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Abstract—The motivation of this work is the characterization
of semiconductor switches in DC/DC Wide Band-Gap based
converters for electrical vehicle applications. The paper studies
Gallium Nitride High Electron Mobility (GaN HEMT) Transis-
tors, which present very good features for high-frequency high-
efficiency applications. In order to obtain an efficient DC/DC
converter design, a full characterization of these devices must be
carried out. A double pulse test is applied to the GaN device,
in order to study the switching behavior of these transistors.
The test will be performed experimentally and in simulation
under different operating conditions, in order to have the ability
to understand the difference in the transistor behavior under
these different operating points. Finally, the obtained results
will be presented, commented and compared to identify the
particularities of these devices.

Index Terms—Electric vehicle, DC/DC converters, Gallium
Nitride, double pulse test

I. INTRODUCTION

Power electronics technology is the cornerstone of the whole
concept of developing environmental-friendly vehicles [1],
[2].The importance of the converters in EV is reflected by
their role as an interface between the elements in the electric
power train and the energy storage systems, which adapt the
power to the different voltage levels. Due to the constraints of
automotive applications, the power electronics system must be
reliable, efficient, and present high power density. Nevertheless
achieving these constraints is still a challenge [1], [4]-[6].

In order to improve the efficiency of a power converter,
the power switching device needs to be chosen carefully to
ensure low switching and conduction losses [7], [8]. In general,
silicon (Si) has been the basic and dominant material for the
last half-century. However, the operating limitations of such
devices might avoid its use in future applications [9]-[11].

Wide bandgap (WBG) semiconductors such as Silicon Car-
bide (SiC) and Gallium Nitride (GaN), are defined by their
larger bandgap compared to Si [12], [13]. In comparison with
Si, WBG devices present a better performance in terms of
higher blocking voltage capabilities, faster-switching speeds,
high-temperature operation, and lower on-state resistance [3],
[4], [7]. In fact, WBG devices permit the design of DC/DC
converters with higher efficiency, higher temperature limits,
and faster switching transient than conventional Si-based sys-
tems.

Gallium nitride high electron mobility transistors (GaN
HEMTs) have key advantages among their competitors. These
devices have a high current density and low channel resis-
tance, which are suitable for high-frequency operation and

high-efficiency applications [14]. These novel power devices
represent a real breakthrough in power electronics. However,
many developments are still required, as GaN devices have
not reached their maturity for high power high frequencies
applications yet.

The Framework in which this manuscript is presented is
to obtain an analytical expression for the switching power
losses that can be modeled for real-time computations by
focusing on the switching transitions. This paper shows the
preliminary steps towards that goal, which can be achieved by
means of establishing a procedure. The methodology needs
to consider the characteristics under all the conditions in the
typical mission profiles for the devices in these applications.
These include: full range of current values, the voltage range
considered, temperature margins in all the operating range of
interest for the application (-55 to 150°C) and the ageing
process, which means to run the experiments automatically,
and to characterize the parameters under different number of
cycles.

Therefore, a procedure for testing, measuring and storing
the waveforms of the switching intervals, for these conditions,
must be carried out. Basically, this is the work presented
in this paper. This procedure will establish the files for the
simulation, and also the experimental setup needed to achieve
these measurements to compare against the simulated ones.

This paper discusses the performance of GaN devices.
Section II reviews the characteristics of the GaN device, in ad-
dition to that it explains the switching mechanisms. Moreover,
Section III clarifies the methodology and conditions of the
test. This test provides a practical method for characterizing
the transient performance of semiconductors transistors under
hard switching. Section IV shows the results of the performed
test. Finally, Section V discusses the conclusions and the future
developments.

II. GALLIUM NITRIDE TRANSISTORS OVERVIEW

Gallium Nitride (GaN) based on high electron mobility
transistors (HEMTs) is a field-effect transistor in which two
layers (AlGaN/GaN) of different bandgap and polarization
field are grown upon each other, creating the Two Dimensional
Electron Gas (2DEG) channel. This 2DEG at the hetero-
junction works as the conductive channel for large drain
currents in any direction due to high electron mobility and
high electron sheet charge density, it behaves as an ideal diode.
It can be controlled by the gate of the device. This 2DEG



channel is considered one of the main advantages of GaN
HEMT devices [15]. It eliminates the need for a body diode
to allow the reverse conduction, therefore there will be no
minority carriers. So, no reverse recovery losses in e-mode
GaN devices and reverse recovery charge (Qrg) will be zero.
This enables GaN-based devices to do hard-switching at a
relatively high switching frequency, such as half-bridge hard
switching which requires hard commutation (higher efficiency
and more robust without body diode) [16].

