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Abstract—Although bipolar dc microgrids exhibit enhanced re-
liability and transmission efficiency compared to unipolar dc mi-
crogrids, they are prone to voltage imbalance issues. This article
proposes a dual active bridge (DAB) based bipolar dc–dc converter
with coupled inductors to automatically balance bipolar output
voltages under any load conditions. The proposed converter can
operate with a simple single phase-shift modulation. Moreover, the
coupled inductor is the key to realize self-balancing and roles as the
power transfer inductor as well. The zero-voltage-switching can
also be achieved for all switches under different load conditions.
The operation and self-balancing principles are analyzed in detail.
The characteristics of the proposed converter are well verified by
a 1 kW prototypes under different load conditions.

Index Terms—Bipolar dc microgrid, coupled inductor, dual
active bridge (DAB), voltage imbalance, zero-voltage switching
(ZVS).

I. INTRODUCTION

D ISTRIBUTED energy sources (DESs) like wind and solar
offer clean energy but require solutions for intermittency

[1]. DC microgrids address this challenge through direct re-
newable integration, with bipolar configurations (three-wire)
outperforming unipolar configurations (two-wire) by providing
dual voltage levels for enhanced efficiency and reliability [2],
[3]. A typical bipolar dc microgrid is depicted in Fig. 1. However,
the asymmetry between dc poles caused by unbalanced loads or
DESs may result in the problem of bipolar voltage imbalance,
which will deteriorate power quality and grid safety [4], [5].

Therefore, a series of independent voltage balancers have been
proposed to alleviate the bipolar voltage imbalance problem
[6], [7], [8]. For example, a simple buck/boost-type voltage
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Fig. 1. Block diagram of the bipolar DC microgrid.

balancer was proposed in [6], but its topology is prone to the
shoot-through problem. Thus, Zhang and Gong [7] proposed a
dual-buck half-bridge voltage balancer, which effectively pre-
vents the shoot-through of the bridge arms in the converter. In
addition, a three-level voltage balancer is proposed for high
dc voltage application [8]. However, the two-stage structure
requires more devices, which reduces its power conversion effi-
ciency and power density. Hence, advanced converters integrate
the voltage balancer into the dc/dc converter, which could be
roughly divided into non-isolated and isolated solutions.

For nonisolated solutions, Tavakoli et al. [9] proposed a
converter that can alleviate voltage balance by feeding power
into the bipolar dc bus. A three-level-boost is proposed in [10],
which can achieve automatic voltage balancing and high gain,
but it suffers from hard switching and high component count.
In [11], a hybrid sepic-boost converter is proposed, which can
achieve zero-voltage-switching (ZVS). Both papers [10] and
[11] have the problem of large number of components. A bipolar
converter in [12] uses only a single inductor, but it cannot achieve
self-balancing. Therefore, a more complex control strategy is
required. In contrast, the topology in [13] has fewer components,
and self-balancing and ZVS can be achieved. Without galvanic
isolation, common-mode voltages will create low impedance
paths between the dc ground, over which large fault currents will
flow thus reducing the safety of the equipment [14]. In addition,
most nonisolated bipolar converter face the contradiction of high
voltage gain and low component count [15], [16].

Compared with nonisolated solutions, the isolated solutions
demonstrate enhanced safety and reliability. An interleaved
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Fig. 2. Bipolar TAB converter based on coupled inductor in [25].

balancing inductor is added to the CLLC bidirectional dc/dc
converter to achieve voltage balancing in [17]. However, it con-
tains a large number of passive components, resulting in larger
size and lower efficiency. A coupled-inductor-based buck-type
converter is proposed in [18], which reserves the wide voltage
gain range of traditional buck converter, but it suffers from high
component count and switching losses. Following that, Lin et al.
[19] proposed bipolar current-fed dc–dc converter, which not
only have the advantage of low input current ripples, but also
achieve full range ZVS. The dual-active-bridge (DAB) converter
is a very popular topology for isolated bipolar dc/dc converter
due to its ZVS capability and seamless power control capability
[20], [21]. Therefore, more and more scholars are focusing
on bipolar self-balancing converters based on DAB topology.
An isolated four port voltage self-balancing converter based on
DAB is proposed by using a high frequency branch [22], which
ensures the safety of the system. However, it cannot achieve
self-balancing, and thus a more complex control strategy is re-
quired. In [23], an automatic voltage-balancing bipolar converter
is proposed, which can achieve a wide voltage gain range and
ZVS over the full load range. However, two bulky dc inductors
will increase the size of the device while reducing the power
while reducing the power density. To obtain a smaller device
size, magnetic integration technology is widely used. In [24], a
voltage balancing for triple-active-bridge (TAB) converter using
integrated transformer is proposed. Moreover, Naseem and Cha
[25] proposed bipolar TAB converter with automatic voltage bal-
ancing by using coupled inductor, as shown in Fig. 2. Compared
with paper [23], it requires only two magnetic components, thus
offering smaller device size. However, it has four more switches
than the traditional DAB converter, which will increase greater
switching losses.

