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Abstract: There are trade-offs for each power converter design which are mainly dictated by the
switching component and passive component ratings. Recent power electronic devices such as
Gallium Nitride (GaN) transistors can improve the application range of power converter topologies
with lower conduction and switching losses. These new capabilities brought by the GaN High
Electron Mobility Transistors (HEMTs) inevitably changes the feasible operation ranges of power
converters. This paper investigates the feasibility of Buck and Boost based bi-directional DC/DC
converter which utilizes Quasi-Square-Wave (QSW) Zero Voltage Switching (ZVS) on GaN HEMTs.
The proposed converter applies a high-switching frequency at high output power to maximize the
power density at the cost of high current ripple with high frequency of operation which requires
a design strategy for the passive components. An inductor design methodology is performed to
operate at 28 App with a switching frequency of 450 kHz. In order to minimize the high ripple current
stress on the output capacitors an interleaving is performed. Finally, the proposed bi-directional
converter is operated at 5.4 kW with 5.24 kW /L or 85.9 W/in3 volumetric power density with
air-forced cooling. The converter performance is verified for buck and boost modes and full load
efficiencies are recorded as 97.7% and 98.7%, respectively.

Keywords: gallium nitride; GaN HEMT; Bi-directional DC/DC converter; power density; interleav-
ing; high-frequency operation; reliability

1. Introduction

Each power converter application has its own needs and requires picking a feasible
and reliable topology for a well-suited design. Different power electronics topologies with
isolation or not can address those needs in terms of volume, cost, efficiency, gain, device
utilization, power and also easiness of implementation. Wide band-gap (WBG) devices
like Silicon-Carbide (SiC) and Gallium-Nitride (GaN) switches can boost the performance
of converters while shrinking their sizes significantly. Moreover, WBG devices can reshape
the feasibility concerns of converter topologies with their lower conduction losses and
higher switching speeds [1].

There are various application examples utilizing WBG devices with an isolated or
non-isolated topology. In isolated topologies, the Dual Active Bridge (DAB) converters are
widely used for different applications. Jafari et al. propose a DAB topology with a very
high power density for photovoltaic applications in [2]. 97.4% peak efficiency is achieved
with GaN High Electron Mobility Transistors (HEMTs) where the switching frequency
is 300 kHz. More interestingly, the proposed converter utilizes a tapped transformer
where the voltage regulation span enlarges without losing the soft-switching [3]. The
soft-switching reduces the thermal stress which increases the reliability of the converter by
extending the lifetime of capacitors. In another study, a 500 kW at 3 kV DAB converter is
proposed for a traction application [4]. Increasing the switching frequency is essential to
move the switching frequency outside the audible range. SiC MOSFETs are preferred to
increase the switching frequency in [4].
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Besides the isolated topologies, non-isolated topologies, especially bi-directional ones,
are used to construct an interface to energy storage systems. Especially the increase in the
usage of renewable energy sources requires energy storage systems like batteries where
bi-directional power flow is required [5]. The most common non-isolated bi-directional
direct current/direct current (DC/DC) converter is the Buck and Boost type converter
with synchronous (synch.) switching. The high efficiency and simple structure of this
topology [6] draws attention. The Buck and Boost type bi-directional DC/DC converters
are also used for on-board chargers and between the battery and the inverter bus of electric
vehicles [7,8], electric scooters or electric wheelchairs, and telecom energy systems [9].

In bi-directional power converter applications, non-isolated topologies are preferred
due to their lower cost, lower size and simplicity [5,10]. These advantages also intersect
with the current demand in industry: compact, lightweight, small-sized power converters.
Designing compact power converters gives no option but to increase the switching fre-
quency [11]. However, the increased switching frequency results in higher switching losses,
reduced efficiency [11], and more importantly increased cooling component size. In order
to overcome these problems, zero voltage switching (ZVS) is proposed for bi-directional
DC/DC converters.

Even though the synchronous switching paves the way for bi-directional power flow,
the most limiting factor of the synchronous Buck and Boost converter is the reverse recovery
losses of the synch. switch’s body diode especially for higher voltage applications. In fact,
synch. switches are hardly found in applications with 200 V and higher voltage ratings
since the reverse recovery cause much more losses for higher voltage ratings [12]. The
problem of reverse recovery is the stepped-up switching losses of the high side and low
side switches, and also the electromagnetic interference (EMI) caused by the sharp increase
of reverse recovery current [11-13]. In addition to reducing the switching losses, ZVS
can be implemented to overcome the reverse recovery current. Fortunately, GaN HEMTs
available on the market do not suffer from reverse recovery. However, the increase in
switching frequency is still advantageous for compactness, so ZVS is required even for
GaN HEMTs to reduce the converter size.

There are three main methods for achieving ZVS on a bi-directional DC/DC converter.
Adding extra active components to have resonant tanks, utilizing quasi or multi resonant
converter at the cost of high peak voltage stress over switches, and lastly, lowering the
inductance so that the inductor current can flow in both direction in a switching cycle and
charges/discharges output capacitance of switches [10]. The last method is also called the
quasi-square wave zero voltage switching (QSW ZVS) method.

In the literature, achieving soft switching with low inductance is well discussed.
Having a low inductance results in increased current ripple, i.e., at least twice the average
current, which causes much more conduction losses [7,10,13,14]. A more mindful solution
would be preferring critical conduction mode (CrCM) switching where the main switch is
turned on when the inductor current crosses zero. The main disadvantage of the CrCM is
the requirement of a long resonant period which limits the increase in switching frequency.
Nevertheless, a coupled inductor design would help to increase resonant current so that
the resonant period shortens. A well-prepared design where coupled inductors are used
for CrCM switching with GaN HEMTs is presented in [7] for 1.2 kW application at 1 MHz
switching frequency. Moreover, even though a coupled inductor design is not performed,
it is still possible to apply quasi-square wave zero voltage switching at the cost of high
current ripple [12]. QSW ZVS; in other words, zero-voltage resonant-transition, is utilized
on a GaN HEMT based converter with 25 W output power at 3 MHz switching frequency
in [14].

