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Abstract 
This paper investigates the effectiveness of employing SiC MOSFETs compared to Si-IGBTs in the two-level 

inverter for the traction motor drives in electric vehicles. The study focuses on the differences in structure and 
material between SiC MOSFETs and Si-IGBTs by which the conduction and switching losses can be reduced by over 
40% and 60%, respectively, when a SiC MOSFET inverter is employed. This advantage enables the SiC MOSFET 
inverter to drive the traction motor at a higher switching frequency, surpassing traditional Si-IGBT inverters' 
capabilities. To assess the performance of the systems, simulations are conducted using the PLECS simulation 
platform. The comparison includes evaluating the traction drive system's efficiency and losses with SiC MOSFET 
and Si-IGBT inverters on the IPMSM traction motor torque-speed curve; the result shows that the efficiency is 
improved by over 1% on the entire torque-speed curve. Moreover, the paper also explores the trade-off between 
the switching frequency and motor harmonic core loss of the motor. This evaluation offers a comprehensive 
understanding of the interplay between these factors and aids in optimizing the performance of the traction motor 
system. 
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I. INTRODUCTION 
Electric vehicles (EVs) are gaining popularity due to 

their numerous advantages, such as high efficiency, low 
emissions, and reduced dependency on fossil fuels. 
However, an EV's performance highly depends on the 
performance of the power electronics components, 
particularly the inverter that converts the DC (direct 
current) from the battery to the AC (Alternating Current) 
that drives the traction motor. 

Power losses in EV drive trains are accounted for  
18% of the total electrical power conversion in the 
system [1]. Two significant losses in the drive trains are 
1) the traction motor's power losses and 2) the inverter's 
power losses. The traction motor's power losses consist 
of power loss at the conductor (copper loss) and power 
loss at the iron core (core loss), which are 70% of the 
drive trains losses. The other 30% of the drive train 
losses happen in the inverter, which is the loss when 
the switching devices are conducting the current 
(conduction loss) and the power loss when the 
switching devices change state (switching loss). 

Power losses in EV drive trains can be reduced by  
a variety of methods, e.g., motor design [2]–[6], 
enhancement of motor control methods [3], [5], [7]–[9], 
development of inverter topologies [10]–[13], improvement 
of invertzers pulse width modulation (PWM) schemes 
[14]–[16] and the use of wide band gap (WBG) power 
switching devices for inverters [17]–[20]. 

WBG materials are semiconductor materials with a 
wider energy gap between the valence and conduction 
band compared to silicon (Si); the widely known WBG 
materials are, SiC (Silicon Carbide) and GaN (Gallium 
Nitride). The WBG materials can withstand higher voltage. 
It also has higher thermal conductivity and saturated 
electron drift velocity, resulting in better heat dissipation 
and the ability to operate at higher switching frequencies. 
Hence, the power-switching devices fabricated from 
WBG materials are used in the high-performance system. 

SiC and GaN are both generally fabricated as sub-type 
of FETs (Field effect transistors). SiC is usually fabricated 
as MOSFET (Metal-oxide silicon field effect transistor), 
and GaN is usually fabricated as HEMT (High electron 
mobility transistor). In [17] presents the application of 
GaN HEMT devices to two-level inverters for electric 
vehicles. The drive train efficiency was evaluated with 
the drive cycle testing. The test results indicated that 
the drive train efficiency could be increased by over 1% 
compared with IGBT (Insulated-gate bipolar transistor). 
However, this work was tested with a low DC bus 
voltage of 48V, which is too low for the typical electric 
vehicle application rating. In [18] presents a test of a 
two-level inverter based on GaN HEMT at 300V DC bus 
voltage, which is the voltage level for compact EVs. The 
study shows that inverters can reduce both conduction 
and switching power losses. The research also investigated 
the reduction of iron core loss by increasing the switching 
frequency. The optimum switching frequency must be 
selected between the switching loss power of the 
inverter and the power loss at the iron core caused by 
the switching carrier harmonics. Subsequent research 
[19] presents a suitable switching frequency control 
method with a switching frequency map obtained from 
the test. Article [20] studied the application of a 
combination of IGBT and GaN HEMT power switches for 
three-level inverters. It was tested on a system with a DC 
bus voltage of 800V and various motor driving conditions. 

