
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 5, MAY 2017 4095

Novel Dual-Phase-Shift Control With Bidirectional
Inner Phase Shifts for a Dual-Active-Bridge

Converter Having Low Surge Current and Stable
Power Control

X. Liu, Senior Member, IEEE, Z. Q. Zhu, Fellow, IEEE, David A. Stone, Martin P. Foster, W. Q. Chu, Iain Urquhart,
and James Greenough

Abstract—To transmit constant powers particularly at light load,
the isolated dual active bridge (DAB) with conventional dual-phase-
shift (DPS) control exhibits large variations of currents, losses, and
efficiencies if there is a small change of outer phase shift ratio,
which is caused by the change of command to adjust power trans-
mission. This is mainly because of the narrow operation region of
outer phase shift ratio if the conventional DPS modulation is used.
To solve this problem, a novel DPS control with bidirectional in-
ner phase shifts for the DAB is developed to reduce the current
surge in the high-frequency transformer, which can stabilize the
output power with high efficiency. From the analysis of operation
modes and power characteristics of the proposed DPS control, it
is shown that due to wider operation region of outer phase shift
ratios compared with the conventional DPS control in which the
inner phase shifts of both the primary and secondary H-bridges
are in the same direction, lower surge current can be obtained in
the change of phase shift command, which results in stable power
transmission particularly at light load without scarifying the effi-
ciency. Moreover, the DAB of using the proposed DPS control can
transmit bidirectional energy with the inner and outer shift ra-
tios of 0–1. For experimental verifications, the test results are also
presented in this paper.

Index Terms—Bidirectional inner phase shifts, dual-active-
bridge (DAB) dc–dc converter, dual-phase-shift (DPS) modulation,
efficiency.

I. INTRODUCTION

DUE to the concern of environment, electric vehicles (EVs)
and hybrid electric vehicles (HEVs) have obtained more

and more attentions. However, a fast and safe charger as an in-
terface between the grid and vehicles or renewable energy and
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vehicles is crucial to the success of EVs and HEVs. Due to the
galvanic isolation, bidirectional power flow, and high efficiency,
dual-active-bridge (DAB) dc–dc converters have been consid-
ered to be promising for the automotive applications [1]–[8].

To control the energy flow between the primary and secondary
H-bridges in the DAB, the most convenient approach is the
single-phase-shift (SPS) control due to its simplicity and zero-
voltage switching (ZVS) if the ratio of primary and secondary
voltages equals the transformer turn ratio [8]–[10]. However,
since the shift angle of the secondary phase voltage respective to
the primary phase voltage is the only parameter to manipulate the
transmission active power, the reactive power, which requires
larger filter, increases copper loss, and reduces the efficiency, is
not controllable in the conventional SPS control. In [16]–[18],
the trapezoidal modulation and the triangular modulation were
developed to operate the DAB with different ratio of primary
and secondary voltages from the transformer ratio. Since one or
two switch legs are changed from ZVS to zero-current switch
(ZCS) in these modulations, higher efficiency can be obtained.
In addition, pulse width modulation (PWM) together with SPS
was proposed to extend the ZVS region to light load [11]–[15].
PWM controls of one H-bridge or two H-bridges were analyzed
to operate the DAB [11]. The soft-switching ranges are investi-
gated in the DAB with single-H-bridge PWM or dual-H-bridge
PWM. It shows the efficiency benefit of the DAB at light load if
dual-H-bridge PWM is employed, since the soft-switching range
can obtained at light load. However, the PWM duty cycles are
restricted by the primary and secondary voltages and shift an-
gle. The existing of freewheel intervals can result in the control
failure of the DAB with PWM and phase shift control. Thus,
a complicate control algorithm is required to avoid the failure
mode of the DAB. In [13] and [14], the duty cycle and shift angle
in the DAB with single-H-bridge PWM are optimized to reduce
the losses and maximize the system efficiency. It can be treated
as a special case of the DAB with dual-H-bridge PWM, and risk
of failure mode also exists. Moreover, the reactive power, i.e.,
circulating energy, can still be observed in PWM control of the
DAB. In [19]–[23], a dual-phase-shift (DPS) control was devel-
oped and analyzed with the advantage of zero reactive power in
the DAB so as to produce higher efficiency.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Schematic of the DAB.

