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ABSTRACT In many practical applications, such as electric vehicle charging and smart transformers, reverse
power flow is significantly lower than forward power flow. Designing a full-rated bidirectional DC/DC
converter in such cases leads to increased hardware costs. To address this, recent research has explored
isolated topologies that support asymmetrical bidirectional power flow at reduced cost. This manuscript
investigates an asymmetrical bidirectional DC/DC (AB-DC/DC) converter that integrates a partial-scale
active bridge and a partial-scale diode bridge connected in parallel on the secondary side. Passive power
sharing between these bridges is controlled by selecting appropriate coupling inductors, but practical mag-
netic tolerances cause power imbalances. To mitigate this, a novel modulation technique is proposed to
enable active power sharing, allowing power transfer from the diode bridge to the active bridge. The study
covers various operating regions, including discontinuous conduction mode (DCM), continuous conduction
mode (CCM), dual-active-bridge (DAB) mode, and two hybrid regions, where the diode bridge operates in
DCM and the active bridge in CCM. Closed-form power expressions and boundary conditions are derived
for all modes. The proposed strategy is validated through simulations and experimental measurements on
a hardware prototype, demonstrating consistent waveform behavior and confirming the feasibility of active
power transfer from the diode bridge to the active bridge.

INDEX TERMS Bidirectional, DC/DC, dual-active-bridge, isolated converter, power-sharing, single-active-
bridge, smart transformer.

To address the increasing complexity and demands of mod-
ern power systems, such as electric vehicle (EV) charging
infrastructure and energy routing in DC residential buildings,
various strategies have been proposed to enhance the flex-
ibility and efficiency of distributed grids [1], [2]. Among
these, the smart transformer (ST) has emerged as a promis-
ing solution, attracting significant research attention in recent
years [3]. The dual-active-bridge (DAB) converter has been
widely adopted in ST implementations due to its galvanic
isolation, bidirectional power transfer capability, and soft-
switching operation [4], [5], [6].

However, in many practical applications, reverse power
flow is significantly lower than forward flow [7], making
full-rated bidirectional designs inefficient and unnecessarily
costly. To address cost inefficiencies under asymmetric power
flow, several works have proposed modified converter topolo-
gies. The hybrid multi-active bridge in [8] combines active
and passive bridges via multi-winding transformers. In [9],
an asymmetrical bidirectional DC/DC (AB-DC/DC) converter
was introduced, integrating partially scaled passive and active
bridges in parallel, effectively merging single-active-bridge
(SAB) and DAB functionalities. This design achieves notable
semiconductor savings, reducing secondary-side device cost
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by up to 44% and total system cost by 9.7% compared to
full-DAB converters.

Similarly, the work in [10] presented an improved topology
aimed at reducing peak current stress during forward-mode
operation. In [11], the authors focused on an active control
method on a hybrid DC transformer to increase the range of
the power transmission with respect to the uncontrolled recti-
fication mode. While these works primarily focus on control
flexibility, peak current reduction, and issues under reverse
flow conditions, less attention has been given to passive power
sharing imbalances that can arise due to practical factors such
as magnetic component tolerances. Even recent studies [12],
[13], [14], [15], [16] still rely on the conventional AB-DC/DC
operating principle introduced in [9], without addressing the
inherent sensitivity of power sharing to magnetic tolerances
or proposing any active compensation mechanism. For ex-
ample, even with symmetric designs, mismatches in coupling
inductors can lead to unequal power distribution between the
active and diode bridges in the AB-DC/DC converter. 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 [17]. Thus, in [18], a statis-
tical analysis was conducted considering +20% tolerances in
the coupling inductors, showing that even minor deviations in
inductance values can lead to significant imbalance in power
sharing among the parallel-connected bridges. Despite these
studies, no existing work has addressed a control-oriented
solution to dynamically correct such power imbalance. There-
fore, there remains a clear research gap in developing an
analytical and experimentally validated modulation strategy
capable of actively transfering power from the diode bridge to
the active bridge under varying conduction modes.

Since proper power sharing is essential when paralleling
power converters [19], the authors in [20], [21] proposed a
novel modulation technique that enables active power-sharing
control via a software-based solution. This innovative tech-
nique allows for the reduction of overloading effects on the
diode bridge by transferring the diode bridge 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 [20] was limited to discontinuous conduction mode (DCM)
only. While DCM operation simplifies analytical treatment,
it only represents a narrow portion of the converter’s total
operating range. With the proposed modulation technique,
however, the converter can transition beyond DCM into re-
gions where one or both bridges conduct continuously. These
operating regions, and the resulting changes in power flow
distribution, have not been systematically analyzed in the ex-
isting literature. Hence, understanding the converter behavior
beyond DCM is essential for robust power-sharing control and
reliable system design.

