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Abstract—In order to overcome the challenge of balancing
accuracy with simulation speed of power electronics converters
for system-level simulation, the paper proposes a GaN power
transistor model that can accurately and rapidly predict power
losses, which is suitable for system-level application such as
an electric vehicle. The model is based on equivalent circuit
and formed by behavioural equations to carefully model both
conduction and switching losses. As a novelty, transistor power
losses due to dynamic ON-state resistance is also included in
the model. By comparison with experimental measurements and
other available models of the similar type from the literature, it
is shown that our model gives accurate results of the power losses
and it helps to reduce the error by more than 70%. To accelerate
simulation speed, power loss calculation and simulation time-step
is decoupled. The power losses are represented in different levels
and in the form of mathematical equations and look-up tables
in MATLAB/Simulink. It is shown that our approach is able to
reduce the simulation time by almost 18 times and maintain the
same accuracy. The proposed GaN transistor loss model is finally
implemented into a racing vehicle powertrain, where designers
can obtain the power losses and temperature of the used power
transistors in an easy and rapid way to optimise power electronics
design.

Index Terms—Gallium nitride, Power conversion, Energy effi-
ciency, Semiconductor device modeling, Systems simulation

I. INTRODUCTION

Power electronics converters with high efficiency and high-
power-density play an important role for electro-mobility, as
they can reduce the overall powertrain weight, battery size and
extend the driving range [1], [2]. For this reason, wide bandgap
power semiconductor devices based on Silicon Carbide (SiC)
and Gallium Nitride (GaN) are becoming popular for this
application. They can operate at higher temperature, higher
frequency and higher efficiency than their silicon (Si) counter-
parts. Currently, power ratings of commercial GaN transistors
are below 1.2kV and 150A, while that of SiC can reach above
1.2kV and 100A. Despite a mismatch of power, GaN is found
to be more efficient than SiC due to lower device figure of
merit (Rgson - @g) [3]. Therefore, it is a good candidate for
electric vehicle (EV) on-board application like battery charger,
power converter and motor drive [4] as illustrated in Fig. 1.
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GaN is not yet a mainstream choice in on-board power
electronics, which is still dominated by silicon today. However,
as GaN transistors have twice lower resistance, four times
higher operation temperature and ten times higher switching
speed than silicon transistors [3], power converters can benefit
from these superior characteristics to greatly improve the
efficiency and power density. For instance, to name a few,
ViSIC reported a 100 kW inverter design for motor drive [5].
Its peak efficiency can achieve 99.3% and the power density
is 50 kW/L. GaN Systems reported a 7.2 kW EV on-board
charger (OBC) and a 6 kW EV on-board DC-DC converter [6],
[7]. The peak efficiency of the OBC can achieve 98.7%. The
above data show a reduction of power losses and an increase
of power density more than four times in comparison with
silicon counterpart. In addition, it is worth noting that GaN
has been proved to have better efficiency than SiC power
transistors of the same power rating [8], [9]. Therefore, GaN
will be a promising technology and popular choice in EV in
the future. Despite a new technology with on-going reliability
investigation, the recent reliability data summarised in [10]
suggests that GaN transistors do not show a reliability issue
that needs to be particularly concerned for EV application.
The lifetime of the transistors is predicted to be at least 15
years when stressed at rated voltage and temperature of more
than 125 °C.

EV on-board power electronics systems can be described,
analyzed and designed on different levels concerning the
regarded scale from components, circuits and their integration
into the system level. Using simulation software is an effective
way to rapidly design power electronics systems on each
level. There are in general two requirements concerning the
simulation model. One is the accuracy of the device char-
acteristics such as power losses at component level, which
affects the accuracy of circuit and system simulations. Another
one is the simulation speed, which enables the possibility of
benchmarking components and circuits under different system
operation conditions in terms of efficiency. There are following
approaches to model power semiconductor devices and losses:

1) Device compact model: The device compact model can be
built on device physics or behavioural equations. Those
models are usually operated at circuit-level in Spice sim-
ulation software. Modelling device switching transients,
especially for GaN power transistors with switching
transitions faster than 10 ns, requires fine simulation
steps. If designers want to use device compact models
in Spice simulation software for system-level simulation,
such as a multilevel inverter, high computation time



and convergence may become a problem [11]. Designers
can reduce the simulation time-step to accelerate the
simulation speed, however, it would sacrifice the accuracy
of switching loss estimation [12].

2) Look-up table: This approach is quite simple and suit-
able for system-level simulation software (e.g. MATLAB,
PLECS). Nevertheless, it does not include device physics
and therefore does not take into account device non-linear
characteristics and the effect of parasitic elements [13]. To
improve accuracy, designers need to edit additional look-
up tables to include device losses for various operation
parameters such as voltage, current, temperature etc.,
which requires additional computation and parametriza-
tion effort.

3) Analytical equations: These equations are usually satis-
factory when the device is modulated under sinusoidal
PWM. This model approach does not represent other
modulation strategies [14], and it usually neglects the
influence of junction temperature.

