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Minimize Reactive Power Losses of Dual Active Bridge Converters using 
Unified Dual Phase Shift Control 

 
 

Huiqing Wen† and Bin Su* 
 

Abstract – This paper proposed an unified dual-phase-shift (UDPS) control for dual active bridge 
(DAB) converters in order to improve efficiency for a wide output power range. Different operating 
modes of UDPS are characterized with respect to the reactive current distribution. The proposed UDPS 
has the same output power capability with conventional phase-shift (CPS) method. Furthermore, its 
implementation is simple since only the change of the leading phase-shift direction is required for 
different operating power range. The proposed UDPS control can minimize both the inductor rms 
current and the circulating reactive current for various voltage conversion ratios and load conditions. 
The optimal phase-shift pairs for two bridges of DAB converter are derived with respect to the 
comprehensive reactive power loss model, including the reactive components delivered from the load 
and back to the source. Simulation and experimental results are illustrated and explained with details. 
The effectiveness of the proposed method is verified in terms of reactive power losses minimization 
and efficiency improvement. 
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Nomenclature 
 

d Voltage conversion ratio 
N Transformer turn ratio 
iin Input current  
io Output current  
βi Zero-crossing instant of the inductor current iL 
δi Phase shift angle 
VDS1 Voltage drop of the MOSFETs in bridge 1 
VDS2 Voltage drop of the MOSFETs in bridge 2 
dDPS_I_II Boundary of DPS_I and DPS_II 
dDPS_II_III Boundary of DPS_II and DPS_III 
 
 

1. Introduction 
 
The dual active bridge (DAB) converter has been widely 

used in HVDC and MVDC grids [1], DC distributed power 
system [2], solid-state transformer [3, 4], automotive [5], 
and aerospace applications [6] since it shows advantages 
of bidirectional power transfer, compact design, easy 
implementation, and inherent soft switching feature [7-9]. 
Usually the modulation strategy adopted is the con-
ventional phase shift (CPS) control, where the phase shift 
determines directly both the power flow direction and the 
amplitude of the delivery power. The schematic of DAB 

converter with CPS control and key waveforms is shown in 
Fig. 1. As shown the blue shaded areas in Fig. 1(b), the 
input current iin is not always in phase with the primary 
voltage VT1. Similarly, the output current io is not always in 
phase with the secondary voltage VT2, as shown the orange 
shaded areas in Fig. 1(b). Especially when the voltage 
conversion ratio is not unity, CPS might result in high 
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Fig. 1 Circuit schematic of DAB converter topology and 
typical waveforms with CPS: (a) Circuit Schematic; 
(b) Typical waveforms 
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circulating current that flows through the power devices 
and magnetic components. Furthermore, by using the CPS 
control, the soft-switching feature might also be lost under 
some scenarios [7, 10, 11]. 

To address this issue, several advanced strategies are 
discussed previously, including the combination of phase-
shift and pulse width modulation (PSPWM) control [12], 
dual phase-shift (DPS) control [13], and its extended 
version [14]. However, a comprehensive investigation 
the power flow characterization of each operating mode 
by using these strategies has rarely been reported and the 
criteria in determining the control variables such as duty 
cycles or phase shift values has not been properly addressed. 
Besides, various high frequency link resonant tanks, 
including the LC resonant tank [15], the LLC-based 
resonant tank [16], and CLLC-based resonant tank, have 
been added in order to extend the range of soft switching 
[17]. However, there are mainly two concerns in adopting 
the resonant tanks: one is the resonant electrical stresses 
and the other is the increased cost due to additional 
components such as capacitors or inductors. In fact, 
reactive current or reactive power contributes significantly 
the conduction loss of power devices and connectors. 
Besides, the magnetic losses of inductor and transformer 
are also increased. In prior researches, “reactive power” is 
just defined by the portion of reactive power delivered 
back to the source [8]. However, the definition of “reactive 
power” is incomplete since the reactive power component 
delivered from the load is not considered. The similar 
question in reactive current analysis was founded in [18]. 
Since the analysis of reactive power is incomplete, the 
optimization by using reactive power is inconsistent with 
the results using other optimization objectives such as 
the minimum inductor peak or rms current [19]. In [2], 
the reactive power losses of DAB converter by using 
various strategies are analyzed and adopted as the 
optimization objective. However, this modulation has a 
limited maximum output power, which is half of that 
with CPS. Thus, an unified dual phase shift (UDPS) 
control is necessary to cover a whole range of output power. 
Another problem is that the advanced phase-shift methods 
have at least two variables and several operating modes, 
which show totally different power characterizations, 
including the output power range and the reactive current 
distribution, the power characterization analysis of each 
operating mode is normally ignored in prior research [2, 
13, 14, 20]. 

