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Universal Modulation Scheme to Suppress Transient
DC Bias Current in Dual Active Bridge Converters

Shujun Mu, Zhiqiang Guo , Member, IEEE, and Yong Luo

Abstract—This article presents a modulation scheme to sup-
press the transient dc bias current in dual active bridge (DAB)
converters. The current in the transformer at the commutating
time is associated with the initial current in a switching period, so
there must be a dc bias current during the transient response. To
investigate the modulation scheme for suppressing the transient dc
bias current, the article reviews the optimal TPS control strategy,
which is derived from the zero voltage switching with the minimum
current stress in the transformer. By analyzing the dc bias current,
the transient dc bias current can be evaluated by the current in the
transformer at the symmetry line of the primary full-bridge voltage
waveform instead of the current at the commutating time. It can be
concluded that the expressions of the transient dc bias current for
different working modes are unified. Therefore, the modulation
schemes without transient dc bias current for different working
modes can be also unified. On this basis, a universal strategy
can meet all the transient cases. There is no need to identify or
select the working modes and power conditions in the transient
dc bias current control, which simplifies the implementation of
the modulation scheme in the digital signal processor. Finally, an
experimental prototype has been built to verify the effectiveness of
the proposed modulation scheme.

Index Terms—Dual active bridge (DAB), optimal working
modes, transient dc bias current.

I. INTRODUCTION

DUAL active bridge (DAB) converter possesses bidirec-
tional power transfer capacity, so it becomes a universal

solution for energy storage systems with the galvanic isolation
requirement [1], [2]. Fig. 1(a) shows the circuit of the DAB
converters, which consists of two full bridges linked with a
transformer and a series inductor.

The bidirectional power flow in DAB converters is controlled
by the phase shift between the voltages of the two full bridges.
The prevalent modulation scheme is the single-phase shift (SPS),
where the voltages of the two full bridges are two-level square
waveforms [3]. When the input or output voltage varies in a
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wide range, the converter may work in hard switching and large
conduction loss. Therefore, the DAB converters in SPS cannot
achieve high efficiency in a wide conversion ratio. To reduce
the conduction loss, other modulation schemes are proposed,
such as dual-phase shift (DPS) [4], extended-phase shift [5],
and triple-phase shift (TPS) [6]. In these modulation schemes,
one or two full bridges are three-level waveforms. The equiv-
alent circuit of the DAB converter is shown in Fig. 1(b). By
regulating the duty cycle of the two full bridges and the phase
shift angle, the conduction loss and the zero voltage switching
(ZVS) performance can be optimized. In DPS, the power loss
including conduction loss, switching loss, and core loss is set as
the optimized objective and solved by using Lagrange multiplier
[7]. An optimal DPS is derived for high efficiency. The offline
data is stored in the digital signal processor (DSP) to get the
optimized working modes. To simplify the optimal DPS control,
the peak current in the transformer is set as the optimized target
[8]. In this method, an analytical solution is obtained, which
makes the modulation scheme flexible. However, some switches
in DPS cannot achieve ZVS, which causes more switching loss.
An EPS with an auxiliary inductor is proposed for low switching
loss in a wide voltage range [9]. In light loads, the EPS control
causes a large circulating current, which degrades the efficiency
in light loads. DPS and EPS are local optimal modulation
schemes [10]. To get the global optimal working mode with low
conduction loss, a triple-phase shift (TPS) modulation scheme is
investigated to optimize the efficiency for different power loads
[10], [11]. The optimization is solved by Karush–Kuhn–Tucker
(KKT) or Lagrange multiplier method. In light loads, the con-
verter works in triangular current modulation (TCM). In medium
and heavy loads, the converter works in EPS. To extend the
wide ZVS and low conduction loss, a modulation scheme with
seamless transitions is proposed [12]. As all the switches work
in ZVS with minimum conduction loss, the efficiency in light
loads is improved. All the above analysis for DAB converters is
based on the piecewise linear method. To simplify the analysis,
a Fourier-based method has been developed [13]. The current
stress and the power are calculated by using fundamental and
low-order harmonic components. According to the Fourier-
based method, an optimization objective construction method
and hybrid optimization algorithm are proposed to calculate
the optimal control coordinate [14]. In [15], a particle swarm
optimization method is developed for minimum reactive power
in DAB converters.

Most of the control strategies for DAB converters are based on
single-loop control. The dynamic response is only determined
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Fig. 1. DAB converter. (a) Circuit of the DAB converter. (b) Equivalent circuit.