As switching frequency of GaN power converter is towards
MHz range, device power losses during deadtime [15] and
due to current collapse [16] can no longer be neglected. Still,
they are not included in some of the existing models [11], [17].
Having an appropriate energy management strategy (EMS) for
electric vehicles with multiple energy sources is important to
extend the battery lifetime, driving range and reduce the size
of the overall powertrain [18]-[20]. However, current EMS do
not consider power converter losses and efficiency variation
during a complete a driving cycle, which will bring mismatch
with experimental results [20].

In order to overcome the above challenges, the paper
proposes a fast and accurate modelling methodology of GaN
power electronics converters. To validate the methodology,
we choose electric vehicle as an application scenario in the
paper, but it should be noted that the modelling methodology
can be also easily applied into power electronics systems of
different applications for transportation electrification, portable
electronics and renewable energy systems. The model not only
includes device conduction and switching losses and their eval-
uation with the temperature, but also accounts for the losses
due to deadtime and dynamic-R4son, Which complements the
existing models [11], [17]. Another advantage is the model can
be easily applied to different simulation software at circuit-
level and system-level, which overcomes the limitation of
using models offered by manufacturers. The designers can
obtain device power losses and temperature accurately and
rapidly under different operation strategies. It should be noted
that there are in general three types of the GaN transistors:
high-electron-mobility-transistor (HEMT) with Schottky gate,
gate injection transistor (GIT) and HEMT in cascode with Si-
MOSFET [3]. In this paper, an enhance-mode GaN-HEMT
with Schottky gate is modelled and analysed.

In comparison to our initial paper published in [21], there
are following new contributions of this paper:

« A behavioural model of GaN transistor was proposed in
section II-B of the paper. Both the conduction losses and
switching losses are validated by experimental measure-
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Fig. 1: Power electronics converters based on GaN transistors
in EV [16].

ments in section IV-A.

« The model accuracy and simulation speed of the proposed
multi-level loss model are analysed with more details to
validate the modelling approach. The presented model
also compares with other models from the literature to
show the advantages in accuracy and simulation speed in
section IV-B.

o The proposed GaN transistor loss model is implemented
in a racing vehicle powertrain in section V, and both loss
and temperature are obtained using real measurement data
from a racing drive cycle.

The paper is structured within the following sections. At
first, GaN power losses mechanism is described in details
and a behavioural model is proposed. Afterwards, in order
to represent different power losses mechanism, an N-level
GaN transistor loss model is presented. The loss model is
implemented into MATLAB. Following that, the accuracy and
the simulation speed of both the transistor model and N-
level loss model are experimentally validated. A case study to
include the proposed model for an EV powertrain simulation
is presented. The paper is concluded at last.

II. GAN TRANSISTOR POWER LOSSES AND MODEL

Half-bridge circuit formed by a high-side (HS) transistor
and a low-side (LS) transistor with inductive or resistive-
inductive load are one of the main circuit configurations used
in power electronics converters. The half-bridge circuits can
be used to form an inverter as motor drive, a rectifier as battery
charger and DC-DC converter for low voltage battery powered
vehicle auxiliary systems. The power losses obtained from the
transistors of a half-bridge circuit can be easily extended to
the above power converters, so it is focused on in the analysis
of this section.

The power losses during one switching cycle in high-
side and low-side transistor can be divided into conduction
and switching losses. Conduction losses can be subdivided
according to Fig. 2 into static-Rgson, dynamic-Rgs,, and
deadtime conduction loss [22]. Switching losses are subdi-
vided into Cyss- and VI-overlap loss. Similar to Si devices,
GaN conduction losses occur in on-state due to the drain-
source resistance Rqson, called POY . and in off-state during

cond’
deadtime due to reverse conduction, called P .. GaN shows
an additional on-state loss mechanism, dynamic-Rgson, Which
is due to trapped electrons in the transistor. Those power

losses are represented by Piﬁi. Switching losses can be
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Fig. 3: Device waveforms in a switching cycle with positive
load current.

separated into capacitive losses Fcoss, due to the charging
or discharging process of the output capacitance Cogs, and V-
I overlap losses Eyi1. Any power loss mechanism is largely
dependent on the device characteristics, the gate-drive circuit
and the layout of gate- and power-loop. Furthermore, the
device junction temperature 775 influences the power losses.
In terms of modelling, the change of power losses due to
self heating of the device can be seen as an additional loss
mechanism.

A. Power losses

1) Static-Rqson: Static-R4son power losses occur in any
switching cycle during on-state as long as the device is con-
ducting current. The magnitude of P ,; is mainly dependent
on the drain current and the drain-source resistance (1).

coonnd = 7’%) (t) - Rdson (iDv TJ) (1)

Referring to the switching cycle with positive load current,
shown in Fig. 3, P, for the low-side transistor occurs
during t1 and tg. Table I shows an overview of the occuring
loss mechanisms during one switching cycle. Even though,
vgg reaches on-state in the beginning of 3, P, occur
only during ¢4 after the switching transition is completed. For
GaN, the switching time ¢3 is in the range of ns. Therefore,
compared to t4, the switching time is mostly negligible.

