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Abstract: Wide bandgap (WBG) semiconductors offer many advantages over conventional silicon (Si) based
devices such as faster switching speeds, lower internal capacitances, smaller size, lower power losses and higher effi-
ciency. Due to their exceptional properties, these materials have gained significant attention in the field of power elec-
tronics. The wide bandgap of GaN (gallium-nitride) and the high-temperature tolerance of SiC (silicon carbide) make
them ideal candidates for various power applications, from electric vehicles to renewable energy systems. This paper
analyzes the overall efficiency and switching performances of three topologies of DC-DC converters in GaN technol-
ogy and compare them with Si and SiC counterparts. The simulation results for the switching frequencies in the range
of 100 kHz to 500 kHz show that the GaN based DC-DC converters provide smaller switching times and superior
efficiency when compared to the same Si or SiC based DC-DC converters.
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KOMITAPATUBHA CTYANJA 3A IPEKMHYBAUYKUTE KAPAKTEPUCTUKHU U KOEOUIIUEHTOT
HA IIOJIE3HO JEJCTBO HA DC-DC KOHBEPTOPH BO GaN, SiC " Si TEXHOJIOT'HJA

A ncTpaxT: [TodycnpoBOAHUIUTE CO ToJeMa IHPOYHHA Ha 3a0paHeTaTa 30Ha (WBG) BO 0JHOC Ha CHIIMIINYMCKHUTE
MOJTYCIIPOBOTHUYKHU €JIEMEHTH HyJJaT MHOTY TIPEJHOCTH: IorojieMa Op3KHa Ha BKIIyYyBame U HCKITydyBambe, IloMaa
HHTEpHA KaNaluTHBHOCT, IIOMAJIM JUMEH3UH, TIOMaJH 3aryOH Ha MOKHOCT U roJieM KOe(UIMEeHT Ha MOJIE3HO JIejCTBO.
ITopanu HUBHUTE MCKIYYHTENHHM CBOjCTBA, OBHME MaTepHjajd MPHBJIEKOA 3HAYAjHO BHUMAHHE BO EHeprerckara
enekTpoHrKa. ['ojemaTa mupovnHa Ha 3abpaHerara 30Ha Ha GaN (raJimyMHHUTPHA) U BUCOKATa TEMIIepaTypHa Tojepa-
nuja Ha SiC (CHHIyMKapOuI) TH TIpaBaT HCaTHN KaHIUIATH 32 Pa3INYHU €HEPTeTCKH aTUTHKAINH, O]l eICKTPHYHH
BO3MJIA JI0 CHCTEMH 3a OOHOBIIHBA eHepruja. Bo 0BOj Tpya ce IpaBH aHAIM3a Ha MPEKWHYBAUYKUTE KapaKTEPHCTHUKU
Ha KOe(HIHUEHTOT Ha IT0JIE3HO AejcTBO Ha Tpu Tononorun Ha DC-DC kouBepTopu peamnsupann Bo GaN-texHomornja
M Ce CIIOPEAyBaaT cO MCTHTE TOMOJOrMM Ha KoHBepTopH Bo Si m SiC TexHomoruja. Pesynaratute on cumysanujata
noGuenu 3a npekunyBaykn ¢pexserin o 100 kHz no 500 kHz nokaxysaar nexka DC-DC-kouBepropute co GaN
TPaH3UCTOPU NMAaT MHOTY MaJIi BpEMHUba Ha BKITY1yBabe U HCKITy1yBambe U H3BOHPEACH KOS(UIIMESHT Ha ITOJIE3HO Jiej-
ctBo criopenero co DC-DC xouBeptopu 6a3upanu Ha Si u SiC.

Kny4ynu 360poBu: OITyCIIPOBOJHUIN CO TOJIeMa MIMPOYHHA Ha 3abpaHeTa 30Ha; GaN eleKTPOHCKU eTeMEHTH;
OTIIOPHOCT TpH BKIy4eHa cocToj6a; DC-DC koHBEpTOpH; KOSPHUIIMEHT HA MOJE3HO JIEjCTBO;
HNPEKUHYBAYKH BPEMHEbaA

1. INTRODUCTION world of electronics, the power electronics field im-

poses unique demands on the next generation of

Silicon (Si) has been the dominant semicon- high-voltage, high-current transistors-particularly
ductor for power electronic devices for over five for switching power supplies or motor drives. Two

decades. However, in the continuously evolving wide bandgap (WBG) materials that have been at
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the forefront of this technological revolution are sil-
icon carbide (SiC) and gallium nitride (GaN) [1],
[2]. While 4H-SiC technology [3] is mature in terms
of crystalline quality and available device perfor-
mances, gallium nitride (GaN) is still affected by
several materials and technology concerns, limiting
its full exploitation in power electronics applica-
tions [4].

