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Abstract—This paper presents a comprehensive zero-voltage
switching (ZVS) analysis of an interleaved current-fed dual ac-
tive bridge (CF-DAB) converter under single-phase-shift control,
targeting both bipolar and unipolar DC microgrids. Compared to
conventional ZVS conditions, the presence of interphase inductors,
either at the input or output bridges, enables an extended ZVS
region, particularly under light-load conditions. This is important
to increase the overall system efficiency, since in many applications,
including DC microgrids, most of the time, such a converter operates
at partial load. In addition, for unipolar DC microgrids and balanced
bipolar systems, the interphase inductor currents may exhibit a DC
offset or remain centered around zero, while under unbalanced load
conditions, a DC offset is resulted. To cover both cases, analytical
ZVS boundary expressions are derived for both scenarios: with and
without DC offset. Experimental validation is conducted on a 300
W scaled-down prototype for the no-offset case, confirming that the
CF-DAB can achieve reliable soft-switching over a wide voltage gain
range with appropriate inductor design.

Index Terms—bipolar grids, current-fed dual active bridge
(CF-DAB), interleaved inductors, soft-switching, unipolar grids,
zero voltage switching (ZVS).

I. INTRODUCTION

DC microgrids have gained significant attention and adoption
in recent years due to their suitability for a wide range
of applications, including DC-powered buildings [1], all-
electric ships [2], more-electric aircraft [3], and other emerging
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technologies. These systems offer several advantages by
supplying power directly in DC form, such as improved
energy efficiency, reduced conversion losses, and seamless
integration with renewable energy sources [4]. As interest in
DC microgrids continues to grow, there is an increasing demand
for advanced power electronic solutions capable of addressing
the diverse requirements of these applications. One of the main
requirements related to DC microgrids is isolation due to safety
reasons and protection.

Among isolated DC-DC converters for DC microgrid applica-
tions, the dual active bridge (DAB) is widely adopted due to its
soft-switching capability, bidirectional power flow, and galvanic
isolation via a high-frequency transformer [5]. It achieves high
efficiency through zero voltage switching (ZVS) during turn-
on, significantly reducing switching losses. However, ZVS is
limited under light-load and wide output voltage variations,
leading to increased switching losses [6].

To address this, several studies have modified the magnetic
components to extend the ZVS range and improve light-load
performance [7]-[13]. Notably, [14] studied auxiliary inductors in
a DAB under single-phase-shift (SPS) control, expanding the ZVS
region and providing design guidelines for full-load ZVS. Despite
its advantages, the conventional DAB remains constrained by a
narrow voltage gain range and unipolar output operation [15].

A key challenge in advancing DC microgrids is the develop-
ment of power electronic converters capable of supporting both
unipolar and bipolar systems while maintaining high efficiency,
reliability, and cost-effectiveness, including at light loads and
partial conditions. Wide conversion ratio DC-DC converters
are essential in meeting this need, as they ensure compatibility
across diverse microgrid configurations and operating condi-
tions. To this end, the authors in [16], [17] investigated an
interleaved current-fed DAB (CF-DAB) that supports both



unipolar and bipolar outputs. While several studies have
investigated ZVS behavior in CF-DAB converters [18]-[22],
to the best of the authors’ knowledge, a comprehensive ZVS
analysis of the interleaved CF-DAB under SPS control has
not yet been reported. Therefore, this paper presents a detailed
ZVS analysis of the interleaved CF-DAB operating under SPS
modulation, providing insights into both bipolar and unipolar
DC microgrid applications.

The rest of the manuscript is organized as follows: Section II
presents the background and ZVS analysis of the conventional
DAB. Section III describes the operation of the CF-DAB and
provides analytical ZVS evaluation with and without DC offset
cases in both bipolar and unipolar applications. Section IV
details the experimental validation for the case without DC
offset, and finally, Section V concludes the paper.