To address these problems, in this paper, the UDPS 
control scheme is proposed and its operating modes are 
analyzed with their power characteristics. Furthermore, 
the power loss distribution is illustrated with their 
mathematical expressions. Simulation model was built and 
a scale-down experimental prototype was established. The 
effectiveness of the proposed method is verified by both 
simulation and experimental results in terms of reactive 
power losses minimization and efficiency improvement. 

This paper is organized as follows. In Section II, the dual 
phase shift control is introduced with different operating 
modes analysis. In order to achieve a complete output power 
range, an unified dual phase shift control is proposed and 
discussed in Section III. Then the experimental results are 
illustrated and explained in Section IV. Finally Conclusions 
are drawn in Section V. 

 
 

2. Reactive Power Loss 
 
In this section, the reactive power loss is defined as 

the conduction loss of the semiconductor power switches 
considering the inherent relationship between the reactive 
power loss and the reactive current. Since different operating 
modes present totally different reactive current distribution, 
here the reactive power loss model of DAB converter is 
discussed by considering each operating mode of dual-
phase-shift (DPS) strategy. 

 
2.1 Power characterization analysis 

 
The DPS scheme includes two phase-shift variables 

symbolized as D1 and D2. Fig. 2 shows typical operating 
waveforms of DAB converters modulated by the DPS. D1 
represents the ratio for the leading phase shift, which is 
opposite to the power flow direction (from VS1 to VS2). D2 
is the lag phase-shift ratio. 

Considering that the interval between 1δ  and 2δ  

  
(a) 

 
(b) 

Fig. 2. Typical waveforms with DPS control: (a) boost 
operation; (b) buck operation [12] 
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represents the period of positive output voltage (boost 
operation), the expression for the average output power is 

 

 
( ) ( ) ( )22 2

1

2 1
1 2 0

2
T T

o L L L

V V
P i dt i i

N N
δ

δ

δ δ
δ δ

−
= = + ≥⎡ ⎤⎣ ⎦∫  (1) 

 
Thus,  
 

 ( ) ( ) ( )1 2 2 12 0L Li i D Dδ δ+ = − ≥   (2) 

 2 1D D≥   (3) 
 

Taking the deviation of the output power Po with D1 and 
D2 respectively, we obtain 

 
 ( ) ( )1 1 1 22 1 0 1odP dD D D D= −   ∀ ≤ ≤ ≤   (4) 

 ( ) ( )2 2 1 21 2 0 1odP dD D D D= −   ∀ ≤ ≤ ≤   (5) 
 
Combining (4), (5) and the constraint of 1 20 1D D≤ + ≤ , 

the maxima of the output power is derived as 
 

 max 1 20.25 0 0.5oP D D=  ∀ = ∧ =   (6) 
 
Fig. 3 illustrates three modes with DPS control and their 

main difference is the distribution of reactive current. The 
blue shaded areas represent the reactive current 
components delivered back to the source. The orange 
shaded areas represent the reactive current that is delivered 
from the load. 