Gallium nitride (GaN) has better material pro-
perties compared to Si and SiC (see Table 1). Due
to the wider bandgap, higher critical electric field
and higher saturation velocity, GaN is a promising
semiconductor for the next generation of high-power
and high-frequency devices. Also, the intrinsic car-
rier concentration of GaN is several orders of mag-
nitude lower than Si which gives a possibility of
GaN devices to operate at higher temperatures. All
of the above mentioned characteristics have made
GaN devices a very attractive choice in many appli-
cations such as automotive electronics, power sup-
plies, communication infrastructures and other
power systems.

Table 1

Relevant physical and electronic properties
of Si, 4H-SiC and GaN

Property Si 4H-SiC GaN
Bandgap (eV) 112 3.2 34
Critical field (MV/cm) 0.25 3.0 4.0
Dielectric constant ¢ 118 9.7 9.5
Saturation velocity vs (107 cm/s) 1 2 3

Electron mobility p (cm?/Vs) 1350 800 1300 (2DEG)

Intrinsic carrier concentration
ni (cm™3) at 300 K 1010 10-7 10-10

Thermal conductivity k (W/cmK) 15 4.9 1.3

Key to numerous applications in power elec-
tronics are conversion processes, in which switching
frequencies have a major influence on device di-
mensions. Operation at higher frequencies provides
a reduction in dimensions and weight of passive el-
ements, which is especially important for compact
DC-DC converters. The reduced power losses of-
fered by gallium nitride, as well as the high temper-
ature coefficient, allow reducing the size of the heat
sinks, and thus reducing the dimensions of the con-
verters. Many studies have shown the significant
improvement in switching performances and effi-
ciency when GaN transistors are used in DC-DC
converters. In [5], a 160 W GaN-HEMT based syn-
chronous boost converter is compared with a Si
based converter with the same specifications in
terms of efficiency and power losses over a wide

range of operating conditions. The results (simula-
tion and experiments) show that GaN has an effi-
ciency of over 98.5% over the frequency range of
100-400 kHz. Ref. [6] presents a GaN-based fly-
back converter that achieves a maximum power
conversion efficiency of 99.6% at 1 MHz. The
switching performances and efficiency for a bidi-
rectional buck-boost converter operating in buck
mode were analyzed in [7]. In it, the cascode GaN-
FET based converter showed lower switching losses
and higher overall efficiency than the Si-CoolMOS
based converter, due to the low on-state resistance
and ultra-low reverse recovery charge of the cas-
code GaN-FET. Similar analysis for both, buck and
boost mode of the bidirectional buck-boost converter
was performed in [8], where an e-mode GaN is used
instead of cascode mode. Ref. [9] presents a com-
parison of Si and GaN based buck converter, where
the results show that GaN based buck converters
show higher efficiency at higher frequencies and for
different load currents. A comparative study be-
tween Si, SiC and GaN based buck converters is
presented in [10], where the wide bandgap semicon-
ductors show better overall performances than the
Si-MOSFET with the GaN-FET edging out the SiC-
MOSFET in both efficiency and switching perfor-
mance. In [11], the analysis shows that GaN-HEMT
based boost converter show much lower losses and
consequently higher efficiency compared to their Si-
MOSFET counterpart. Moreover, the converters are
compared in terms of power density and cost. GaN-
HEMTs show overall higher power density and
even though they are costlier than Si-MOSFETS,
their cost gap may close in the future with the further
development of GaN technology. Also, the study
compares the performance of hard-switched and
soft-switched converters. The simulation and exper-
imental results show that hard-switched converters
have a better overall performance.

The goal of this paper is to investigate the ad-
vantages of using GaN devices in different topolo-
gies of DC-DC converters operating in continuous
conduction mode (CCM) compared to SiC and Si
switches. A method for selecting the optimal power
switch in GaN technology for a given DC-DC con-
verter application is presented. The simulation re-
sults of the most popular DC-DC topologies (buck,
boost and buck-boost) with GaN, SiC and Si
switches were performed and some relevant conclu-
sions were derived. The paper is organized as fol-
lows: the topology of the three chosen DC-DC con-
verters is presented in Section 2. Section 3 explains
the parameters that affect the performances of the
analyzed DC-DC converters, while in Section 4 are
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given the simulation results for all three converter to-
pologies. In the last section, final conclusions are
summarized.

