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Asymmetric Operation of DAB Converter with
Reduced Conduction Devices for Energy
Storage Applications

Mahi Teja Talluri
Kashem M. Muttaqi

, V. Karthikeyan

Abstract—This paper proposes an asymmetric operation of dual
active bridge (DAB) bidirectional converter by reducing the con-
duction devices count which improves the operating efficiency. It
also offers the advantages of elimination of circulating power flow
(CPF), extension of soft switching region, reduction in current
stress and smaller filter requirement. The paper describes the
detailed operating waveforms and analysis of power transfer for the
proposed asymmetric operation of the DAB converter. To analyze
the accurate power dissipation in each power component the loss
breakdown analysis is presented. The analytical results presented
in this paper and proposed operation of the DAB converter has
been verified through the experimental results.

Index Terms—Asymmetric Operation, Circulating Power Flow
(CPF), Current Stress, Dual Active Bridge (DAB).

I. INTRODUCTION

HE Dual Active Bridge (DAB) converter offers seamless

bidirectional power transfer at greater voltage conversion
ratios while providing isolation. It offers several benefits includ-
ing zero voltage switching (ZVS), zero current switching (ZCS),
smooth power transfer, increased efficiency, and a reduced size.
Yet, it is limited by circulating power flow (CPF), higher current
stress, and a confined ZVS range. The circulation power flow de-
fined as the power circulating in the high-frequency transformer,
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LV and HV bridges, based on the instantaneous difference in
phase between the HV and LV bridges’ output voltages. which
flows due to negative portion of output/input current.

In an effort to address these limitations, numerous methods
for modulation have been documented in the literature [1], [2],
[3]. The single phase shift (SPS) is the simple modulation tech-
nique for regulating the transfer of power in a DAB converter.
However, this causes increased current stress and a greater CPF
across the entire power spectrum.

In [4], the dual phase shift (DPS) modulation scheme is
proposed as a method to attain a broad power transfer range
and adaptability in regulating transmission of power during
low circulating power. [5] outlined the closed loop operation
employed with DPS modulation to regulate power transmission
for distribution grid applications.

A range of modulation techniques were proposed by re-
searchers in [6], [7], [8], [9], [10], [11], [12] with the aim of
improving the functionality of the DAB converter. Extended
phase shift (EPS) modulation is suggested in [6] as a means
to reduce the power consumed by the circulation at the input
voltage end. However, at the output voltage end, it is vulnerable
to circulation power. A hybrid modulation scheme has been pro-
posed in [7], which minimizes the CPF and improves efficiency.
In [8] triangle modulation is introduced as a means to achieve
zero-current switching (ZCS) across the entire power spectrum.
Nevertheless, its efficacy is dependent on the voltage conversion
ratio exceeding unity, as highlighted in [9]. To address this
limitation, an enhanced modulation technique was presented
in [10]. The DAB converter often suffers from hard switching
action which depends on the power and voltage conversion ratio.
Many efforts have been made to extend the ZVS operation. The
snubber/auxiliary circuits provide an optimal solution related to
hard switching but it reflects additional losses and cost. RCD
type snubber absorbs the voltage spikes during turn off but it
leads to low efficiency. Different types of snubbers are proposed
to avoid hard switching operation in [11], [12], [13], [14].

The efficiency of the DAB converter deteriorates due to pres-
ence of CPF. This paper is focused to eliminate the CPF by
reducing the conduction switch count to improve the efficiency.
The circulation power and current stress are increased when
the voltage conversion ratio deviates from unity [15], [16], [17].
Several studies have explored methods to minimize current stress
in DAB converters. A phase-shift modulation technique [18]
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Fig. 1  Proposed operation modes of DAB (a) Forward (b) Reverse.