This paper compares the performance and efficiency 
of two-level three-phase inverters in an EV drive system. 
Specifically, this study compares the power loss of two-
level inverters under different switching frequencies, 
motor driving conditions, and different types of power 
switching devices: IGBT and SiC MOSFET. The study is 
conducted on simulation software that simulates the 
operation of an EVs motor driving system. The results 
of this study will provide insight into the suitability of 
these power-switching devices for EV applications and 
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help engineers design more efficient and reliable EV 
drive systems. 

The later sections of this paper are organized as 
follows. Section II describes the losses evaluation of the 
power switching devices. Motor core loss estimation 
due to PWM supply is presented in section III. Sections 
IV and V present the simulation parameters and methods. 
Simulation results and their analysis are discussed in 
Section VI. Finally, Section VII provides the study's 
conclusions. 
 

II. LOSSES MODELLING AND EVALUATION OF THE 

POWER SWITCHING DEVICES 
The power-switching device has two significant losses: 

conduction loss and switching loss [21]. These losses 
happen because of the non-ideal switching behaviors 
of the switching devices, as depicted in Figure 1. Since 
the loss model of IGBT, MOSFET, and anti-paralleled 
diode are different. Therefore, the different characteristics 
are discussed in this section. 

 

Econd
Eon Eoff

vx(t)
ix(t)

 
 

Figure 1: Non-ideal switching behavior of switching devices 
 

A. Conduction Loss Evaluation 
The conduction loss of a power-switching device 

depends on the current it is conducting and the voltage 
across it during the conduction state. Therefore, the 
conduction loss is evaluated according to equation (1), 

where 𝑣𝑥 𝑡 , 𝑖𝑥 𝑡  and 𝑇  is the voltage across the 
device, the current through the device, and the period 
of fundamental frequency, respectively. In addition, the 

subscript x  denoted the device types: CE  when the 
device is an IGBT (stands for collector-emitter), DS  
when the device is a MOSFET (stands for drain-source), 
or d  when the device is a diode. 

 𝑃𝑐𝑜𝑛𝑑 =
1

𝑇
∫ 𝑣𝑥  𝑡 ∙ 𝑖𝑥 𝑡 𝑑𝑡

𝑇

0
 (1) 

The voltage across the device during the conduction 
state 𝑣𝑥  𝑡 varies depending on the device's current 𝑖𝑥  𝑡 
and junction temperature 

jT , which differ according to 
the device's characteristics, as shown in Figures 2 and 3. 
These data are obtained via the device datasheets. 
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Figure 2: Output characteristic of an IGBT 
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Figure 3: Output characteristic of a MOSFET 
 

Due to the presence of the output bipolar junction 
transistor, the IGBT features a significantly lower voltage 
drop when the switch conducts high current. However, 
as penalties, IGBT has a diode-like voltage drop when it 
conducts low current. Furthermore, reverse conduction 
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is impossible because of the additional P-N junction, so 
the anti-paralleled diode is required, as depicted in 
Figure 4.  

 

C

E

VGE=H

!!

Reverse
Current

0

1

DCV

CER

0CEV

+

-

 
 

Figure 4: IGBT equivalent circuit and reverse conducting state in 
a half-bridge circuit 
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Figure 5: MOSFET equivalent circuit and reverse conducting 
state in a half-bridge circuit 

 

Therefore, the losses during reverse conduction 
depend on the anti-paralleled diode's performance and 
characteristics. Unlike MOSFET, it can be represented as 
a resistor, so MOSFET can conduct both forward and 
reverse current, as shown in Figure 5. Moreover, the 
turn-on state resistance 

( )DS on
R  is small in the range of 

around 100 milliohms, the reverse voltage drop across 
source and drain ( )SDv t  will typically not be high 
enough to forward bias the anti-paralleled diode. 
Hence, the anti-paralleled diode is required for the 
conduction during dead time. 
 

