
Abstract—This paper investigates the inverter nonlinearities in 

a drive system based on SiC-MOSFETs and compares its 

performance with that of an equivalent Si-IGBT system. Initially, 

a novel comprehensive analytical model of the inverter voltage 

distortion is developed. Not only voltage drops, dead time and 

output capacitance, but also switching delay times and voltage 

overshoot of the power devices are taken into account in the model. 

Such a model yields a more accurate prediction of the inverter’s 

output voltage distortion, and is validated by experimentation. 

Due to inherent shortcomings of the commonly used double pulse 

test (DPT), the switching characteristics of both SiC-MOSFETs 

and Si-IGBTs in the PWM inverter are tested instead, such that 

the actual performances of the SiC and Si devices in the motor 

drive system are examined. Then, the switching performance is 

incorporated into the physical model to quantify the distorted 

voltages of both the SiC-based and Si-based systems. The results 

show that, despite its existing nonlinearities, the SiC-based drive 

has lower voltage distortion compared to the conventional 

Si-based drive as a result of its shorter switching times and 

smaller voltage drop, as well as a higher efficiency. Finally, 

theoverriding operational advantages of the SiC-based drive over 

its Si-based counterpart is fully demonstrated by comprehensive 

performance comparisons. 

Index Terms—Silicon (Si), Silicon Carbide (SiC), Electric 

vehicles (EVs), Inverter nonlinearity, Voltage Distortion, 

Efficiency 

I. INTRODUCTION

UE to global energy crisis and environmental pollution, the

past decade has witnessed the rapid developments of new 

green energy technologies in Electric Vehicles (EVs), Hybrid 

Electric Vehicles (HEVs) and Plug-in Hybrid Electric Vehicles 

Xiaofeng Ding, Member, IEEE, Chongwei Duan, Hong Guo, Jinquan Xu, 
Jiawei Cheng are with School of Automation Science and Electrical 

Engineering, BeiHang University, Beijing 100191, China (*Corresponding 

author: Hong Guo, e-mail: guohong@buaa.edu.cn).  
Min Du is with Servo Technology Institute of China Aerospace Science and 

Industry Corporation, Nanjing Chenguang Group Co., Ltd., Nanjing 210006, 

China. Rui Xiong is with National Engineering Laboratory for Electric 
Vehicles, School of Mechanical Engineering, Beijing Institute of Technology, 

Beijing, 100081, China. Patrick Chi Kwong Luk is with Power Engineering 

Centre, Cranfield University, Cranfield, U.K. 

(PHEVs). The electrification of transportation is widely 

accepted as one of the most promising solutions to meet the 

future challenges, as electrification generally embraces a 

diversity of energy sources including, importantly, the 

renewable energy.  A wide range of technologies centering 

around the powertrain of the EV/HEV/PHEV have been 

reported in the literature [1-11]. The main challenge remains 

the limited cruising range due to the small battery capacity and 

the slow charging times due to the available battery charging 

technologies [3-7]. Therefore, it is important to maximize the 

efficiency of every component in the powertrain [8]. 

Meanwhile, it is noteworthy that power semiconductors play 

key roles in each powertrain subsystem, such as the motor drive 

and the battery charging unit [1, 9]. Therefore, the overall 

efficiencies of these vehicles are heavily dependent on the 

efficiencies of the power electronics in these subsystems. 

   Currently, conventional silicon (Si) insulated-gate bipolar 

transistor (IGBT) or Si metal-oxide-semiconductor field-effect 

transistor (MOSFET) technologies dominate the 

semiconductor fields in the application of power inverters. 

However, the Si IGBT is now reaching its theoretical limits due 

to the demands for higher efficiency, higher power density and 

higher temperature operations in traction inverters in 

EVs/HEVs/PHEVs. Recently, wide-bandgap (WBG) silicon 

carbide (SiC) MOSFET exhibits great potential to replace Si as 

the dominant transistor technology because of its superior 

operational characteristics such as faster switching, lower 

voltage drop, higher blocking voltage, and higher operating 

temperature [1-2, 12-17]. As a result, a motor drive inverter 

with SiC devices can produce higher efficiency and higher 

power density in comparison with their Si counterparts [9-10, 

18-21].

Many valuable studies involving SiC have been widely

conducted by many researchers [1-2, 9-21]. Most of the work 

reflects an enormous effort in investigating the switching and 

conducting losses of SiC [1, 9, 12-23]. For example, the loss 

model of SiC, in which both the conduction loss and switching 

loss of SiC are less than that of Si. The efficiency of the inverter 

based on SiC is 99.1%, while the Si-inverter is 97.1% [22-23]. 

In addition, the fuel economy of EV/HEV/PHEV is improved 

because of the lower losses of SiC [2, 10]. The fuel economy in 

the standard Japanese JC08 test cycle was improved by 

approximately 5% when the Si IGBTs and diodes in the boost  
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Fig. 1.The components of traction system in EV and corresponding losses. 

converter, motor inverter, and generator converter circuit of a 

third-generation Prius were replaced with SiC MOSFETs and 

junction barrier Schottky (JBS) diodes [2]. The application of 

the SiC inverters in the PHEV and conventional HEV improve 

the fuel economy by 18.1% and 14.7%, respectively [10]. 

The above work mostly focuses on the losses of SiC and the 

impact of SiC for the fuel economy. However, according to the 

literature, the impact of SiC-inverter on the copper and iron 

losses in the motor has not been explored systematically yet. 

The components of the traction system in EV and 

corresponding losses are shown in Fig.1. The losses of the 

motor are comparable with that of the inverter. The copper and 

iron losses of the motor are directly related to the output voltage 

distortion and current distortion of the inverter, namely inverter 

nonlinearities[24]. Therefore, this paper proposes to investigate 

the voltage and current distortions in the permanent magnet 

synchronous motor(PMSM) drive system with a SiC-MOSFET 

based inverter, and compares it with Si-IGBT based inverter. 