Furthermore, this modulation technique was extended
in [21] to additional operating regions, namely Hybrid 1,
Hybrid 2, and continuous conduction mode (CCM). The two
hybrid regions are characterized by the diode bridge operating
in DCM while the active bridge operates in CCM, leading to
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distinct power handling between the two bridges. Neverthe-
less, the full operating map of the converter was not addressed
in [21]. Therefore, in this manuscript, building upon the devel-
opments in [20], [21], the complete set of operating regions of
the AB-DC/DC converter under active power-sharing control
is analyzed and discussed in detail.

To facilitate a clear understanding of the proposed modula-
tion strategy, the paper first analyzes the SAB converter and
derives its fundamental power transfer characteristics, which
are later extended to the AB-DC/DC topology. Further, a com-
prehensive analytical framework is developed to characterize
the AB-DC/DC converter behavior across the new operating
modes. Closed-form power expressions are derived for each
mode, enabling accurate prediction of power flow dynamics
between the partial-scale active bridge and partial-scale diode
bridge. The proposed active power-sharing modulation strat-
egy is thoroughly validated through numerical simulations
and experimental results obtained using a hardware prototype.
To ensure a fair comparison between simulation and ex-
perimental conditions, identical components and parameters
were used. These contributions offer valuable insights into the
complete operational envelope of the AB-DC/DC converter,
addressing key challenges in asymmetric power distribution.
The main contributions of the paper are as follows:

e Introduces the derivation of SAB power-transfer funda-
mentals as a theoretical foundation for the AB-DC/DC
analysis;

® Includes the previously missing operating conditions,
thereby offering the full operating map of the converter;

® Presents a complete analytical derivation of the power-
flow equations for all conduction regions (DCM, Hybrid
1, Hybrid 2, CCM, DAB-FM, and DAB-RM);

® Provides comprehensive validation through simulations
and experiments, successfully demonstrating power
transfer from the diode bridge to the active bridge and
confirming the theoretical predictions.

The rest of the manuscript is structured as follows: Sec-
tion II introduces the SAB converter and derives analytical
power expressions for both discontinuous and continuous
conduction modes. Section III presents the AB-DC/DC con-
verter, extending the SAB formulation and defining multiple
operating regions along with their boundary conditions. Sec-
tion IV provides numerical and experimental validation of the
proposed strategy, including waveform analysis and power
measurements. Finally, Section V concludes the paper with
a summary of key findings.

II. SINGLE ACTIVE BRIDGE CONVERTER

Fig. 1 illustrates the circuit diagram of a SAB converter,
consisting of two bridges coupled via a high-frequency trans-
former. The primary side features an active H-bridge, while
the secondary side employs a diode bridge, enabling power
transfer only in the forward direction. Depending on the cur-
rent in the transformer’s leakage inductor L;, the converter
operates either in DCM or CCM. The corresponding wave-
forms for both conduction modes are shown in Fig. 2. It
is worth noting that voltage oscillations may appear in the
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FIGURE 2. Waveforms of SAB converter: (a) DCM; (b) CCM.

secondary-side AC voltage vy under DCM, primarily due to
the presence of parasitic elements.

A. POWER TRANSFER IN SAB CONVERTER

From Fig. 2, it can be observed that the waveforms exhibit
half-cycle symmetry over the switching period Ty . Accord-
ingly, the average active power transferred in DCM and CCM
can be computed using:

2 dTsw
Tw 0

In both cases, i{(7) can be approximated as piecewise linear
within the corresponding time intervals, shown in Fig. 2. This
leads to a closed-form expression for the output power:

P, vy iy (t)dt. (1)

1 —m)V?
(L&dz DCM: d < 2
Fo= mV%fSWd m? @
—L 1 -(1-d)— —| CCM:d >4
Llfsw 2 8

The parameter d denotes the phase shift between the primary
bridge legs, while m represents the voltage gain, defined as
the ratio of the output voltage to the input voltage, i.e., m =
nVO / Vdc-

B. DCM-CCM BOUNDARY CONDITIONS

The boundary between DCM and CCM occurs when the in-
ductor current 7| (¢) just returns to zero at the end of the half
switching cycle. For example, in the DCM case, as shown in
Fig. 2(a), the peak current can be obtained by calculating the
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FIGURE 3. Asymmetrical bidirectional DC/DC: input H-bridge in teal,
partial-scale diode-bridge (SAB) in orange, and partial-scale active-bridge
(DAB) in violet.

area under the triangular current waveform:

Viae (1 — m)d T Vi
Iy = Vae(l = m)d Ty _ 1o, 3)
Ly Ly
Solving for #;:
_ (1—m)dTy,
= p .

