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A Dual-Side Variable Duty Cycle Phase-Shift
Modulation Strategy for DAB Converter With
Minimal Current Stress
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Abstract—Nowadays, dual active bridge (DAB) converters are
widely used due to the advantages of wide voltage regulation range,
high efficiency, and easy realization of soft switching. In order to
ensure the efficient operation of DAB, there are increasing studies
on three degrees of freedom modulation schemes, but the problems
of high current stress and narrow soft switching range especially
in light load range still affect the performance of DAB. Therefore,
a dual-side variable duty cycle phase-shift modulation (DVDM) is
proposed in this article, in which the duty cycles of the primary and
secondary side switches of DAB change simultaneously. Lagrange
multiplier method and Karush—-Kuhn-Tucker conditions are uti-
lized to optimize the peak-to-peak inductor current under DVDM
control, and obtains a complete optimized modulation scheme. By
comparing the RMS current and soft switching characteristics of
DVDM control with existing three degrees of freedom modulation
schemes, the advantages of the DVDM control can be proved.
Finally, a 250 W experimental prototype with 50 V input and 25
V output is built under 100 kHz switching frequency to verify the
above analysis. The obtained peak efficiency is up to 95.48%.

Index Terms—Dual active bridge (DAB), dual-side variable duty
cycle modulation (DVDM), peak-to-peak inductor current, soft
switching.

1. INTRODUCTION

OMPARED to ac microgrids, dc microgrids have higher
C efficiency, lower complexity of control systems, and better
connectivity with many types of energy storage systems and
renewable energy sources [1]. Therefore, dc microgrids are
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widely used and have great potential of development. The bidi-
rectional de—dc converter is one of the critical equipment of the
dc microgrids, which plays an important role in the bidirectional
flow of energy and the maintenance of system power balance.
Dual active bridge (DAB) converter has become a commonly
used topology in isolated bidirectional dc—dc converters due to
its advantages of wide voltage regulation range, bidirectional
isolation, high power density, and easy implementation of soft
switching. Moreover, it has good application prospects in pho-
tovoltaics [2], electric vehicles [3], and aerospace [4].

The traditional control method of DAB is phase-shift modula-
tion, which controls the transmission power by varying the phase
difference of the driving signals between different bridge arms.
Single-phase-shift (SPS) control can only adjust the phase-shift
angle between the full-bridges of the primary and secondary
sides, so the control method is simple. However, under light
load or voltage mismatch conditions, most switches can only
achieve hard switching, which may lead to high reactive power
and low efficiency [5]. Hence, researchers have proposed control
strategies with more degrees of freedom to improve the perfor-
mance of DAB [6], [7], [8], [9]. Extended-phase-shift (EPS)
control and dual-phase-shift (DPS) control are generally used
in the modulation scheme with two degrees of freedom. The
two full-bridges under DPS control have the same intra bridge
phase-shift. In [10], a current stress optimization control strategy
under DPS is proposed, which can greatly reduce the current
stress to improve efficiency, but it does not take the soft switching
characteristics into account. The characteristic of EPS control is
that only one side of the full-bridge has an inner phase-shift ratio.
By using Karush—Kuhn-Tucker (KKT) conditions to minimize
the backflow power [11], the efficiency is improved over a wide
operating range while decreasing current stress. Nevertheless,
the ZVS range at different power levels is relatively limited.

Triple-phase-shift (TPS) control is a typical three degrees
of freedom control strategy [12], [13], [14], [15], which has
flexible control methods and multiple schemes to optimize char-
acteristics such as current stress, RMS current, ZVS range, etc.
Fundamental duty modulation (FDM) proposed in [15] is also
one of TPS control methods, which utilizes the fundamental
component analysis model to figure out the optimal solution
that minimizes the inductor current, so as to achieve the purpose
of improving the ZVS range and efficiency of DAB. However, at
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light-load conditions, the RMS current is higher than traditional
TPS control which results in limitation of the improvement in
efficiency. Among the control strategies mentioned above, the
duty cycle of all switches is 50%, and the working waveforms
within half switching period are symmetrical, so they can also
be called as symmetrical duty modulation (SDM).

