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Abstract—The increasing penetration of distributed generators
in low-voltage distribution grids may lead to distribution trans-
formers, also a smart transformer, experiencing the reverse power
flow, which is less as compared to the forward power flow in the
current electric grid. This article proposes an asymmetrical bidi-
rectional dc–dc (AB-DC/DC) converter, which has two partial-scale
rectifiers of an active bridge and a diode bridge connected in
parallel at the secondary side, with less cost of power semicon-
ductors and the capability of bidirectional operation to satisfy the
realistic condition. The proposed AB-DC/DC converter works as a
single active bridge under forward power flow condition, while it
works as a dual active bridge under reverse power flow condition.
The solutions to share the active power under forward operation
and suppress the circulating power under reverse operation are
proposed, respectively. The simulation and experimental results
both clearly validate the effectiveness and feasibility of the proposed
AB-DC/DC converter.

Index Terms—Asymmetrical bidirectional dc–dc (AB-DC/DC)
converter, dual active bridge (DAB), smart transformer (ST).

I. INTRODUCTION

A SMART transformer (ST) can provide the dc connectivity
and reduce grid reinforcements caused by integration of

high penetration of distributed generator (DG) and electric vehi-
cle (EV) charging stations [1]–[3]. Thus, the ST is a promising
solution for increasing the hosting capability of DG and EV
charging stations in low-voltage (LV) distribution grids [1].

Generally, the direction of power flow in distribution trans-
formers, also the ST, is from the medium-voltage (MV) to the
LV side. This feature only requires the unidirectional operation
capability of an ST (forward operation mode). However, due to
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the continuously increasing penetration of DGs and the asyn-
chronous behavior between the power generation of DGs and
the power consumption in loads, the ST will experience reverse
power flow (i.e., from LV to MV side) [4]–[6]. Compared to the
forward power flow, which can reach the rated power of the ST,
the reverse power is less and only appears few hours per day [4].
Such behavior indicates that if the power-electronics-based ST
is designed with a full scale of bidirectional power rating, it will
lead to unnecessary cost increase of the hardware. Thus, the
design objective of the ST in this article is to satisfy the asym-
metrical power flow and, meanwhile, save the cost of hardware.

Based on the industrial demonstrating projects and academic
research [7]–[11], the modularization is a promising solution to
design the architecture of the ST (solid-state-transformer) due to
the capability of fault redundancy and flexible scalability. If no
real MVdc grid is needed, the cascaded H-bridge (CHB) plus a
dc–dc stage can transfer the voltage from MVac to LVdc with less
power semiconductors and less cost as well, as shown in Fig. 1.

Regarding the dc–dc stage, a single active bridge (SAB) [9],
dual active bridge (DAB) [7], [10], SAB-based series-resonant
converter (SAB-SRC) [11], and DAB-SRC are all the potential
candidates. The SAB-SRC and DAB-SRC can improve the
efficiency as compared to the DAB, but the DAB has better
performance in terms of the dc voltage regulation, due to higher
controllability. The SAB-SRC and SAB can significantly reduce
the cost of power semiconductors in the secondary side but can
only operate in the forward mode as compared to the DAB.
The unidirectional operation cannot satisfy the reverse power
operation requirement of the ST. In contrast, the DAB can
flexibly operate in both directions, but leads to unnecessary cost
increase of the power semiconductors due to only partial power
and short period per day operating in the reverse mode.

This article proposes an asymmetrical bidirectional dc–dc
(AB-DC/DC) converter. In the proposed AB-DC/DC converter,
a full-scale active bridge is used in the primary side, while a
partial-scale diode bridge and a partial-scale active bridge are
connected in parallel in the secondary side. However, such a
configuration suffers from two challenges in terms of power
sharing and circulating power between the diode bridge and
the partly scale active bridge in forward and reverse operation
modes, respectively.

