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Enhanced Low-Voltage GaN FETs for e-Mobility
Motor Control Improvements

Vincenzo Barba
DENERG-PEIC
Politecnico di Torino
Torino, Italy)
vincenzo.barba@polito.it

Abstract— Light e- Mobility plays an important role in the
field of transportation. Recent studies show the advantages of
adopting gallium nitride transistors (GaN FET) in low-voltage
motor drive applications. This paper presents the benefits of
choosing GaN FET technology for the electric powertrain. At
first, GaN technology features are presented and compared to
those of silicon-based (Si) transistors. Then, the typical e-
powertrain layout with a GaN FET inverter is investigated
through experimental tests. A focus on the DC-bus filter size and
the dead-time selection is given. Advantages of using GaN FET
have been found in terms of inverter output waveforms quality,
system efficiency and power density, not only for the inverter
but also for the filters and for the electrical motor. Finally, an
overview of the emerging low-voltage motor drive applications
is given. This work is useful for understanding how GaN FET
operates, especially in motor drive applications in low voltage
systems typically of light e-mobility.

Keywords— GaN FET, Inverter, dead time, Light e-mobility,
e-bike, power train.

1. INTRODUCTION

Among the wide bandgap (WBG) devices currently on the
market, high electron mobility gallium nitride (GaN)
transistors (HEMTs) are growing rapidly over silicon-based
alternatives, such as super-junction transistors or Silicon
Carbide (SiC) devices up to voltage ratings around 600V [1-
3]. Benefits include significantly lower input and output
capacitances (Ciss, Crss and Coss), resulting in lower
switching losses. Also, the Miller capacitance of a GaN
transistor is much lower than a MOSFET with comparable
Rpscony [4]. Thus the GaN device can be turned on and off
much faster, which, in turn, allows for the use of smaller
transformers and passive components. Additionally, lower
input resistance per unit area leads to reduced conduction
losses. Furthermore, the switching frequency in hard-
switching operation is extended up to tens of MHz [S]. In low-
voltage applications (<200V), GaN technology is more
competitive compared with Silicon (Si) MOSFET [6] and
allows for obtaining high-performance power converters with
reduced volume. The increasing of the switching frequency
with reduced power losses leads to high-efficiency power
converters with decreased size very profitable for autonomous
battery systems. In this kind of emerging power electronic
applications, the light e-mobility such as electric bikes (e-
bikes), electric kick scooters or Unmanned Aircraft Systems
(UAS); are more attractive for the GaN technology application
[7], [8]. Furthermore, several low-voltage automotive
applications of power converters regarding the charger circuits
and the motor control for the fan, power steering and starter-
alternator [9]. In the paper, an overview of the low-voltage
inverter for motor control applications in light e-mobility and
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automotive applications implementing GaN FET devices is
carried out. The GaN FET in motor control is investigated by
comparing the specific technology and dynamic
characteristics with Si MOSFETs. The GaN FET impacts on
the inverter in output and input experimental waveforms
improvements are explored, and the benefits of the HEMT
devices are highlighted. Several GaN-based experimental
inverter boards’ performances are discussed.

II.  GAN TECHNOLOGY FOR MOTOR CONTROL

Nowadays, GaN FET technology is becoming more and
more popular in low voltage (48 V — 600 V) applications, and
it is on the way to substituting Silicon transistor technology
(MOSFET). GaN FET benefits are most significant in terms
of switching losses and package size. Thus it performs at a
higher power density than MOSFET. This is a result of GaN
FET features that make this technology special and attractive.

Parasitic capacitances determine the commutation
dynamic. Their values change non-linearly with the applied
drain-source voltage [10]. Fig. 1 shows the GaN FET model
with parasitic capacitors, inner gate resistor and the equivalent
body diode in Fig. la and the behaviours of the parasitic
capacitances versus the drain to source voltage in Fig. 1b. As
example, those of GaN FET featuring RDS(on)=3.6 € on-
resistance (EPC2065 from EPC) are presented.
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Fig. 1.(a) GaN FET model with parasitic capacitors, inner gate resistor and
equivalent body diode symbol. (b) Parasitic capacitors behaviour versus
drain-source voltage (Vps) variation.

For example, two devices with 80 V breakdown voltage and
similar on-resistance are compared. In Table I, the input
capacitance (55 = C45+ Cgp value and the output
capacitance Cygs = Cps + C¢p value measured at 0 V and 48
V of the considered GaN FET and of a MOSFET featuring
Rpson=2.6 mQ on-resistance (BSCO26NOSNS5 from
Infineon) are reported.