Compared with the conventional SPS control, there are two
independent parameters to manipulate the energy flow in the
DAB with the DPS control. In [20], it is reported that unity
power factor and high efficiency can be obtained by carefully
choosing the combination of the inner and outer phase shift
ratios. However, the DPS control requires the sum of inner and
outer phase shift ratios, D1 and D2 , equal to or less than 1, i.e.,
D1+D2≤ 1. This is because if the sum of D1 and D2 is higher
than 1, the outer phase shift ratio will not be able to control
the power flow. Moreover, in the conventional DPS control, it
is found that at light load, a large variation of inner phase shift
D1 will be observed if the command of power transmission is
changed, as will be illustrated in Section II. This disadvantage
may result in larger surge current during the transient and reduce
the stabilization of power transmission particularly at light load.
To solve this problem, a novel DPS control with bidirectional
inner phase shifts is developed to extend the operation regions
of inner and outer phase shift ratios. Compared with the single
and dual PWM H-bridge DAB presented in [11], [14], the duty
cycles of all switches in the proposed DPS will be fixed. Thus,
the freewheel intervals, which require complicate control algo-
rithm to avoid, can be eliminated in the proposed DPS. By using
the proposed DPS control, the surge current is significantly re-
duced, while the stabilization of power transmission is improved
without scarifying the efficiency. This paper will be organized
as follows. In Section II, the merits and drawbacks of conven-
tional SPS and DPS controls will be presented. Section III will
present the principle and operation mode analysis of the novel
DPS control with bidirectional inner phase shifts. In Section III,
the principle of novel DPS with bidirectional inner phase shifts
will be presented together with its performance. Experimental
verifications of the novel DPS control and the comparison of
the conventional DPS control will be presented in Sections IV
and V, respectively.

II. CONVENTIONAL PHASE SHIFT CONTROL AND DPS
CONTROL

A. SPS Control

Fig. 1 shows the schematic of an isolated DAB dc–dc
converter. Inductance L is the leakage inductance of a high-
frequency transformer. In the SPS control, all switches are
operated with 50% duty cycle. The power flow is controlled
by the shift angle ϕ, as illustrated in Fig. 2. The positive
shift angle is defined as the primary voltage leading the

Fig. 2. Drive signal and corresponding current and voltage waveforms in the
DAB with the SPS control.

secondary voltage, since the energy flows from the primary
side to the secondary side. By neglecting the losses, the trans-
mission power can be expressed by (1), where V1 ,V2 ,L, and
fs are the primary and secondary voltages, leakage inductance,
and switching frequency, respectively

P =
nV1V2(π − |ϕ|)ϕ

2π2Lfs
. (1)

From Fig. 2, larger circulating current can be observed during
the power transmission, which is also known as reactive power
[19]. To reduce or even eliminate the reactive power, the DPS
control was developed, as will be illustrated in the next part.

B. Conventional DPS Control

Fig. 3 illustrates the conventional DPS control and its cor-
responding current and voltage waveforms. Compared with the
SPS control, the power flow is controlled not only by the phase
shift between the primary and secondary voltages (outer phase
shift) but also the phase shift between the legs in the primary
and the secondary H-bridges (inner phase shift). By neglecting
the losses of the DAB, the power flow under the DPS control
can be expressed as

P =

⎧
⎨

⎩

−nV1 V2 (D 2
1 +2(−1+D2 )D2 )

4Lfs
, D1 < D2

−nV1 V2 D2 (−2+2D1 +D2 )
4Lfs

, D1 ≥ D2

(2)

where D1 and D2 are inner and outer phase shift ratios. The
inner phase shift is defined as the phase shift between the legs
in the H-bridge, and the outer phase shift is defined as the
phase between the primary and secondary sides. Ths in Fig. 3
stands for the period of switching. D1Ths and D2Ths are the
inner and outer phase shift angles. However, to employ the DPS
control, the inner and outer phase shift ratios are required to
satisfy (3), since the power flow will not be controlled by D2
if the sum of D1 and D2 is higher than 1, as can be noticed
from Fig. 3

D1 + D2 ≤ 1. (3)
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Fig. 3. Drive signals and corresponding current and voltage waveforms in the
DAB with the DPS control.