by voltage error. Because of the zero-order holder and transport
delay in digital control, the converter with single loop control
cannot meet the fast dynamic response requirement [16]. To
improve the dynamic response, a feedforward compensation
based on offline calculation is proposed [16]. The lookup table
is stored in the digital signal processor to face the dynamic
response. Another phase estimator is proposed as a feedforward
path [17]. Virtual direct power control is developed for fast
dynamic response [18], [19]. This scheme also can be regarded
as a feedforward control, which is determined by the balance
of the input and output power. All these feedforward controls
are based on the average model in a switching period. The
transient state in a switching period is ignored in the analysis.
The voltage-second product may not be equal to zero during
the fast transient response. In this case, it will cause a large
transient dc bias current. A transient phase shift strategy is
proposed to reduce the dc bias current [20]. The current in the
transformer can be responded in a switching period without the
dc bias current. This method is only suitable for SPS and the
case where the effective conversion ratio is one. A deadbeat
current control is proposed for the fast dynamic response without
transient dc bias current [21]. This control strategy is also based
on SPS. To reduce the transient dc bias current in a wide
voltage range, an improved TPS control strategy is developed
for different working mode transitions [22]. The transient case
and power change conditions are identified and selected during
the transient. In [23], an improved EPS control is proposed to
suppress the dc bias current. Magnetic balancing based method
is also available to suppress the transient dc bias current [24].
However, an auxiliary circuit is necessary to detect the flux of the
transformer. The average current in the transformer is controlled
to zero by regulating the duty cycle of the full bridges [23].
A magnetic ear is used to compensate for the voltage-second
product of the transformer [24]. In [25], a TPS control strategy
to eliminate the transient dc bias current is proposed. All the
above methods to suppress the transient dc bias current are only
suitable for a specific modulation scheme. Furthermore, they are

difficult to extend to the TPS with the optimal working modes
with ZVS and low conduction loss.

In all the previous work, the transient dc bias current in DAB
converters is evaluated by the current in the transformer at the
commutating time. If the converter works in multiple working
modes, the control algorithms to eliminate the transient dc bias
current are different. To achieve high efficiency in the wide
conversion ratio, the DAB converter has to work in multiple
working modes. Therefore, the mode selection, the switching
pattern, or the power condition should be identified for the
different transient states in the transient dc bias current control.
In [22], the mode selection should be implemented to suppress
the transient dc bias current. The control strategy to eliminate
the transient dc bias current in [25] cannot achieve ZVS for
all the switches, so it cannot achieve high efficiency in the wide
conversion ratio. To face the transient states in different working
modes, a state machine is designed in [26]. The switching pattern
is designed to determine the transient cases in [27]. To suppress
the transient dc bias current for the multiple working modes,
the different control strategies are designed for the different
working modes, which complicate the implementation of the
control strategy.

This article focuses on the suppression of the dc bias current
in the transient response. According to the analyses, the currents
in the transformer at the symmetry line of the primary full-bridge
voltage waveform for different working modes have the same
expression. The transient dc bias current can be evaluated by the
current in the transformer at the symmetry line of the primary
full-bridge voltage waveform instead of the current at the com-
mutating time. Therefore, the control strategies to eliminate the
transient dc bias current can be unified. There is no need to select
the working modes or the switching pattern, which simplifies the
implementation of the control strategy. This is the contribution
of this article.

The article is organized as follows. In Section II, the optimal
TPS strategy is reviewed, and the optimal working modes are
derived and analyzed. In Section III, the dc bias currents for the
different optimal working modes are analyzed. The modulation
scheme to suppress the dc bias current is proposed. Based on
the strategy for the different working modes, a universal control
strategy and implementation are presented. Section IV gives the
experimental results, which verify the analysis and modulation
scheme. Finally, Section V concludes this article.

II. REVIEW OF TPS WITH ZVS AND MINIMUM PEAK

CURRENT WORKING MODE FOR DAB CONVERTERS

The duty cycle of the two full bridges and the phase shift angle
in DAB converters can be used to optimize the conduction loss.
By using the KKT or Lagrange multiplier method [10]–[12], the
peak current or the rms current and the ZVS conditions are set
as the optimized objectives. The global optimal working mode
for the TPS control with ZVS for all the switches and minimum
current stress is derived as shown in Fig. 2, where the conversion
ratio is defined as M = Vo/(nVin). Vo and Vin are the quiescent
values of vo and vin, they are obtained by using low pass filters.
D1 and D2 are the duty cycles of the two full bridges, and ϕ is



1324 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 2, FEBRUARY 2022

Fig. 2. Key waveforms DAB converter. (a) Mode 1f. (b) Mode 2f. (c) Mode
1r. (d) Mode 2r. (e) Mode 3f. (f) Mode 4f. (g) Mode 3r. (h) Mode 4r.

the phase shift angle. Ts is the switching period. Fig. 2(a) and
(b) shows the working modes for the forward power flow when
M is less than 1. Fig. 2(c) and (d) shows the working modes for
the reverse power flow when M is less than 1. Fig. 2(e) and (f)
shows the working modes for the forward power flow when M
is larger than 1. Fig. 2(g) and (h) shows the working modes for
the reverse power flow when M is larger than 1. Fig. 2(a), (c),
(e), and (g) corresponds to the light load, and Fig. 2(b), (d), (f),
and (h) corresponds to the heavy load.

