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Hybrid Modulation for Balancing Thermal
Dissipation in Dual Active Bridge Converters

Bochen Liu
Hitachi Energy
bochen.liu@hitachienergy.com

Index Terms—Thermal, DAB, Modulation, EPS

Abstract—High thermal stress on the power semiconductor
device is one of the main causes of the power electronics converter
failures. Due to an imperfect design of the hardware circuit
in practice and parameter variations in volume production, the
problem of unbalanced thermal stress often appears on the power
semiconductor devices. For addressing this issue, active thermal
control is usually utilized to reduce the thermal loading of the
most stressed power semiconductor device and thus improve
the converter reliability. In dual active bridge (DAB) converters,
the most often utilized modulation method is phase-shift PWM
control. On this basis, it is possible to mitigate the thermal
loading of the most stressed device by rerouting the current
flowing path. In this letter, a hybrid modulation method is
presented by combining the conventional extended-phase-shift
(EPS) modulation and the proposed modified EPS modulation.
A 1.5 kW converter prototype is established and comparative
experimental results are shown to validate the effectiveness of
the hybrid modulation to do thermal management.

I. INTRODUCTION

HE failure mechanisms of power devices are mostly asso-

ciated with the junction temperature swing and the high
average junction temperature [1]]. The former plays a more
important role in the wear-out failures due to the nonconstant
thermal expansion coefficients between different material lay-
ers, and the latter is more likely to cause catastrophic damage
to the power device during transient or short-term operation
[2} 3]], especially when the ambient temperature of the working
environment is very high, such as EVs [4]. For a given DAB
converter, the reliability is usually limited by the most stressed
power semiconductor device with the highest average junction
temperature. One usual way to manage the thermal distribution
is employing active thermal control methods [5f], which are
mostly obtained by means of rearranging the power losses
distribution [6].

Since the first introduced single phase shift (SPS) modu-
lation [7] for DAB converters can not achieve zero-voltage-
switching (ZVS) over a wide power transfer range, especially
when the input/output dc voltage ratio deviates far from 1 [J]],
many improved phase-shift modulation methods are proposed
to extend the ZVS range, such as the extended-phase-shift
(EPS) modulation [9], the dual-phase-shift (DPS) modulation
[10] and the triple-phase-shift (TPS) modulation [[11} [12]. The
driving signals of all these improved methods are operating
with a fixed 50 % duty cycle, indicating that the power devices
have the same conduction time in one switching period.

However, thermal imbalance often occurs among the power
semiconductor devices in practical situations, although all
switches in a DAB converter have the same 50% duty cycle.
In volume production of hardware components, the lot-to-lot
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parameter variations are unavoidable due to the manufacturing
process shifts and drifts [[13| [14]. For instance, despite under
the same test conditions, there are usually minor variations
of the on-state resistance for the same type of power semi-
conductor device, which can be reflected by the minimum
value, typical value and maximum value in the data sheet.
Besides, due to the various cooling system settings (e.g. the
installation locations of the heatsinks and fans) in practical
application environments, the heat dissipation ability (e.g.
thermal resistance) from the junction to the ambient could
vary. Another consequence is that the switches closer to the
fans (or a heat source e.g. power supply) might have a higher
(or lower) cooling efficiency compared to those not nearby.
Both of them will further exacerbate the thermal imbalance.
Moreover, the wear-out state of each power semiconductor
device is not identical from a long-term perspective. One
typical example is that a used power device has different
electrical and thermal characteristics compared to the new
one. Consequently, the junction temperatures of the power
semiconductor devices in a DAB converter might differ from
each other by considering the practical factors above.

In order to alleviate this thermal imbalance and reduce the
thermal loading of the most stressed power semiconductor
device, an EPS based hybrid modulation method by varying
the duty cycles of corresponding switches is presented in
this letter where firstly, the unbalanced thermal distribution
using the conventional EPS modulation is described in Section
Then the modified modulation method with adjustable
duty cycles are introduced in Section Combining with
the conventional EPS modulation, the principle and applying
process of the proposed hybrid modulation method are also
explained. Afterwards, four groups of experiments with differ-
ent parameter configurations are conducted and the results are
compared and discussed in Section At the end, conclusions
are summarized in Section [V]

II. UNBALANCED THERMAL DISTRIBUTION

The DAB circuit topology is shown in Fig. [} consisting of
two full bridges FB; and FB; on the primary and secondary
sides of an isolated high-frequency transformer, respectively.
Considering both the ZVS range extension and the appli-
cations where the DAB converter might most often operate
in medium-load situations [[12| [15], the extended-phase-shift
(EPS) modulation type is studied in this paper. The working
waveforms using conventional EPS modulation are shown in
Fig. |2} where ¢ is the phase shift and « is the range of positive
vs. Thus, m — o will be the zero-voltage interval of vg in a
half switching period (7%, /2). It can be seen that the driving
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Fig. 2. Operating waveforms with conventional extended-phase-shift (EPS)
modulation method (Conv. EPS).

signals for all power devices are with the same 50% duty
cycle, where Q1,Q4, @5, Qs are as shown in Fig. 2] and the
other four switches are complementary to them with a dead
time to avoid short-circuit.