2. SELECTED TOPOLOGIES
FOR THE SIMULATIONS

Figure 1 presents the buck converter circuit di-
agram. It is used to step down the input voltage to a
certain value according to the equation Vou/Vin = D,
where D is the duty cycle.

Fig. 1. Buck converter circuit diagram

The boost converter is used to step-up (increase)
the input voltage to a certain output voltage value.
Its circuit diagram is presented in Figure 2. The
equation Vou/Vin = 1/(1-D) gives the relation be-
tween input voltage, output voltage and duty cycle.
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Fig. 2. Boost converter circuit diagram

The bidirectional buck-boost converter circuit
diagram is shown in Figure 3. It consists of two
switches, two capacitors, an inductor, and a load.
The two diodes represent the anti-parallel body di-
odes of the power MOSFETSs. This converter has
two modes of operation: buck-mode and boost-
mode.
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Fig. 3. Bidirectional buck-boost converter circuit diagram
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3. PARAMETERS THAT AFFECT
CONVERTER PERFORMANCES

The performance of a DC-DC converter is de-
pendent on several factors: the switching frequency,
the selected switch, the size of the passive elements,
ripple of the output voltage and inductor current, etc.
When selecting the switch three factors should be
considered: voltage and current rating, on-re-
sistance and the switching speed of the switch. The
latter two are very important in the overall perfor-
mance of the converter. Selecting a switch with op-
timal on-resistance can lead to lower power dissipa-
tion in the switch during the on-processes. On the
other hand, faster switching speed leads to lower
power dissipation during the switching process. By
lowering these power losses an overall higher effi-
ciency can be achieved in the DC-DC converter.

The key parameters that determine the perfor-
mance of DC-DC converters according to the ana-
lyzed literature are the switching times and the effi-
ciency of the converter.

The efficiency of DC-DC converters is calcu-
lated by:

7 = Po/ (Po + Ploss), (@)

where P, is the output power and P, is the total power
losses in the converter. The power losses of the selected
converter are defined as the sum of the power losses in
the switch (Pgyiwcn), POWer losses in the passive elements
(P, Pc), power losses in the diode (Pgioqe) and losses in
the gate driver (Pgrve) as shown in equation (2):

I:>Ioss = Pswitch + I:>diode + I:’C + IDL + IDdrive (2)

In terms of power losses during the switching,
the power loss in the switch is of the outmost inter-
est. It can be divided in switching losses and con-
duction losses of the switch. The switching losses
occur when the switch changes from on to off state
and vice versa. These power losses are dependent on
the parasitic components of the switch and the
switching frequency. On the other hand, the conduc-
tion losses of the switch are proportional to the on-
resistance (Ron).

Balancing these two power losses is crucial in
order to achieve higher overall efficiency of the spe-
cific power converter. In [12] a method for selecting
the optimal power switch for a given dc-dc con-
verter application is presented. The method uses
datasheet information for the on-resistance (Ron) and
the effective output capacitance (Coe) and is
demonstrated using a family of commercial Si and
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SiC-MOSFETSs. The specific technological parame-
ters of the analyzed switch family can be grouped by
the constant k.

Ron - Coss =K. (3)

Since the output capacitance (Coss) is quite
nonlinear, the effective output capacitance (C,e»),
defined as the capacitance that gives the same stored
energy as the Coss While the drain-to-source voltage
is rising from 0 to 80% of the drain-source break-
down voltage, can be used in the Eq. 3. Thus the
equation can be rewritten as:

Ron + Cogen) = k. (4)

The conduction losses of the switch can be ex-
pressed by the equation:

Pconduction = D - Ron - |2, (5)

where D is the duty cycle, Ron is the on-resistance
of the switch, and | is the root-mean square drain
current.

The switching losses due to the charging/dis-
charging of C,., are expressed as:

Pswitching = f + Coger) - V2, (6)

where f is the switching frequency and V is the
drain-source voltage. Using the Eqg. (4), one can ex-
press the switching losses in terms of the on-re-
sistance as:

Pswitching = - k - V2/ Ron. (7)

Combining (5) and (7), the total power loss can
be expressed as:

Ptotar= D « Ron - 12+ f - k - V2/ Ron. (8)

In order to minimize the total power loss with
respect to Ron, the derivative of (8) is set to zero and
the optimal Ronis derived as:

Ron=V m )

t D

The minimum of the total power loss can be
achieved for a specific Ron, that depends on V, I, f, k
and D, as shown in (9).