In this paper, the design of a 5.4 kW bi-directional DC/DC converter with QSW
ZVS is implemented with GaN-based half-bridge prototypes with short circuit protection
capability as proposed in [15]. The converter utilizes two half-bridges to cancel out inductor
current ripple so that output voltage ripple and capacitor equivalent series resistance (ESK)
losses would be reduced [14]. The rest of the paper is organized as follows. Section 2
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discusses GaN HEMTs in general and describes the selected GaN HEMT. Section 3 explains
the design logic of this study. Section 4 gives the details and drawbacks of QSW ZVS.
Section 5 analytically expresses the design of high-frequency inductors and selection of
filter capacitors. Section 6 highlights the thermal performance for components in detail
and presents the loss model and efficiency curves. Section 7 discusses the operation range
of the proposed converter and compares its performance with other proposed studies in
the literature.

2. GaN HEMTs in Bi-Directional DC/DC Converters

GaN HEMTs are superior devices in comparison to Si and SiC devices in terms
of their high band gap, electron mobility, electric breakdown strength, and saturated
electron velocity as shown in Figure 1. These characteristics of GaN HEMTs result in lower
conduction losses, higher switching speed, and devices of small size.
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Figure 1. Comparison of the potentials of Silicon (5i), Silicon Carbide (SiC) and Gallium Nitride
(GaN). (Adapted from [16]).

In comparison to P/N doped regions of Si-based MOSFETs, GaN HEMTs gain the
conductivity by the piezoelectricity [17]. As shown in Figure 2, the Aluminum GaN (Al-
GaN) barrier on GaN creates a region with free electrons which is called two-dimensional
electron gas (2DEG). The p-doped gate controls the channel resistance by adjusting the
charge density around the gate plate by controlling the electric field. The simple nature
of GaN HEMTs allows for conduction in both directions without a PN junction. In other
words, GaN HEMTs can conduct in the reverse direction without a diode, which eliminates
the reverse recovery charge. Therefore, a synchronous DC/DC converter can operate
without a reverse recovery loss.

Source Metal Drain Metal
Gate
AlGaN Barrier

eeeeeeeeeeeeeeeeeeeeee

Rznse @) aN Rane

Figure 2. Cross section of a GaN HEMT. (Adapted from [17]).

A circuit model of GaN HEMT is presented in [18] and shown in Figure 3. The channel
resistance of the conductivity can be modeled as a dependent current source which varies
with gate bias, drain-source bias, and temperature. Moreover, the dynamic characteristic of
GaN HEMTs gets important during switching transients. The voltage-dependent parasitic
capacitors and in package inductances plays a significant role in the dynamic modeling of
GaN HEMTs.
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Figure 3. A circuit model of GaN HEMT [18] includes a dependent current source as a channel,
parasitic package capacitances, inductances and gate resistance.

In the proposed design, a GaN HEMT, GS66508T is used where typical parameters are
presented in Table 1. By paralleling multiple devices, the equivalent on-state resistance can
be decreased. However, the parallel connection of GaN HEMTs means increased turn-on,
turn-off, and stored energy on the output capacitance. This results in increased switching
losses especially for high power, high-frequency applications. In order to eliminate the
switching losses, soft switching can be applied rather than hard switching. Soft-switching
charges or discharges the output capacitance before switching transient and eliminates
the power loss. Moreover, smooth transient of soft switching reduces dv/dt and di/dt, so
electromagnetic compatibility (EMC) standards can be followed much easily.

Table 1. The specs of the GaN HEMT device used in this paper: GS66508T [19].

Parameter Symbol Value

Maximum drain-source blocking voltage VDS(max) 650 V
Maximum continuous drain current [DS(max) 30 A

On-state resistance at room temperature Rds-on 50 mQ)
Threshold voltage VGS(th) 1.7V

Maximum junction temperature T(max) 150 °C

Turn-on energy (400 V, 15 A) E°n 47.5 uJ
Turn-off energy (400 V, 15 A) Eoff Sy
Output capacitance stored energy (400 V) E°%s 8y

3. Design Procedure for the Bi-Directional DC/DC Converter

As discussed in the previous section, bi-directional DC/DC converters are used for
interconnecting two DC terminals where bidirectional power flow capability is required.
These converters are desired to be in low volume for high power density applications.
Figure 4 suggests a design procedure to achieve a high power density. The converter
size is mostly dominated by passive components [20] which can be reduced by increasing
switching frequency. However, the high switching frequency results in high switching
losses on switching components, especially for high power applications. Soft switching is a
method to eliminate switching losses and can be applied to a Buck and Boost type DC/DC
converter easily by quasi-square wave zero voltage switching (QSW ZVS). Even though
QSW ZVS is an easy way to achieve soft switching, it suffers from a high current ripple on
inductors which mainly increases the stress on output filter capacitors and on transistors
by causing high conduction losses. Thanks to device paralleling, conduction losses can
be shared among the parallel-connected transistors and it reduces the conduction loss per
switch. Moreover, soft-switching makes device paralleling easy by smoothing switching
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transitions. The stress on the output filter capacitors can be handled by interleaving half-
bridges which significantly shrinks the ripple current flowing through filter capacitors. As
a result, the passive components in small size can be used to filter output voltage and the
reliability of the converter can be improved.
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Figure 4. Logic diagram of the design of a bi-directional non-isolated DC/DC converter.