Based on paper [25], this article proposes a self-balancing
DAB converter with coupled inductor to eliminate the aforemen-
tioned drawbacks, as shown in Fig. 3. The proposed converter
has the following advantages:

1) It can balance the output voltages regardless of load con-
ditions.

2) Compared with the conventional DAB, the coupled in-
ductor provides the required inductance for power trans-
fer, and the ZVS can be achieved for all switches under
different load conditions.

Fig. 3. Proposed converter.

3) The number of semiconductor devices is reduced by four
compared to the converter in [25]; hence, switching losses
can be significantly reduced.

4) A simple single phase-shift modulation can be used to
operate the proposed converter.

II. PROPOSED TOPOLOGY AND OPERATION PRINCIPLES

The proposed DAB based bipolar converter is shown in
Fig. 3, which can be implemented by adopting three-winding
high-frequency transformer (Tr) and split output filter capacitors
(Co1 and Co2), and adding one coupled inductor to the traditional
DAB converter (four primary switches Q1–Q4 and four primary
switches Q5–Q8). The coupled inductor (Tc) is located between
two secondary windings of transformer and connected to the
neutral point of the bipolar output. The primary to secondary
and tertiary turns ratio of Tr is n:1:1. The self-inductances of the
coupled inductor is L1 and L2, the turns ratio of which is 1:1. The
input voltage is Vin, the primary blocking capacitor is Cb, and
the voltages across Co1 and Co2 are Vo1 and Vo2, respectively.

Considering the complexity of the modulation methods, the
proposed converter employs a simple single phase-shift (SPS)
control strategy as shown in Fig. 4, where the switching fre-
quency is fs and the switching period is Ts = 1/fs. All switches
have the same duty cycle of 0.5, and Q1 and Q4 (Q2 and Q3)
have the same drive signal, as well as Q5 and Q8 (Q6 and Q7).
Q1 and Q2 are complementary switched with enough dead time,
as well as Q5 and Q6.

According to different conditions of load power Po1 and
Po2, the proposed bipolar converter has three operating modes,
namely Po1 < Po2, Po1 > Po2, and Po1 = Po2. Taking Po1

< Po2 as an example to conduct modal analysis, as shown in
Fig. 4(a). Before detailed analyses, the following assumptions
are made.

1) Tr is ideal, hence, its leakage inductor can be neglected.
2) The voltage across Cb is much smaller than Vin, hence, it

can be neglected.
3) Co1 and Co2 are large enough so that Vo1 and Vo2 are

constant under steady state.
From Fig. 4(a), one switching period can be divided into eight

stages. Due to symmetrical operation, only the four stages within
first half switching period from t0 to t4 will be analyzed. The
corresponding current paths are illustrated in Fig. 5.

Stage 1 [t0, t1] [see Fig. 5(a)]: At t0, Q2 and Q3 are turned
OFF. The primary current ip charges the junction capacitors of
Q2 and Q3 and discharges the junction capacitors of Q1 and
Q4 until the drain–source voltage of Q1 and Q4 decays to zero.
Then, the body diodes of Q1 and Q4 will be conducted to satisfy
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Fig. 4. Key waveforms of the proposed converter. (a)Po1 < Po2. (b) Po1 >
Po2.

the soft-switching condition in the next stage. During this stage,
the voltage vAB across nodes A and B increases from–Vin to
Vin. For the voltage of Cb is neglected and Tr is ideal, the
respective voltages vs and vt of secondary and tertiary windings
increase from –Vin/n to Vin/n. Since Q6 and Q7 are ON, the
voltage vCO (vOD) across nodes C (O) and O (D) keeps as
–Vo2 (–Vo1).