Furthermore, the overall efficiency of the traction system with 

the consideration of the inverter nonlinearities is examined. 

In the voltage-fed PWM inverter, there are several factors for 

the distortions in the output voltage and current. The first is the 

dead time, while other factors originate from the inherent 

characteristics of the switching devices such as switching time, 

voltage drop, output capacitance and voltage overshoot [25-30]. 

The switching time is the time that the switch takes to turn on or 

off from when it is commanded to do so. The output 

capacitance causes changes in the slope of the rising and falling 

edges of the output voltage due to the fact that the current 

charges up the output capacitance prior to flowing through the 

freewheel diode [30]. The switching time is also affected by the 

output capacitance in such a way that switching time and output 

capacitance combine to produce a distorted voltage, 

particularly at light load when the phase current is small. 

Voltage drop is another source of distortion in the output 

voltage, which can be modeled as a constant voltage plus an 

equivalent resistor. 

The finite turn-off time may cause a short-circuit at the 

instant of switchover between the two power devices in a phase 

leg. Dead time, also known as shoot-through delay [31], is 

employed to prevent the dc link from being short-circuited. 

Although the dead time guarantees safe operation, it adversely 

degrades the output voltage of the inverter. For the traction 

drive inverter with a relative large current, a dead time of a few 

microseconds ranging from 2-8μs is required to ensure reliable 

current switchover. The longer the dead time means the more 

the distortion voltage. Although the length of dead time is set 

by control command, it also directly depends on the switching 

time of the device. Meanwhile, the voltage overshoot, or 

switching oscillation, is also closely related to the fast 

characteristics of the power devices. Therefore, the switching 

characteristics of the power devices play an important role in 

the voltage and current distortions. 

For a systematic study of the voltage distortion in a PMSM 

drive with SiC-MOSFETs based inverter, this paper will 

explore both the   aspects of modeling and experimentation. 

First, a comprehensive modeling of the inverter distortion 

voltage is established by a set of parameters of the switching 

devices. The model not only considers the impact factors of the 

voltage drops, dead time and output capacitance, but also takes 

switching delay times and voltage overshoot into account. As 

such, the model yields more accurate performance prediction of 

inverter output. Then detailed evaluation of the real switching 

characteristics of the devices the PMSM drive system is 

undertaken through testing them on specifically built 

experimental benches. 

Subsequently, the actual switching performances of the SiC 

and Si are tested when the devices are used in the traction 

system, instead of using the conventional switching 

performance evaluation methodology of double pulse test 

(DPT), which generally results in overestimations [32-37]. 

Furthermore, the measured switching performances of both SiC 

and Si devices are combined with the analytical model to 

quantify the distorted voltages. The results of this paper show 

that the SiC-based drive has lower voltage distortion compared 

to the conventional Si-based drive, especially when the motor 

operates at light load and low speed. The drive’s lower voltage 

distortion also has positive impacts on both the harmonic 

components and the amplitude of the phase current. And the 

motor efficiency is also improved when the same motor is fed 

by the SiC inverter, resulting in the efficiency of the overall SiC 

inverter-motor system being much higher than that of Si 

inverter-motor system.  
The remainder of this paper is organized as follows. In 

Section II, the comprehensive model for describing the inverter 

voltage distortion is developed. In Section III, experimental 

setup is illustrated and the characteristics of the switching 

devices evaluated. In Section IV, the inverter nonlinearities and 

efficiency of the system are described and analyzed based on 

experimental results. Conclusions are drawn in the final 

section. 

II. MODELING VOLTAGE WAVEFORM DISTORTION

There are many previous works related to the voltage 

distortion of the inverter [24-31]. This paper will highlight the 

different voltage drop modes between Si IGBT and SiC 

MOSFET, and additionally considers switching delay times 

and voltage overshoot effect due to the high dv/dt and high di/dt 

of SiC. Hence, a more comprehensive model of voltage 

waveform distortion gives a thorough investigation of  
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Fig. 2. One phase leg of an inverter with output capacitances. (a) Positive 

current flows into the motor. (b) Negative current flows into the phase leg 

SiC-inverter. 

In order to describe succinctly the voltage distortion in the 

PMSM drive, it is sufficient to consider only one phase leg of 

the inverter as shown in Fig. 2. The results of the other legs can 

be readily deduced.  

The circuit in discussion consists of two power devices SA_H 

and SA_L, two freewheeling diodes DA_H and DA_L, and two 

output capacitors Cup and Clo. A PWM generator sends out 

PWM signals to drive the gates of the power switches. Each of 

the phase leg is connected to the respective motor phase 

terminal. Its current ia is defined positive when it flows into the 

motor’s phase ‘a’ as shown in Fig. 2(a). Due to the inductive 

behavior of the motor, the output current of the leg is assumed 

constant during the relatively short switching period. Given the 

differences of the characteristics between SiC and Si devices, 

the voltage distortions induced by voltage drops, dead times, 

switching delay times, output capacitance and voltage 

overshoot are modeled accordingly as follows. 

A. Voltage drop effect

First an analysis is carried out based on the voltage drop 

across the power device (Si IGBT or SiC MOSFET) being 

contingent on the direction of the phase current ia. The SiC 

MOSFET is characterized with the third quadrant operation 

mode, which is distinct with Si IGBT [38-39]. Si IGBT is a 

unilateral conduction device. Hence, the voltage drops for Si 

IGBT and SiC MOSFET system should be modeled separately.      

The current pathway for Si IGBT is shown in Fig. 2. When 

the current ia>0, the current follows through pathway A or B1. 

B1 is the freewheeling diode, due to the unilateral conduction of 

Si. When the current ia<0, the current follows through pathway 

C1 or D. The model of voltage drop of Si IGBT is proposed in 

[25].  