 
2.2 Reactive power loss analysis 

 
Fig. 3(b) shows that the first inductor-current zero 

crossing angle by using DPS_II _ _1DPS IIβ  is within the 
range of [0, 1δ ], thus, the slope of iL during this interval 
can be expressed as 

 
 11 S sk V L=   (7) 

 
The first inductor-current zero crossing angle meets the 

relationship: 
 

 (0) 1 _ _1 2 0L DPS IIi k fβ π+ =   (8) 
 
The inductor current analytical expressions at the 

defined switching angles can be derived. Then, the 
following equation can be obtained: 

 

 
( )

1 11 2 _ _11
0

4 2
S S DPS II

s s s

V dD dD d V
L f L f

β
π

− − + −
+ ⋅ =   (9) 

  
Thus, the first inductor-current zero crossing angle 

_ _1DPS IIβ  can be expressed as follows: 

 
 ( )_ _1 1 2 1 2DPS II dD dD dβ π= + − +   (10) 

 
The second inductor-current zero crossing angle 

_ _ 2DPS IIβ  should be within the range of [ 1δ , 2δ ]. The slope 
of iL during this interval can be expressed as 

 
 ( )

12 1 S sk d V L= −   (11) 
 
The second inductor-current zero crossing angle 

_ _ 2DPS IIβ  meets the relationship: 
 

 1( ) 2 _ _ 2 2 0L DPS IIi k fδ β π+ =   (12) 
 
Then, after deriving the analytical expressions for the 

inductor current at different switching angles, the following 

 
(a) 

 

 
(b) 

 
(c) 

Fig. 3 Modes analysis with the DPS for boost operation:
(a) DPS_I; (b) DPS _II; (c) DPS _III [2] 
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equation can be obtained: 
 

 
( ) ( )

1 11 2 21 2 1
4

S S

s s s

V dD dD d D d V
L f L

− − + − + −
+ ⋅  

 
( )_ _ 2 2 0

2
DPS II D

f

β π
π

−
=   (13) 

 
Thus, the second inductor-current zero crossing angle 

_ _ 2DPS IIβ  can be expressed as: 
 

 ( ) ( )_ _ 2 2 1 1 2 1DPS II dD dD d dβ π= − + − −⎡ ⎤⎣ ⎦   (14) 
 
Similarly, the third inductor-current zero crossing angle 

_ _ 3DPS IIβ  can also be obtained as 
 

 ( )_ _ 3 1 2 1 2DPS II dD dD dβ π= − − + +   (15) 
 
Considering the dynamics of iL shown in Fig. 3, the 

inductor-current zero crossing angles using DPS_I and 
DPS_III are expressed as 

 
 ( )_ 1 2 1 2DPS I dD dD dβ π= + − +   (16) 

 ( ) ( )_ 2 1 1 2 1DPS III dD dD d dβ π= − + − −⎡ ⎤⎣ ⎦   (17) 
 
The expressions for the reactive current duty-ratio DB1 

and DB2 with DPS for boost operation are shown in Table 1. 
Table 2 shows the corresponding expressions for the 
reactive power loss PRL_B1 and PRL_B2. Where, VDS1 and VDS2 
symbol the voltage drop of the power devices for two 
bridges of DAB converters. 

For boost operation, the boundary of DPS_I and DPS_II 

can be determined considering that it is dependent on the 
inductor current at switching angle 2δ . 

 
 2( ) 2 1 12 1 0Li d dD dD Dδ = − + + − + =   (18) 

 
Thus,  
 

 ( ) ( )_ _ _ 1 1 21 2 1DPS I II boostd D D D= − − −   (19) 
 
The boundary of DPS_II and DPS_III can also be 

determined with the expression below 
 

 ( )_ _ _ 1 21 1DPS II III boostd D D= − −   (20) 
 
For buck operation, similarly, the expressions for the 

boundary of different modes with DPS are 
 

 ( ) ( )_ _ _ 1 2 11 1 2DPS I II buckd D D D= − − −   (21) 

 _ _ _ 1 21DPS II III buckd D D= − −   (22) 
 
Fig. 4(a) shows the comparison of phase shift distribution 

ratio using PRL_min and Irms_min respectively. Fig. 4(b) 
illustrate the derived inductor rms current difference ratio 
by using two methods. The inductor rms current difference 
ratio Irms_diff% by using CPS and DPS method is defined by 