TABLE I
GAN FET vS MOSFET CAPACITANCE COMPARISON
CISS oV CISS 48V COSS oV COSS 48V
[nF] [nF] [nF] [nF]
GaN FET 1940 1610 2700 1025
MOSFET 6800 5200 5100 1100

From the comparison, it arises that the GaN FET has lower
parasitic capacitances than the MOSFET.

The Total Gate Charge (Q,) is the amount of charge that
needs to be injected into the gate electrode to turn on the
enhanced device. GaN FET has the advantage of having a
lower Q, value in comparison to the MOSFET. The GaN FET
feature a Q,=15 nC, while the MOSFET has Q,=74 nC.

The lower capacitances and gate charge values of the GaN
FET make it faster to turn on and turn off.

The inverter configuration is composed of three H-bridge
configurations made of two devices, the high side and low side
working complimentary. During switching, a dead time where
both devices are driven off is mandatory to avoid shoot-
through but introduces power dissipation for every switching
transient. Dead time length is arbitrary and has to be chosen
according to the device’s features.

The MOSFET features a reverse recovery charge Q- of 92
nC, which causes a growth of the switching losses. In three
phase inverter application, 48 V bus voltage and 100 kHz
switching frequency fiw, the MOSFET power dissipation
introduced by Q,r contribute to the power dissipation.

GaN FETs do not present the reverse recovery
phenomenon because they do not feature a p-n junction [4],
[11]; anyway, it acts as a diode if reverse polarized. This
characteristic allows the completion of the turn-off transients
faster and with lower losses in comparison with the Si-based
technology.

On the other hand, when reversing polarized, GaN FET
reverses conduction voltage drop Vrc is bigger than the
MOSFET one [12]. For example, the datasheet of the
BSCO026NO8NSS reports a Vre=0.85 V, while it is Vrc=1.5 V
for the GaN FET. Fig. 2 shows the comparison of the overall
power dissipation of the MOSFET in blue and of the GaN FET
in green as a function of the dead time length for =10 A in
Fig. 2a and for 1p=30 A in Fig. 2b.

GaN FET higher Vgrc causes the steeper slope of the GaN
FET losses graph. Nevertheless, MOSFET reverse recovery
losses grow with the current magnitude and the dead time
length, tending to a constant value. Overall, GaN FET is more
efficient at low dead time values. Moreover, a shorter dead
time and lower power dissipation is achievable using the GaN
technology [13].

GaN FET high reverse conduction voltage amplitude must
be considered when defining the dead time. Its lengthiness
must be long enough to allow the Cygs charge/discharge
dynamic but not too long to minimize the reverse conduction
losses.

III.  POWER TRAIN FOR LIGHT ELECTRICAL VEHICLES
ISSUES

In the field of motor control, single-phase and multi-phase
DC-AC converters are required. The motor drive system

layout is typically composed of a battery, LC filter, inverter,
electric motor (E-Motor), microcontroller and battery
management system (BMS) and is shown in Fig. 3.
Comparison at 10 A f,,, =100 kHz

800
— 700
E 600 GaN FET
§ 500
®
5400 MOSFET
5 300
¢ 200
o
& 100
0
0 50 100 150 200 250 300
dead time [ns] (a)
Comparison at 30 A f,, =100 kHz
2500
= 2000
£
c GaN FE
S 1500
8 MOSFET
wv
3 1000
5]
2 500
o
0
0 50 100 150 200 250 300
dead time [ns] (b)

Fig. 2. Reverse conduction power losses at two current I, values versus the
dead time length. Dead time range 5-275 ns. a) 1,=10 A. b) [,=30 A

The BMS controls the battery state of charge and
communicates with the microcontroller, which elaborates the
PWM according to the E-Motor mechanical speed, rotor
position and the measured currents.
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Fig. 3. system layout composed by battery, LC filter, inverter, electric
motor (E-Motor), microcontroller and battery management system (BMS).
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GaN FET can operate at switching frequencies higher than
100 kHz because of the fast switching transient. The high
switching frequency reduces the ripple on the current
waveforms that go to the motor and in the LC filter connected
to the battery. A current waveform with less ripple minimizes
the torque ripple, and motor efficiency arises [14]. Moreover,
the high switching frequency has the benefit of reducing the
LC filter size. In this way, it is possible to use ceramic or
tantalum capacitors, thus avoiding the use of ceramic
technology, which is less reliable.