2) Deadtime Conduction and Switching: ngnd, Fooss and
FEx1 are dependent on the type of switching transition. A
switching transition includes always both transistors of a

half-bridge circuit, of which one is turning-on and the other

initialised by the turn-on signal of the high-side transistor S;
and takes place during t3. v53 will not rise until i5° reaches
zero. In the first part of the transition, the fall of i5> follows the
trajectory of i85, After it, the rise of v5g follows the trajectory
of vgg. Therefore, no VI-overlap losses occur in the turning-
off transistor S>. As the switching transition is induced by
the turning-on signal at the end of the deadtime, the turn-on
energy E2¢8 and the turn-off energy E...° . are independent
of deadtime. As Fig. 4 shows, EI8  is significantly larger
than E.% .. In this figure the energy refers to the actual
power loss in the transistor and not to the external measured
energy including the stored or released Cogs energy. After Sq
is turned-on, S; conducts the load current resulting in P ;.

At t5 (tq2), for Sy, its drain current igs and V]§ISS voltage
still have the same sign, which causes an overlapping during
turn-OFF switching. For low side transistor S, its Cygs iS
discharged by load current iy, at this time, so 75 and V{}$ have
different sign and the transistor is at soft switching. Therefore,
if the deadtime t4o is not sufficiently long or the inductive
energy is not sufficiently big, the soft switching process of S
may not be complete and its remaining energy stored in Copgg
will be lost in S5 channel when it is switched ON at ¢g.

Based on the above analysis, a complete soft switching
should have two conditions: 1) drain current ip and Vpg
voltage should have different sign; 2) Inductive energy of the
load and the deadtime should be sufficient.

The relation between t4o and soft switching time ¢5 can be
analysed by the equations below.

tas > ts 2

The switching time ¢4 required for a soft transition is defined
by:

_ 2- Qoss
B i

ts 3)

Where Qs is the charge stored in the output capacitance
of a transistor during off-state and L is the load inductance.
In case of a deadtime greater than ¢, Pcdotnd occurs in the
turning-on transistor after the switching transition ended. If the
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Fig. 5: GaN Transistor Model Structure.

deadtime is smaller than g, a partially soft switching transition
occurs and the residual (Q.ss is lost in the transistor channel.
The qualitative switching energies EPSS ~and EP>° . over
deadtime are shown in Fig. 4.

3) Dynamic-Rgson Loss: As static- Rggon losses, dynamic-
Rason power losses occur during device conduction period.
Dynamic-Rgson, power losses are dependent on the stress
effects of the off-state blocking voltage amplitude and dura-
tion, turn-ON energy and gate voltage. Dynamic-R4son Will
increase subject to the above stress effects. During on-state,
charges are detrapping, which reduces the dynamic-Rgson
value. The trapped charges influence not only conduction
losses but also switching losses due to a shift of the threshold
voltage [16]. However, as trapped charge increases conduction
losses more than the switching losses, the impact on device
switching characteristics is neglected here and will be studied
in future.

4) Self Heating: The device temperature influences the
carrier mobility and therefore the conductivity of the semi-
conductor. As a result of that, each power loss mechanism is
dependent on temperature. Thus, self heating can be consid-
ered and modeled as an independent loss mechanism which
scales the losses of other loss mechanisms.

B. GaN transistor model

In order to represent the above transistor power losses, a
model shown in Fig. 5 is proposed. The model is formed by
equivalent circuits with mathematical functions.

The circuits between terminals D, G and S are formed by
a bi-directional current source I, to model channel current,
which is represented by the equation that are adapted from
Angelov GaN-HEMT model [23].

Ieh = Ichy + Ich2

Ves — b
Ipi =a-in(1+ exp(gT))e -(14d- V)

Ve —b— -V
g—chis))e.(1+d.‘/(js)

4

A diode is used to model reverse conduction characteristics,
which is formed by a resistance Ry in series with a controlled
current source I;. The relation between I and its voltage
drop V;; can be represented by a classic p-n junction equation
below [24]:

Ihy = —a - In(1 + exp( p

Va
e (T, + 273) - (g)

L=Io-T7 | exp -1 (5)

In the above equations, parameters a (a = ag — ay - 1j), b
(b="bo—b1-Tj+by -TJ-2) and Rg (Rs— b, -Tj) are temperature
dependent, and they can be modelled by a linear or a 2nd-order
polynomial function.

Non-linear inter-electrode capacitances Cgs, Cgq and Cgg
are modelled by tangent hyperbolic equations that are adapted
from the model presented in [25].

ny = a1 — bl (]. + tanh (Cl (V;(y + dl)))
—e1 (1 + tanh (f1 (Viy + 1)) (6)
— h1 (1 + tanh (i1 (Viy + j1)))

Therefore, power losses due to static Rgson, dead-time and
switching losses can be modelled.