With the continuous deepening of the research on traditional
modulation schemes, researchers found that symmetrical induc-
tor current waveform under SDM may lead to serious circulating
power losses [16]. Many strategies optimize the inductor RMS
current [17], [18] or reactive power [19], [20], but it is difficult
to achieve ZVS for all switches in the full load range, especially,
the efficiency in low power range also needs to be improved.
Therefore, asymmetric duty modulation (ADM) schemes with
duty cycle less than 50% have been proposed [21], [22], [23].
ADM schemes are first used in dual active half-bridge (DAHB)
converters. In [22] and [23], ADM with two degrees of freedom
and three degrees of freedom for DAHB are proposed respec-
tively, in which the duty cycles on both sides of the transformer
can be changed, and the RMS current is minimized under a
given power. It is found that the ZVS ability under light load is
improved, and the efficiency advantage is significant. In [24], an
optimization scheme of ADM for DAB is discussed, in which the
full-bridge output voltage only has one continuous zero-voltage
period in one switching period. Based on the ADM scheme, the
peak-to-peak inductor current is optimized to obtain the optimal
asymmetric duty modulation (OADM) scheme. The results show
that compared with SDM scheme, the ZVS range is amplified,
in addition, the current-related losses are reduced, and the ef-
ficiency at light load conditions is increased by 2.5%—28.57%.
Although the number of soft switches is increased, there are still
five switches cannot be soft switched at light load. Chen et al.
[25] propose a modulation strategy with asymmetric compres-
sion duty cycle, which significantly reduces the RMS current
and current stress under light load, but there is a large loss in the
soft switching range and efficiency under heavy load.

Due to the issues of high current stress or narrow ZVS range
in the previously proposed modulation schemes, this article
proposes a dual-side variable duty cycle phase-shift modulation
(DVDM) control strategy based on EPS control and ADM
control, which has three degrees of freedom. Diverse from
the previous ADM scheme, the primary and secondary full-
bridges are driven by the same variable duty cycle pulsewidth
modulation (PWM) signal, so DVDM scheme actually controls
four variables with three degrees of freedom, which contributes
to better control performance without increasing control com-
plexity. Apart from the outer phase-shift angle between the
two full-bridges, there is an inner phase-shift in the primary
full-bridge. EPS control can be regarded as a special case of this
control strategy when the duty cycle of all switches is 50%. By
optimizing the peak-to-peak inductor current, the RMS current
can also be greatly reduced, which is lower than that of the
previous mentioned FDM and OADM schemes. In the high
power range, all power switches have soft switching capability,
and the ZVS range under light load is expanded compared to
existing OADM control, resulting in a significant promotion of
DAB efficiency.
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Fig. 1. Topology of DAB converter.

According to the comparative analysis with similar modula-
tion schemes, the advantages of the proposed DVDM scheme
can be summarized as follows.

1) Compared with other three degrees of freedom control,
the proposed DVDM scheme actually control four vari-
ables, which improves the control performance without
increasing the control complexity.

2) The proposed DVDM scheme not only broadens the ZVS
range but also decreases the RMS current across the
entire load range, effectively combining the advantages
of the ADM and SDM schemes. The performance under
light load can be significantly improved, while the high
efficiency under heavy load is not affected.

The rest of this article is organized as follows. Section II
introduces the working principle and mode classification of the
proposed DVDM scheme. In Section III, the global optimal
solution of DVDM scheme based on the peak-to-peak inductor
current optimization is derived. Section IV compares the RMS
current and soft switching characteristics of DVDM, FDM and
OADM schemes. Section V conducts experimental verification.
Finally, Section VI concludes this article.

