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Abstract—The use of the dual active bridge (DAB) as an
electronic power converter in electric vehicles has gained interest
in recent years thanks to features such as bidirectional power
flow, galvanic isolation, high efficiency, high power density, low
component stress, among others. Phase-shift modulation schemes
are widely used for DAB control, being the most basic of
them the single phase shift (SPS), followed by modulations
with increasing number of degrees of freedom such as the
extended phase shift (EPS), dual phase shift (DPS) and triple
phase shift (TPS). A relevant concern in DAB applications is
the appearance of transient dc components in the transformer
current which are generated by load disturbances and the
resulting sudden changes in phase-shift. This dc-bias current
reduces the converter efficiency, induces higher current stress
in semiconductor switches and increases the risk of failures due
to the saturation of magnetic cores. This paper proposes the
implementation of a hybrid modulation strategy which combines
different phase shift modulation schemes to mitigate the dc bias
of the transformer current under load impacts. The validation of
the modulation scheme is done through simulation analysis with
the PLECS software.

Index Terms—Dual Active Bridge (DAB) converter, dc-bias
current, phase-shift modulation.

I. INTRODUCTION

RECENT advances on electric propulsion for vehicles,
motivated by the need to reduce pollutant gas emissions,

have fostered the adoption of high-efficiency and high-power-
density electronic power converters. The Dual Active Bridge
(DAB) converter has gained interest due to advantages such
as bidirectional power transfer, galvanic isolation, and the
possibility of soft switching [1], [2]. The DAB is currently
applied in diverse sectors of the industry such as aerospace,
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renewable energy, cells for modular converters in high-power
systems and electric vehicles [3]–[6].

Several modulation schemes can be applied for control-
ling the DAB, such as single-phase-shift (SPS), extended-
phase-shift (EPS), dual-phase-shift (DPS) and triple-phase-
shift (TPS) [7]. The SPS modulation works by introducing
a phase shift between the gating signals of each bridge, which
is called an external shift. The other modulation variants also
include phase shifts between the switching signals applied
to different legs in the same bridge, i.e., internal shifts.
Aiming to enhance the performance of existing modulation
alternatives, different modulation schemes can be combined
into hybrid control strategies. The combination of phase-shift
and burst-mode modulation presented in [8] allows extending
the zero-voltage switching (ZVS) upon wide variations of the
converter’s operating conditions. A similar objective motivated
the hybrid strategy developed in [2], which combines optimal
solutions for the TPS modulation in order to reduce con-
duction and switching losses in wide operating conditions. A
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recent example of hybrid modulation strategies is focused on
minimizing conduction losses in the transformer and power
transistors, consisting on using the EPS scheme for low and
medium load levels, and the SPS for high load [9].

Most of the existing hybrid strategies focus only on improv-
ing the steady-state efficiency by switching between different
modulations or operation modes of the same modulation
depending on the load level. However, the transient response
of the electrical variables in the DAB is also relevant, specially
the transient dc-bias current in the high-frequency transformer
(HFT). The transient dc-bias is caused by temporary volt-
second imbalance brought by sudden phase-shift changes and
its negative effects include reduced efficiency, higher current
stress in semiconductor switches and premature failure of the
converter due to saturation of magnetic cores [10], [11]. A
conventional method to deal with dc-bias currents is the use of
dc-blocking capacitors, but this solution increases the volume
and cost of the converter [12]. Other mitigation strategies are
based on limiting the rate of change of phase shifts according
to preset current thresholds [13]. In [14] the update times of
phase shifts are identified as a critical factor in the generation
of transient dc-bias and a synchronization scheme is proposed
to apply phase-shift updates at the exact time required to
eliminate the dc-bias. Moreover, [15] proposes a strategy using
an auxiliary variable in the modulation process, that allows
compensating the dc bias current in transient operation.

This paper presents a study of the effect of modulation
changes under transient regime and proposes a hybrid mod-
ulation strategy with the objective of reducing the dc com-
ponent of the transformer current during transient operation
introduced by load changes. The effectiveness of the proposed
method is evaluated using simulation results.

This paper is structured as follows. First, in section II, the
DAB converter topology and its modulation are presented.
Then, section III presents the proposed hybrid control strategy.
Section IV presents the simulation results. Finally, section IV
summarizes the contribution of this paper.