According to the symmetrical current waveforms in the steady
state, the currents of the transformer can be calculated. As seen
in Fig. 2, the time at t0m in Fig. 2 is defined as the symmetry
line of vAB in a switching period. The current at t0m in all the
working modes in Fig. 2, including both cases of M ≥ 1 and M
< 1, is shown in (1). The detailed derivation can be referred to
in the Appendix

ir(t0m) =
VoTs

4nLr

(
2ϕ

π

)
. (1)

For all the working modes in Fig. 2, the current of the
transformer at the time of t0m in the steady state is associated
with ϕ but independent of D1 and D2. The phase shift angle and

the output voltage can determine the current in the transformer
of the symmetry line of vAB in a switching period. In all the
previous works, the dc bias current is evaluated by the current
at the commutating time, so the equations to evaluate the dc
bias current are different for different working modes. This
article reveals the relationship between the phase shift angle
and the current in the transformer at the symmetry line of vAB.
According to this relationship, the transient dc bias current
can be evaluated according to (1). Therefore, the transient dc
bias currents for the working modes in Fig. 2 have the same
expression, which will be analyzed in detail in Section III.

To optimize the ZVS and conduction loss in the DAB con-
verter, the global optimal working modes can be derived in terms
of Lagrange multiplier or KKT theory [10], [12]. Setting the peak
current as the optimized objective, the duty cycles of the two full
bridges can be calculated by the phase shift angle ϕ. In different
working modes in Fig. 2, they are shown in (2) to (5), where ϕs

= 2ϕ/π. IZVS1 is the minimum current amplitude for the ZVS
of Q1–Q4, while IZVS2 is the minimum current amplitude for
the ZVS of Q5–Q8. If D1 or D2 in the algorithm of (2) to (5)
is larger than one, D1 or D2 is set equal to one. The method to
derive (2) to (5) is shown in the Appendix{

D1 = M
1−M

(
|ϕs|+ 4LrIZVS1

VinTs

)
D2 = D1

M + 4nLrIZVS2

VoTs

0 ≤ |ϕs| ≤ 1−M&M < 1 (Mode1f and Mode1r) (2){
D1 = 2M−1

M + 1−M
M |ϕs|

D2 = 1

1−M < |ϕs| ≤ 1&M < 1 (Mode2f and Mode2r) (3){
D2 = 1

M−1

(
|ϕs|+ 4LrIZVS2

VinTs

)
D1 = MD2 +

4LrIZVS1

VinTs

0 ≤ |ϕs| ≤ 1− 1

M
&M ≥ 1 (Mode3f and Mode3r) (4){

D2 = (2−M) + (M − 1) |ϕs|
D1 = 1

1− 1

M
< |ϕs| ≤ 1&M ≥ 1 (Mode4f and Mode4r) . (5)

III. MODULATION SCHEME TO SUPPRESS THE TRANSIENT DC
BIAS CURRENT

A. Transient DC Bias Current Issue

The experimental results for the transient response are shown
in Fig. 3, where Vin = 200 V, Vo = 200 V, n= 1, Lr = 80 μH, Co

= 20μF, and Ts = 20μs. In this case, the conversion ratio is one,
so D1 and D2 are both equal to one according to the control law
in (2) to (5). Therefore, the converter works in SPS, which also
can be viewed as a specific working mode in the TPS control.
When the phase shift angle in the DAB converter is regulated
in a very slow dynamic response for the output voltage closed-
loop control, the average voltage across the series inductor in a
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Fig. 3. Transient response with the SPS control. (a) Slow dynamic response.
(b) Fast dynamic response.

Fig. 4. Waveforms of Mode 1f in the transient state.

switching period is nearly equal to zero all the time. Therefore,
there is no dc bias current during the transient response, as shown
in Fig. 3(a). Because the gate signals of the switches are updated
once in a switching period for the digital controllers, the current
in the transformer at the commutating time is associated with
the initial current in a switching period. As shown in Fig. 3(b),
when the converter is regulated in a fast dynamic response, it
will cause a large dc bias current during the transient. Although
the dc bias current can be damped by the internal resistance
of the converter after a while, it may cause the overcurrent of
the switches or the saturation of the transformer and inductor.
The detailed dc bias current of the optimized working mode in
Section II will be analyzed in the following section.

B. Mode 1f and Mode 1r

The waveforms of Mode 1f in the transient state are shown in
Fig. 4. In the digital controller, the gate signals of the switches
are updated once in a switching period, i.e., updated at the time
of Ts(k), where k = 0, 1, 2 …. As seen in Fig. 4, the duty cycle
of the full bridges and the phase shift angle are updated at the
time of Ts(k). From Ts(k) to Ts(k+1), the duty cycle of the two
full bridges and the phase shift angle is designated as D1k, D2k,
and ϕk, which meet the relationship in (2). At the time of t4m,
the phase shift angle is switched from ϕk-1 to ϕk.

The line at the time of t8m is the symmetry line of vAB during
Ts(k) to Ts(k+1). The current at t8m is expressed in (6), where
vLr is the voltage across the series inductor

ir(t8m) = ir (t4m)+
1

Lr

∫ t8m

t4m

vLrdt

= ir (t4m) +
−Vin + Vo/n

Lr
(t5 − t4m)

Fig. 5. Waveforms of Mode 1f in the transient state without dc bias current.