and a hybrid modulation strategy [19] have been proposed to
minimize current stress. A bidirectional DC-DC converter for
EVs integrates PWM and Triple Phase Shift (TPS) modulation
for efficiency and current stress reduction [20]. In [6], the current
stress of DAB converter with EPS modulation has been analyzed
which states that EPS has better flexibility in control with
minimum current stress. In [16], zero circulating current (ZCC)
modulation technique has been proposed to eliminate the CPF
for entire operating range by introducing a limiting factor, and
thereby it improves the efficiency. In comparison to DPS and
SPS, DAB converters employs alternative modulation schemes,
particularly those necessitating dynamic power transmission
control, poses considerable challenges [5]. The Pulse Injection
Modulation (PIM) method for Current-Fed Dual Active Bridge
(CF-DAB) improves efficiency and reduces losses through opti-
mized modulation timing [21]. In [22], a semi dual active bridge
(S-DAB) converter is proposed to reduce the CPF and increase
in efficiency. However, it is not suitable for bidirectional power
transfer. In [23], anew DAB converter was proposed for medium
power transfer application by reducing the number of devices.
The active switches have been replaced with capacitor in one leg
of the inverter. However, the converter is not suitable for high
voltage conversion and large power transmission applications.
The Hybrid-Type DAB (H-DAB) extends the voltage range
using an auxiliary half-bridge and Extended Gain (EG) control,
validated in a 500W prototype [24]. Recently in [25], a novel
high-conversion ratio converter is proposed to obtain higher
efficiency by reducing number of active devices. However, it
has increased circuit complexity.

This paper proposes an asymmetric operation of DAB bidi-
rectional converter in which two active switches are disabled
to conduct in both forward and reverse mode of operation.
Compared to conventional symmetric operation, and the novelty
of this paper is to turn off a pair of switches during operation,
resulting in an asymmetric mode for the entire operation, which
increases power transfer capability, extends the soft switching
range, and reduces the number of conduction devices,. and
smaller filter requirement. thereby improving performance. For
filter design, GaN-based DAB optimization [26] and phase-shift
modelling [27] improve power density and performance. The
soft switching boundaries of HV and LV bridges are presented
in this paper. Analysis and experiments are performed to verify
the proposed operation.
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TABLE I
COMPARISON OF SEMICONDUCTOR DEVICE COUNT FOR CONVENTIONAL AND
PROPOSED OPERATION OF DAB

Semiconductor device count Total
Operation in each
of DAB Forward mode Reverse mode state
Switches Diodes Switches Diodes
Conventional 8 8 8 8 16
Proposed 6 8 6 8 14

II. PROPOSED ASYMMETRIC OPERATION OF DAB WITH SPS
AND DPS MODULATION

The equivalent circuit of the proposed DAB converter in
forward and reverse operating modes is shown in Fig. 1(a)
and (b), respectively. When compared to a traditional DAB
converter, the two active switches in both forward and reverse
mode of operation are disabled and hence not in conduction
state. Inductance L plays a crucial role in power transfer within
a DAB converter. V; represents the input DC voltage, while V;
represents the output DC voltage of the converter; n is turns
ratio of high frequency transformer; C; and Cs are the filter
capacitance at input and output voltage end, respectively; iiy,
and i, are the current flows at input and output respectively.
vy and vry are the AC voltages across HV and LV bridges,
respectively. The switches and diodes in Fig. 1 are denoted by
S; and D; (wherei= 1, 2....8).

The count of semiconductor devices during conduction in
each bridge of the DAB is compared in Table I for the proposed
and conventional operation. It brings up that the proposed oper-
ation requires lesser number of conduction devices in both the
mode of operation. Compared to conventional approach the loss
of the DAB converter is reduced due to disabling of respective
switches as shown in Fig. 1, hence itleads to increased efficiency.
In forward mode, the switches S5 and S7 are in off state, which
restricts the current to flow from source V5. Similarly, in reverse
mode the switches S; and S3 are in off state, which restricts
the current to flow from source V;. As a result, the CPF gets
eliminated in both the modes from the respective ends.

In the conventional symmetric operation, the switches S5-S7
in forward mode (S1-S3 in reverse mode) are in on state, but
the current flows through freewheeling diodes D5-D7 (D1-Ds in
reverse mode) and it leads to conduction losses in freewheeling