B. Switching Loss Evaluation 
The switching loss is evaluated from switching energy 

consisting of turn-on loss and turn-off loss, which the 
manufacturer provides as a function of the current 
through the device 

xi , the voltage across the device 
xv , 

and the device's junction temperature 
jT . Hence, the 

switching power loss is calculated according to (2) 

 𝑃𝑠𝑤 =
1

𝑇
∫  

𝐸𝑜𝑛(𝑣𝑥,𝑖𝑥,𝑇𝑗)+𝐸𝑜𝑓𝑓(𝑣𝑥,𝑖𝑥,𝑇𝑗)

𝑇𝑠

𝑡+𝑇

𝑡
⋅ 𝑑𝑡 (2) 

where sT  is the switching period, and T  is the 

fundamental period, ( ), ,on x x jE v i T  and ( ), ,off x x jE v i T  
are the turn-on and turn-off loss at the voltage and 
current where the state changing occurs. Nevertheless, 
as shown in Figure 1, for a two-level converter, the 
voltage at the state-changing points is always equal to 
the DC bus voltage 

DCV  for either the upper switches 
(S1, S2, S3) or lower switches (S4, S5, S6). Hence, the 
switching power loss becomes 

𝑃𝑠𝑤 =
1

𝑇
∫

𝐸𝑜𝑛(𝑉𝐷𝐶,𝑖𝑥,𝑇𝑗)+𝐸𝑜𝑓𝑓(𝑉𝐷𝐶,𝑖𝑥,𝑇𝑗)

𝑇𝑠

𝑡+𝑇

𝑡
⋅ 𝑑𝑡  (3) 

The IGBT and MOSFET have both the turn-on and 
turn-off loss; however, the turn-on energy loss of a 
diode or the energy consumed when the diode change 
state from reverse bias to forward bias is typically low 
enough to be neglectable. The dominant loss is the 
turn-off loss, also called reverse recovery loss 

( ), ,rr x x jE v i T , which happens because of the charge at 

the depletion region 𝑄𝑟𝑟 . Hence, the switching power 
loss of a diode is evaluated as follows: 

𝑃𝑟𝑟 =
1

𝑇
∫

𝐸𝑟𝑟(𝑉𝐷𝐶,𝑖𝑥,𝑇𝑗)

𝑇𝑠

𝑡+𝑇

𝑡
⋅ 𝑑𝑡           (4) 
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III. INTERIOR PERMANENT MAGNET MOTOR CORE LOSS 

ESTIMATION WITH PWM SUPPLY 
The IPMSM's core loss depends on various variables, 

e.g., the input voltage waveform, structure, motor 
geometry, stator, and rotor materials. Hence, these 
details are necessary for motor core loss analysis. By 
normal means, the famous and accurate method is 
FEM (Finite element method). However, to simplify the 
simulation model, this paper used the hysteretic core 
inductor with a ring shape which is similar to the motor 
stator shape and the BF (Building Factor) [22]. BF is the 
ratio between the ring-shaped inductor core loss and 
actual motor core loss, as shown in Figure 6.  

 

 
 
Figure 6: IPMSM building factor vs. supply switching frequency 

 

As widely known, core loss consists of two significant 
parts; the hysteresis loss 

hysP  and the eddy current loss 

eddyP , and to model these losses in the inductor core 
accurately, the non-uniformly discretized model is 
applied. The advantages of the non-uniformly discretized 
model are that it includes the skin effect when the core 
is supplied by a high-frequency supply resulting in an 
absolute error of less than 5% compared to the actual 
test results when the frequency of the supply is under 
20kHz by implementing only two sections in the non-
uniform ladder [23]. 