 

 
_D _C

_
_C

% 100%rms PS rms PS
rms diff

rms PS

I I
I

I
−

= ×   (23) 

 
Although the phase-shift pairs obtained by the method of 

PRL_min is not completely consistent with that obtained by 
Irms_min, as indicated in Fig. 4(b). However, the derived 
rms current difference ratio for the whole power range is 
within 2.5%. Fig. 4(c) illustrates the derived reactive power 
difference ratio obtained by PRL_min and QL_min under 
“d=1.5”. The derived reactive power difference ratio for 
the whole operating range is within 6%. Thus, in this paper, 
the reactive power loss is defined and adopted as the 
optimization objective. The optimal phase shift pairs are 
determined with this objective. Fig. 4(d) illustrates the 
comparison of PRL/Po using two modulation strategies of 
CPS and DPS control with respect to Po under “d=1.5”. 
The main parameters are VDS1 = 1 V, VDS2 = 3 V, input 

Table 1. Expressions of reactive current time duty ratio
with DPS for boost operation (p.u.) 

Modes DB1
 DB2 

DPS_I ( )1 2 1 2dD dD d+ − +  0 

DPS_II 
( )

( )
1 2 1

2 1
dD dD d

d
− + −

−
 

( )
( )

1 1 22 1
2 1

D dD dD d
d

− − + −
−

DPS_III 
( )

( )
1 2 1

2 1
dD dD d

d
− + −

−  

( )
( )

1 1 22 1
2 1

D dD dD d
d

− − + −
−

 
 

Table 2. Reactive power losses expressions with DPS for boost operation (p.u.) 
Modes PRL_B1 PRL_B2 

DPS_I ( ) ( )2
1 1 2 11 2DS SV dD dD d V⎡ ⎤+ − +⎣ ⎦  0

 

DPS_II ( )( ) ( )
2

1 2
1 12

1 1 2

1 1 2 1
( 2 1)DS
d dD dD dV V d

d dD d D dD
⎡ ⎤− + − + + −⎡ ⎤⎢ ⎥ ⎣ ⎦− − + +⎢ ⎥⎣ ⎦
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2

1 2
2 1

1
2 12 1DS

dD dDV NV dD d
+⎛ ⎞ −⎡ ⎤⎜ ⎟ ⎣ ⎦− − +⎝ ⎠

 

DPS_III ( )
2 2 2 2

1 1 1 2
2 2 2 2

1 1 1 2 2 1
2

2

3 4 2
2 2 2 2 1
2 2 1
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d D dD d D D
V d D dD d D d D V d

dD d d

⎛ ⎞− + −
⎜ ⎟+ − + − −⎡ ⎤⎣ ⎦⎜ ⎟
⎜ ⎟+ + − +⎝ ⎠  
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1
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voltage VS1 = 20 V, and transformer turns ratio N = 6. It 
shows that the PRL/Po with DPS is reduced far below the 
pre-define 2% reference for a majority range of the output 
power. The green line in Fig. 4(d) represents the 2% 
reference. Fig. 4(d) shows that the range of PRL/Po below 
the reference line can be significantly enlarged with 
operating modes of DPS. Furthermore, among three 
operating modes, DPS_II is best option in terms of the low 
PRL/Po value and the wide operating range. 

3. Unified Phase Shift Control 
 
Considering that the DPS scheme has a limited 

maximum output power, which is half of that with CPS 
according to the expression (6), the range of leading phase-
shift variable D1 with DPS needs to be extended to achieve 
the a wider output power range [2]. Thus, an unified DPS 
scheme for DAB converter is developed, specifically, for 
high-power ranges. Similar to the DPS, the proposed 
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Fig. 4. Phase-shift pairs distribution with DPS and performance evaluation: (a) distribution of phase shift pairs; (b) 
difference ratio of the inductor rms current using PRL_min and Irms_min; (c) reactive power difference ratio using PRL_min 
and QL_min; (d) PRL/Po with respect to Po under “d=1.5” 

 

 
Fig. 5. UDPS scheme to achieve the full power delivery capability 
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unified DPS has two phase-shift variables, namely D1, and 
D2. Totally there are four different modes according to 
different combinations of (D1, D2). Compared with the CPS, 
the practical implementation becomes difficult considering 
more phase-shift variables and operating modes. Thus, here 
a simplified UDPS control scheme is proposed for different 
power regions in practical implementation and the detailed 
operating waveforms are illustrated in Fig. 5. 

