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Abstract—This manuscript provides a detailed analysis of an
asymmetrical bidirectional DC/DC converter operating across
multiple regions. The converter features a partially scaled diode
bridge and a partially scaled active bridge, connected in parallel
on the secondary side, effectively integrating single- and dual-
active-bridge topologies. A novel modulation technique enables
active power-sharing control between the parallel-connected
bridges, addressing challenges related to magnetic tolerances
and asymmetrical power demands. By extending the approach
beyond the discontinuous conduction mode, this study examines
new boundary conditions—hybrid 1, hybrid 2, and continuous
conduction mode—along with power transfer formulations for
different operating regions.

Index Terms—bidirectional, DC/DC, dual-active-bridge, isolated
converter, power-sharing, single-active-bridge, smart transformer

NOMENCLATURE
Vie, Vo Input and output voltage.
Tows fow Switching period and frequency.

Primary and secondary bridge voltages.
Leakage and coupling inductance currents.

/
U1, V1, V2,U3
P
275 22u, 221, 13u, 31

m Voltage gain.
n Turn ratio of transformer.
Ly Leakeage inductance

Loy, Ly, L3y, Ly Coupling inductance.

Leg, L2 Equivalent and active-bridge inductance.
P, Total output power.

Py, Py Active- and diode-bridge power in pas-
sive power sharing control.

Active- and diode-bridge power in active
power sharing control under DCM.

P pem, P3pem

Pont, Psni Active- and diode-bridge power in active
power sharing control under hybrid 1.
Popo, Papo Active- and diode-bridge power in active

power sharing control under hybrid 2.
Active- and diode-bridge power in active
power sharing control under CCM.

P cem, Pacom

k Coupling inductance ratio.

kp Power sharing ratio.

d Phase shift.

c Diode-bridge turn-on delay parameter.

I. INTRODUCTION

To address the rapid growth in both power generation and
demand—such as electric vehicle (EV) charging stations and
energy routing in the DC residential buildings—numerous con-
cepts have been proposed to enhance the flexibility of the
distributed grids [1], [2]. Among these, the smart transformer
(ST) has emerged as one of the most promising solutions and
has gained significant attention in recent years [3]. The dual-
active-bridge (DAB) topology was first proposed as a suitable
solution for the ST, which could offer galvanic isolation and
bidirectional power transfer with soft-switching characteristics
[4]-[6]. In many applications, the processed power levels could
differ between forward or reverse modes [7]. This discrepancy
implies that designing a converter with a full-range bidirectional
power rating could lead to unnecessary hardware costs. To address
this challenge, the authors in [8] proposed an asymmetrical
bidirectional DC/DC converter (AB-DC/DC) that incorporates
a partially scaled diode bridge and a partially scaled active bridge
in parallel on the secondary side, effectively combining single-
active-bridge (SAB) and DAB. Proper power sharing is essential
when paralleling power converters [9]. In forward mode, the
AB-DC/DC converter achieves passive power-sharing through
the ratio of the output bridge inductors. However, magnetics
tolerance can lead to relevant deviations from the expected power-
sharing performance [10]. Such discrepancies can result in uneven
thermal stress and aging of the diode- and active-bridge, adversely
affecting the lifetime and reliability of the components [11].

To address this issue, the authors in [12] proposed a novel
modulation technique that enables active power-sharing control
via a software-based solution. This innovative technique allows
for the reduction of overloading effects on the diode-bridge
by transferring the power to the active-bridge. Additionally,
the strategy can enable a complete shutdown of the diode-
bridge, offering an effective means to mitigate thermal stress
on the system. However, the analysis in [12] was limited to
discontinuous conduction mode (DCM) only.

This manuscript expands the modulation technique to explore
additional operating regions, including hybrid 1, hybrid 2, and
continuous conduction mode (CCM). The in-depth analysis
offers valuable insights into the converter’s behavior across its
full operating range, enhancing power transfer understanding.



The manuscript is structured as follows: Section II presents
the passive power-sharing control in the AB-DC/DC converter.
Section III introduces the proposed modulation strategy, detail-
ing the new boundary conditions and power transfer formula-
tions for partial-scale bridges. Section IV provides numerical
validations of the theoretically derived power equations. Finally,
Section V summarizes the key findings and discusses potential
future developments.