Stage 2 [t1, t2] [see Fig. 5(b)]: At t1, Q1 and Q4 are turned
ON. Hence, vAB equals to Vin, and both vs and vt equal to Vin/n.
Since Q6 and Q7 are still ON, vCO and vOD are –Vo2 and –Vo1,
respectively. The respective voltages vL1 and vL2 across L1 and
L2 can be expressed as follows:{

vL1 = vs − vCO = Vin/n+ Vo2

vL2 = vt − vOD = Vin/n+ Vo1
. (1)

Hence, the secondary and tertiary currents is and it start to
increase and decrease linearly, respectively. And is and it can be
expressed as follows:{

is (t) = is (t1) +
Vin/n+Vo2

L1
(t− t1)

it (t) = it (t1)− Vin/n+Vo1

L2
(t− t1) .

(2)

Fig. 5. Equivalent circuits. (a) [t0, t1]. (b) [t1, t2]. (c) [t2, t3]. (d) [t3, t4].

As shown in Fig. 3, when bipolar loads are unbalanced, a dc
bias current Ibias is generated at the midpoint of the coupled
inductor, enabling bipolar voltage balance. Its maximum value
is Vo1/Ro1 when the bipolar load with one terminal fully loaded
and the other unloaded. When Ibias>0, it indicates that Po1<Po2.
When Ibias<0, it indicates that Po1>Po2. Generally, Ibias can
flow to the primary side through the transformer Tr. However,
due to the effect of blocking capacitor Cb, it turns to flow through
the secondary and tertiary windings, which will affect is and it.
Therefore, under different load conditions, the dc component of
ip is always zero, as shown in Fig. 4, which prevents the magnetic
saturation of the high-frequency transformer. For the currents on
the secondary and tertiary sides, considering the symmetry of
the topology, the amplitudes of their dc components are both
Ibias/2. Thereby, when Po1 < Po2, a positive and a negative
dc current are superimposed on it and is, as shown in Fig. 4(a).
Conversely, when Po1>Po2, a negative and a positive dc current
are superimposed on it and is, as shown in Fig. 4(b).

Stage 3 [t2, t3] [see Fig. 5(c)]: At t2, Q6 and Q7 are turned
OFF. is charges the junction capacitors of Q6 and discharges
the junction capacitors of Q5 until the drain–source voltage of
Q5 decays to zero. Moreover, it charges the junction capacitors
of Q7 and discharges the junction capacitors of Q8 until the
drain–source voltage of Q8 decays to zero. Then, the body diodes
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Fig. 6. Equivalent circuit diagram of the converter considering the leakage
inductance of the secondary and tertiary sides of the transformer.

of Q5 and Q8 will be conducted to satisfy the soft-switching
condition in the next stage. During this stage, vAB keeps as Vin,
vCO (vOD) increases from –Vo2 (–Vo1) to Vo1 (Vo2).

Stage 4 [t3, t4] [see Fig. 5(b)]: At t3, Q5 and Q8 are turned
ON. Hence, vCO and vOD are Vo1 and Vo2, respectively. Since
Q1 and Q4 are still ON, vAB equals to Vin, both vs and vt equal
to Vin/n. vL1 and vL2 can be expressed as follows:{

vL1 = vs − vCO = Vin/n− Vo1

vL2 = vt − vOD = Vin/n− Vo2.
(3)

Hence, is and it start to increase and decrease linearly, respec-
tively. And is and it can be expressed as follows:{

is (t) = is (t3) +
Vin/n−Vo1

L1
(t− t3)

it (t) = it (t3)− Vin/n−Vo2

L2
(t− t3) .

(4)

III. CHARACTERISTICS

A. Automatic Voltage Balancing

According to (1) and (4), it can be concluded that under ideal
coupled inductor conditions (vL1 = vL2), the bipolar voltages
are naturally balanced (Vo1 = Vo2). However, in practical ap-
plications, since coupled inductor are not fully coupled (with
the coupling coefficient k less than 1), and transformer wind-
ings inherently exhibit leakage inductance, these factors may
compromise the voltage balancing capability of the converter.
Thus, considering the leakage inductances L1k and L2k of the
secondary and tertiary sides of the transformer, the equivalent
circuit of the converter is shown in Fig. 6.