In order to verify this method for switches in
GaN technology, a family of five 650V GaN-
HEMTs by GaN-Systems is analyzed. The boost
converter topology in which the switches were ana-
lyzed was arbitrarily chosen for the verification of
the method. The GaN switches used in the simula-
tions in Section 4 for the different converter topolo-
gies were chosen using the method presented in this
section.

The parameters of each GaN-HEMT for drain-
to-source voltage of 400 V is given in Table 2. The
value of constant k is calculated using Eq. (4). The
mean value of all £’s is 4.953 ps and it is used in the
further calculations. Using equations (5) and (7) the
conduction, switching and total power losses are
calculated for three different switching frequencies
and are presented in Tables 3 — 5.

Table 2

Datasheet parameters of the analyzed
GaN switches

. Ron Coss Coen k
R N N
GS66502B 200 17 25 5,00
GS66504B 100 31 47 4.70
GS66506T 67 49 73 4.89
GS66508T 50 65 100 5.00
GS66516T 25 126 207 5.18
Table 3
Power losses for a frequency of 100 kHz (W)
Switch Pconduction Pswitching Piotal
GS66502B 8.44 0.40 8.83
GS66504B 4.24 0.79 5.01
GS66506T 2.83 1.18 4.00
GS66508T 2.11 1.58 3.69
GS66516T 1.06 3.17 422
Table 4
Power losses for a frequency of 200 kHz (W)
Switch Pconduction Pswitching Protal
GS66502B 8.44 0.79 9.22
GS66504B 422 1.58 5.80
GS66506T 2.83 2.36 5.19
GS66508T 2.11 3.16 5.27
GS66516T 1.055 6.32 7.38
Table 5
Power losses for a frequency of 500 kHz (W)
Switch Pconduction Pswitching Protal
GS66502B 8.44 1.98 10.42
GS66504B 4.22 3.96 8.18
GS66506T 2.83 5.91 8.74
GS66508T 2.11 7.92 10.00
GS66516T 1.06 15.84 16.90

J. Electr. Eng. Inf. Technol. 8 (2) 117-128 (2023)



A comparative study of switching performances and efficiency of GaN, SiC and Si based DC-DC converters 121

The obtained results are graphically presented
in Figures 4 — 6 with the green dotted line represent-
ing the switch with the lowest power losses and thus
optimal on-resistance. From these figures, one can
conclude that optimal value of the on-resistance Ron
increases as the switching frequency is increased,
which follows the trend seen in [12]. For switching
frequency of 100 kHz, using switch GS66508T re-
sults in the lowest total power loss. The case for
f =200 kHz confirms the selection of switch
GS66506T, used in the boost converter simulations
in Section 4, as the switch which has the lowest
power loss and thus the highest efficiency in the
boost converter under the specified parameters.

f=100kHz, V=400V, 1=75A
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Fig. 4. Total power dissipation vs.
on-resistance for a switching frequency of 100 kHz
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Fig. 5. Total power dissipation vs.
on-resistance for a switching frequency of 200 kHz
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Fig. 6. Total power dissipation vs.
on-resistance or a switching frequency of 500 kHz
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The analyzed GaN switches were then simu-
lated using the parameters of the boost converter in
Section 4, given in Table 8. Figure 7 shows the sim-
ulation results in terms of overall efficiency of the
boost converter for a switching frequency of 100,
200, and 500 kHz. The results show that for the
switching frequency of 200 kHz, using switch
GS66506T results in the highest efficiency of the
boost converter, while for the frequencies of 100
and 500 kHz the optimal switches are GS66508T
and GS66504B, respectively. Thus the calculated
results match the obtained simulation results.

Efficiency vs Rgy

a5 P — —————— — ]

Efficiency (%

25 50 67 100 200
On-resistance Rgy, (MQ)

100 kHz 200 kHz =—@=500 kHz

Fig. 7. Simulation of efficiency results for switching frequency
of 100, 200, and 500 kHz