+
Vo/n

Lr
(t6 − t5)− Vo/n

Lr
(t8 − t7)

+
Vin − Vo/n

Lr
(t8m − t8)

= − VoTs

4nLr

(
2ϕk−1

π

)
+

−Vin + Vo/n

Lr
D1k

Ts

4

+
Vo/n

Lr

(
D2k +

2ϕk

π
−D1k

)
Ts

4

− Vo/n

Lr

(
D2k − 2ϕk

π
−D1k

)
Ts

4

+
Vin − Vo/n

Lr
D1k

Ts

4

=
VoTs

4nLr

(
2ϕk

π

)
+

VoTs

4nLr

(
2 (ϕk − ϕk−1)

π

)
. (6)

According to (1), the current at the symmetry line of vAB

in the steady state is equal to VoTs

4nLr
( 2ϕk

π ). Therefore, the dc
bias current during the transient state in Fig. 4 is evaluated
as VoTs

4nLr
( 2(ϕk−ϕk−1)

π ). The dc bias current is only associated
with the error of the phase shift angle between the two adjacent
switching periods. If ϕk is larger than ϕk-1, the dc bias current
in Mode 1f is positive, and vice versa.

As seen in Fig. 5, the phase shift angle is updated at the time
Ts(k). Due to the symmetry of the waveforms, the current in the
transformer at t4m is expressed as− VoTs

4nLr
( 2ϕk−1

π ). Assuming the
current in the transformer at the symmetry line between Ts(k)

and Ts(k+1), i.e., the current at t8m, is equal to VoTs

4nLr
( 2ϕk

π ), the dc
bias during the transient state between Ts(k) to Ts(k+1) must be
eliminated. In this case, the phase shift angle and the duty cycle
of the two full bridges between t4m to t8m are defined as ϕkp,
D1kp, and D2kp. The relationship of ϕkp, D1kp, and D2kp also
meet the equation in (2). The following expression is satisfied:

ir(t8m) = ir (t4m)+
1

Lr

∫ t8m

t4m

vLrdt

= ir(t4m)+
−Vin+Vo/n

Lr
(t5−t4m) +

Vo/n

Lr
(t6 − t5)

− Vo/n

Lr
(t8 − t7) +

Vin − Vo/n

Lr
(t8m − t8)
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Fig. 6. Waveforms of Mode 1r in the transient state without dc bias current.

= − VoTs

4nLr

(
2ϕk−1

π

)
+

−Vin + Vo/n

Lr
D1kp

Ts

4

+
Vo/n

Lr

(
D2kp +

2ϕkp

π
−D1kp

)
Ts

4

− Vo/n

Lr

(
D2kp − 2ϕkp

π
−D1kp

)
Ts

4

+
Vin − Vo/n

Lr
D1kp

Ts

4

= − VoTs

4nLr

(
2ϕk−1

π

)
+

VoTs

2nLr

(
2ϕkp

π

)
. (7)

If ir(t8m) is equal to VoTs

2nLr
( 2ϕk

π ), the dc bias current must be
eliminated. Therefore, ϕkp is derived in (8)

− VoTs

4nLr

(
2ϕk−1

π

)
+

VoTs

2nLr

(
2ϕkp

π

)
=

VoTs

2nLr

(
2ϕk

π

)

⇒ ϕkp =
ϕk + ϕk−1

2
. (8)

As seen in Fig. 5, the phase shift angle during t8m–t12m is
equal to ϕk. Equation (8) shows that the phase shift angle during
t4m–t8m is associated with both of the two adjacent switching
periods. Therefore, the working mode during t4m–t8m can be
regulated as an intermediate working mode during the transient
state without transient dc bias current.

This method is also effective for Mode 1r. The waveforms in
Mode 1r are shown in Fig. 6. The phase shift angle is changed
from ϕk-1 to ϕk during Ts(k) to Ts(k+1), where ϕk-1 and ϕk are
the negative for the reverse power flow. The phase shift angle
and the duty cycle of the two full bridges between t5m and t9m
are defined as ϕkp, D1kp, and D2kp. If the current at t9m is equal
to VoTs

4nLr
( 2ϕk

π ). The dc bias current is eliminated. In this case, the
following condition is satisfied:

ir(t9m) = ir (t5m)+
1

Lr

∫ t9m

t5m

vLrdt

= ir(t5m)+
−Vin+Vo/n

Lr
(t6−t5m)+

Vo/n

Lr
(t7 − t6)

− Vo/n

Lr
(t9 − t8) +

Vin − Vo/n

Lr
(t9m − t9)

Fig. 7. Waveforms of Mode 2f in the transient state.

= − VoTs

4nLr

(
2ϕk−1

π

)
+

VoTs

2nLr

(
2ϕkp

π

)

=
VoTs

4nLr

(
2ϕk

π

)
. (9)

According to (9), the following expression is also derived by
the same method as Mode 1f

ϕkp =
ϕk + ϕk−1

2
. (10)

It is expressed the same as (8). Therefore, the methods to
suppress the transient dc bias current for Mode 1f and Mode 1r
are the same.