TABLE I: Material Properties of Silicon, GaN, and SiC

Property | Si | GaN | SiC
Bandgap E, eV 1.1 34 3.26
Critical Field Ec it MV/cm 0.3 33 2.2
Electron Mobility uy, em?/V.s | 1300 | 1500 | 950

107cm/s | 1.0 2.5 2.0
W/emK | 1.5 1.3 49

Electron Saturation Velocity vsqt
Thermal Conductivity A\
Permittivity €,

From Table I, it is clear that GaN is superior to SiC and Si in
terms of electron mobility, energy gap, and breakdown electric
field. The high electrical field as well as the high electron
velocity of GaN allow switching at a much higher frequency
than Si-based devices [15], and enable the potential to increase
output power density [17]. The high-frequency operation leads
to a reduction in the size of the passive components of the
converter, contributing to achieve a compact module [11].
Moreover, the combination of high electric field and high
electron velocity will improve the conductivity of the devices
for the same breakdown voltage. Therefore, GaN transistors
can provide a lower on-resistance compared to silicon and SiC
[18].

The low Rpg(on) of GaN is one of the main reasons for
its small chip size of the transistor. In addition, high output
power density allows the fabrication of much smaller size
devices with the same output power [19], which means smaller
parasitic capacitance elements. On top of that, due to the low
Rps(on) GaN has lower conduction losses compared to Si and
SiC. The lower the conduction losses are lead to the simpler
cooling and heat system, which is desirable for industries
looking into the design and manufacturing of more power-
dense and less expensive systems.

To demonstrate the potential of GaN in a more concrete
case, it was interesting to compare its’ switching losses to
different semiconductor technologies (Si, SiC and MOSFET).
A 15kW buck converter was designed with 500Vdc, 50%
duty ratio, 20% current ripple and 100kHz. The three different
switches that were used in the comparison are IPT60R028G7
from Infineon for the Si switch, C2M0025120D from Wolf-
speed for the SiC switch and GS66516T from GaN Systems
for the GaN switch. Figure 1 present the turn on switching
losses for the three different switches. By looking at the figure,
it is clear that the Si switch takes more time to turn on while
the GaN switch is the fastest to turn on, and this in turn affects
the switching losses. To calculate the turn on energy losses
(Eon), the area under the power curve was integrated. The Si

switch had the greatest E,,, with 6.739mJ followed by the SiC
with 1.23mJ while the GaN had the lowest 351xJ. Similarly,
GaN had the lowest turn off switching losses (E, ) between
the mentioned technologies. Altogether, GaN proved to have
the lowest switching losses, which means that it can be a more
suitable choice for the EV application which requires higher
frequency and higher efficiency.
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Fig. 1: Switching On transients in A 15kW buck converter
using three different semiconductor technologies

In conclusion, GaN has higher efficiency due to its lower
conduction, switching losses and the absence of the reverse
recovery losses due to zero recovery charges. In addition,
it provides the ability to switch at very high switching fre-
quency which can reach MHz. So, all these superior material
properties allow the system to be more efficient and lighter-
weight, which are the main challenges to achieve in electrical
vehicles systems. Although GaN has lower switching losses
when compared to the other technologies, parasitic elements
will have a serious impact on the switching transients, due to
the ability to switch fast. Thus unwanted overshoot and ringing
may appear during the switching events. As a consequence, it
leads to voltage and current stress of the GaN device, elec-
tromagnetic interference (EMI) problems [20]. This creates
a challenge to get a simple model of the power losses in
HEMT that takes into account all the significant aspects in
the switching losses. Nevertheless, this model is important
in order to carry out a design that is able to minimize all
these aspects. Thus, it is essential to possess information about
the switching mechanisms. This information will be analysed
and verified through simulations, (relying on the model of the
manufacturer) and on the experimental test.

Switching Mechanism

Switching transient analysis is of key significance for the
performance evaluation of transistors. During the hard switch-
ing, the power device is turned on and off rapidly, while
there is still voltage and current across the drain to source
channel. This can leads to considerable power losses during the
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Fig. 2: Idealized switching waveforms used for calculating
switching loss (a) turn-on (b) turn-off.

switching events. Figure 2 shows the switching mechanism and
the switching loss during the turn-on and the turn-off events.

