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Abstract

In this paper, the zero voltage switching (ZVS) region of a dual active bridge
(DAB) converter with wide band-gap (WBG) power semiconductor device is
analyzed. The ZVS region of a DAB converter varies depending on output
power and voltage ratio. The DAB converters operate with hard switching at
light loads, it is difficult to achieve high efficiency. Fortunately, WBG power
semiconductor devices have excellent hard switching characteristics and can
increase efficiency compared to silicon (Si) devices. In particular, WBG de-
vices can achieve ZVS at low load currents due to their low parasitic output
capacitance (C,.) characteristics. Therefore, in this paper, the ZVS operating
resion is analyzed based on the characteristics of Si, silicon carbide (SiC) and
gallium nitride (GaN). Power semiconductor devices. WBG devices with low
G operate at ZVS at lower load currents compared to Si devices. To verify
this, experiments are conducted and the results are analyzed using a 3 kW
DAB converter. For Si devices, ZVS is achieved above 1.4 kW. For WBG de-
vices, ZVS is achieved at 700 W. Due to the ZVS conditions depending on the
switching device, the DAB converter using Si devices achieves a power con-
version efficiency of 91% at 1.1 kW output. On the other hand, in the case of
WBG devices, power conversion efficiency of more than 98% is achieved un-
der 11 kW conditions. In conclusion, it is confirmed that the WBG device
operates in ZVS at a lower load compared to the Si device, which is advanta-
geous in increasing light load efficiency.
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1. Introduction

Recently, renewable energy has been widely used due to the depletion of fossil
fuels and the need to reduce carbon dioxide. In particular, research on energy
storage system (ESS) that uses batteries is being actively conducted for the effi-
cient operation of renewable energy using solar and wind power [1]. Addition-
ally, interest in DC power distribution is increasing. DC distribution has many
advantages over AC distribution because transmission losses due to AC resis-
tance and power conversion steps are reduced [2]. Figure 1 shows the DC mi-
crogrid configuration. A bidirectional power conversion system is essential to ef-
ficiently control the power of a DC microgrid using ESS [3] [4].

Dual Active Bridge (DAB) is widely used as an isolated bidirectional converter
for DC microgrid. The DAB converter is a full bridge circuit with the same pri-
mary and secondary sides, enabling bidirectional power transfer through phase
control on both ends of the transformer. When the primary and secondary sides
of a DAB converter have the same voltage ratio, zero voltage switching (ZVS) is
possible over a wide load range, increasing efficiency. However, in the case of
batteries, the voltage varies depending on the state of charge (SOC), and it is dif-
ficult to implement ZVS under light load conditions when connected directly to
the DAB converter [5] [6] [7].

Typically, DAB converters have a two-stage structure that includes a non-isolated
converter for charging and discharging the battery to maintain a constant vol-
tage ratio. However, the two-stage configuration has limitations in increasing ef-
ficiency and power density. As a result, the DAB converter must be connected
directly to the battery to achieve high power density and efficiency [8] [9].
However, hard switching occurs at light load depending on the changing voltage
ratio. In particular, silicon (Si) power semiconductor devices, which are widely
used in power conversion systems, are significantly less efficient in hard switch-

ing due to physical limitations [10].
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Figure 1. Structure of DC microgird.
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To improve the hard switching problem, various switching techniques have
been applied in [11] [12] to achieve a wide range of ZVS. ZVS is achieved over a
wide load range through switching technology, improving light load efficiency.
In [13], a dual transformer is applied to implement a wide range of ZVS. The
above methods apply complex control algorithms or require additional hardware
to achieve light load ZVS. ZVS implementation at lower loads is an important
issue in the topology of the DAB converter. Therefore, an analytical approach is
needed to achieve ZVS at lower loads without additional hardware.

Recently, wide bandgap (WBG) devices are widely used as an alternative to
overcome the physical characteristics of Si devices. Representative WBG devices
include silicon carbide (SiC) and gallium nitride (GaN). WBG devices are capa-
ble of fast switching due to their high bandgap energy, high saturation electron
velocity, and electron mobility properties [14] [15]. In addition, it has a high
thermal conductivity, making it advantageous at high temperatures, and has a
lower on resistance (Ru.0,) than Si at the same breakdown voltage due to its ex-
cellent specific on-resistance (RSP) characteristics [16]. In particular, WBG de-
vices can accelerate drain-source transitions during switching due to their low
parasitic output capacitance (C,,.) characteristics, resulting in ZVS at lower load
currents [17].

In this paper, the ZVS characteristics are analyzed under light load conditions
when a WBG device is applied to a DAB converter whose ZVS region varies de-
pending on the load conditions. In addition, efficiency characteristics under
light load conditions are compared through DAB converter experiments using Si
and WBG devices.

