEVs from a system standpoint
and give a direct correlation between the inverter efficiency and
weight and the vehicle’s fuel economy. Two types of HEVs are
considered. One is the 2004 Toyota Prius HEV, and the other
is a plug-in HEV (PHEV), whose powertrain architecture is the
same as that of the 2004 Toyota Prius HEV. The vehicle-level
benefits from the introduction of SiC devices are demonstrated
by simulations. Not only the power loss in the motor controller
but also those in other components in the vehicle powertrain
are reduced. As a result, the system efficiency is improved, and
vehicles that incorporate SiC power electronics are predicted to
consume less energy and have lower emissions and improved sys-
tem compactness with a simplified thermal management system.
For the PHEV, the benefits are even more distinct; in particular,
the size of the battery bank can be reduced for optimum design.

Index Terms—Efficiency, hybrid electric vehicle (HEV), in-
verter, plug-in HEV (PHEV), Powertrain System Analysis Toolkit
(PSAT), silicon carbide (SiC).

I. INTRODUCTION

A S THE issues of natural resource depletion and en-
vironmental impacts have gained greater visibility, the

hybrid electric vehicle (HEV) market has rapidly expanded
[1]–[5]. The application of SiC devices (as battery interface,
motor controller, etc.) in a HEV has merit because of their
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Fig. 1. Powertrain architecture of 2004 Toyota Prius HEV.

high-temperature capability, high-power density, and high ef-
ficiency, which has been indicated by some previous works
[6]–[8]. However, aside from these inverter-level benefits, the
applications of SiC inverters/converters also affect the per-
formance of other components in the powertrain system, and
thus their design and cost, due to the inverters/converters’
high efficiency, light weight, and small volume. This has not
been addressed clearly yet. Therefore, this paper provides a
quantitative vehicle-level impact of SiC devices for HEVs in
addition to inverter-level illustration by using complete system
modeling, which is unlike some system models developed in
other works that are solely for inverter simulation [9], [10].
Such complete system modeling is built and implemented in
Powertrain System Analysis Toolkit (PSAT).

PSAT is vehicle simulation software based on MATLAB
Simulink developed by Argonne National Laboratory, which
can evaluate how different powertrain and vehicle design ar-
chitectures affect HEVs [11]. In this paper, power loss models
of a SiC inverter are incorporated into PSAT models in order to
study the impact of SiC devices on HEVs. Two types of HEVs
are considered. One is the 2004 Toyota Prius HEV, which has
a split powertrain architecture shown in Fig. 1. The other is a
plug-in HEV (PHEV), whose powertrain architecture is similar
to that of the 2004 Toyota Prius HEV but has a pure electrical
operation range. SiC devices are applied to the primary motor
marked in Fig. 1 as a three-phase dc/ac inverter to take the
place of the conventional silicon (Si) inverter. The development
of device models, power loss models, thermal models, system
models, and simulations on such systems will be discussed in
detail in this paper. Both inverter- and vehicle-level benefits
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from the introduction of the SiC devices will be demonstrated.
Compared to our previous work [12], discussions in this paper
are based on the measured qualities of SiC devices instead of
predicted characteristics using device physics models.

II. SiC DEVICE CHARACTERIZATION AND MODELING

Since the manufacturers provide datasheets for commercially
available SiC Schottky diodes, this section focuses on SiC
JFETs. The latest SiC JFETs have been obtained from SiCED
and tested for both static and dynamic characteristics. Based on
these experimental results, numerical models are developed for
use in the simulations. The detailed information will be given
in the following paragraphs.

A. Static Tests

A curve tracer Tektronix 371B was used to obtain the forward
and transfer characteristics. The SiC JFETs were put into an
environmental chamber to raise the ambient temperature up to
175 ◦C in 25 ◦C increments. The static characteristics of the SiC
JFETs are shown in Fig. 2. As shown in the figure, the ON-state
resistance of the SiC JFETs increases with temperature from
25 ◦C to 175 ◦C, and the transfer characteristics of the devices
are nearly constant in this temperature range.