II. DUAL ACTIVE BRIDGE (DAB)

A. Topology description

Fig. 1 shows a diagram of the DAB topology, which consists
of two full bridges connected to each other by an HFT and
a series inductor which is employed for temporary energy
storage and power transfer.

The DAB can operate either in boost or buck mode. Boost
mode occurs when the power flows from the low-voltage side
to the high-voltage side, extracting the energy from the battery.
In the buck mode, the power flow is in the opposite direction
and the energy is extracted from the high-voltage bridge to
store energy in the battery. In this study the application context
is referred to DC/DC power conversion in electric vehicles as
depicted in Fig. 2, where the main task of the DAB is to enable
the bidirectional power transfer between batteries and the dc-
link of the inverter feeding the AC machine in the electric
powertrain.

Fig. 3: Waveforms of conventional DAB modulations: (a) SPS,
(b) EPS, (c) DPS and (d) TPS.

B. DAB modulation

1) Single Phase-Shift (SPS): SPS is the most simple mod-
ulation scheme and consists in applying a phase shift (D2)
between the gating signals of both bridges, i.e., between S1

and Q1 as defined in Fig. 3(a). However, this modulation
has some drawbacks such as a reduced ZVS range if the
voltage ratio between input and output is not around unity [16].
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Fig. 4: Block diagram of the control scheme for the DAB.

Fig. 3(a) shows waveforms of the gating signals of the power
switches, the voltages of both bridges (vt1 and vt2) and
the inductor current (iL). The phase-shift applied between
both bridges, measured with respect to the gating signal S1,
is represented as D2Ths, where Ths is half the switching
period. The transmitted power with the SPS modulation can
be calculated using [17]:

P =
NV1V2

2fswL
D2(1−D2), (1)

where N is the turns ratio of the HFT, V1 and V2 are the
input and output voltages of the respective bridges, fsw is the
switching frequency and L is the inductance of the coupling
inductor.

2) Extended Phase-Shift (EPS): In the EPS modulation
scheme, in addition to the external phase shift (D2), an internal
phase shift (D1) is introduced between switches S1 and S4

of bridge B1. By working with two degrees of freedom, the
EPS scheme reduces the circulating energy and the switching
losses when operating at medium power range [16]. Fig. 3(b)
represents the waveforms of the switching signals of both
bridges with EPS modulation, their respective output voltages
and inductor current. The phase shift between both bridges
D2Ths and the internal phase shift D1Ths is shown using as
reference the switching signal S1.

3) Dual Phase Shift (DPS): In the DPS scheme, another
phase-shift is added between the branches of bridge B2. The
magnitude of this phase-shift is equal to D1, i.e., the phase-
shift between switches S1-S4 and Q1-Q4 is the same. The
basic waveforms of DPS modulation are presented in Fig. 3(c).

4) Triple Phase-Shift (TPS): The TPS modulation operates
similarly to the DPS, being the main difference the indepen-
dent magnitude of the internal phase-shift in bridges B1 and
B2. TPS has three degrees of freedom, as represented in the
waveforms of Fig. 3(d), meaning that SPS, EPS and DPS
can be seen as particular cases of the TPS modulation. The
advantages of TPS are an increased converter performance,
reduced RMS values of the current and increased possibilities
for soft switching operation [16].

III. PROPOSED HYBRID CONTROL STRATEGY

A. Control layout

The proposed hybrid modulation strategy consists in a
controlled switching of the modulation scheme applied to the

TABLE I: DAB parameters

Description Parameter Value

Input voltage V1 100V

Output voltage V2 200V

Switching frequency fsw 100 kHz

HFT turn ratio N 1/2

Primary side inductor L 2.5µH

Load capacitor filter C 10mF

DAB upon events of load disturbance, i.e., under transient
regime. The control scheme shown in the block diagram of
Fig. 4 consists in a voltage control loop with a reference
Vref and feedback of the output voltage of bridge B2. The
external phase-shift D2 is generated by a proportional-integral
(PI) controller, followed by the phase-shift modulator (PSM),
which produces the switching signals for the DAB switches.
The internal phase-shifts D1 and D3 are set as constants
ranging between 0 and 1, defined according to the employed
modulation scheme [16]. Table I summarizes the DAB param-
eters used for implementing the simulation in PLECS.