2. Dual Active Bridge Converter for ESS

2.1. Circuit Configuration and Operating Principle for DAB
Converter

Figure 2 shows the circuit of a DAB converter. The DAB converter consists of a
full bridge circuit with the same primary and secondary sides, and an external

inductor and transformer are connected in series.
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Figure 2. Schematic of dual active bridge converter for ESS.

DOI: 10.4236/epe.2023.1510019

342 Energy and Power Engineering


https://doi.org/10.4236/epe.2023.1510019

B. Kwak

The output power of the DAB converter is determined by the inductance of
the external inductance, as shown in Equation (1). The inductance should be se-
lected considering the maximum output [18] [19].

_ VeV per D(1-D)
our 2L

swext

(1)

where, £, is the switching frequency, 2 is the transformer turns ratio, and D is
the phase difference (radians/m), which must be less than 0.5.

2.2.7ZVS Analysis of DAB Converter

In DAB converters, ZVS is determined by the external inductor current. There-
fore, analysis of the external inductor current is important. Figure 3 shows the
external inductor current waveform over one cycle, and the equations for 7;; and

I, of the current are as Equation (2) and Equation (3) [20].
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Figure 3. Key waveforms of DAB converter.
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Based on Equations (2) and Equations (3), the ZVS condition varies depend-
ing on the input/output voltage ratio. Table 1 shows the ZVS conditions for the
primary and secondary full bridge legs as a function of voltage ratio. Where, M is
the primary to secondary voltage ratio. When a DAB converter is applied to a
battery system application, the ZVS conditions vary depending on the SOC.
When the load current exceeds a certain level, the entire area is operated at ZVS,
so the influence of ZVS is significant under light load conditions.

The ZVS is achieved only when the energy stored in the parasitic output capa-
citance is fully charged and discharged during the turn-off period including the
dead time. Therefore, it is necessary to analyze ZVS characteristics considering
the effect of . of the switching element. Figure 4 shows the current flow in the
dead time (# — #;) section, and Figure 5 shows the equivalent circuit of the
bridge circuit when S;and S; are turn-off.

In the equivalent circuit, the parasitic capacitance current can be defined by

Equation (4) and the external inductor current can be defined by Equation (5).

Vbe1 Csec~ Vpe2

QﬂE Sy

Figure 4. Power flow in the DAB converter during ¢ - .

+
Cotnst == Cotnss =
Lext +
Y Y| |7 —Vbe2
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+
Cotns2 7 Cotnss =

Figure 5. Equivalent circuit of full bridge when S-and $;are turned off.

Table 1. The ZVS conditions based on the voltage ratio.

Condition 1% side 2" side
M=1 ZVS§S ZVS
M>1 In<o0 ZVS
M<1 ZVS In>0
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DV,

_ Ca(tr)
ooy = Con) —a (4)
DV,
o(ir)
IL,ext = 2Co(tr) dt t * (5)

As a result, the current required for ZVS is defined by the equation:
L.1; . =EC

L,ext o(tr) °

lL I?
2

‘ext™ L,ext

= 2Ca(1r)

'
VDCIVDC2 :

c. vV
IL’EH -2 o(tl)LD(,l DC2 ] (6)

ext

Through the above equation, the G, of the power semiconductor device must
be considered to accurately calculate the ZVS area of the DAB converter.

In this paper, Si, SiC, and GaN devices are compared and analyzed to analyze
the ZVS area of the DAB converter due to the parasitic components of the
switching device. The power semiconductor devices selected are IPW65R035CFD7
(Si MOSFET, Infineon), IMW65R030M1HXKSA1 (SiC MOSFET, Infineon), and
TP65H035G4WS (GaN FET, Transphorm). Devices with similar Rpg,, resistance
characteristics were selected. All use the same TO-247 package. Key specifica-
tions are listed in Table 2.

Figure 6 shows the calculated ZVS region considering the C,. of each
switching device. It can be seen that the larger the C,, the higher the load con-
ditions required to achieve ZVS. Therefore, since the C,, of the WBG device is
lower than that of the Si device, ZVS can be achieved under light load condi-

tions.
2500
— Ideal ZVS Region
— Practical ZVS Region-SI MOSFET
— Practical ZVS Region-SiC MOSFET
2000 1 — Practical ZVS Region-GaN FET
=
' 1500 A
[
2
<
Ay
2. 1000 1
=
o
500 -
Non-ZVS
O T T T T T
0.70 0.75 0.80 0.85 0.90 0.95 1.00

Voltage Ratio [nV . /V

DC,P]

Figure 6. ZVS boundary comparison for practical conditions by power semiconductor
devices.
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Table 2. Key specifications by power semiconductor device.