diodes. Once the inductor energy discharges through the free-
wheeling diodes the circulation current start flowing via switches
S5-S7 from source V5 due to their on-state condition. Hence,
the switching and conduction losses due to circulation current
occur in the respective switches. In the proposed asymmetric
operation, during forward mode, the switches S5-S7 (S1-S3 in
reverse mode) are in off state and the current flows through
the freewheeling diodes D5-D~ (D1-D3 in reverse mode) sim-
ilar to conventional operation. However, after inductor energy
discharges through the freewheeling diodes there is no path for
circulation current to flow due to off-state of switches S5-S7 in
forward mode. Hence the additional switching and conduction
losses are eliminated, thereby it improves the efficiency. Same
is true in reverse mode. In addition, it eliminates the CPF and
reduction in peak current stress of the switches. Compared to
HV bridge inverter, the LV side inverter has to handle larger
amount of current and with proposed operation the stress on
switches get lowered and it results in better life service of
switches. Among various modulation methods the global power
transmission is the maximum with the SPS modulation and the
power regulating capability is better with the DPS modulation.
Hence, this paper details the proposed asymmetric operation of
the DAB converter with SPS and DPS modulation and compares
it with the conventional symmetric operation.

A) SPS Modulation

The HV and LV inverter bridge generates square voltage wave
with a phase angle shift with respect to each other. Fig. 2(a) and
(b) illustrate DAB converter’s operating waveform. with SPS
modulation for conventional symmetric and proposed operation,
respectively and, d is the ratio of phase shift.

The voltage, input current and output current variations are
shown in these figures. In SPS modulation with conventional
operation, more circulation current flows at input and output
voltage ends of the DAB. In proposed operation, once the
inductor current reaches to zero, the LV bridge inverter gives
zero voltage since the switches S5 and S7 remains off. It can be
seen from Fig. 2(b) that the LV bridge inverter produces a three
level voltage. Hence, the circulating current gets eliminated in 7,
waveform as shown in Fig. 2(b), whereas in Fig. 2(a), the circu-
lating current exits. As it is a well-known fact that the maximum
power transmission can be achieved by keeping both HV and
LV bridge output to be square wave. But in proposed operation
of DAB in forward mode, the LV bridge produces three-level
voltage; hence the global power transmission is reduced.

B) DPS Modulation

There are two modes of control with DPS modulation: i) 0 <
dy <dy <1,andii) 0 < dy < dy < 1. Where, d; and dy are
inner and outer phase shift ratios, respectively. Fig. 2(c) and (d)
show the DAB converter’s operating waveforms for the proposed
operation. The switches S5 and S7 goes in off state in forward
mode at 75 and g instant, for the condition 0 < d; < dy < 1 and
0 <d, < dy < 1, respectively. After this instant the circulation
current at output voltage end becomes zero as shown in Fig. 2(c)
and (d). It can be noted that in proposed asymmetric operation

there is no negative current pulse in the output of the DAB as
shown in Fig. 2(b)—(d), whereas in symmetric operation it exists
as shown in Fig. 2(a). Absence of the circulation current at output
voltage end reduces the rms AC current in the output capacitor;
thereby DAB converter requires smaller filter capacitance.

III. POWER FLOW ANALYSIS

It can be found that the current waveform remains same in
every half cycle for both SPS and DPS modulation techniques.
The proposed asymmetric operation of the DAB converter has an
operating waveform similar to that of the symmetric operation,
except during the time interval between 1 to 75 in SPS modu-
lation. For DPS modulation, it is similar except during the time
interval between f5 to 3 and #1 to fo, for the conditions, 0 < d;
<ds <land0 < dy < dy <1, respectively. The various peak
inductor currents at different time instants can be determined
from the following expressions.

diL(t> (’UHv(t) — nULv(t))

at L W

When applying (1) in Fig. 2(b)-(d), at different instants, the
expressions of the peak output current for the proposed operation
with SPS modulation can be derived and listed in Table II.
Where, k = V1/nV5 is the voltage conversion ratio and f'is the
switching frequency. The power transmission of the DAB can
be found from the product of the average output current i, gy
and output voltage V5 and it can be written as follows.

p= Z.o_avg Va ()

io_auvg can be determined by considering the area under the curve
of i, as shown in Fig. 2(b). The generalized power expression
can be written for the SPS modulation as below.

Io avg = % (i (t2) +irp(t3)) (1 —di — ) + (i (t2)d1)]
3)

By substituting the current expression listed in Table IT at each
time instant in (3), the average output current can be determined.
Similarly, i,_gvq can be determined for DPS modulation in the
proposed operation. Thereafter, by substituting the i, _ay in (2),
the power transmission expression can be found for SPS and DPS
modulation in and listed in Table III. For convenient analysis,
the unified power transmission for SPS and DPS control can be
written in (4) and (5), respectively, as below.