The current pathway for SiC is also shown in Fig. 2. When the 

current flow through pathway A or D, the voltage drop models 

of SiC MOSFET can be expressed as the same as the models of 

Si IGBT described in [25].  

a DC T a2 , 0v V V i   (1) 

a DC T a2 , 0v V V i    (2) 

where, VT is the voltage drop of SiC MOSFET. 

0T T T aV V r i  (3)

where, VT0 is threshold voltage of the active switch and rT is 

on-state slope resistance of the active switch. 

When the current flows through pathway B1 or C1, namely 

the freewheeling diode, in the Si based system, the current will 

flow through pathway B2 or C2, namely the SiC MOSFET, 

according to the third quadrant operation mode of SiC 

MOSFET.  

As shown in Fig. 2(a), when the current ia>0, SA_H is in 

turn-off state while SA_L is in conduction state. The SiC works 

as the third quadrant operation mode. Hence, the current 

follows through pathway B2, the output voltage va can be 

calculated as, 

a DC T12v V V   (4) 

where, VT1 is the reverse voltage drop of the SiC MOSFET. 

As shown in Fig. 2(b), when the current ia<0, and the current 

follows through pathway C2, the output voltage va can be 

calculated as, 

a DC T12v V V  (5) 

The output voltage is asymmetric and the voltage drop 

reduces the output voltage when the phase current is positive, 

and boosts the output voltage when the phase current is 

negative as shown in Fig. 3. Verr is denoted as distortion of the 

inverter output voltage, which will be referred to as “distortion 

voltage”. The distortion voltage Verr is defined as the difference 

between the real output voltage va and the ideal output voltage 

va
* as follows, 

*

err a aV v v  (6) 

Therefore, the distortion voltage of SiC induced by voltage 

drop Verr1 could be expressed as follows, 

When ia>0, 
err1 T T1 (1 )V V D V D     

When ia<0, 
err1 T T1 (1 )V V D V D    

where, D is duty cycle. Therefore, 

 err1 T T1 a(1 ) ( )V V D V D sign i       (7) 

where, 

  n

n

n

01,
,    n=a,b,c

01,

i
sign i

i


 


(8) 

The average distorted voltage of A-phase Vas1 in the SiC 

system can be expressed according to the directions of the three 

phase currents as [25], 

          

       
as1 T T1 a b c

1 a b c

1 2 3

2 3

V V D V D sign i sign i sign i

V sign i sign i sign i

        

    
(9) 

B. Dead time effect

Since a switching device has a finite switching time, the dead

time should be considered in the PWM gating signals in order 

to prevent the simultaneous conduction of two switching 

devices in the same leg. Although the dead time is very short, it 

leads to distortion of the output voltages and currents. 

As shown in Fig. 2, during the dead time Tdt, both of the 

switching devices in one phase leg cease to conduct, and one of 

the diodes conducts. If the current polarity is positive, the lower 

diode will conduct. Otherwise, the upper diode will conduct. 

Therefore, the output voltage depends on the direction of the 

A-phase current ia, as shown in Fig. 4.
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Fig. 4 shows the gating signals and voltage waveforms in one 

PWM cycle including the dead time. The voltage gain or loss 

between ideal and real swichings are highlighted by colored 

areas and identified by + and – sign, which represents that the 

corresponding contribution to increase or decrease the output 

voltage averaged over the switching period Ts. Fig. 4(a) and (b) 

show the gating signals for the two switches in ideal condition 

and the presence of a dead time, respectively. The distorted 

voltage caused by the dead time are described in Fig. 4(d) and 

Fig. 4(e) according to the direction of the A-phase current. 

When ia>0, and both of the switching devices in one phase 

leg cease to conduct during the dead time Tdt, whereas the lower 

diode will conduct. The output voltage va is pulling down to 

–VDC/2 during dead time till the dead time ends. Therefore, the

average distortion voltage induced by the dead time can be

expressed as,

 err2 DC dt s2V V T T  
(10) 

where, the diode voltage is neglected due to the short dead time. 

When ia<0, and both of the switching devices in one phase 

leg cease to conduct during the dead time Tdt, the upper diode 

will conduct. The output voltage va is pulling up to VDC/2 during 

dead time till the dead time ends. Therefore, the average 

distortion voltage induced by dead time can be expressed as, 

 err2 DC dt s2V V T T 
(11) 

Hence, combining equation (10) and (11), the distortion 

voltage is rewritten as a function of the phase current sign, 

    err2 DC dt s n2V V T T sign i   
(12) 

The average distorted voltage of A-phase induced by the 

dead time could be expressed according to the directions of the 

three phase currents as, 

          

       

as2 DC dt s a b c

2 a b c

2 2 3

2 3

V V T T sign i sign i sign i

V sign i sign i sign i

     

    

(13) 
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C. Switching delay times effect

Apart from the voltage drops and dead time, the switching

time also contributes to the distorted voltage (Verr). As shown in 

Fig. 5, the turn on time (Ton) is defined as the sum of turn on 

delay time (Td(on)) and rising time (Tr), and the turn off time (Toff) 

is defined as the sum of turn off delay time (Td(off)) and falling 

time (Tf). The switching delay times are associated with 

threshold voltage and time constant of the gate-source 

(gate-emitter) terminal, whereas the rising and falling times 

depend critically on the bus voltage, output capacitance and 

phase current. 

In this section the distorted voltage induced by switching 

delay times is modeled. After the dead time Tdt, when ia>0 the 

upper switching device starts to conduct. The output voltage va 

is still equal to –VDC/2 until the turn on delay process of 

switching device ends shown as the red area in Fig. 6(d). After 

the turn on delay process, the output voltage va is pulling up to 

VDC/2. And the purple area is effected by the finite turn off 

delay process of the upper switching device as well as when 

ia>0. Therefore, when ia>0, the average distortion voltage 

induced by switching delay time can be expressed as, 

       err3 DC d(on) DC d(off) S DC d(off) d(on) S2 2V V T V T T V T T T        (14) 
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When ia<0, the purple area is effected by the finite turn off 

delay process of the low switching device as shown in Fig. 6(e). 