The non-uniformly discretized model is constructed 
by dividing a steel lamination into 2n sub-laminations, 

where n is the section's number in the non-uniform 
ladder, and the thickness of the sub-lamination is 
doubled progressively from the lamination's surface 
toward the lamination's center. Thus, the sub-lamination 
thickness and cross-sectional area are calculated as 
follows: 

 △ 𝑑𝑘 =
1

∑ 2(𝑗−𝑘)𝑛
𝑗=1

(
𝑑

2
) (5) 

 𝐴𝑘 = 2 ⋅△ 𝑑𝑘 ⋅ 𝑤 (6) 
where d and w  are the lamination's thickness and width. 
The subscript k denotes the kth section in the non-
uniform ladder. 

The equivalent resistance is used to evaluate the 
eddy current loss: 

kR  is the equivalent resistance in 
the kth section, calculated by the following equation 

 𝑅𝑘 =
2𝜌⋅𝑤

△𝑑𝑘⋅𝑙𝑒
 (7) 

where r  and 
el  are the lamination's resistivity and 

core's magnetic path length. 
Finally, the core is constructed by stacking the K  

layers of steel lamination. Hence, equation (8) and (9) 
becomes: 

 𝐴𝑘 = 2 ⋅△ 𝑑𝑘 ⋅ 𝑤 ⋅ 𝐾 ⋅ 𝑘𝑠 (8) 

 𝑅𝑘 =
2𝜌⋅𝑤⋅𝐾

△𝑑𝑘⋅𝑙𝑒
 (9) 

where 
sk  is the lamination's stacking factor. 

The hysteresis loss 
hysP  can be calculated according 

to equation (10). 

 𝑃ℎ𝑦𝑠 =
1

𝑇
∫ 𝐻 ⋅ 𝑑𝐵

𝑡+𝑇

𝑡
 (10) 

where H , B , T , are the magnetic field strength, 
magnetic flux density, and fundamental period, 
respectively. In other words, the hysteresis loss is the 
area enclosed by the B-H hysteresis loop. Under PWM 
supply, there are minor B-H hysteresis loops created by 
the switching pulses in addition to the fundamental B-
H hysteresis loop, and these minor loops are causing 
the additional hysteresis loss, as shown in Figure 7. 
Therefore, the switching frequency of the PWM supply 
has a significant impact on these minor hysteresis loops 
and core loss. 
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Figure 7: (a) B-H hysteresis loop of 50 Hz sinusoidal supply 

(b) B-H hysteresis loop of 50 Hz PWM supply ( )=10kHzsf  

 

IV. EVALUATION OF LOSSES REDUCTION OF THE THREE-
PHASE INVERTER BY PLECS SIMULATION 

This section explains how losses of both the Si-IGBTs 
and SiC MOSFETs inverters are evaluated using the 
circuit simulator PLECS. 

Figure 8 shows the simulation block diagram for 
evaluating the inverter loss of an IPMSM (Interior 
permanent magnet synchronous motor) drive system 
using PLECS. In the simulation, the three-phase voltages 
of the IPMSM are supplied by a two-level VSI (Voltage 
source inverter), which generates the PWM (Pulse width 

modulation) phase voltages at the switching frequency 

sf . The PWM signals are calculated using the 3-arms 
carrier-based SVPWM (Space vector PWM) technique. 
For the motor control algorithm, the FOC (Field 
oriented control) with MTPA scheme (Maximum torque 
per ampere) and VCLMT scheme (Voltage-current 
limited maximum torque) are used in the inner control 
loop. MTPA calculates d-q axis currents that minimize 
the copper loss in the constant torque region, and 
VCLMT calculates the d-q axis current in the field 
weakening region. The outer control loop uses a PI 
controller as the motor speed regulator. 

In PLECS, the device loss data are obtained via 
datasheets and experimental results as reference data, 

and these device loss data ( )_ _ _, ,ref

on x ref x ref j refE V I T , 

( )_ _ _, ,ref

off x ref x ref j refE V I T , ( )_ _ _, ,ref

rr x ref x ref j refE V I T , 

( )ref

CEv t , ( )ref

DSv t  and ( )ref

dv t are defined as Look-up 
tables (LUTs). So, when the operating points of the 
devices are not on the tables, PLECS performs the 
linear inter/extrapolation. From these device loss data, 
conduction and switching losses can be evaluated by 
loss equations in section II. 
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Figure 8: PLECS simulation block diagram 
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These simulations in PLECS carry out loss evaluations 
with LUTs; therefore, they can simplify complex 
parameter identification and loss estimations of power-
switching devices. Furthermore, the junction temperature 

jT  is fixed in the simulations to simplify and reduce 
simulation time—the following parameters in Table 1, 
2, and 3 are used to simulate the traction drive system. 
 