II. WORKING PRINCIPLE OF DUAL-SIDE VARIABLE DUTY
CYCLE PHASE-SHIFT MODULATION

As the topology of DAB converter shown in Fig. 1, two
full-bridges on the primary and secondary sides are composed of
four switches respectively, connected through a high-frequency
transformer with the turns ratio of n and an inductor L. The
midpoint output voltages of two full-bridges are U, and U 4. L
is the sum of transformer leakage inductance and series auxiliary
inductance. U; represents the input voltage, and the output
voltage is Us. Cy and Co are used as input and output filter
capacitors respectively in the circuit. Specify f; as the switching
frequency and T as the switching period.

In order to better improve the efficiency and expand ZVS
range of DAB especially in light load application, an ADM
with three degrees of freedom is proposed. The main operation
principle and mode classification of DVDM are introduced as
follows.

The switches on both sides of the transformer are modu-
lated with variable duty cycles, while the driving signals of the
switches on the same bridge arm are complementary. The typical
drive signal waveforms of DVDM scheme are shown in Fig. 2.
The phase-shift ratio between the primary side switches Q1 (Q2)
and Q4 (Q3) is defined as the inner phase-shift ratio D1, and the
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Mode Transmission Power p”
1 4(-2D,D, -3D} +4D,D, +6D,D, —=3D,%)
2 8(-D,D, +2D,D,)

Fig. 2. Typical drive signal waveforms of the DVDM scheme.
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Mode classification of DVDM scheme.

D, <Dy <1-Dy-D1+D, < Dyt+D,

outer phase-shift ratio D is the phase shift between Q; and Q5.
Dy is defined as the phase-shift ratio between ()1 and Q3. In
other words, the duty cycle of Q; can be expressed as Dy+D;.
The duty cycles of Qs, @5, and Q7 are all the same as (.

Based on the unequal relationship between Dy, D1, and Do,
there are six modes depicted in Fig. 3 and the boundary condition
of them are listed respectively.

The conditions that Dy > Dg+Dy, Dy > 1-Dgy and Dy >
1-Dy-D1+ D4 are not considered, because the product of U
and U4 will be less than O for a long time which leads to the

3 4(~1+4D,—4D,’ +2D,—6D,D, — 4D, + 2D, +4D,D, —4D,*)

increase of reactive power and transformer losses. Here, mode
1 to mode 3 in which the duty cycle of )7 is less than 50%
(Do+D1 < 0.5) are analyzed, while mode 4 to mode 6 are not
considered as the power transmission capacity of them is weaker.
The operating waveforms of mode 1 to mode 3 are described in
Fig. 4.

Mode 1 is taken as an example to deduce the expression of
inductor current and transmission power. In a switching period,
the inductor current can be derived as

zL(to) + 22 (¢ — ) t e (to,t1)
in(t) + L2 (b — 1)t € (t,t2)
ir(to) + =l "U2 (t—ta) te(ta,t3)
ir(t) = < ip(ts) + ‘"U2 (t —t3) te (ts,ty) . (1)
ir(ts) t € (ta,t5)
ip(ts) + =2 (t — t5) t € (ts,t6)
i (te) + U1+"U’~’ (t—te) te€ (ts,tr)

According to the ampere-second balance principle, the inte-
gral of inductor current within one switching period is 0, that is

T,
/ in (£)dt = 0.
0

The voltage transmission ratio is defined as k = Uy/nU,. This
article only considers the case of k > 1. The current base value
in and transmission power base value P are defined as

_ nUs
IN = 577
PN — nU Uy *

@)

3

8fsL

Therefore, the initial value of inductor current can be obtained
as

ir(to)" =8k (—Do + Do* + Do D)
+8 (Do — Do® + Dy — D1* —2D¢Dy — Ds) .
“)
The per unit value of transmission power can be calculated as
1 to+Ts

PnTs

*

P = 'UABXiL(t)dt

=4 (—2D¢Dy — 3D1* + 4DyD5 + 6D Dy — 3D5”) .
(%)

The other two modes can be calculated similarly. The obtained
transmission power of different modes is given in Table I.
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Fig. 4. Operating waveforms under three different modulation modes.