Dynamic resistance Rpgon 1S a special feature of the GaN
transistor, which is due to trapped charges at GaN transistor
buffer layer when transistor is at OFF-state. After suffering
from certain stresses such as biased Vpg voltage, Rpgon will
increase, which makes its value higher than device static
Rpson- When the biased voltage are removed and the device
operates at ON-state, the trapped charges will recover, which
lead to a decrease of Rpson towards static Rpgon Vvalue.
Therefore, both OFF-state time (to¢) and ON-state time (f,,)
are important to influence on dynamic Rpg,, value. To model
this feature, the circuits connected between terminals D and
D’ are used. A compensation voltage Viomp equals to the
sum of the capacitor voltage V¢, of each cell. Vi omp will
increase with the bias voltage when device is in OFF-state and
decrease towards zero when device is in ON-state. Therefore,
conduction losses due to dynamic Rgson, can be modelled.
In each cell, voltage increase (7of;,) and decrease rate (7on,)
are modelled by a RC circuit to represent the lifetime of the
trapped charge, which is from our previous work [26] and is
given below.

n toff ton

Rdson (t) = Z(R. — RO)(l — e Toff )6 Ton; (7)

i=1
A 650V/30A GaN-HEMT (GS-065-030-2-L) is modelled.
The parameters in the above model are extracted by curve




TABLE II: Parameters used in the proposed model for GaN-HEMT forward Ip-Vps characteristics.
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Fig. 6: Comparison between the datasheet and model for GaN-
HEMT forward characteristics.

fitting and are given in TABLE II-TABLE IV. For the charac-
teristics of transistor Ip-Vpg, transfer, reverse conduction and
inter-electrode capacitance values, datasheet values are used as
a reference, and they are compared with the model in Fig. 6
and Fig. 7.

Regarding dynamic Rgson values, a bespoken characterisa-
tion circuit (with more details presented in [27]) is used to
extract the parameters of R, Tof, and 7on, Which is given
in TABLE V. The comparison between the model and the
measurement is presented in Fig. 8.

The above results demonstrate that the characteristics of the
transistor are modelled in a satisfactory way, and the validation
of the model for both conduction and switching losses will be
presented in Section IV.
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Fig. 8: Comparison between the model and the measurement
on GaN device dynamic Ryson Values.

III. FAST AND ACCURATE MODELLING METHODOLOGY

A. Overview

The overall model structure is illustrated in Fig. 9. The
proposed model will be used at first in a software of circuit
simulator (e.g. LTspice, Synopsys Saber, Simetrix). LTspice is
chosen here because it is widely used for power semiconductor
devices electro-thermal simulation at circuit level. Neverthe-
less, the used equations and parameters of the GaN transistor



TABLE IV: Parameters used in the proposed model for GaN-HEMT Cgys and Cgq capacitance.

Capacitance a1 b1 c1 d1 el f1 g1 hi1 i1 Ji
Cys 7.33x10~ 10 123x10~10 0.077 4854  139x10~10  -0.011 -199.84 2.12x10~10  0.0093 -171.52
Ced 3.64x10~ T 1.41x10712  3.44x10—-3 8245 1.58x10~ T 0.11 23323 5.28x10—13 -0.0165 -332.34
TABLE V: Different parameters used to model GaN-HEMT [ J Power
. Pi d ircui - Subsystem/Syst
dynamlC Rdson~ [ r:‘gzzf ] »[ si(r:I::ch:::)r ] ! s:ismeuT;to{s e ‘ Terlr?::;sl/ure
4 N-level )

i Toff, (8) Ton; () R (@)
1 10—© 5x 10~7 0.066
2 0.002 9.9x107%  0.054
3 5x107° 0.02 0.056
4 0.198 2 0.055
5 6.8 100 0.066

model is given in Section II, so the application of the model is
not limited to LTspice. After that, it will generate losses data
of N-level. We will then use these losses data in a software
suitable for system-level simulation (e.g. PLECS, Simulink,
PSIM). Therefore, the designers can obtain the power losses
and the temperature of the power converters at system level.
One advantage of our proposed model is that it can be applied
to different simulation software rather than limitation to one.

Existing circuit simulation tools such as LTspice require
the computation of drain current and drain-source voltage
waveform in order to obtain the power losses. An accurate
calculation of power losses requires a detailed model of
transistor, gate drive circuit and layout parasitics which result
in high computational costs. For each timestep a complex set
of differential equations needs to be solved. Especially during
switching transitions with steep current and voltage transients
and small timesteps, this results in high computational costs.
Possible measures to decrease computational costs are reduc-
ing the circuit complexity or increasing the time step, which
both result in less accurate results.