When power converters are connected in parallel, circulating
currents may appear among them [12]–[16]; these were reported
typically for grid-connected active inverters and active dc–dc
converters in a parallel configuration, where they desire an
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Fig. 1. Architecture of the CHB+DAB-based ST.

equal shared power. The low-frequency component is generally
caused by the injected zero-sequence component in the reference
voltages to increase the dc-link voltage utilization, and the high-
frequency components are caused by the asymmetrical turn-ON

and turn-OFF of the power semiconductors in parallel converters
in each switching period. In contrast, the proposed AB-DC/DC
converter works as an SAB in the forward operation mode, and
the secondary-side two bridges are equivalent as two parallel
diode bridges. Due to the conduction mechanism of the diode
bridge, no circulating power exists between them. In contrast,
when the proposed AB-DC/DC converter works in the reverse
mode, since power circulating is between an active bridge and
a diode bridge, the ideas used in the aforementioned circulating
suppression were based on paralleled active converters and no
more suitable for the proposed AB-DC/DC converter.

Since the conventional DAB converter has only one input
and one output bridge, there do not exist the aforementioned
power sharing and circulating issues that aroused in the proposed
converter. The DAB converter has been extensively studied
in terms of efficiency optimization and dynamic improvement
over the past decade [17]. The efficiency can be improved by
using various modulation strategies, e.g., modulation index and
phase-shift-based modulation [18], extended phase-shift mod-
ulation [19], dual phase shift [20], and triple phase shift [21]
to reduce or eliminate the reactive power. The dynamic per-
formances of the DAB are improved by either improving the
modulation [22] or feeding forward load currents [23]. A voltage
feedback and feedforward control was proposed to balance the
dc-link voltage and power of the DAB in solid-state transformer
applications [7].

Based on the operating mechanism of the AB-DC/DC con-
verter, this article proposes effective strategies to accurately

Fig. 2. Proposed AB-DC/DC converter with full-scale power in forward oper-
ation and partial-scale power in reverse operation. (a) Concept of the proposed
AB-DC/DC converter. (b) Topology of the proposed AB-DC/DC converter.

share the power in forward operation and to eliminate the
power circulation in reverse operation. The rest of this article
is organized as follows. Section II introduces the proposed
AB-DC/DC converter topology and its forward and reverse
operation modes, and as well as the comparison of cost and
performance. In Section III, the power sharing design in forward
operation, circulating power suppression in reverse operation,
and the control scheme of the overall system are proposed.
Simulation and experimental results are shown in Sections IV
and V, respectively. Section VI concludes this article.

II. PROPOSED AB-DC/DC CONVERTER

A. Topology of the Proposed AB-DC/DC Converter

The idea of the proposed AB-DC/DC converter is shown in
Fig. 2. The rated power of the AB-DC/DC converter is 1.0 p.u.,
and the rated power of the MOSFETs in the primary-side H-bridge
is 1.0 p.u. In contrast, the rated power of MOSFETs is only k p.u.
(k < 1.0), and the rated power of diodes in the secondary-side
H-bridge is 1.0 p.u., as shown in Fig. 2(a). Since no existing
commercial MOSFETs have different power ratings of the MOSFET

and the body diode, in practice, to obtain different power ratings
of the MOSFET and the diode, an extra full-bridge diode rectifier
(FBDR) (1− k p.u.) is connected in parallel with a full bridge
active rectifier (FBAR) (k p.u.) at the secondary side, as shown
in Fig. 2(b).

The operation modes of the proposed AB-DC/DC converter
include forward and reverse operation modes, as shown in
Fig. 3(a) and (b), respectively. Under the forward operation
mode, k p.u. power flows through the FBAR and (1− k) p.u.
power flows through the FBDR, while under the reverse opera-
tion mode, only k p.u. power flows through the FBAR.
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Fig. 3. Power flow in the proposed AB-DC/DC converter under (a) the forward
operation mode and (b) the reverse operation mode.

TABLE I
PARAMETERS OF CREE SIC 1.2-KV DEVICES @100o

B. Cost Comparison of the DAB and the AB-DC/DC Converter

In the CHB-based ST, the input and output dc-link voltages
of the dc–dc converter both can be designed as 800 V [10].
Moreover, in order to reduce the power losses and increase
the efficiency, wide-bandgap devices could be used instead of
conventional silicon-based devices. Thus, for a 30-kW dc–dc
converter module, the 1.2-kV SiC-MOSFET and the SiC diode
are chosen, as shown in Table I.