II. PASSIVE POWER-SHARING CONTROL

The converter presented in Fig. 1 is introduced in [8]. In
the forward operating mode, the authors focus on operating
the secondary side active bridge in synchronous rectification
mode. Consequently, the secondary side of the AB-DC/DC
converter can be regarded as a conventional SAB converter
with two diode bridges connected in parallel. This converter
usually works in two distinct operating regions: conventional
DCM when d < m/2, and conventional CCM when d > m/2,
leading to the power flows expression:

(1—m)V26 . m
D 7 =l DCM: d < 2 "
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The parameter d is the phase shift between the primary
bridge legs, and m represents the voltage gain defined as the
ratio of the output voltage to the input voltage nV,/Vy.. The
main current and voltage waveforms are illustrated in the top
section of Fig. 2 for these two operating regions. The top-left
plot depicts the conventional DCM region, where both bridge
currents, i, and 43, are discontinuous. Conversely, the top-
right plot represents the conventional CCM region, where both
currents remain continuous. From (1), power-sharing among
secondary bridges is obtained through simple inductive current
dividers as:

P, L3y L3 1
P2 = — — Poi
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where P, and Ps are the power of active-bridge and diode-

bridge, respectively. Clearly, power sharing ratio k; is passively

set by coupling inductance ratio as k, = P3/P, = k, where k

is defined as:

_ L2u _ @
Ls, La

k 4)
Authors in [10] demonstrated that even little changes in the
actual value of inductance (i.e., magnetics tolerance) can lead
to k # k,, losing the inherent passive power allocation among
active and passive bridges. For this reason, an active power-
sharing control is needed.
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Fig. 1. Asymmetrical bidirectional DC/DC: input H-bridge in teal, partial-scale
diode-bridge in orange (SAB), and partial-scale active-bridge in violet (DAB).
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Fig. 2. Current and voltage waveforms over a switching period for m = 0.5.

III. ACTIVE POWER-SHARING CONTROL

In the proposed modulation technique, active power-sharing
control is achieved by turning on the MOSFET: of the secondary
side active bridge [12]. This approach introduces a parameter
¢, which reduces the time the diode bridge is conducting. For
the diodes, the turn-on delay, cTy, facilitates the power shift
from the passive bridge to the active one. The novel modulation
technique, characterized by ¢ # 0, expands the operating regions
and introduces new modes, including a revised DCM, two hybrid
modes, and a CCM with no control over the active power-sharing.
Based on this operating principle, the boundary conditions for
these regions are discussed here.

To enhance clarity, specific phase-shift values and turn-on
delays are chosen as representative working points at the fixed
voltage gain m = 0.5, as shown in Fig. 2. The phase-shift of
d = 0.15 is used for DCM and hybrid 1 (Fig. 2 left), while
d = 0.3 is selected for hybrid 1, and hybrid 2 (Fig. 2 right).
Correspondingly, the turn-on delay of ¢ = 0.05 is used for DCM
and hybrid 2, while ¢ = 0.125 is selected for hybrid 1. Note that
the above-mentioned operating regions must satisfy the condition
¢ < d.When ¢ > d, the diode bridge is completely shut down, and
the converter operates as a conventional SAB/DAB. Subscripts
‘DCM’, ‘h1’, ‘h2’, and ‘CCM’ differentiate power contributions.



A. Discontinuous Conduction Mode Region

The middle-left plot of Fig. 2 illustrates the DCM region
during the active power-sharing control, with d = 0.15 and
¢ = 0.05. In this operating mode, activating the MOSFETs
on the converter’s secondary side introduces an extra pulse in
the active bridge phase voltage, v,, lasting for a duration of
cTy. The turn-on delay of the diodes is distinctly observable
in relation to the diode bridge current, i3,, as compared to
conventional DCM. The corresponding power equations for
the active and diode bridges are:

_Vad=m)d—c)*  Vg(d+m)2cd—c?)