In the lights of these design steps, a bi-directional DC/DC converter topology is
presented in Figure 5 where two ports are denoted as A and B. The power flow from A to B
gives the buck operation whereas B to A gives the boost operation.
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Figure 5. Bi-directional DC/DC converter scheme where A and B ports can be configured as input
or output.

4. Quasi-Square Wave Zero Voltage Switching

Quasi-square wave zero voltage switching (QSW ZVS) is an easy way to achieve
zero voltage soft switching (ZVS) in Buck and Boost type DC/DC converters since it
does not require any extra component, so decreases the reliability concerns. The ZVS
is accomplished by inductive switching instead of capacitive switching. In capacitive
switching, the transistor, which is supposed to be turned on in the next cycle, stays as
charged to the DC link voltage level. Therefore, whenever it gets in conduction, the
voltage on the output capacitance of the transistor has to be discharged which causes
the switching energy dissipation and overshoot on the transistor current. However, in
inductive switching, the voltage on the output capacitor of the transistor is discharged in
dead-time by the load current and the transistor gets in conduction with zero voltage on
itself. As a result, the energy is not dissipated during the switching transition.

An example is illustrated in Figure 6 on a buck converter where the inductor current
ripple is more than twice of output current; therefore, it goes below zero. Four moments
are marked on inductor current in Figure 6 where (I) is the charging moment, (II) is the
moment when high side transistor (Qr) turns off and low side transistor (Qp) turns on,
(III) is the discharging moment and lastly (IV) is the moment when Qp turns off and Qt
turns on.

Figure 6. Sample moments of quasi-square wave zero voltage switching showing switching charac-
teristic for buck mode operation.

Since the inductor current charges and discharges the output capacitance of GaN
HEMTS, the required dead time and negative current can be calculated. Due to the parallel
switching operation applied in this design, the resonant current has to charge or discharge
the output capacitances of both transistors in parallel connection. Therefore, the total output
capacitance needs to be doubled compared to the output capacitance of a single transistor
case. At the moment (IV), the inductor current which flows in a negative direction charges
two GaN HEMTs and discharges two GaN HEMTs as presented in Figure 7. According to
the principle of conservation of charge, the required current or duration can be calculated as
shown in Equation (1) assuming that the inductor current is constant during the dead time
period. The required minimum dead time (¢4,,4) can be calculated with the discharging
inductor current (I . ), total discharged capacitance in the half-bridge (Coss) and its voltage
level (V},). For a configuration that operates under 400 V DC bias and with 4 A of inductor
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current flowing in the reverse direction, a dead time of 40 ns is required as a minimum
to achieve zero voltage switching. Considering the gate charge and discharge duration,
100 ns of dead time would be suitable and safe for this design.

tdeadIL,,,i,, = 4CossVin (1)

< ...............
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+ A A

—|l+r‘rz —|I+r‘rz L

d b [O00) L
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--------------- - -

Figure 7. Achieving soft switching at turn-on with parallel connected devices.

The parallel-connected bridge structure is tested on a simulation platform with 100 ns
of a dead-time period. The results show that the high side switch, i.e., the control switch
for buck mode, turns on with zero voltage switching as shown in Figure 8. Since the
inductances are included in the simulation model, tiny oscillations are observed on the
channel current (I45). However, the oscillations, which can cause extra power loss or termi-
nal voltage (V4s) overshoot, are damped strongly thanks to smooth current and voltage
transitions prompted by the soft-switching. This fact is the basis of easy implementation of
a parallel device structure in ZVS converters.
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time (ns)
Figure 8. Simulation results showing zero voltage switching for high side switch at turn-on.

5. Design and Selection of Passive Components

As discussed above, quasi-square wave zero voltage switching suffers from a high
current ripple. Besides the thermal stresses over the capacitors and inductors, the current
ripple also causes the output voltage to swing unless the filter capacitors are chosen
adequately. Instead of applying all current ripple to the output filter capacitors, interleaving
the multiple numbers of bridges could help to decrease the ripple. Moreover, the thermal
stress per bridge decreases as well.

The proposed converter can operate in buck and boost modes. The nominal operating
conditions are given in Table 2 for each mode. Based on these operating conditions,
the number of the interleaved bridge is selected for theoretical and practical reasons.
Theoretically, the number of interleaved bridges is evaluated and compared as shown in
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Table 3. Since buck and boost modes operate with almost complementary duty cycles, a
minimum ripple is obtained for the same number of bridges. Interleaving three bridges is
the most suitable option for buck and boost modes in terms of ripple cancellation. However,
the transferred power per bridge decreases with an increasing number of bridges. In other
words, the increased number of bridges decreases the utilization of filter inductors and
switches if the output power is considered constant. As a result, interleaving two bridges
seems to be the most advantageous case for handling the ripple while maximizing the
power density.

Table 2. Nominal operating conditions for buck and boost modes of the proposed system.

Buck Mode Boost Mode
Input Voltage 400V 270V
Output Voltage 270V 400V
Duty Cycle 0.675 0.323
Output Current 20 A 135 A
Output Power 5.4 kW 5.4 kW

Table 3. Comparison of the effects of interleaved bridge number. The box color changing from green
to dark red indicates the change from the most optimum option to the least optimum one.