B. Computation of internal phase-shifts

In terms of their degrees of freedom, SPS, EPS and DPS
can all be considered particular cases of TPS. Therefore, in
this work an optimized modulation scheme based on TPS [18]
is used for computing phase-shifts under different scenarios.
Let us define the normalized transmitted power P0 as follows:

P0 =
P

PN
, (2)

where PN is the nominal power is given by [18]:

PN =
NV1V2

8fswL
. (3)

P0 in (2) is defined according to the switching mode in which
the DAB is operating. In this work, three switching modes
are considered, which are defined from the relative values of
phase-shifts D1, D2 and D3, as detailed in Table II. Within
each mode, the value of P0 is computed as follows [18]:

P0

2
=



−D1 + 2D2 +D3 −D2
1 − 2D2

2+

−D2
3 + 2D1D2 +D1D3 − 2D2D3, mode 1

−D1 + 2D2 +D3 −D2
2 −D2

3+

+D1D3 − 2D2D3, mode 2
−D1 −D3 +D1D3 + 1, mode 3

(4)

Therefore, depending on the modulation scheme that is used,
the power that is transmitted and the voltages V1 and V2, the
values of the phase angles that comply with these restrictions
can be obtained from the expressions in (4).

With the purpose of evaluating the behavior of the system
under increasing changes of internal phase-shifts, the base
value of these variables was set to zero, i.e., D1 = 0 and
D3 = 0, which means that the SPS is the base modulation
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TABLE II: Definition of switching modes [18]

Mode Constraints

1 0 ≤ D1 ≤ D2 ≤ D2 +D3 ≤ 1

2 0 ≤ D2 ≤ D1 ≤ D2 +D3 ≤ 1

3 0 ≤ D2 +D3 − 1 ≤ D2 ≤ D1 ≤ 1

scheme. Then, different sets of internal phase-shifts are estab-
lished depending on the desired modulation scheme transition.
In the case of changing from SPS to EPS the maximum
phase-shift variation is 0.8, i.e., ∆D1,max = 0.8. When
switching from SPS to the DPS modulation scheme, the
maximum variation of both internal phase-shifts are 0.8 and
0.7, depending on the level of transmitted power.

C. Modulation switching algorithm

To implement the switching between modulation schemes it
is sufficient to change the internal phase-shift values depicted
as constants ∆D1 and ∆D3 in Fig. 4, according to the required
transition of modulation scheme. Considering SPS as the base
modulation, to switch to EPS it is only necessary to change
the value of constant ∆D1, whereas in order to switch to DPS
modulation the values of ∆D1 y ∆D3 need to be adjusted to
satisfy ∆D1 = ∆D3. These changes are introduced by using a
signal switch block, controlled by a step source that represent
the instant of a load impact. In practice, this signal can be
generated upon detecting a load power change larger than a
defined threshold.

D. Performance evaluation

Since the objective is to reduce the dc-bias current in the
HFT during a transient, the average current through the in-
series inductor is selected as a measure of the performance
of the proposed modulation strategy. Accordingly, the main
performance criterion for the modulation schemes is the peak
value of the average inductor current within one switching
period, measured during a transient event:

ÎL,avg = max

({
1

Ts

∫ (k+1)Ts

kTs

iL(t)dt : k = 1, . . . , Nc

})
,

(5)

where Ts = 10µs is the switching period and Nc is the number
of switching cycles required to achieve the steady state after
a power disturbance.

IV. SIMULATION RESULTS

The evaluation of the proposed method was carried out by
computer simulations using the PLECS software. Load impact
trials were implemented by connecting resistances in parallel
to achieve three load change scenarios: from 400 to 800W,
from 800 to 400W and from 400 to 200W. Within each load
disturbance, the modulation schemes were switched from SPS
to EPS and from SPS to DPS. The peak value of the average
inductor current within a switching period was measured and
analyzed for different variations of the internal phase-shift.

Fig. 5: Peak average inductor current in transient regime.
Modulation change from SPS to EPS.