After the dead time Tdt, the low switching device starts to 

conduct. The output voltage va is still equal to VDC/2 until the 

turn on delay process of switching device ends shown as red 

area in Fig. 6(e). After turn on delay process, the output voltage 

va is pulling down to –VDC/2. Therefore, when ia<0, the average 

distortion voltage induced by switching time could be 

expressed as, 

       err3 DC d(on) DC d(off) S DC d(off) d(on) S2 2V V T V T T V T T T        (15) 

Hence, combining equation (14) and (15), the distortion 

voltage is also rewritten as a function of the phase current sign, 

    err3 d(off) d(on) S DC a2 ( )V T T T V sign i    (16) 

The average distorted voltage of A-phase induced by 

switching time can be expressed according to the directions of 

the three phase currents as, 

            

       

as3 d(off) d(on) S DC a b c

3 a b c

2 2 3

 2 3

V T T T V sign i sign i sign i

V sign i sign i sign i

     

    
(17) 

D. Output capacitance effect

The output capacitances of one phase leg are shown in Fig. 2.

During the dead time Tdt, the output current ia would charge and 

discharge the output capacitances due to the freewheeling 

diodes. Pathway B is one of the possible situations shown in Fig. 

2(a). ia is positive at the instant that SA_H turns off and SA_L 

ceases to conduct. The current is supposed to flow through DA_L 

and pull down the output voltage va to –VDC/2 immediately if no 

output capacitance is added. In fact, the falling edge of the 

output voltage va is not straight as the lower capacitance Clo has 

to be discharged and the upper one Cup to be charged. 

The voltage distortion caused by output capacitance could be 

classified as two situations, by comparing the charging or 

discharging time with the dead time. If the absolute value of ia 
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is high enough to finish the charging (or discharging) before 

dead time ends, and the influenced edge of va is a continuous 

slope as shown in Fig. 7(d) and (e). Otherwise, if the charging 

(or discharging) time is longer than the dead time, a 

discontinuity of va would occur at the end of the dead time as 

shown in Fig. 7(f) and (g). When the charging (or discharging) 

time equal to the dead time, the output current ia is defined as a 

threshold value Ithr. Using Pathway B as an example, the 

threshold current value Ithr can be calculated as follows: 

The current flowing through the capacitance is given as: 

   2 1 2 1I C dv dt C V V t t    (18) 

where V1 is the initial voltage at t1 and V2 is the final voltage at 

t2. At the threshold condition, t1=0, t2=Tdt, and the initial and 

final voltage of Clo and Cup shown in Fig.2 are listed taking the 

MOSFET and diode voltage drops into consideration, 

 

 
clo DC T

clo dt DC D

0 2

2

V V V

V T V V

  


  
(19)

   

 
cup DC D

cup dt DC T

0 2

2

V V V

V T V V

   


  
(20)

where, VD represents the voltage drop of diode, VD=VD0+rD|ia|, 

VD0 is threshold voltage of the freewheeling diode and rT is 

on-state slope resistance of the freewheeling diode 

Combining equations (18) (19) and (20), the threshold current 

could be written as, 

  thr oss DC D T dt2I C V V V T   (21) 

where, COSS is the value of the output capacitance. 

As shown in Fig. 7, the brown areas represent the voltage 

distortion caused by output capacitance. Four expressions of 

the average voltage distortion Verr4 are derived according to the 

four brown areas shown in Fig. 7(d), (e), (f) and (g), 

respectively. 

If 0<ia<Ithr, 

    2

err4 DC D T dt a dt oss s4V V V V T i T C T      (22) 

If ia>Ithr, 
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Fig. 8. Inductive load switching circuit for one phase leg. (a) Switching 

circuit with parasitic elements; (b) RLC switching equivalent circuit model; (c) 

Equivalent circuit with an RC snubber 

  2

err4 oss DC TD T a sV C V V V i T    (23) 

If -Ithr<ia<0, 

    2

err4 DC D T dt a dt oss s4V V V V T i T C T       (24) 

If ia<-Ithr, 

  2

err4 oss DC D T a sV C V V V i T     (25) 

By using sign(ia), equations (22)-(25) can be rewritten as, 

     
   

2

DC D T dt a dt oss s a a thr

err4 2

oss DC D T a s a a thr

4 ( ),  

( ),                    

V V V T i T C T sign i i I

V
C V V V i T sign i i I

       


 
    



(26) 

In fact, when inverter operating, the amplitude of ia is far 

above threshold current Ithr. As a result, Verr4 can be 

approximately expressed as, 

   2

err4 oss DC D T a s a( )V C V V V i T sign i     (27) 

The average distorted phase-to-center voltages are obtained 

according to the direction of the respective three-phase currents 

as， 

     
2

as4 oss DC D T s a b c3 2 1 1V C V V V T i i i       (28) 

E. Voltage overshoot effect

The phase voltage waveform is also impacted by the parasitic

inductances of the circuit. Fig. 8 (a) shows the switching 

device’s internal parasitic inductances LG, LD, LS, and the 

switching loop inductance Lloop, which represents the equivalent 

parasitic inductance for the total circuit loop. Hence, the 

voltage overshoot, or the switching oscillation, is induced and 

closely related to the fast switching characteristics of the power 

devices. An RLC equivalent circuit model is proposed for the 

switching transient of one SiC MOSFET [40]. This Section 

goes further by investigating the phase voltage overshoot of the 

inverter based on the RLC model. 

The simplified equivalent circuit for turn off process is 

shown in Fig.8 (b). The equivalent capacitance Cep is developed 

as, 

V
o

lt
a

g
e
/V

Time/μs

540

486
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324
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216
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108

54

0
0.50 1 1.5 2 2.5 3 3.5 4 4.5

Step Response

Peak voltage(V):513

Overshoot(%):89.8

Peak voltage(V):307.8
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Without snubber

With snubber

Fig. 9. The drain–source voltage turn off ringing of SiC MOSFET 

DS GS DS GD GS GD

eq

GS

C C C C C C
C

C

 
 (29) 

where, 
GD rssC C , 

DS oss GD-C C C ,
GS iss GD-C C C . The input capacitance 

Ciss, output capacitance Coss and reverse transfer capacitance 

Crss can be obtained from the corresponding datasheets. 