Fig. 4. Transmission power against inner and outer phase shift ratios.

By defining the base value of transmission power

PB =
nV1V2

2πLfs
(4)

the transmission power per unit against inner phase shift ratio
at different outer phase shift ratios can be obtained in Fig. 4. As
D2 increases, the operation region of D1 will be significantly
reduced. It is shown that as D2 increases, the operation range
of D1 will be significantly reduced. For example, when D2
equals 0.89, the operation range of D1 should be less than

Fig. 5. Illustration of inner and outer phase shift regions for particular power
transmission.

0.1. The operation of D1 higher than 0.1 will lead to the DAB
out of control. Moreover, for a constant power flow, infinite
combinations of D1 and D2 can be used. In [22], a control
strategy for constant power flow is to calculate the D1 from the
transmission power command and predefined D2 , which can be
used to control the output voltage. Then, the inner phase shift
ratio D1 will be calculated by

D1 =

⎧
⎨

⎩

√

2D2 − 2D2
2 − P

k , D1 < D2

1 − D2
2 − P

2D2 k , D1 ≥ D2

(5)

where

k =
nV1V2

4Lfs
. (6)

Fig. 5(a) shows the power characteristic of the DAB with the
conventional DPS control. With D1 and D2 in operation region
of 0–1, the energy flows from the primary to the secondary side.
The power flow can be reversed if the outer phase shift ratio D2
is less than zero. With the aid of (5), the feasible D1 and D2
combinations with a constant power transmission are illustrated
in Fig. 5(a). Taking the transmission power, P = 0.1 (p.u.) for
example, the feasible D1 and D2 regions are 0–0.75 and 0–
0.25, respectively. Fig. 5(b) shows that the calculated D1 is
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Fig. 6. DPS control with bidirectional inner phase shifts.

very sensitive to D2 , i.e., a small ΔD2 will result in significant
variation of D1 , which will result in significant variation of
current and further lead to significant variations of switching loss
and efficiency particularly at light load, as will also be illustrated
by the tests in Section V. In order to solve this problem, a
modified DPS modulation is proposed, as will be introduced in
the next section.

In addition, since the digital microprocessors have been
widely used to control the DAB, the calculation error due to
the limited length of data byte can also lead to inaccurate power
transmission [24].

III. PROPOSED DPS CONTROL WITH BIDIRECTIONAL INNER

PHASE SHIFTS

A. Basic Principle

From the previous analysis, it is shown that since the fea-
sible region of D2 is much less than that of D1 particularly
at light load, significant variation of D1 due to a small ΔD2
will not be avoidable. In order to enlarge the operation region
of D2 , a modified DPS control with bidirectional inner phase
shifts is proposed, as illustrated in Fig. 6. Although all switches
are operated with a fixed 50% duty cycle, the voltage and cur-
rent waveforms in both the primary and secondary sides can
be controlled, similar to the PWM-controlled SPS modulation.
Different from the conventional DPS control, in which the in-
ner phase shifts of both the primary and secondary H-bridges
are in the same direction, in the proposed DPS control, the in-
ner phase shifts of the primary and secondary H-bridges are

in bidirectional directions. Thus, the conventional DPS can be
treated as a special case of the proposed DPS. However, this
paper will focus on the operation case of the DPS control, with
the inner phase shifts of the primary and secondary H-bridges
are in opposite directions. The conventional scheme can transit
seamless to the proposed strategy by setting the inner phase
ratio D1 to zero without stopping the power transmission. This
modification will lead to the change of operation regions of in-
ner and outer phase shift angles. The operation regions of inner
and outer phase shift angles can be enlarged particularly at light
load, as will be illustrated in the next section. The definition of
inner and outer phase shifts D1 and D2 in the modified DPS is
the same as that in the conventional DPS, i.e., the phase shift
between the H-bridge legs is defined as the inner phase shift D1 ,
and the phase shift between the primary and secondary sides is
defined as the outer phase shift D2 , as shown in Fig. 6.