Decoupling the loss calculation from the circuit simulation
is an approach to overcome the drawback. Fig. 9 shows the
block diagram of the proposed modelling methodology. The
proposed GaN transistor model is implemented in a simulator
(e.g. LTspice) to obtain switching and conduction losses with
current, voltage, temperature and deadtime, which will be used
in the circuit simulation in the form of mathematical, physical
equations and look-up tables. For the circuit simulation (e.g.
MATLAB/Simulink), an ideal semiconductor switch model is
used. This part of the model provides ideal transistor currents
i85 and 55, the switch node voltage vy as well as the gate-
source voltages vi3 and v&3. By combining with pre-obtained
switching and conduction losses, power losses (P) and tem-
perature (7}) of each transistor in the half-bridge circuit can
be obtained. No detailed switching transients simulation is
needed in circuit simulation, therefore simulation speed can
be greatly accelerated. The accuracy of the simulation results
is then dependent on the transistor model used in LTspice,
rather than simulation timestep in MATLAB/Simulink.

Due to varying simulation speed and accuracy requirements
in circuit design, multiple levels of the GaN half-bridge model
are provided. Table VI shows the considered loss mechanisms
for each level. Each level corresponds to an application sce-
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Fig. 9: Overall model structure.
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Fig. 10: Power loss calculation model structure excluding
thermal model.

nario of the GaN transistors for power electronics converters.
The model structure of the power loss calculation for all levels
is shown in Fig. 10 and is described in detail in the following
subsections.

B. N-level loss model

1) Level 1: Level 1, blue, is the most basic but the fastest
model. It can be used to design a GaN DC/DC power converter
with low switching frequency (f<100 kHz). Only conduction
losses due to static-Rgson, Penpg» and switching losses are
considered. The influence of deadtime on switching losses is
neglected. P, is calculated by means of (1). The actual
Rgson value is modeled by a 1-D look-up table considering
the drain current dependency.

As described, four different switching transitions according
to the switching energies, ELy° ., BN o, EoG® o, ENE o,
may occur. A switching transition is indicated by a rising or
falling edge of vgn. Based on the edge type of vgn and the load
current direction, the correct switching energy is assigned to
high- and low-side transistor according to TABLE VII. Each
switching energy model underlies a separation of Eyp and
FEcoss With a mathematical model approximating the power
loss depending on the switched current. The used equations
(8), (9), (10) and (11) are polynomials up to fourth-order.

pos _ .
Esw—on = @1Cossl " 1L (8)
EPos IS A4y 3
sw—off = @1Coss * 1L + bavr - i1, + b3v1 - 7f, 9



TABLE VI: Level structure of GaN half-bridge model.

on - switching  PI® . self  PT

loss loss loss heating loss
level 1 A [ [ [
level 2 A A A [ [
level 3 A A A A [
level 4 A A A A A

A loss mechanism considered
loss mechanism without effect of deadtime considered
M loss mechanism not considered

TABLE VII: Assignment of switching loss energy.

. i high-side low-side
SN L [“switching deadtime switching deadtime
neg neg dt
T >0 Eswfon - - sw—off Pcond “la
pos T pos
T <0 sw—on Pcond ) (td_ts) Eswfoﬁ" - -
pos pos t
‘L >0 Eswfoff - - ESW*OH Pcond i} (td_ts)
neg T neg
{ <0 Eswfoff cond 2 Eswfon -
neg _ .3 .2 .
ESW,OH = dSCoss'ZL+d2Coss+VI'ZL+dlCoss+VI'ZL+dOCoss+VI
(10)
neg _ -2 .
Esw—off = €2vI " %1, + €1Coss * L + €0Coss (1T)

2) Level 2: In addition to Level 1 model, the effect of
deadtime on power losses is considered in Level 2. It can be
used to design a synchronous GaN DC/DC power converter
with high switching frequency (f>100 kHz). The switching
loss calculation is extended by a dependency on the deadtime
(green). Deadtime conduction loss is added to the model,
whereby Pi)ynfj and loss due to self heating are still neglected.
During deadtime the load current is assumed as constant. The
drain-source voltage during deadtime conduction is modelled,
as the Rgson, by a drain current dependent 1-D look-up table.
In case of a not sufficient deadtime, EX.° | and EY° . are
scaled according to the ratio of the actual deadtime to the
necessary deadtime for a completely soft transition.

3) Level 3: The temperature dependency is included in
Level 3. It can be used to design a fast switching synchronous
GaN DC/DC power converter considering thermal effect. The
influence of self-heating can be modelled by scaling the
reference power loss for a junction temperature of 25 °C to
the actual junction temperature. Furthermore, the scaling of
power loss is similar for each loss mechanism appearing in the
same material of the transistor. Loss mechanisms which occur
in the same area of the device show the same temperature
behaviour. To model the device temperature a Cauer-model is
used. During each switching cycle, the average power losses
of the last switching cycle are applied to the thermal model.