P /4
p=— —d(6—5d) for0<d<1 %)
Py \ 9
_ P
p_PN

{432(6—5d2 —5d)—%(6-7d) 0<d <dy <1 )

4d2(1—d1—%d2) 0<dy<d <1

Where Py is the net power transmission in conventional opera-
tion and defined as

nViVp

P =
N U8fL

(6)
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Fig. 2. Operating waveforms of DAB converter: (a) SPS modulation for symmetric, (b) SPS modulation for proposed asymmetric; and DPS modulation for
proposed asymmetric (¢) 0 < d; <ds <1,(d)0<ds <d; <1.

For 0 < ds < 0.5, the P,,ax and P,;, can be written as

To achieve the power characterization, the maximum and
minimum power has been obtained in [17] for the conventional
operation of the DAB converter. In order to obtain the power ﬂ(6 — 5dy) di =0
characterization of the DAB converter for the proposed opera- Pmax = { (2 —3dy) di =d )
tion, the maximum power P,,x and minimum power P,;, has
been derived below by considering the constraints 0 < d; < do Prnin = {2d2 (22 — 3dy) di =dy (8)
<land0<dy <d; <1in(5). 2dy di=1-dy



TABLE II
VARIOUS PEAK CURRENTS OF INDUCTOR IN HALF SWITCHING CYCLE

Operating Mode iL Value iL Value
V. k V| k+1
0<d<l1 io(t2) I 2{ (2ka’ k+l)} io(t3) LY [+ —(k —1+d)}
SPS 2/L(2 2| 2k+1
nV. nV.
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Fig. 3  Relation curves of the unified power transmission.

For 0.5 < ds <1, only P,y is applicable and can be written

as

2
Pmin = §(10d2—7d22— 1);

di=1-d )

Using (7) to (9), the power characterization for the proposed

for DPS modulation, power transfer is effective up to 65%,
beyond which SPS modulation becomes necessary for optimal
performance.

A) Soft Switching Analysis

In order to achieve ZVS, the DAB converter must operate
with soft switching conditions of i,(f2) > O for the LV and
io(t3) > 0 for the HV bridge [12]. These inequalities in output
currents satisfies for the following condition of phase shift ratio
d obtained from first row of Table II and Fig. 2(b).

asymmetric operation of DAB with SPS and DPS control is
shown in Fig. 3. Furthermore, using (6) the power transmission
curve is compared with the conventional symmetric operation of
the DAB with SPS control, which is also plotted in Fig. 3. It can

Foriy (t2) > 0,

FOFiL(t3) >0,

k1
d -
~ Tk

d>1—-k

(10)

1)
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Fig.5 Comparative unified current stress of DAB converter in (a) SPS modulation, and DPS modulation for (b) 0 <ds <dj < 1,and (c)0<d; <d2 < 1.

Fig. 4 clearly depicts the regions of soft switching. The region
B+C+D indicates soft switching, while the region A+E~+F
indicates hard switching for DAB using asymmetric SPS mod-
ulation.

Soft-switching region of A+B pertaining to CS operation

Soft switching region of B4-C+D for PA operation

The hard switching region for PA operation is the area of
A+E+F

The region A+B denotes the soft switching area during
symmetric operation. The area D represents the extended soft
switching region with asymmetric operation. The circuit design-
ers are usually interested in the voltage conversion ratio k and
the unified power transfer characteristics of the DAB converter.
It can be concluded that, the soft switching regions are extended
in proposed asymmetric operation.

B) Comparative Analysis of Current Stress

For the purpose of comparison, the unified current stress G
for the SPS symmetric [15] and proposed asymmetric operation
is defined in (12) and (13), respectively.

