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Abstract—This paper shows the effectiveness for employing
the GaN-FET inverter for operating the traction motor of a
compact Electric Vehicle. Utilizing GaN-FET inverter can not
only reduce the conduction loss, but also reduce the switching
loss. Therefore GaN-FET inverter can operate motors in higher
switching frequency compared with Si-IGBT inverters. It is
effective to increase the switching frequency of the inverter to
improve the motor efficiency because harmonic iron losses can be
reduced dramatically by increasing the switching frequency, but
the inverter loss becomes relatively large when the switching fre-
quency is set too high. Therefore, optimized switching frequency
should be obtained to maximize the total efficiency of the motor
drive system. Experiments are carried out to compare efficiencies
of motor drive system with Si-IGBT/GaN-FET inverter in several
switching frequencies. Optimization of the switching frequency
for maximizing the total efficiency is demonstrated to make
effective use of the GaN-FET inverter in the motor drive system.

Keywords—Wide bandgap, GaN, inverter, PMSM, Electric
Vechicles

I. INTRODUCTION

Permanent Magnet Synchronous Motors (PMSMs) are em-

ployed in various applications because of their high efficiency

and high power density [1]–[3]. PMSMs are often utilized as

the traction motor of pure electric vehicles, hybrid vehicles,

and so on [4]–[6]. These applications require the drive system

which includes the DC converter, the three phase inverter and

the motor to improve the power density and the total efficiency

[7] [8].

Wide bandgap (WBG) semiconductor devices such as Gal-

lium Nitride (GaN) is extremely effective to improve the power

density and the efficiency of the motor drive system [9]–[11].

These semiconductors have remarkable characteristics that low

switching loss, low conduction loss and fast switching in wide

temperature range [12]–[14]. Therefore, these semiconductors

can develop the power density and total efficiency of the drive

system at the same time. Numerical researchers applies these

semiconductors in the applications field of converters, and

they have indicated the impact of employing wide band gap

semiconductors [15]–[18].

In the application field of motor drive system, switching fre-

quency of the inverter is an important parameter to minimize

the total efficiency of the inverter and the motor. Increasing of

switching frequency results in decreasing of inverter efficiency.

On the other hand, motor efficiency increases by operating in

high switching frequency because harmonic iron losses can be

reduced by increasing the switching frequency [19]. Recent

motor is designed with very low impedance to operate until

high speed region for developing the motor power density,

therefore harmonic iron losses which are generated by switch-

ing of the inverter makes big influence to the total efficiency

of the motor drive system [20].

Generally the inverter for the electric cars employs Si-IGBT

for the switching device because Si-IGBT can achieve higher

efficiency compared with Si-FET devices under high voltage

and large current that are required for driving electric cars.

However conventional Si-IGBT inverters are difficult to reduce

the total loss of the motor drive system even if the switching

frequency is optimized to achieve maximum efficiency, be-

cause the switching frequency cannot be increased enough for

reducing harmonic iron losses of the motor due to increase of

the switching loss of the inverter.

In this paper, GaN-FET inverter is employed to improve the

total efficiency of the motor drive system. GaN semiconductors

have much smaller conduction loss and they also achieve

faster switching compared with Si semiconductors, therefore

the GaN-FET inverter can achieve high efficiency even under

high voltage and large current load without applying IGBT

structure. Losses of each components of motor drive system

with Si-IGBT/GaN-FET inverter with respected to the switch-

ing frequency are evaluated by simulations and experiments.

The optimization of the inverter switching frequency for

maximizing the total efficiency of the motor drive system is

demonstrated experimentally.

II. EVALUATION OF LOSS REDUCTION OF THE THREE

PHASE INVERTER USING GAN-FETS BY SIMULATIONS.

In this section, losses of 2 kinds of three phase inverters

which are composed of Si-IGBTs or GaN-FETs are evalu-

ated by performing the circuit simulator PLECS and Matlab-

Simulink.



TABLE I: Specifications of semiconductors

Classification Product name Voltage Current

Si-IGBTs RGW60TS65D 650 V(25◦C) 60 A(25◦C)

GaN-FETs GS66516T 650 V(25◦C) 60 A(25◦C)

TABLE II: Simulation setting for evaluation of inverter losses

Parameter Symbol Value

DC-link Voltage VDC 400 V
Load current Iload 10 Arms to 30 Arms

Switching Frequency Fsw 2 kHz to 40 kHz

Fig.1 shows the simulation block for evaluation of inverter

loss of a PMSM drive system using PLECS and Matlab-

Simulink. In the Matlab-Simulink Block, currents of the test

PMSM are regulated by a current controller with an ideal

inverter which outputs PWM phase voltage at switching fre-

quency Fsw. PWM phase voltages and phase current signals

calculated in Matlab-Simulink model are send in PLECS as

gate signals of power devices and as references for current

source, respectively. These phase voltages and phase currents

refer the conduction loss and switching loss from loss table

prepared in the PLECS. In the PLECS, power devices are

defined by the device data which are obtained from data sheets

and experiment results. From these device data, conduction

loss and switching loss can be reffed according to the operation

state as following equation:

