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Abstract — The application of SiC devices (as battery 
interface, motor controller, etc.) in a hybrid electric vehicle (HEV) 
will benefit from their high-temperature capability , high-power 
density, and high efficiency. Moreover, the light weight and small 
volume will affect the whole power train system in a HEV, and 
thus performance and cost. In this work, the performance of 
HEVs is analyzed using PSAT (Powertrain System Analysis Tool, 
vehicle simulation software). Power loss models of a SiC inverter 
are incorporated into PSAT powertrain 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, 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 the 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 the 
vehicles consume less energy and emit less harmful gases. It also 
makes it possible to improve the system compactness with 
simplified thermal management system. For the PHEV, the 
benefits are more distinct. Especially, the size of battery bank can 
be reduced for optimum design. 

Keywords — Silicon carbide (SiC), inverter, hybrid electric 
vehicle (HEV), Plug-in HEV (PHEV), PSAT. 

I. INTRODUCTION 

As the issues of natural resource depletion and 
environmental impacts have gained greater visibility, the 
hybrid electric vehicle (HEV) market has rapidly expanded. 
The application of SiC devices (as battery interface, motor 
controller, etc.) in an HEV has merit because of their high-
temperature capability, high-power density, and high 
efficiency. Moreover, the light weight and small volume will 
affect the whole power train system in a HEV, and thus 
performance and cost.  

In this work, the performance of two HEVs is analyzed 
using PSAT (Powertrain System Analysis Tool, vehicle 
simulation software). 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. The SiC devices are applied to the primary motor 
marked in Fig. 1 as a 3-phase DC/AC inverter to take the place 
of the conventional Si inverter.  The vehicle-level benefits from 
the introduction of the SiC devices are demonstrated by 
simulations.  

II. MODELING 

PSAT provides a programming environment based on 
MATLAB. In order to simulate using different inverter designs, 
the built-in motor 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. 2 (a) 
compares the new model to the PSAT model. The layout of 
DC/AC inverter is shown in Fig. 2 (b), which is composed of 
six SiC JFETs and six SiC Schottky diodes. The devices used 
in the simulations are listed in Table I, and their characteristics 
are presented in Table II. Then, the inverter model is based on 
the following equations [1][2]:  
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Fig. 1.  Powertrain architecture of 2004 Toyota Prius HEV. 



11

2 2 2 2
1 1

,

12

2 2 2 2
2 2

2 tan

2
2 tan

s
J sw

G I

G I G IHf
P

G I

G I G I

π

π
π

−

−

   
   +
   − −    =  

   
  + − + 

   − −   

                           

21

3
1









=

B
c V

V
VAEH ε  

1 ( )m GH thG g V V= −  
2 ( )m th GLG g V V= −            (3) 

   
( ) ( )

2

2
01 4 1

rr rr
J D s

VIt tV V dI
P f

S V dt Sπ←

  =  +  +   + 

                              (4) 

2
,

1 1 1 cos
cos

8 3 2 8D cond D D
M

P I R M I V
φφ

π π
   = ⋅ − + ⋅ ⋅ −   
   

        (5) 

1.5 2

, , 0
0 04 1

rr
D sw D sw s

StV V V dI
P P f

V S V dt S

    = =    +   

                   (6) 

The power loss of an inverter is the sum of the conduction loss 
(2) and switching loss (3) and (4) of the JEFTs and the 
conduction loss (5) and switching loss (6) of the diodes. For 
symbols’ definitions, refer to Appendix I.  

The system programs for the HEVs can be generated by 
PSAT, which is shown in Fig. 3. In the following two sections, 
simulations of the HEV and PHEV will be discussed 
respectively. 

TABLE I.  DEVICES USED IN THE CONVERTERS 

Item 
Voltage 
rating  

Current 
rating  Part number 

SiC JFETs 1200 14A ×21 SiCED 
SiC Schottky diodes  1200 10A×30 Cree, CSD10120 

Si IGBT Module 1200 300A Powerex, CM300DY-24NF 
Note: ×21 and ×30 represent the number of devices. 
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                                                  (a) Vehicle model                                                                                     (b) Powertrain model 

Fig. 3. Simulink model for the HEVs. 
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Fig. 2. (a) Comparison of PSAT model and the new model. 
  (b) Topology of a standard 3-phase converter. 



III.  2004 TOYOTA HYBRID ELECTRIC VEHICLE 

 Simulations are run for both a HEV with a SiC inverter 
and one with a Si inverter for a UDDS (US EPA-Urban 
Dynamometer Driving Schedule, which represents city driving 
conditions of light duty vehicles, see Fig. 4) cycle. Assume the 
two inverters have the same size heatsink and cooling 
conditions, and the switching frequency is 20 kHz. The initial 
SOC is equal to final SOC. As for inverter itself, the benefits of 
the SiC devices are shown in Fig. 5. Due to the lower power 
losses of the SiC devices, the junction temperatures of the SiC 
devices are much lower than those of Si ones (see Fig. 5 (a) and 
(b)). As a result, the power loss of the SiC inverter is reduced, 
and its efficiency is much improved (see Fig. 5(c) and (d)). The 
quantified comparisons of SiC and Si inverters are given in 
Table III. 

