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Abstract—In the energy storage scenarios of low-voltage-high-
current, the three-switch push-pull full-bridge bidirectional dc–dc
converter (TPFBC) can be used with the characteristics of fewer
number of power switches and low cost compared with dual-
active-bridge. Nevertheless, it has the disadvantages of high voltage
stress and difficulty in realizing full-load zero-voltage switching.
To address these problems, an improved active clamp push-pull
full-bridge bidirectional dc–dc converter is proposed in this article,
which is composed by adding a clamping capacitor to the TPFBC.
The proposed topology can realize the voltage clamping function,
so the low-voltage and low-cost devices are allowed to be used in this
circuit. Besides, a minimum inductor current effective value control
strategy is proposed in this article to reduce the inductance loss, and
the power switches can achieve soft switching in a wide load range.
Then, the forward and backward operation characteristics are
symmetrical with a smooth switching of charging and discharging
modes under the PWM plus phase shift modulation strategy. In
addition, the transformer winding voltage has a higher number
of levels, and it is closer to the sine wave enabling it to reduce
reactive power and improve operation efficiency. The operation
principle, detail characteristic analysis, control strategy, power
losses analysis, and parametric design are presented, and a 500-W
experimental prototype is built to verify the effectiveness.

Index Terms—Active clamp, bidirectional dc/dc converters, zero-
voltage switching (ZVS).

I. INTRODUCTION

NOWADAYS, isolated bidirectional dc–dc converters are
widely used in energy storage systems due to their char-

acteristics of galvanic isolation and bidirectional transmission
of energy [1]. The isolated bidirectional converters include full
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bridge, half-bridge, push-pull, etc. The full-bridge bidirectional
converter, such as a dual-active-bridge (DAB) converter, can
realize power bidirectional transmission under the phase shift
control, which has the advantages of symmetry of the struc-
ture, simple control, and easy expansion [2], [3], [4]. However,
the traditional DAB converter has some limitations such as
large circulation, narrow soft-switching load range, and hard
switching when input and output voltage mismatch. Therefore,
extended-phase-shift (EPS) control, dual-phase-shift control,
and triple-phase-shift control have been proposed to address
these problems [5], [6], [7], [8]. The half-bridge bidirectional
converter has only half the power switches, resulting in a lower
manufacturing cost and simpler circuit structure. However, the
current stress of the power switch increases by twice under
the same transmission power, and the current ripple is much
larger. The push-pull bidirectional converter has the advantages
of fewer power switches and lower current stress [9], [10],
[11], [12], [13]. Although the voltage stress is relatively high,
the push-pull bidirectional converters are more suitable in low-
voltage and high-current operating scenarios such as low-voltage
energy storage systems.

A three-switch push-pull full-bridge bidirectional dc–dc con-
verter (TPFBC) has been proposed in [14]. The full-bridge
circuit at the low-voltage side is replaced by a three-switch
push-pull circuit to reduce the number and cost of devices, which
can maintain the similar working principle as the DAB converter.
Moreover, it can effectively reduce circulation loss and improve
efficiency by adjusting the duty cycle of the auxiliary switch,
achieving phase shift control. However, the operating frequency
of the auxiliary power switch is twice that of the other switches,
and it is hard to achieve zero-voltage switching (ZVS) opera-
tion under a light load, resulting in high switching loss. More
importantly, there will be a large voltage spike when the switch
turns OFF due to the influence of transformer leakage inductance.
Thus, it is necessary to add the clamping circuit to absorb the
leakage inductance energy to reduce the voltage stress.

The traditional clamping circuit is composed of the clamping
switch and capacitor, and they are usually connected in parallel
with the main power switch in a push-pull circuit [15], [16],
[17], [18]. Even though these circuits are symmetrical, the power
devices are doubled and the low-cost advantage is no longer
existing. The two clamping circuits in [16] are designed to share
a capacitor, hence, the number and cost of capacitors can be
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reduced, and the current ripple can also be reduced by adjusting
the dc inductor position to the power source. On this basis,
the resonant circuit is introduced to help the power switches
realize ZVS over a wide load range. However, more powerful
devices and clamping switch conduction loss will be inevitable.
Moreover, it can also be designed as a three-phase active clamp
push-pull converter to increase the rated power [19], [20], [21],
[22], [23], [24], [25], [26].

