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

Abstract—In this paper, the dual-active-bridge (DAB) DC-DC
converter with phase-shift control is explored extensively, and the
optimal performances obtained with different objectives are
comparatively analysis in each mode. Firstly, the principle and
operating modes of the TPS control are introduced in detail.
Secondly, the electrical characteristics of the converter in each
operating mode are systematically derived. Thirdly, the resonant
commutation in each dead-band is analyzed and the
soft-switching areas of the converter are obtained. Then, based on
the zero-voltage-switching (ZVS), the peak and root mean square
(RMS) of the inductor current, backflow power and operating
losses are taken as the optimization objectives, and the obtained
optimized results are contrastively analyzed. The commonalities
of the optimization results with different objectives in modes I, II,
and III are revealed, and the differences of optimization
characteristic in mode IV are present, as a guidance for practice
design and operation. Experiments are performed to demonstrate
the theoretical analysis.

Index Terms—Dual-active-bridge (DAB), inductor current,
ZVS, triple-phase-shift (TPS), backflow power, losses.

I. INTRODUCTION
UAL-active-bridge (DAB) DC-DC converters, as shown
in Fig. 1, have received extensive attention. Because of its

high power density, high voltage level, zero voltage switching
(ZVS), electrical isolation, bidirectional energy transmission,
and symmetrical structure, DAB converters have been
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increasing employed in various applications [1], [2], e.g., in
renewable energy systems [3], electric vehicles [4], solid-state
transformers [5], [6], battery energy storage systems [7].
The modulations of the DAB converter mainly adopt the

phase-shift-control (PSC) [1], which is also the basis of the
optimization analysis [8]. Single-phase-shift (SPS) control is
considered to be the simplest modulation strategy. It only
adjusts the phase-shift-angle (PSA) between the H-bridges, and
does not have the internal PSA in each bridge [9], [10]. Due to
the lack of control freedom, it is difficult to improve the
performance of the converter, therefore, it is not well accepted
[11]. For the dual-phase-shift (DPS) control, the H-bridges
have the same internal PSA, and the external PSA between
them can also be adjusted [12], [13]. However, only two PSAs
can be regulated, and the same internal PSAs limit the
flexibility of converter control. In addition, unlike the DPS,
only one H-bridge has an internal PSA in the
extended-phase-shift (EPS) control, and the AC side of the
other H-bridge is still a square wave, which also has two control
degrees of freedom [5], [14]. To improve the operating
performance, triple-phase-shift (TPS) control is proposed [15].
There are an external PSA and two internal PSAs that can be
different [16]. The TPS control has three control variables,
which further increases the control flexibility [17].
Although the converter modulation strategies based on PSC

are diverse, other modulation strategies can all be regarded as
special cases of TPS control [1], [18]. Thus, converter analysis
based on TPS control is universal.
Since the modulation strategy based on PSC is adopted, as

the control variables, the optimization of the PSAs in the
feasible region is necessary for the predetermined optimization
objective. Thus, it is important to study the optimized operation
of DAB converters. The constraints that need to be considered
in the optimization depend on various aspects, e.g., the
operation modes, ZVS, and control objectives, and so on.
In addition, the selection of the objectives for the optimal

operation of the DAB converter is diverse. The root mean
square (RMS) of the inductor current is the main reason for the
ohmic losses, such as line loss, and iron loss of the magnetic
devices. Taking it as the optimization objective, reference [11]
analyzes the characteristics of the converter’s optimized
operation under SPS, EPS and TPS control, respectively.
Reference [16] introduces an model to describe the analytic
expressions of the DAB converter under TPS control, and the
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optimal modulation scheme with minimum RMS of the
inductor current is derived. Similarly, the minimization of the
RMS current also necessary for three-phase applications [19].
Moreover, the peak current minimization is beneficial to reduce
current stress of the current, and can also reduce the magnetic
flux variation of magnetic devices, prevent magnetic flux
saturation and reduce hysteresis losses [20]. Reference [21]
proposes a general analysis method for DAB converters using
TPS control, and derives the control rules that meets the
required power transmission with the minimum current stress.
The reverse flow of energy is one of the disadvantages of