C. Mode 2f and Mode 2r

The waveforms of Mode 2f in the transient state with dc
bias current are shown in Fig. 7, where the phase shift angle
is switched from ϕk-1 to ϕk at t4m. The duty cycles and phase
shift angle are designated the same as the analysis in Mode 1f.
According to (1) and the symmetry of the current waveform in
the steady state, the current at t4m is expressed as− VoTs

4nLr
( 2ϕk−1

π ).
Therefore, the current at t7m is expressed in (11). In the steady
state, the current at the symmetry line of vAB in Mode 2f is
expressed as VoTs

4nLr
( 2ϕk

π ). Therefore, the dc bias current during

the transient state is evaluated as VoTs

4nLr
( 2(ϕk−ϕk−1)

π ), which is
the same as the expression of the dc bias current for Mode 1f

ir(t7m) = ir (t5m)+
1

Lr

∫ t7m

t4m

vLrdt

= ir (t4m) +
−Vin + Vo/n

Lr
(t5 − t4m) +

Vo/n

Lr
(t6 − t5)

+
Vin + Vo/n

Lr
(t7 − t6) +

Vin − Vo/n

Lr
(t7m − t7)

=
VoTs

4nLr

(
2ϕk

π

)
+

VoTs

4nLr

(
2 (ϕk − ϕk−1)

π

)
. (11)

If the current in the transformer at the symmetry line of vAB

is equal to VoTs

4nLr
( 2ϕk

π ), i.e., the current at t7m in Fig. 8 is equal

to VoTs

4nLr
( 2ϕk

π ), the dc bias current during the transient state is
eliminated. As seen in Fig. 8, the phase shift angle and the duty
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Fig. 8. Waveforms of Mode 2f in the transient state without dc bias current.

Fig. 9. Waveforms of Mode 2r in the transient state without dc bias current.

cycle of the two full bridges between t4m and t7m are also defined
asϕkp, D1kp, and D2kp. The relationship ofϕkp, D1kp, and D2kp

for Mode 2f meets the equation in (3). As seen in Fig. 8, the
following expression is satisfied:

ir(t7m) = ir (t4m)+
1

Lr

∫ t7m

t5m

vLrdt

= ir(t4m) +
Vo/n− Vin

Lr
(t5 − t4m) +

Vo/n

Lr
(t6 − t5)

+
Vin + Vo/n

Lr
(t7 − t6) +

Vin − Vo/n

Lr
(t7m − t7)

= − VoTs

4nLr

(
2ϕk−1

π

)
+

VoTs

2nLr

(
2ϕkp

π

)
. (12)

If ir(t7m) is equal to VoTs

2nLr
( 2ϕk

π ), the dc bias current must be
eliminated. Therefore, ϕkp is derived in (13), which is the same
as the expression for Mode 1f and Mode 1r

− VoTs

4nLr

(
2ϕk−1

π

)
+

VoTs

2nLr

(
2ϕkp

π

)

=
VoTs

2nLr

(
2ϕk

π

)
⇒ ϕkp =

ϕk + ϕk−1

2
. (13)

The transient state without dc bias current for Mode 2r is
shown in Fig. 9. The method to suppress the dc bias current can
be derived according to the same analyses. Therefore, ϕkp for
Mode 2r is expressed the same as (13).

Fig. 10. Waveforms of the transition from Mode 1f to Mode 2f in the transient
state without dc bias current.

D. Working Mode Transition Between Mode 1f and Mode2f

When the converter is switched from Mode 1f to Mode2f, the
current in the transformer also has dc bias current during the
transient state. The bias current amplitude is the same as the
analyses in Mode 1f and Mode 2f. The transition from Mode
1f to Mode 2f without the transient dc bias current is shown in
Fig. 10. The phase shift angle is changed from ϕk-1 to ϕk at t4m.
Before t4m, the converter works in the steady state, so the current
at t4m is expressed as− VoTs

4nLr
( 2ϕk−1

π ). If the current at the time of

t7m is expressed as VoTs

4nLr
( 2ϕk

π ), the transient dc bias current can
be eliminated. The condition in (14) is satisfied. Rewriting (14),
the same expression as (10) and (13) is derived. If the working
mode converts from Mode 2f to Mode 1f, the same conclusion
can be derived

ir(t7m) = ir (t4m)+
1

Lr

∫ t7m

t4m

vLrdt

= ir(t4m) +
Vo/n− Vin

Lr
(t5 − t4m) +

Vo/n

Lr
(t6 − t5)

+
Vin + Vo/n

Lr
(t7 − t6) +

Vin − Vo/n

Lr
(t7m − t7)

= − VoTs

4nLr

(
2ϕk−1

π

)
+

VoTs

2nLr

(
2ϕkp

π

)

=
VoTs

2nLr

(
2ϕk

π

)
. (14)

E. Other Working Mode Transitions

Fig. 11 shows the waveform for the other working mode
transitions without the transient dc bias current. In Fig. 11(a) to
(f), the phase shift angle is switched fromϕk-1 toϕk at the time of
t1m. The current at t1m is equal to − VoTs

4nLr
( 2ϕk−1

π ). If there is no
dc bias current at the transient state. The current at t2m must be
equal to VoTs

4nLr
( 2ϕk

π ), which demonstrates that the analyses are
the same as the previous analyses. Therefore, the modulation
scheme to suppress the dc bias current during the transient
response is the same as the conditions in (8), (10), and (13).
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Fig. 11. Waveforms of the working mode transition without dc bias current. (a) From Mode 1f to Mode 1r. (b) From Mode 1r to Mode 1f. (c) From Mode 1r to
Mode 2f. (d) From Mode 1f to Mode 2r. (e) From Mode 2r to Mode 2f. (f) From Mode 2f to Mode 2r.