The converter proposed in [27] moves the clamping circuit
to the source terminal to achieve the purpose of sharing a
clamping circuit between two main power transistors. Since
only one active clamping circuit is introduced. It can reduce the
manufacturing cost and converter size successfully. It is worth
noting that it is difficult to switch smoothly between charging and
discharging modes due to the different modulation strategies.
In the other improved push-pull-forward half-bridge converter
presented in [28], only a clamping capacitor is required and the
circuit is relatively simple to reduce power device costs. Also,
this converter can achieve smooth switching between the charg-
ing and discharging modes. However, the ZVS conditions for
forward transmission and backward transmission are different.
It is difficult to realize ZVS under a light load, and the voltage
stress of the power switches is high, which is not beneficial to
the selection of the power switches. Therefore, the operating
efficiency is rather lower when operating at a light load.

In this article, an improved active clamped TPFBC (AC-
TPFBC) is proposed. Compared with similar converters such
as DAB, TPFBC, and PPFHB, the presented AC-TPFBC has
some advantages.

1) The topology introduces a clamping capacitor into the
TPFBC, which reduces the voltage stress of the power
switches and facilitates device selection.

2) Switching losses can be reduced owing to the ZVS of all
switches over a wide load range.

3) The energy stored in the transformer leakage inductance
is used for the soft-switching action and no additional
resonant inductor is required.

4) The number of levels in the transformer winding’s volt-
age is increased and the reactive power can be reduced
accordingly.

The rest of this article is organized as follows. Section II
gives the topology and the operation principle of the proposed
converter. The characteristics of the converter, the conditions
of realizing ZVS, the control strategy, power losses, and the
parametric design are analyzed in Section III. The existing
similar topologies comparison study is discussed in Section IV.
The experimental results are given in Section V, and finally,
Section VI concludes this article.

II. OPERATION AND ANALYSIS OF THE PROPOSED CONVERTER

Fig. 1 shows the proposed AC-TPFBC topology in this article.
It is mainly composed of an active clamp three-switch push-
pull circuit, a full-bridge circuit, and an isolated transformer, in
which the Lk1 and Lk2 are the leakage inductance of the high-
frequency transformer, and L represents the series inductance on
the secondary side of the transformer. Vi and Vo represent the

Fig. 1. Proposed topology of AC-TPFBC.

Fig. 2. Key steady-state operation waveforms (forward transmission). (a) Case
A (0 < Dϕ < 1-D). (b) Case B (1-D < Dϕ < 1).

input and output voltages, and VCa represents the voltage of the
clamping capacitor (Ca). iLk1, iLk2, and iL represent the currents
flowing through the transformer’s primary and secondary sides,
respectively.

The implementing modulation strategy for the proposed AC-
TPFBC is similar to the EPS used for DAB, which keeps the
duty cycle of vcd at 0.5, where it can realize power regulation
and commutation by changing the switch S3 drive signal duty
cycle and the phase shift angle between vab and the vcd. The key
waveforms under forward and backward transmission are shown
in Figs. 2 and 3, respectively. The gate driving signals of S1 and
S2 are phase-shifted by 180° with a duty cycle larger than 0.5,
and the drive signal of S3 is complementary to the drive signal of
S1 and S2. The drive signals of S4 and S7, S5 and S6 are the same
and their duty cycle keeps 0.5. Assuming that the driver signals
duty cycle and frequency of S3 are D and 2fs, respectively, and
the shift ratio between vab and vcd is Dϕ. Taking the forward
operation as an example, in Fig. 2, it could be found that the
operation includes two cases: Case A and Case B. To simplify
the analysis, some assumptions are given as follows.

1) The switches S1–S7 are ideal with antiparallel diodes and
junction capacitances.

2) The transformer turns ratio is 1:1:n.
3) The voltage of Ca remains constant.
4) The leakage inductance is Lk1 = Lk2 = Lk.
The forward and backward operation can be divided into two

cases according to the shift ratio between vab and vcd, as shown
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Fig. 3. Key steady-state operation waveforms (backward transmission).
(a) Case A (D − 1 < Dϕ < 0). (b) Case B (−1 < Dϕ < D − 1).

in Figs. 2 and 3. Since the analysis method of Case B is similar
to Case A, this article mainly takes Case A as an example to
analyze the forward and backward modes of the whole cycle.