7, (T
Gsps-cs = Zﬁ( ) _ 2(2d - 1+k) (12)

avg

Cip(ts)  4(k+1)
Gsps—pa = Ty 2kt 1)(k 1+d) (13)
Where
P() TL‘/Z

I(w =3I T or71 14
Y} (14)

Fig. 5(a) shows the comparative current stress using (12) and
(13), as a function of k. Similarly, the unified current stress of
DAB converter with DPS modulation is defined in (15)—(18)
below

i)0<dy <d; <1

i (ts)
Iavg

Gpps—cs = =2[k(1 —di)+ (di +2d, — 1)] (15)

< d; <d; <1, are shown in Fig. 5(b) and (c), respectively

in(ts)

Ak + 1)
Qk+1)

Gpps—pa = (k—14+dy) (16)

Iavg

TABLE IV

EXPERIMENTAL SETUP PARAMETERS

Parameter Experiment
Vi, Vs 30V,12V
Converter Rated Power 180 W
Inductance (DAB converter) 5uH
Switching Frequency 100 kHz
Nominal battery voltage 12V
Transformer rating 100 kHz,1 kVA
Transformer Turn ratio 2:1

ii)0<d; <dp<1

t
G'pps-cs = Zﬁ( )y [k(1 = di) + (di + 2dz — 1)]
avg
(17)
’ _ig(ts) _ 2(k+1)
G pps-pa = Ty 2k 1)(k? 1+d) (18)

Using (15)—(18), the comparative unified current stress of the
DAB converter for the constraint of 1) 0 < dy < d; < 1 and ii)
0 <dj <dy <1, are shown in Fig. 5(b) and (c), respectively.

As observed from Fig. 5, the current stress increases propor-
tionally with the voltage conversion ratio k across the entire
operating region. The proposed asymmetric operation effec-
tively reduces the current stress in the DAB converter compared
to conventional symmetric operation. Furthermore, the current
stress performance of the proposed asymmetric modulation is
compared with other popular reported techniques, including
SPS, TPS, and EPS in Fig. 5(b) and (c). The results demonstrate
that the proposed approach achieves lower current stress than
the conventional symmetric method while maintaining compet-
itive performance with advanced modulation techniques. The
comparative analysis is performed considering the parameters
listed in Table I'V. The peak current stress of the output has been
measured in the symmetric and proposed asymmetric operation,
which is shown in Fig. 6. The current stress of symmetric oper-
ation is consistently higher than that of asymmetric operation at
the same power transmission.

IV EXPERIMENTAL RESULTS

In order to validate the analysis mentioned above, an exper-
imental setup developed and executed employing a controller
FPGA Spartan 3AN processor. The experimental waveforms
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of viv, viv, o and ij,, have been obtained for the following
parameters listed in Table I'V.

At a frequency of 100 kHz, the tests have been conducted
for both square and PWM waveforms in both H bridges. In
normal operation, the voltage conversion ratio k is thought to
be 1.25. The HV and LV bridges are considered identical. To
handle higher current ratings, PCB tracks reinforced with copper
strips and IRF250N MOSFET devices are used in the bridges.
While the intrinsic body diode of the MOSFET is sufficient for
low and medium power applications, high-power applications
require the integration of dedicated ultra-fast recovery diodes.
The laboratory experimental set up is shown in Fig. 7. In order
to implement the proposed asymmetric operation additional
control logic of disabling the respective switching pattern based
on power transfer direction has been incorporated. The experi-
mental outcomes of the proposed asymmetric operation of DAB
with SPS and DPS modulation are illustrated in Figs. 8 to 12 and
verified. The results for viv, viv, i, and i;, with SPS modulation
in symmetric and proposed asymmetric operations are shown in
Fig. 8(a) and (b), respectively.

As seen from Fig. 8(b), it validates zero circulation current
at output voltage end with asymmetric operation, whereas in
symmetric operation it exists as shown in Fig. 8(a).

Similarly, in reverse mode of operation the experimental
results have been obtained and presented in Fig. 9(a) and (b) for
symmetric and proposed asymmetric operations, respectively.
Aforementioned theory presented in section II, the LV and HV
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Fig. 8 Experimental results showing vy (CH1), vi,y (CH2), i, (CH3) and
iin (CH4) with SPS modulation in forward mode for (a) symmetric, (b) proposed
asymmetric operation.

Tek __JL M Pos: 0.0005 Tek __JU | Tivd M Pos: 0.000

4 d L Voriage o

Voltage ()

anhge(v) —\r-du\.—d-w—'u'-.\.un-.‘_u’\.