B. Operation Modes

As shown in Fig. 6, the DPS control with bidirectional inner
phase shifts can be operated in three cases, i.e., 0 < D1 ≤
D2 /2, D2 /2 < D1 ≤ D2 , D2 < D1 ≤ (D2 + 1)/2. The
limitation for D1 and D2 is 2D1 − D2 ≤ 1. Compared with
the limitation of D1 and D2 with the conventional DPS, larger
operation region can be obtained in the novel DPS control.
The operation modes is illustrated by taking one case, i.e.,
D2 /2 < D1 ≤ D2 together with V1 = nV2 , for example.

1) Mode 1 (t0 − t1): As shown in Fig. 7(a), at t0 , S2 is turned
OFF. Due to the negative current iL , the current will flow
through S3 and D1. Therefore, S1 will be turned ON at
ZVS. On the secondary side, the current will flow through
D6 and D7 and the voltage across L is nV2 . This mode
will end up with switching on of S8. During this mode,
the current through L can be expressed as

i(t) = i(t0) +
nV2

L
(t − t0). (7)

2) Mode 2 (t1 − t2): At t1 , since the primary voltage V1
equals nV2 , S7 is turned OFF and S8 is turned ON at
ZCS. However, if nV2 is higher than V1 , S8 will be turned
ON at ZVS and S7 has hard switching OFF [see Fig. 7(b)].
If nV2 is lower than V1 , S7 is turned OFF at ZVS and S8
has hard switching ON. During this mode, the voltage
across L is zero. This mode will be end up with switching
on of S4. The current of L in this mode is kept the same,
i.e.,

i(t) = i(t1). (8)

3) Mode 3 (t2 − t3): This mode will start with switching OFF
of S3. S4 is turned ON at ZCS if V1 = nV2 . However, if
nV2 is higher than V1 , S3 will be turned OFF at ZVS
and S4 has hard switching ON [see Fig. 7(c)]. If nV2
is lower than V1 , S4 is turned ON at ZVS and S3 has
hard switching OFF. During this mode, the current of L
flows through S1, S4, S6, and D8. This mode will end
up with switching OFF of S6. The current of L can be
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Fig. 7. Operation modes of the DAB using the DPS control with bidirectional inner phase shifts.

calculated by

i(t) = i(t2) +
V1

L
(t − t2). (9)

4) Mode 4 (t3 − t4): At t3 , S6 is turned OFF. Due to the
positive current, the current will flow through D5 and
D8, as shown in Fig. 7(d). S5 is turned ON at ZVS. The
current in the primary side will flow through S1 and S4.
During this mode, the voltage across L is V1 − nV2 , and
the current through L is

i(t) = i(t3) +
V1 − nV2

L
(t − t3). (10)

5) Mode 5 (t4 − t5): This mode starts from switching OFF
of S1. Due to the positive current, the current iL will
flow through D2 and S4, as shown in Fig. 7(e). S2 can be
turned ON at ZVS. This mode will be end up with switch-
ing ON of S7. During this mode, the current iL can be
expressed by

i(t) = i(t4) − nV2

L
(t − t4). (11)

6) Mode 6 (t5 − t6): At t5 , S8 is turned OFF and S7 is turned
ON at ZCS if V1 = nV2 [see Fig. 7(f)]. However, if nV2
is higher than V1 , S8 will have hard switching OFF, and
S7 is turned ON at ZVS, while, if nV2 is lower than V1 ,
S8 is turned OFF at ZVS and S7 has hard switching ON.
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Since the voltage across L is zero, the current through L
will be

i(t) = i(t5). (12)