Since only the secondary side of the proposed AB-DC/DC
converter is different as compared to the conventional DAB,
the choice of the devices only focuses on the secondary-side
converters. The SiC MOSFET C2M0025120D (1.2 kV, 60 A
@100o) is used as the reference device in the DAB. In the
proposed AB-DC/DC converter, to obtain 0.4 p.u. reverse power
capability, based on the product list of SiC devices, there are two
options, e.g., SiC diode C4D30120D (64 A) used in the FBDR
and C2M0080120D (24 A) used in the FBAR, named as AB-
DC/DC-1; and 2xSiC diode C4D10120D (2*25 A) in parallel
(50 A) used in the FBDR and SiC MOSFET C2M0080120D (24 A)
used in the FBAR, called as AB-DC/DC-2.

It is very difficult to precisely estimate the cost, because the
price of the power semiconductors is dependent on the market
competition, distributor, and quantity acquired. As a general
case, the cost of the SiC devices was obtained directly from
the devices manufacture Cree Wolfspeed [24]. The power semi-
conductor cost of the secondary-side converter of AB-DC/DC-1
and AB-DC/DC-2 is reduced by 28% and 44%, respectively.
In order to clearly show the significance of the proposed AB-
DC/DC converter in hardware cost reduction, referred to [25],
the detailed comparison of the CHB+DC/DC stage in a 1-MVA
ST is shown in Fig. 4, where MFT is the medium-frequency
transformer. The hardware cost of the DAB is about 85.78%
of the CHB+DAB stage in a 1-MVA ST. AB-DC/DC-1 and
AB-DC/DC-2 can reduce 8.61% and 11.3% cost of hardware
as compared to the DAB converter, as shown in Fig. 4(b).

Fig. 4. Hardware cost comparison (a) between the CHB+DAB stage and the
DAB and (b) among DAB, AB-DC/DC-1, and AB-DC/DC-2 in a 1-MVA ST.

TABLE II
QUALITATIVE COMPARISON OF BIDIRECTIONAL

ISOLATED DC–DC CONVERTERS

C. Performance Comparison

A qualitative comparison with other commonly used soft-
switching isolated bidirectional dc–dc converters is provided
in Table II. In general, these converters can achieve high
power density. The comparison focuses on complexity, current
stresses, number of components, costs, and limitations in load
regulations.

The proposed converter has two different control modes with
respect to the power flow direction. Even though both control
modes are easy to be implemented, the control system of the
proposed converter has a slightly higher control complexity as
compared to that of others, which only have one control mode.
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Fig. 5. Comparison of the DAB and the proposed AB-DC/DC converter in
terms of (a) current stress and (b) power losses.

Resonant converters, such as the LLC and the SRC, show best
performance with frequency control (50% duty cycle). However,
the operation across a wide frequency range leads to a complex
optimization procedure in the converter design (e.g., filter de-
sign). The compared topologies are voltage-sourced topologies.
The absence of an input filter in the topologies leads to similar
input voltage ripples. Due to the similar operation principle
between the AB-DC/DC and the DAB, the resulting voltage
spikes are comparable.

Furthermore, a detailed comparison with the DAB is provided
in Fig. 5. The transformer rms currents, which give insight about
the device current stresses, are evaluated, as shown in Fig. 5(a).
In comparison, the current stress is about 3.6% higher in the pro-
posed AB-DC/DC converter as compared to the DAB converter.
The power losses are also higher than the DAB converter, but
with increasing the inductance ratio, L21/L31, from 1 up to 4,
the power losses can be reduced from 1.47 to 1.26, 1.16, and
1.09 p.u., as shown in Fig. 5(b).

III. CONTROL STRATEGY OF THE PROPOSED

AB-DC/DC CONVERTER

As analyzed above, the proposed AB-DC/DC converter can
effectively save the cost. However, two corresponding issues
need to be solved, e.g., how to share the power in the forward
operation mode and to suppress the power circulation between
two parallel full bridges under the reverse operation mode.

A. Power Sharing Under the Forward Operation Mode

Under the forward operation mode, the FBAR in the sec-
ondary side is turned OFF and then operates as an FBDR as
well. Consequently, the secondary side of the AB-DC/DC con-
verter can be equivalent as two FBDRs connected in parallel,
as shown in Fig. 2(b), and the power sharing between the two
FBDRs needs to be properly designed avoiding damaging power
semiconductors, as shown in Fig. 3(a).