Since the manufacturer did not specify the current rating
for these devices, the characteristics of the SiC JFETs are
compared to some similar SiC devices with the specified current
rating. One of these devices is a SiC JFET (1200 V/5 A) from
SemiSouth, and the other is a SiC MOSFET (1200 V/10 A)
from CREE. The ON-state resistances and switching losses are
plotted in Fig. 3. As shown in Fig. 3, the characteristics of
the SiC JFETs are very close to those of the 5-A JFETs from
SemiSouth. If two of the SiC JFETs are used in parallel, the
characteristics of such a group of SiC JFETs will be close to
those of the 10-A SiC MOSFETs from CREE. Thus, it is safe
to use these SiC JFETs from SiCED as 5-A devices. Further-
more, the chip size of these SiC JFETs is about 0.1467 cm2.
Correspondingly, the specific heat dissipation values of these
devices are about 57.4 W/cm2 for the switching frequency of
20 kHz at 100 ◦C and 72.4 W/cm2 at 175 ◦C.

In addition, as shown in Fig. 2, the I–V characteristic of
the SiC JFETs is nonlinear. When the current exceeds 5 A, the
nonlinearity becomes obvious and is more dramatic for higher
temperatures. It indicates that the ON-state resistance increases
with increasing current when the current is larger than 5 A,
and at higher temperatures, the more quickly it increases. More
specifically, at 175 ◦C, the ON-state resistance increases by 30%
(324 mΩ at 5 A to 420 mΩ at 12 A) when the current changes
from 5 to 12 A. Considering the high-temperature condition
in HEVs and the comparison to other similar SiC devices,
it is reasonable to use the devices as 5-A devices in these
applications. The simulations shown in this paper are based
on this assumption. Thus, the quantitative results obtained here
demonstrate an efficiency-optimized use of these SiC JFETs as
a replacement for Si devices. For practical applications with
specific requirements on efficiency, temperature, space, and
cost, a set of simulations can be done with different numbers

Fig. 2. Static characteristics of the SiC JFET (SiCED). (a) Forward character-
istics. (b) Transfer characteristics.

of devices using the method presented in this paper in order
to determine the optimized number of devices in parallel and
corresponding quantitative results.

With the assumption of 5-A rating, the ON-state resistance
of the SiC JFETs is constant with respect to current and is
a function of device junction temperature. By letting it be a
quadratic function, the ON-state resistance can be represented as

RJ,on = 0.0021T 2 + 0.5981T + 141.57 (mΩ) (1)

where the coefficients are obtained by performing curve fitting
on test results shown in Fig. 2(a). Similar equations can be
established for the ON-state resistance of SiC Schottky diodes
based on the manufacturer’s data or test results [13].

B. Switching Tests

The test circuit shown in Fig. 4 is used for the switching
tests. It has a pure inductive load. The switch is controlled by
a double-pulse signal, and the current in it can be changed by
varying the duty ratio of the first pulse.

The SiC JFETs from SiCED are normally on devices, which
require a negative voltage to turn off. Commercial gate driver
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Fig. 3. Characteristics of sample SiC switches. (a) ON-state resistances.
(b) Switching losses in energy.

Fig. 4. Switching circuit for double-pulse switch testing.

IC HCNW3120 was used to generate such a signal with a
positive voltage of 0 V and a negative voltage of −18 V. The
gate signal waveforms when using a gate resistance of 10 Ω
are shown in Fig. 5(a). To observe the temperature effect on
the switching behavior, the devices are put into a chamber to
raise the junction temperature up to 175 ◦C. The switching
waveforms of the devices at the test condition of 200 V, 5 A,
and 175 ◦C are also shown in Fig. 5(b). The switching energy
losses at different temperatures and current levels are calculated
and plotted in Fig. 6. It indicates that the switching losses
increase with increasing current and are nearly constant with
increasing temperature. Thus, the switching energy loss can
be a polynomial function of current since its change with
temperature is negligible, which can be calculated as

EJ,sw(i) = 0.9932i3 − 3.6578i2 + 22.755i (mJ). (2)

Similar to (1), the coefficients in (2) are also obtained by
performing curve fitting on test results shown in Fig. 6(b).

Fig. 5. Switching test waveforms of the SiC JFET (SiCED). (a) Gate signal
waveforms. (b) Switching waveforms at 175 ◦C.

In addition to the dependence of switching losses on current
as shown in (2), the switching losses in SiC JFETs are also
affected by the applied voltage. This effect can be accounted
for by introducing a factor corresponding to the ratio between
the applied voltage and the test voltage at which the switching
losses are measured [14]; for this case, the test voltage is 200 V.
This ratio is reflected in (4) in Section III.

Similarly, the change of switching losses with voltage in SiC
Schottky diodes is also accounted for by introducing such a
factor (see (6) in Section III). Moreover, this change is the
only one which needed to be considered for a SiC Schottky
diode operating under different conditions because its switching
losses (mainly reverse recovery loss) are more dependent on
voltage than current and do not vary with temperature [15].