P. = , (5
2beM Leqfsw(1+k) L12fsw ( )
where Lio = Ly + Loy + Loy, and
V2(1—m) (d — ¢)%k
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The detailed analytical derivations of (6) and (5) are given
in [12]. By adjusting the parameters ¢ and d, the power
sharing between the diode-bridge and the active-bridge can
be controlled, as described in (6) and (5). Specifically, in
comparison to the reference case (3), the power handled by
the active-bridge, P> pcm, can be increased while reducing the
power processed by the diode-bridge, Pspcv. When ¢ = 0,
equations (6) and (5) revert to the base scenario (3). On the
other hand, if ¢ = d, the diode-bridge ceases operation entirely,
resulting in Pspcm = 0.

It is important to note that the extra pulse on the v, and power
equations of the partial scale bridges are valid exclusively for
this region, with the boundary condition specified as:

0<c<d if 0<d<m
DCM: 1 d . . (7)
Ose<gi-g;, If F=d=?%

B. Hybrid 1 Region

The bottom plots of Fig. 2 illustrates the hybrid 1 region, with
d =0.15and d = 0.3 for ¢ = 0.125. The active bridge operates
as CCM in this region, while the diode bridge remains in the
same DCM as in the earlier operating region. Consequently,
the power processed by the active bridge and diode bridge are
given as:

Va(1—m)d—c)* Vg [2cd—d*+0.5dm— H(1+m)]

when d > m/2, power transfer aligns with the (1) CCM case.
In both scenarios, power is shared between the two partial-scale
bridges according to (3). Furthermore, in this region, the extra
pulse v, caused by the turn-on delay Ty, leads to the pulse shift.
The converter continues to operate in this region as long as the
following boundary condition is satisfied:

Hybrid 1: I- 5= <c<d if 0<d<% "
! . §‘£—Qz<c<d it m<d<05

C. Hybrid 2 Region

The middle-right plot of Fig. 2 illustrates the hybrid 2 region,
with d = 0.3, and ¢ = 0.05. As noticed, the turn-on delay Ty
causes the diode bridge to continue operating in DCM, while
the active bridge operates in CCM. The power processed by
the diode bridge and the active bridge are different with respect
to the hybrid 1 and DCM regions due to the different current
waveform shape. The active bridge power Ps ) is given in (11)
while diode bridge power is:

Vie {(d=c)* —a® —m[(d—c)* + 2]}k
Py = 17 ,

eqfsw 1+k

(12)

where x and ¢ are defined as:
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t:d+(c 0.5)m — 2x( —|—m). (14)
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When ¢ = 0, the total power transfer aligns with the (1)
(i.e., CCM case), and the power sharing among the partial
scale bridges can be obtained by (3). The converter continues
to operate in this region as long as the following boundary
condition is satisfied:

2d —m m
if —<d<0.5.
T if 2_d_05 (15)

D. Continuous Conduction Mode Region

d
Hybrid 2: {2m <e<

For high values of d, delaying the passive bridge is not
feasible. Consequently, the turn-on delay, c7y,, has no effect
on the diode bridge current i3, leading to no control over active
power sharing. Thus, the converter operates in a conventional
CCM mode. The power transfer in this mode follows the

Pypy = , - - .
2,h1 Loqfon (1K) Liafow . equations provided belov&;. i
mV d m
%1_ _ 2 P :7(1(: |:1—d _:| 5 16
Pant = VZ(1—m) (d — ¢)k © 2eeM = T R 2( ) 3 (16)
Leqfsw 1+k 2 2
. . . . deCk d m
Notice that the power processed by the diode bridge is Pscom = [ 5(1 —d)— < (17)
identical to that in the DCM region, Ps pcm = Ps 1. Moreover, eq/sw
when ¢ = 0, total power transfer of the converter depends on the ~ as long as:
relationship between d and m. When d < m /2, the total power d m . m
corresponds to the DCM case, as described in (1). Conversely, CCM: {0 S<c< 51 if D) <d<05 (18)
VE {(d—c -2 —m[d—-c)?’+2%} VEA+m)(c—z—t)>—t*+2(c—x—t)(d—c—x)]
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Fig. 3. Operating conditions of the AB-DC/DC converter under active power-
sharing control.

The graphical representation of all these boundary conditions
is displayed in Fig. 3 on the d vs c plane. It collects four
distinct operating regions along with their boundary conditions,
highlighting the extra pulse in the DCM region and the pulse
shift in the other regions.