At the turn-on event, the gate to source voltage (V) starts
to increase, and the gate current starts to charge the gate to
source capacitance (Cgg). At t;1, Vg reaches the threshold
voltage and the gate current continues to charge the Cgg. From
tq1 to tp; the drain current (Ipg) starts to rise up to reach
the load current until Cgg is fully charged. After that the
gate current starts to charge the gate to drain capacitor (Cgp),
during this period (tp1-t.1) Vs stays constant, this is known
as miller plateau, whereas the drain to source voltage (Vpgs)
starts to fall down, the Ipg remains constant when the drain
voltage is falling. Charge time for the Cgp is larger than that
for the Cgs due to the fast changing drain voltage between
tp1-tc1. However, when both Cgg and Cgp are fully charged,
gate voltage Vg starts increasing again until it reaches the
supply voltage. After that, the switch is fully gated on and
turn-on transient is over. The overlapping area of Vpg and
Ips during t,;-t.1 is known as the turn-on loss. The turn-off
transient is exactly the reverse process [21].

However, the intervals of the waveforms shown in Figure 2
might be a bit different in GaN transistors due to the specific
internal structure of the device. Due to these differences the
characterization of GaN transistors is required to refine this
modeling, which is the main goal of this work.

III. DOUBLE PULSE TEST

GaN transistors allow operating at a higher frequency which
will reduce the overall losses in the system [4]. However,
the higher frequency the higher the switching losses in the
transistor. For this reason, it is important to understand the
behaviour of the switch during each transition and quantifying
the losses related to these events.

Double pulse test provides a good method for characterizing
the transient performance of the transistor [22], as it allows
easy evaluation of the device switching behaviour at high
voltage/current without the need to run the system at high
power ratings. Furthermore, this test provides the switching
loss (Eon/E,fy) measurements, and other switching charac-
terization parameters [23]. On the other hand, the test result
accuracy depends a lot on the gate loop and the power loop
inductance in the printed circuit board PCB, as well as the
measurement techniques.
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Fig. 3: Double Pulse Test.

A double pulse test (DPT) consists of a half-bridge structure
with an inductive load, a simplified schematic is shown in
Figure 3. The main power loop in the test will start when the
device under test (DUT) turns on at tg, the current will flow
from the capacitors to charge the inductor (L) and then flow
through the DUT. When the DUT turns off t;, a freewheeling
loop will occur and the inductor will circulate current through
the upper transistor and force it to conduct in reverse direction.
The upper transistor D1 can be kept turned off during the
whole test. In fact, the turn-off and turn-on are the interesting
points for this test as they are the hard switching transients
for the half-bridge circuit when DUT is under high switching
stress.

However, since the test is measuring transient under high
stresses, the test result accuracy can be significantly affected
by the gate loop or power loop circuit. When switching at
high frequency, the parasitic inductances will influence the
switching performance of the transistor by creating overshoots
and ringing [24]. Not only the design of the power and the gate
circuit has an effect on the test accuracy, but also the measure-
ment tool. To determine the switching power characteristics
and losses of the power switches precisely, high-performance
voltage and current measurement equipment must be used.
In addition to the ground loop of the voltage measurement
probes should be as short as possible, to prevent it from adding
unwanted parasitic inductance which may lead to false and
incorrect measurement and evaluation to the behaviour of the
transistor.

A. GaN system platform

The test was performed using the high power insulated metal
substrate (IMS) evaluation platform from GaN Systems and its
corresponding motherboard GSP65HB-EVB, shown in Figure
4. This IMS evaluation platform provides a low-cost solution
to transfer heat, increase the power density and cut off the
system cost. The GS66516B is a bottom-side cooled E-HEMT,
rated at 650V/25m¢2, with Kelvin source pin. The gate voltage
operating values according to GS66516B datasheet are 6V/-
3V, being the negative bias recommended for the turn-off to
prevent false turn-on. This evaluation module is designed with
the gate driver as close as possible to the GaN devices to
minimize the gate loop inductance. Moreover, the gate resistor
is recommended to be separated for turn-on and turn-off.



Fig. 4: Double pulse test setup with the experimental eval-
uation Kit: GSP65RxxHB evaluation motherboard and 650V
high power insulated metal substrate (IMS) evaluation mod-
ules.