A. DC link size reduction

The DC-link capacitor balances fluctuating instantaneous
power exchange between the battery and the inverter. The DC-
Link capacitor stabilizes the “ripple” caused by the inverter’s
high-frequency power switching circuits. In the system
performance, a reliable and small-size DC-link capacitor plays



a key role. A test on a DC Brushless motor with phase current
Loz =1= 5 A, input voltage Vpc=36 V, switching frequency
fw=100 kHz, and dead time 21 ns has been done. Fig. 4a
shows the motor phase periodical waveform in a current
period and the current ripple Ip. The resulting current and
voltage waveforms are reported in Fig. 4 when using
electrolytic filter capacitors (Fig. 4b), ceramic filter capacitors
(Fig. 4c) and tantalum filter capacitors (Fig. 4d).

The comparison in Fig. 4 shows that at 100 kHz switching
frequency, the same peak-to-peak ripple is obtained in the
input voltage waveform using different Cr values and
technologies. Ceramic capacitors are capable of handling high
voltages. Furthermore, they feature low ESR and equivalent
series inductance (ESL) with volume substantially reduced.
Tantalum capacitors have high capacitance density; smaller
package sizes are more easily obtainable than Aluminum
electrolytic capacitors [8]. They have lower leakage currents
and stability characteristics at a higher cost. The test
demonstrates that such a high switching frequency, achievable
with GaN FET technology, has benefits on the DC-link size,
volume and cost reduction.
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Fig. 4. Input voltage Vpc, phase current I and current ripple Ip waveforms
with different filter capacitor technologies: (a) periodical motor waveforms;
(b) electrolytic capacitor C=660 pF; (c) ceramic capacitor C=22 pF; (d)
tantalum capacitor C~=30 pF.

B. Torque ripple reduction

The inverter PWM is able to generate an almost sinusoidal
current waveform with modulation frequency fn, performing
a square phase voltage at a higher frequency fi and with a
proper duty cycle. However, the current waveform presents
some distortion in respect of a sine curve. In motor drive, the

current distortion causes torque ripple and shaft vibrations.
These can be limited using a very high fi,/ fi, ratio. Moreover,
the inverter dead time also causes a discontinuity when the
current is close to a magnitude of 0 A.

A test where an inverter is connected to a DC Brushless
motor with phase current I, >3 =I,= 5 A, input voltage Vpc=36
V, switching frequency fiw=100 kHz has been done. The
modulation frequency is fn=22 Hz. Fig. 5 shows the phase
current lp waveform and the resulting discrete Fourier
spectrum when the dead time is 500 ns (Fig. 4a) or 14 ns (Fig.
4b).

Comparing the two operating conditions, arises that the
current distortion is minimized using 14 ns of dead time.
Moreover, the Fourier spectrum referring to the lower dead
time length presents a great attenuation of the frequencies
close to the principal one (22 Hz).

Such a short dead time value is achievable only by using
an inverter with GaN FETs in the power stage because of the
very fast switching transient.
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Fig. 5. phase current I, waveform and the resulting discrete Fourier spectrum:
(a) dead time of 500 ns. (b) dead time of 14 ns. Timestep 20 ms. Frequency
step 700 Hz.

IV. LOW-VOLTAGE MOTOR DRIVE APPLICATIONS

Several boards have been designed for different
applications, using proper discrete GaN devices or integrated
power stages. The different boards evaluated are shown in Fig.
6.

A. E-bike Motor Drive

In city transport, e-bikes are affordable for sustainable
mobility and its market is seeing a huge request in recent years
and it is still growing. The technology of the power switches
is crucial to obtain an efficient and reliable inverter system. E-
bike powertrain works with low DC voltage, 24 V — 48 V



typically, and DC brushless for a strictly economic or
permanent magnetic sinusoidal motor (PMSM) for more
qualitative movement applications. In the field of light e-
mobility application, GaN FET is the best candidate for
realising the inverter power stage. For this porpoise, a GaN-
based two-level inverter board has been used (EPC9167 from
EPC). It uses a discrete GaN FET for each switch position.
The adopted GaN FET is automotive qualified and features
RDS(on=3.2 mQ maximum, 80 V maximum device voltage
(EPC2218A from EPC).

Single automotive
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Fig. 6 Inverter boards designed for motor driving applications: (a) IC device;
(b) Single discrete device; (c) 2 parallel connected discrete devices; (d) 4
parallel connected discrete devices.