“4)

51

The duration of the triangular current consists of two intervals:
dTy,, for the rising edge and f; for the falling edge. At the
boundary of DCM, the sum of these intervals is less than half
of the switching period, thus obtaining:

T,
ATy + 11 < % )

Substituting the expression for #; into (5), and solving for d,
the following inequality is obtained:

m
d < —. 6

<3 (0)

This inequality defines the DCM-CCM boundary. Specifi-
cally, when d < m/2, the converter operates in DCM; for

d > m/2, it enters CCM.

IIl. ASYMMETRICAL BIDIRECTIONAL DC/DC CONVERTER
The basic concept of the asymmetrical bidirectional DC/DC
(AB-DC/DC) converter is illustrated in Fig. 3. In [9], the
authors proposed a power-sharing mechanism for forward
operation by deactivating the secondary-side active bridge
and allowing conduction through its body diodes. This effec-
tively transforms the active bridge into a passive diode bridge.
As a result, the secondary side of the AB-DC/DC converter
behaves equivalently to a conventional SAB converter with
two parallel diode bridges connected through four coupling
inductors: Ly, L3y, Lo, and Ls;.

Similar to the SAB converter, the AB-DC/DC topology can
operate in either DCM or CCM. The output power transferred
in the AB-DC/DC converter follows the same expression
given in (2), with the inductor L replaced by the total equiv-
alent inductance Leg, illustrated in Fig. 4, and calculated as:

L2uL3u
L2u + L3u

Ly L3
Ly + L3

Leqg=Li + (7
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FIGURE 4. Equivalent circuit of the AB-DC/DC converter from the
transformer secondary side.
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FIGURE 5. Current and voltage waveforms over a switching period for
m = 0.5.

A. PASSIVE POWER SHARING CONTROL

Passive power sharing control can be achieved by appropri-
ately sizing the coupling inductors Ly, L3y, Ly, and Lj;.
The main current and voltage waveforms are illustrated in
Fig. 5(a) and (b), which highlight the operating regions of the
converter, for a fixed voltage gain of m = 0.5. The Fig. 5(a)
plot corresponds to the conventional DCM region, with a
phase shift of d = 0.15, where both bridge currents, i, and
i3y, are discontinuous. In contrast, the Fig. 5(b) plot depicts
the conventional CCM region, with a phase shift of d = 0.3,
where both currents remain continuous throughout the switch-
ing period.

It is important to note that the sum of i, and i3, in the
top waveforms of Fig. 5 corresponds to the inductor current
iy shown in Fig. 2. Based on the power expression in (2),
the power sharing between the two secondary bridges can be
described using simple inductive current dividers:

Fo Ly L3 1
P=— + =P —
2 \Lyy+ L3y Lo+ L3 1+k
P, L L k
Py== ( 242 ) =P ®
2 \Lpy+ L3y Loy + L3 14k

where P, and P; are the power of active-bridge and diode-
bridge, respectively. Clearly, power sharing ratio k, is pas-
sively set by coupling inductance ratio as k, = P3/P, =k,
where k is defined by the coupling as:

k_ﬁ La

= == )
Ly, L3
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Equation (8) generalizes the SAB case to the AB-DC/DC by
accounting for passive inductor division. However, authors
in [18] demonstrated that even little changes in the actual
value of inductance (i.e., magnetics tolerance) can lead to
k # kp, losing the inherent passive power allocation among
active and passive bridges. For this reason, an active power-
sharing control is needed.

B. ACTIVE POWER SHARING CONTROL

In the proposed modulation technique, active power-sharing
control is achieved by turning on the MOSFETs of the sec-
ondary side active bridge for a time cTgy, [20]. This approach
introduces a parameter ¢, which reduces the time the diode
bridge is conducting. For the diodes, the turn-on delay, cTgy,
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, a CCM with
no control, and the DAB mode 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 selected as representative working points for a fixed
voltage gain of m = 0.5, as illustrated in Fig. 5. A phase shift
of d = 0.15 is chosen to represent both the DCM and Hybrid 1
operating regions (Fig. 5(c) and (e)), while d = 0.3 is used for
Hybrid 1 and Hybrid 2 (Fig. 5(f) and (d)). Correspondingly, a
turn-on delay of ¢ = 0.05 is applied for the DCM and Hybrid
2 cases, whereas ¢ = 0.125 is selected for Hybrid 1.

It is important to note that all aforementioned operating
modes must satisfy the condition ¢ < d. When this condition
is violated, the diode bridge is completely shut down, and
the converter transitions to DAB mode. To evaluate this case,
¢ = 0.35 is applied for both d = 0.15 and d = 0.3, leading
to DAB-RM (reverse mode) and DAB-FM (forward mode),
respectively.