7) Mode 7 (t6 − t7): In this mode, S4 is turned OFF and S3 is
turned ON at ZCS if V1 = nV2 [see Fig. 7(g)]. However,
if nV2 is higher than V1 , S4 is turned OFF at ZVS and
S3 has hard switching ON. While if nV2 is lower than
V1 , S3 is turned ON at ZVS and S4 has hard switching
OFF. Since the voltage across the L is clamped to V1 , the
current through L can be calculated as

i(t) = i(t6) − V1

L
(t − t6). (13)

8) Mode 8 (t7 − t8): At t7 , S5 is turned OFF. Due to the
negative current through L, the current will flow through
D6 and D7. Thus, S6 is turned ON at ZVS. During this
mode, the current of L can be calculated as

i(t) = i(t7) − V1 − nV2

L
(t − t7). (14)

In one switching cycle, due to

i(t) = i(t1) (15)

the initial current of L can be obtained by solving (15), i.e.,

i(t0) =
((−1 + D1)V1 + (1 + D1 − 2D2)nV2)

4Lfs
. (16)

C. Transmission Power

Based on the analysis of operation modes, the transmission
power of the DAB with the novel DPS control can be obtained.
By neglecting the losses, the transmission power can be ex-
pressed as follows:

Case I: 0 < D1 ≤ D2/2,

P = −nV1V2(3D2
1 + D1(2 − 4D2) + 2D2(D2 − 1))

4Lfs
. (17)

Case II: D2/2 < D1 ≤ D2 ,

P =
nV1V2(−2D1 + D2

1 − (−2 + D2)D2)
4Lfs

. (18)

Case III: D2 < D1 ≤ (D2 + 1)/2,

P =
nV1V2(3D2

1 + D2(D2 + 2) − 2D1(1 + 2D2))
4Lfs

. (19)

Fig. 8 shows the transmission power against D1 at differ-
ent outer phase shift ratios. Compared with the conventional
DPS control, the operation regions of D1 and D2 have been
enlarged. Regardless of D2 and D1 , the feasible operation re-
gion of 0–0.5 can be used to manipulate the DAB. In addition,
with the operation region of 0–1, bidirectional power flow can
be obtained by using the DPS control without setting D2 to
negative, which is used to change the direction of power flow in
the conventional DPS. If D1 < D2 , positive power flow can be
obtained, while if D1 > D2 , the energy can flow in the opposite
direction. Zero power transmission is obtained if D1 equals D2 .
However, the maximum values of power flow in two directions

Fig. 8. Transmission power against inner and outer phase shift ratios.

Fig. 9. Illustration of inner and outer phase shift regions for particular power
transmission using the DPS control with bidirectional inner phase shifts.

are different. Higher power flow can be obtained in the direction
of primary to the secondary side.

Similar to the conventional DPS control, to transmit constant
power, infinite combinations of D1 and D2 can be used if the
DPS control with bidirectional inner phase shifts is used [see
Fig. 9(a)]. It is shown that with the operation region of D1
and D2 , a bidirectional power flow can be realized by using
the proposed method. To control the transmission power, the
D1 and D2 combination is determined by a predefined D2 and
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calculated D1 . The D2 can be obtained from a lookup table
determined by the command power, while D1 can be calculated
from (20)–(22) according to D2 and the command power. The
direction of power flow can be precisely controlled by D2 and
D1 , which is calculated from D2 and the command power.

Fig. 9 shows the power characteristic of using the DPS control
with bidirectional inner phase shifts. Taking the transmission
power of 0.1 (p.u.) for example, the feasible regions of D1 and
D2 have been extended to 0–0.75 and 0–1, respectively. Com-
pared with conventional DPS modulation, the feasible region
of D2 has been enlarged from 0–0.25 to 0–1, while a similar
feasible region of D1 can be observed. Fig. 9(b) shows that a
small change of D2 , ΔD2 = 3% will not result in a significant
variation of D1 . Thus, more stable current waveforms can be
obtained.