4. SIMULATION RESULTS

Three types of switches for each of the three
topologies have been used in simulations: Si-MOS-
FET, SiC-MOSFET and GaN-HEMT/FET, with the
models being provided by the manufacturer’s pro-
ducers. There are a large number of GaN models
found in literature, which are developed by aca-
demia. The manufacturer models capture device-
specific parameters and behavior that might not be
fully reflected in the literature-based models, which
could affect simulation accuracy for the particular
device. When compared to the models of the manu-
facturers, these model have several disadvantages.
Some of those disadvantages are: absence of ther-
mal modeling, inability to reproduce both static and
dynamic behavior, limited scope of focus (some
models focus on certain aspects of device behavior),
compatibility with other GaN-devices, high compu-
tational complexity, etc. In addition, literature/ aca-
demia based models might lack the extensive vali-
dation against measured data that manufacturer pro-
vided models undergo. With that being said, GaN
models provided by their manufacturers are a better
choice for fast and accurate simulations.
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All simulations are performed in continuous
conduction mode (CCM) where the current flowing
through the inductor never reaches zero during its
commutation period. In CCM the output voltage of
the converter depends only on the duty cycle. On the
other hand, in discontinuous conduction mode
(DCM) the output voltage depends on multiple fac-
tors (switching frequency, duty cycle, inductor
size). Additionally, DCM allows the use of smaller
inductors (thus reducing the overall converter size)
and decreases the power dissipation which occurs
during the switching processes since the current at
the start of each switching process is equal to zero.
In CCM mode, there is greater power dissipation in
the switches during the switching transitions, which
significantly impacts the overall behavior of the con-
verters. Nonetheless, this power dissipation in the
switch is critical in the scope of this research; hence,
the continuous current mode was chosen for analy-
sis.

The inductor and capacitor used in the convert-
ers are dependent on the working conditions of the
converter. The equations for the inductance (L) and
capacitance (C) according to [13] are:

L= (VO ' AilL-_fL:w) (10)
C= ﬁ (1)
g (12)
C= R(%ﬁ (13)

where Vin, Vo, D, fsw, Ai,, AVoand R are the input volt-
age, output voltage, duty cycle, switching fre-
guency, inductor current ripple, output voltage rip-
ple, and resistance (load), respectively. Equations
(10) and (11) are used for the buck converter and the
buck-mode of the bidirectional buck-boost con-
verter, while (12) and (13) are used for the boost
converter as well as the boost-mode of the bidirec-
tional buck-boost converter.

4.1. Buck converter

A DC-DC buck converter is used to step down
the input voltage from 48 V to 12 V, using a GaN-
FET (EPC2045), SCT20N120 (SiC-MOSFET) and
a Si-MOSFET (FDA18N50) and the results are
compared. The basic parameters of the converter are
given in Table 6, while Table 7 shows the important
parameters of the GaN-FET, SiC-MOSFET and Si-
MOSFET, all of which were selected to have a sim-
ilar current rating. The important waveforms of the
simulated buck convertor are shown in Figure 7.

Table 6

Parameters of the buck converter
Parameter Value
Input voltage 48V
Output voltage 12V
Output current 6A
Duty cycle 0.25

Switching frequency 100 - 500 kHz

Table 7
Parameters of the used switches in buck converter

FDA18NS0 SCT20N120 EPC2045

PEIEILAES Si-MOSFET SiC-MOSFET GaN-FET
Breakdown voltage 500 V 1200 V 100 vV
Current 19A 20 A 16 A
On-resistance 220 mQ 189 mQ 7 mQ
! R e e I Bt 1T
k| B LA | -

aqu : H : :

L _0808mns L4 _B1ms 4 _82ms

O V(U3 :DPRAININ,U3 :SO0URGEIH)
Time

L4.00m= 4 _.01ms L .82 m=
O I(U3:PRAININ)
Time

4. 02ms

FANO

4 .02ms

O I(L1:1)
Time
b)
Fig. 8. Key waveforms of the buck converter:
a) switch voltage (top), diode voltage (middle) and inductor
voltage (bottom); b) switch current (top), diode current
(middle) and inductor current (bottom)
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a) Switching characteristics

The switching performance of the buck conver-
tor is analyzed in terms of on-delay, off-delay, rise
and fall time, as well as the total on and off times.
Both circuits are tested under the same switching
frequency of 300 kHz. The Si-MOSFET requires a
gate-source voltage of 15 V to securely turn on the
switch and the SiC-MOSFET requires +18 V gate-
source voltage for turn-on and -3 V for turn-off. The
GaN-FET has a very low reverse recovery charge
and it requires a gate-source voltage of +6 V for
turning-on and -3 V for turning-off.