In the subsequent subsections, the subscripts ‘DCM’, ‘h1’,
‘h2’, ‘CCM’, and ‘DAB’ are used to distinguish the power
contributions corresponding to each operating region.

C. DISCONTINUOUS CONDUCTION MODE REGION

Fig. 5(c) illustrates the DCM region during the active power-
sharing control, with d = 0.15 and ¢ = 0.05. In this operating
mode, activating the MOSFETSs on the converter’s secondary
side introduces an extra pulse in the active bridge phase volt-
age, vy, lasting for a duration of cTgy,. The turn-on delay of the
diodes is distinctly observable in relation to the diode bridge
current, i3,, as compared to conventional DCM. The corre-
sponding power equations for the active and diode bridges are:

Vi(l—mYd—c)* VZ(1+m)2cd—c?)

P, pcm = . (10)
Leqfsw(l +k) lefsw
where L1 = L| 4+ Loy, + Ly, and
VZ(1—m)(d — c)*k
Pipem = —& (11)

Leqfsw — 1+k
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The detailed analytical derivations of (10) and (11) are given
in [20]. By adjusting the parameters ¢ and d, the power
sharing between the diode-bridge and the active-bridge can
be controlled, as described in (10) and (11). Specifically, in
comparison to the reference case (8), the power handled by
the active-bridge, P» pcum, can be increased while reducing the
power processed by the diode-bridge, P3 pcyv. When ¢ = 0,
(10) and (11) revert to the base scenario (8). On the other hand,
if ¢ = d, the diode-bridge ceases operation entirely, resulting
in P pcm = 0.

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

0<c=<d

1 d
O=c=z-2

DCM: { (12)

=
=

NE A3

f0<d
%Sd

D. HYBRID 1 REGION

Fig. 5(e) and (f) illustrate the Hybrid 1 region, with d = 0.15
and 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 is
given as:

b _Va(—mXd=c)® VZ[2ed—d>+0.5dm X1 +m)]
e Leqfow(14k) L2 fsw ’
(13)

Vi(l—m) (d — )’k
Legfow  1+k

Notice that the power processed by the diode bridge is iden-
tical to that in the DCM region, P3s pcm = P3p1. Moreover,
when ¢ = 0, the total power transfer of the converter depends
on the relationship between d and m. When d < m/2, the
total power corresponds to the DCM case, as described in (2).
Conversely, when d > m/2, power transfer aligns with the (2)
CCM case. In both scenarios, power is shared between the
two partial-scale bridges according to (8). Furthermore, in this
region, the extra pulse v, caused by the turn-on delay cTyy
leads to the pulse shift. The converter continues to operate
in this region as long as the following boundary condition is
satisfied:

P3p =

(14)

<C§d if

. 0=<d=
Hybrid 1: {‘z‘d <c<d Mg < (15)
i 2 —_— —

E. HYBRID 2 REGION
Fig. 5(d) illustrates the Hybrid 2 region, with d = 0.3, and

¢ = 0.05. As noticed, the turn-on delay cT;,, 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 (16) shown at the
bottom of this page, while diode bridge power is:

V2 {(d —c)? —x* —ml(d — ¢)* + X1}k

Pspp = —% . (7)
eqfsw 1+k
where x and ¢ are defined as:
d— —-0.5
g 4zt e=05m (18)
14+m
_ d+ Q2c—0.5)m—2x(1 +m). (19)
2(1 +m)

When ¢ = 0, the total power transfer aligns with the (2) (i.e.,
CCM case), and the power sharing among the partial scale
bridges can be obtained by (8). The converter continues to
operate in this region as long as the following boundary con-
dition is satisfied:

3
o
U
|
3

d
Hybrid2: {= — — <c¢ <
2 4 2—-2m

(20)

F. CONTINUOUS CONDUCTION MODE REGION

For high values of d, delaying the passive bridge is not fea-
sible. Consequently, the turn-on delay, cTgy, 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, as shown in Fig. 5(b). The power transfer in this
mode follows the equations provided below:

Py = — Vi [iu —d)— ’"—2} .
: Lefon(1+6) | 2 8
dezck d m?
P3’CCM=m[E(1 —d)—?:|, (22)
as long as:
CCM: {05c55—@ if 2 <d<05. (23
2 4 2

G. DUAL ACTIVE BRIDGE MODE REGION

As mentioned, when ¢ > d, the diode bridge is completely
shut down, and the converter transitions into DAB mode. The
phase shift d is given between the legs of the primary bridge,
while ¢ represents the duty cycle applied to the secondary-
side active bridge. In this configuration, the secondary-side
active bridge is fully responsible for power transfer, while the
diode-bridge current i3, remains zero. The resulting current
waveform of the active bridge, ip,, are shown in Fig. 5(g)
and (h) for representative cases of d = 0.15, d = 0.3, and

Vi {(d—c)? —x* —ml(d — c)* +x%]) N

Vi(+m)(c —x —1)* —1242(c—x — t)(d — ¢ — x)]

Py =

eqfsw 14k
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FIGURE 6. Operating conditions of the AB-DC/DC converter under active
power-sharing control.