DAB converters, which is also defined as backflow power [5].
Backflow power does not contribute to the power transmission,
which is essentially caused by the reactive current [22]. The
larger the backflow power, the larger the RMS of the current,
and the lower the converter efficiency. Therefore, its
minimization is also necessary. Reference [23] establishes a
mathematical model of the DAB converter with a three-level
modulation by a harmonic analysis method, and proposes a
method for minimizing backflow power. Here, the modulation
strategy is similar to TPS control. Global optimal PSAs that
minimize the backflow power under four different operating
scenarios are presented in [24], and the efficiency improvement
of the proposed method is verified. In order to improve the
operating efficiency, it is necessary to analyze and optimize the
losses of the converter. An optimal modulation scheme that
enables minimum conduction and copper losses of DAB
converter an automotive application is presented in [25].
Reference [26] analyzes the switching characteristic of DAB
converter under DPS control, establishes a power loss model to
predict the dissipated power for each component. Further, the
efficiency-optimized characteristic is presented.
Considering the diversity of PSCs and optimization

objectives, there are abundant researches on different
optimization objectives under different modulation strategies.
However, the operating performances of the converters
obtained by different optimization strategies have not been
compared, and an integrated study is necessary. The TPS
control is adopted in the paper, which covers all other
phase-shift modulations. Moreover, the different optimization
objectives are considered for comparative analysis. As a
synthesis analysis of modulation and optimization of DAB
converter, the rest of paper is organized as follows. In Section
II, the TPS control and operating modes of the converter are
analyzed. The soft switching regions are derived in Section III.
In Section IV, the loss model of the converter is established. In
Section V, the optimization performances obtained by different
objectives are comparatively analyzed. Section VI is the
experimental verification and Section VII is the conclusion.

Fig. 1. Schematic of a DAB converter.

II. TPS CONTROL AND OPERATION MODE ANALYSIS

As shown in Fig. 1, the input voltage isU1, the output voltage
is U2, and the transformer turn-ratio is n : 1. Define Ths as a half
of a switching cycle, the voltages on the AC side of the primary
and secondary H-bridge are VAB and VCD respectively, and V’CD
is the primary equivalent voltage of VCD. In a half cycle, the
ratio of the time corresponding to the high level of VAB (VCD) to
Ths is defined as the duty ratio D1 (D2). The ratio of the phase
difference between VAB and VCD to π is defined as D3, and the
ratio of the dead-band to Ths is defined as DT. The energy from
U1 to U2 is defined as forwarding transmission, i.e., D3 ≥ 0.
Define the voltage ratio k = nU2 / U1. When k ≤ 1, to achieve the
ZVS operation, the duty cycle of the high-voltage side is
generally less than that of the low-voltage side, that is, D1 ≤ D2.
Only the forward energy transmission when k ≤ 1 is analyzed.

Fig. 2. Steady state waveforms of the DAB converter with the
TPS control. (a) Mode I. (b) Mode II. (c) Mode III. (d) Mode
IV.

Depending on the (D1, D2, D3), there are six operation modes
[1]. When 0 ≤ D3 ≤ 0.5 and 0.5 ≤ D3 ≤ 1, the transmission
powers are the same, and the operating characteristics will be
deteriorated significantly if 0.5 ≤ D3≤ 1 [1]. Therefore, only the
operation modes of 0 ≤ D3 ≤ 0.5 are analyzed. The steady state
waveforms of modes I, II, III, and IV are shown in Figs. 2(a),
(b), (c), and (d), respectively. Mode I is defined as the rising
edge of VAB from 0 to U1 lags the rising edge of V'CD from 0 to
nU2. Mode II is defined as the rising edge of VAB from 0 to U1

lags the rising edge of V'CD from -nU2 to 0, but it is ahead of the
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rising edge of V'CD from 0 to nU2, and the rising edge of V'CD
from 0 to nU2 lags the falling edge of VAB fromU1 to 0. Mode III
is defined as the rising edge of VAB from 0 to U1 lags the rising
edge of V'CD from -nU2 to 0, and the rising edge of V'CD from 0
to nU2 lags the falling edge of VAB from U1 to 0. Mode IV is
defined as the rising edge of V'CD from -nU2 to 0 and the rising
edge from 0 to nU2 lag the rising edge of VAB from 0 to U1, but
they lead the falling edge of VAB from U1 to 0.
The operating conditions of each mode are constrained as