Buck Mode Boost Mode

Number of bridges AAI?;” kW /bridge %L
1 54 24
2 0.515 0.521 2.7 2.8
3 0.037 0.045 1.8 32
4 0.235 0.228 1.35 3.6
5 0.21 0.209 1.08 4
Best Better Not Bad Bad Worse

5.1. Inductor Design

The inductor design is one of the most critical steps for the QSW ZVS converter
because the increased current ripple can saturate the magnetic core and cause lots of heat
dissipation. The total inductor loss (P;,4) can be estimated by summing winding losses
(Pwinding) and core losses (Pcore) as shown in Equation (2). Firstly, the winding losses can be
split into two parts: the DC losses and AC losses. The DC losses can be calculated with the
average inductor current (I1) and winding resistance (Rwinding)- However, for an inductor
with multiple numbers of layers and thick wires, AC loss dominates due to the eddy effects
in high-frequency applications. Therefore, the thickness of the wire should be selected
by taking the skin depth into account. Then, the equivalent AC resistance of the inductor
can be found by multiplying the winding resistance by a frequency-dependent coefficient
(Q(fsw))- As a result, the AC winding losses can be calculated with the magnitude of the
inductor current ripple (I} ,,) and equivalent AC resistance. The total winding loss equation
is presented in (3). Secondly, the varying flux density in the magnetic core creates hysteresis
losses and heats the magnetic core. In order to calculate the core loss, the specific power
loss (P,) which depends on the AC magnetic flux density (B,.) and switching frequency
(fsw) can be multiplied by the core volume (V,) as given in (4).

Piyg = Pwinding + Peore (2)

2 I
Pwinding =1L Rwinding + ( = )ZQ(fsw)Rwinding ®3)

23
Pcore - Pv(Bamfsw)Ve (4)



Energies 2021, 14, 2867

90f23

In this design, the switching frequency is selected as 450 kHz and the inductor should
carry 10 A on average with 28 A peak-to-peak ripple as given in Table 4. The skin depth
for 450 kHz is 97.2 um, so a Litz wire needs to be used to handle the ripple. A Litz wire
with 400 strands of 80 um of thickness is chosen.

Table 4. Inductor specifications obtained by simulation results.

Inductance Frequency Average Current Ripple Current

6.8 uH 450 kHz 10 A 28 Ay

Off-the-shelf magnetic-gapped E cores are not suitable for this application due to their
low saturation current rating and high core loss density. Therefore, a gap-less E core is used
and the air gap is adjusted with a few pieces of isolation papers such that the magnetic
field density and number of turns can be optimized. Another important measure for the
inductor is the power loss caused by the current. For this purpose, the DC resistance of the
winding and alternating current (AC) resistance are calculated. In addition to winding loss,
core loss is calculated with the given specific power loss in the magnetic core datasheet.
The specific power constant increases sharply with increasing AC magnetic flux density
and frequency. The total power loss is compared for different magnetic cores and fill factor
as presented in Figure 9. The magnetic core E38/8/25-3F36 [21] has the lowest core and
winding losses. It has a fill factor of less than 20%, so it is suitable for paralleling two Litz
wires so that the winding loss could be halved. The final loss of E38/8/25-3F36 can be
reduced down to 7.6 W. The wounded magnetic core is shown in Figure 10a where two E
cores will be placed on top of each other and wires will be paralleled and the final view of
the inductor is presented in Figure 10b.
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Figure 9. Comparison of different core options in terms of their losses and fill factor.

(b) Inductor

(a) Inductor winding

Figure 10. View of inductor (E38/8/25 core, 3F36 material, 6.8 pH inductance).
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5.2. Filter Capacitor Selection

The filter capacitor selection is critical due to fact that the capacitors have a limited
lifetime. Therefore, the reliability of converters is strongly dependent on the capacitors
especially connected to DC link terminals. The selected capacitor type and the applied
stress on those capacitors should be considered wisely. In order to reduce the ripple stress
and have high efficiency, interleaving is mainly used as in [22,23].

On the one hand, interleaving half-bridges reduce the current ripple for the output and
input capacitors. On the other hand, the frequency of filter capacitor current increases as
much as switching frequency times the number of interleaved bridges. Therefore, for two
interleaved bridges, the filter capacitor carries the current with double switching frequency.
The simulation result presented in Figure 11 shows the inductor currents and the output
current for the rated buck mode of operation. The ripple reduction on the output current
with respect to the input current can be calculated as in (5). The ripple cancellation is
symmetric with respect to the 0.5 duty cycle due to two interleaved bridges as presented
in Figure 12. Based on the analytical and simulation results, the amplitude of the ripple
current is almost halved and the frequency is double switching frequency, 900 kHz.

AioyT =20 p<os
L

©)
2D-1
201 D>05

Figure 11. Interleaved inductor currents and output current.

1.00-
0.754

Ai

& 0.50+ Rated Boost 1 1 Rated Buck

I Operation . : Operation
0.25- E i
0.00 —— ——— .
0.0 0.2 0.4 0.6 0.8 1.0

Duty Cycle

Figure 12. Ratio of the output capacitor current to inductor current [24].

In order to achieve a 1% output voltage ripple, the output filter capacitor should be at
least 690 nF according to Equation (6). This calculation is valid only for an ideal capacitor
and ideal connections. However, capacitors are not ideal and have parasitic inductances
and resistances. Therefore, the frequency response of the filter capacitor gets important
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since it should carry a considerably high amplitude of ripple current at 900 kHz. Moreover,
the dissipation factor has to be low enough to keep capacitors thermally safe.