Fig. 6. Detailed waveforms of the AB-DC/DC converter working at the
forward-mode (a) discontinuous current and (b) continuous current.

Under the forward operation mode, to operate properly, the
converter input bridge is controlled by means of δ1, determined
by the working conditions, and the detailed ideal waveforms of
the AB-DC/DC converter are shown in Fig. 6, where vT1, vT2,
and vT3 are the terminal voltages at the transformer secondary
side, the leg voltage of the FBAR, and the leg voltage of the
FBDR, respectively, as shown in Fig. 2(b).

Based on Fig. 6, the quantitative calculation of inductor
currents in the secondary side of the AB-DC/DC converter
under current discontinuous and continuous conditions can be
expressed as (1) and (2), respectively. It is noted that, in practice,
voltage oscillation may appear when ac is equal to zero under
current discontinuous mode due to the parasitic elements

iL21(θ) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

nVi − Vo

ωL21
θ, 0 < θ ≤ δ1

nVi − Vo

ωL21
δ1 − Vo

ωL21
(θ − δ1) , δ1 < θ ≤ δ2

0, δ2 < θ ≤ π

(1)

iL21(θ) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

nVi + Vo

ωL21
θ + iL21(0), 0 < θ ≤ δ2 − π

nVi − Vo

ωL21
(θ − π + δ2), δ2 − π < θ ≤ δ1

iL21(δ1)− Vo

ωL21
(θ − δ1), δ1 < θ ≤ π

(2)

where L21 = L31 + 2L2.
According to the voltage and second balance theory, as shown

in Fig. 6, the relationship between the voltages and duty cycles
can be obtained as

nViδ1 = Voδ2. (3)
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Fig. 7. Profile of power sharing in the forward operation mode.

Based on Fig. 6, the average active power flowing through the
FBAR, as shown in Fig. 3(a), can be obtained as

PFBAR_F =
1

π

(∫ δ1

0

vT2iL21(θ)dθ +

∫ δ2

δ1

vT2iL21(θ)dθ

)

.

(4)

By substituting (1) into (4), the power flowing through the
FBAR can be obtained as

PFBAR_F =
nViVo

2πωL21
δ21

(
nVi

Vo
− 1

)

. (5)

Similarly, the current in the FBDR, iL31, can be easily ob-
tained by replacing L21 with L31 in (1) and (2), respectively,
and then, the power flowing through the FBDR can be obtained
as

PFBDR_F =
nViVo

2πωL31
δ21

(
nVi

Vo
− 1

)

. (6)

Based on (5) and (6), the power sharing ratio between the
FBAR and the FBDR is determined by the inductance ratio, L21

and L31, directly, as follows:

Pratio =
PFBAR_F

PFBDR_F
=

L31

L21
. (7)

Based on (7), the relationship of the power sharing between
the FBAR and the FBDR is clearly shown in Fig. 7. The power
sharing between the FBDR and the FBAR can be accurately
achieved by changing the ratio of the inductance. Then, to get
a constant output power, the angle δ1 is calculated accordingly
with (5). As can be observed, zero in the ratio L31/L21 leads
to more power in the FBDR. When the ratio is increased more
power goes through FBAR. The power is equally shared when
the ratio is equal to 1; this means that both inductances are equal.

B. Circulating Power Suppression Under the Reverse
Operation Mode

When the proposed AB-DC/DC converter operates in the
reverse mode, the FBDR is blocked due to the limited capability
of unidirectional power flow and the FBAR works as an active
bridge instead of a diode bridge in the forward operation mode.

Fig. 8. (a) Circulating power flow and (b) equivalent circuit of circulating
power under the reverse operation mode.

Fig. 9. Detailed waveforms of the AB-DC/DC converter working at the reverse
mode.