The turn-on time is calculated as the sum of the
rise time and turn-on delay, where the rise time is
the time from 90% to 10% of the fall of the drain-
source voltage (Vos) and the turn-on delay is the
time between 10% of the rise of the gate-source
voltage and 90% of Vos. Similarly, the turn off -time
is the sum of the fall time (time from 10% to 90%
of the rise of Vps) and the turn-off delay (time be-
tween 90% of the fall of Vs and 10% of the rise of
Vbs). Simulation results, presented in Figure 9, show
that the GaN-FET has a turn-on time of around 8.9
ns which is almost five times smaller than the turn-
on time of the Si-MOSFET (42.7 ns), while the SiC-
MOSFET has halt the turn-on time of the Si-
MOSFET (21.6 ns). In addition, the turn-off time of
the GaN-FET is 11.57 ns and the turn-off time of
the SiIC-MOSFET is 13.9 ns, which are nearly ten
times lower than the Si-MOSFET (108.3 ns).

Turn-on characteristic

time (ns)
5]

0 i I
0 B_a M []

Rise time Turn on delay Turn ontime

HSi GaN ESiC
a)
Turn-off characteristic

120
100
80

60
40
23 . —_— -— |

Fall time Turn off delay

time (ns)

Turn off time

o Si GaMN m SiC
b)

Fig. 9. Switching characteristic of the buck converter
a) turn-on and b) turn-off characteristics
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b) Efficiency

The power losses in the gate driver are ne-
glected in this analysis. By using the above men-
tioned formulas and operating under a switching fre-
quency of 300 kHz, the efficiency of the buck con-
verter with the Si-MOSFET is 88.8%, with the SiC-
MOSFET is 90.6% while the efficiency of the same
converter with a GaN-FET switch is 92.8%. The re-
sults are as expected due to GaN’s lower on-state
resistance, which results in lower conduction losses.
As seen from the switching characteristics, GaN has
a much shorter on and off times which result in an
even lower switching losses.

Efficiency
]
I —
86 88 90 92 94
n (%)
m SiC GaN mSi

Fig. 10. Buck converter efficiency results for a switching
frequency of 300 kHz

4.2. Boost converter

The boost converter is used to step-up the input
voltage of 100 V to 400 V at the output, using GaN-
HEMT, SiC-MOSFET and Si-MOSFET switches.
The parameters of the boost converter are given in
Table 8. The important parameters for each of the
selected switches are given in Table 9.

Table 8
Parameters of the boost converter
Parameter Value
Input voltage 100 V
Output voltage 400V
Output current 125A
Duty cycle 0.75

Switching frequency 100 - 500 kHz

Table 9.

Parameters of boost converter switch

IPA60R120 P SCT3120Al  GS66506T

e Si-MOSEET SiC-MOSFET GaN-HEMT
Breakdown 650 VV 650 VV 650 VV
voltage

Current 26 A 21 A 225A
On-resistance 120 mQ 120 mQ 67 mQ
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The key waveforms of the boost converter are
presented in Figure 11.

Seeu : : : : : ; : : : :
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Fig. 11. Key waveforms of the boost converter: a) switch
voltage (top), inductor voltage (middle) and diode voltage
(bottom); b) switch current (top), inductor current (middle),
and diode current (bottom)

a) Switching characteristics

In this analysis both circuits are evaluated oper-
ating in boost converter mode at a switching fre-
guency of 200 kHz. The E-series Si power MOSFET
(SIHG24NG65E) is driven on by a 12 V source. The
GaN-HEMT (GS66506T) is turned on by a 6 V gate-
source voltage and turned off by applying a -3V,
while the SiC-MOSFET (SCT3120A) is turned on
with 18V and turned off with —3V. Figure 12 pre-
sents the simulation results for the switching char-
acteristics for both circuits. Both turn-on and turn-

off time of the GaN switch, which are 8.2 ns and
22 ns, respectively, are almost three times smaller
than the Si turn-on (22.1 ns) and turn-off (57.6 ns)
times. The SiC-MOSFET has a similar turn-on time
to the Si-MOSFET (27.2 ns) and the smallest turn-
off time of 19.14 ns.

Turn-on characteristic
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Fig. 12. Switching characteristic of the boost converter
a) turn-on b) turn-off

b) Efficiency

The efficiency of the boost converter is calcu-
lated using the same formulas as explained in Sec-
tion 3. The E-series Si power MOSFET shows
better performance than most of the conventionally
used Si-MOSFETS and therefore it is expected to
have a higher efficiency. Calculated at a frequency
of 200 kHz. The efficiency of the boost converter is
91.8% with Si-MOSFET, 92.7% with SiC-MOSFET
and 94.2% with GaN-HEMT for a switching fre-
guency of 200 kHz. Simulation results in terms of ef-
ficiency are presented in Figure 13.