4) Level 4: Finally, conduction losses due to dynamic
Rgson 1s included in Level 4. It can be used to design
a fast switching synchronous GaN DC/DC power converter
considering thermal and trapping effect. To include P,
the exponential growth and decay of dynamic-Rgson, With
several time constants, the method described in [26] is adopted.
Instead of inserting a voltage source between drain- and

source, dynamic-Rgson, is added to the static-Rgson, model
described for level 1.

IV. VALIDATION AND APPLICATION
A. Validation of model accuracy

The proposed GaN transistor model is first simulated in the
circuit software LTspice. Simulation results are compared with
experimental measurement to validate model accuracy.

1) Switching losses: The experimental measurement circuit
for GaN transistor switching losses is given in Fig. 11(a),
where it is a standard half-bridge circuit. Transistor 2 is the
device under test (DUT). A similar circuit is simulated in
LTspice, where parasitic inductances of the switching mesh
(Lp), gate driver circuit (Lg), input capacitance (Lc) and
transistor packaging (L4, Ls and L) are extracted using Ansys
Q3D. After applying a gate control signal shown in Fig. 11(b),
turn-OFF switching losses (Fsyof) can be obtained at the end
of the first pulse while turn-ON switching losses (Egsyon) can
be obtained at the beginning of the second pulse. The first
pulse width can be adjusted to vary load current value (/r,).
The realisation of the circuit is shown in Fig. 11(c).

The turn-ON and turn-OFF switching waveform compar-
ison between the simulation and the experiment is shown
in Fig. 12(a) and Fig. 12(b) at 300 V/10 A. The model
predicts accurately switching transients in terms of both d(}—f
and d\(’j%. We note there is some mismatch between the
simulation and the experiments in terms of the resonance.
The resonance amplitude of the measurement is higher than
that of the simulation. This is because there are two factors
we did not consider in modelling: 1) the mutual inductance
between different loops (such as the power loop and the gate
driver loop); 2) the insertion impedance of the used voltage and
current probe. Fine modelling of the resonance in the circuit
is beyond the scope of this paper and shall be investigated
by the authors in the near future. Despite that, as shown
in the comparison of the switching losses in Fig. 12(c), the
simulation matches well the experimental measurement. Thus,
the accuracy and the robustness of the model for switching
losses can be proved.

2) Conduction losses: The experimental measurement cir-
cuit for GaN transistor conduction losses is given in Fig. 13(a),
where it is formed by two half-bridge circuits. In order to
accurately measure the conduction losses (dynamic Rgson):
a) A Vps ON-state voltage (Vpson) measurement circuit is
connected in parallel with the DUT. The purpose of the voltage
clamping circuit is to reduce Vpg measurement voltage when
transistor is in OFF state, but equals to Vpg,, voltage when
transistor is in ON state. As shown in the measurement results
in Fig. 13b, our circuit allows to reduce the Vpg measurement
voltage Vpg(m.) to around 2 V when transistor is in OFF state,
so both measurement accuracy and resolution can be greatly
improved than direct measurement taking the full Vpg range
without the clamping circuit. b) Use an LC passive circuit
connected between the mid-point of each half-bridge circuit.
We will drive the H-bridge circuit and make the inductor cur-
rent [y, in trapezoidal shape as shown in Fig. 13b. Therefore,
we only obtain the conduction losses when current is constant
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Fig. 11: Experimental measurement circuit, control signal and
realisation.

(illustrate by red curve Ip in Fig. 13b), which eliminates the
influence of measurement circuit parasitic inductance L. on
measurement results by Vi, = LC% . Therefore, dynamic
Rgson values can be obtained accurately by Vl}%

The comparison of the normalised dynamic Rgs,, value
to static Rgson Vvalue between simulation and experimental
measurement is shown in Fig. 13(b). The dynamic Rg4s,, are
measured at different switching frequencies and duty cycles.
The cross points represent the measurement results of different
duty cycles when the transistor is switching at 100 kHz, while
the diamond points correspond to the measurement results of
different switching frequencies under a constant duty cycle 0.5.
As the overall error between the simulation and experimental
measurements is within 10%, the model accuracy can be thus
validated.

B. Validation of N-level loss model

A synchronous buck converter with 400 V input voltage
(close to the measured battery voltage from a racing vehicle
given in Fig. 16 below), 13 A output current (around half of
the rating current of the used GaN transistor (GS-065-030-2-
L) by taking a safe operation margin), 100 ns deadtime and
switching frequency of 200 kHz is chosen as a case study.
The duty cycle is set to 0.5 and a resistive-inductive load is
used. As the accuracy of the proposed GaN transistor model
is experimentally validated, it is simulated in LTspice as a
reference. The presented N-level loss model is simulated in
MATLAB/Simulink to compare the accuracy and simulation
time with the reference.