A. Forward Operation Principle of Case A

When the converter works in Case A under the forward
transmission, the working state includes 12 intervals during
a full-switching cycle. The corresponding equivalent circuit
during each interval is shown in Fig. 4.

Interval 1 [Fig. 4(a), t0 ≤ t < t0′]: At t0, S3 is turned OFF and
can achieve ZVS-off with the presence of parallel capacitance.
Primary current iLk2 begins to charge the parallel capacitance of
S3 and discharge the parallel capacitance of S1 at the same time.
Then vds3 rises to Vi + VCa and vds1 falls to 0. Hence, the diode
of S1 is naturally turn-ON at t0′, and vds3 is clamped at Vi + VCa

to suppress the turn-OFF voltage spike.
Interval 2 [Fig. 4(b), t0′ ≤ t < t1]: At t0′, S1 is turned ON,

and it can achieve ZVS-on with the current flowing through its
antiparallel diode. Assuming that the secondary voltage of the
transformer is nv1, then, vL, vLk1, and vLk2 are equal to nv1-Vo,
v1-VCa, and −(VCa + v1), respectively. In this interval, iL, iLk1,
and iLk2 change linearly, and the slopes are as⎧⎨

⎩
diL/dt = (nv1 − Vo)/L
diLk1/dt = (v1 − VCa)/Lk

diLk2/dt = −(VCa + v1)/Lk

. (1)

Interval 3 [Fig. 4(c), t1 ≤ t < t1′]: At t1, S4 and S7 are turned
OFF, and both of them can achieve ZVS-off with the presence
of parallel capacitance. Secondary current iL starts to charge
the parallel capacitors of S4 and S7 and discharge the parallel
capacitors of S5 and S6 at the same time. Then, vds4 and vds7
rise to Vo when vds5 and vds6 fall to 0. Hence, the diodes of S5
and S6 are naturally turn-ON at t1′.

Interval 4 [Fig. 4(d), t1′ ≤ t < t2]: At t1′, S5 and S6 are turned
ON, and both of them can achieve ZVS-on with the current
flowing through their antiparallel diodes. Assuming that the
secondary voltage of the transformer is nv2, then, vL, vLk1, and
vLk2 can be expressed as nv2 + Vo, v1-VCa, and −(VCa + v2),
respectively. In this interval, iL, iLk1, and iLk2 change linearly,

and the slopes are as⎧⎨
⎩
diL/dt = (nv2 + Vo)/L
diLk1/dt = (v2 − VCa)/Lk

diLk2/dt = −(VCa + v2)/Lk

. (2)

Interval 5 [Fig. 4(e), t2 ≤ t < t2′]: At t2, S2 is turned OFF, and
it can achieve ZVS-off with the presence of parallel capacitance.
Primary current iLk1 begins to charge the parallel capacitance
of S2 and discharge the parallel capacitance of S3 at the same
time. Then, vds2 rises to Vi + VCa, and vds3 falls to 0. Hence,
the diode of S3 is naturally turn-ON at t0′, and vds2 is clamped at
Vi + VCa to suppress the turn-OFF voltage spike.

Interval 6 [Fig. 4(f), t2′ ≤ t < t3]: At t2′, S3 is turned ON,
and it can achieve ZVS-on with the current flowing through its
antiparallel diode. Assuming that the secondary voltage of the
transformer is nv3, then vL, vLk1 and vLk2 are nv3 + Vo, −(Vi +
v3) and −(VCa + v3), respectively. In this interval, iL, iLk1, and
iLk2 change linearly, and the slopes are as⎧⎨

⎩
diL/dt = (nv3 + Vo)/L
diLk1/dt = (Vi + v3)/Lk

diLk2/dt = −(VCa + v3)/Lk

. (3)

Interval 7 [Fig. 4(g), t3 ≤ t < t3′]: At t3, S3 is turned OFF.
Its operating mode is similar to Interval 1. Its working principle
and operating mode are similar to Interval 1.

Interval 8 [Fig. 4(h), t3′ ≤ t < t4]: At t3′, S2 is turned ON.
Its operating mode is similar to Interval 2. So, the slopes of key
currents can be expressed as⎧⎨

⎩
diL/dt = (nv1 + Vo)/L
diLk1/dt = (v1 − VCa)/LK

diLk2/dt = −(VCa + v1)/LK

. (4)

Interval 9 [Fig. 4(i), t4 ≤ t < t4′]: At t4, S5 and S6 are
turned OFF. Its working principle and operating mode during
this interval are similar to Interval 3.