¢ = 0.35. Depending on the relative values of ¢ and d, the
converter can operate in either forward or reverse power flow,
which are illustrated in the figure as DAB-FM (forward mode)
and DAB-RM (reverse mode), respectively.

The power transferred in this mode is given by:

_ Ve +m[d -y’ -y’

3 , (24)
> DAB L fsw
where y is defined as:
d+m2c —0.5)
y=— = (25)
2(1 +m)

This expression is valid for all values of ¢ > d, where the
diode bridge is inactive. However, the direction of power flow
in the DAB mode depends on the relative values of ¢ and d.
Specifically, the power transfer can be characterized as:

Ld o1
Pz’ pag >0, if =4+ ->c>d (DAB-FM),
(26)
P, pag <0, if 5 + 1 <c¢<0.5 (DAB-RM).

In DAB-FM, power flows from the primary to the sec-
ondary, while in DAB-RM, power reverses from the sec-
ondary to the primary. Both conditions remain valid within
the DAB mode region defined by ¢ > d.

The complete boundary map of all operating regions is
illustrated in Fig. 6 on the d—c plane. It outlines six distinct
regions: DCM, hybrid 1, hybrid 2, CCM, DAB-FM, and DAB-
RM, each governed by its respective boundary condition. The
figure clearly highlights the occurrence of extra pulses in the
DCM region, pulse shifts in the hybrid regions, and the diode
bridge shutdown condition (¢ > d) in DAB mode. The transi-
tion from forward to reverse power flow within DAB mode is
also indicated by the boundary ¢ = % + %.

Notice that the transition from one boundary to another
mainly depends on the voltage gain m, which is a real
electrical quantity. Moreover, the phase shift d determines
the transferred power. Therefore, once the desired power is
known, the selected value of m defines the corresponding
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TABLE 1. Main Parameters of the AB-DC/DC Converter

Parameters Symbol Value Unit
Input voltage Ve 200 v
Switching frequency Jaw 100 kHz
Voltage gain m 0.5 -
Turn ratio n 1 -
Leakage inductance Ly 81.7 uH
Loy, 41.7 uH
. Loy 41.2 uH
Coupling inductance Loy 229 JH
Ls 25.8 uH
Coupling inductance Ratio k 1.6 to 1.8 -
o DCM o hybrid1 hybrid2 o CCM e DAB-RM DAB-FM
E 200 - E 150 é 100
i oo £ Z 0 N
3 0 100 200 3 50 0 50 100150 S0 40 80 120
Measured P; (W) Measured P, (W) Measured P (W)
(@) (b) ©

FIGURE 7. Comparison of measured and calculated powers: (a) input
power P;, (b) active bridge power P,, and (c) diode bridge power P;.

TABLE 2. Coefficient of Determination of Active and Diode Bridge Powers
in All the Operating Regions

Region R? - active bridge  R? - diode bridge
DCM 0.9995 0.9990
Hybrid 1 0.9981 0.9988
Hybrid 2 0.9964 0.9981

CCM 0.9754 0.9135
DAB-RM 0.9999 -
DAB-FM 0.9995 -

software parameter ¢, ensuring proper power balance between
the diode bridge and the active bridge.

IV. NUMERICAL AND EXPERIMENTAL VALIDATIONS

A. SIMULATION RESULTS

The converter shown in Fig. 3 is simulated in PLECS (Plexim
GmbH) using the parameters listed in Table 1 to validate the
proposed modulation strategy.

The accuracy of the theoretical power formulations is veri-
fied through numerical simulations for both the active bridge
power P» and the diode bridge power Ps. Fig. 7(a) illustrates
the total input power. Whereas in Fig. 7(b), the comparison
between the calculated and simulated values of P, demon-
strates excellent agreement across all four operating regions.
The data points align close to the bisecting line, indicating
minimal deviation throughout the power range. To quantify
this agreement, the coefficient of determination R? has been
computed and is reported in Table 2. In all operating regions,

1985



PITTALA ET AL.: ACTIVE POWER SHARING CONTROL IN ASYMMETRICAL BIDIRECTIONAL DC/DC CONVERTER

0.5
90
0.4k RM | 80
70
60
0.3 ' paal 1
0 50 %
- =
0.2 F 1 40
hybrid 1 hybrid 2 30
01f ] 20
CCM 10
DCH No Control
0 1 1 1 L
0 0.1 0.2 0.3 0.4 0.5
d

FIGURE 8. Thermal map showing converter efficiency (1) with respect to
modulation parameters c and d.