The equivalent resistance Rep can be expressed as [38], 

2

OFF S

OFF S
eq G

2 2

G OFF G OFF S

OFF G OFF S

1
( )

1 1
( )

L
C

R R

R L L
C C




 
 



 

   
(30) 

where, Rg is the internal gate resistance, 

DS GS DS GD GS GD

S

GD

C C C C C C
C

C

 


, DS GS DS GD GS GD

G

DS

C C C C C C
C

C

 
 , 

OFF

eq S GD GS

1

( ) ( )L L C C
 

  

, 
eq loop D S2L L L L   . LG, LD and LS 

represent gate inductance, drain inductance and source 

inductance, respectively. 

According to the second-order equivalent circuit model of 

device turn-off, the transfer function of the output voltage is 

developed as, 

 
eq eq

1 2

eq eq eq eq

1

1

R C s
G s

L C s R C s

 


   
(31) 

The second-order switching circuit is usually in an 

underdamped situation, which means the phase output voltage 

contains overshoot and may damage the system performance. 

Thus, an RC snubber circuit is designed to suppress the turn off 

overshoot as shown in Fig.8 (c). The second-order circuit is 

converted into a third-order circuit. Through choosing the 

proper values of Rsn and Csn in the third-order circuit, it can be 

changed from underdamped condition to critically damped or 

overdamped condition. The transfer function of output voltage 

in the third-order circuit is derived as, 

 
2

eq sn eq sn eq eq sn sn

2 3 2

eq sn eq eq sn eq sn eq eq sn eq sn eq eq sn sn

( ) 1

( ) [( ) ] ( ) 1

R R C C s R C R C s
G s

R R L C C s C C L R R C C s R C R C s

    


         
(32) 

The responses of the two transfer functions for the 

second-order and third-order circuits are simulated in Matlab. 

The simulated waveforms with and without the snubber circuit 

shown in Fig. 9. The results show that the circuit with an RC 

snubber can remove the oscillation phenomenon with a 75.4% 

reduction in the peak voltage overshoot and a decrease in the 

number of oscillations. Hence, an RC snubber circuit is adopted 

in our real inverter, which will be shown in the Section III. 
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Fig. 10.  Output voltage waveform during dead time taking voltage drops, dead 

time, switching delay times, output capacitance and voltage overshoot effects 
into account. 
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Voltage overshoot 
effect

Fig. 11.  Average voltage distortion induced by four aspects 

Adopting the same analysis methodology used in Section 

II.A-II.D, the average distortion voltage is similarly developed

as a function of the phase current sign,

  err3 os r S a4 ( )V V t T sign i  
(33) 

The contribution of voltage overshoot is added into the 

output voltage waveform shown in Fig.10. The average 

distorted voltage of A-phase induced by voltage overshoot can 

be expressed according to the directions of the three phase 

currents as, 

          

       

as5 os r S a b c

5 a b c

4 2 3

2 3

V V t T sign i sign i sign i

V sign i sign i sign i

    

    
(34) 

Inverter

Interface/Isolation Board

PMSM

resolver

DSP28335
PC

Speed

Torque

Power Analyzer

+

-

DC Power 

Source
dynamometer

Capacitance
Dynamometer

Dynamometer 

Controller
Power Analyzer

PC
DC Supply

Inverter

PMSM

  (a)                                                          (b) 
Fig. 12. General view of the experimental setup. (a) The block diagram of 

the experimental setup. (b) The picture of the experimental setup. 

TABLE  I  

Main Parameters of the PMSM 

Specifications Dimensions (mm) 

Rated Power 10kW Stator inner/outer radius 
Rotor outer radius/length 

Tooth length/width 

Slot/ Pole Number 
Strand diameter 

PM height/length 

90/160 
Speed 3000rpm 88/150 

Input DC Voltage 270V 23/4 

Iron laminations WGT-150 36/6 
PM material 

Phases 

SMCo24 

3 

1.25 

8/26 

Direct-axis 
inductance 

2.22mH Phase winding resistance 0.5Ω 

Quadrature-axis 

inductance 
5.19mH Permanent magnet flux 0.174Wb 

VDC

Cable

SA_H

SA_L

SB_H SC_H

SB_L SC_L

Devices

Under Test Current Probe

TCPA300+TCP303 

C ia>0

UA_L

Voltage Probe

P5100A 
Oscilloscope

PMSM

s

a
b

c
ib

ic

Fig. 13.  Layout of the three-phase PMSM drive system. 

F. Summary

From Section II.A-II.E，the factors of voltage distortion are

analyzed, and the expressions of the phase voltage distortion 

caused by five contributions are obtained as Vas1-Vas5. Five 

expressions illustrate that the phase voltage distortion varies as 

a function of the phase currents and it has a 6-step waveform. 

The phase voltage distortion caused by dead time and voltage 

drops has the opposite phase with the phase current, and 

distortion caused by switching time, output capacitance and 

voltage overshoot is in phase with current. Five parts of phase 

voltage distortion are synthesized as shown in Fig. 11. The area 

of the blocks represents the absolute value of the phase 

distorted voltage, and signs are shown in legends. 

III.  DEVICES CHARACTERISTICS EVALUATION

A. Experimental setup

To evaluate the actual switching characteristics of SiC and Si

in the drive system, and analyze the nonlinearities of SiC and Si 

inverters experimentally, a complete setup of a PMSM drive 

system is specifically built as shown in Fig.12. In order to 

eliminate any unpredictable factors impacting the 

measurements of the voltage and current waveforms, the same 

control boards based on DSP28335, same current sensors  
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Fig. 14.  (a) The inverter with snubber capacitors; (b) Comparison of the 

voltage overshoots for the Si-based system and SiC-based system. 