Table 1: Switching device specifications 

Classification Product name Ratings 

SiC MOSFET FS03MR12A6MA1B 1200V/400A 

Si IGBT FS380R12A6T4B 1200V/380A 

 
Table 2: Simulation setting for losses evaluation 

Parameter Symbol Value 

DC bus voltage DCV  800V 

Switching frequency sf  10 kHz, 20 kHz 

Dead time deadt  
1.0 μs (IGBT) 

0.5 μs (SiC MOSFET) 

Junction Temp. jT  125ºC 

 
Table 3: IPMSM Parameters 

Parameter Symbol Value 

Power Rating ratedP  165 kW 

Pole Pairs p  3 

Stator Resistance sR  28 mΩ 

d-axis Inductance dL  0.41 mH 

q-axis Inductance qL  0.725 mH 

Permanent magnet flux l pm
 0.17 Wb 

Rotor Inertia rJ  0.4 kgm2 

 

V. EVALUATION OF CORE LOSS REDUCTION OF THE 

IPMSM BY PLECS SIMULATION 
The IPMSM core loss is evaluated based on the ring 

core analogy, as mentioned in section III. The PLECS 
magnetic domain, which simulates the magnetic circuit 
based on the permeance-capacitance analogy approach, 
is used to simulate the losses in the ring core inductor, 
and the ring core model is based on the non-uniformly 
discretized model with two sections in the non-uniform 
ladder. Figure 9 and Table 4 show the non-uniform 

ladder model and the ring core material and geometry, 
respectively. 
 

 
 
Figure 9: Per phase non-uniformly discretized model in PLECS 

 
Table 4: Ring core material and geometry 

Parameter Symbol Value 

Steel lamination - 35H300 

Height h  70 mm. 

Outer diameter outD  127 mm. 

Inner diameter inD  102 mm. 

Magnetic path length el  360 mm. 

Turn number N  283 

 

VI. SIMULATION RESULTS 
A. Comparison of Switching and Conduction Losses and 
Efficiency on the Ipmsm Torque-Speed Curve 

Figures 10 and 11 show each inverter's conduction 
loss and switching loss at a rotor speed of 5000 r/min 
(80% of the rated speed). SiC MOSFET inverter can 
reduce the conduction loss by 40% and 69% at load 

torque LT =  225 and 75 Nm at the same carrier 
frequency and because of the reverse conduction 
capability; therefore, conduction loss in the anti-
paralleled diodes is reduced by over 85%. Also, the SiC 
MOSFET inverter can decrease the switching loss 
drastically; as shown in Figure 11, the switching loss of 

the SiC MOSFET inverter was reduced by 62% at LT =  

225 Nm and 71% at LT =  75 Nm at the same switching 
frequency. Even when the SiC MOSFET inverter 
operates at the 20kHz switching frequency, the 
switching loss is still lower than the Si-IGBT inverter; 
hence, the SiC MOSFET inverter is capable of operating 
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at the double switching frequency and still achieves 
better efficiency compared to the Si-IGBT inverter. For 
conduction loss, it does not increase much because the 
load current is not changed. Nevertheless, the conduction 
loss of anti-paralleled diodes is doubled because when 
the switching frequency doubles, it also doubles the 
conduction time of the diodes since the dead time 
counts per fundamental period increased. Furthermore, 
as the dead time increases, the conduction time of the 
SiC MOSFET decreases; thus, the conduction loss is 
reduced slightly. 