IV. NUMERICAL VALIDATION

The converter shown in Fig. 1 is simulated in PLECS (Plexim
GmbH) using the parameters listed in Table I to validate the
proposed modulation technique.

Fig. 4 illustrates the main voltage and current waveforms
for the four operating regions: the DCM region (top) CCM
no-control region (middle-1), hybrid 1 (middle-2), and hybrid
2 (bottom). The parameters d and c, as defined in Section
I, are also applied in the simulation for validation purposes.
As observed, the simulated voltage and current waveforms
closely align with those shown in Fig. 2. Additionally, the
shaded regions in Fig. 4 highlight the extra pulse that occur
in the DCM region, and the pulse shifts that occur during
active power-sharing control in the Hybrid 1 and Hybrid 2
regions. This effect, discussed in Section III, further confirms
the effectiveness of the proposed modulation technique.

The theoretical power formulations were validated against
numerical measurements for both the active bridge power P»
and the diode bridge power P;. As shown in Fig. 5(a), the
comparison between calculated and measured values of P»
reveals excellent agreement across all four operating regions.
The data points closely align with the bisecting line, exhibiting
minimal deviation throughout the entire power range. To
quantify the accuracy of the theoretical predictions, the mean
relative error (MRE) was computed for each operating region,
resulting in values of 0.67% for DCM, 0.71% for CCM, 0.73%
for Hybrid 1, and 1.14% for Hybrid 2 operation.

Similarly, Fig. 5(b) illustrates the comparison between theo-
retical and experimental results for the diode bridge power Ps.
Once again, strong consistency is observed across all operating
regions, with predicted values closely tracking the measured

TABLE I
MAIN PARAMETERS OF THE AB-DC/DC IN FORWARD MODE

Parameters Symbol Value Unit
Input voltage Vic 400 \Y%
Switching frequency fow 50 kHz
Voltage gain m 0.5 -
Turn ratio n 1 -
Leakage inductance Ly 48.8 uH
L Loy, Loy 1.5 nH
Coupling inductance
ping Lsu, La 1 pH
Coupling inductance Ratio k 1.5 -
Equivalent inductance Leq 50 pH
Active-bridge inductance Lo 51.8 pH
l2u 30 vy )
400 F= T — T — T — T .
& 200 . . u 120 <
g 0 1/ 0 &
& 200 U U U {20 2
-400 - - - - =
400 T T T T
= 200 20 <
S oS LA LA LA 0 =
24200 [~~~ [~~~ ~~~ \? 20 F
< o0k ] ] ] 1 1%
400 T I— T I— T I— T
S 200 120 =
a0 = 0 &
; -200 |7__20 z
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Fig. 4. Main current and voltage waveforms:(top) DCM region; (middle-1)
CCM no-control region; (middle-2) hybrid 1 region; (bottom) hybrid 2 region.
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Fig. 5. Comparison of (a) active bridge power P> and (b) diode bridge power
Ps theoretical calculations with the measured values.

data. The MRE for P3 was found to be 1.93% in DCM, 0.68%
in CCM, 7.50% in Hybrid 1, and 5.28% in Hybrid 2.

Overall, considering both P, and Ps, the mean error remains
well below 10%, validating the accuracy of the proposed ana-
Iytical power models. These results confirm that the theoretical
formulations effectively capture the power transfer behavior of
the converter across a wide range of operating conditions.



V. CONCLUSION

This paper analyzed an asymmetrical bidirectional DC-
DC converter operating across multiple operating regions. By
extending the analysis beyond the discontinuous conduction
mode, the study introduced and examined additional operat-
ing regions—hybrid 1, hybrid 2, and continuous conduction
mode—with corresponding power transfer formulations. No-
tably, the proposed modulation technique introduces an extra
pulse in the secondary-side active bridge phase voltage during
DCM and employs a phase shift in the other operating regions,
enabling distinct power processing by the active and diode
bridges in each mode. Theoretical power formulations were
validated through numerical simulations, showing excellent
agreement across all operating regions, with mean relative
errors below 10%.

Future work will focus on validating the proposed modulation
scheme through experimental implementation. Additionally,
further investigation will explore alternative control strategies,
such as cycle skipping modulation, to enhance converter
performance, particularly under light-load conditions.
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