(LEM DHAB s/14) and one PMSM with a TAMAGAWA 

resolver (TS2640N321E64) are used in the two test drive 

systems. Two current sensors are fixed on the cables of Phase A 

and Phase B, to measure the currents of Phase A and Phase B. 

The main parameters of the motor used are shown in Table I. 

With an interior PM rotor, the motor’s direct-axis and 

quadrature-axis inductances are 2.02mH and 5.19mH 

respectively at rated power.  

B. Devices characteristics

Though the parameters of the two devices under study are

readily available from the manufacturer’s datasheet, they are 

obtained under special test conditions not usually compatible 

with the actual motor drive application environments. 

Moreover, the datasheet often does not provide sufficient 

information on tolerances. To date, double pulse tester (DPT) is 

a widely accepted measurement technique to access the 

switching performance of SiC devices [32-34]. However, 

according to the intrinsic characteristics of SiC devices, such as 

small junction capacitance, small on-resistance, and high di/dt 

and dv/dt during fast switching transients, their switching 

behavior becomes more sensitive to parasitics and noise of the 

application circuit, compared with traditional Si devices 

[35-37]. It is felt that the DPT may not be adequate for the 

PWM driven SiC-inverter under study. Therefore, it is decided 

the real time switching performance of the devices will be 

measured and systematically evaluated instead, so that factors 

affecting the voltage distortion can be explored with 

confidence. 

Fig. 13 shows the layout of an overall inverter-PMSM drive 

system. The voltage and output current of the lower device SA_L 

are assigned to be tested. The current flowing into the motor is 

defined as positive, which is same with the definition in Fig. 2. 

A high precision voltage probe P5100A and current probe 

TCPA300 plus TCP303 are used to observe the transient 

process of the voltage and current during turn-on/turn-off of the 

switching device respectively.  

Due to the high di/dt, a voltage overshoot could be as high as 

more than 100V, when the DC voltage is set at 270V. This is 

not acceptable for a high performance motor drive system. 

Therefore, the snubber capacitors (EPCOS, B32656A7155) are 

mounted on the IGBT/MOSFET modules, paralleling with DC 

source shown in Fig. 14(a). Such capacitors do a good job for 

voltage overshoot suppression, as shown in Fig. 14(b), in which 

close agreements between the measurements and the predicted 

results from the proposed analytical models are also 

demonstrated. The voltage overshoots of Si- and SiC-based  

-10

-5

0

5

10

15

20

6100 6600 7100 7600 8100 8600 9100 9600

S
w

it
ch

in
g

 S
ig

n
a

l/
V

Time/ns

Upper device

Lower device

Tdt=2μs 

-10

-5

0

5

10

15

20

74700 75200 75700 76200 76700 77200 77700 78200

S
w

it
ch

in
g

 S
ig

n
a

l/
V

Time/ns

Upper device

Lower device

Tdt=2μs 

(a)   (b) 

-50

0

50

100

150

200

250

300

6100 6600 7100 7600 8100 8600 9100 9600

V
ol

ta
ge

/V

Time/ns

-40.1A

-11.7A

-1.45A

14A

32A

-50

0

50

100

150

200

250

300

74700 75200 75700 76200 76700 77200 77700 78200

V
o
lt

a
g

e/
V

Time/ns

23.7A

-3.45A

-10.5A

-18.7A

-40.1A

     (c)                                                       (d) 
Fig. 15.  Rising/Falling edge of output voltage for different current level with 

output capacitor during dead time in Si drive. (a) Gating signals-turn off low 

device. (b) Gating signals-turn off upper device. (c) Rising edge of output 
voltage. (d) Falling edge of output voltage. 
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Fig. 16.  Rising/Falling edge of output voltage for different current level with 

output capacitor during dead time in SiC drive. (a) Gating signals-turn off low 

device. (b) Gating signals-turn off upper device. (c) Rising edge of output 

voltage. (d) Falling edge of output voltage. 
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Fig. 17.  Turn on/off waveforms of Si and SiC. (a) Turn on waveform of Si 

with phase current around -35A. (b) Turn off waveform of Si with phase current 
around -35A. (c) Turn on waveform of SiC with phase current around -35A. (d) 

Turn off waveform of SiC with phase current around -35A 

system are 5V and 13.3V respectively. Furthermore, in order to 

avoid an occurrence of the reflected wave phenomenon [41], 

very short feeder cables (0.25m) between the motor and 

inverter are used in the experiments. 

In order to highlight the effect of the phase current on the 

output voltage and explore the switching time of the devices, 

the output voltages and corresponding currents are measured 

simultaneously as shown in Fig. 15 and Fig. 16 for Si and SiC, 

respectively. When the current is around -40.1A, this large 
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TABLE II   

Datasheet Parameters and Test Parameters 

SiC (Cree 

CAS300M12BM2) 

IGBT (Infineon 

FF600R12IP4) 

Datasheet 

parameters 

Experiment

al results 

Datasheet 

parameters 

Experiment

al results 

DC Voltage 600V 270V 600V 270V 

Turn on time 144ns 80.3ns 330ns 170ns 

Turn off time 211ns 113.6ns 850ns 227.6ns 

On State 
Resistance 

5mΩ 6.77mΩ / / 

Collector-emitt

er saturation 
voltage 

/ / 
1.7V(600A

) 
1.378V 

Diode Forward 

Voltage 

1.7V 

(300A) 
/ 

1.8V 

(600A) 
/ 

Output 

capacitance 
/ 15.3nf / 39.7nf 

Gate threshold 
voltage 

2.3V / 5.8V / 

Time constant 

of gate-source 
(gate-emitter) 

terminal 

3.5×10-8s / 6.3×10-8s / 

current begins to charge the lower output capacitance after 

turning the lower device off as shown in Fig. 15(b), which 

makes its output voltage rise very fast as shown in the blue line 

in Fig. 15(c). When the magnitude of the current reduces to 

-11.7A and -1.45A, the ramp up speeds of the output voltages

slow down as shown in  the red line and green line, respectively,

in Fig. 15(c). When the currents are positive, such as 14A and

32A shown in Fig. 15(c), the voltage stays low till the turning

on of the upper device. For the falling edge of the output

voltage, similar results are measured as shown in Fig. 15(d).