Due to the fact that the coupled inductor is adopted, vL1 and
vL2 can be obtained as follows:{

vL1(t) = L1
dis
dt +M dit

dt

vL2(t) = L2
dit
dt +M dis

dt

(5)

where M is the mutual inductance of the proposed coupled
inductor.

The coupling coefficient can be obtained from k = M/
√
L1L2

= M/L1 with L1 = L2. Hence, one can obtain the following:{
vL1 (t) = L1

dis
dt + kL1

dit
dt

vL2 (t) = L2
dit
dt + kL1

dis
dt

. (6)

As shown in Fig. 6, it can be derived from (1), (6) that

Vin/n+ Vo2 = L1
Vin/n+ Vo2

L1 + L1k
+ kL1

Vin/n+ Vo1

L1 + L2k
. (7)

Fig. 7. Voltage balancing capability versus L2k/L1k with different k.

With (7), Vo2 / Vo1 can be derived and expressed as follows:

Vo2

Vo1
= k

2

1 + L2k/L1k
. (8)

As seen, when the coupled inductors are fully coupled (k= 1),
and the leakage inductance of the secondary and tertiary sides
of the transformer are equal (L1k = L2k), the bipolar output
voltages are always automatically balanced, regardless of the
load conditions at the output ports or the sum of the bipolar dc
output voltages. Fig. 7 shows the Vo2/ Vo1 obtained with various
k and L2k/ L1k. When the leakage inductance ratio L2k/ L1k

is small, a higher coupling coefficient results in better voltage
balancing. Generally, the practical k can be higher than 0.985
[18], and L2k/ L1k can be smaller than 1.05, corresponding to
Vo2/Vo1 exceeding 96% under operational constraints.

B. Transferred Power Characteristics

When the load is balanced, the secondary current is is sym-
metric about the time axis. Thus, the following expression can
be obtained after neglecting the switching dead time:

1

Ts

∫ t8

t0

is(t)dt=0 (9)

{
is (t2)=−is (t6) = is (t0) +

Vin/n+Vo2

L1
Dϕ

Ts

2

is (t4) = −is (t0)= is (t2) +
Vin/n−Vo1

L1
(1−Dϕ)

Ts

2

(10)

where Dϕ is the phase-shift duty cycle, and its value is 2ϕ/Ts.
According to (9) and (10), the following secondary and ter-

tiary current analytical expression can be derived:

is (t0) = − it (t0) =
Vo1 − Vin/n− 2DϕVo1

4L1
Ts (11)

is (t2) = − it (t2) =
Vo1 − Vin/n+ 2DϕVin/n

4L1
Ts. (12)
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Fig. 8. Transferred power characteristics curve.

Based on the turns ratio relationship, the primary current
analytical expression can be derived as follows:

ip (t0) =
Vo1 − Vin/n− 2DϕVo1

4nL1
Ts (13)

ip (t2) =
Vo1 − Vin/n+ 2DϕVin/n

4nL1
Ts. (14)

Based on (13) and (14), the transferred power of the proposed
converter can be expressed as follows:

Po =
2

Ts

∫ t4

t0

vAB (t) ip (t) dt =
VinVo1

2nL1fs
Dϕ (1−Dϕ) .

(15)
Po is scaled to the normalized power P�(P� = Po/Pn) for

better illustration. Pn is shown as follows:

Pn =
V 2
o1

8L1fs
. (16)

Define the voltage gain MV as follows:

MV =
2nVo1

Vin
. (17)

According to (15)–(17), P� is shown as follows:

P ∗ =
8

MV
Dϕ (1−Dϕ) . (18)

Based on (18), the transferred power characteristics curve of
the proposed bipolar converter is plotted in Fig. 8. It can be ob-
served that P� decreases with the increase of MV. Furthermore,
for a fixed MV, P� reaches its maximum value. when Dϕ equals
0.5. The operating region in practical prototype is designed as
the black box in Fig. 8.

C. ZVS Analysis

If the parasitic capacitance of the switch is neglected, whether
the switch can achieve ZVS depends only on the polarity of the
switch current at the instant of turn-on. Based on the operating
stages, the ZVS conditions are summarized in Table I.