II. BACKGROUND ON DAB ZVS REGIONS

Fig. 1(a) depicts the DAB converter consisting of two
symmetrical active bridges connected by an HF transformer
with a k : 1 turns ratio. The two H-bridges (input and output
bridges) allow full bidirectional power transfer, while the HF
transformer enables galvanic isolation with reduced size, weight,
volume, and cost. The leakage inductances Lq acts as an energy
storage device, favoring soft-switching operation conditions.
The simplest way to control the converter is to provide a phase-
shift d between the two square wave voltages v, and vy, (i.e.,
duty cycle § = 0.5), with the switching period serving as the
normalization base. Being v, and v}, periodic waveforms (with
amplitudes V, and V4, respectively), the phase-shift can be
limited to —0.25 < d < 40.25, where phase shift polarity
determines the polarity of the power flow.

Fig. 1(b) shows the leakage inductance current in a general
case (V. # V5,) over half of the switching period Ty,,. Thanks
to topology and modulation symmetry, the leakage inductor
current 71, can be deduced over a half period and can be solved
for two different states 0 < t < dTyy and dTyy < ¢ < Ty /2.
Hence, the leakage inductor currents 4r,(0) and iy, (dTg,, ) shown
in Fig.1(b) can be expressed as:
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Fig. 1. (a) Dual-active-bridge converter; (b) leakage inductor current.

having switching frequency fs, and voltage gain G = kW, /V,.

A. Ideal Boundary Conditions of the ZVS Region

The ZVS condition is fundamentally triggered when, during
turn-on intervals, the anti-parallel diode enters conduction
before the switch. This effectively eliminates turn-on switching
losses by exposing the switch to the diode forward voltage
rather than the full V. shortly before its conduction. This
condition translates into having i1,(0) < 0 for the input bridge
and i1,(dTyy) > 0 for the output bridge. In light of (1) and
(2), the following boundary conditions of the ZVS region can
be determined for both input and output bridges:
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From (3) and (4) it is clear that at any moment at least one
bridge is working under the ZVS commutation. When both
conditions are met, a complete soft-switching turn-on action
can be achieved. From Fig. 2, the shaded region in case G < 1
refers to the input ZVS, i.e., all the switches on the input
side work under the ZVS, and on the contrary, the G > 1
refers to the output ZVS. The remaining area labeled as ZVS
represents conditions in which both the input and output side
power switches work under the ZVS region. It stands out that
only in the case of G =1 it is possible to achieve FL ZVS at
all values of d. Hence, the majority of applications (e.g., smart
transformers) are based on the choice of the transformer ratio
k to ensure G ~ 1.

III. OPERATING PRINCIPLE OF AN INTERLEAVED CF-DAB

The CF-DAB topology shown in Fig. 3 operates similarly to a
conventional DAB under SPS control but includes two interphase
inductors, L and Lo, forming a two-leg interleaved buck structure
on the secondary side. These inductors connect each converter leg’s
middle point to the split DC link, effectively distributing the output
voltage across capacitors C7 and Cs. In this work, both interphase
inductors are assumed to be equal, i.e., L1 = Lo = L, allowing
the output current /, to split between the two legs. The output
current that flows through the interleaved inductors is defined as
I, =1_—1,,where I, and I_ represent the currents flowing
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Fig. 2. Ideal case ZVS region in the G vs d plane for the conventional DAB.



through the upper and lower DC rails, respectively, as shown in
Fig. 3. This configuration supports a wide voltage gain due to
the current-fed nature of the topology and is compatible with
both unipolar and bipolar DC microgrids. In particular, bipolar
grids utilize the £V, /2 ports (indicated as green in Fig. 3), while
unipolar grids connect to the +V;,/2 port (indicated as purple in
Fig. 3).

In bipolar operation with balanced loads, the upper and lower
DC rail currents are equal, [, = I_, resulting in zero current at
the midpoint, i.e., I, = 0. Consequently, no DC offset appears
in the interleaved inductor currents. However, under unbalanced
conditions where I # I_, a net midpoint current arises, I, # 0,
introducing a DC offset in the interleaved inductors. Since both
inductors are assumed equal (L1 = Lo = L), each inductor carries
an offset of I,/2. Whereas, in unipolar operation, if the load is
connected between the midpoint and the lower DC rail, the upper
DC rail current becomes zero (I = 0), leading to I, = —1_.
Conversely, if the load is connected between the upper DC rail and
the midpoint, the lower DC rail current is zero (/_ = 0), resulting
in I, = I;. In both cases, a nonzero DC offset current of either
+1, or —I, flows through the interleaved inductors, depending on
the load connection.