Econ =
∑

p=u,v,w

1

π

∫ π

0

EconT
p (VDS , ip)dθ (1)

Eon =
∑

p=u,v,w

1

π

∫ π

0

EonT
p (VDS , ip, vp)dθ (2)

Eoff =
∑

p=u,v,w

1

π

∫ π

0

EoffT
p (VDS , ip, vp)dθ (3)

where θ is rotor position of PMSM, VDS is Drain-Source

voltage, ip, vp are phase current, phase voltage, respectively,

EconT
p , EonT

p and EoffT
p , are conduction loss table, turn-on

loss table and turn-off loss table in each phase, respectively.

These simulations can carry out loss evaluations with several

table data, therefore they can simplify complex parameter

identification and loss calculations of power devices for eval-

uation of inverter losses.

A. Comparison of switching losses and conduction losses

Table.I shows specifications of semiconductors which are

employed in each three phase inverter in the simulator. Com-

parison of inverter losses are carried out according to the

setting shown in Table.II.

Fig.2 shows conduction losses and switching losses of each

inverter. GaN-FET inverter can reduce the conduction loss

about 80% at 30 Arms in each carrier frequency because GaN-

FET has much smaller on-state resistance. Similarly, GaN-

FET inverter also can decrease the switching loss dramatically
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Fig. 1: Block diagram of vector control for PMSMs.

especially in high switching frequency region. The switching

loss of GaN-FET inverter reduced about 63% at 30 Arms, 40

kHz compared with GaN-FET inverter. Inverter losses of the

Si-IGBT inverter at 10 Arms in 2 kHz will be same level as

the losses of the GaN-FET inverter at same current at 40 kHz;

therefore GaN-FET inverter can boost the switching frequency

about 20 times faster without increasing the loss compared

with Si-IGBT inverter in some cases.

From these results, it is evaluated that GaN-FET inverter has

advantages that it can reduce the inverter loss even when the

switching frequency is much faster than conventional Si-IGBT

inverter.

B. Loss reduction of motors by increasing the switching fre-
quency of the inverter

As mentioned in previous section, utilizing the GaN-FET

inverter can boost the switching frequency without large

increase of inverter loss. Boosting of the switching frequency

results in improving the total efficiency of the motor drive

system because harmonic iron losses of the motor decreases

in higher switching frequency.

The motor efficiency is varied dramatically by the switching

frequency of the inverter especially in low torque area in small

output region. When the motor is operated by the inverter,

each phase current of the motor contains the oscillation in the

switching frequency. The oscillation of currents generates the

harmonic iron losses.

Fig.3 shows the u-phase current waves in different condition

of load and switching frequency at 0.5p.u. of rated rotation

speed. The oscillation of u-phase current reduces dramatically

by increasing the switching frequency.

The Total Harmonic Disturbance (THD) values of each u-

phase current are compared in Fig.4. THD values of each

current increase when the current amplitude or switching

frequency is low. Increasing of THD values of phase current



0

0.2

0.4

0.6

0.8

1

1.2

2 5 102040 2 5 102040 2 5 102040

In
ve

rt
er

 L
os

s 
[p

.u
.]

Fsw [kHz] 

������

������

	�����

�������	��
����



�	���	��
����
� �

(a) Si-IGBT inverter.
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(b) GaN-FET inverter.

Fig. 2: Comparison of inverter losses.

induces generation of harmonic iron losses. Therefore, the

motor efficiency tends to be low due to increase of the THD

value of each phase current.

However, the accurate value of these losses are difficult

to calculate theoretically. Therefore, we measured the motor

efficiency for evaluation of the losses of each component of

motor drive system.

III. EXPERIMENTAL EQUIPMENT

A test inverter and a test motor are selected to construct

the multi purpose compact sport EV which is shown in Fig.5.

This EV is designed to match urban lifestyles as a last mile

transportation for people of all ages. Cruising distance and

acceleration performance are must be improved to adopt to the

traffic in a city. We employed the three phase GaN inverter

and in-wheel motor which are suitable for the compact EV to

increase the power density and to achieve high efficiency.

A. Inverter specification

Table.III shows the target of the inverter specification. Test

inverter includes the GaN transistor GS66516T produced by

GaN Systems. To satisfy the target specification, 4 parallel

drive technique is adopted in each phase of the inverter as

shown in Fig.6. Pictures of an inverter module of each phase

are shown in Fig.7. The power circuit wiring is simplified to

reduce the influence on the signal circuit. The measurement
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Fig. 3: u-phase current waves in each current amplitude and

switching frequency.
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Fig. 4: THD value in each current amplitude and switching

frequency.

Fig. 5: Concept of the compact sport EV.

result of the module efficiency in the buck-boost converter

within 90◦C of package temperature without any cooling

system is shown in Fig.8. The efficiency of the inverter module

can be achieved over 99% both in buck and boost operation.