 Furthermore, the benefits of the SiC-based inverter are 
also seen at the system level. For example, the system 
efficiency is improved from 31.3 % to 37.2 % (increased by 
18.8 %, corresponding to 3020 kJ) due to the energy saving in 
other powertrain components (such as engine, generator, 
mechanical accessories, and etc.) and the better capability of 
recuperating braking energy. As a result, the fuel economy is 
improved from 4.15 to 3.39 liter/100km (decreased by 18.3%). 
More quantitative results are summarized in Table III.  

For the Si-based system, the fuel economy is very close to 
the manufacturer’s data (3.92 liter/100km) even though 
different Si devices and cooling method were used in the 
simulations. For the SiC-based system, the results were based 
on the predicted characteristics of future devices. They were 
overestimated for today’s prototype SiC devices, but are 
expected to be achieved in 10 years as improvements are made. 

In addition, as shown in Fig. 5 (a) and (b), the junction 

TABLE II.   DEVICE CHARACTERISTICS (AT ROOM TEMPERATURE) 

Characteristics Si  SiC  
IGBT/JFET on-state resistance 6.6 mΩ 7.4 mΩ (0.156Ω/21) 
IGBT/JFET voltage drop when I=0 0.83 V 0.0 V 
IGBT/JFET transconductance 61.2 S 14.7 S (0.7 S×21) 
Diode on-state resistance 8.6 mΩ 2.1 mΩ (63.8mΩ/30) 
Diode reverse recovery charge 13µC 0.84µC (28nC×30) 

TABLE III.   SUMMARY OF IMPACT OF THE SIC INVERTER ON THE HEV  
(2004 TOYOTA PRIUS) 

Description Si SiC Improve% 

D
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  JFETs/IGBTs average junction temperature (˚C) 59 30 49.2 
  Diodes average junction temperature (˚C) 57 30 47.4 
  Average inverter power loss (W) 829 85 89.7 
  Average inverter efficiency (%) 71.4 89.6 25.5 

S
ys

te
m

 le
ve

l 

  Fuel economy (liter/100km) 4.15 3.39 18.3 
  CO2 emissions (g/m) 0.10 0.08 20.0 
  Energy loss in generator (kJ) 325 276 15.1 
  Energy loss in motor (include inverter)(kJ) 2000 975 51.3 
  Energy loss in mechanical accessory (kJ)  153 131 14.4 
  Energy loss in engine (kJ) 2916 2391 18.0 
  Total fuel energy use (kJ) 16000 13100 18.1 
  Percentage braking energy recuperated (kJ) 61 80 31.1 
  System efficiency (%) 31.3 37.2 18.8 
  Mass of fuel needed to travel 515 km (kg) 16 13 18.8 
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Fig. 4. UDDS cycle. 

0 200 400 600 800 1000 1200 1400
20

30

40

50

60

70

80

90

100

110
SiC JFETs/Si IGBTs Junction Temperature

Time  [s]

T
em

pe
ra

tu
re

  [
C

]

SiC

Si

(a) 
 

0 200 400 600 800 1000 1200 1400
20

30

40

50

60

70

80

90
Diodes Junction Temperature

Time  [s]

T
em

pe
ra

tu
re

  [
C

]
Si

SiC

(b)  
 

0 200 400 600 800 1000 1200 1400
-1000

0

1000

2000

3000

4000

5000

6000
Inverter Power Loss

Time  [s]

P
ow

er
 lo

ss
  [

W
]

SiC

Si

(c) 
 

0 200 400 600 800 1000 1200 1400
0

10

20

30

40

50

60

70

80

90

100
Inverter Efficiency

Time  [s]

E
ffi

ce
nc

y 
 [%

]

SiSiC

(d) 
 

Fig. 5. Comparison of the SiC and Si inverters in the HEV. 



temperatures of the SiC devices are low. Taking the high 
temperature capability of the SiC devices into account, the 
cooling system of the SiC inverter can be downgraded. By 
simulation, if the size of heatsink is reduced to half, the 
efficiency of the inverter will have no substantial change and so 
the efficiency of the HEV will also not change even with the 
smaller heatsink. 

IV.  PLUG-IN HYBRID ELECTRIC VEHICLE 

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 an HEV, 
but has the ability to recharge a larger energy storage system 
(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 [3]. 