The variation of the internal phase-shift corresponds to the
difference between the phase-shift before the change of the
load and after the change of the load on either bridge B1
(∆D1) or bridge B2 (∆D3). The system is considered to be
operating in steady-state with a nominal output voltage V2 set
to 200V and regulated by the PI controller to maintain the
nominal voltage constant under load changes.

A. Modulation change: SPS to EPS

As can be seen in Fig. 5, the average inductor current
presents a linear behavior, increasing along the variation of the
internal phase-shift ∆D1. Furthermore, the simulation results
show that the load level has a low impact on the result. From
the definition of the working principle of the EPS modulation
(Fig. 3), to introduce a phase-shift implies a change only in
the internal phase-shift D1 while keeping phase-shift D3 = 0
permanently. That is, the following condition is satisfied:
∆D1 ̸= 0 and D3 = ∆D3 = 0. This situation explains
the ineffectiveness of the EPS scheme while performing a
transition from SPS under a load impact event.

B. Modulation change: SPS to DPS

Fig. 6 presents the average inductor current at the moment of
a load impact and applying at the same time the hybrid control
strategy at the instant t = 0.08 s, with the specified internal
phase-shift variations. Positive average inductor current peaks
occur in the cases shown in Fig. 6 (b) and negative average
inductor current peaks occur in the cases shown in Fig. 6 (a).
This effect is due to the increase or decrease of the transmitted
power, producing a negative peak when the power increases
and a positive peak when the power decreases.

To summarize the performance of this strategy, Fig. 7 shows
the peak average inductor current obtained with a change from
SPS to DPS modulations versus different variations of the
internal phase-shifts ∆D1 = ∆D3 and considering different
load step changes. In comparison with the results in Fig. 5, it
is clear that the change from SPS to DPS yields much lower
average peak currents in all the studied cases. In Fig. 7 (a)
the current decreases monotonically for increasing values of
∆D1 and ∆D3. On the other hand, in the cases presented in
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(a)

(b)

Fig. 6: Average inductor current in time for case SPS to
DPS (a) 400 to 800W; (b) 400 to 200W.

Fig. 7 (b) and (c), the current decreases to a minimum when
∆D1 = ∆D3 = 0.5.

Unlike the EPS scheme, the operation of the DPS modu-
lation implies that both the internal phase-shifts must always
have the same value, i.e., D1 = D3. Therefore, the phase-
shift variations will be identical with ∆D1 = ∆D3. This is
the reason of the noticeable advantage of the DPS scheme in
the proposed modulation strategy.

These results can lead to control strategies which allow to
reduce the transient dc current of the inductor, since the control
of the output voltage could be carried out through a phase-shift
angle, (in this case, the external phase-shift D2) and use the
other two phase-shift angles to decrease the average inductor
current at the time of making a change in the load. Another
option that could be investigated is to regulate the output
voltage through the internal phase-shifts, manipulating both
of them with the same output of a PI controller, and to adjust
the external phase-shift in order to decrease the transient dc
current of the inductor. This latter case allows taking advantage
of the condition revealed in this research as the most efficient
to reduce the dc-bias current during transient, which is equal
variation of internal offsets at the moment of a load transient,
i.e., ∆D1 = ∆D3.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

SPS

I
L,avg

1
 and D

3
)

 [ A]

16

14

12

Peak value of the average inductor current
18

nternal phase shift variations ( D

1

(a)

(b)

(c)

Fig. 7: Peak value of the average inductor current SPS to
DPS (a) 400 to 800W; (b) 400 to 200W; (c) 800 to 400W.

V. CONCLUSION

This paper presented a control strategy for the DAB
converter based on a combination of SPS, EPS and DPS
modulations aimed to reduce dc-bias currents under transient
operation. Tests were carried out to verify the operation of
the hybrid modulation scheme taking the peak value of the
average current of the inductor as a performance criterion.
From the results obtained, it can be concluded that a variation
from the SPS to DPS scheme allows for lower average inductor
current peak values when facing a load transient, compared to
maintaining the SPS scheme or changing to the EPS scheme.
The reason for these results resides in the operation of the
DPS scheme, in which both internal offsets always have the
same value, unlike the EPS scheme where the internal offsets
have different values. Future research will consider a voltage
control loop based on the internal phase-shifts of DPS while
adjusting the external phase-shift to reduce transient dc-bias.
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