Above all, the modulation scheme to eliminate the transient
dc bias current for all the working modes in Fig. 2 is expressed in
(13). Therefore, the modulation scheme to eliminate the transient
dc bias current for all the working modes in Fig. 2 is unified.
There is no need to identify the working modes before and after
the transient, which simplifies the implementation of the control
strategy. The above analysis is based on when the conversion
ratio M is less than 1. By using the same analyses, the constraint
in (13) also meets the optimal working mode for M > 1. The
working modes in Fig. 2 are the global optimal working modes,
so TCM, EPS, and SPS are the specific working modes in
Fig. 2. Therefore, the proposed universal modulation scheme

to suppress the transient dc bias current can be extended to the
other modulation scheme including TCM, EPS, and SPS.

F. Implementation of the Modulation Scheme

The gate signal generation is shown in Fig. 12. Taking Q1 for
example, when the PWM1A is equal to the increment counter,
Q1 is set and Q2 is clear. When the PWM1B is equal to the
increment counter, Q1 is clear and Q2 is set. Q1 and Q2 are
supplementary with deadtime. At the commutating times, the
deadtime is set to prevent the occurrence of the shoot-through



MU et al.: UNIVERSAL MODULATION SCHEME TO SUPPRESS TRANSIENT DC BIAS CURRENT IN DAB CONVERTERS 1329

Fig. 12. Gate signal generation: (a) for Q1–Q4 and (b) for Q5–Q8.

issue. Q3–Q8 is generated with the same as Q1 and Q2, where
Td is the peak value of the increment counter.

As seen in Fig. 12, the gate signals are updated when the
counter is equal to zero. The rising edge of Q1 and Q4 is
determined by D1kp, and the falling edge of Q1 and Q4 is
determined by D1k. The rising edge of Q5 and Q8 is determined
by D2kp andϕkp, and the falling edge of Q1 and Q4 is determined
by D2k and ϕk. Therefore, the comparative value for generating
the gate signal is expressed as (15), where ϕkp and ϕk must be in
the range from −π/2 to π/2. When the converter works in Mode
2f or Mode2r, D2k and D2pk are equal to one. When the converter
works in Mode 4f or Mode4r, D1k and D1pk are equal to one. In
the steady state, ϕk is equal to ϕk-1, so ϕkp is equal to ϕk. D1kp

is equal to D1k in the steady state, while D2kp is also equal to
D2k. According to (15), the duty cycle of all the switches is 0.5
in the steady state, which also meets the conventional TPS in the
steady-state requirement. Therefore, the equations in (15) meet
both the transient state and steady state.

⎧⎪⎪⎨
⎪⎪⎩

PWM1A = (0.25 ·D1kp)Td

PWM1B = (0.5 + 0.25 ·D1k)Td

PWM2A = (0.5− 0.25 ·D1kp)Td

PWM2B = (1− 0.25 ·D1k)Td⎧⎪⎪⎨
⎪⎪⎩

PWM3A =
(ϕkp

2π + 0.25 ·D2kp

)
Td

PWM3B =
(
0.5 + ϕk

2π + 0.25 ·D2k

)
Td

PWM4A =
(
0.5 +

ϕkp

2π − 0.25 ·D2kp

)
Td

PWM4B =
(
1 + ϕk

2π − 0.25 ·D2k

)
Td.

(15)

The flowchart of the universal modulation scheme to elim-
inate the transient dc bias current is shown in Fig. 13. ϕk is
dynamically set by the controller. According to M and ϕk, D1k

and D2k are calculated by (2) to (5). ϕkp is calculated by (13),
then ϕk-1 is set as ϕk. According to M and ϕkp, D1kp, and D2kp

are calculated by (2) to (5). Then, the comparative values are
calculated by (15), and the gate signals are generated according
to Fig. 12. The flowchart is implemented once in a switching
period.

IV. EXPERIMENTAL VALIDATION

An experimental prototype is built to verify the modulation
scheme. The detailed specifications are shown in Table I. The
control strategy is implemented in a TMS320F28335 DSP. The

Fig. 13. Flowchart of the modulation scheme.

TABLE I
DETAILED SPECIFICATIONS

concept of the test bench is shown in Fig. 14(a). A back-to-
back system consists of a DAB converter and a non-isolated
buck/boost converter, which both possess bidirectional power
transfer capability. The output voltage vo is controlled by the
buck/boost converter. The input voltage is clamped by the power
supply. The buck/boost converter regulates the output voltage
and circulating the power in the test bench. When the DAB
converter transfers power from the input side to the output side,
i.e., charging the output voltage, the buck/boost converter is
adjusted to transfer power from the output side to the input side
for maintaining vo stability. When the DAB converter transfers
power from the output side to the input side, the buck/boost
converter will transfer power from the input side to the output
side. Fig. 14(b) shows the experimental prototype. In this setup,
only one power supply is necessary for testing the DAB converter
in bidirectional power transfer.