In order to observe the thermal imbalance in simulation,
the practical factors (cf. Section I) causing unbalanced thermal
dissipation are assumed equivalently leading to a different on-
state resistance for ()5 and g, which are as Rgs on,Q5 =
72 m2 (typ. value from datasheet) and Rgs on,08 = 80 m{)
(max. value from datasheet), respectively. The reason why
Qs and Q5 are selected is because Qg is found to be the
most stressed power semiconductor device in the experiments,
which will be presented in Section IV. Seen from the sim-
ulation results shown in Fig. 3] the junction temperatures
T;,0s and T} g5 have a difference of 10°C' when the converter
reaches steady state at £ = 28 ms using the conventional EPS
modulation.

III. PROPOSED HYBRID MODULATION METHOD

As presented in the last section, unbalanced thermal dissi-
pation will result in different junction temperatures. In order
to improve the reliability and lifetime of the DAB converter,
the junction temperature of the most stressed power device
should be reduced, without compromising other performances
such as the power conversion efficiency. Considering that the
conduction losses will dominate the total power losses if ZVS
is achieved [8|, the modified EPS modulation methods are
firstly proposed to rearrange the conduction time of the power
devices.
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Fig. 3. Simulated junction temperatures of 5 and Qg using conventional,

modified and hybrid EPS modulation methods with Rgs on,Q5 = 22 mf2,
Rys.on,08 = 26 mQ at a = 130°, ¢ = 60°.

TABLE I
SYSTEM SPECIFICATIONS FOR DAB CONVERTER PROTOTYPE
Parameters  Description Value
P Rated power 1.5 kW
Vi Input DC voltage 100 V
Vo Output DC voltage 30V
n:l Turns ratio of the transformer 35:1
fsw Switching frequency 60 kHz
Tiead Dead time 400 ns
L Leakage inductance 45 uH
A L ma,, -0, | Modi. EPS1
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Fig. 4. Corresponding to the shaded area in Fig. 2| the proposed modified
EPS to achieve (a) lower duty cycle for Qg - Modi. EPS1 (b) longer duty
cycle for Qg - Modi. EPS2.

As shown in Fig. 2] zero-voltage intervals of v, are pro-
voked by turning on @5 and turning off Qg within [t1, o]
(interval (1), and by turning off Q5 and turning on Qg
within [t4,t5] (interval (2)). In other words, the zero level
of v, can be generated by simultaneous turn-on Qs, (g, or
Q7,Qs (cf. Fig. |I|) If the turn-on and turn-off of a power
device are respectively named by ‘1’ and ‘0’ as in Fig. [2]
all possible combinations of the driving signals Vg g5 and



TABLE II
CONVENTIONAL AND MODIFIED EXTENDED-PHASE-SHIFT (EPS) MODU-
LATION METHODS

Conv. EPS Modi. EPS1 Modi. EPS2
el © @ O @ O @ O O
Vasgs 1 0 0 1 1 1 0 0
Vesgs 0 1 1 0 0 0 1 1
Dos 0.5 1— D, Dq

Dgs 0.5 Dq 1— Dq

Start hybrid modulation based thermal balance control;
inputs: measured Tjqsand Tjqs, given hysteresis band ATjpand
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Fig. 5. Flow chart of the proposed hybrid modulation method for thermal
balance.

Vas,qs for achieving zero-level vy are listed in Table
Therein, D, = a/27 is used to represent the duty cycle of
Vs.

In the conventional EPS modulation (Conv. EPS), the duty
cycles of Q5 and Qg are fixed at Dgs = 50% and Dgs =
50%. Based on the practical requirements, the conduction time
could be decreased or increased for (Qg/Q7, corresponding to
the modified EPS1 modulation (Modi. EPS1) and the modified
EPS2 modulation (Modi. EPS2) in Fig. f{a) and Fig. f[b),
respectively. It can be seen that the voltage shape of vy is
unchanged by replacing the driving signals of @5 and Qg in
the conventional EPS (cf. Fig. |2) with the modified signals in
Fig. @]

Moreover, since the currents 4, and 7 (cf. Fig. E]) are deter-
mined by the voltage drop v, —nvs, which is maintained same
in both Modi. EPS1 and Modi. EPS2, the leakage inductance
current also can be maintained the same as the conventional
EPS. This means that the modified EPS modulation in Fig.
will not change other converter performances such as the
power conversion efficiency and the current stress of switches.