1) Operation mode I:

1 2 32 0D D D    (1)

2) Operation mode II:
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3) Operation mode III:
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4) Operation mode IV:
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2 0
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(4)

To simplify the analysis, the effect of the dead-band is
ignored. Taking the mode I as an example, as shown in Fig. 2(a),
in the first half cycle of [0, Ts /2], the converter has eight
switching states. According to the operating waveforms of the
converter at steady state, the inductor current is
anti-symmetrical in each half-cycle, that is, iL(0) = -iL(Ts /2).
Therefore, the current of the inductor L at mode I can be
expressed as in (5), and t1-t7 are listed in Table I.
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where fs is the switching frequency.
According to Fig. 2(a) and Table I, the power reference is

defined as Pbase, and the normalized transmission power in
mode I can be derived as

7
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where P is the power. The maximum current is obtained at t = t7,
defined as ip, and the current reference is defined as ibase. The
normalized peak current

__

i
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p is expressed as
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The inductor current crosses the horizontal axis at time t = tz2.
Based on (5), tz2 is derived as
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For DAB converter, the backflow power is defined as the
part of the power returned to the input source in each switching
cycle. As shown the shaded area in Fig. 2(a), it represents the
integral of the feedback current on the time axis, which can
reflect the magnitude of backflow power. The normalized
backflow power is defined as
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For mode I, the backflow power cannot be reduced to zero,
because a certain backflow power is a prerequisite for the ZVS
operation of S3 and S4. The normalized RMS of the inductor
current is expressed as
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Similarly, the analysis of modes II, III, and IV is gives as
follows, and all time intervals are also listed in Table I.
According to the analysis, for modes II and III, the converter
operates without backflow power.
1) Operation mode II:
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3) Operation mode IV:
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III. ANALYSIS OF ZVS CONSTRAINTS
For the DAB converter, the premise for the switches to turn

on with ZVS is that their anti-parallel diodes are turned on. Due
to the symmetry, only half of the switching cycle is analyzed.
Taking the mode I as an example, the resonant commutations
in the dead-band are analyzed firstly in this section [15]. The
corresponding circuits are shown in Fig. 3.
During [t1, t2], as shown in Fig. 2(a), which is a dead-band, S1,

S3, and S7 are on, S6 is turned off at t1. The inductor L resonates
with C5 and C6 to complete the process of discharging C5 and
charging C6, and the equivalent circuit is shown in Fig. 3(a).
Since iL(t)≥0, the clamping effect disappears after C5 is
discharged, then d5 is turned on, so that S5 can be turned on at t2
with ZVS. The voltage of C5 is derived as

 5 1 5 5 1 5( ) sin ( )C mu t t U t t     (17)

where  655  / CCLn  ,   2
2

2
155 UtiZU Lm  ,  655 / CCLZ  ,

tanα5=U2/(Z5iL(t1)).
Similarly, according to Figs. 3(b), (c), and (d), the voltages of

parasitic equivalent output capacitors in [t3, t4], [t5, t6], and [t7,
Ts /2] are also expressed in (18).
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   


   
      
   

(18)

where tanα5=U2/(Z5iL(t1)),  878  / CCLn  , Um8=Z8iL(t3),
 878 / CCLZ  ,  434  /1 CCL  ,    22

2
544 nUtiZU Lm  ,

tanα4=nU2/(Z4iL(t5)),  434 / CCLZ  ,  212  /1 CCL  ,
   212

2
722 UnUtiZU Lm  , tanα2=nU2/(Z2iL(t7)),  212 / CCLZ  .

The resonant commutation in each dead-band of modes II, III,
IV can also be analyzed in the same way.

(a)

(b)

(c)

(d)
Fig. 3. Resonant commutation circuit of mode I. (a) Dead-band of [t1, t2]. (b)
Dead-band of [t3, t4]. (c) Dead-band of [t5, t6]. (d) Dead-band of [t7, Ts /2].