In low-power range, the direction of leading phase-shift 
D1 is arranged to be opposite to the direction of phase-shift 
D2 and the mode of DPS_II with multiple zero crossing 
points of inductor current is adopted considering its 
capability of low reactive power loss. 

In high-power range, the direction of leading phase-shift 
D1 is set to the same as the direction of phase-shift D2. This 
variation of DPS is named as VDPS. The expressions for 
the inductor current at different switching angles and the 
corresponding output power are shown in Table 3 for both 
buck and boost operations.  

For DAB converters with two DC voltage sources, the 

boost operation in one direction corresponds to the buck 
operation in the other direction. Thus, the proposed UDPS 
scheme can be applied for bi-directional power flow. The 
complete operating modes for buck operation regarding the 
reactive current distribution are illustrated in Fig. 6. Table 4 
shows the expressions of the reactive power losses with 
buck operation. According to the proposed method of 
achieving minimum reactive power loss PRL_min, VDPS_I is 
determined as the optimal operating mode. 

The phase-shift pairs of the UDPS scheme are 
determined by the equations as 

 

 
[ ]
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   (25) 
 
Fig. 7 illustrates optimal phase shift pairs distribution of 

UDPS versus power for “d=0.5”. The black line indicates 
the boundary of DPS and VDPS. Across this boundary, the 
direction of leading phase-shift D1 is changed from 
negative to positive. Fig. 7 also shows that the optimal D2 
by PRL_min locates mainly in the range of (0.4, 0.5). 

Fig. 8 illustrates simulated waveforms of “vT1”, “iL”, “iin”, 
and “io” under “ d=0.5” and “Po[p.u.]=0.15”. As shown in 
Fig. 8(a), the primary voltage vT1 is of three-level voltage 
due to two phase-shift operations, namely D1 and D2. As 

Table 3. Expressions for the current at different switching 
angles and output power with VDPS (pu) 

Switching  
Angles 1d ≥  1d <

 
( )0Li  1 2 1dD dD d− − + −  1 2 1D D d+ + −

 ( )1Li δ  1 2 11 2dD dD d D− + − +  1 2 21 2D D d dD− − + +

 ( )2Li δ  2 1 22 1d dD dD D− + + −  1 2 12 1D D d dD− − + +  

( )Li π  1 2 1dD dD d+ − +  1 2 1D D d− − − +  

Po 2 2
1 2 1 2D D D D+ − −  2 2

1 2 1 2D D D D+ − −  

 

Table 4. Reactive power losses with VDPS for buck operation (p.u.) 

Modes PRL_B1 PRL_B2 

VDPS_I ( )2
1 1 2 1
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2 1
4 ( 1)
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V D D d dD
V d
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2 1 2
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V D D d
NV d

+ + −
+  

VDPS_II ( )
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1 1 2 1 1 2 1

1 1

1 1
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S S

V D D d V dD D d D
V d V

+ + − − − +
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−  

( )
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2 1 2

1

1
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V D D d
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+ + −
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(a) 

 
(b) 

Fig. 6. Modes analysis of DAB converters with VDPS for buck operation: (a) VDPS_I; (b) VDPS _II. 
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shown in Fig. 8(b), the peak and rms values of iL are 
decreased with UDPS compared with that with CPS. The 
comparison of input current is shown in Fig. 8(c) and it 
indicates that the reactive current component delivered 
back to the source is minimized close to zero. Fig. 8(d) 
indicates that the reactive current delivered from the load is 
significantly reduced with UDPS control.  