The analysis and calculation of the power loss distribution for
the built DAB setup can be found in [8]].

In order to validate the effectiveness of the modified EPS
modulation, Modi. EPS1 is applied to the DAB converter be-
cause T} g is larger than T} o5 using Conv. EPS, and the sim-
ulation result is shown within the range of ¢ € [28 ms, 60 ms]
in Fig. [3| It can be seen that the higher junction temperature
of Qg starts decreasing at the beginning. However, a lower
duty cycle of (Jg also means a higher duty cycle of ()5, and
hence the thermal unbalance still exists with T} g5 > T} 08
after the converter reaches steady state at ¢ = 60 ms.

To inhibit or even eliminate the thermal imbalances caused
by only using the modulation method of Conv. EPS or Modi.
EPS, the conventional and the modified EPS modulation meth-
ods are combined together to manage the thermal distribution
of power devices. The flow cart of applying this hybrid
modulation procedure is shown in Fig. [5] Firstly, the junction
temperatures of ()1 ~ (g are obtained by direct measurement
(e.g. thermal couple, optic fiber or infrared camera), or on-
line calculation through an electro-thermal model [[16, [17] or
a junction temperature estimator [18]-[20]. Then the most
stressed power device (i.e. Qg in this built DAB setup, cf.
Section IV) can be confirmed by comparing the obtained
junction temperatures. Afterwards, the corresponding modu-
lation method is selected and applied to the DAB converter
to reduce the high junction temperature of the most stressed
power device. The selection rule is similar to the hysteresis
control. If the maximum junction temperature error is within
an acceptable range (i.e. the hysteresis band AT} defined
in Fig. ), the conventional EPS is employed. Otherwise,
Modi. EPS1 or Modi. EPS2 is implemented according to
which power device has the highest junction temperature.
Finally, DAB converter is continuously switched among the
three modulation methods (i.e. Conv. EPS, Modi. EPS1 and
Modi. EPS2) to reduce the duty cycle of the most stressed
power device. Note that the value of ATj is set at zero
in the simulation. In practice, it can be set at other values
considering the temperature measurement accuracy and the
temperature adjustment ability. As shown in Fig. |3} T} o5 and
T} s are coming much closer after using the proposed hybrid
modulation method in the range of ¢ € [60 ms,80 ms], and
the highest steady-state junction temperature is lower than only
using Conv. EPS or Modi. EPS1.

IV. EXPERIMENT DESIGN AND DISCUSSION

In the built DAB setup, the secondary power semiconductor
devices have a higher current than the primary side because of
the 3.5 : 1 turns ratio, and thus the experiments are focused on
Q5 ~ Qg. Due to that the utilized discrete MOSFET structure
for Q5 ~ Qg (cf. Table [[) has a package type of PG-TO220-
3, it is difficult to directly measure the junction temperatures,
and hence the case temperatures are measured instead. The
measurement method in the experiments is to use a infrared
camera focusing on the MOSFET case. As shown in Fig. [6]
the individual heatsink for Q)5 ~ Qg is removed from the
built DAB converter so that the infrared camera can have a
clear view of the MOSFET case layer. In order to suppress the
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Fig. 6. Front view of the built DAB setup and amplified view of Q5 ~ Qs
with heatsinks removed in the top inset.
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Fig. 7. Measured operating waveforms with Conv. EPS in the left inset and
Modi. EPSI in the right inset, both at o = 130°, ¢ = 60°.

Conventional EPS modulation
(Conv. EPS)

Proposed hybrid EPS modulation
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Fig. 8. Case temperature measurements by operating the DAB converter for 2
minutes with ¢ = 60 °: (a)/(b) initial/final temperatures using conventional
EPS modulation method, (c)/(d) initial/final temperatures using the proposed
hybrid EPS modulation method.

influence of reflectivity of other adjacent objects for a precise
measurement, the PCB surface areas shown by the zoomed-in
top inset in Fig. [| are painted with black paint to increase the
emissivity of MOSFET cases [21].

Besides, the fans for cooling down are also ceased during
operation to avoid potential unbalanced heat dissipation for
power devices Q5 ~ (s, such as the uneven wind velocities
between Qs5, Q¢ and Q7, Qs in Fig.[6] As a result of heatsink

removal and fans cease, the power devices (J5 ~ Qg will be
continuously heated up. It is necessary to operate the power
devices within a safe temperature range and meanwhile to
fairly compare the thermal effects of different modulation
methods. Considering this, the continuous operation time for
each experiment is set at 2 minutes to avoid overheat and the
initial case temperatures are kept as identical as possible for
each group of comparative experiments. The whole tempera-
ture changing process during the 2 minutes is recorded in a
video. Accordingly, the initial and final case temperatures can
be obtained by extracting the first and last frames from the
video, respectively.