In the reverse mode, it is important to consider how to avoid
the circulating power between the FBAR and the FBDR in the
secondary side, as shown in Fig. 8(a), and its equivalent circuit
is shown in Fig. 8(b), including two inductors, voltage at the
secondary side of the transformer terminal, vT1 (nVi), output
voltage (Vo), and a diode used to represent the diode bridge in
the FBDR. If the voltage of vT1 is positive and higher than vo,
then the diode rectifier will conduct leading circulating current,
i23. In order to eliminate this current, it must be ensured that
the FBDR will not conduct, and an effective way is to keep the
output voltage higher than nVi, i.e.,

nVi < Vo. (8)

Then, according to this operation, steady-state waveforms of
the proposed AB-DC/DC converter, in the reverse mode, are
shown in Fig. 9, where a duty-cycle-based control is adopted to
easily reduce the switching losses. Now, the FBDR is disabled;
this means that no current flows through it, and this is because
the output voltage is increased to avoid the circulating power. In
this mode, the proposed AB-DC/DC converter is working as a
conventional DAB, and the active bridge in the primary side is
controlled by means of δ1.
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Fig. 10. Control block diagram of the proposed dc–dc converter.

At the steady state, inductor currents in the reverse operation
mode are described by

iL21(θ)

=

⎧
⎪⎪⎨

⎪⎪⎩

− Vo

ωL21
θ + i0, 0 < θ ≤ δ1

nVi − Vo

ωL21
(θ − δ1)− Vo

ωL21
δ1 + i0, δ1 < θ ≤ π

(9)

where i0 is the initial current, and δ1 + δ2 = π.
Since the current is symmetrical in π, the initial current i0 can

be obtained as

i0 =
1

2ωL21
(Voπ − nViδ2) . (10)

Based on (9) and (10), the power flowing through the FBAR
in the reverse operation mode can be obtained as

PFBAR_R = − nViVo

2ωL21
δ2

(

1− δ2
π

)

. (11)

The negative sign in (11) means that the power is going in the
reverse mode.

C. Control System Description of the Proposed AB-DC/DC
Converter

Based on (5), (6), and (11), it clearly shows that under the
forward operation mode, the duty cycle, δ1, (0 ≤ δ1 ≤ π/2),
based voltage control can be used, while under the reverse
operation mode, the duty cycle, δ2, (−π/2 ≤ δ2 ≤ 0) based
voltage control can be adopted. The details of the modulated
voltage waveform under forward and reverse operation modes
are shown in Figs. 6 and 9, respectively.

The control block diagram of the proposed AB-DC/DC con-
verter is shown in Fig. 10. Based on the direction of power flow,
a flag signal is generated to enable switching the voltage control
mode, as well as voltage reference between the forward and
reverse control. It is noticed that the integrator in the voltage
controller needs to be reset when the control mode is changed.
The dynamic performances of voltage control during working

TABLE III
SIMULATION SYSTEM PARAMETERS

Fig. 11. Simulation results of the impacts of the inductance ratio on power
sharing under the forward operation mode with (a) L21/L31 = 2, (L31 =
40µH and L21 = 80µH) and (b) L21/L31 = 4 (L31 = 20µH and L21 =
80µH).

mode switching is different because the converter can provide
the rated power to response the change of voltage setpoint
when switching from the reverse mode to the forward mode,
while from the forward mode to the reverse mode, the dynamic
response of voltage control is mainly determined by the amount
of reverse power.

IV. SIMULATION RESULTS

The proposed AB-DC/DC converter was designed and numer-
ically simulated. The simulation parameters are summarized in
Table III, and the system configuration is the same as in Fig. 2(b).

A. Power Sharing Under the Forward Operation Mode

The results obtained in the forward operation mode are shown
in Fig. 11, where the output voltage, inductor currents, and
voltages vT1 and vT2 are shown. The output dc voltage is
regulated at 180 V.

When the power sharing ratio is L21/L31 = 2, which means
that the FBDR handles twice of the power than the FBAR, the
current iL31 is double of iL21, which confirms that the FBDR
handles double power, as shown in Fig. 11(a). The voltage
waveforms of the bridges (vT1 and vT2) are in good agreement
with the theory.
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Fig. 12. Simulation results of the proposed AB-DC/DC converter under the
reverse operation mode (a) without and (b) with the proposed circulating power
suppression.

Fig. 11(b) shows the operation of the proposed AB-DC/DC
converter but considering a different inductance ratio. In this
case, the ratio is 4; then, the FBDR handled four times energy of
the FBAR in the forward operation mode; the inductor L31 has
been reduced to 20 μH. As can be observed, the current of the
FBDR is increased, and the FBAR current is reduced. The output
power is the same as the case of in Fig. 11(a); then, clearly, it
can be observed how the power is shared in a controlled manner.