By substituting (11)–(14) and (18) into Table I, the analytical
expression of soft-switching conditions can be obtained. As
shown in Table II, Idc represents the degree of load balance,
and when Ibias = Vo1/Ro1, its maximum value is MVL1/TsRo1.
When the bipolar load is balanced (i.e., Idc = 0), substituting

TABLE I
ZVS CONDITIONS FOR SWITCHES

TABLE II
ZVS CONDITIONS FOR SWITCHES

(18) into Table II reveals that the ZVS boundaries of the switches
under this condition are depicted in Fig. 9(a). Under balanced
load operation, the switches on the primary and secondary side
exhibit identical ZVS boundaries, respectively. As derived from
(18), the operating region in practice of the converter fully
resides within the ZVS region.

When the bipolar load is unbalanced, Ibias will circulate
through the secondary-side switches, leading to a shift in their
ZVS regions. As shown in Fig. 9(b), when Po1<Po2 (i.e., Idc
>0), the ZVS range of Q6 and Q8 expands, while that of Q5

and Q7 contracts. Conversely, Fig. 9(c) demonstrates that when
Po1>Po2 (i.e., Idc <0), the ZVS range of Q5 and Q7 extends
at the expense of the ZVS range of Q6 and Q8. For the ZVS
range of the primary-side switches, the unbalanced load will
not affect the current on the primary side and the ZVS range
of the primary-side switches due to Cb. Moreover, even under
unbalanced load conditions, the practical operating range is
within the ZVS region.

IV. EXPERIMENTAL RESULTS

A. Prototype and Design Consideration

To verify the proposed converter, an experimental prototype
with 1-kW rated power is built as shown in Fig. 10, and the
parameters of which are listed in Table III. Without loss of
generality, Vo is selected as ±190 V for this experiment, and
Vo can be adjusted according to (18) based on the requirements.

To achieve ZVS, MV must be constrained with a defined
operational range. With (17), the transformer ratio n should
satisfy the following:

n =
MV Vin

2Vo1
. (19)

In practical applications, MV is taken within the range of 2–
2.5, the turn ratio n is finally set to be 2.

The coupled inductor is constructed using a double-coil paral-
lel winding to achieve a higher coupling coefficient k and voltage
balancing capability. With (15), the self-inductance L1 can be
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Fig. 9. ZVS region of the switches with different load conditions. (a) Po1 =
Po2. (b) Po1 < Po2. (c) Po1 > Po2.

derived

L1 =
VinVo1

2nfsP
Dϕ (1−Dϕ) . (20)

A design margin is intentionally reserved by setting Dϕ =
0.42 to ensure the bipolar output operates at full load condition,
a self-inductance of 44 μH is chosen.

The presence of the blocking capacitor (Cb) means that no
dc component flows through the primary winding of the trans-
former. To prevent magnetic saturation of the coupled inductor
under unbalanced loads, an appropriate air gap must be in-
troduced, the length of which is determined by the following
formula:

lg =
μ0N

2
L1Ae

L1
(21)

Fig. 10. Experimental prototype.

TABLE III
EXPERIMENTAL PARAMETERS

TABLE IV
MAGNETIC COMPONENTS PARAMETERS

where lg is the length of air gap, NL1 is the number of turns
on the primary side of the coupled inductor, and Ae is the core
cross-sectional area.

The transformer and coupled inductor are designed using the
area product method, and the final results are shown in Table IV.

To avoid resonance between Cb and L1, the resonant frequency
of them should be much lower than the switching frequency. The
value of Cb is selected to 1 μF based on the following formula:

1

2nπ
√
L1Cb

� fs. (22)

According to the proposed bipolar converter operation,
the voltage stress on the primary-side switches (Q1-Q4) and
secondary-side switches (Q5–Q8) are derived as follows:

V(Q1−Q4)peak = Vin (23)

V(Q5−Q8)peak = Vo1 + Vo2. (24)

Based on the steady-state analysis, the peak current and root-
mean-square of the primary and secondary-side switches are
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Fig. 11. Control scheme for the proposed bipolar converter.