The PHEV studied here is designed with 48 km AER, 
which is approximately 4 UDDS cycles. It has the same 
powertrain architecture and components as the 2004 Toyota 
Prius HEVs, except the capacity of the battery system is larger. 
By the simulations, the optimized size of the battery bank for a 
plug-in vehicle with the SiC inverter and that with the Si 
inverter are 5.1 kAh and 7.8 kAh, respectively, compared to 1.1 
kAh of the 2004 Toyota Prius HEVs (assume initial SOC 90% 
and final SOC 30%). Thus, for this design, using a SiC-based 
inverter can reduce the size of the battery bank by 34.6%. 
Assuming the same heatsink design for both inverters, 
simulations were run for both systems for 4 UDDS cycles. The 
performance of the two inverters is presented in Fig. 6. 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. 6 (a) and (b)). As a result, the power loss 
of the SiC inverter is reduced, and its efficiency is much 
improved (see Fig. 6 (c) and (d)). The quantified comparison 
for the SiC and Si inverters are given in Table IV. 

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 62.6 % to 79.6 % 
(increased by 27.2 %, corresponding to 7100 kJ), and the 
average electricity consumption during the drive cycle is 
reduced from 447.8 to 301.7 J/m (decreased by 32.6%). Other 
quantitative results are summarized in Table IV. 

Since the junction temperatures of the SiC devices are low, 

more study is done by reducing the size of the heatsink of the 
SiC inverter. The junction temperature response is shown in 
Fig. 7. It is found that the efficiency of the SiC inverter is 
lowered by only 0.5 %, and at system level, the system 
efficiency is lowered by 0.3 % with the smaller heatsink. Thus, 
it is feasible to use a small heatsink for the SiC inverter.  

As a summary, for the PHEVs with optimized design, the 
application of the SiC inverters can have a small heatsink and 

TABLE IV.   SUMMARY OF IMPACT OF THE SIC INVERTER ON THE PLUG-IN 
HEV DURING AER (WITH THE SAME COOLING CONDITION) 

Description Si SiC Improve% 

D
ev

ic
e 

le
ve

l 

JFETs/IGBTs average junction temperature (˚C) 49 36 26.5 
Diodes average junction temperature (˚C) 45 37 17.8 
Average inverter power loss (W) 1187 141 88.1 
Average inverter efficiency (%) 69.7 87.6 25.7 

S
ys

te
m

 le
ve

l Electricity consumption (J/m) 447.8 301.7 32.6 
Energy loss in motor (include inverter)(kJ) 9040 2150 76.2 
Total energy use (kJ) 21900 15000 31.5 
Percentage braking energy recuperated (kJ) 53 78 47.2 
System efficiency (%) 62.6 79.6 27.2 
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Fig. 6. Comparison of the SiC and Si inverters in the PHEV during AER. 



battery bank, but high system efficiency.  

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 (Fuel efficiency of the HEV is 32207 kJ/liter) 

PHEV with the SiC inverter: 

  301.7 J / m
0.94 liter /100km

32207 kJ / liter
=                         (7) 

PHEV with the Si inverter: 

  447.8 J / m
1.39 liter /100km

32207 kJ / liter
=                        (8) 

(2) By report [4], for a PHEV with 48 km AER, the 
fraction of kilometers potentially displaced by electricity is 
about 43%. Then, the equivalent fuel economy of the PHEV is 
as follows:  

PHEV with the SiC inverter: 
     0.94 43% 3.39 57% 2.34 liter /100km× + × =                     (9)  

PHEV with the Si inverter: 
    1.39 43% 4.15 57% 2.96 liter /100km× + × =                 (10) 

Therefore, the application of the SiC inverter in the PHEV 
improves the fuel economy by 20.9%, which is larger than that 
for the conventional HEV (18.3%). It indicates that using a SiC 
inverter in a PHEV has more impact than in a HEV. 

V.  CONCLUSIONS 

Application of the SiC devices on the two HEVs reduces 
not only the power loss 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 simplified 
thermal management system. For the PHEV, the benefits are 
more distinct. Especially, the size of battery bank can be 
reduced for optimum design. 
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APPENDIX I.   SYMBOLS 

DV     Diode voltage when current is 0 

DR    On resistance of diode 

JR     On resistance of JFET 

sf      Switching frequency 

rrt      Reverse recovery time of diode 

,Inv SiCP Power loss of SiC inverter 

,J condP Conduction loss of JFET 

,J swP   Switching  loss of JFET 

,D condP Conduction loss of diode 

,D swP   Switching loss of diode 

J DP ←  JFET loss due to the reverse 

recovery of the anti-paralleled diode 

V     DC bus voltage 
I       Peak forward current 
M     Modulation index 

φ      Phase angle of current 

cE     Breakdown voltage 

ε       Dielectric constant 

mg     Transconductance  

GHV    Highest gate voltage 

GLV     Lowest gate voltage  

thV      Threshold voltage 

S       Snappiness factor of diode 
A       Active area of device 
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Fig. 7. Junction temperatures of the SiC devices with a smaller  heatsink. 