Aiour
e 6
8AvouT(2fsw) (©)

Even though the aluminum electrolytic capacitors are dense in terms of capacitance
per volume, their temperature sensitivity and equivalent series resistance (ESR) value are
high [25]. Besides their low lifetime, the parasitic inductance of electrolytic capacitors
makes them unfeasible for this application due to the increased frequency of current ripple.
However, the film capacitors have low ESR and parasitic inductance and their capacitance
and dissipation factor is almost the same over a wide temperature range [25]. Thanks to
the low capacitance requirement of the proposed converter, the film capacitors in small
volumes can be utilized. Moreover, the film capacitor’s open circuit characteristics under a
fault increase the reliability of the overall system.

The RMS value of the output capacitor current is 4.2 A at 900 kHz for rated operation
as calculated as in Equation (7). In order to filter out this current, two surface mount design
(SMD) film capacitors, LDEPH3220KA5NO00 [26], and one through-hole (TH) film capacitor,
BFC238320684 [27], are used. Figure 13a,b shows the current-carrying capability of SMD
and TH film capacitors, respectively. The total capacitance is 1120 nF and the current range
goes up to 23 A which is higher than the required value. Both capacitors are rated 630 V
as maximum.

Cour =

(Aip)?
Icour(rms) = B(D) 15 )
o 10?
e _ 680 nF
10 — S 111N ‘
0.22 pF~ 5A a0 r g0 =
b ctll o = | il > \
0.047 pF I\ e it S - t ’
1 0.01 uF:\ hy ul ——"C”’ 10° = 7
= (): — N 1 T T J;Il T
— ’/ g . b T R '4’1 onF
=z j //; gi >" 107 Lz 10 nF 'L
0.1 (O g o F— Cancarry2.2V IR\ oottt E|
= Z i = = TN 22 100 nF -
— H —— ripple @1 MHz > H
7 > L nl 102 [ T | TO0F
A—A A H = EDDF b
0.01 % I TR A — Cancarry13A
0.1 1 10 100 1,000 193 ripple @1 MHz T TT]] ‘
f [kHz] 10* 10° 10° 107 f(Hz) 408
(a) SMD capacitor (b) Through-hole capacitor
(LDEPH3220KA5NO00 [26]) (BFC238320684 [27])

Figure 13. Capacitor selection and stress analysis.

In comparison to the output capacitor current, the relationship between the inductor
current and the input capacitor current is more complicated. Since the inductor current
ripple is supplied by the input capacitor only for the ON period of the high side switch,
the ratio is not direct. Nevertheless, in order to estimate the stress over the input capacitor
better, the analytical equation in (8) is derived where the RMS value of the input capacitor
current (I, (rms)) can be expressed with duty cycle (D), inductor current ripple magnitude
(Alp), the minimum and maximum values of the inductor current (I, I1,.)- Itis
calculated as 6.2 A for rated operation.

min’

\/(AIL)z(% - D2) - ZILmin ILmax(l - ZD)D D S 05

I =
Cin(RMS) \/(AiL)z(ﬁ —(1-D)) -2 (1-2D)(1-D) D>05

®)

min ILmax
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The stress over the capacitors can be identified by extracting frequency-dependent
equivalent series resistance (ESK). Then, the total capacitor loss can be calculated as given
in (9). Note that, each terminal has the same capacitor configuration.

Pegp = UéIN(RMS) + ICZZOUT(RMS) JESR(fsw)- )

6. Experimental Results

The bi-directional DC/DC converter is physically implemented and tested under full
load for both buck and boost modes with the presented experimental setup in Figure 14.
Converter dimensions are 7.5 cm, 11 ¢m, 12.5 cm as shown in Figure 15a which results in
5.24 kW/L power density at full load. During the experiments, all waveforms are recorded
by a digital oscilloscope, Waverunner 44xi (Teledyne LeCroy, New York, USA) and the
current waveforms are measured by a current probe, TCP305A (Tektronix, Bracknell, UK).
Resistive banks are connected in parallel as load. Input and output powers are measured
by watt meters.

Oscilloscope Resistive banks
Current
Probe

Input and output
wattmeters

Airflow

Signal
Connector

+

SFilm
Capacitor

SMD input
capacitor

Airflow guider

(b) Back-view

(a) Front-view

Figure 15. The view of the converter configuration and thermal measurement points.

GaN HEMTs with their fast switching capability are subject to circuit noises caused by
high dv/dt and di/dt. In order to eliminate the risk of a shoot through short circuit failure,
a short circuit protection method is proposed in [15] and applied on the half-bridge boards
as presented in Figure 16. The half-bridge is designed with a parallel structure to increase
the current carrying capability and well-suited for the proposed converter.
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Figure 16. The half-bridge boards with inherited short circuit protection capability [15].

6.1. Thermal Tests

The thermal resistance of the magnetic core of the inductors is not presented clearly in
the datasheet. Therefore, the thermal design has to be verified before applying full load.
The thermal stresses of the inductors are dominated by the AC winding losses and the
core losses which both are affected by the switching frequency. In order to see the effect of
switching frequency, the rated ripple amplitude of the current with varying frequency is
applied to the inductors to see the cooling performance.

Thermal measurement points are presented in Figure 15. The input voltage and duty
cycle are adjusted so that always the same amplitude of current flows through the inductors
at different frequencies. The operating frequency is changed from 150 kHz to 450 kHz with
50 kHz steps and the current waveforms were recorded by the oscilloscope as shown in
Figure 17 for the minimum and the maximum frequencies. During this phase of the thermal
tests, the cooling fan shown in Figure 15b is not active and natural cooling is applied. The
resulting temperatures are given in Figure 17 where the maximum temperature increases
up to 122 °C at windings and the ambient temperature is 25 °C. Note that, in this study, all
thermal results are measured after 30 min of operation.