TABLE V
PARAMETERS OF THREE LOAD CONDITIONS

Fig. 12. Waveforms of vAB, vs, vt, and ip under different bipolar load
conditions. (a) Condition A. (b) Condition B. (c) Condition C.

respectively determined as follows:{
I(Q1−Q4)peak =

Vin/n+2DϕVo1−Vo1

4nL1
Ts

I(Q5−Q8)peak =
Vin/n+2DϕVo1−Vo1

4L1
Ts +

Vo1

2Ro1

(25)

{
I(Q1−Q4)RMS ≈ I(Q1−Q4)peak

2
√
3

I(Q5−Q8)RMS ≈ I(Q5−Q8)peak

2
√
3

+
V 2
o1

8R2
o1

. (26)

Hence, the MOSFETs IRFPC60PBF with its voltage rating of
600 V and current rating of 16 A are selected.

Fig. 11 illustrates the control strategy diagram of the proposed
converter, where a PI controller and SPS modulation is used
to regulate the entire output voltage Vo. Finally, the control
system is implemented by using the digital signal processor of
TMS320F28384.

B. Experimental Evidence

In order to verify the preceding theoretical analysis, where
three load conditions are taken for instance, as summarized in
Table V: one is that Po1 = 500 W and Po2 = 0 W for Condition
A, another is that Po1 = 0 W and Po2 = 500 W for Condition
B, and the other is that Po1 = 500 W and Po2 = 500 W for
Condition C. Fig. 12 shows the waveforms of vAB, vs, vt, and
ip according to different bipolar load conditions. As seen, the

Fig. 13. Waveforms of Vo1, Vo2, Io1, and Io2 under different bipolar load
conditions. (a) Condition A. (b) Condition B. (c) Condition C.

Fig. 14. Waveforms of is and it under unbalanced load conditions. (a) Condi-
tion A. (b) Condition B.

phase-shift duty cycle Dϕ is adjusted to transfer the total output
power, and it can be determined by using (15). Each independent
power Po1 and Po2 does not affect the value of Dϕ, because Dϕ

only determines the entire output power Po. Therefore, both
Condition A and Condition B have the same Dϕ. At the same
time, the primary-side current ip has no dc component due to
the presence of a blocking capacitor as shown in Fig. 12.

The key waveforms of Vo1, Vo2, Io1, and Io2 under different
bipolar load conditions are shown in Fig. 13. As can be seen, un-
der different load conditions, the experimental prototype keeps
Vo1 = Vo2 at a constant value of 190 V. Therefore, the proposed
converter has a good voltage balancing performance. Fig. 14
shows the waveforms of secondary current of the transformer
under different bipolar load conditions. In Fig. 14(a), the con-
ditions A is presented, where 250 W is unbalanced between
two output ports. To balance bipolar voltage, is and it have a
dc component with positive and negative polarity, respectively,
which ensure that the Ibias is negative polarity and provides
an additional 250 W of power to the Vo1 side, thereby, finally
having 500 W at the Vo1 side and 0 W at the Vo2 side. In
Fig. 14(b), the bipolar load condition is opposite to the case of
Fig. 14(a). Therefore, the dc components of is and it are negative
and positive polarity, respectively, which can distribute 500 W
to the Vo2 side.

In order to verify the dynamic performance, Fig. 15(a) and
(c) shows the waveforms varies from 380 to 300 V and back to
380 V under Po1 = 500 W, Po1 = 0 W, and Po1 = 500 W, Po1

= 250 W, respectively. Fig. 15(b) shows the waveforms under
Vin = 380 V, where the Vo2 port operates under full load, while



17876 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 12, DECEMBER 2025

Fig. 15. Dynamic waveforms. (a) Vin varies from 380 to 300 V and back to
380 V under Po1 = 500 W, Po2 = 0 W. (b) Po1 = 500 W, Po2 varies from 500
to 0 W and back to 500 W under Vin = 380 V. (c) Vin varies from 380 to 300 V
and back to 380 V under Po1 = 500 W, Po2 = 250 W. (d) Po1 = 500 W, Po2

varies from 250 to 0 W and back to 250 W under Vin = 380 V.

Fig. 16. Experimental waveforms of ZVS results under different load condi-
tions. (a) Q1 and Q4 under Condition A. (b) Q5 and Q8 under Condition A. (c)
Q1 and Q4 under Condition B. (d) Q5 and Q8 under Condition B. (e) Q1 and
Q4 under Condition C. (f) Q5 and Q8 under Condition C.

the Vo1 port is from full load to no load and back to full load.
Fig. 15(d) shows the waveforms under Vin = 380 V, where the
Vo2 port operates under full load, while the Vo1 port is from
full load to half load and back to half load. As can be seen,
the bipolar voltages are balanced all the time, and have a good
dynamic performance as well. In summary, the experimental
results verify that the bipolar voltages remain balanced with a
good dynamic performance even when an input voltage or load
sudden change occurs.