It is presented in Fig. 14 the comparison between the Level
4 model and the reference. For both high-side and low-side
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Fig. 12: Comparison between the simulation and measurement
for switching losses at 300 V.

transistors, L4 model matches accurately with the reference
in terms of both the power losses and the temperature. A
breakdown of the losses is also illustrated. For high-side tran-
sistor, both switching and conduction losses are predominant.
Deadtime losses is zero, as it is the low-side transistor that
conducts the current during the deadtime. In comparison,
both conduction and switching losses are predominant for
low-side device. Its switching loss is almost zero, as it is
operated under zero voltage soft (ZVS) switching. It should be
noted the breakdown of the losses cannot be easily extracted
using reference model in LTspice. With our proposed N-level
modelling approach, the breakdown of the losses can be easily
illustrated and therefore it is important for the design of the
power converters.
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Fig. 13: Comparison between the model and simulation for
conduction losses.

The loss model (at different levels) are also compared with
the reference in Fig. 15. For high-side transistor, the difference
between Level 1-3 is not obvious, which is due to the relatively
small temperature rise (17 °C) at the end of the simulation.
Based on measurement results illustrated in Fig. 13 of the
paper, dynamic Rpgo, increases 1.6 times than static Rpgon
value when power converter operates at 200 kHz, D=0.5. As
shown in Fig. 14, the total conduction losses of high side
and low side transistors are about 7.2 W (they are equal as
the duty cycle is 0.5). If dRpgo, is not considered, then the
total conduction losses are % = 4.5 W, which yields a
difference of 7.2 — 4.5 = 2.7 W. As shown in Fig. 15 and
TABLE VIII, the difference of the total power losses between
L3 and L4 model for both high-side (16.4-13.6=2.8 W) and
low-side (9.8-7=2.8 W) transistors are 2.8 W, which confirms
that the main difference between Level 3 and Level 4 model
is due to dRpgon losses. It also illustrates the importance of
considering it for overall power losses calculation. For low-
side transistor, as it is operated under ZVS switching, the
deadtime losses is important to be analysed to find an optimal
deadtime. Therefore, we see an obvious difference between

TABLE VIII: Comparison between the simulation time and
accuracy of N-level loss model and the reference.

Reference L1 L2 L3 L4

Simulation time (s) 2708 50 46 74 154
PHS (W) 16.3 129 13 136 164
PLS (W) 9.5 39 66 7 9.8
TJ.HS °O) 42 - - 39 42
TJ.LS %)) 34.8 - - 32 351

Level 1 model and the others.

TABLE VIII shows a significant simulation time reduction
of all levels compared to the reference. Even though simulation
time of Level 4 model increases almost 3 times than Level 1
model, it still reduces almost 18 times the simulation time
than the reference. It also illustrates that by considering losses
during the deadtime (L2), due to the temperature (L3) and
dynamic resistance (L4), the model accuracy improves after
each level and eventually achieves the same accuracy as the
reference.

We also compare the difference between other models and
the reference and summarise the results in TABLE IX. The
model 1 [28] is offered by the manufacturer. Both the losses
dependency with the temperature and during deadtime are
considered. However, power losses due to dynamic Rpgon 18
not included in the model. Therefore, this model is similar as
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Fig. 15: Comparison between the reference and loss model of
different levels.

TABLE IX: Comparison of the difference to the Reference
between our proposed model with other models.

This paper Model 1 [28] Model 2 [22], [29]
PHS (w) 0.1 2.7 -13
PLS (W) 0.3 25 1.1

Level 3 model. And the same results of the Level 3 model
will be obtained if we use the same parameters, which yields
a difference of -3 W and -2.5 W for total power losses of high-
side transistor and low-side transistor. The model 2 proposed
in [22], [29] is an improved one from the manufacturer model
by adding the dynamic Rpg., value, which is similar to our
proposed Level 4 model in the paper. However, the modelling
of dynamic Rpgon is different. It simply uses a constant
scaling factor (0.28) as presented in [29]. The drawback is that
it neglects the accumulation rate of the traps under different
duty cycles. When applying this model under our simulation
condition, we would obtain high-side transistor power losses
of 15 W and low-side transistor power losses of 8.4 W, which
yields to -1.3 W and -1.1 W of difference to the reference.
In comparison, our Level 4 model only has a difference of
0.1 W and 0.3 W, which helps to improve the accuracy by
more than 70% in comparison with the above models from
the manufacturer and the literature.
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Fig. 17: Racing vehicle powertrain simulation model.

V. APPLICATION FOR RACING VEHICLE POWERTRAIN

In this section, we will apply the proposed model for a
powertrain of an electric racing vehicle developed by the



University of Nottingham Racing Team. The racing vehicle is
a new single-seater racing vehicle for a 22 km long endurance
competition that tests the reliability and performance of the
vehicle against competitors. Key variables such as driver
inputs (accelerator, brake, steering), battery status (DC voltage
and current), and motor drive status (speed, torque demand)
were logged to generate a drivecycle. First half (11 km over
approximately 18 minutes) of the endurance data has been
used, which covered the interested operation range of the
motor drive. Out of the variables that were logged during the
race, the three variables processed for this application were
battery voltage, motor speed, and torque demand. As shown in
Fig. 16, the data was logged at 10 Hz and minimal processing
has been applied (e.g., momentarily dropped packets have been
interpolated) before feeding into the EV Powertrain model.