Case I: 0 < D1 ≤ D2/2

D1 = −1
3

+
2
3
D2 ± 1

3

√

1 + 2D2 − 2D2
2 − 3

P

k
. (20)

Case II: D2/2 < D1 ≤ D2

D1 = 1 ±
√

1 − 2D2 + D2
2 +

P

k
. (21)

Case III: D2 < D1 ≤ (D2 + 1)/2

D1 =
1
3

+
2
3
D2 ± 1

3

√

1 − 2D2 + D2
2 + 3

P

k
. (22)

The reactive power by using the DPS control with bidirec-
tional inner phase shifts is similar to that of using conventional
DPS modulation. The currents and voltages in the primary and
secondary sides are alternating with positive and negative val-
ues. The sign of primary current is not always the same as the
primary voltage. Thus, the energy with different signs of primary
current and voltage will flow back to the source and is defined
as reactive power. The reactive power of using the DPS control
with bidirectional inner phase shifts can be expressed by (23) if
0 < D1 ≤ D2/2. However, if D2/2 < D1 ≤ (D2 + 1)/2,
i.e., Cases II and III, the reactive power will be zero, which is
the advantage of conventional DPS. From the investigation of re-
active power, it can also be noticed that in the proposed method,
the advantage of zero reactive power can also be obtained

Q = −V1((−1 + D1)V1 + (1 + 3D1 − 2D2)nV2)
2

32Lfs(V1 + nV2)
. (23)

D. Switching-State Analysis

The switching states in the DAB of using the DPS control with
bidirectional inner phase shifts can be obtained by the analysis
of operation modes. However, since under different conditions
the DAB will have different operation modes, for simplicity,
the ratio of primary and secondary voltages is assumed to be
similar to transformer turn ratio, i.e., V1 ≈nV2 , by neglecting
the influence of dead time.

Case I: 0 < D1 ≤ D2/2
In this case, the power can only flow from the primary side

to the secondary side. All switches will be turned ON at ZVS,

Fig. 10. Control of DBA with DPS controls.

since
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

i(t0) = ((−1+D1 )V1 +(1+D1 −2D2 )nV2 )
4Lfs

i(t1) = ((−1+D1 )V1 +(1+3D1 −2D2 )nV2 )
4Lfs

i(t2) = − ((1+3D1 −2D2 )V1 +(−1+D1 )nV2 )
4Lfs

i(t3) = − ((1+D1 −2D2 )V1 +(−1+D1 )nV2 )
4Lfs

.

(24)

Thus
{

i(t0) < 0, i(t1) < 0

i(t2) > 0, i(t3) > 0.
(25)

Case II: D2/2 < D1 ≤ D2
In this case, the power is also transmitted from the primary

side to the secondary side. From the analysis of operation modes
in Section III-B, it can be summarized that S1, S2, S5, and S6
are turned ON at ZVS, while S3, S4, S7, and S8 can be switched
at ZCS, i.e., one leg of H-bridge can achieve ZVS and another
one can have ZCS.

Case III: D2 < D1 ≤ (D2 + 1)/2
If D1 is higher than D2 , the energy will flow from the sec-

ondary side to the primary side. The switching states are similar
to those in Case II. However, in this case, S1, S2, S5, and
S6 are switched at ZCS, while S3, S4, S7, and S8 are turned
ON at ZVS.

Therefore, the switching losses and efficiency of using the
DPS control with bidirectional inner phase shifts is similar to
those of the conventional DPS control.

IV. IMPLEMENTATION OF THE DPS CONTROL WITH

BIDIRECTIONAL INNER PHASE SHIFTS AND VERIFICATIONS

A. Experimental Platform

Fig. 10 shows the platform configuration; the primary and
secondary converters are controlled by two digital signal pro-
cessors (DSPs) TMS320F28335 from Texas Instrument due to
the flexibility. To synchronize the drive signals, two DSPs are
operated in master/slave modes. Moreover, a controller area
network (CAN) bus is used to connect two controllers for the
data transmission. The control algorithm is implemented in the
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TABLE I
CIRCUIT AND HIGH-FREQUENCY TRANSFORMER MAIN PARAMETERS