Interval 10 [Fig. 4(j), t4′ ≤ t< t5]: At t4′, S4 and S7 are turned
ON. Its operating mode is similar to Interval 4. So, the currents’
slopes are as ⎧⎨

⎩
diL/dt = (nv2 − Vo)/L
diLk1/dt = (v2 − VCa)/LK

diLk2/dt = −(VCa + v2)/LK

. (5)

Interval 11 [Fig. 4(k), t5 ≤ t< t5′]: At t5, S1 is turned OFF. The
working principle and operating mode are similar to Interval 5.

Interval 12 [Fig. 4(l), t5′ ≤ t < t6]: At t5′, S3 is turned ON. Its
operating mode is similar to Interval 6 and the currents’ slopes
are as ⎧⎨

⎩
diL/dt = (nv1 − Vin)/L
diLk1/dt = (v1 − VCa)/LK

diLk2/dt = −(VCa − v1)/LK

. (6)

B. Backward Operation Principle of Case A

When the converter operates at Case A under the backward
transmission, there are 12 intervals during a full-switching cycle,
which is shown in Fig. 5 by using the equivalent circuits.
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Fig. 4. Forward operation equivalent circuit of each interval in Case A.

Interval 1 [Fig. 5(a), t0 ≤ t < t0′]: At t0, S3 is turned OFF and
it can achieve ZVS-off with the presence of parallel capacitance.
Primary current iLk2 begins to charge the parallel capacitance
of S3 and discharge the parallel capacitance of S1 at the same
time. Then, Vds3 rises to Vo + VCa and Vds1 falls to 0. Hence,
the diode of S1 is naturally turn-ON at t0′, and Vds3 is clamped
at Vo + VCa to suppress the turn-OFF voltage spike.

Interval 2 [Fig. 5(b), t0′ ≤ t < t1]: At t0′, S1 is turned ON,
and it can achieve ZVS-on with the current flowing through its
antiparallel diode. Assuming that the secondary voltage of the
transformer is nv1, then, VL, VLk1, and VLk2 are equal to nv1-Vin,
v1-VCa, and -(VCa + v1), respectively. In this interval, iL, iLk1,
and iLk2 change linearly, and the slopes are as⎧⎨

⎩
diL/dt = (nv1 − Vin)/L
diLk1/dt = (v1 − VCa)/LK

diLk2/dt = −(VCa + v1)/LK

. (7)

Interval 3 [Fig. 5(c), t1 ≤ t < t1′]: At t1, S4 and S7 are turned
OFF, and both of them can achieve ZVS-off with the presence
of parallel capacitance. Secondary current iL starts to charge
the parallel capacitors of S4 and S7 and discharge the parallel
capacitors of S5 and S6 at the same time. Then, Vds4 and Vds7

rise to Vin when Vds5 and Vds6 fall to 0. Hence, the diodes of S5
and S6 are naturally turn-ON at t1′.

Interval 4 [Fig. 5(d), t1′ ≤ t < t2]: At t1′, S5 and S6 are turned
ON, and both of them can achieve ZVS-on with the current
flowing through their antiparallel diodes. Assuming that the
secondary voltage of the transformer is nv2, then, VL, VLk1, and
VLk2 can be expressed as nv2 + Vin, v2-VCa, and -(VCa + v2),
respectively. In this interval, iL, iLk1, and iLk2 change linearly,
and the slopes are as⎧⎨

⎩
diL/dt = (nv2 + Vin) /L
diLK1/dt = (v2 − VCa) /LK

diLK2/dt = − (VCa + v2) /LK

(8)

Interval 5 [Fig. 5(e), t2 ≤ t < t2′]: At t2, S2 is turned OFF, and
it can achieve ZVS-off with the presence of parallel capacitance.
Primary current iLk1 begins to charge the parallel capacitance
of S2 and discharge the parallel capacitance of S3 at the same
time. Then, Vds2 rises to Vo + VCa, and Vds3 falls to 0. Hence,
the diode of S3 is naturally turn-ON at t2′, and Vds2 is clamped
at Vo + VCa to suppress the turn-OFF voltage spike.