B. Circulating Power Suppression Under the Reverse
Operation Mode

The simulation results under the reverse operation mode are
shown in Fig. 12. Fig. 12(a) shows the operation of the system
not satisfying (8); for this, Vo is set to 180 V, which is the same
as in the forward operation mode; then, a circulating power
appears between the FBDR and FBAR, but this power does not
go to the primary side, leading extra power losses and potentially
destroying the power semiconductors. As can be observed, the
circulating current increases the amplitude of iL21 and iL31.
Also, it must be noted that, in order to compensate for the power
flow in the FBDR, the active bridge handles more power than
required (see the current level).

To avoid this, the converter must be operated satisfying (8)
and then operated as in Fig. 12(b). Compared to Fig. 12(a), the
circulating current is reduced to 0 A; the amplitude of iL31 is
0 A and that of iL21 is significantly reduced. The output voltage
is regulated to 210 V, which can effectively avoid the circulating
current between the FBDR and the FBAR in the secondary side.
Again, voltage waveforms of the bridges (vT1 and vT2) are in
good agreement with the theory.

C. Transient Performances

The results under transition are shown in Fig. 13. The pro-
posed control strategy can fast change from one operation mode
to another in 0.004 s. From forward operation to reverse op-
eration, with the increase of the output voltage, vo, from 180
to 210 V, the current in the FBDR, iL31, fast decreases to zero
and only the FBAR works, as shown in Fig. 13(a). On the other
hand, when the operation mode changes from reverse to forward
operation, the output voltagevo is reduced from 210 to 180 V, and

Fig. 13. Simulation results of transitions (a) from the forward operation mode
to the reverse operation mode and (b) from the reverse operation mode to the
forward operation mode.

Fig. 14. Photograph of the experimental prototype.

then, currents in the FBAR and the FBDR are properly shared,
as shown in Fig. 13(b).

V. EXPERIMENTAL RESULTS

A 1-kW experimental prototype was designed and built in
the laboratory, with the photograph as shown in Fig. 14. The
converter consists of three bridges, as shown in Fig. 2(b), two
active bridges, and one diode bridge. Different tests were carried
out to illustrate the effective operation of the proposal.
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Fig. 15. Experimental results of the proposed converter under the forward
operation mode with (a) 1-kW and (b) 0.6-kW power (L21 = L31 = 40µH).

A. Forward Operation Mode

The experimental results of the proposed AB-DC/DC con-
verter working at various load conditions with the same power
sharing ratio are shown in Fig. 15, where L21 = L31 = 40μH.
The power is 1 kW in Fig. 15(a) and 0.6 kW in Fig. 15(b). In these
two cases, the current ratio between the FBAR and the FBDR
(iL21 and iL31) in Fig. 15(a) and (b) is almost the same, i.e., 1:1
with slightly deviation, due to the measured error of inductances.
Thus, Fig. 15 validates that the AB-DC/DC converter can work
properly with various load conditions when the power sharing
ratio is fixed.

The experimental results of the AB-DC/DC converter power
sharing capability are shown in Fig. 16, where L21 = L31 =
40μH in Fig. 16(a) and L21 = 80μH and L31 = 40μH in
Fig. 16(b). It can be seen that the current of the FBAR and the
FBDR is almost the same, i.e., 1:1, as shown in Fig. 16(a), while
the FBDR current is about two times of the FBAR current, i.e.,
2:1, as shown in Fig. 16(b). The experimental results in Fig. 16
match well with simulation results in Fig. 11(a) and theoretical
analysis in Fig. 7.

B. Reverse Operation Mode

Under the reverse operation mode, the experimental results
of circulating power suppression when the power sharing ratio
is different are shown in Figs. 17 and 18, where the power

Fig. 16. Experimental results of power sharing under the forward operation
mode with 0.8-kW power. (a) L21 = L31 = 40µH. (b) L21 = 80µH and
L31 = 40µH.

Fig. 17. Experimental results of circulating power suppression under the
reverse operation mode with 0.3-kW power (a) without and (b) with the proposed
control, when L21 = L31 = 40µH.
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Fig. 18. Experimental results of circulating power suppression with 0.3-kW
reverse power (a) without and (b) with the proposed control, whenL21 = 80µH
and L31 = 40µH.

sharing ratio between the FBDR and the FBAR is 1:1 and 2:1,
respectively.