Fig. 9 shows the performance comparison with the 
UDPS and CPS scheme in terms of the rms current and the 
PRL/Po under “d=0.5” for a whole operating range of power. 
The parameters used in the analysis are shown as: 
VDS1=0.2V, VDS2=3V, VS1=20V, N=6. The values of PRL/Po 

using the UDPS scheme are significantly reduced and the 
effective output power range corresponding to the PRL/Po 
less than 2% is extended from (0.25, 0.5) to (0.02, 0.5), as 
illustrated in Fig. 9(a). The rms current is significantly 
reduced, which contributes the minimization of the power 
losses. The inductor rms current values by using UDPS and 
CPS are compared and shown in Fig. 9(b). It indicated that 
the rms value of iL has been significantly reduced by using 
UDPS for the whole operating power range. Thus, the 
power device conduction losses and the magnetic losses 
will be reduced correspondingly. 

 
 

4. Power Loss Analysis 
 
The total power loss is divided into several parts: 

conduction loss of the power devices Pcond, switching loss 
of devices Psw, the loss of transformer and inductor Pmag 
and others. For the conduction loss Pcond, the calculation 
expression is: 

 
 ( )2 2

_ 11 212 2cond Q Q LP R R N I= +   (26) 
 

where RQ11 and RQ21 represent the conduction resistance of 
the primary and secondary MOSFETs, respectively.   

For the switching loss Psw, firstly the soft-switching 
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Fig. 7. Optimal phase-shift pairs distribution with UDPS 

versus the whole output power range under “d=0.5”
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Fig. 8. Performance comparison of two modulation strategies of CPS and UDPS under “d=0.5” and Po[p.u.]=0.15: (a) vT1; 
(b) iL; (c) iin; (d) io. 
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constraints for various modulation strategies are defined in 
order to determine whether the DAB converter operates in 
the soft-switching region [12]. If the constraints are 
fulfilled, only the switching-off losses are considered. Here, 
the complete calculation expression for P_sw is shown as 

 
( )( )

11 12 13 14 21 22 23 24_ 1 , , , , 2 , , , ,2sw S sw Q Q Q Q S sw Q Q Q Q on offP V I V I t t f= + +  (27) 
 

where Isw is the transition current of the MOSFETs, ton and 
toff represent the time intervals during switching on and off 
transients.  

The loss of transformer and inductor Pmag includes the 
winding resistive losses Pcu and the magnetic core losses 
Pcore. Their expressions are given by: 

 
 2

cu Ls LP R I=   (28) 

 core cP V kf Bα β=   (29) 
 

where RLs is the equivalent winding resistance, Vc is the 
core volume, B̂  is the flux density, and k, α and β  can 
be obtained in the core datasheet [21]. 

 
 

5. Experimental Results 
 
A prototype of DAB converter was built up and the main 

parameters include: VS1 =20V, d=0.5~2, Ls=1.73µH, fs= 
100 kHz, and deadtime Td =0.2µs. The primary devices 
are PSMN5R5-60YS and the secondary devices are 
STB13NM60N. The transformer turns ratio is 6 and the 
magnetic material is RM14-3F3 with leakage inductance 
1.73 µH. The theoretical maximum output power with the 
proposed UDPS is expressed by [2] 

 
 ( ) ( )2

max 1 8S s sP dV L f=   (30) 
 
With the main parameters of the built prototype, the 

expression for the theoretical maximum output power with 

the UDPS control is: 
 

 max 289P d=   (31) 
 
It shows that the ideal maximum output power is the 

function of the voltage conversion ratio d. Furthermore, the 
non-ideal parameters such as the device voltage drop, the 
parasitic resistance, and the deadtime show effects on the 
actual output power range. The output power boundaries 
for various operating modes are also affected, which have 
been discussed in [22]. 