In summary, depending on the load conditions, the interphase
inductors in the CF-DAB can exhibit either no DC offset or a
positive/negative DC offset, in both bipolar and unipolar applica-
tions. Although the converter operates similarly to a conventional
DAB, the presence of ripple due to switching actions and offset
currents in the interphase inductors influences the conventional
ZV'S boundaries described in (3) and (4). As a main contribution,
this paper presents a detailed ZVS analysis of the CF-DAB under
SPS control, considering both zero and nonzero DC offset cases.
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Fig. 4. Voltage and current waveforms of the interphase inductors: (a) zero
DC offset; (b) positive DC offset.
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A. ZVS Analysis of the CF-DAB without the DC offset case

As shown in Fig. 4(a), the interphase inductor currents ¢7,,
and i1,, over half of the switching period Ty, exhibiting no
DC offset current (I, = 0). The circuit can be equivalently
modeled using a single inductor with an effective inductance of
L, + Ly = 2L. The resulting inductor current i{, captures the
combined ripple behavior of ¢1,, and ¢1,,. The peak amplitude
of this triangular ripple can be analytically expressed as:

: kVy
b 8fw(D)

On applying Kirchhoff’s Current Law (KCL), the leakage
inductor current of the output bridge iy,(dTsy) defined in (2)
modifies as:
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that by considering the parameter 8 = 2L /L4, the output side
leads to the following ZVS criterion:

s
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From (7), under no-load conditions (d = 0), the ZVS criterion
simplifies, allowing the calculation of AG,, which quantifies
the effective extension of the conventional ZVS range on the

output bridge [14]. This extension is given by:

1
AG,=1-G= 155"
where AG, represents the additional ZVS margin achieved
due to the interleaved output structure.

Fig. 5 illustrates the extended ZVS region for various values
of 3. The ZVS condition for the input bridge remains identical
to that of a conventional DAB, determined by (3). In contrast, for
the output bridge, due to the presence of interleaved inductors,
the ZVS region expands toward the low-power operating range
(i.e., smaller values of d), as quantified by the increase in AG,.
This expansion reduces the input ZVS area at light load while
keeping the maximum d at a fixed position. However, reducing
the 8 can increase the switch current RMS, as discussed in
[14]. Notably, as 8 — 400, the ZVS condition (7) converges to
that of the conventional SPS case given in (4). Moreover, if the
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Fig. 5. Without DC offset case ZVS region in the G vs d plane for the
CF-DAB.



interphase inductors are instead connected on the input side, the
leakage inductor current i1,(0) is altered, which in turn enlarges
the ZVS region of the input bridge. Therefore, the CF-DAB
operating in zero DC offset case offers a clear advantage in
enabling wide voltage gain operation while achieving ZVS on
both bridges, even under light-load conditions, with the trade-off
of higher switch current RMS.

B. ZVS Analysis of the CF-DAB with the DC offset case

As mentioned, the interphase inductors exhibiting a DC
offset can be either positive (I, > 0) or negative (I, < 0),
depending on the load connection. Fig. 4(b) depicts the inductor
currents 7r,, and 4, under a positive DC offset condition. In
this case, since L1 = Lo = L, the peak amplitude of the
triangular ripple can be formulated as:

PU8fwL 2
Notice that when I, = 0, (9) simplifies into (5). On applying

KCL, the leakage inductor current of the output bridge iy, (d sy, )
defined in (2), modifies as:
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that by considering the parameters 5 = L/ Ly, the output bridge
ZVS boundary now splits into two distinct conditions: one for

i, (dew) [G +4d — 1] + %L s

(10)

the lower switches, G, and one for the upper switches, G{7*.