To achieve ZVS when the switch is turned on, it is necessary
to ensure that the energy storage of the inductor in the
dead-band is sufficient to complete the resonant charging and
discharging process of the parallel capacitors, and then turn on
the anti-parallel diode of the commutated switch. Operation
mode I is also analyzed in the following as an example.
For S1 and S2, the inductor current in the dead-band [t7, Ts /2]

is required to be greater than zero, that is, iL(Ts /2) ≥ 0. and the
voltage of C2 should satisfy Um2 ≥ nU2 according to its voltage
expression in the (18). The ZVS constraint is expressed as

 1 3 1 2(1 ) 2 max 2 ,4 2 1sk D kD kDT f L C C k      
(19)

For S3 and S4, the inductor current in [t5, t6] is required to be
less than zero, that is, iL(t6) ≤ 0, and the voltage of C4 should
satisfy Um4 ≥ U1-nU2 according to its voltage expression in the
(18). The ZVS constraint is derived as

 1 3 3 4( 1) 2 min (2 2) , 4 2 1sk D kD k DT f L C C k        
(20)

For S5 and S6, the inductor current in [t1, t2] is required to be
greater than zero, that is, iL(t1) = iL(t2) ≥ 0, and the voltage of C5
can resonate to zero based on its voltage expression in the (17).
This constraint is obtained as

1 2 0D kD   (21)

For S7 and S8, the inductor current in [t3, t4] is required to be
greater than zero, that is, iL(t4) ≥ 0, and the voltage of C8 should
satisfy Um8 ≥ U2 according to its voltage expression in the (18).
The ZVS constraint is derived as

 1 2 7 8max 2 ,4 s
kD kD kDT f L C C
n

      
(22)

Similarly, the ZVS constrains of modes II, III, and IV are as
follows:
1) Operation mode II:

  

 

1 3 1 2

1 2

2 3

(1 ) 2 max 2 ,4 2 1

1 2 0

sk D kD kDT f L C C k

D kD
k D D

     

 
   

(23)

2) Operation mode III:

 
1 2

1 2 max 2 ,4 /s

D kD

D kD kDT kf LC n


  

(24)

3) Operation mode IV:

 

 
 

 
 
 

1 3
1 2

1 3
3 4

2 3

2 3

2 ,
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4 2 1

2 2 2 ,
+1 2 max
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s
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kDT
k D kD
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k DT k
k D kD

k f L C C

k D D

k D D

  
     

    


  
  

   


  
   

(25)

In operation modes II and III, S3, S4, S5, and S6 are turned on
with critical soft-switching, which refers to as the zero inductor
current commutation in the dead-band. Essentially, the energy
stored in the inductor cannot complete the charging and
discharging of the equivalent output capacitors of the switches,
and it is difficult to obtain ZVS during the commutation. Let k =
0.6, substitute the converter parameters in Section VII into
(19)-(22), (23), (24) and (25), and combined with the mode
constraints in (1)-(4). The operating areas of the ZVS are
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shown in Fig. 4. The soft switching area is a small region of the
entire operating area in modes I and IV, while it is only a plane
in modes II and III due to the existence of equation constraints.

(a)

(b)

(c)

(d)

Fig. 4. ZVS operating areas of the DAB converter with TPS control. (a) Mode I.
(b) Mode II. (c) Mode III. (d) Mode IV.

IV. LOSS ANALYSIS

Semiconductor losses include conduction and switching
losses. In operation modes II and III, S3, S4, S5, and S6 are turned

on with critical soft switches, which causes energy losses in the
equivalent parallel capacitor. The energy losses are only related
to the parasitic capacitor and its voltage difference. In addition,
the converter can achieve ZVS at other times, and the switching
loss can be ignored.
The conduction losses are caused by the switches and their

anti-parallel diodes. Since the anti-parallel diodes only conduct
in the dead-band, the switch conduction loss is considered. To
simplify the analysis, it is assumed that the on-resistance of the
switches at the primary H-bridge is RCEL and the secondary
H-bridge is RCER. For the switch conduction loss Pcons, the
influences of commutation in the dead-band are ignored, which
is calculated as

 2 22 +cons CEL CER LrmsP R n R i (26)

In addition to the losses of semiconductor devices, the
operating losses also come from magnetic devices, including
inductor and transformer. To simplify the analysis, the skin
effect of high-frequency currents is ignored. Let the resistance
of the inductor coil be RL and the equivalent resistance of the
transformer coil to the primary side be Rtr, then the copper loss
of the magnetic device is derived as