Fig. 10 shows the configuration of the experimental 
setup. A variable DC voltage source is used as input source 
and a variable resistive load is used as the load. The output 
voltage VS2 is regulated and the output reference is 
symbolled as Vo_ref. The UDPS control scheme is adopted 
and each mode is selected by Pref. The phase-shift pair (D1, 
D2) is generated according to expression (24) and (25). 
DSP TMS320F2808 is used as the digital controller. A 
wide output power range is experimental measured with 
the built prototype. 

 
5.1 UDPS for low-power range 

 
Fig. 11(a) and (b) show the experimental waveform of 

0 0.1 0.2 0.3 0.4 0.5
0

1

2

3

4

5

Po [pu]

P
R

L/P
o

 

 
CPS
UDPS

 
(a) 

0 0.1 0.2 0.3 0.4 0.5
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2

Po [pu]

I rm
s[p

u]

 

 

CPS
UDPS

 
(b) 

Fig. 9. Performance comparison with the UDPS scheme and CPS under the condition of d=0.5 in terms of the rms current, 
and the PRL/Po; (a) PRL/Po versus Po; (b) the inductor rms current 

Fig. 10. Configuration of the experimental setup 
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vT1, vT2, and iL with CPS and DPS_II respectively for buck 
operation. The voltage ratio d is set as 0.6. According to 
(31), the ideal maximum output power is calculated as 
173.4W. Here, the actual power of 25W is used as the 
typical case for the low-power range. 

In order to the performance comparison, the peak and 
rms values of iL are recorded. The measured inductor peak-
peak and the rms values are 14A and 3.55 A respectively 
with DPS_II control. With CPS, the measured peak-peak 
and the rms values of iL are 22.6A and 5.89 A. The 
measured efficiency with DPS_II is improved from 67.5% 

of CPS to 90.1%. The efficiency improvement is more than 
20% under this condition. It verifies the advantages of the 
proposed UDPS in minimization the inductor rms current 
and improving efficiency. 

 
5.2 UDPS for high-power range 

 
Fig. 11(c) and (d) illustrate the measured waveform of 

vT1, vT2, and iL using the CPS and VDPS_I under “d=1.5”. 
According to (31), the ideal maximum output power is 
calculated as 433.5W. Considering the effects of the non-

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 11. Experimental results: (a) CPS under “Pout=25W, d =0.6”; (b) DPS_III under “Pout=25W, d =0.6”; (c) CPS under 
“Pout=250W, d =1.5”; (b) VDPS_I under “Pout=250W, d =1.5” 
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Fig. 12. Power loss distribution comparison with CPS and UDPS; (a) Low-power range: Po=25W; (b) High-power range: 
Po=250W 
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ideal parameters such as the device voltage drop, the 
parasitic resistance, and the deadtime, here, the actual 
power of 250W is used as the typical case for the high-
power range. The measured efficiency is 91.9% of CPS in 
comparison to 92.8% of VDPS_I, respectively. 

 
5.3 Power loss distribution analysis 

 
The power loss breakdown of DAB converters with CPS 

and UDPS are calculated and compared in Fig. 12. Fig. 12 
shows that Pcond is the dominant component in the total 
power loss. Considering the advantage of UDPS in 
minimizing the reactive current, both Pcond and Pmag are 
significantly reduced. 

 
 

6. Conclusion 
 
This paper has discussed the reactive power losses of 

DAB converter by using various modulation strategies. 
Complete reactive components are included in the 
proposed model, including that delivered from the load and 
back to the source. With the defined reactive power loss as 
the optimization objective, the optimal operating mode is 
determined. In order to achieve a complete output power 
range, an unified dual-phase-shift (UDPS) scheme is 
proposed. The proposed UDPS has the same output power 
capability as the conventional phase-shift (CPS) method. 
Furthermore, the UDPS scheme is easy-to-implement 
since only the direction of the leading phase-shift D1 is 
changed for different operating power range. The reactive 
current distribution and inductor rms current with UDPS 
and CPS are compared through simulation and experiments 
results. In the experiments, a scale-down prototype was set 
up to show the advantages of the proposed method. The 
power loss distribution was illustrated and the efficiency 
improvement was verified with experiments. 
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