Efficiency
——
90 91 92 93 94 95
n (%)
BSiC mGaN WS

Fig. 13. Efficiency results for switching frequency of 200 kHz
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4.3. Bidirectional buck-boost converter

In this analysis a bidirectional buck-boost con-
verter is chosen. Both the buck and boost mode of
operation are used under the same operating condi-
tions and the parameters are calculated by using the
same equations as for the buck and boost converter.
The full list of parameters for the bidirectional buck-
boost converter operating in both modes is given in
Table 10. The three switches (Si-Cool-MOS, SiC-
MOSFET and GaN-FET) were selected based on
their similar electrical specifications and parameters
as well as the suitability in the converter’s operating
mode and the method presented in Section 3. Their
electrical specifications are given in Table 11.

Table 10

Parameters for buck mode of the bidirectional
buck-boost converter

Parameters Value
High side voltage 400 V
Low side voltage 96 V
Power rating 500 W
Duty cycle 0.24 and 0.76, respectively

Switching frequency 100 — 500 kHz

Table 11

Electrical specifications of chosen switches

IPA65R045C  SCT20N120 GS66508B

FalrEiEET Si-MOSFET  SiC-MOSFET GaN-HEMT
Breakdown

voltage 700 V 1200 V 650 V
Current 18 A 20 A 30 A
On-resistance 45 mQ 190 mQ 50 mQ

a) Switching characteristics

The Si-CoolMOS has an overall better perfor-
mance compared to other state of the art Si-
MOSFETSs. Its lower on state resistance and higher
switching speeds lowers the conduction and switch-
ing losses. In comparison with the previous Si-
MOSFETS, the Si-CoolMOS has the overall lowest
turn-on and turn-off times. On the other hand, GaN-
FET has an even smaller on-resistance and lower re-
verse recovery charge, resulting in a higher switch-
ing speed. Figure 14 shows the turn-on and turn-off
characteristic. The GaN based converter for both
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modes of operation has exceptionally lower on and
off times. For the buck mode the turn-on time for
the GaN-FET is 10.92 ns, while the SiC-MOSFET
and Si-Cool-MOS turn-on time are 25.2 ns and
26.4 ns, respectively. On the other hand, the boost
mode has longer turn-on time for the Si-Cool-MOS
with 121.77 ns, the SiC-MOSFET with 24.91 ns,
and the GaN-FET has a turn-on time of 10.96 ns.
The turn-off times for the GaN-FET are 10.97 ns for
the buck mode and 10.96 ns for the boost mode. The
SiC-MOSFET follows second with turn-off times of
18.82 ns and 18.23 ns for the buck and boost mode,
respectively. The Si-CoolMOS has the longest turn-
off times with a turn-off time of 34.58 ns for the
buck mode, and 110.5 ns for the boost mode of
operation.

Turn-on characteristic
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Fig. 14. Switching characteristic for both modes of operation:
turn-on (top) and turn-off (bottom)

b) Efficiency

Similarly, to the buck and boost converter, the
efficiency is calculated using equations (1) and (2).
Using a switching frequency of 100 kHz, for the
buck mode of operation the efficiency of the Si-
CoolMOS is 91.8%, 92% for the SiC-MOSFET,
while the GaN-FET based converter shows an effi-
ciency of around 92.3%. On the other hand, when
operating in boost mode, the efficiency of the Si
based converter is 95.7%, 95.8 for the SiC based bi-
directional converter and 96% for the GaN based
converter. The results are shown in Figure 15.
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Efficiency

8 % 9 92 9B % % % 9
n (%)
BSIC WGaN Wi

Fig. 15. Efficiency results for switching frequency of 100 kHz

Influence of the operating frequency on efficiency
and switching times

Simulations were performed for all converters
at different operating frequencies. As the switching
frequency increases, the passive components are
optimized accordingly using the equations (10)—(13)
to calculate the appropriate capacitance and
inductance for the different frequencies. Tables 12
to 15 show the change in efficiency and switching
times as the frequency is increased from 100 kHz to
500 kHz with a step of 100 kHz for each of the
analyzed converters. The switching times vary with
the change of frequency. As it can be seen GaN
devices show superior efficiency and switching

times even at higher frequencies.