  2
cu L tr LrmsP R R i  (27)

Core loss is related to core material and excitation. To
simplify the analysis, it is assumed that the core losses in the
magnetic devices are the same caused by sinusoidal and
non-sinusoidal excitation with the same RMS. At a given
frequency, the core losses of the transformer and inductor are
calculated as

  02= e
fe fe e e fe e Lrms

e

u u NP K B A L K V i
L


  

    
 

(28)

where Kfe is the iron loss coefficient of the magnetic core,
which increases rapidly with excitation frequency fs. Le is the
effective magnetic path length, Ve is the effective core volume,
u0 is the vacuum permeability and ue is the relative permeability,
N is the number of turns of the coil, β is the Stan-Metz
coefficient and irms is the RMS of the excitation current.
In summary, the operating losses PLoss of the converter is

obtained as

cons cu fe
Loss

base

P P P
P

P
 

 (29)

According to the above analysis, the operating loss is a
function of the RMS of the inductor current.

V. OPTIMIZED OPERATION

In this section, the peak and RMS of the inductor current, the
backflow power and the operating losses of the converter will
be taken as the optimization objectives in each mode, and D1,
D2, and D3 defined in TPS are used as the decision variables.
The operating mode and soft-switching constraints are used as
the limit of the operating area, and the desired transmission
power is added as an equality constraint. For brevity, the four
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single-objective optimization problems with constraints in each
mode are formulated as

   

        
          
        

Minimize  ,   ,   ,   I  II, III and IV

The mode constraints in  1   2 ,  3  and  4   

. . The ZVS constraints in  18 - 21   22 ,  23  and  24

The power constraints in  6   1

  in m

2 ,  14  and  16   

ode   p Lrms lossi Q i P

s t

  
 

 
  
 



(30)

(a)

(b)

(c)

(d)

Fig. 5. Global optimal solution evolution curves for different objectives in
mode I. (a) Peak current optimization. (b) Backflow power optimization. (c)
RMS of current optimization. (d) Operating losses optimization.

The optimization problems are solved numerically using the
particle swarm optimization (PSO) algorithm, and the
converter parameters are designed in Section VII. For the PSO
algorithm, Xi= (xi1, xi2,…, xin ) is the current position of the i-th
particle, and Vi = ( vi1, vi2, ..., vin ) is the current velocity. pbesti =
(pbest1, pbest2,..., pbestn) is the best position that the i-th
particle has experienced, and gbest = (gbest1, gbest2, ..., gbestn)
is the best position that all of the particles have experienced.
The velocity and position of each particle are updated by

        
    

     

1 1

2 2                 

1

g

1

 

1

  

i j i j i j i j

ij ij

i j i j i j

v m v m c r pbest m x m

c r best m x m

x m x m v m

    
  


   

(31)

where j denotes the j-th dimension in the n-dimensional space,
m denotes the iteration of the particle swarm to the m-th
generation, ω is the particle inertia, c1 is the cognitive
acceleration constant, c2 is the social acceleration constant, and
r1 and r2 are random numbers between 0 and 1. In the early
stages of the iterations, the algorithm needs to have a strong
global search capability to prevent prematurity. In the late
stages of the iterations, a more detailed search is needed to
speed up the convergence. Thus, the time-varying acceleration
coefficient and inertia weight factor are adopted.
Take the process of the algorithm searching for the optimal

solution in mode 1 as an example, Fig. 5 shows the evolution
curves of the global optimal solution, where Num represents the
generation of particles, and the legend in Fig. 5(b) can be
applied to all curves. For mode I, certain backflow power is
generated for S3 and S4 to achieve ZVS. This part of the energy
is related to the hardware parameters and input and output
voltages and has nothing to do with the transmitted power, so it
will have the same minimized backflow power at different
powers as shown in Fig. 5(b). For the same power, the optimal
solutions (D1, D2, D3) obtained by optimization of RMS current
and operating losses are almost the same, and the variables (D1,
D3) in the optimal solutions obtained by the optimizations of
backflow power and peak current are consistent with those in
the optimizations of RMS current and operating losses.
Because the transmission power, current peak and backflow
power are functions of D1 and D3, D2 can be any value in the
optimizations of backflow power and peak current as long as
the constraints are met. These characteristics can be reflected
by the convergences of the global optimal solution in Fig. 5.
Thus, for mode I, duo to the calculation of operating losses is
too complicated, the RMS of the inductor current can be used as
the minimum objective, and the other indicators can be
minimize simultaneously.
For operation modes II and III, there is no backflow power.

