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Abstract

Wide band gap (WBG) devices and particularly Gallium Nitride (GaN) switches are attractive solutions
to increase the compactness of power converters in automotive applications, thanks to their improved
switching characteristics and lower on-resistance. Nevertheless, their 650 V voltage rating limits their use
in 800 V on-board chargers (OBC). In this paper, a side-by-side comparison between two isolated 800 V
dc-dc topologies is proposed, backed by consistent experimental data. These topologies are based on
650 V GaN-on-Si devices and derived from the dual active bridge (DAB): the series-input series-output
dual active half bridge (SISO DAHB) topology and the three-level active neutral point clamped DAHB
(BL-ANPC DAHB) topology. This work compares the trade-offs between these two power circuits and
evaluates the impact of the switching frequency and transformer design on the GaN switches losses,
the overall conversion efficiency, as well as thermal dissipation. Experiments conducted on the realized
prototypes show very good efficiencies even at high switching frequencies. Slightly lower losses are
observed in SISO DAHB compared to 3L-ANPC DAHB, that has a greater switch count but fewer passive
components.

while maintaining good efficiency compared to SiC

as shown in Fig. 2. Furthermore, thanks to the
1 Introduction very low parasitic capacitance of the GaN devices,
ZV'S operation is achieved even at light loads.
Nevertheless, the most commonly available and
mature GaN transistors are qualified at 650 V [6].

Upgrading the battery voltage from 400 V to 800
V reduces the wiring harness and decreases
the charging time, allowing improvement of the

overall performance of electrical vehicles (EV) This paper proposes a comparison between

[1][2].  The dual active bridge isolated dc-dc g0 DAB and multilevel DAB topologies in half-
topology is used in various applications, but itis  pjyqe configuration, used to overcome the voltage
particularly interesting for EV charging applications rating limitation of GaN devices in 7.4 kW/800
due to its high efficiency, ease of zero voltage V battery charging systems. In section 2, the
switching (ZVS), reliability and bidirectional power operational principle of each topology is explained,
flow [3][4]. The DAB topology could benefit from 5, the theoretical waveforms are provided, as
using GaN devices with their improved switching e 55 the comparison between the two topologies.

characteristics and lower on-resistance (Rpson) |y section 3, the high frequency magnetic design is

[5]. Furthermore, GaN devices are particularly  yiqossed. Finally, the experimental realization and
interesting in ZVS dc-dc topologies such as DAB ot of both topologies are shown in section 4.
topology, because of their very low turn-off energy

which is 10 times lower than that of Silicon Carbide
(SiC) MOSFET with equivalent ratings as can be
seen in Fig. 1. Thus, the switching frequency could
be increased to reduce the size of the passives
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Fig. 1: Turn-off switching energies of different GaN and
SiC power devices
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Fig. 2: Total losses for a conventional DAB different
GaN and SiC power devices

2 Operation principle of the pro-
posed topologies

The DAB topology can be implemented in different
configurations while maintaining the same princi-
ple of operation [7], which consists of introducing
a phase shift between the control signals of the
primary and the secondary to create a power flow
from the leading bridge to the lagging bridge. DAB
topology is inherently bidirectional. In a full bridge
configuration, any slight difference between the
duty cycles of the devices can cause a DC bias
current in the transformer which leads to core sat-
urations and additional losses. This phenomenon
is naturally avoided when using the dual active half
bridge (DAHB) by using a capacitive voltage di-
vider that blocks the DC current bias that leads
to smaller magnetics, as they do not have to ac-
count for the DC current. Figure 3 represents the
two proposed 800 V DAHB topologies using 650
V GaN devices. In Fig. 3a, two two-level DAHB
converters are stacked in series to sustain 800 V,
while in Fig. 3b, the half bridges of the DAHB are
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implemented using three-level Active Neutral Point
Clamped (3L-ANPC) topology to support 800 V.
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Fig. 3: The proposed topologies for 800 V dc-dc con-
verter using 650 V GaN devices
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Table 1 shows the technical parameters of both
topologies, the same technical specifications is
fixed for both topologies to have a meaningful com-
parison.

Parameter Value
Input voltage (Vin) 800V
Output voltage (Vout) 800 V
Output power (Pout) 7.4 kW
Switching frequency (fsw) | 250 kHz

Tab. 1: Technical specifications of the proposed topolo-
gies

Phase-Shifted Pulse Width Modulation (PS-PWM)
is applied to the primary and secondary ANPC half-
bridges in order to generate the three-level square
voltage. Fig. 4 shows the gate drive signals of the
different devices in the proposed converter, all de-
vices switch at 50% duty cycle with a phase shift
applied between the outer switches (S1—S4 and Ss—
Sg) and inner switches (S>—S3 and Sg—S7). The
phase shift dy is applied to the primary half-bridge,
while dy is applied to the secondary half-bridge.
To simplify the analysis and the design of the pro-
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posed converter, d; and d, are considered equal
and are referred to as dy in the following. PS-PWM
modulation is selected for its multiple advantages
such as natural voltage balancing of the different
devices, even losses distribution and ease of imple-
mentation. The natural voltage balancing is highly
desirable as it eliminates the need of using sophisti-
cated and resource-heavy active voltage balancing
algorithms. The transferred power from the pri-
1. D Ao,
— > >
sl 1
Sol T LTI
So/Da [ oo T ¢+ L
Ss/Dg | > L