Table 12
Buck converter performance for the frequency range of 100 kHz — 500 kHz
Frequency ton (NS) tofr (NS) n (%)
(kHz) Si Sic GaN Si SiC GaN Si Sic GaN
100 4091 2151 9.10 11040 1310  11.69 90.0 91.40 93.1
200 4038  21.45 8.99 107.84 1333 1212 89.7 91.10 93.1
300 42.70 21.6 8.90 10830 1390 1157 88.8 90.10 92.8
400 4500 2113 1170 | 109.46  13.77 12 88.2 89.92 92.7
500 41.87 2098 9.00 108.80  13.86 11.8 87.6 89.60 92.6
Table 13
Boost converter performance for the frequency range of 100 kHz — 500 kHz
Frequency ton (NS) tofr (NS) 1 (%)
(kHz) Si Sic  GaN Si Sic  GaN Si sic GaN
100 2520 273 4.63 66.2 19.00 1750 = 90.72  92.90 90.7
200 2430 272 4.3 52.4 19.44 2200 = 9240 9270 94.2
300 2322 264 450 72.32 2000 20.60 | 9248  93.32 95.1
400 2353 2664 540 69.2 2041 2055 | 9270  93.37 95.4
500 2287 27.00 543 66 2017 2035 | 9322  93.40 95.6
Table 14
Buck-boost (buck mode) converter performance for the frequency range of 100 kHz — 500 kHz
Frequency ton (NS) totf (NS) n (%)
(kHz) Si sic GaN Si Sic GaN Si Sic GaN
100 26.4 25.10 5.27 3458  18.82 5.23 91.8 92.0 92.3
200 80.0 25.00 5.35 120 18.82 5.20 90.7 91.8 91.6
300 83.0 25.00 5.27 123 18.85 5.18 88.8 90.5 90.3
400 91.7 25.10 5.24 122 18.85 5.20 85.3 89.5 89.7
500 1180  25.09 5.23 105 18.9 5.20 84.2 88.2 88.6
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Table 15
Buck-boost (boost mode) converter performance for the frequency range of 100 kHz — 500 kHz
Frequency ton (NS) toff (NS) 7 (%)
(kHz) Si SiC GaN Si SiC GaN Si Sic  GaN
100 121.77 2491 5.20 1105 1823 5.22 95.7 95.8 96.0
200 122.7 2494 5.26 1115  18.72 5.29 94.2 94.4 9.8
300 1215 2491 5.12 912  18.66 5.07 923 93.1 93.4
400 117.00 24.92 5.20 1375  18.70 5.18 90.7 91.8 92.1
500 119.8  24.90 5.23 895  18.86 5.22 88.9 90.8 91.3

5. CONCLUSION

The paper presents a comparative study of
switching performances and efficiency of the basic
topologies of DC-DC converters in GaN, SiC and Si
technologies. The simulation results show that the
WBG devices, especially GaN devices, offer better
performance (switching times and efficiency) than
the state of the art Si devices. In all WBG based con-
verter topologies, the switching times (on and off
times) are notably smaller than the ones of the Si
based converters. Furthermore, the results show that
the WBG switches make the converters more effi-
cient than their Si counterpart, with the efficiency of
the GaN based converters never falling below 90%.
Even though the technology of SiC and GaN de-
vices is not as developed as the Si technology, these
results show that the use of WBG semiconductors
can improve the overall performance of DC-DC
converters. The switching times of GaN switches
are smaller than those of SiC switches for the entire
frequency range of 100 kHz to 500 kHz and in some
instances the difference is significant. On the other
hand, the efficiency results show similar values for
the switching frequency of 100 kHz, but as the fre-
guency increases up to 500 kHz GaN switches stand
out as the better choice for high frequency and low-
medium voltage applications for DC-DC convert-
ers.

The popularity of GaN technologies in power
electronics continues to rise with the ever growing
demand for greater efficiency, higher frequencies
and lower cost of production. When compared to Si
and SiC, GaN technology is relatively young and
has some material and technology concerns, mostly
the production of GaN substrates, which limits its
full potential. Another area of concern is the model-
ling of GaN-devices. Although, there are available
manufacturer models, the proposed models for GaN
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transistors in the literature required several improve-
ments such as, modelling of the parasitic compo-
nents and their behavior and thermal modelling.
These improvements will lead to faster and more ac-
curate models, which is critical when predicting the
behavior and reliability of the devices under differ-
ent working conditions. Analyzing DC-DC convert-
ers in the discontinuous conduction mode (DCM)
can be another area of future work. In it, special
focus will be given to the effect of the passive
elements (especially the inductor) on the converter
performance.
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