This high-power motherboard is offered by GaN systems
it is used to evaluate the IMS evaluation module in any half
or full-bridge topology. With this platform, it is possible to
evaluate the e-mode GaN HEMT in high-power and high-
efficiency applications. The board allows the voltage mea-
surements of Vgg and Vpg, but unfortunately, it does not
have any access to allow measuring the switch current. GaN
Systems provides Pspice/ LTSpice simulation models for GaN
E-mode HEMT as a development aid tool to evaluate the
device performance and to ensure first-pass design success. In
addition to that GaN systems provides an LTSpice® simulation
file of a half-bridge double pulse test circuit which is used
as the test bench to evaluate switching performance under
different electrical parameters, it can be found in [26]. This
file is a good tool to start and get familiar with the GaN
devices switching characteristics. The circuit parameters were
modified to match the experimental setup and the evaluation
motherboard parameters.

In the next sections, the implementation of the test setup will
be discussed. A printed board circuit (PCB) was designed as
an interface between the evaluation platform and the micro-
control. The DPT signal was generated by Texas Instruments
(TT) Microcontroller F28379D controlCARD.

B. Hardware design

GaN devices are very fast switches, any parasitic elements
can affect their switching behaviour severely, in a way that
may damage the device. The IMS evaluation board is designed
to reduce the maximum amount of parasitic elements. There-
fore, it is important to pay attention to the setup design, to
prevent adding noise to the gate signals that may cause false
unwanted turn on, whether for this test or other setups. The
setup of the test was designed with a PCB mounted directly on
the IMS motherboard through the external PWM and control
I/O connector. This PCB is the interface between the F28379D
controlCARD, which will be used to generate the gate signals
(double pulse signals, PWM signals, etc..), and the IMS
motherboard. With this design the least amount of noise will be

added to the gate signals, as well the F28379D controlCARD
is soldered on top of PCB. To assess the temperature the
setup can be easily included in a thermal chamber. And other
parameters such as the drain-to-source voltage (Vpg) and the
gate-to-source voltage (Vgs) can be easily obtained with this
setup.

The PCB was designed to give the ability of full control of
the evaluation board switches in any possible topology. The
design was separated into three main parts: voltage and current
adapting stage, fault triggering and PWM signal buffering.
Fault triggering was designed if the current increases the 30
Amps limit, as the motherboard design does not indicate any
faults. The DPT inductor value is 120 puH, the power voltage
supply can supply voltage up to 300V. Figure 4 shows the
complete setup of the DPT. The test was done under different
electrical parameters in order to be able to achieve a clear
understanding of the device’s performance under different
conditions.

The oscilloscope HDO6104A-MS provided by Teledyne
LeCroy, is a good choice to measure the voltages and inductor
current. It allows to capture and display the signals with 16
times more resolution than other oscilloscopes. Short ground
probes were used which have a ground clip attached to
the probe ground sleeve, in order to avoid introducing long
ground loops to the test. As using a probe with long ground
wire will insert unwanted parasitic inductance into the probe
measurement path, leading to incorrect measurement results.
Furthermore, it is so important to place the probe as close
to the required measurement points as possible, to have more
accurate results.

IV. RESULTS

In this section, the results of the DPT will be presented
and analyzed. The only waveforms that will be analyzed are
the (Vpg) and the (Vgg), since the experimental evaluation
board does not allow the accessibility to measure the switch
current. However, with these voltages waveforms, it is possible
to obtain large information, such as a comparison of the
transient response between simulation and experiments, the
overshoot voltage, the dV/dt, rise time, fall time and oscillation
frequencies. The test was done with input voltages: V;, =
50V; 100V; 150V; 200V; 250V; 250V, and 300V. The load
currents for each voltage level were: I = 5A; 10A; 15A; 20A;
25A, and 30A. The chosen conditions to be presented in this
paper are 300V input voltage, with 5A, 15A and 30A load
current. The ambient temperature is around 30°C for the given
operating points, due to the very fast nature of the tests and
the cooling system, the temperature will not increase too much
beyond the room temperature. Nevertheless, the setup proved
that it can systematically measure switching intervals of the
GaN transistor under any conditions needed to be established.