Parameters Values

Primary dc voltage, Vp r i 30 V
Secondary dc voltage, V s e c 30 V
Switching frequency, fs 10 kHz
IGBT module PS21765
Transformer turn ratio 30:30
Transformer magnetization inductance, Lm 4.3 mH
Transformer leakage inductance, L 185 μH
Primary resistance, Rp 0.075 Ω
Secondary resistance, Rs 0.075 Ω
Dead time 0.4 μs
Maximum power rating 100 W

master DSP. With the input of command power, the outer phase
shift D2 can be obtained by a lookup table. Then, the inner
phase shift D1 can be calculated by (20)–(22) from D2 and the
command power. The calculated outer and inner phase shifts
ratios are sent to the slave DSP through CAN bus. No matter
the conventional DPS control or the DPS control with bidirec-
tional inner phase shifts is implemented, there is no change of
the control for the secondary converter. Table I listed the main
parameters of the circuit and high-frequency transformer.

Fig. 11 shows the measured voltage and current waveforms
of the DAB using the DPS control with bidirectional inner phase
shifts at different inner and outer phase shift ratios. By fixing
D2 , it confirms that the sum of D1 and D2 can be higher than
1, which is not feasible for the conventional DPS control [see
Fig. 11(c)]. It can also be noticed that with the increase of D1 , the
current flowing through the leakage inductance will be reduced,
which indicates less power transmission.

B. Power Transmission Verifications

The comparisons of the measured and predicted transmission
powers in the DAB of using the DPS control with bidirectional
inner phase shifts are presented in Fig. 12. The transmission
power against D1 at different D2 is shown in Fig. 12(a). Good
agreements are obtained. It confirms that the maximum power
transmission can be obtained at D1 = 0 and D2 = 0.5, which in-
dicates that the maximum power transmission by using the DPS
control with bidirectional inner phase shifts will be the same
as that of using conventional DPS and SPS controls. Fig. 12(b)
shows the transmission power against D2 at different D1 . Due
to the limitation of 2D1 − D2 ≤ 1, as D1 increases, the fea-
sible region of D2 is reduced. Good agreements are obtained
between the measured and predicted results.

Fig. 13 shows good agreements of reactive power comparison
between the measured and predicted results. Higher reactive
power can be observed at small D1 but larger D2 (see Fig. 13).
It also confirms that if D1 ≥ D2/2, zero reactive power can
be obtained. Since small reactive power can help to reduce the
current ripple, dc-link capacitance and further to increase the
efficiency, by properly selecting the combinations of D1 and

Fig. 11. Measured voltage and current waveforms in the DAB of using the
DPS control with bidirectional inner phase shifts. (a) D1 = 0.2, D2 = 0.7. (b)
D1 = 0.3, D2 = 0.7. (c) D1 = 0.4, D2 = 0.7.

D2 , zero reactive power and unity power factor can be achieved
by using the DPS control with bidirectional inner phase shifts.

C. Control Algorithm for Constant Power Transmission

Generally, in EVs and HEVs, the battery charging with con-
stant power is one of the commonly used strategies [21]. Accord-
ing to the analysis in Section III, it is shown that to implement
the constant power charging, infinite D1 and D2 combinations
can be applied. However, different combination of D1 and D2
will lead to different current waveforms, RMS currents, and
efficiencies. Thus, in order to investigate the performance of
the developed DPS control with different D1 and D2 combina-
tions, D1 is calculated by (20)–(22) with the transmission power
command and D2 .
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Fig. 12. Comparisons between the measured and predicted results in the DAB
using the DPS control with bidirectional inner phase shifts. (a) Transmission
power against D1 . (b) Transmission power against D2 .

Fig. 13. Comparison of reactive power between the measured and predicted
results.

Fig. 14 shows the current waveforms with different D1 and
D2 combinations for a constant power transmission (P/PB =
0.4). It is shown that the RMS currents with D1/D2 combi-
nation of 0/0.15, 0.27/0.47, and 0.47/0.83 are 1.11, 1.18, and
1.68 A, respectively. The difference is mainly because of differ-
ent reactive powers with different D1/D2 combinations. There-
fore, in order to obtain the optimal efficiency of the DAB, the

Fig. 14. Current waveforms and spectra for transmission power of
P/PB = 0.4 with different D1 and D2 combinations. (a) Current waveforms.
(b) Spectra.

combination of D1 and D2 should be optimized, as will be
presented in the next section.