III. MODELING AND VALIDATION

PSAT provides a programming environment based on
MATLAB for HEVs, but it does not include a separate inverter
model. In order to simulate using different inverter designs,
the built-in motor/inverter model is revised, and a new inverter
model which has the capability to calculate its power loss
and efficiency is created using MATLAB Simulink. Fig. 7(a)
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Fig. 6. Switching loss of the SiC JFET at different conditions. (a) Energy loss
versus temperature at different current levels. (b) Energy loss versus current at
different temperatures.

Fig. 7. (a) Comparison of PSAT model and the new model. (b) Topology of a
standard three-phase full-bridge converter.

compares the new model to the PSAT model. The layout of the
inverter is shown in Fig. 7(b), which is composed of six SiC
JFETs and six SiC Schottky diodes.

The devices listed in Table I represent the SiC semiconductor
technology whose characteristics and related models have been
presented in Section II. By paralleling these devices, an inverter
at a power rating required by the vehicle systems is formed

TABLE I
DEVICES USED IN THE CONVERTERS

and used in the simulations. However, the practical use of
SiC devices in such systems can only be enabled by more
advanced technologies which can provide devices with a large
enough power rating due to the difficulty of paralleling devices
and resultant complexity. Presently, many research efforts have
been made to improve the single-device rating [16], [17] and
develop high-power modules [18]–[23]. The single SiC diode
and double-diffused MOSFET voltage rating is up to 10 kV
with a die area exceeding 1.5 and 0.64 cm2, respectively [16].

The largest SiC power modules reported in the literature are
10 kV/100 A [20] and 1.2 kV/880 A [17]. It is promising that
SiC inverters with a comparable rating to present Si IGBT-
based inverters can be realized in the near future. Thus, based
on the current device quality, this paper tries to provide a
prediction of what will be achievable when using SiC devices in
the near future under the following two assumptions: (1) Future
SiC devices will have the same performance with today’s SiC
devices, and (2) module packaging technology does not intro-
duce parasitics or issues other than those found in single-device
packaging. The first assumption is a conservative one, while the
latter one is overly optimistic. Thus, the actual performance will
vary some from the predicted performance in future SiC invert-
ers and depends on the continued future device development
and packaging technologies for large current-rated modules.

Based on the single-device models discussed in the previous
section, an averaging technique [24], [25] is applied to calculate
the effective power losses of devices based on a fundamental
motor voltage period in an inverter controlled by a sinusoidal
pulse width modulation technique. The specific equations for
SiC inverters, whose symbols are given in the Appendix, are
presented in the following:

PJ,cond = I2RJ,on

(
1
8
± 1

3π
M cos φ

)
(3)

PJ,sw = fs ·
(

V

V0

) 3
2

· (0.2108I3 − 0.9144I2 + 7.2431I)

× 10−6 (4)
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where the lower sign of the double sign is applied for motor
regeneration. Then, the power loss of an inverter is the sum of
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Fig. 8. Thermal equivalent circuit of an inverter.

Fig. 9. SiC JFET inverter prototype.

the conduction loss (3) and switching loss (4) of the JFETs and
the conduction loss (5) and switching loss (6) of the diodes.
Since there are six of the JFETs and diodes in an inverter and
they are assumed to be identical, the total power loss of an
inverter is

PInv,SiC = 6 × (PJ,cond + PJ,sw + PD,cond + PD,sw). (7)

To count the self-heating of devices in the inverter, the
thermal equivalent circuit shown in Fig. 8 is incorporated into
the inverter model. Power losses at current temperature are fed
to this model to calculate new device junction temperatures for
the next computation iteration in order to update power losses
based on the new temperature. In this way, the self-heating
of the devices is accounted for dynamically. As shown in the
figure, the power sources of the circuit are the power losses (Pj

and Pd) from switches and diodes (assumed to be on the same
heat sink), and the interfaces between the junctions of these
devices, heat sink, and thermal grease are modeled as a series
of RC pairs [14], [26], [27]. This circuit can be solved using
transfer functions in the frequency domain. Parameters used in
this model are directly found or extracted from manufacturer
data [28].

As a validation of the inverter models presented in this paper,
the same model is used to estimate the efficiency of a SiC JFET
inverter prototype shown in Fig. 9, which is composed of three
phase-leg modules (three SiC JFETs in parallel and one antipar-
alleled diode) [29]. The efficiency of this inverter obtained from

Fig. 10. Efficiency of the SiC JFET inverter.