The motor drive board is tested to work with a PWM
switching frequency of fsw=100 kHz and a DC input voltage
0of'48 V. The modulation frequency is fm=5 Hz and works with
a sinusoidal phase current of 10 A peak. 50 ns dead time are
used. Fig. 7a shows the phase motor voltage Vo in green and
the phase current Iy in yellow. The zoom toward the current
peak is reported in Fig. 7b.

Fig. 8 shows the commutation transient of the low side
turn-on (Fig. 8a) and of the high side turn-on (Fig. 8b) when
the phase current reaches the 10 A peak magnitude. When the
current goes from the phase motor to the inverter leg switching
node, the commutation of the low side turn-on is faster than
the high side one. In fact, in Fig. 8a, the voltage falls
completely in almost 50 ns, while in Fig. 8b, the voltage rises
in two steps: in the first one, it rises with a slope of 2.5 V/ns;
then, it rises to 48 V as a step because the high side turns on
in hard switching. This difference is due to the presence of the
parasitic capacitance. During the low-side turn-on, the phase
current can immediately pass through the GaN FET equivalent
diode as the high-side device turns off. In this case, reverse
conduction is present after the quick voltage variation. On the
other hand, when the low-side device turns off, the phase
current circulates through the parasitic output capacitance
Coss that charges. Reverse conduction happens only after the
Coss completes charging. In the case of Fig. 8b, 50 ns of dead
time is not long enough for completing the Coss charging, so
hard switching happens, avoiding the reverse conduction
phenomenon.

The graph in Fig. 9 shows the case-to-ambient A-
temperature in the function of the RMS phase current Iy in the
cases with switching frequency of /=50 kHz or f;w=100 kHz
and by using a heatsink for air cooling or not. The graph shows

that growing fi increases the temperature. A heatsink can
help in limiting the temperature rising.
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Fig.7. Phase voltage V, and current I, waveforms of the board designed
for E-bike motor drive. (a) full sinusoidal period at 5 Hz; timestep 50 ms.(b)
zoom on the switching period; timestep 2 ps.
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Fig. 8. Phase voltage V,and current I, waveforms during commutation of
the board designed for E-bike motor drive: (a) low side turn-on. (b) high side
turn-on. Timestep 100 ns/div.
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Fig. 9. GaN FET case-to-ambient A-temperature in function of the phase
current I of the board designed for e-bike motor drive Switching frequency
of fsw=50 kHz or fsw=100 kHz. Using a heatsink for air cooling or not.

B. Reduced Volume Motor Drive Applications

The volume reduction is a crucial design constraint in
portable battery powered system. The integration of the power
stage in converter applications is oriented to a significant
inverter board size reduction. In Fig. 6b the inverter board



(EPC9176 from EPC) is designed to minimise the volume and
increase the reliability. Comparing the area size of this board
with the equivalent PCB layout of the inverter in Fig. 6a, the
savings is about 50%. The inverter board consists of a motor
drive inverter board based on a Power Stage IC (RDS(on)=6.6
m¢ maximum, 100 V maximum device voltage. (EPC23102
from EPC). The 3-phase inverter is designed to supply
electrical motor working in several volumes-save applications
such as e-bikes, electric kick scooters and automotive fan
drives. The experimental board can deliver a steady state
phase peak current up to 27 A (20 Arwms). The board supports
PWM switching frequencies up to 250 kHz in motor drive
applications and 500 kHz in DC-DC applications. It is an
integrated power stage (IC) that integrates input logic
interface, level shifting, bootstrap charging, and gate drive
buffer circuits along with eGaN output FETs. With such IC,
the number of components in the board is very reduced. This
is a benefit for the PCB layout and reliability.

This inverter board has been tested, powering a brushless
motor (BLDC) of 500 W. The inverter I supplied by 48 V DC
input voltage and worked a PWM having a sinusoidal
reference with a modulation frequency of f,=5 Hz and a
switching frequency of fsw=100 kHz. The motor phase RMS
current is 20 A. Fig. 10 shows the phase current and the
measured board temperature in the described working
operation.
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Fig. 10. Phase current I, and temperature sensor voltage of the board
designed with IC GaN FET. Timestep 50 ms/div.

Test results reveal that the board temperature increases to
80°C when the ambient temperature is 26 °C. So, the board is
thermally stable when working in an operation that performs
very high-quality current waveforms.