III. OPTIMIZATION CONTROL STRATEGY BASED ON
PEAK-TO-PEAK INDUCTOR CURRENT

When considering the losses of DAB, conduction loss and
winding loss are directly proportional to the square of root mean
square (RMS) current. Therefore, RMS current is frequently
chosen as the optimization objective. However, the proposed
DVDM has three degrees of freedom, which brings about com-
plicated RMS current calculation and makes it difficult to be
optimized. The peak-to-peak inductor current (iz,,,) not only
has a simple expression, but also reflects the variation law
of RMS current. Hence, the control strategy in this section
takes the peak-to-peak inductor current as the optimization
objective.

According to the previous analysis, the minimum value of the
inductor current in mode 1 occurs at f; as (4), and the maximum
value occurs at #3, which can be derived as

ir(ts)" =8 [k(Do*+DoD1)+ (~Do*—D1*—2Dg D1+ D5)].
(©)

Therefore, the expression of izpp can be denoted as

irpp” = 8[k (Do) + (—=Dg — Dy + 2D,)]. )

In order to reduce the switching losses and enhance the trans-
mission efficiency, it is necessary to implement soft switching
of switches, which means decreasing the voltage of the switch to
0 before it conducts. For mode 1, the soft switching conditions
of all switches are i, (fp) < 0, i (1) < 0(Qy), ir(t3) > 0(Q2),
ir(ts) > 0(Q3), ir(t2) > 0 (Q5,8), ir(ts) < 0(Qs), irlts) <0
(Q7). Thus, the soft switching constraints can be concluded as
follows:

k(=Dg) + (Do +2D1 — Do) <0

k(—Do-‘rDQ—Dl)—i-(Do—i—Dl)ZO.
(k—1)Dy—D; =0

®)

t5 16

(b)

When dealing with optimization problems with equality and
inequality constraints, Lagrange multiplier method (LMM) and
KKT conditions are extensively used methods [26]. KKT con-
ditions describe some necessary conditions that the optimal
solution should satisfy. Taking the transmission power model
as the equality constraint, the soft switching conditions and
mode boundary conditions above are inequality constraints, and
i7,pp 18 the optimization target. The optimization problem can
be expressed as

min irpy” = 8[k (Do) + (—=Do — D1 + 2D>)]
st. p*=4(-2DyD; — 3D,* 4+ 4Dy D5 + 6D D3 — 3D>?)
0< D1 <D< Do+ D1 <05
Do+ D1+ Dy <1— Dy
k(=Dg) + (Do + 2Dy — Dy) <0
k(—=Do+ Dy — D)+ (Do + D1) >0

(k—1)Dy — Dy = 0. )

Then, the corresponding Lagrange polar equation can be
constructed

E (Dy, D1, Dy, 1) =8[k (Do) + (—Dog — D1 + 2D5))]

+2 [4(=2DoDy — 3D1* +4Do D2 + 6D, Dy — 3D5”) —p*].
(10)

Besides, the following KKT conditions need to be satisfied:

OFE OFE

= :0
9Dg » 9D
OE __ OE __ . (]1)
{ oD; — Vs a5 = 0
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TABLEII
EXPRESSIONS OF PEAK-TO-PEAK INDUCTOR CURRENT UNDER DIFFERENT
MODES

Mode Peak-to-peak Inductor Current iy,
1 8 k(Dy)+(~D, =D, +2D;)]
, 8[k(D,)+(-D,) |-8[ k(D,)+(~D, ~ D, +2D,) ],
max
8[k(D,)+(D,~D;)].8[ ~k(Dy)+(D, + D) ]
3 8 k(Dy)+(~Dy =D, +2D;)|

Therefore, the optimal solutions of three phase-shift ratios in
mode 1 can be obtained as
VP©

Do = 55 7m=
_ Vk-1Jp*

Dy == N
k=1y/p*

2v2
Further, the expression of minimum 47, with respect to the
k and p* under the optimal phase-shift ratio combination can be
calculated as

(12)
Dy =

Z.Lpprnin* = 4\/5\/ k— 1\/1?