Besides, the rising edge and falling edge of the output voltages

for SiC also have similar results as described in Fig. 16(c) and

(d). However, both the rising time and the falling time of SiC

are shorter than Si due to the small output capacitance, small

time constant of gate-source (gate-emitter) terminal and low

gate threshold voltage of SiC as shown in Table II. Such

parameters promise the quick switching of SiC, which is

presented in Section II.C.

Fig. 17 shows the turn on/off waveforms of Si and SiC with 

phase current -35A. The voltage falling time of SiC is 113.6ns, 

which is only half of Si 227.6ns. In addition, the rising time of 

SiC is 80.3ns, which is also half of Si 170ns. Therefore, it can 

be concluded that the switching speed of SiC is generally much 

faster than Si. 

The main parameters of the two devices are shown in Table 

II. The values of the parameters are measured under 600VDC

power supply in datasheets while the counterparts are measured

under 270VDC power supply in our live experiments.

It can be seen that the switching time of SiC is much smaller 

than that of Si from the datasheets. The rising time of SiC is half 

of Si. And the falling time of SiC is only 1/4 of Si. Meanwhile, 

the resistance of Si is only 5mΩ. Hence, the voltage drops of 

SiC is much smaller than Si when the phase current is below 

100A. Table II also shows the differences between the 

datasheets and real experimental results. Due to the current and 

voltage values in experiments are smaller than that in 

datasheets, both the turn on and turn off time measured from 

experiments are shorter than the value obtained from 

datasheets. 

TABLE III  

Quantified Distorted Voltages Effected By Four Contributions 

Average distorted  
voltages of SiC 

MOSFETs 

Average 

distorted 

voltages of Si 
IGBTs 

Differences 

Dead time effect -4.05V -5.40V -1.35V 

Switching delay time 

effect 
0.13V 0.21V 0.08V 

Voltage drop effect -0.24V -1.59V -0.64V 

Output capacitance 

effect 
0.27V 0.29V 0.02V 

Voltage overshoot 

effect 
0.0299V 0.0143V -0.0156V 

Comprehensive 
effects 

-3.86V -6.48V -2.62V 
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Fig. 18. Phase current and  current waveforms under 200rpm and 1N·m of 

the motor. (a) Phase current waveforms. (b)  current waveforms. 
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IV. ANALYZING INVERTER NONLINEARITIES

EXPERIMENTALLY 

A. Voltage distortion

In this section, the voltage distortions of both SiC and Si

based inverters are quantified and compared. The exact 

quantities of the voltage distortions can be calculated by 

substituting the parameters value measured into the models of 

the voltage distortions developed. The value of voltage 

distortions due to the different contributions are listed as shown 

in Table III. It is worth mentioning that the dead times of Si and 

SiC based inverters are assigned as 2μs and 1.5μs, respectively, 

due to the turn off times of Si and SiC are 1.56μs at -1.45A and 

0.7μs at -3.28A separately. 

The dead time and voltage drop have negative distorted 

voltages, while the switching time, output capacitance and 

voltage overshoot have positive distorted voltages. And the 

dead time presents a dominant role, as well as the voltage drop 

in the comprehensive effects. Compared with Si, the distorted 

voltages of SiC manifest a smaller value, which benefits from 

the short switching time, small voltage drop and small output 

capacitance of SiC. 

Due to the relatively low switching frequency (15kHz) used 

in the current study, the effects of switching delay time, output 

capacitance and voltage overshoot are really small and could be 

neglected in this scenario. However, it is known that 

SiC-MOSFET can operate as an extremely high switching 

frequency, which is very useful for high speed motors and high 

speed accuracy motors, etc. The switching delay time, output 

capacitance and voltage overshoot will have higher impact on 

the inverter non-linearity. 

B. Phase current distortion

The phase current is directly related with the phase voltage.

Hence, the inverter nonlinearities could also be observed by the 

current waveform. Fig. 18-Fig. 21 show the measured phase 

currents when the system operates at different speeds and 

different torques. The switching frequency is set to 15kHz for 

both SiC and Si drive systems. It can be seen that the current 

waveforms of Si-inverter have more harmonics than its 

counterparts in SiC-inverter. The less current harmonics of 

SiC-inverter benefits from the smaller voltage distortion as 

analyzed in SectionIV.A. In turn, the smaller voltage distortion 

of SiC-inverter, calculated by the proposed model, is 

effectively validated by the less harmonics in phase current 

measured by experiments. 

It is also observed that the relative voltage deviation is more 

significant at small output voltage. As a result, the current 

distortion different is more severe at low output fundamental 

phase current. For example, comparing Fig. 18(a) and (b), the 

harmonic components of the phase current within Si-drive are 

more than SiC. However, comparing Fig. 21(a) and (b), the 

current harmonic components in comparison to the large 

amplitude of fundamental phase current of Si-drive is small and 

could be comparable to the counterpart of SiC-drive. Therefore, 

SiC-drive manifests its advantage more apparently when the 

motor operates at low power rating. Such a conclusion will be 

further confirmed by the efficiency analysis in Section IV.C. 
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Fig. 22.  Comparison of phase current amplitude between Si-drive and 
SiC-drive systems. (a) The amplitudes of phase current under 200rpm of the 

motor. (b) The amplitudes of phase current under 800rpm of the motor. 
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Fig. 23.  The distortion voltage and its impact on current. (a) Representation of 

waveforms of the voltage and current. (b) Representation of phasor diagram. 