For a certain transmission power, similarly, the optimal
solutions (D1, D2, D3) obtained by optimizing these four
indicators in mode II are the same. Therefore, the current peak
and operating losses can also be minimized simultaneously in
operating mode II by using the RMS of the inductor current as
the optimization objective. For mode III, the transmission
power and current peak are functions of D1 and D2, D3 can be
any value as long as the constraints are met in peak current
optimization. But the optimal variables (D1, D2) obtained by the
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peak current optimization are consistent with those in the
optimizations of RMS current and operating losses. Similarly,
the strategy of taking the RMS of the inductor current as the
optimization objective to minimize other goals simultaneously
can also be adopted in mode III.

(a) (b)

(c) (d)
Fig. 6. Optimization results in operation mode I, II and III. (a) Peak current. (b)
Backflow power. (c) RMS of current. (d) Operating losses.

For operation mode IV, the corresponding optimal solutions
(D1, D2, D3) obtained by different optimizing objectives are not
the same, except for the optimal solutions obtained by the
optimizations of RMS current and operating losses. The
commonality of different optimizations in modes I, II, and III
no longer exists in mode IV. For different transmission power,
D2 is equal to 1 in all optimal solutions, which indicates that the
optimal operations of the DAB converter are always obtained
under EPS control in mode IV. For all operating modes, duo to
the global optimal solutions obtained by the optimizations of
RMS current and operating losses are almost the same, the
operating losses optimization will not be separately introduced
in the following analysis.
As shown in Fig. 6, the converter can operate at light load in

modes I, II, and III. When the transmission power is the same,
the operating characteristics of the mode III converter are far
worse than those of modes I and II. As the transmission power
increases, this gap becomes more and more obvious. Therefore,
mode III should be avoided at light load conditions. The
optimized operating characteristics of modes I and II are close,
and the current peak in mode I is slightly larger than that in
mode II. The power transmission range of mode I is much
lower than that of mode II.

(a) (b)

(c) (d)
Fig. 7. Optimization results with different objectives in mode IV. (a) Peak
current. (b) Backflow power. (c) RMS of current. (d) Operating losses.

As shown in Fig. 7, the legend shows the corresponding
optimization objective, and the optimization objectives in the
operation mode IV cannot be minimized at the same time. The
current peaks corresponding to the optimal solutions obtained
by the peak and RMS of inductor current optimization are close,
but the backflow power caused by the RMS optimization is
much larger than that in the other two optimization results. For
the RMS of current and operating losses, the performance
obtained by the RMS of current optimization is the best, but the
results obtained by peak current optimization are very close to
them, and the backflow power optimization is the worst.

VI. EXPERIMENT RESULTS
To validate the analysis and the optimization results,

experimental tests are performed. For the experimental
prototype, the input voltage is 50 V, and the output is connected
to a battery with a rated voltage of 12 V. IRF540NPBF
MOSFETs from Infineon Technologies are used, and the
dead-band is set to 0.5 us. Other parameters of the prototype are
shown in Table II.

TABLE II
PARAMETERS OF PROTOTYPE

Parameter Value Parameter Value

U1 50 V U2 10.8-14.4 V

fs 20 KHz DT 0.5 us

RCEL (RCER) 44 mΩ CL /CR 1.3/8.2 nF

Authorized licensed use limited to: Central South University. Downloaded on April 20,2022 at 04:18:33 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3135380, IEEE Journal
of Emerging and Selected Topics in Power Electronics

9

TABLE III
PARAMETERS OF TRANSFORMER

Parameter Value Parameter Value

Turns ratio 2.5:1 ue 119

Ae 170 mm2 Le 99 mm

Kfe 5.915 Lk 2.3uH

Rp /Rs 15.53/3.12 mΩ β 2.479

TABLE IV
PARAMETERS OF INDUCTOR

Parameter Value Parameter Value

LL 72.2 uH ue 60

Ae 229 mm2 Le 125 mm

Kfe 1.24 RL 8.9 mΩ

N 23 β 2.01

For the high-frequency transformer, there is a large margin
for the power level of the selected core, which is TDK ferrite
core ER42/15. The measured parameters of the transformer are
shown in Table III. Where Rp is the resistance of the primary
coil and Rs the secondary coil. Lk is a leakage inductor. The
inductor adopts the iron silicon aluminum powder core. The
measured parameters of the inductor are shown in Table IV.