According to the boundary conditions of mode 1, the trans-
mission power range of mode 1 is expressed as

0<p < k=2
<SPS

When DAB operates in mode 2, i*Lpp will get different ex-
pressions based on the unequal relationship of phase-shift ratios,
making the analysis more complex. However, according to (12),
the optimal phase-shift ratios of mode 1 satisfy D; = Dy, which
is the boundary between mode 1 and mode 2. Therefore, the
relationship of optimal solutions in mode 2 is also located at
this boundary, and its optimal phase-shift ratio combination is
identical with mode 1.

As for mode 3, the ZVS conditions are denoted as (15) shown
at the bottom of this page.

The 47, in mode 3 is the same as that in mode 1, and the
expressions of 7 under three modes are given in Table IL
Since optimization control analysis of mode 3 is similar to mode
1, the optimized three phase-shift ratios of mode 3 are

Dy =1L (k—1)V/1-p*
2 2Vk2—2k+2

(13)

(14)
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Hence, i7,, i, 1s expressed as
iLppmin” = 4 (k VA=) (k2 — 2k + 2)) .
The transmission power range of mode 3 is derived as follows:

2k -2
2 <p <L

17)

(18)

From (16), it can be found that D, and D satisfy the rela-
tionship D1+D2 = 0.5, which indicates that the duty cycle of
all switches remains constant at 0.5 and the optimization control
under Mode 3 is an EPS control actually.

In summary, at high power range p*c[(2k-2)/k*,1], DAB
operates in mode 3, while under the low power range p*€[0, (2k-
2)/k*], DAB operates in mode 1 (mode 2). The optimal phase-
shiftratio combination, corresponding transmission power range
of DAB converter, i7,,,,;,, and duty cycle of all switches under
mode | to mode 3 are given in Table III.

According to the analysis above, the closed-loop control of
the system under DVDM scheme can be achieved by regulating
the phase-shift ratio. Its closed-loop control block diagram is
shown in Fig. 5.

Compared the detected output voltage Us with the reference
voltage Us,et, the transmission power per unit value p* can be
obtained through the output of proportional integral controller
and the sampling current. Under specific input and output volt-
ages, the voltage transmission ratio and the mode boundary of
the modulation scheme are definite. By comparing the real-time
p* with the mode boundary, the desired operating mode can be
selected and Dy, D1, and D can be calculated. The optimal
phase-shift ratios are used to generate PWM signals to control
the switches of DAB converter, finally achieving the goal of
the output voltage tracking. The closed-loop control process is
implemented by the digital controller STM32G474RET6.

IV. CHARACTERISTIC COMPARISON ANALYSIS OF DIFFERENT
MODULATION SCHEMES

D, = (k—1)VI-p* (16)
2Vk2-2k+2 To demonstrate the advantages of the DVDM scheme pro-
Dy = i + % posed in this article, in this section, comparison is conducted
in terms of peak-to-peak inductor current, RMS current, and
k (=Do + Do* 4+ DoDy) + (Do — Do* + 2Dy — D1*> = 2DgDy — D3) <0
k (=Do + Do* + DyDy + Dy — D1) + (Do — Do> + Dy — D> = 2DyDy) >0 (15)
k (Do® + DoDy) + (2Dg — Do* + Dy — D1* —2DgDy + Dy — 1) >0 '
k (—2Dg + Dy + DoDy — Dy — Dy + 1) + (—Do* — D1* = 2D¢D1) < 0
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TABLE III
TRANSMISSION POWER RANGE, OPTIMAL PHASE-SHIFT RATIO COMBINATION, I1ppyin™ AND DUTY CYCLE OF ALL SWITCHES UNDER MODE 1 TO MODE 3

Transmission Optimal Phase-shift Ratio

Mode Power Range Combination inpnnn* Duty cycle of Q1, Q3, Qs, Q7 Duty cycle of Q, Q4, Qs, Qs
D = \/?
P NON
_ Vik-1yp° : :
10 osp <2 D,:i N NN Ry Lk
k 22 22k -1 202 k-1
b Jie-1p"
o2
_li(k—l)\ll—p‘
"2 ok —2k+2
_ k=1)1-p° >
3 k-2 < p - NI=p 4(1(7 (lfp”)(k‘72k+2)) 1 1
k Wk =2k +2 2 2
D _l+ (k*Z)\llfp*
4 a2k
A A 35 35
Us » U, | > <28 <8
B g2 R
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Fig. 6. Basic operating waveforms of DAB under FDM and OADM.
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optimization, and its operating waveforms are shown in Fig. 6(a). () (C)