H\/l:/llage (mhk

s r’l v Bt
j: N\ N\ ’/:- avL / / /. ) G s i ik .;utpnrre—m.(u& 5 iy

Inpug current (i)

A A
JJ/\"’“/\«-."M/-*\.

Ontpmcu rent (i) |
/""K’,J‘f -/'/-,4-_/ ,/-,-\

W 'S v \
14 npn: current (i)
........................ R AT ity CN‘IJL‘MMSMAH
4 1000 98009 CH4 2004
(@ (b)

Fig. 9  Experimental results showing vy (CH1), vi,y (CH2), i, (CH3) and
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Fig. 10  Experimental results showing viry (CH1), vy (CH2), i, (CH3) and
iin (CH4) with SPS modulation in reverse mode for mode for (a) symmetric, (b)
proposed asymmetric operation.

bridges produce a three-level voltage in forward and reverse
mode, respectively in asymmetric operation, which can be val-
idated by the experimental results of Figs. 8 and 9. To confirm
the proposed asymmetric operation in forward mode with DPS
modulation, the experimental results are displayed in Fig. 10(a)
and (b), for the conditions 1) 0 < dy <d; < landii) 0 <d; <
dy < 1, respectively.

Similarly, Fig. 11(a) and (b) shows the experimental results
with DPS modulation in reverse mode of asymmetric operation.
As discussed earlier, the peak current stress of DAB increases
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proportional to k. To confirm this experimental result is captured
for k = 1.75 and 2.5 in forward mode of operation with SPS in
Fig. 12(a) and (b), respectively. Fig. 12(a) and (b), shows the
changes in i,, follows with respect to Viy and Vi . It clears that
the peak current stress increases in proportion to k.

A. Loss Estimation

The efficiency of the DAB converter in the proposed asym-
metric operation can be estimated using cumulative losses in the
converter [28], [29]. A loss breakdown in the DAB converter
has been considered. The total power losses PL;t4 Of the DAB
converter can be evaluated as below,

PLtotal = PswaV + PswaV + PcondeV

+Pcond—LV+Ptr+PL+PC (19)

where Pgy,_11v and Py, v are switching losses of the HV and LV
bridge, respectively; Pcond-rv and Peond.1v are the conduction
losses of the HV and LV bridge, respectively; Py, is the trans-
former loss; Pr, and P¢ are the inductor and capacitor losses,
respectively.

The loss breakdown of the DAB converter is shown in
Fig. 13(a). From the estimated loss, it is observed that the
switching loss of 4.9 W contributes more than other losses in the
DAB converter. Finally, the comparative efficiency is measured
and plotted in Fig. 13(b), with respect to power transfer for
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Fig. 13 (a) Loss breakdown of DAB converter with proposed asymmetric
operation, (b) comparative analytical and experimental efficiency graph for
symmetric and proposed asymmetric operation of DAB with variation of power
transmission.

conventional symmetric and proposed asymmetric operation of
the DAB. It can be seen from the figure that the efficiency
with the proposed asymmetric operation increases by 4%. The
efficiency graph converges to conventional symmetric operation
beyond 80% of power transmission as explained earlier.

V. CONCLUSION

This paper proposes an asymmetric operation of DAB con-
verter to enhance the efficiency by reducing the conduction
devices count and elimination of CPE. The detailed operating
waveform for the proposed asymmetric operation of the DAB
converter and the analysis of power transmission with SPS and
DPS modulation has been discussed. The proposed asymmetric
operation offers the important advantages of circulation power
flow (CPF) elimination at output voltage end, reduction in
current stress, extension of soft switching region and smaller
filter requirement. The range of soft switching for LV and HV
bridge inverters are extended in the asymmetric operation com-
pared to symmetric operation. The experimental results validate
the proposed asymmetric operation of the DAB converter. The
power dissipation has been obtained through the loss breakdown
analysis to measure the efficiency. The proposed asymmetric
operation expands the efficiency upto 4%. However, it has the
limitation of power transmission up to 0.8 times of symmetric
operation. Hence the efficiency improvement can be achieved



up till 0.8 times of maximum power transmission and thereafter
the efficiency is equal to conventional symmetric operation of
the DAB converter.
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