1259 » 150 kHz
15
{1 10
s
100§ °
~ 3°
O -10
__ 15 450 kHz
o 0 2 4 6 8 10 12 14 16 18 20 core-2
= i time (1s)
§ 75 core-1
()
o
S
S
504
27.5A Ripple Current
pp
25 T T T T T T T T T T T 1
150 200 250 300 350 400 450

Frequency (kHz)

Figure 17. The temperature of the inductors with respect to the inductor current frequency where the
current is applied with the same magnitude for all frequencies.

Moreover, it is important to see the effects of the current ripple and average separately
to figure out the main reason behind the heating of passive components or GaN HEMTs.
For this purpose, two test sets are performed. Firstly, the average of the inductor current
is changed while the ripple magnitude of the current stays the same, and secondly, the
average of the inductor current is kept constant while the ripple changes. The results of
these two experiments are shown in Figure 18a,b. The temperature is recorded for five
different components, the inductor winding and the core, heat sink of GaN HEMTs, and
input capacitors. Figure 18a shows that the effect of the change in the average current is
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limited, but the current ripple is more dominant on the heat loss as given in Figure 18b.
This outcome can be considered as a natural result of the proposed converter where a high
current ripple is utilized to reach zero voltage switching.

80+ 125 -
\V\B/
- 1 Winding
70+ 100
Magnetic core SMD Input
%) —~ Capacitor
& 0
Z EI Magnetic core
5 60 5 754
© SMD Input &
g Film Input  Capacitor Qo
e Capacitor g
= 504 Heatsink of — 504
GaN HEMT Film Input
Capacitor
Heatsink of GaN HEMT
40 T T T T T 1 25 T T T T T T T 1
3 6 9 12 10 15 20 25 30
Average Current (A) Ripple Current (A )
(a) Constant ripple (b) Constant average

Figure 18. The temperatures of different components under constant ripple (20 A, 450 kHz), varying
average current over inductor and under constant average (5.8 A), varying ripple current magnitude
(450 kHz) over inductor.

Considering the F class winding, curie temperature of the magnetic core which is
around 220 °C, the E class SMD capacitors and A-class through-hole capacitors, in order to
guarantee a safe operation for passive components under full load, a fan is used, without
reducing the power density, to limit heating. This configuration is presented in Figure 15.
Table 5 gives how the fan affects the temperatures of the components. As expected, it sig-
nificantly reduces the temperature of the inductor and surface mount device (SMD) input
capacitors which are on the same side as the fan. This also shows that the passive compo-
nents’ thermal classes are compatible with the further increase in ambient temperature.

Table 5. Effect of the fan for the operation with 3 A average and 28.3 A ripple current over the
inductor at 25 °C of ambient temperature.

Without Fan With Fan
Winding 131 °C 86 °C
Magnetic core 119 °C 79 °C
SMD input capacitor 112°C 60 °C
Film input capacitor 49.5°C 44°C
GaN HEMT heat sink 59 °C 57.5°C

Lastly, the junction temperature of GaN HEMTs can be estimated by solving the
thermal circuit presented in Figure 19. The paralleled GaN HEMTs on the half-bridge board
are connected to the same heat sink to cool down. In order to inhibit the short-circuit risk of
low and high side switches, an electrically isolated thermal interface material (A10092-01)
with 3.5 °C/W is used. The low profile heat-sink (APF40-40-10CB) is connected to the
half-bridge board and a fan (OD3510-05MB). The heat-sink and fan pair results in 2.5 °C/W
thermal resistance. Then, it is possible to estimate the junction temperature if the power
loss is known. For this purpose, the losses extracted from the simulation results are taken
as the reference. The losses of the GaN HEMTs over a half-bridge are estimated as 19.1 W
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where the average and ripple current of the inductors are 10 A and 27.5 App, respectively.
Then, the junction temperature can be estimated by (10).

T, = Ploss(R]fC + Rrim + Rus—a) + Tamp (10)

Figure 19. Thermal circuit of half-bridge board where the parallel connected GaN HEMTs are cooled
down by a heat-sink and fan connected with a thermal interface material.

6.2. Buck and Boost Modes

The buck and boost mode tests are conducted at the same voltage ratings for varying
load power. For buck mode, the operating point is selected as 400 V to 270 V conversion
and for the boost mode, it is vice versa.

During the tests, the loading is increased by 15% in each step. The temperature on
critical components is recorded so that the thermal performance could be verified under
rated operating conditions. The change in the temperature is shown in Figure 20 for a vary-
ing load current range. As expected magnetic core has the same losses for buck and boost
mode operation because the inductor current is the same. The measured and estimated
heat-sink temperatures vary 5 °C. By solving the thermal circuit presented in Figure 19,
the junction temperature of GaN HEMTs is estimated. The estimated junction temperature
for buck and boost mode operations is 131 °C and 137 °C, respectively. Considering the
maximum allowed junction temperature of GaN HEMTs (150 °C), the transistors operate
at the safe-operating-area boundary. The temperature on the converter board is recorded
under full load and presented in Figure 21. The hottest points on the half-bridge board,
heat-sink, and inductors are marked.
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Figure 20. Recorded and estimated temperatures of converter in buck and boost modes. Horizontal
axis indicates the load current and input current for buck and boost modes, respectively.
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Figure 21. Thermal camera view of the converter under full load from the side view (A), top view (B)
and bottom view (C).

Moreover, the output voltage ripple is measured as shown in Figure 22 for full load
condition. The output voltage ripple gets affected by the duty cycle, frequency, and
input voltage. Since these three parameters are the same for all load ranges, the output
voltage ripple is constant over the load current for both operating modes. According to the
experimental results, the output voltage ripple swings 2.3 V in buck mode and swings as
3.9 V for boost mode which are less than 1% of the average output voltage.
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Figure 22. Output voltage ripple under rated load conditions for buck and boost mode operations.
The voltage ripple is below 1% for both modes.