V. EFFICIENCY AND COMPARISON WITH CONVENTIONAL DPS

A. Efficiency at Constant Power but Different D1 and D2

Fig. 15(a) and (b) shows the measured D1 and RMS currents
in the DAB using conventional DPS and DPS controls with
bidirectional inner phase shifts at transmission power (P/PB)
of 0.2, 0.4, and 0.6. It is shown that the operation region of D2
is significantly reduced as the transmission power reduces if the
conventional DPS modulation is used. However, the operation
region of D2 is almost the same regardless of the transmission
power.

In addition, the test results show that as D2 increases, higher
RMS currents will be observed in both DPS controls. However,
the maximum RMS currents of using the DPS control with
bidirectional inner phase shifts are smaller than those of the
conventional DPS control.

B. Overall Losses and Efficiency

Fig. 16 compares the overall losses, which are measured from
the input power of primary side and output power of secondary
side. Thus, the IGBT switching loss, conduction loss, trans-
former core loss, and copper loss are taken into account. It is
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Fig. 15. Measured D1 /D2 combinations and corresponding RMS currents
using different DPS controls. (a) DPS control with bidirectional inner phase
shifts. (b) Conventional DPS control.

Fig. 16. Overall loss comparisons between the conventional and proposed
DPS controls.

shown that the minimal overall losses of the conventional DPS
control are similar to those of the DPS control with bidirec-
tional inner phase shifts. However, the maximum losses in the
conventional DPS control are much higher than those of using
the proposed DPS modulation.

The measured efficiencies, which are calculated by (26), are
compared in Fig. 17. It is shown that the proposed modulation
can transmit the power more efficiently than the conventional

Fig. 17. Efficiency comparisons between the conventional and proposed DPS
controls.

Fig. 18. Dynamic performance of current at a step change of D2 and power
transmission of 0.2 (p.u.). (a) Conventional DPS control. (b) DPS control with
bidirectional inner phase shifts.

modulation

η =
Po

Po + Ploss
× 100%. (26)

C. Dynamic Performance Comparisons

Fig. 18(a) and (b) compares the dynamic current waveforms
at a step change of D2 from 0.1 to 0.2 for a constant power
transmission (P/PB= 0.2). It is shown that by using the DPS
control with bidirectional inner phase shifts, much less current
oscillation can be obtained. The current waveforms are more
stable during the transient process. Moreover, the efficiencies
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of using the DPS control with bidirectional inner phase shift
are changed from 86.4% to 86.0% with the step change of D2
from 0.1 to 0.2. However, the conventional DPS control exhibits
the efficiency change from 84.3% to 78.6% during the transient
process.

VI. CONCLUSION

In the DAB with the conventional DPS control, the inner shift
directions in both the primary- and secondary-side converters
are the same. Hence, the sum of inner and outer phase shift ratio
is required to be less than 1, i.e., D1+D2≤ 1, which results
in the narrow operation region of D2 particularly at light load.
Therefore, significant variations of D1 cannot be avoided if
there is a small disturbance of D2 , which will result in high
surge current and low stability of the system, particularly at
light load.

To solve this problem, a novel DPS control with bidirectional
inner phase shifts is proposed in this paper. Based on the analysis
of operation modes and power characteristic of using DPS with
bidirectional inner phase shifts, the operation regions of D1 and
D2 can be significantly enlarged particularly at light load, as also
confirmed by the test results. Moreover, from the experimental
verification, it is shown that compared with the conventional
DPS modulation, the surge current can be significantly reduced
with the variation of D2 . High stability of the DAB with the
proposed method can be obtained without scarifying the effi-
ciency particularly at light load. With the verifications, it should
be mentioned that the voltage is not restricted to 30 V. Higher
voltage and power can also be applied and its verification will
be the future work. In addition, a bidirectional power flow can
be achieved with D1 and D2 operation region of 0–1.
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