The three phase inverter which consists of 3 inverter modules

is shown in Fig.9.

B. Motor specification

Fig.10 shows the motor bench with the test motor and a load

motor. We employed the in-wheel motor as a test motor which

is suitable for compact EV to achieve high power density

and high efficiency. The utilization of the in-wheel motor also

have advantages that torque of each wheel of the car can be

controlled in quick response. It helps turning action in narrow

load, and it also helps to improve the driving performance and

stability of the car by adopting the torque vectoring control.

The test motor utilizes the permanent magnet and the gear

reduction system to realize high efficiency in a wide operation



TABLE III: Target specification of the inverter

Items Values Units

Input rated voltage 300 V

Operating voltage range 200-350 V

Input rated current 100 A

Output rated current 91 Arms

Output maximum current 200 A

Number of output phase 3
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Fig. 6: Circuit of single phase inverter.
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(a) Top. (b) Bottom.

Fig. 7: Single phase GaN inverter module.

region as shown in Fig.11. Resolver signals can be obtained

from the in-wheel motor for applying the vector control.

Motor torque is obtained by flange torque sensor for accurate

measurement.

IV. EXPERIMENTAL RESULTS

Experiments are carried out to show the effectiveness of

adjusting the switching frequency of the inverter. Inverter

efficiency and motor efficiency are measured by using YOKO-

GAWA WY1804E. Test motor and load motor are driven by

vector control.

A. Current distortion in each switching frequency.

Fig.12 shows each phase current with 0.1p.u. of rated

torque. When the switching frequency is set 6.25 kHz, large

current distortion can be observed. On the other hand, when

the carrier frequency is set as 12.5 kHz or 20 kHz, disturbance

components become small. From these results, it is evaluated

that the increasing of the carrier frequency is effective to

reduce THD values of each phase current. These results also

indicate that the motor efficiency increases by setting the

switching frequency of the inverter high.

As mentioned in the above, GaN inverter have a remarkable

advantage that the inverter loss does not increase significantly

by changing the carrier frequency. Therefore, the inverter

Over 99% achieved
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Fig. 9: Three phase inverter.

efficiency and the motor efficiency in each switching frequency

should be obtained to maximize the total efficiency of the

inverter and the motor.

B. Efficiency variation due to shifting the switching frequency
of the inverter.

In this section, difference of efficiency due to the switching

frequency of the inverter is evaluated. Switching frequency is

set as 6.25 kHz, 12.5 kHz and 20 kHz.

As shown in Fig.13, the inverter efficiency is reduced by

increasing the switching frequency from 6.25 kHz to 12.5 kHz.

On the other hand, motor efficiency increases significantly

in the small torque region. As a result, total efficiency also

increases almost of all region in measured range by shifting

the switching frequency from 6.25 kHz to 12.5 kHz.

Similarly, inverter efficiency decreases and motor efficiency

increases by shifting the switching frequency from 12.5 kHz

to 20 kHz. Total efficiency also increased about a half area

of measured range, on the other hand, the total efficiency

reduced in some region mainly near high torque region.

In these region, motor efficiency is almost same level in

each switching frequency, because the difference of THD in

each switching frequency becomes similar when the current

amplitude becomes high.



In-Wheel Motor Load motor

Fig. 10: Motor bench.
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Fig. 11: Efficiency map of test in-wheel motor.

C. Optimization of carrier frequency to maximize the total
efficiency of the motor drive system.

From the above experiment results, in order to maximize

the total efficiency of the motor drive system, the switching

frequency should be adjusted due to operating point.

Fig.15 shows the switching frequency map which can max-

imize the total efficiency in each operating point. This map

was obtained from the following steps:

(1) Measure the total efficiency with switching frequency at

6.25 kHz, 12.5 kHz and 20 kHz in several operating

points.

(2) Find the optimized switching frequency which can max-

imize the total efficiency from 3 patterns of switching

frequencies at each operating point.

(3) Linear interpolate the optimized switching frequency be-

tween each operating point.

From Fig.15, it is evaluated that the optimized switching

frequency is higher than 10 kHz in most area of measured

range. In the low torque area in low power region, optimized

switching frequency tends to be higher than 10 kHz. On the

other hand, in the low torque area in high power region, total

efficiency is maximized near 10 kHz. Therefore, the switching

frequency should be adjusted carefully due to operating point.

V. CONCLUSION

In this paper, the effectiveness for utilizing the GaN inverter

was demonstrated. The advantages of employing the GaN
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Fig. 12: Comparison of phase current at 0.1p.u. torque.

inverter and in-wheel motor as the drive system of compact EV

was discussed. The efficiency variations of each component

due to shift of the switching frequency are experimentally

evaluated, and optimized switching frequency of GaN inverter

to maximize the total efficiency of motor drive system with

GaN inverter was indicated.
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