This results in the following ZVS criterion:
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where « is defined as:
2fsdeIo
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As shown in Fig. 6(a), which corresponds to the case of
B — oo and I, > 0, the ZVS region of the input bridge remains
defined by the conventional boundary. In contrast, the output
bridge ZVS region splits into two distinct boundaries, denoted
as G7" and GY’. The separation between these boundaries is

G ~AG
2 2
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Fig. 6. ZVS region in the G vs d plane for 8 — co: (a) positive DC offset;
(b) negative DC offset.

governed by the parameter o, which increases with the output
current I,. As o increases, the region between G{" and G{}"
widens, indicating a broader operating range where only partial
ZVS is achieved. Specifically, satisfying the condition G7¥
ensures that the lower switches (Sg and Sg from Fig. 3) operate
under ZVS, while the upper switches (S5 and S7 from Fig. 3)
experience hard switching.

Similarly, Fig. 6(b) corresponds to the case of 5 — oo
and I, < 0. The ZVS region of the input bridge remains the
same as the conventional boundary. However, the roles of the
two output bridge ZVS boundaries are reversed, with a < 0
representing the negative DC offset current.

In general, as |« increases, the separation between G§* and

¢ also increases, expanding the region where only partial
ZVS occurs. To ensure full ZVS on the output bridge, both
boundary conditions Gi* and G¢;” must be met. When a = 0,
corresponding to the zero DC offset case, the two boundaries
coincide and resemble the ZVS boundary defined in (7). However,
it should be noted that for a given phase shift d, the output current
I, also becomes fixed, which in turn determines the value of
« and thus the separation between the two ZVS boundaries.
Consequently, at lower d values, the reduced output power limits
the maximum attainable DC offset I, thereby narrowing the
region between G and G¢}’. This constraint is not reflected in
Fig. 6 and will be addressed in detail in future work.

Fig. 7(a) and (b) correspond to the cases of 3 = 1.5 with
I, > 0and I, < 0, respectively. The input bridge ZVS remains
unaffected due to the absence of interphase inductors. Whereas,
the output bridge ZVS changes, with the boundary splitting into
two as a result of the DC offset. As 3 decreased, both ZVS
boundaries are shifted downward at lower d values, reducing
the input ZVS region and narrowing the gap between G} and

U compared to the 3 — oo case. However, reducing the 3
can increase the switch current RMS, similar to the zero DC
offset case. Therefore, proper design guidelines must be followed
to ensure wide voltage gain operation while maintaining lower
switch current RMS and reliable ZVS conditions. A similar
analysis can be extended to the case where the interleaved
inductors are connected to the input bridge. In that scenario, the
leakage inductor current i1,(0) is modified accordingly, leading
to partial ZVS on the input bridge switches at particular operating
conditions, as discussed in [14].
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Fig. 7. ZVS region in the G vs d plane for 8 = 1.5: (a) positive DC offset;
(b) negative DC offset.



IV. EXPERIMENTAL VALIDATION

The experimental validation has been conducted for the zero
DC offset case using the setup shown in Fig. 8, with parameters
listed in Table 1. The load connected between the upper and lower
DC rails case has been considered. A single interphase inductor
is connected between the two legs of the secondary-side switches,
replicating the equivalent behavior described in Section III-A.

Figs. 9 and 10 present the experimental waveforms of the
converter operating without the interphase inductor. In Fig. 9,
the top plot shows the primary and secondary side voltages v,
and v}, of the transformer, while the bottom plot displays the
corresponding leakage inductor current ir,. A small phase shift of
d = 0.05 is introduced between v, and vy, with the voltage gain
of G = 0.5. Under these conditions, the absence of the interphase
inductor results in the loss of ZVS on the output bridge.