R? exceeds 0.9, thereby validating the accuracy of the de-
rived expressions. Similarly, Fig. 7(c) presents the comparison
between the theoretical and simulated results for the diode
bridge power P;. Once again, strong consistency is observed
across all regions, with the predicted values closely matching
the simulation data. In this case as well, RZ values above 0.9
validate the proposed analytical model.

The parasitic components and magnetic tolerances dis-
cussed in [18] can lead to power imbalance between the
parallel-connected bridges on the secondary side. However,
the proposed modulation technique is specifically designed to
compensate for these effects by adjusting the control parame-
ter ¢, thereby maintaining balanced power sharing even in the
presence of non-idealities.

B. EFFICIENCY ANALYSIS

The analytical efficiency of the proposed AB-DC/DC con-
verter was evaluated in PLECS by incorporating detailed
device models of the C3M0060075K1 SiC MOSFETs and
C4D20120 A Schottky diodes. The same modulation param-
eters (c, d) used for the analytical power calculations were
employed for the efficiency analysis, ensuring a one-to-one
correspondence between the operating points in the power and
loss evaluations.

Fig. 8 presents the efficiency heatmap of the AB-DC/DC
converter, where the efficiency is evaluated as a function of the
control parameters ¢ and d. The color distribution indicates
the relative efficiency level, with warmer colors representing
higher efficiency and cooler regions representing lower effi-
ciency.

As observed, the converter achieves higher efficiency in the
¢ < d domain, which corresponds to the DCM, Hybrid 1, Hy-
brid 2, and CCM operating modes. In these regions, both the
active and diode bridges participate in power transfer, and the
switching transitions are predominantly low due to the lower
c values, leading to minimized switching losses. Conversely,
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FIGURE 9. Scatter plot of converter efficiency (i) versus output power (P,)
across all operating regions.

a noticeable reduction in efficiency is observed for ¢ > d,
which corresponds to the DAB operating region. Although
this region allows complete diode-bridge shutdown and fully
active power transfer, it is associated with higher circulating
currents and increased switching losses, ultimately degrading
the overall efficiency. Therefore, while operation in the ¢ > d
region remains feasible for bidirectional energy flow, it is not
recommended for steady-state forward-mode operation where
maximizing efficiency is the primary objective.

A clearer depiction of the converter performance across
the operating power range is presented in Fig. 9. The two-
dimensional plot shows the measured efficiency breakdown
as a function of the output power P, for each operating mode.
It can be seen that the proposed active power-sharing control
maintain consistently high efficiency, typically above 90%,
over a wide range of output powers in DCM, Hybrid 1,
Hybrid 2, and in CCM. In particular, the DCM region also
demonstrates high efficiency at light load, primarily because
of its reduced current conduction intervals, but is limited in
its applicable power range. In contrast, the DAB regions (both
forward and reverse modes) exhibit lower efficiency due to
higher conduction and switching losses associated with simul-
taneous commutation of all MOSFETs.

From these results, it can be concluded that the proposed
modulation strategy not only enables seamless power transfer
from the diode bridge to the active bridge but also preserves
the high-efficiency characteristics of the asymmetrical topol-
ogy. The ¢ < d region is therefore the optimal operating
domain for maximizing efficiency while ensuring balanced
thermal loading between the active and diode bridges. The
¢ > d region, on the other hand, should be reserved for special
operating cases, such as reverse power flow, where bidirec-
tional energy transfer outweighs efficiency considerations.

C. OPERATION AND PERFORMANCE
The derived power expressions and efficiency analysis were
validated over a wide range of ¢ and d values across their
respective boundary conditions. Whereas the current and volt-
age waveforms are provided for all regions based on ¢ and d
values summarized in Table 3.

Note that from Table 1, the designed coupling inductors re-
sult in a coupling inductance ratio k in the range of 1.6 to 1.8.
As discussed in [18], under conventional operation, this ratio
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TABLE 3 Selected Operating Conditions to Validate Voltage and Current
Waveforms.

Region c d

DCM - conventional 0 0.20
CCM - conventional 0 0.35
DCM 0.05 0.15
Hybrid 1 0.35 0.40
Hybrid 2 0.35 0.45
CCM 0.10 0.46
DAB-RM 0.45 0.30
DAB-FM 0.35 0.30

causes the secondary-side diode bridge to handle a greater
portion of the power compared to the active bridge. Fig. 10
presents the simulated waveforms for all operating cases. In
particular, Fig. 10(a) and (b), corresponding to conventional
DCM and CCM respectively, clearly show that the peak cur-
rent of the diode bridge i3, is higher than that of the active
bridge ip,. This confirms that the chosen coupling inductance
ratio leads to greater power transfer through the diode bridge,
thereby validating the passive power sharing mechanism.