A

Sz T I L
Ss/Dr — N

L

Fig. 4: PS-PWM gate drive signals applied to the three-
level DAHB

mary side to the secondary side is described by
(1), where Pgy is the average output power, o is
the switching angular frequency, and n is the turn
ratio of the AC-link transformer. This equation is
valid only in the case of di<®< 7. The value and
the direction (direct or reversed) of the transferred
power can be controlled by choosing the appropri-
ate combination of dy and ®. If d; = 0°in (1), the
equation is reduced to the SISO DAHB converter
as can be seen in equation (2).

n-V,-V, o2 a3
P, =—2 25 (- — -1 1
3L W - Lijy, T = ) (1)
n-V,- V. P?
Pout,, = P_° (- — 2
lar, w leQL ( T ) ( )

Figure 5 shows the different theoretical waveforms
of the three-level ANPC DAHB under the condition
of dy<®< 3. This condition can be considered the
generalized case [8]. The near-sinusoidal shape
of the transformer current contains very few har-
monics (THDi) which results in more efficient and
smaller magnetics, eventually leading to greater
compactness.

2.1 Comparison of the two topologies

Table 2 shows the required components and their
voltage/current stress for each topology, assuming
a 1:1 transformer turn ratio. SISO DAHB requires
more passives which impacts the power density,
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Fig. 5: Three-level DAHB converter waveforms

and may result in reliability issues compared to the
3L-ANPC topology. Furthermore, the capacitors of
the SISO DAHB need an active voltage balancing
algorithm in order for the converter to operate cor-
rectly, while the capacitors voltages are balanced
naturally in the case of 3L-ANPC DAHB due to the
use of phase-shift PWM modulation [9]. The major
advantage of the SISO DAHB topology is the ability
to operate at a wide voltage range, as well as its
lower switch count compared to 3L-ANPC DAHB.
On the other hand, 3L-ANPC DAHB requires four
more GaN devices which results in more losses,
however it should be noted that the D1, D2, D3
and D4 devices are clamping devices, and should
theoretically present near zero losses. In practice
they present low non-negligible losses since they
operate at ZVS and ZCS. The major advantage of
the 3L-ANPC DAHB topology is the additional volt-
age level in each bridge, leading to less harmonics,
thus increasing the efficiency of the magnetics and
reducing dv/dt and di/dt (EMI). Furthermore, the
additional voltage level extends the ZVS range of
the topology, especially at light loads [10], although
it adds complexity to the control algorithm.

3 Transformer design

Table 3 shows the technical specifications of the
transformer. In order to improve further the power
density of the converter, the series power trans-
fer inductor will be integrated in the transformer.
Furthermore, the stray inter-winding capacitance
is limited to 300 pF to limit the oscillations due to
the fast transients of the GaN devices. The same
transformer will be used for both topologies, in the
case of SISO-DAHB topology, each DAHB is imple-
mented using a 3.7 kW transformer to have 7.4 kW
in total, as for the 3L-ANPC DAHB, two transform-
ers connected in series will be used to support
+400 V and 7.4 kW operation.
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Quantity Current stress | Voltage stress

SISO | ANPC | SISO | ANPC | SISO | ANPC

DAHB | DAHB | DAHB | DAHB | DAHB | DAHB

S:‘:‘:ces 8 12 | 2lowt | 2lout | Vius’2 | Vius/2

Transformer 2 1 2lout 2lout | Vous/4 | Vpus/2

Capacitor 8 4 N/A N/A | Vpus/4d | Vpus/2
Inductor 4 2 2lout 2lout N/A N/A

Tab. 2: Comparison of different active and passive elements of SISO and 3L-ANPC DAHB topology

Parameter Value
Turn ratio 1:1

fow 250 kHz
Input/output voltage +200 V
Peak current 22 Apk
RMS current 20 Arums
Nominal power 3.7 kW
Magnetizing inductance 100 pH
Total leakage 4.2 uH
Stray inter-winding capacitance | <300 pF

Tab. 3: Technical specifications of the high frequency
transformer

The transformer is constructed using two PQ60/52
cores in KF9A material for the transformer, and
one PQ60/52 core for the inductor. The inductor
core is fitted on the top of the transformer cores
to improve magnetic coupling and to better control
the value of the leakage inductor. In addition, the
winding are realized using six 660x0.05mm Litz
wire in parallel to support the high RMS current at
the high switching frequency. Figure 6 shows the
realized 3.7 kW/250 kHz transformer.