Fig. 10 shows the drain-source voltage vqs and gate-source
voltage vgs waveforms for a single switch on the primary side
S1 (top) and secondary side Sy (bottom), respectively. Due to
the symmetrical structure of the converter, only one switch per
side is shown. It can be observed that the primary-side switch .Sy
achieves ZVS, while the secondary-side switch Sj fails to do so,
as seen during the turn-on, the switch is exposed to maximum
voltage V;, instead of zero voltage, which is clearly visible in
Fig. 10 bottom zoomed plot. These results confirm the theoretical
prediction that, under the given operating conditions, ZVS is not

TABLE I
EXPERIMENTAL SETUP PARAMETERS

Parameters Symbol Value Unit
Input voltage Ve 200 v
Output voltage Vo 100 \%
Switching frequency fsw 100 kHz
Leakage inductor Lg 81.7 pH
Voltage gain G 0.5 -
Transformer turns ratio k 1:1 -
Interphase inductor 2L 118.5 pH
Transformer magnetizing inductor L 775 pH
Operating phase shift d 0.05 -

Fig. 8. Experimental setup of CF-DAB: (1) input bridge; (2) output bridge;
(3) high-frequency transformer; (4) interphase inductor; (5) input pins for gate
signals.

possible to achieve on the output bridge of a conventional DAB,
particularly at light load.

Figs. 11 and 12 show the experimental results when an
interphase inductor is introduced between the secondary-side
legs. In Fig.11, the top and middle plots display the primary

v (V), vy (V)
(=]
F —

= 200

ir(A)

5 I I I I
0 10 20 30 40 50

t (ps)

Fig. 9. Primary and secondary side voltages (top) and the leakage current
(bottom) of the transformer in case of conventional DAB.
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Fig. 10. Drain-source voltage and gate source voltage: primary side switch
S1 (top) and secondary side switch S (bottom) in case of conventional DAB.
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Fig. 11. Primary and secondary side voltages (top), leakage current (middle)
of the transformer, and interphase inductor current (bottom).
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Fig. 12. Drain-source voltage and gate source voltage: primary side switch
S1 (top) and secondary side switch S5 (bottom) in case of CF-DAB.



and secondary transformer voltages, v, and vy, along with the
corresponding leakage inductor current ir,. The bottom plot
presents the interphase inductor current if . The converter is
operated under the same conditions as in the no-interphase case;
however, the introduction of the interphase inductor introduces
the design parameter /3.

In practice, the magnetizing inductance L, of the transformer
appears in parallel with the interphase inductor 2L, and those
values are provided in Table I. As a result, the total equivalent
inductance is calculated to be 102.7 pH, leading to an effective
£ = 1.25, which satisfies the ZVS condition (7) for the output
bridge operating under phase shift of d = 0.05 and voltage gain
G = 0.5. The triangular shape of the interphase inductor current
i1, confirms balanced operation with zero DC offset.

Fig. 12 displays the drain-source vgqs and gate-source vgg
voltages of the primary-side switch S (top) and secondary-side
switch S5 (bottom). As seen in the zoomed view of the top
plot, the input bridge continues to operate under ZVS, similar
to the previous case. However, with the interphase inductor in
place, ZVS is successfully achieved on the output bridge, as
evidenced by the secondary-side switch S5 turning on during the
zero voltage. These results experimentally validate the theoretical
analysis presented in Section III-A, confirming that the interphase
inductor effectively extends the ZVS region on the output bridge.

V. CONCLUSION

This paper presented a comprehensive ZVS analysis of the CF-
DAB converter operating under SPS control, with a focus on both
bipolar and unipolar DC grid applications. A key contribution
of this work is the recognition that the presence or absence
of DC offset in the interphase inductors depends on the load
configuration. Specifically, both bipolar and unipolar modes can
exhibit either zero or nonzero DC offset, respectively, which
significantly influences the ZVS behavior of the converter.

Analytical expressions were derived for the ZVS boundaries
in both zero and nonzero offset cases. In the zero-offset case, a
unified ZVS boundary is obtained, enabling full soft-switching
depending on the inductor sizing parameter /3. In contrast, when a
DC offset is present, the ZVS boundary splits into two separate
conditions for the upper and lower switches, resulting in only
partial ZVS within a certain operating range. Experimental
validation was conducted for the zero DC offset case, with the load
connected between the upper and lower DC rails, confirming the
theoretical predictions and demonstrating effective soft-switching.

However, the presence of interleaved inductors may increase
the RMS current in the switches, leading to a trade-off between
soft-switching and conduction losses. Future work will focus
on optimizing the design to balance ZVS performance with
efficiency. Moreover, experimental validation for the DC offset
case will be conducted to complete the analysis.
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