The steady state working waveforms with Conv. EPS and
Modi. EPSI are shown in Fig. []} By operating the DAB
converter with Conv. EPS for 2 minutes, the starting and
ending case temperatures can be read from Fig. [8(a) and Fig.
[b), respectively. It can be seen that the Qs (i.e. sp2 in Fig.[g)
has the highest temperature increment of 42°C' from the initial
to the final state. As comparison, the proposed hybrid EPS
(Hybr. EPS) modulation is applied by periodically operating
the converter with a 12 seconds cycle loop of Conv. EPS for 8
seconds and then Modi. EPS1 for 4 seconds. In other words,
the DAB converter is successively switched between Conv.
EPS and Modi. EPS1 for 2 minutes. The initial and final
measured results are illustrated in Fig. [8(c) and Fig. [§(d).
Compared to Fig. Ekb), the final case temperature T; g is
reduced from 75.8°C to 72.0°C in Fig. [§(d). This means that
the hybrid EPS modulation can effectively mitigate the thermal
loading of the most stressed power device.

In order to comprehensively validate the effectiveness of
thermal balancing method, another three groups of experi-
ments (i.e. Groupl, Group2 and Group3) with different phase-
shift angles are conducted and the extracted initial and final
T}.qs are summarized in Table m By comparing the case
temperature increment AT, gg for each group, the difference
(Diff.) between the conventional (Conv.) and the proposed
hybrid (Hybr.) EPS modulation are calculated and listed in
the last column in Table It can be seen that the Hybr.
EPS modulation leads to a lower temperature increment than
the Conv. EPS modulation in all four groups of experiments.
Therefore, the same conclusion can be achieved that utilizing
the hybrid EPS modulation, it can effectively reduce the case
temperature of the most stressed power device.

Furthermore, in order to verify whether the modified EPS
modulation (i.e. Modi. EPS1 and Modi. EPS2 in Fig. f)
will impair the power conversion efficiency, the measured
efficiencies under varied operating situations are listed in Table
[[V] It can be seen that the efficiencies are kept almost the same
independent of the modulation method, which is consistent
with the theoretical analysis in Section III.

V. CONCLUSIONS

In a DAB converter, there are multiple combinations of
switching vectors to generate zero-level terminal voltage for a
full-bridge. On this basis, a hybrid modulation method is pro-
posed to mitigate the unbalanced thermal dissipation on power
devices. By reconfiguring the switching sequence, the duty



TABLE III
SUMMARY OF THE MEASURED INITIAL AND FINAL CASE TEMPERATURES
OF Qg WITH DIFFERENT CONTROL METHODS AND PHASE-SHIFT ANGLES

T.,Q8 AT. qgs Diff.
— o 111 o
Conv. ¢ = 35 I:ltlélll gggog 21.9°C
Groupl na : —1.3°C
— o Itie o
Hybr. ¢ = 35 Il’?ltldl 30.7°C 20.6°C
Final  51.3°C
— o} It o
Conv. ¢ = 45 ?lt’lzlll z;zog 26.4°C
Group2 mna : —-3.2°C
— o 111 o
Hybr. ¢ = 45 lr?mal 32.8°C 23.20C
Final 56.0°C
— o Itie o
Conv. ¢ =55 ?m;ﬂ iziog 38.1°C
Group3 na : —4.8°C
— o 111 o
Hybr. ¢ = 55 In.mal 33.1°C 33.30C
Final 66.4°C
— o 111 o
T I e
Group4 il na : —-3.3°C
— o it o
Hybr: © =60 IrTmal 33.3°C 38.7°C
— Fig.[{c)d)  Final  72.0°C
TABLE IV

MEASURED OPERATING EFFICIENCIES OF THE BUILT DAB CONVERTER
WITH DIFFERENT MODULATION METHODS

Phase-shift ~Conv. EPS  Modi. EPS1  Modi. EPS2
p = 35° 93.4% 93.4% 93.4%
p = 45° 92.8% 92.8% 92.8%
@ = 55° 91.4% 91.5% 91.4%
p = 60° 90.6% 90.7% 90.7%

cycles of driving signals are varied instead of being fixed at
50%. The proposed hybrid modulation can be utilized to shift
the thermal stress from the hottest device to relatively cooler
devices without sacrificing other converter performances. e.g.
efficiency.

Multiple groups of experiments with various operating
parameters are conducted and the results prove that the pro-
posed hybrid modulation can effectively alleviate the thermal
imbalance. Note that the proposed hybrid method can also be
applied to other modulation types (e.g. DPS, TPS) that contain
zero-voltage levels in the full-bridge ac output.
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