Parameter Si MOSFET SiC MOSFET GaN FET
Rpson 29 mQ 30 mQ 35 mQ
Ciss 7149 18 pF 1500 pF
Cour 2427 pF 284 pF 380 pF
Q; 145 nC 48 nC 22 nC

3. Experimental Results and Discussion

The ZVS characteristics according to power semiconductor devices were verified
in a 3 kW DAB converter. Figure 7 shows a prototype of a 3 kW DAB converter.
The gate driver used Skyworks’ si823H9. In addition, a similar PCB pattern was
applied to minimize the effect of parasitic inductance when driving the gate of
Si, SiC, and GaN power semiconductor devices. Figure 8 shows the gate pattern
between the gate driver and switching device that is actually used. The DAB
converter is controlled using a digital controller based on TMS320F280049C
(Texas Instruments Inc.). The design specifications and experimental conditions
of the DAB converter are shown in Table 3. External inductor is calculated
based on output power and switching frequency, it is the sum of the leakage in-
ductance and the inductance of the inductor. Figure 9 shows the overall experi-
mental environment.

Figure 10 shows the ZVS waveforms for each switching device. When Si
MOSFETs are used, ZVS is achieved at an output of 1.4 kW. On the other hand,
SiC MOSFET is implemented at 700 W, and GaN FET is implemented at 600 W.
The low G, characteristic of the WBG device achieved ZVS under a light-load
condition therefore, it is advantageous to achieve high efficiency when applied to
a converter.

Figure 11 shows the forward experiment results of the DAB converter using
GaN FET. The control method is a single-phase shift method, and it is con-
firmed that the phase increases as the output increases.

Figure 12 shows the efficiency characteristics of the DAB converter with each
power semiconductor device applied. Efficiency is low at light loads due to con-
duction losses due to circulating current and switching losses due to hard
switching. However, WBG devices have excellent dv/dt and di/dt characteristics
and have low switching losses during hard switching. In addition, it is confirmed
that the efficiency is higher than Si devices due to low gate loss due to low Q..
The efficiency of the DAB converter using Si MOSFET is high under load condi-
tions operating at ZVS. This is because Rpson is relatively smaller, resulting in
lower conduction loss. If Rpg., is the same, the WBG device can achieve higher
efficiency under full load conditions.

As a result, ZVS is achieved at lower loads due to the low G, characteristics
of the WBG device, and the experimental results show that the efficiency is im-

proved by about 7% compared to Si under 1.1 kW light load conditions.
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Figure 9. Experimental setup of DAB converter.
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Figure 10. ZVS waveform and load conditions for each power semiconductor device. (a)
Si MOSFET; (b) SiC MOSFET; (c) GaN FET.

Table 3. Specifications of DAB converter.

Vber, Viez 400 V Pour 3 kW

Crriy Csec 540 uF fow 100 kHz
Lext 60 pH Dead time 400 nsec
Ln 600 uH Turn ratio 1:1

Application of WBG devices to topologies with partial ZVS characteristics, such
as DAB converters, can achieve high efficiency and high power density. Consi-
dering the withstand voltage characteristics of WBG devices, GaN power semi-
conductor devices are suitable for applications below 600 V, and SiC power

semiconductor devices are suitable for applications above 600 V.
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Figure 11. Steady-state waveforms of DAB converter using GaN FET. (a) 500 W; (b) 1500
W; (c) 3000 W.
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Figure 12. Efficiency characteristics according to the load of each power semiconductor
device.
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4. Conclusion

In this paper, the ZVS region of a DAB converter using WBG power semicon-
ductor devices is analyzed. WBG power semiconductor devices have excellent
hard switching characteristics and can increase efficiency compared to Si devic-
es. In particular, WBG devices can achieve ZVS at low load currents due to their
low G, characteristics. Therefore, in this paper, the ZVS operating area is ana-
lyzed and verified based on the characteristics of Si, SiC, and GaN. WBG devices
with low G, achieve ZVS at lower load currents compared to Si devices. To ve-
rify this, an experiment is conducted using a 3 kW DAB converter and the re-
sults are analyzed. By applying Si devices, ZVS is achieved at 1.4 kW output
condition. On the other hand, WBG devices achieved ZVS at 700 W or less. This
confirms that it is advantageous to achieve high efficiency at light loads due to
the excellent high-speed switching characteristics of the WBG device and the fast
ZVS achieved. Therefore, due to the withstand voltage characteristics of the
WBG device, it can be seen that GaN devices are a good choice for applications
below 600 V, and SiC devices are a good choice for applications above 600 V.

In future research, charge/discharge experiments will be performed by linking
the battery system to WBG and Si-based DAB converters. The excellence of the
WBG device is proven through analysis of efficiency data in the constant voltage
section with low current, and the battery energy use efficiency is additionally

analyzed.
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