With the optimized inductor current stress, the secondary side
inner phase-shift ratio is fixed to zero, and it only needs to adjust
the primary side inner phase-shift ratio and outer phase-shift
ratio, consequently its operation is relatively simple. OADM
control is shown in Fig. 6(b). The duty cycles of its primary and
secondary side full-bridges power switches vary independently.
When the duty cycle is all 0.5, it is a form of SPS control.

A. Peak-to-Peak Inductor Current Comparison

OADM control and DVDM scheme are both optimized for
the peak-to-peak inductor current. Therefore, the comparative
analysis of iy, under three modulation schemes is conducted
first. Fig. 7 depicts the curves of i1, changing with p* under
different values of k (k =2, k= 1.75, k= 1.5, and k = 1.25).

It can be observed that when k = 2, 7,,,,, under DVDM control
is significantly reduced compared with OADM control. As the
value of k approaches 1, the i1, obtained by DVDM tends to be
close to that of OADM, but it can still reach lower values in the

Fig.7. Peak-to-peak inductor current comparison curves of DVDM, FDM and
OADM when (a) k =2, (b) k =175, (c) k = 1.5, and (d) k = 1.25.

full load range. The peak-to-peak inductor currents of FDM con-
trol and DVDM control are not apparently different at medium
power range, while the optimization effect of DVDM control is
extremely prominent at light and heavy load conditions, with
irpp under DVDM far lower than the other two modulation
schemes. Therefore, in terms of optimizing the peak-to-peak
inductor current, DVDM has the best effect, followed by FDM
control, and the worst is OADM control.

B. RMS Current Comparison

High switch RMS current may increase the conduction loss
of the power switch, thereby affecting the efficiency of DAB.
Hence, fulfilling a lower inductor RMS current can help to
reduce the switch RMS current and improve the performance
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Fig.8. Inductor RMS current comparison curves of DVDM, FDM and OADM

when (a) k =2, (b) k = 1.75, (c) k = 1.5, and (d) k = 1.25.

of DAB. The comparison curves of inductor RMS current under
different control strategies at k = 2, k = 1.75, k = 1.5, and
k = 1.25 are given in Fig. 8. It can be seen from the diagram
that in the low and medium power range, the RMS current of
OADM scheme is evidently higher than that of DVDM and
FDM schemes. Similar to the case of the peak-to-peak inductor
current, the RMS current optimization effect of DVDM control is
also significant compared to FDM control when the transmission
power is extremely low or close to full load. In addition, the
higher the degree of voltage mismatch, in other words, the larger
the value of k, the more obvious the advantage of DVDM scheme
on RMS current. In general, the optimization control strategy for
the peak-to-peak inductor current in this article also effectively
diminishes the RMS current value, which has better effect than
OADM and FDM schemes.

C. ZVS Characteristic Comparison

With the increasing demand of high power density, the switch-
ing frequency is becoming higher and higher, hence the switch-
ing losses account for the main part of the circuit losses, and
ZVS characteristic is one of the important factors to evaluate
the converter performance.

In order to achieve zero voltage switching of switches, in ad-
dition to the inductor current direction at the switching moment,
the inductor also requires to provide sufficient energy to make
the junction capacitance of the switches fully discharged, which
can be expressed as

Loy 2
§LzL > CossU (19)
where Cgs is the output capacitor of the switch.