6.3. Loss Model and Comparison

In order to identify the loss sources, an analytical model is constructed. The losses on
the passive components can be calculated as explained above. Moreover, the losses on GaN
HEMTs are split into two parts: conduction and switching losses. In order to calculate the
conduction loss on a half-bridge, four GaN HEMTs in this case, the phase current (Ir,,.)
can be used which is formulated as in (11). Then, the conduction loss can be calculated by
multiplying the halved on-state resistance (Ry;s_,,) due to paralleling as presented in (12).
Moreover, the switching loss can be found by (13). The turn-on energy (E,;) and turn-off
energy (E,s) of a single device half-bridge are characterized by using the simulation model.
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Lastly, due to the high ripple current, the ohmic losses on the printed circuit board (PCB)
traces and connectors get also important which can be calculated as similar to GaN HEMTs’
conduction loss. Assuming that the PCB has the same resistance (R1qce) between (+) node
to phase and (—) node to phase, the trace loss can be equated as given in (14). In summary,
the analytical loss model finds out the conduction and switching losses on GaN HEMTs,
the winding and core losses of the inductors and the losses on the filter capacitors, and the
trace losses as well.

—2  AI?
Ips = [T+ 73 (11)
Rye_ (T
Pcond = I%RMS ds+n() (12)
Psw = Z(Eon“‘Eoff)fsw (13)
Ptrace = I%RMS Rtrace(T) (14)

The operating range of the proposed converter is analyzed in Figure 23 by using the
constructed loss model. The maximum allowed loss is 120 W due to the cooling capability
of the converter. The ZVS boundary is also plotted in Figure 23 by using Equation (15).
Here the ZVS condition is determined as a drop in the inductor current down to —4 A.
The converter is able to operate with an efficiency higher than 90% at almost all operating
points where the efficiency is higher than 95% for a region larger than half of all operable
points. However, a constant switching frequency does not give the optimum performance
for all operating points. Therefore, a frequency sweep is applied from 100 kHz to 1.5 MHz
for each operating point and the switching frequency with the minimum loss is picked for
that operating point as presented in Figure 24. Having frequency as a control parameter
improved the efficiency performance of the converter as presented in Figure 25. As a result,
the efficiency of the converter stays higher than 96% for a very wide operating region. This
result highlights the effect of switching frequency to balance and to minimize the losses.
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Figure 23. Efficiency contours of the DC/DC converter operated at 450 kHz of switching frequency.
Theoretical boundary of the ZVS limit and ZVS points which indicates the minimum loss for that
operating point is marked.

Figures 24 and 25 show the converter does not always give the best performance for
ZVS operation contrary to the popular myth that a soft-switching will increase the efficiency
by eliminating the switching losses on GaN HEMTs. The QSW ZVS operation requires a
high inductor current ripple, so it increases the inductor losses and the conduction loss of
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the GaN HEMTs. Therefore, in order to get the maximum efficiency, the converter might be
operated at a higher switching frequency. Even though the switching loss increases, the
increase in the frequency decreases the current ripple and it eliminates the high conduction
loss caused by the ripple. However, depending on the requirements of the application, a
low frequency might be preferred to get a ZVS operation. The lower EMI radiation of ZVS
operation with slower current and voltage transitions might be advantageous.
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Figure 24. Operating frequency contours of DC/DC converter optimized for the maximum efficiency.
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Figure 25. Efficiency contours of the DC/DC converter operated with varying switching fre-

quency to maximize the efficiency. The marked points show where the converter prefers to apply a
ZVS operation.

Lastly, the analytically-calculated losses are presented and compared with the experi-
mental results in Figure 26 where the operating point sweeps from 1 kW to 5.5 kW under
400 V of input voltage and 450 kHz of switching frequency. Analytical efficiency is slightly
higher than experimental results due to unconsidered loss sources and the measurement
error of the experimental results. The conduction loss on the GaN HEMTs is the most
dominant loss source due to the high ripple of the current and it verifies the requirement of
device paralleling. Moreover, the one-layer design of the inductor with litz wires helps to
significantly reduce AC losses on the inductor.
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Figure 26. Efficiency curve of buck and boost mode operations based on electrical measurements.

7. Discussion

The DC/DC converters with different topologies and devices are compared in Figure 27.
The presented converters include bi-directional converters, uni-directional buck or boost
converters with soft-switching, and isolated converters. The detailed specs of the converters
are presented in Table 6. MOSFET is the most common semiconductor used in these
converters; however, SiC and GaN switches have an increasing trend in the last years.
Furthermore, in Figure 27, color contours are plotted where the color gets darker for
increasing output power and switching frequency multiplication. With respect to the
figure-of-merit (FOM) of the device (Qg X Rys-on), converters position for different power
and frequency ranges. High voltage ratings of SiC and its lower losses in comparison to Si-
based devices make SiC devices suitable for high power applications where the switching
frequency varies from several tens of kHz to 100 kHz. On the other hand, GaN devices
are located in a high-frequency region (>100 kHz) and power ratings less than 10 kW.
This is due to the ultra-fast switching capability of GaN HEMT challenges high power
applications with strong EMI noises. Moreover, the GaN HEMTs on the shelf have voltage
ratings around 600 V which indicate that GaN HEMTs are not as feasible as SiC devices for
high-power applications. Lastly, Si-based devices are mainly used for applications with
easier ratings. The mature structure of Si devices and their considerably lower cost make
them attractive for applications with affordable demands.