Fig. 15 shows the transient response in Mode 1f, where the
phase shift angle ϕ is switched from 0.03 π to 0.127 π at the
time of tm. Fig. 15(a) shows the conventional TPS. The current
amplitude of the transformer shows the obvious transient dc
bias current. Fig. 15(b) shows the improved modulation scheme
without dc bias current. The transient procedure is within a
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Fig. 14. (a) Concept of the test bench. (b) Experimental prototype.

Fig. 15. Transient response in Mode 1f. (a) Conventional TPS. (b) Universal
modulation scheme without dc bias current.

Fig. 16. Transient response in Mode 1r. (a) Conventional TPS. (b) Universal
modulation scheme without dc bias current.

switching period. The current amplitude of the transformer after
tm are the same.

Fig. 16 shows the transient response in Mode 1r, where the
phase shift angle is switched from −0.03 π to −0.127 π at the
time of tm. In this case, the DAB converter works in reverse
power flow. Fig. 16(a) shows the conventional TPS, which shows
the transient dc bias current. The transient dc bias current is
negative in this case. Fig. 16(b) shows the improved modulation
scheme without dc bias current. The transient procedure is also
within a switching period. The waveforms are symmetrical with
the ones in Fig. 15(b).

Fig. 17. Transient response in Mode 2f. (a) Conventional TPS. (b) Universal
modulation scheme without dc bias current.

Fig. 18. Transient response in Mode 2r. (a) Conventional TPS. (b) Universal
modulation scheme without dc bias current.

Fig. 19. Transient response from Mode 1f to Mode 2f. (a) Conventional TPS.
(b) Universal modulation scheme without dc bias current.

Fig. 17 shows the transient response in Mode 2f, where the
phase shift angle is switched from 0.19 π to 0.318 π at the
time of tm. In this case, the DAB converter works in forward
power flow. Fig. 17(a) shows the conventional TPS in a transient
state, where the transient dc bias current is positive. Fig. 17(b)
shows the improved modulation scheme, which also actively
demonstrates the effectiveness of the modulation scheme to
suppress the transient dc bias current.

Fig. 18 shows the transient response in Mode 2r, where the
phase shift angle is switched from −0.19 π to −0.318 π at the
time of tm. Fig. 18(a) shows the conventional TPS in a transient
state. The transient dc bias current is negative because of the
reverse power flow. Fig. 18(b) shows the improved modulation
scheme without dc bias current in Mode 2r, which also actively
demonstrates that the improved modulation scheme is also ef-
fective for reverse power flow in Mode 2r

Fig. 19 shows the transient response from Mode 1f to Mode 2f,
where the phase shift angle is switched from 0.127 π to 0.255 π
at the time of tm. Fig. 19(a) shows the transient dc bias current for
the conventional TPS control in the mode transition. Fig. 19(b)
shows the improved modulation scheme without dc bias current.
Although the working mode is transferred from Mode 1f to
Mode2f, the universal modulation scheme to suppress the dc
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Fig. 20. Transient response from Mode 1r to Mode 1f. (a) Conventional TPS.
(b) Universal modulation scheme without dc bias current.

Fig. 21. Transient response from Mode 1r to Mode 2f. (a) Conventional TPS.
(b) Universal modulation scheme without dc bias current.

Fig. 22. Transient response from Mode 2f to Mode 2r. (a) Conventional TPS.
(b) Universal modulation scheme without dc bias current.

bias current is effective without the need to select the working
modes.

Fig. 20 shows the transient response from Mode 1r to Mode
1f, where the phase shift angle is switched from −0.127 π to
0.127 π at the time of tm. Fig. 20(a) also shows the transient dc
bias current for the conventional TPS control. Fig. 20(b) shows
the improved modulation scheme without dc bias current for the
mode transition from Mode 1r to Mode 1f. In the mode transition
from reverse power flow to the forward power flow, the transient
dc bias current is still equal to zero.

Fig. 21 shows the transient response from Mode 1r to Mode 2f,
where the phase shift angle is switched from−0.127π to 0.318π
at the time of tm. Fig. 21(a) illustrates the dc bias current during
the transient state. Fig. 21(b) further proves that the universal
modulation scheme is effective for the mode transition from
Mode 1r to Mode 2f.

Fig. 22 shows the transient response from Mode 1r to Mode 2f,
where the phase shift angle is switched from 0.414 π to −0.414
π at the time of tm. Fig. 22(a) shows a large transient dc bias
current because of a large error of the phase shift angle between
the two adjacent switching periods. There is a large current spike
in ir, the current in the series inductor is not linear varied during
the transient state, which demonstrates that the series inductor
is inclined to be saturated. It may cause the overcurrent of the
switches. Fig. 22(b) demonstrates that the universal modulation

TABLE II
COMPARISONS OF TRANSIENT DC BIAS CURRENT ELIMINATION SCHEMES

1©E: easy; D: difficult; M: moderate

scheme can suppress the transient dc bias current even if the
phase shift angle is switched by a large value. All the above
experimental results validate the effectiveness of the universal
modulation schemes. Because of the limitation of the article
length, experimental results for other working mode transitions
are not shown.