As the current distortion of the SiC-inverter is smaller than 

that of the Si-inverter, the amplitudes of the phase currents in 

SiC-inverter are also smaller under same output power 

condition as shown in Fig. 22. Such an interesting phenomenon 

would also be a conclusion as the effect results of the distortion 

voltage. In Fig. 23, the deviation appears in the waveform of the 

inverter output voltage. Vref represents the ideal fundamental 

output voltage of the inverter that would result if there were no 

distortion voltage effects. As the motor is an inductive load, the 

current waveform i lags behind Vref by an angle θ'. Since the 

distortion voltage increases (decreases) the inverter output 

voltage for the negative (positive) half cycle of the current 

shown in Section II, the average voltage distortion over an 

entire cycle could be represented by the square wave in Fig. 

23(a). 

The average voltage distortion is the superposition of ΔV on 

the ideal voltage Vref shown as broken line in Fig. 23(a). 

Therefore, the fundamental output voltage with distortion 

voltage V1 is the sum of Vref and ΔV1, which is described as a 

heavy solid curve. When the harmonic components of the 

current are ignored, the phase displacement between V1 and i 

corresponds to the fundamental power factor angle of the load. 

It can be seen that the real fundamental output voltage differs 

from the reference one in both the phase and magnitude. These 

relationships are also described by a phasor diagram shown in 

Fig. 23(b). Therefore, when the fundamental output voltage 

reduces and power factor angle increases, the current should 

increase to maintain a constant output power as shown in Fig. 

22. 

C. Effect of inverter nonlinearities on efficiency

Table IV shows the comprehensive comparisons of Si and

SiC based drive system. The amplitude of phase voltage for Si 

based system is smaller than the value of SiC based system,  
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TABLE IV  

Measured Efficiency For Si and SiC Based Drive Systems 

Speed 

/rpm 

Load 

torque 

/

Phase 

voltage/V 

Phase 

current/A 

Inverter 

efficiency/% 

Motor 

efficiency/% 

System 

efficiency/% 

SiC  Si SiC  Si  SiC  Si  SiC  Si  SiC  Si  

200 1 15.4 13.5 1.2 1.4 18.2 4.8 96.4 19.2 17.6 0.9 

400 4 29.9 28.5 4.9 6.1 71.2 67.8 92.0 71.1 65.5 58.4 

800 

4 51.3 50.1 4.7 6.7 84.9 83.3 93.7 72.2 79.5 60.1 

8 51.6 50.6 9.7 11.5 92.5 87.7 90.8 79.4 84.0 69.6 

12 54.0 53.6 14.5 16.1 95.0 91.0 88.2 80.5 83.7 73.2 

16 56.8 55.8 18.9 20.5 96.2 92.5 86.4 80.9 83.1 74.9 

20 59.8 57.9 23.6 24.8 97.1 92.7 84.7 81.1 82.3 75.2 

24 62.5 60.0 27.6 28.9 97.4 93.7 83.2 80.3 81.0 75.2 

28 64.8 62.0 32.3 32.8 97.0 93.6 81.9 79.6 79.4 74.5 

while the amplitude of phase current for Si based system is 

bigger than the counterpart of SiC based system. It is obvious 

that the distorted voltage will reduce the amplitude of the phase 

voltage shown in Fig. 23. In addition, the distorted voltage of Si 

is more than that of SiC. Therefore, compared with SiC based 

system, the amplitude of the phase voltage for Si based system 

is smaller. In order to achieve the same output power with SiC 

system, the phase current of Si-system should increase to 

compensate for the more loss of the phase voltage and power 

factor. 

Due to the quicker switching and lower voltage drop of SiC 

compared with Si, the inverter based on SiC has higher 

efficiency than Si based inverter, as shown in Table IV. 

Meanwhile, the efficiency of the motor driven by SiC based 

inverter is also higher than the motor driven by Si based system. 

  This efficiency advantage of SiC based system is a result of 

the smaller amplitude of phase current and the lower harmonic 

components in the phase current. It is known that the motor 

losses, such as copper and iron losses, directly depend on the 

phase current. In addition, the motor driven by SiC based 

inverter demonstrates extremely high efficiency when it 

operates at low power ratings as shown in Table IV and Fig. 24. 

It is due to the fact that the inverter nonlinearity effect is more 

significant for small fundamental phase current of inverter. 

Meanwhile, the estimated results for the proposed model are 

validated by the experimental results shown in Fig. 24 (d). 

V. CONCLUSION

This paper offers a detailed and systematic investigation of 

the nonlinearities of inverters based on SiC MOSFETs and Si 

IGBTs for PMSM traction drives used in electric vehicles. A 

novel comprehensive model of voltage distortion in the 

inverters is proposed and validated by experimentation. This 

has been made possible as actual switching performances of the 

SiC and Si PMSM drive systems have been measured rather 

than resorting to the conventional DPT test, which would not 

have captured essential switching characteristics of the power 

devices exhibited in these drive applications. Compared with 

Si-IGBTs based inverter, the voltage distortion of the inverter 

based on SiC-MOSFETs is smaller due to higher switching 

speed, lower on-resistance and smaller output capacitance.  The 

overall results show comprehensively the overriding efficiency 
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Fig. 24.  Efficiency comparison of Si and SiC based drive systems under 

different speeds. (a) 200rpm; (b) 400rpm; (c) 800rpm; (d) 1000rpm. 

and other operational advantages of SiC-based inverters over 

Si-based ones, which appear even more prominent at light loads. 

It is clear that the SiC technology presents a significant 

advantage in the use of inverters for the electric vehicle 

industry. 
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Future work will include further development of the 

validated analytical model of voltage distortion by taking into 

account other effects such as the reflected wave phenomenon 

and temperature. This will lead to a more precise and 

general-purpose model of voltage distortion so that the full 

potential of the wide-bandgap technology in traction drives can 

be fully appreciated. 
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