The Figure 27 also gives a comparison for different topologies including isolated
or non-isolated ones. It is seen that the isolated topologies do not go beyond a certain
converter FOM (P, X fs) because of the limitations of passive components. The isolated
topologies include an isolating transformer which transfers all power from the primary
side to the secondary side. During this transfer, there is a certain loss on the transformer
which increases with switching frequency. As a result, the operating power and frequency
of the converter are limited. The limitations caused by passive components are valid for
non-isolated topologies as well. The stress on the filter inductor and capacitors limits
the operating power and frequency. In case of an increase of converter FOM, the losses
on the passive components increase which requires either a better cooling solution or
an increase in the converter volume. A well-optimized non-isolated buck and boost
converter design is proposed in [28] with 80 kW power and 115 kHz of switching frequency.
The passive components and other converter elements are optimized with respect to the
switching frequency, so a successful design is obtained as presented with notation Al in
Figure 27. Moreover, the proposed converter in this paper has a high FOM which is mainly



Energies 2021, 14, 2867

20 of 23

obtained by well-designed inductors, interleaving and device paralleling. The reduced
stress on the passive components paves the way for higher FOM. Moreover, beyond the
limitations of passive components, the application requirements dictate the topology type.
The requirement of isolation, bi-directional or uni-directional power flow, mass and volume,
cost, and other specifications are indicative for topology selection.
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Figure 27. Comparison of DC/DC converters proposed in the literature.

Table 6. Specs of the converters compared in Figure 27.

Study p, fow Topology Device
A Calderon-Lopezetal. [28] 80kW  115kHz B‘gfoii‘d SiCFET
B Adamowicz et al. [4] 45 kW 30 kHz Isolated SiCFET
C Pavlovsky et al. [6] 14 kKW 66 kHz MBB * Si MOSFET
D Rodriguez et al. [29] 10 kW 20 kHz Boost SiCFET
E Stevanovic et al. [30] 3.05 kW 64 kHz Boost SiCFET
F Okilly et al. [31] 2 kW 100 kHz Isolated Si MOSFET
G Lin [32] 1.68 kW 60 kHz Isolated Si MOSFET

. Buck and .
H Konjedic et al. [11] 1 kW 100 kHz Boost Si MOSFET
I Sinha et al. [33] 600 W 20 kHz Buck Si MOSFET
J Bakeer et al.[34] 300 W 95 kHz Isolated Si MOSFET
K Yang et al. [5] 200 W 50 kHz MBB Si MOSFET
L Das et al. [10] 200 W 66 kHz MBB Si MOSFET
M Ahmadi et al. [35] 200 W 100 kHz MBB Si IGBT
N Chen et al. [13] 115W 100 kHz MBB Si MOSFET
Modified .
@) Veerachary [36] 75 W 100 kHz Buck Si MOSFET
P Mao et al. [12] 9%6 W 300 kHz MBB Si MOSFET
R Jafari et al. [2] 1 kW 300 kHz Isolated GaN
S Huang et al. [7] 1.2 kW 1 MHz MBB GaN
T Pajnic et al. [37] 60 W 750 kHz MBB GaN
U Lee et al. [14] 20W 3 MHz Buck GaN
z This study AW 4s0kHz  Puckand GaN
00st

* Modified Buck and Boost topology.

8. Conclusions

In conclusion, this paper discusses the feasibility of bi-directional Buck and Boost
DC/DC converters with GaN HEMTs. The low conduction loss and low switching en-
ergy dissipation of GaN HEMTs increase the tolerance for high ripple current and high
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References

switching frequency. Therefore, an unfeasible topology with previous devices like Silicon
(Si) MOSFET or Si IGBT, now can be implemented with GaN HEMTs with wider gain
and power range thanks to low losses. In order to show this range, this paper gives an
example design with the proposed half-bridge boards, which have an inherent short circuit
protection capability. The proposed converter has a power rating that goes up to 5.4 kW
and a switching frequency of 450 kHz. The converter utilizes a quasi-square wave zero
voltage switching to eliminate the switching losses. As a requirement of QSW ZVS, the
filter inductance is kept low so that the inductor current can flow in both directions in a
switching cycle. Therefore, an inductor design is performed with 28 App ripple current
and 450 kHz frequency. Moreover, interleaving is applied to cancel ripple current and
to reduce the stress over the film filter capacitors on the DC link. The converter is tested
in buck and boost configurations under the rated power. Thermal results are presented
and an efficiency curve is obtained for a wide range of output power and compared with
analytical results. The converter is able to operate at 97.7% and 98.7% efficiencies under
full load in buck and boost modes, respectively. As a result, 5.24 kW /L or 85.9 W/ in3 of
power density is achieved.

Moreover, the converter loss is analyzed for a wide operation range where the con-
verter gain and output power are changed. Additionally, the switching frequency is swept
from 100 kHz to 1.5 MHz so that the frequency with maximum efficiency can be obtained.
It is concluded that ZVS operation does not guarantee the minimum loss for all operating
points and it might be beneficial to increase switching frequency to reduce the losses
for some operating points. However, ZVS operation is still preferable due to its lower
EMI noise.

Lastly, the proposed converter is compared with previous studies in terms of its
operating power and switching frequency. The different device types utilize different
operating points and it is seen that GaN HEMTs are mainly preferred for high-frequency
operations above 100 kHz. The proposed converter has a high figure-of-merit mainly
obtained by well-designed inductors, canceled capacitor ripples by interleaving, and
decreased conduction loss by paralleling. The paper highlights that an unfeasible topology
for other types of devices might be useful for GaN-based solutions.
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