Furthermore, in Fig. 10(a), both iy, and i3, are discon-
tinuous, verifying operation in the DCM region. In contrast,
Fig. 10(b) shows continuous currents for both branches, indi-
cating CCM operation. These results further validate that the
selected phase shifts d = 0.2 and d = 0.35, for a fixed voltage
gain m = 0.5, satisfy the boundary conditions discussed in
Section II-B.

Fig. 10(c)—(h) illustrate the proposed modulation technique
with active power sharing control, where the secondary-side
active bridge MOSFETS are controlled using the diode turn-on
delay parameter c. In Fig. 10(c), corresponding to the DCM
region, the secondary-side voltage v, exhibits an extra pulse
precisely within the shaded region defined by ¢ = 0.05, as dis-
cussed in Section III-C. Furthermore, the active bridge current
ipy exceeds the diode bridge current i3y, confirming that active
power sharing is achieved from the diode bridge to the active
bridge.

In contrast, Fig. 10(d) represents the CCM region with ¢ =
0.10 and d = 0.46. Here, the diode bridge current i3, is higher
than the active bridge current ip,. Moreover, it can be observed
that the waveforms in Fig. 10(b) and (d) are nearly identical,
verifying that cTg, has no effect on the diode bridge, leading
to no control over active power sharing in this region, which
is consistent with the developed modulation strategy.

Fig. 10(e) and (f) illustrate the Hybrid 1 and Hybrid 2
operating regions, respectively. In both cases, the active bridge
current iy, is higher than the diode bridge current i3, indi-
cating effective active power sharing. Additionally, a pulse
shift of duration cTg, is clearly visible in both plots, high-
lighted as shaded regions, thereby verifying the functionality
of the proposed modulation technique in these hybrid regions.
Zoomed-in views of the diode bridge current i3, waveforms
are also included to emphasize the waveform shapes.
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FIGURE 10. Simulated voltage and current waveforms for operating
regions: (a) DCM-conventional; (b) CCM-conventional; (c) DCM; (d) CCM;
(e) Hybrid 1; (f) Hybrid 2; (g) DAB-RM; (h) DAB-FM.

Finally, Fig. 10(g) and (h) correspond to the DAB-RM and
DAB-FM regions, respectively. In both cases, since ¢ > d,
the diode bridge current i3, is zero, confirming that the diode
bridge is completely shut down and the converter operates as
in DAB mode. Furthermore, closer observation of the active
bridge current i, reveals different current slopes in Fig. 10(g)
and (h), validating that the converter is operating in reverse
and forward power flow modes, respectively.

These simulation results confirm the feasibility of the pro-
posed modulation approach. In the next section, experimental
results are presented to validate the concept under real hard-
ware conditions.

D. EXPERIMENTAL RESULTS

The experimental prototype of the converter, shown in Fig. 11,
was implemented and operated using the system parameters
summarized in Table 1 to validate the proposed modulation
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FIGURE 11. Experimental prototype: 1. DC-link capacitors; 2. primary-side
active bridge; 3. high-frequency transformer; 4. coupling inductors; 5.
secondary-side active bridge; 6. secondary-side diode bridge.

technique. The corresponding gate pulses were generated
using an STM32G474RE microcontroller. A TDK-Lambda
programmable DC power supply was employed on the in-
put side, while a Chroma DC electronic load operating in
constant-voltage (CV) mode was used on the output side. All
experimental results were obtained under open-loop control.
The measured voltage and current waveforms for various op-
erating regions are presented in Fig. 12. The results were
recorded using an oscilloscope and exported in CSV format
for post-processing, enabling a detailed comparison with the
simulation waveforms.

Fig. 12(a) and (b) illustrate the conventional DCM and
CCM operating regions, respectively. During these experi-
ments, the MOSFETs of the secondary-side active bridge
were disabled, allowing conduction through their body diodes.
The measured voltage and current waveforms show good
agreement with the simulation results. As expected, the
secondary-side phase voltage v, exhibits oscillations during
DCM operation due to the presence of parasitic elements.
Furthermore, the diode bridge current i3, is higher than the
active bridge current iy, thereby confirming the passive power
sharing behavior resulting from the selected coupling induc-
tance ratio.