Table II presents the comparisons of the transient dc bias
current elimination schemes. Most of the transient dc bias cur-
rent elimination schemes are based on TPS. In TPS, there are
three degrees of freedom. The duty cycle of the two full bridges
and the phase shift angle are associated with the conduction
loss and the soft-switching performance. Although most of the
control schemes in Table II are based on TPS, only the proposed
modulation scheme is suitable for the global optimal working
modes with ZVS of all the switches and low current stress.
Therefore, the converter by using the proposed modulation
scheme can achieve minimum conduction loss and ZVS of all
the switches in the wide conversion ratio. The control algorithms
for different transient cases in the other scheme are different. In
the forward and reverse power flow, the control algorithms are
also different. Therefore, the transient cases, switching patterns
or power conditions should be identified in the algorithm. In this
article, the transient dc bias currents in all the working modes are
unified in the same expression. Therefore, the proposed transient
dc bias current elimination scheme is unified for all the transient
cases and bidirectional power flow. There is no need to identify
or select the transient cases or power conditions. The control
algorithm is easy to be implemented.

V. CONCLUSION

In this article, a universal modulation scheme to suppress the
transient dc bias current is proposed. The TPS can achieve global
optimal control with minimum conduction loss and wide ZVS
performance. The gate signals are updated once in a switching
period, so the converter suffers from a large dc bias current
during the transient state. By analyzing the dc bias current
amplitude in the transient state, a modulation scheme without dc
bias current is derived. The formulas to evaluate the transient dc
bias current for the different working modes are the same, which
demonstrates the modulation scheme to suppress the dc bias
current can be unified. The implementation of the modulation
scheme is proposed, which shows that the gate signals can be
generated by the same strategy without the need to identify or
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ir(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ir(t0)+
Vin−Vo/n

Lr
(t− t0) (t0 ≤ t < t0m)

t0 = 0

t0m = D1Ts

4

ir(t0m)+Vin−Vo/n
Lr

(t− t0m) (t0m ≤ t < t1) t1 = D1Ts

2

ir(t1)− Vo/n
Lr

(t− t1) (t1 ≤ t < t2) t2 =
(
D2

2 + ϕ
π + D1

2

)
Ts

2

ir(t2) (t2 ≤ t < t3) t3 =
(
1− D2

2 + ϕ
π + D1

2

)
Ts

2

ir(t3) +
Vo/n
Lr

(t− t3) (t3 ≤ t ≤ t4) t4 = Ts

2

(A1)

select the working modes or power conditions. Finally, the ex-
perimental prototype demonstrates that the universal modulation
scheme to suppress the transient dc bias current is effective for
all the working modes of the TPS.

APPENDIX

A1. Derivation of the Optimized Working Modes for Mode1f

The following derivation is taken Mode 1f for example. As
seen in Fig. 2(a), the current at the commutating time can be
expressed as (A1), as shown at the top of this page.

There is no dc bias current in the steady state, so ir(t0) is
equal to −ir(t4). Therefore, the current at the commutating time
is expressed as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ir(t0) =
VoTs

4nLr

(
2ϕ
π +D1

)− VinD1Ts

4Lr

ir(t0m) = VoTs

4nLr

(
2ϕ
π

)
ir(t1) =

VoTs

4nLr

(
2ϕ
π −D1

)
+ VinD1Ts

4Lr

ir(t2) = −VoD2Ts

4nLr
+ VinD1Ts

4Lr

ir(t3) = −VoD2Ts

4nLr
+ VinD1Ts

4Lr

ir(t4) = − VoTs

4nLr

(
2ϕ
π +D1

)
+ VinD1Ts

4Lr
.

(A2)

The output power can be expressed as

Po =
VbatVoTs

nLr

ϕ

2π
D1. (A3)

To make the tradeoff between the conduction loss and ZVS of
all the switches in Mode 1f, the following constraints should be
met: ir(t0) ≤ −IZVS1, ir(t1) ≥ IZVS1, and ir(t2)/n = ir(t3)/n ≤
−IZVS2. The peak current of the transformer is ir(t1). If the peak
current in the transformer is reduced, the conduction loss also
can be reduced. Setting the peak current as the control objective,
the optimization formulas with the minimum conduction loss
and the ZVS conditions are defined as⎧⎪⎪⎪⎨

⎪⎪⎪⎩

Min[ir(t1)]

Subject to Po(D1, D2, ϕ) = p∗
ir (t0) ≤ −IZVS1

ir (t3) /n ≤ −IZVS2

(A4)

where p∗ is the desired nominal output power. According to
(A4), the evaluation function can be expressed as

f (D1, D2, ϕ) = ir(t1) + λ (Pn − p∗) + μ (ir (t0) + IZVS1)

+ σ (ir (t3) /n+ IZVS2) . (A5)

Solving (A5), when D1 and D2 are expressed in (2), f (D1,
D2, ϕ) gets the minimum value.

For the other working modes in Fig. 2, the control law for
the minimum conduction loss and the ZVS conditions can be
derived in a similar method. Therefore, the expression in (3) to
(5) can be derived.
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