For the switches of primary side, U = Uy, and for the switches
of secondary side, U = Us. According to (19), the ZVS ranges of
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Fig. 9. ZVS range of DVDM, FDM and OADM over full power range.

three modulation schemes under different voltage transmission
ratio and transmission power are plotted in Fig. 9. All switches
in the colored area achieve soft switching, while in the blank
area, at least two switches are either hard switching or partially
ZVS conducting. Under FDM control, only @03 and Q4 switches
do not have soft switching capability in the low and medium
power range. DVDM control and OADM control can make all
switches realize ZVS in the medium and high power range, but
their ZVS ranges are smaller than FDM control. Besides, the
ZVS characteristics of DVDM are slightly better than OADM
control.

In conclusion, the comparison of DVDM scheme with other
modulation schemes is given in Table IV.

V. EXPERIMENTAL RESULTS

In order to verify the above-mentioned theoretical analysis, a
100 kHz 50 V/25 V 10 A laboratory prototype is built as shown
in Fig. 10. The electrical parameters and main components are
listed, respectively, in Tables V and VI. The IPPO83N10NS is
selected as the power switches of the primary and secondary
sides, which has the advantages of fast switching speed, low on
resistance, and low switching losses. To testify the advantages of
DVDM scheme, the experimental results of DAB under DVDM,
FDM, and OADM schemes at k = 2 are given, and the efficiency
curves of the above three schemes are compared.

Fig. 11 gives the steady-state operating waveforms at different
transmission power under DVDM control when k =2 and Fig. 12
shows the voltage and drive signal of switches under DVDM
control when k = 2, p* = 0.3. It can be seen from the figure that
when p* = 0.3, DAB operates in the low power section with the
same inner and outer phase-shift ratio, which means that )4 and
@5 turn on simultaneously. The duty cycles of all switches are
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TABLE IV
COMPARISON OF DVDM SCHEME WITH OTHER MODULATION SCHEMES

Modulation Scheme Modulation Type DOF Optimization Objective Constraint ZVS Range RMS Current
DVDM EPS+ADM 3 Peak-to-Peak current Mode Boundary+ZVS Medium Lowest
FDM in [15] TPS 3 RMS current Phase-Shift Ratio limitation Wide Relatively High
OADM in [24] SPS+ADM 3 Peak-to-Peak current Mode Boundary Narrow High

Fig. 10. DAB prototype.
TABLE V
DAB MAIN PARAMETERS
Parameters Value
Input voltage U, 50V
Output voltage U, 25V
Switching frequency f 100 kHz
Input capacitor C; 20 uF
Output capacitor C, 20 uF
Voltage transmission ratio k 2
Rated power P 250 W
TABLE VI
MAIN COMPONENTS
Components Model Parameters
L PQ3230/PC95 L=625uH
T EE4215/PC95 n=1,L,=185uH
Q IPPO83N10N5 Coss =337 pF

not 50%, and except for Q3 and ()4, the other switches achieve
soft switching. When p* = 0.6 and p* = 0.8, DAB operates in the
high power range with a duty cycle of 50% for all switches and
all switches implementing ZVS. Therefore, the working status
and ZVS performance are consistent with theoretical analysis.
Figs. 13 and 14 show the working waveforms under different
control strategies at k = 2, and p* = 0.2 or p* = 0.7, moreover,
peak-to-peak inductor currents and RMS currents are also listed.
The iz, and if;ms under DVDM are both the lowest, and the
irrms 18 relatively close to that of FDM at p* = 0.7. When
p* = 0.2, all switches under FDM control achieve ZVS, while
under DVDM, only Q5 and 4 do not realize zero voltage turn-
ON, and only @)1, @2, and @4 have soft switching performance

under OADM control. When p* = 0.7, all switches under the
three controls achieve soft switching. Therefore, in line with the
above analysis, DVDM has advantages in current optimization,
and outperforms OADM control in the ZVS characteristics but
not as good as FDM control.

The dynamic response waveform are shown in Fig. 15, which
displays the voltage and current waveforms when the output
power changes from 0.2 to 0.5 and then to 0.7. The results show
that when the load changes, the proposed closed-loop control
strategy can adjust the output power to the required value without
obvious current and voltage overshoot. The proposed DVDM
strategy does not have obvious negative impact on dynamic
performance.