An existent electric powertrain model from MATLAB for
Interior Permanent Magnet Synchronous Motor (IPMSM)
torque control was adapted to represent the racing vehicle.
The simulation model is given in Fig. 17, which is very
similar when compared across vastly different applications
like motorsport, light personal and commercial vehicles, heavy
goods vehicles, and also marine and aerospace applications. To
improve the accuracy and operation speed: 1) Battery model
is replaced by a signal-controlled ideal voltage source as the
measured battery terminal voltage in the drivecycle is used in
the simulation (no need to model the battery). 2) The measured
motor speed and torque demand are used as a reference to
generate control signals of the inverters. All the simulation
parameters are given in TABLE X, and the users only need
to update some parameters for a normal vehicle if different e-
machine, battery and drive condition (motor speed and torque)
used. Therefore, it can be extrapolated easily to a normal
vehicle for simulation.

The simulation was solved using 250 ns timestep (Fixed
Step Discrete solver). The comparison of the I, current
between the experimental measurement and the simulation is
given in Fig. 18. The RMS error between the model and the
measurement is 2.33 A, which is only 3.4% of the I, RMS
current. As the torque is in linear relation with I, current,
it also has the same error (3.4%) as I, current between the
measurement and the simulation. Therefore, it is shown that
the model matches well the experimental data.

For the inverter model, a three phase circuits with ideal
switch model are used. For each phase, as shown in Fig. 9,
it generates the signals of VI¥, VIS, Van, IHS and I5° and
they are fed into our proposed N-level GaN transistor losses
model.

The phase current in the simulation is given in Fig. 19(a),
where the maximal phase current can reach above 100 A.
Therefore, each transistor in the phase is formed by 5 modelled
30 A GaN transistor in parallel. To estimate transistor junction
temperature, a Cauer thermal model given in manufacturer
datasheet is used [30], and the model has been verified for its
accurate junction-case thermal impedance result as datasheet
value. The power loss and temperature of high side transistor is
then presented in Fig 19(b) (under given time scale, the power
losses and the temperature of low side transistor has similar
results). It should be noted that our proposed loss model can be

TABLE X: Powertrain parameters of the racing vehicle as used
in the model.

Symbol Description Value
Prax Motor maximum power 36 kW
Tmax Motor maximum torque 32 N-m
Ld Stator inductance d-axis 290pH
Ld Stator inductance q-axis 348 uH
LY Stator inductance zero-axis 145pH
Rs Stator phase resistance 25m$)
¢ Permanent magnet flux linkage 0.02297 Wb
P Pole pairs 6
J Rotor inertia 0.00218 kg-m?
Cbc DC Link capacitance 500 uF
Vbat Nominal battery voltage 350 vV
fow Converter switching frequency 100 kHz
tq Converter deadtime 1 ps
fe Current controller speed 10 kHz
Kg Proportional gain D-axis 0.88
id Integral gain D-axis 710
K g Proportional gain Q-axis 1.07
Kl Integral gain Q-axis 1061
ts Solver step size 250 ns
tsample Logging sample time 10 ps
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Fig. 18: Comparison between the simulation and experiment
of Iy current.

easily used as black-box together with the powertrain model
and can function in a “plug and run” mode. Because of that,
designers of electric vehicle drive system can obtain the power
losses and temperature of the used power transistors in an
accurate and rapid way to optimise power electronics design.
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VI. CONCLUSION

In order to overcome the challenges of simulation speed
and accuracy of power electronics converters losses using
emerging GaN power transistors, the paper proposes a fast
and accurate GaN transistor model to obtain power electronics
converters losses. Electric vehicle powertrain is chosen as
an application scenario to validate the methodology. A GaN
transistor behavioural model is first proposed, and it accu-
rately models transistor characteristics in terms of forward
and reverse conduction, inter-electrode capacitances and dy-
namic resistance. The model is implemented into a simulator
(LTspice), and both conduction and switching losses under
different voltage, current, temperature and deadtime can be
obtained. In order to accelerate simulation speed for circuit
simulation, the previously obtained losses are divided into
multi-levels (N-level) and used in the circuit simulation in the
form of mathematical, physical equations and look-up tables.

By comparing with experimental measurement, the accuracy
of both the switching losses and conduction losses of the
GaN transistor behavioural model is validated. The simulation
results of this model in LTspice is then used as a reference. The
N-level loss model is implemented into MATLAB/Simulink,
and compared with the results obtained in LTspice. It is shown
that our approach can greatly reduce the simulation speed by
almost 18 times and maintain the same accuracy. The proposed
N-level loss model can be easily implemented into an electric
vehicle powertrain model, where the designers can obtain the
power losses and temperature of the used power transistors

in an accurate and rapid way to optimise power electronics
design.
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