Fig. 6: The experimental realization of the high fre-
quency transformer

4 Experimental results

The two converters are constructed using a modu-
lar approach. Each pair of devices is implemented

ISBN 978-3-8007-6262-0

in a daughterboard using 25 mQ top-cooled GaN
HEMTs in a PFLAT8x8 package, with a bus bar
motherboard PCB ensuring the appropriate con-
nections for each topology. The GaN devices are
assembled on the bottom of the board to take ad-
vantage of the top side cooling, as seen in Fig. 7,
where the heatsink is a 60°C cold plate.

G. Driver

PCB
GaN Il GaN

G. Driver

Thermal interface
Heat Sink

Fig. 7: Mechanical assembly of the GaN daughter-
boards

Junction to Heatsink thermal impedance
of 25mQ device in PFLAT8x8 package.
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Fig. 8: Junction-to-heatsink thermal impedance of
the 25 mQ GaN device in PFLAT8x8 using
GP5000S35 TIM

Figure 9 shows the experimental prototypes of the
proposed topologies, the transformer is not assem-
bled in the pictures. The experimental waveforms
of both topologies are presented in Fig. 10, the
current shape of the 3L-ANPC DAHB topology is
nearly sinusoidal which result in lower THDi and
better EMI performances. Furthermore, the addi-
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tionnal voltage level reduce the dv/dts. The wave-
forms in both topologies have minimal oscillations
and overshoot due to the optimized layout of the
GaN daughterboards, and the small inter-winding
stray capacitance of the transformer.

7O B0 90 1B 1D 130 130 140 150 160 170 180 190 200 20 220 230 240 250 260

T 1} mzm'lm'mm
(a) SISO DAHB experimental prototype

(b) 3L-ANPC DAHB experimental prototype

Fig. 9: Experimental prototypes of the proposed topolo-
gies
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(b) 3L-ANPC DAHB experlmental waveforms

Fig. 10: Experimental waveforms of the proposed
topologies

The efficiency of both realized converters is
measured at Vi,=o,t=800 V and for cold plate
temperature of 20°C and 60°C as can be seen
in Fig. 11. The temperature of the cold plate has
very little effect on the efficiency of both converter
up to the rated power of 7.4 kW. However, when
the output power is higher than the rated power,
the 20°C cold plate allows the operation of both
converters upto to 10 kW while maintaining a good
efficiency of about 97%. While the 60°C cold plate
limit the operation to 8 kW.

The efficiency of the 3L-ANPC DAHB con-
verter is slightly less than that of the SISO DAHB
converter, due to the additionnal clamping devices
in the 3L-ANPC DAHB converter, which they add
about 1.5 W of losses per devices on the entire
power range. The clamping devices operates at
ZVS and ZCS and zero RMS current, therefore,
the losses of these devices are due to other
mechanisms such as deadtime and associated
third-quandrant losses.

When the output power is less than 1 kW,
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all the devices operates at hard-switching in
both converters which explain the low efficiency.
However, the moment the devices operates in ZVS,
the efficiency is quite flat on the remaining power
range due to the very low turn-off energy of GaN
devices.

Figure 12 shows the thermal imagery of the
realized transformer at the rated power of 3.7 kW,
the hot spot is measured at 94°C with natural
cooling, which is reasonable for automotive
applications. The thermal imagery shows a well
balanced temperature gradient between the copper
and the core. Furthermore, the transformer will be
capable of passing more power if is cooled by the
same cold plate used for the GaN devices.

100
98 —o—e e
WC\.\‘
;5 961
> 941
O
& 92
‘O
&= 901
w
881 —e— Cold plate: 20°C
86 1 —e— Cold plate: 60°C
2 4 6 8 10
Output power (kW)
(a) Efficiency of SISO-DAHB at 800 V
100
98 ~—o -
- -ﬁ-~o\.\.
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w
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Output power (kW)
(b) Efficiency of 3L-ANPC DAHB at 800 V

Fig. 11: Efficiency of the realized converters at 250 kHz
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Fig. 12: Thermal image of the transformer at the maxi-
mum power

5 Conclusion

With a focus on providing side-by-side GaN-based
experimental data, this article proposed a fair com-
parison of the SISO DAHB and the 3L-ANPC DAHB,
which are derived from the well-known two-level
DAB topology. Both can be proposed as a solution
to enable the use of 650 V GaN devices in 800
V/11 kW battery charging systems for EVs. The
topologies take full advantage of the low GaN turn-
off energy to achieve a very good efficiency, even
when operating at 1 MHz switching frequency. The
SISO topology shows slightly better efficiency due
to its lower switch count. The 3L-ANPC DAHB has
fewer magnetics and capacitors and can therefore
be expected to achieve greater power density and
reliability
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