 

69%

57%

48%

TL = 75 Nm
(Ip = 68 Arms)

TL = 225 Nm
(Ip = 189 Arms)

TL = 150 Nm
(Ip = 132 Arms)

 
 

Figure 10: Comparison of conduction loss at mw = 5000 r/min 
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62%

TL = 75 Nm
(Ip = 68 Arms)

TL = 225 Nm
(Ip = 189 Arms)

TL = 150 Nm
(Ip = 132 Arms)

 
 

Figure 11: Comparison of switching loss at mw = 5000 r/min 

Si-IGBT and SiC MOSFET inverter efficiency maps on 
the motor torque-speed curve are shown in Figures 12 
and 13. The efficiency improvement is presented in 
Figure 14. The SiC MOSFET inverter can achieve over  
99% efficiency and get over 1% better than the Si-IGBT 
in a wide area on the torque-speed curve, specifically 
the high-torque high-speed area. On the other hand, 
the Si-IGBT can achieve around 98%. Furthermore, in 
the low-load torque in the field-weakening region near 
the rated speed (6300 r/min), the efficiency improves 
by over 20% and slowly decreases. Because, in this 
region, the inverter must feed the d-axis current 
continuously to weaken the magnetic flux linkage, 
which induces the back EMF (Electromotive force). 
Hence there is always conduction loss occurs. For 
example, when the motor runs at a speed of 7000 
r/min, the d-axis current of around 153Ap must be 
injected. The voltage across Si-IGBT is around 1.5Vp; 
conversely, the voltage across SiC MOSFET is only 
0.62Vp. As described in Section II, the big difference in 
voltage drop is the effect of the diode-like voltage drop 
when Si-IGBT conducts low current. Hence, the 
conduction loss played a significant part in the 
efficiency improvement of the FW region's low-torque 
area. And then, the d-axis current increases with the 
increasing rotor speed to counteract the back EMF, 
which reduces the effect of the diode-like voltage drop; 
therefore, the efficiency improvement slowly decreases. 

 
B. Motor Core Loss Reduction by Increasing the Switching 
Frequency of the Inverter 

As mentioned in the previous section, utilizing the 
SiC MOSFET allows the inverter to operate at a higher 
switching frequency without significantly increasing 
inverter conduction and switching loss. Furthermore, 
increasing the switching frequency improves motor 
efficiency because the harmonic core loss of the motor 
decreases at a higher switching frequency. 
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Figure 12: Two-level Si-IGBT inverter efficiency map 
 

 
 

Figure 13: Two-level SiC MOSFET inverter efficiency map 
 

 
 

Figure 14: Difference in inverter efficiency 
 

Figure 15 shows the relative core loss reduction of 
the inverter-fed iron core at switching frequencies of 10 
kHz vs. 20 kHz. 

 

 
 

Figure 15: Relative core loss reduction of 10 kHz vs. 20 kHz 
 

Core loss is reduced by up to 20% in the low-speed 
region and around 10% in the high-speed region. 
However, the overall efficiency of the drive train may 
not increase because the increases in the switching 
frequency mean increases in switching loss of the inverter 
resulting in inverter efficiency decreases. As shown in 
Figures 16–18, increasing the switching frequency at 
every motor's operating point is not always beneficial. 
Hence, optimizing between inverter switching loss and 
motor core loss will improve the traction drive system's 
overall efficiency. 

 

 
 

Figure 16: Core loss reduction of 10 kHz vs. 20 kHz (W) 
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Figure 17: Difference of switching loss 10 kHz vs. 20 kHz (W) 
 

 
 

Figure 18: Difference between core loss reduction vs. switching 
loss increase (W) 

 

VII. CONCLUSION 
This paper demonstrates the effectiveness of utilizing 

a SiC MOSFET inverter—the advantages of employing 
the SiC MOSFET inverter and IPMSM as the EV drive train 
was discussed. The SiC MOSFET inverter significantly 
reduces power losses compared to the Si-IGBT inverter, 
with over 40% conduction loss reduction and over 60% 
switching loss reduction. As a result, the inverter and 
traction drive system efficiency is improved, and core 
loss reduction of the motor due to the increased 
switching frequency is evaluated. 
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