In order to better reflect the advantages of DVDM control, the
efficiency of DAB under three modulation schemes over full load
range atk =2 and k= 1.5 is compared in Fig. 16. It can be spotted
that, when k = 2, the transmission efficiency of DVDM, FDM,
and OADM reaches the maximum value of 95.48%, 95.24%,
and 94.07% at p* = 0.6, respectively, while peak efficiency
locates at p* = 0.5 under k = 1.5. The efficiency of DVDM
has prominent improvement overall compared to OADM and
FDM, and under light load conditions, DVDM has most obvious
promotion over FDM. Besides, the efficiency of DVDM is 2.12%
higher than FDM at most and 1.76% higher than OADM at most.
In conclusion, under different voltage ratios, DVDM control can
achieve higher efficiency throughout the entire power range and
the improvement is more obvious at light load.

Since the losses of DAB mainly come from the conduction
loss and switching loss of power switches and the core loss and
copper loss of transformer and series inductor, this article also
analyzes the loss of different modulation schemes from these
four parts. The conduction loss is related to the RMS current
and ON-state resistance of the switch, and the copper loss is
also proportional to the RMS current. The switching loss is
associated with the energy when the switch is turned ON and
turned OFF, while the core loss model can be constructed by the
data manual of the core material and the modified Steinmetz
formula. The power loss distribution diagram under k = 2
obtained from the above analysis is shown in Fig. 17. With
the increase of transmission power, the core loss is basically
invariable, but the proportion of conduction loss and copper loss
increases gradually. Although there are two switches of DVDM
scheme operate in critical soft switching state under light load,
the current at turn-ON and turn-OFF time is low, resulting in
lower switching loss compared to FDM. In contrast, the OADM
scheme has a large number of hard-switching switches and the
highest switching loss. Furthermore, due to the best RMS current
optimization effect of DVDM scheme, the conduction loss and
copper loss over the full load range is always at a relative low
level.
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Fig. 11.  Experimental waveforms of DVDM when k = 2. (a) p* = 0.3. (b) p* = 0.6. (¢) p* = 0.8.
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Fig. 13.  Experimental waveforms of DVDM, FDM, and OADM when k = 2, p* = 0.2. (a) FDM : irpp, = 12.4A, iprms = 2.638A. (b) DVDM : i, = 12.0A,
iLrms = 2.39A. (c) OADM : ippp = 16.4A, iLrms = 3.778A.

) 0 7ZVs ) 0 7ZVs [SWA'S
Ua(50V/div) 0 NoZVS Ua(50V/div) 0 No ZVS Un(50V/div) 0 NoZVS
-
ir(10A/div) iL(10A/div) ir(10A/div)
Ucg(30V/div) == - - et Uea(30V/div) Uea(30V/div) — .
time(2ps/div) time(2us/div) time(2pus/div)
(a) (b) ©)

Fig. 14. Experimental waveforms of DVDM, FDM, and OADM when k = 2, p* = 0.7. (a) FDM : i1,pp, = 24.0A, it rms = 7.08A. (b) DVDM : i1, = 23.6A,
iLrms = 0.996A. (c) OADM : ippp = 29.6A, irrms = 9.131A.

Then, taking the peak-to-peak inductor current of DAB as opti-
mization objectives, the optimal control scheme of the full power

This article proposes anew DVDM scheme for DAB converter ~ range is obtained through LMM and KKT conditions. Finally, a
with three degrees of freedom based on EPS control and ADM 100 kHz, 250W DAB experimental prototype is built to verify
control, in which the duty cycle of the switches on both sides of  the effectiveness of the scheme. Compared with OADM and
the transformer changes simultaneously. First, the basic working FDM schemes, DVDM can achieve the lowest peak-to-peak
principle and operational characteristics of DVDM are analyzed. —inductor current and RMS current. The peak efficiency under

VI. CONCLUSION
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DVDM can reach 95.48%, which is up to 2.12% higher than
the other two control strategies at most, and the improvement
is most pronounced at light load. The experimental results are
consistent with theoretical analysis.
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