Figure 5 represents the experimental and simulation results
of Vpg and Vgg transients at turn-off event when Vpg
equals to 300V with different current ratings. At the turn-
off event, a significant increase in the overshoot and the
ringing appears when switching off at higher current value.
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Fig. 5: Turn-off results of the GaN switches at 300V DC
link voltage for different operating conditions: Drain to source
voltages, Vpg (a) at SA; (b) at 15A (c) at 30A; Gate to source
voltage, Vs (d) at 5A; (e) at 15A; (f) at 30A

Nevertheless, increasing the current will increase the dv/dt,
thus the transistor will have a faster response, it has increased
from 5V/ns to 36.7V/ns. Moreover, it was noted during the test
that increasing the voltage for the same current level improves
the overshoot as well as enables faster switching. While for
Vs More ringing appeared when the current increased.

Figure 6 represents the experimental and simulation results
of Vpgs and Vg transients at turn-on event when Vpg equals
to 300V with different current ratings. At the turn-on event,
increasing the current for the same voltage value did not have
much impact on the behaviour of the device, the switch was
able to turn on by almost 14V/ns. Notice there is a dip that
occurred in Vpg waveform, which gets more clear when the
current increased, specifically at 30A, this dip is caused by the
loop inductance (L,) which equals to (AVpg = L, x di/dt).
However, during the test, it was noted that for the same current
rating but different voltages, the higher the voltage the faster
the switching speed will be.

From Figure 6, it can be noted that the miller plateau is close
to 3V which is matching with the datasheet of GS66516B. The
miller plateau effect is not seen clearly in the turn-off event
when compared to the turn on event, explaining why the device
switches off faster than switching on. Through out the different
tests that were made, it was noted that increasing Vpg makes
the miller plateau becomes more visible in the Viz g at the turn-
on event. Finally, turn-off time is shorter than turn-on time is
longer when switching at higher current ratings.

From the Figures 5 and 6, it can be observed that the
LTspice simulations results match the experiment ones quite
good. There is a little bit of voltage drop in the experimental
waveforms, this can be due to the losses in the setup or caused
by measurement errors. Nevertheless, both ways proved that

Fig. 6: Turn-on results of the GaN switches at 300V DC
link voltage for different operating conditions: Drain to source
voltages, Vpgs (a) at SA; (b) at 15A (c) at 30A; Gate to source
voltage, Vizs (d) at 5A; (e) at 15A; (f) at 30A

the GaN device have the ability to switch on and of very
fast, which makes it suitable for high frequency applications.
However, the final real waveforms are not similar to the the
ones depicted in the ideal case of Figure 2, which implies
the necessity to derive the model of the analytical expression
for the switching power losses. This model should be simple,
accurate, and based on experiments, and if not, on simulations.
With this model, the design of any converter can be enhanced
and it can be used in real-time control application.

Finally because of the good match between both simulations
and experimental results, the energy losses can be calculated
and analyzed by the simulation tool since the current could not
be measured in the experimental work. Figure 7 shows the
switching losses E,,+E, s for different voltage and current
levels. The maximum loss was at 300V and 30A which is
equal to 129.807 pJ. Anyway this results is pretty close to the
values mentioned in the device datasheet, which indicates that
at 400V and 20A the E,,, will be equal to 134.1 pand the E, s ¢
will be equal to 14.7 pJ, so the total losses 148.8 uJ. From
these results, it was confirmed that GaN can be used for high
efficiency application such as EVs applications.

V. CONCLUSION

In this paper, the material properties of the GaN transistor
were studied to see the ability of this new technology to meet
the future needs of the DC/DC converters for EVs application.
In addition to that, a double pulse test was carried out to study
the switching behaviour of GaN devices. the test proved that
The GaN device can switch fast, it takes 36.7V/ns to turn-off
and 14 V/ns to turn-on, which means that this transistor is
suitable for the high-frequency application. Unfortunately, the
(IMS) evaluation platform from GaN Systems does not allow
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drain current measurement, so it was not possible to calculate
the experimental switching losses. For the future work, it
is planned to design a platform that allows access to the
drain current. Therefore, with the information about the switch
current, it will be possible to drive the final model for losses
which allows to calculate the power losses. Moreover, it will be
interesting to implement the test under different temperatures,
to see the affect of changing the temperature on the device
behaviour and the switching losses. The characterisation and
the analysis can be extend to other switches to increase the
generality of the model. Thus, the optimal design of the
DC/DC converter for electrical vehicles can be achieved.
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