C. E-Scooter Motor Drive

Micro mobility is a variegated, and not yet standardized
electric mobility scenario made up of several relatively small
battery-powered vehicle systems with autonomy ranges
depending on many factors, such as weight, maximum torque,
speed, number of people to move, safety, and cost. Electric
scooters (e-scooters) belong to micro-mobility, but the motor
torque request may require a current level that is too high for
being conducted by a single device.

A solution to avoid damage in the converter due to the
high current request is to use more FETs in parallel. In this
way, the load current is subdivided between the power
devices. For this purpose, the 3-phase inverter (EPC9167HC
from EPC) has the power stages composed of two GaN FETs
(EPC2218A from EPC) in parallel. The considered board is
reported in Fig. 6¢, and it is an evolution of the one in Fig. 6a.

The board can deliver up to 42 A peak (30 A RMS) maximum
output current.

The electric schematic of the inverter board with two
parallel devices in each switching leg is depicted in Fig. 11.

The board is tested by powering a 500 W motor with a
sinusoidal modulation frequency of f;=5 Hz and delivering
to the motor a phase current of [,=25 A RMS. The input
voltage is Vpc=48 V, and the PWM is realized with a
switching frequency of /;w=100 kHz and a dead time of 50 ns.
Fig. 12 shows the phase current 1o waveform and the board
temperature measured with a thermal sensor.
The test reveals that the board is able to supply a high phase
current with very low distortions and remains inside the
thermal limits.
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Fig. 11. Electric schematic of the inverter board with two parallel
devices in each switching leg.

D. Starter Alternator

In vehicles, the starter motor and alternator are essential
components.

The starter motor is basically a DC electrical machine or a
permanent magnet machine directly supplied by the vehicle
battery. During the cranking phase, the starter is mechanically
connected to the Internal Combustion Engine (ICE) shaft and
applies torque to accelerate the ICE. The torque request during
cracking can be very high, and the inverter must be able to
deliver a high current request. The alternator is an onboard
electrical generation done with an electrical machine coupling
the ICE shaft. An AC/DC converter rectifies the AC motor
current to charge the battery. When a speed variation happens
in a short time, the current magnitude can reach high levels.
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Fig. 12. Phase current I, and sensor board temperature of the board
designed with 2 Parallel Connected Discrete GaN FETs. Timestep 50 ms/div.



For supplying higher currents, more than two parallel
connected devices can be used. The designed board is a two-
level inverter (EPC9186 from EPC) having four GaN FETs
connected in parallel per switch position. The GaN FET has a
conduction resistance of Rpson)=1.8 mQ maximum RDS(on),
100 V maximum device voltage and can conduct a steady state
current up to 100 A (EPC2302 from EPC).

This inverter board has been designed to work in safe
operating conditions, with a phase current up to 150 A.

The board is tested when it supplies a motor working a PWM
with a switching frequency of f;w=100 kHz and 50 ns of dead
time. The inverter input voltage is Vpc=60 V, and the phase
current magnitude is [p=150 A. Fig. 13 shows the phase
current Iy and the phase voltage Vo, waveforms. Fig. 13a
focuses on some switching periods. The zoom toward the low
side turn-on transient is depicted in Fig. 13b, while the high
side turn-on transient is depicted in Fig. 13c.
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Fig. 13. Phase voltage V, and current I, waveforms during commutation
of the board designed with four parallel connected discrete GaN FETs: (a)
more switching periods, timestep 50 ps. (b) low side turn-on. (c) high side
turn-on, timestep 50 ns/div.

V. CONCLUSIONS

In the paper, the use of GaN technology in DC-AC power
converters for low-voltage light e-mobility power trains and
automotive inverters for different auxiliary motor control
applications is investigated, giving an overview of several
applications. GaN FET is more attractive in inverter
applications for the advantageous improvements in reducing
the current ripple of the output waveforms and DC-link
capacitances reduction caused by the higher switching
frequency compared with Si MOSFETs. The quality of the
output current is influenced positively by the dead time length
significant reduction due to the device’s input parasitic
capacitors values decreasing with respect to the equivalent Si
MOSFET devices. Furthermore, the device sizes and the high
switching frequency allow a noticeable converter volume
reduction. The converter system volume reduction and
improved efficiency are crucial features for the application in
modern autonomous battery systems, such as the e-bike or e-
scooter, which are in great expansion on the sustainable e-
mobility development.
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