To verify the effects of varying load conditions on ZVS
performance, Fig. 16 shows the ZVS waveforms of Q1, Q4, Q5,
and Q8 under different load conditions, it can be clearly seen that
all switches can achieve ZVS-on. As shown in Fig. 16(a), (c)
and (e), Q1 and Q4 exhibit identical ZVS ranges across varying

Fig. 17. Measured efficiency curves of full load and half load under different
input voltage Vin.

load conditions owing to the blocking capacitor’s presence.
Combined with Fig. 16(b), (d) and (f), it can be observed that
the ZVS range of the secondary-side switches exhibits slight
differences under different load conditions. Under Condition A
(with negative Idc), the ZVS range of Q5 diminishes while that of
Q8 expands. The converse situation is observed under Condition
B. In contrast, under condition C, Q5 and Q8 achieve identical
ZVS conditions. For the symmetry of the proposed converter,
the remaining switches Q2, Q3, Q6, and Q7 can also obtain the
ZVS-on.

Fig. 17 shows the measured experimental efficiencies under
various load conditions and input voltages, while the entire
output voltage Vo maintains 380 V. The orange curve depicts the
converter efficiency with varying Vin under Condition C. It can
be seen the conversion efficiency drops from 96.75% to 94.06%
when Vin increases from 300 to 380 V. The results show the
efficiency of proposed converter decreases with the increase of
Vin under the same load condition. Also, experimental efficiency
under Conditions A and B indicated by the blue curve changes
from 94.75% (at Vin = 300 V) to 90% (at Vin = 380 V). Noted
that the all the two curves show similar curvilinear trend. In
addition, by comparing the two curves, it can be seen under the
same input voltage Vin, the efficiency at full load is higher than
at half load.

The histogram of theoretical losses under different load con-
ditions is shown in Fig. 18. As can be seen, the turn OFF losses
and the conduction losses decrease with the increase of Vin.
However, due to there are two magnetic components (including
transformer and coupled inductor), the proportion of magnetic
losses is relatively large, as shown in Fig. 18. When the input
voltage increases, the rate of change of magnetic flux (ΔB)
increases, leading to losses increase in the magnetic components.
As a result, as the power level increases, the efficiency of the
converter decreases.

C. Comparison

The proposed converter is compared with various bipolar
dc–dc converters, and the results are summarized in Table VI.
Compared to the topology in papers [16] and [22], the key
advantage of the proposed converter is that it achieves bipolar
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TABLE VI
COMPARISON OF THE PROPOSED CONVERTER WITH OTHER SIMILAR SOLUTIONS

Fig. 18. Theoretical loss calculation results of different load balancing condi-
tion. (a) Condition B. (b) Condition C.

voltage self-balancing, which can automatically balance two
output voltages under unbalanced load conditions without re-
quiring additional voltage balancing control. In comparison to
the voltage self-balancing topology proposed [22] and [23],
the proposed converter has fewer magnetic devices, which can
reduce magnetic core loss. Additionally, compared with the
converters in papers [22], [24], and [25], the proposed con-
verter reduces the number of switches, thereby lowering the
complexity of the driving and control circuits. Furthermore, in
comparison with the topology in [18], the proposed converter
improves the efficiency by achieving ZVS for all switches, while

paper [18] suffers from hard-switching losses in its diodes. As
a result, the proposed bipolar converter has advantages over the
existing bipolar methods.

V. CONCLUSION

This article proposed the DAB based self-balancing converter
with coupled inductor, which can balance bipolar voltages under
any load conditions. At the same time, the coupled inductor
provides the required inductance for power transfer. It enables
ZVS for all switches under different load conditions, which
helps in reducing switching losses. Additionally, the simple
single phase-shift modulation can be used, which is simple
and familiar to engineers. Compared to other bipolar solutions,
the proposed converter has fewer semiconductors and magnetic
components, which can increase the efficiency of the converter.
The theoretical analysis and characteristics are well verified by
the experimental results.
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