(a) (b)
Fig. 8. Operation waveforms of mode I. (a) P = 5 W. (b) P = 50 W.

The operating waveforms of mode I at steady state are shown
in Fig. 8. The rising edge of VAB from 0 to U1 lags the rising
edge of VCD from 0 to U2, which causes the inductor current to
fall below zero. For different powers, the lagges time is the
same, which leads to the same drop in current. According to the
theoretical analysis, this part of the current is the condition for
S3 and S4 to complete the resonant commutation to achieve ZVS,
and it is also the cause of backflow power, which has nothing to
do with the transmission power. The experimental results are
consistent with the theoretical analysis. Based on Fig. 8, the
constraint of the ZVS on the direction and amplitude of the
inductor current increases the RMS of the current, which
degrades the operating efficiency. However, as the power
increases, the resulting RMS increase becomes smaller and
smaller.

(a) (b)
Fig. 9. Operation waveforms of mode II. (a) P = 5 W. (b) P = 75 W.

(a) (b)
Fig. 10. Operation waveforms of mode III. (a) P = 5 W. (b) P = 55 W.

Figs. 9 and 10 show the experimental waveforms of modes II
and III respectively. There are critical soft-switching state for
certain switching devices, that is, the inductor current remains
at zero during commutation, which can be demonstrated by the
experiments. For commutation in other dead-bands, the
direction of the inductor current can meet the soft switching
constraints in the corresponding operation mode according to
these waveforms. Based on Fig. 9, for mode II, the rising edge
of VAB from 0 to U1 does not lead to the rising edge of VCD from
zero to U2, which avoids the generation of backflow power and
avoids the increase in the RMS of the current. It is beneficial to
improve the converter efficiency. For mode III, the peak current
is significantly larger, and as the power increases, this trend
becomes more obvious according to Fig. 10.
Fig. 11 shows the waveforms of the optimized operation

obtained by different objectives in mode IV, where VCD is a
square wave, i.e., D2 =1. According to Figs. 11(d), (e), and (f),
the rising edge of VAB from 0 to U1 lags the rising edge of VCD
from -U2 to U2, and the inductor current crosses the zero
between them, which ensures that the inductor current is less
than zero when S4 is turned on and greater than zero when S5, S8
is turned on. As the transmission power decreases, the two
rising edges described above gradually approach the critical
state shown in Figs. 11(a), (b) and (c), which is close to the
minimum transmission power of mode IV. It can be seen from
the current waveforms in Fig. 11 that the current direction
satisfies the zero-voltage turn-on condition of all switches, but
in this mode, the inductor current that causes backflow power
increases significantly. By comparison, the optimized operating
waveforms obtained by different optimization objectives are
similar, which indicates that the converter's performance is
close in this mode.
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(a) (b)

(c) (d)

(e) (f)
Fig. 11 Operation waveforms with different objectives in mode IV. (a) Peak
current optimization when P = 65 W. (b) Backflow power optimization when P
= 65 W. (c) RMS of current optimization when P = 65 W. (d) Peak current
optimization when P = 125 W. (e) Backflow power optimization when P = 125
W. (f) RMS of current optimization when P = 125 W.

(a) (b)

(c) (d)
Fig. 12 Gate-source and drain-source voltages of switches in mode I when P =
5 W. (a) S1. (b) S3. (c) S5. (d) S7.

At light load, the converter can operate in modes I, II, and III,
and at heavy load only in mode IV. When the transmission
powers are the same, the operating characteristics of mode III
are far inferior to other modes. Therefore, for ZVS
characteristics, only operation modes I, II, and IV are analyzed.

Due to the symmetry of the converter operation, only the
gate-source and drain-source voltages of the upper switch on
each bridge are presented.