Fig. 12(c) and (d) correspond to the DCM and CCM
operating regions under the proposed active power sharing
modulation. In Fig. 12(c), the diode turn-on delay parame-
ter is set to ¢ = 0.05, which is relatively low and results in
an unsuccessful or incomplete turn-on of the secondary-side
MOSFETs. This effect is clearly visible in the form of an extra
pulse on the secondary-side phase voltage v,. As a result, the
magnitude of the active bridge current ip, appears lower than
in the simulation, despite using identical operating parame-
ters. Nevertheless, the diode bridge current i3, remains lower
than the active bridge current ip,, confirming that active power
sharing control is still effectively achieved in this DCM case.

In Fig. 12(d), which corresponds to the CCM region, the
parameter cTg,, does not influence the diode bridge conduc-
tion, as discussed in Section III-F. This leads to measured
waveforms that closely resemble those in Fig. 12(b), further
confirming that active power sharing is not engaged in this re-
gion, consistent with the intended behavior of the modulation
strategy.

Fig. 12(e) and (f) show the experimental results for Hybrid
1 and Hybrid 2 regions, respectively. In both cases, active
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FIGURE 12. Experimental voltage and current waveforms for operating
regions: (a) DCM-conventional; (b) CCM-conventional; (c) DCM; (d) CCM;
(e) Hybrid 1; (f) Hybrid 2; (g) DAB-RM; (h) DAB-FM.

power sharing is evident, as the current through the active
bridge ip, is higher than that of the diode bridge i3,. The
pulse shift of duration c7g, on the secondary-side voltage
vy is clearly visible in both figures, validating the correct
implementation of the proposed modulation scheme. Addi-
tionally, zoomed-in views highlight the diode bridge current
waveforms. While Hybrid 1 and Hybrid 2 are theoretically
distinguished by their respective combinations of ¢ and d, the
measured waveform shapes for i3, appear similar across both
cases. This is likely because the selected ¢ and d values for the
two modes are close in magnitude, ¢ = 0.40 and d = 0.35 for
Hybrid 1, and ¢ = 0.45 and d = 0.35 for Hybrid 2, resulting
in nearly identical current behavior in practice. Nonetheless,
the experimental results confirm the validity of the modulation
scheme.
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Fig. 12(g) and (h) present the experimental waveforms cor-
responding to the DAB-RM and DAB-FM operating regions,
respectively. As per the design condition ¢ > d, the diode
bridge remains completely inactive in both cases, and its cur-
rent i3, remains zero. This confirms that the diode bridge is
effectively shut down and that the converter transitions into
DAB mode.

Furthermore, the active bridge current i, exhibits different
slopes in the two modes. In Fig. 12(g), the slope indicates
reverse power flow from the secondary to the primary. This
reverse power flow was practically realized by reconfiguring
the source and load connections such that the secondary side
acted as the input and the primary side as the output. In con-
trast, Fig. 12(h) shows the opposite current slope, confirming
forward power transfer from the primary to the secondary. It is
also worth noting that a small current flows through the diode
bridge, which can be attributed to circulating currents in the
system.

The experimental waveforms across all operating regions,
particularly the active bridge current ip, and diode bridge
current i3y, confirm the effectiveness of the proposed ac-
tive power sharing control, successfully enabling the power
transfer from the diode bridge to the active bridge. While
the open-loop implementation demonstrates consistent and
reliable behavior, the adoption of closed-loop control can
further enhance performance by compensating for hardware
non-idealities.

V. CONCLUSION

This paper presented a comprehensive analytical and exper-
imental study of an AB-DC/DC converter featuring parallel-
connected, partially scaled active and diode bridges. A novel
modulation strategy was proposed to actively control power
sharing and enable power transfer from the diode bridge to
the active bridge, addressing challenges related to magnetic
tolerances and asymmetrical power demands.

Closed-form power expressions were first derived for the
SAB converter and then extended to the AB-DC/DC topol-
ogy. All key operating regions, DCM, CCM, two hybrid
modes, and DAB, were analytically defined with correspond-
ing boundary conditions. The modulation strategy enables the
insertion of an extra pulse in DCM, pulse-shift insertion in
hybrid modes, and bidirectional power flow in DAB, offering
distinct power processing across these modes.

Theoretical predictions were validated through simulations
and experimental results, confirming the accuracy of voltage
and current waveforms and power transfer from the diode
bridge to the active bridge. Moreover, the numerical efficiency
analysis demonstrated that the proposed modulation main-
tains high conversion efficiency (above 90%) throughout the
main operating region (¢ < d), while efficiency degradation
observed in the DAB regions (¢ > d).

Future work will explore dynamic mode transitions based
on load profiles, controlled power transfer from the active to
the diode bridge, and a detailed assessment of the converter’s
performance under fully closed-loop operation.
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