As shown in Fig. 17(a), without the proposed circulating
power suppression, the directions of the FBDR current iL31 and
the FBAR current iL21 are opposite, indicating power circulation
between the FBAR and the FBDR, and the circulating current is
equal to iL31. In contrast, with the proposed control, the FBDR
current iL31 is completely suppressed to zero, which means the
circulating current is zero as well, and thus, no power circulates
between them. Similar to Fig. 17, the experimental results in
Fig. 18 clearly show that the proposed control can effectively
suppress the circulating power under the reverse operation mode,
and the FBAR current iL21 is smaller than no circulating power
suppression. The results in Figs. 17 and 18 both validate the
correctness of the theoretical analysis and the simulation results
in Fig. 10.

As shown in Figs. 17(a) and 18(a), when the FBAR inductance
L21 is increased from 40 to 80μH, the circulating power is
increased dramatically, which will significantly increase the
power losses and reduce system efficiency. Moreover, the uncon-
trolled circulating power will lead to overloading of the FBAR.
Therefore, the proposed power circulating suppression solution
has more contribution when the power sharing ratio is different.

C. Dynamic Performances and Efficiency

The dynamic performances of the proposed AB-DC/DC
converter are shown in Fig. 19. In Fig. 19(a), the output power

Fig. 19. Experimental results of dynamic performances. (a) Change from the
forward operation mode to the reverse operation mode. (b) change from the
reverse operation mode to the forward operation mode.

is 500 W at the forward operation mode, and the ac current in
the FBDR and the FBAR is equal, and then, due to the reverse
power (−300 W), the output dc-link voltage arises from 180
to 210 V, the ac current in the FBDR, iL31, reduces to zero,
and all the power goes through the FBRA. In contrast, when
the power increases from −300 to 500 W, the output dc-link
voltage Vo decreases from 210 to 180 V, and the FBDR current
iL31 increases from zero to be equal to the FBAR current iL21,
as shown in Fig. 19(b). The experimental results in Fig. 19
clearly validate that the proposed control can effectively switch
between two operation modes.

Operating efficiency under different load conditions and op-
erating modes is compared in Fig. 20. When the proposed
converter works in the reverse mode, the circulating power leads
to high power losses in the FBAR and the FBDR, and thus, the
efficiency is lower. In contrast, the proposed power circulating
power sharing method can effectively improve system efficiency,
as shown in Fig. 20(a). The impact of the power sharing ratio
under forward operation mode is shown in Fig. 20(b). When
PFBDR/PFBAR = 1:1, the efficiency is lower than that of
PFBDR/PFBAR = 2:1, due to high current flowing through
the body diode of the MOSFET and the body diode, which
have worse performances, in the active bridge, as compared
to the extra SiC diode. The efficiency of the DAB is higher
when the operating power is higher than 0.3 p.u., while the
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Fig. 20. Experimental results of efficiency comparison of dc–dc converters.
(a) Efficiency at the reverse mode with and without power circulating suppres-
sion. (b) Efficiency at the forward operation mode with the power sharing ratio
PFBDR/PFBAR = 1:1 and 2:1.

proposed AB-DC/DC converter can obtain higher efficiency
when operating at a low power range.

VI. CONCLUSION

In this article, an AB-DC/DC converter is proposed for the ST
to deal with the asymmetrically bidirectional power flow, where
the forward power flow can reach 1.0 p.u., but the reverse power
is partial only. Compared to the conventional DAB converter, the
proposed one can save about 44% cost of the power semicon-
ductor devices in the secondary side converter and 9.7% in the
overall system as compared to the full-DAB-based solution. The
control strategies for two operation modes of forward operation
and reverse operation have been proposed to effectively share
power and suppress the power circulating between the FBAR and
the FBDR in the secondary side of the proposed AB-DC/DC
converter. The power sharing ratio can be easily selected by
changing the inductance ratio. The power circulation can be
effectively suppressed by adjusting the output voltage amplitude
without any extra hardware. The maximum efficiency can reach
about 97% under both operation modes. The simulation and
experimental results both clearly validate the correctness and
effectiveness of the proposed strategies and theoretical analyses.
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