(a) (b)

(c) (d)
Fig. 13 Gate-source and drain-source voltage of switches in mode II when P =
5 W. (a) S1. (b) S3. (c) S5. (d) S7.

For mode I, theoretical analysis and current waveforms
demonstrate that all switches have excellent soft-switching
characteristics. As shown in Fig. 12, when the gate-source
voltages of the switches start to rise, the drain-source voltages
have dropped to zero, so the theoretical analysis is well proved
again. For mode II, in theoretical analysis, S1, S2, S7, S8 are
turned on with ZVS, and S3, S4, S5, S6 are critical soft switches.
Similarly, the corresponding voltage waveforms of mode II
when the switches are turned on, are shown in Fig. 13. Before
the switches S1 and S7 are turned on, the drain-source voltages
have dropped to zero, as shown in Figs. 13(a) and (d), and the
ZVS characteristics are satisfactory. By contrast, for the
switches S3 and S5, based on Fig. 9, the inductor currents are
zero when they are turned on, which cannot transfer the energy
stored in their parasitic capacitors and can not turn on the
anti-parallel diodes, which is called the critical soft switching
state. According to the voltage waveforms in Figs. 13(b) and (c),
this is hard switching. For mode IV, the experimental results
are consistent with the theoretical analysis, and all switches
have ZVS turn-on characteristics, as demonstrated in Fig. 14.

(a) (b)

(c) (d)
Fig. 14 Gate-source and drain-source voltage of switches in mode IV when P =
125 W. (a) S1. (b) S3. (c) S5. (d) S7.
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Fig. 15 shows the efficiency of the converter with different
optimization objectives measured in the experiments. At light
load, the efficiency of mode II is slightly higher than that of
mode I. Mode III has the worst operating characteristics, which
leads to its lower operating efficiency. At light load, as the
transmission power increases, the converter efficiency
gradually increases. At heavy load, the converter can only
operate in mode IV, the backflow power optimization has the
lowest efficiency, and the efficiency corresponding to RMS of
inductor current optimization is slightly higher than one peak
current optimization. At heavy load, as the transmission power
increases, the converter efficiency decreases. The operating
efficiency of mode IV is higher than that of mode II for the
same transmission power, which is close to the maximum
efficiency of the converter.

Fig. 15. Efficiency of the DAB converter.

At light load, comparing the optimization results of different
objectives with different operating modes, the converter should
avoid operate in mode III, and the performances of modes I and
II are close. All switches in mode I have excellent ZVS
characteristics, but a small amount of backflow power will be
induced. In mode II, only half of the switches are turned on with
ZVS, but there is no backflow power, and the operating
efficiency is slightly higher than that of mode I. For modes I, II,
and III, the RMS of the inductor current can be used as the
optimization objective because it can also minimize other
optimization objectives simultaneously. At heavy load, the
converter can only operate in mode IV, and the results of RMS
and peak current optimizations are close. The operating
characteristics of the converter with backflow power
optimization are worse. Thus, backflow power optimization
should be avoided at heavy loading conditions.

VII. CONCLUSION
This paper presents an in-depth comparative optimization

analysis for DAB converters with the phase-shift control in the
ZVS operating areas. As an integrated research of modulation
and optimization, the major efforts and contributions include: 1)
Since the other modulations are only special cases of it, the TPS
control is adopted in the paper, which covers all modulation
characteristics of phase-shift control. 2) The operating
characteristics and soft-switching areas of the converter with
TPS control are systematically derived, which is applicable to

related researches. 3) The optimization objectives analyzed in
the paper are extensive and representative. At light loads, on the
basis of the comparative analysis, the operating mode III is not
desirable due to its harsh characteristics. 4) The commonality
of the optimization results with different objectives in modes I,
II and III are revealed, and the RMS of the inductor current
can be used as the optimization objective in these modes
because it can also minimize other objectives
simultaneously. 5) The operating performances of the
converter obtained by different objectives are comparatively
analyzed in mode IV. It is not advisable for the backflow power
optimization, while the operating characteristics of the
converter obtained by the RMS and peak value of current
optimization are close, which can provide inspiration for the
selection of optimization objectives for heavy load conditions.
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