Fig. 11. Percentage of power losses in the SiC inverter at the junction
temperature of 100 ◦C and the switching frequency of 10 kHz.

simulations is compared to that from experiments in Fig. 10
for the following operating condition: an output fundamental
frequency of 60 Hz, a modulation index of 0.85, an RL load
of 10 Ω and 1.2 mH, and a variable dc side voltage from 75
to 500 V. The maximum error is about 1%. Thus, the model
used in this paper should fairly well represent losses for the
HEV simulations. Furthermore, the conduction losses are more
dominant for both diodes and JFETs compared to switching
losses; in particular, the switching losses of diodes are almost
negligible.

All increases in current, voltage, and switching frequency
will contribute to the increasing switching losses in the JFETs
(see Figs. 11 and 12). The behaviors of SiC devices in the
simulated motor controller are similar to this.

With the inverter models presented here, the system program
for the HEVs can be generated by PSAT, which is shown
in Fig. 13. It is composed of a driver, a vehicle controller,
a component controller, and powertrain models. Simulations
of the HEV and PHEV will be conducted and discussed in
Sections IV and V, respectively.
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Fig. 12. Percentage of power losses in the SiC inverter at the junction
temperature of 100 ◦C and the switching frequency of 20 kHz.

Fig. 13. Simulink model for the HEVs.

IV. HEV

Simulations are run for both a HEV with a SiC inverter and
one with a Si inverter for the U.S. Environmental Protection
Agency Urban Dynamometer Driving Schedule (UDDS) cycle,
which represents city driving conditions of light duty vehicles
(see Fig. 14). Assume that the two inverters have the same heat
sink size and cooling conditions (ambient temperature is 50 ◦C),
and the switching frequency is 20 kHz. State-of-charge (SOC)
correction is performed in order to make the final SOC equal

Fig. 14. UDDS cycle.

TABLE II
SUMMARY OF IMPACT OF THE SiC INVERTER

ON A HEV (2004 TOYOTA PRIUS)

to the initial SOC. This means that the net energy consumed by
the vehicles is fuel energy.

As for the inverter itself, the benefits of the SiC devices are
shown in Fig. 15. Due to the lower power losses of the SiC
devices, the junction temperatures of the SiC devices are much
lower than those of the Si ones [see Fig. 15(a) and (b)]. As
a result, the power loss of the SiC inverter is reduced [see
Fig. 15(c)], and its efficiency is much improved. The quantified
comparisons of SiC and Si inverters are given in Table II.

Furthermore, the benefits of the SiC-based inverter are also
seen at the system level. For example, the system efficiency
in converting fuel to wheel power is improved from 32.9% to
37.7% (an increase of 14.6%, corresponding to 2.3 MJ for the
UDDS drive cycle) due to the energy saving in other powertrain
components (such as engine, generator, mechanical accessories,
etc.) and the better capability of recuperating braking energy.
As a result, the fuel economy is improved from 3.94 to 3.36 L/
100 km (fuel consumption decreased by 14.7%). More quanti-
tative results are summarized in Table II.

For the Si-based system, the fuel economy is very close to
the manufacturer’s data (3.92 L/100 km) even though different
Si devices and cooling methods were used in the simulations.
For the SiC-based system, the results were based on test results
of existing SiC devices but not on a tested complete inverter.
While the results may be slightly overestimated, the results are
expected to be achieved as improvements are made in these
prototype devices.
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Fig. 15. Comparison of the SiC and Si inverters in the HEV.

In addition, as shown in Fig. 15(a) and (b), the junction
temperatures of the SiC devices are low. Taking into account
the high-temperature capability of the SiC devices, the cooling
system of the SiC inverter can be downgraded. By simulation,
if the size of the heat sink is reduced to half, the efficiency of
the inverter will have no substantial change, so the efficiency of
the HEV will also not change even with the smaller heat sink.

Fig. 16. Comparison of the SiC and Si inverters in the PHEV during AER.

V. PHEV

A PHEV is designed with all-electric operation capability
for several kilometers and functions as a pure electric vehicle
during the all-electric range (AER) in urban driving. It has
similar components and powertrain architecture with a HEV
but has the ability to recharge a larger energy storage system
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TABLE III
SUMMARY OF IMPACT OF THE SiC INVERTER ON THE PLUG-IN HEV

DURING AER (WITH THE SAME COOLING CONDITION)

(such as a battery bank) from off-board electrical power. Thus,
PHEVs are more effective in decreasing fuel consumption and
reducing air pollution compared to HEVs [30].

The PHEV studied here is designed with a 48-km AER,
which is approximately four UDDS cycles. It has the same
powertrain architecture and components as the 2004 Toyota
Prius HEV, except that the capacity of the battery system is
larger. By simulation, the optimized sizes of the battery bank
for a plug-in vehicle with the SiC inverter and that with the
Si inverter are 5.5 and 7.8 kAh, respectively, compared to
1.1 kAh of the 2004 Toyota Prius HEVs (assume that the initial
SOC is 90% and the final SOC is 30%). Thus, for this design,
using a SiC-based inverter can reduce the size of the battery
bank by 29.5%. Assuming the same heat sink design for both
inverters (the size is about twice that of the HEV inverter),
simulations are run for both systems for four UDDS cycles. The
performance of the two inverters is shown in Fig. 16. Again,
due to the lower power losses of the SiC devices, the junction
temperatures of the SiC devices are much lower than those of
the Si ones [see Fig. 16(a) and (b)]. As a result, the power loss
of the SiC inverter is reduced [see Fig. 16(c)], and its efficiency
is much improved. The quantified comparison for the SiC and
Si inverters is given in Table III.

Furthermore, like the HEV, the benefits of the SiC-based
inverter are also seen at the system level. For example, the
system efficiency is improved from 64.9% to 78.7% (in-
creased by 21.3%, corresponding to 5.5 MJ for the four
driving cycles), and the average electricity consumption dur-
ing the drive cycle is reduced from 425.1 to 308.1 J/m (de-
creased by 27.5%). Other quantitative results are summarized in
Table III.

Since the junction temperatures of the SiC devices are low,
more study is done by reducing the size of the heat sink of
the SiC inverter. The junction temperature response is shown
in Fig. 17. It is found that the efficiency of the SiC inverter
and the system efficiency change very slightly with the smaller
heat sink (about 1/6 of the size of the original heat sink). With
high-temperature packages, the SiC devices can be used for
even higher temperature (at least 200 ◦C), and further reduced
heat sink can be used [31]. Thus, it is feasible to use a small
heat sink for the SiC inverter and gain benefits in size and
weight.

As a summary, for the PHEVs with optimized design, the
application of the SiC inverters can have a small heat sink and
battery bank but high system efficiency.

Fig. 17. Junction temperatures of the SiC devices with a smaller heat sink.

To compare with HEVs, the equivalent fuel economy of a
PHEV is estimated as follows.

1) Convert electricity economy in AER to equivalent fuel
economy. If the energy content of fuel is 32 MJ/L (typical
value for 87-octane gasoline), the equivalent fuel econ-
omy can be calculated as follows:

PHEV with the SiC inverter

308.1 J/m
32 MJ/L

= 0.96 L/100 km (8)

PHEV with the Si inverter

425.1 J/m
32 MJ/L

= 1.32 L/100 km. (9)

2) By report [32], for a PHEV with a 48-km AER, the frac-
tion of kilometers potentially displaced by electricity is
about 43%. Then, the equivalent fuel economy of a PHEV
is the combination of the equivalent fuel economy in
AER and the fuel economy in HEV mode since a PHEV
works as a HEV outside the AER. The equivalent fuel
economies of the two PHEVs are calculated as follows:

PHEV with the SiC inverter

0.96 × 43% + 3.29 × 57% = 2.44 L/100 km (10)
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TABLE IV
SYMBOLS

PHEV with the Si inverter

1.32 × 43% + 4.24 × 57% = 2.98 L/100 km. (11)

In (10) and (11), the second components are the fuel econ-
omy of the PHEVs when operating in HEV mode, which are
obtained in the same way with the fuel economy of the HEV in
Section IV.

Furthermore, the application of the SiC inverter in the PHEV
improves the fuel economy by 18.1%, which is larger than that
for the conventional HEV (14.7%). It indicates that using a SiC
inverter in a PHEV has more impact than in a HEV.

VI. CONCLUSION

The application of the SiC devices in the two HEVs reduces
not only the power losses in the motor drive but also those
in other components in the vehicle powertrain. As a result,
the system efficiency is improved, and the vehicles consume
less energy and emit less harmful emissions. It also makes it
possible to improve the system compactness with a simplified
thermal management system. For the PHEV, the benefits are
more distinct. In particular, the size of the battery bank can be
reduced for optimum design.

APPENDIX

Table IV shows the symbols of the specific equations for SiC
inverters.
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