Interval 6 [Fig. 5(f), t2′ ≤ t < t3]: At t2′, S3 is turned ON,
and it can achieve ZVS-on with the current flowing through its
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Fig. 5. Backward operation equivalent circuit of each interval in Case A.

antiparallel diode. Assuming that the secondary voltage of the
transformer is nv3, then VL, VLk1, and VLk2 are nv3 + Vin, Vo +
v3, and -(VCa + v3), respectively. In this interval, iL, iLk1, and
iLk2 change linearly, and the slopes are as⎧⎨

⎩
diL/dt = (nv3 + Vin) /L
diLK1/dt = (vo + V3) /LK

diLK2/dt = − (VCa + v3) /LK

(9)

Interval 7 [Fig. 5(g), t3 ≤ t < t3′]: At t3, S3 is turned OFF. The
working principle and operating mode are similar to Interval 1.

Interval 8 [Fig. 5(h), t3′ ≤ t < t4]: At t3′, S2 is turned ON.
Its operating mode is similar to Interval 2. So, the slopes can be
derived as ⎧⎨

⎩
diL/dt = (nv1 + Vin)/L
diLk1/dt = (v1 − VCa)/LK

diLk2/dt = −(VCa + v1)/LK

. (10)

Interval 9 [Fig. 5(i), t4 ≤ t < t4′]: At t4, S5 and S6 are turned
OFF. The working principle and operating mode are similar to
Interval 3. So the detailed analysis is omitted.

Interval 10 [Fig. 5(j), t4′ ≤ t< t5]: At t4′, S4 and S7 are turned
ON. Its operating mode is similar to Interval 4, and the slopes

can be expressed as⎧⎨
⎩
diL/dt = (nv2 − Vin)/L
diLk1/dt = (v2 − VCa)/LK

diLk2/dt = −(VCa + v2)/LK

. (11)

Interval 11 [Fig. 5(k), t5 ≤ t< t5′]: At t5, S1 is turned OFF. The
working principle and operating mode are similar to Interval 5.

Interval 12 [Fig. 5(l), t5′ ≤ t < t6]: At t5′, S3 is turned ON.
Its operating mode is similar to Interval 4, and the key current
slopes can be expressed as⎧⎨

⎩
diL/dt = (nv3 − Vin)/L
diLk1/dt = (v3 − VCa)/LK

diLk2/dt = (Vo − v3)/LK

. (12)

III. ANALYSIS OF THE PROPOSED CONVERTER

A. Inductor Current

Since intervals 1, 3, and 5 are very short compared with
a switching period, they can be ignored in the next analysis.
The voltage VCa can be deduced from the volt–second balance
principle of Lk1 and Lk2, and it is

VCa = DVi/(2−D). (13)
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1) Case A: According to the transformer input and output
relationship, the secondary voltage of the transformer can be
derived as

⎧⎪⎨
⎪⎩
v1 = nLkVo

n2Lk+2L (t0 ≤ t<t1)

v2 = − nLkVo

n2Lk+2L (t1 ≤ t<t2)

v3 = − LLk

n2Lk+2L

[
2Vi

Lk(2−D) +
nVo

L

]
(t2 ≤ t ≤ t3)

. (14)

The expression of inductor current iL in half a cycle can be
obtained as

iL(t) =

⎧⎨
⎩
iL(t0) +

nv1−Vo

L (t− t0)(t0 ≤ t<t1)

iL(t1) +
nv2+Vo

L (t− t1)(t1 ≤ t<t2)

iL(t2) +
nv3+Vo

L (t− t2)(t2 ≤ t ≤ t3)

(15)

where t1 =
1+Dϕ−D

4fs
+ t0, t2 =

1−Dϕ−D
4fs

+ t1, and t3 = D
2fs

+
t2.

In combination with (14), (15), and the constraint
conditioniL(t3) = −iL(t0), the initial current value of each
stage of the inductor can be obtained, and they are as

⎧⎪⎨
⎪⎩
iL(t0) =

Dn
2(n2Lk+2L)fs(2−D)Vi +

Dϕ−D
2(n2Lk+2L)fs

Vo

iL(t1) =
Dn

2(n2Lk+2L)fs(2−D)Vi − 1
2(n2Lk+2L)fs

Vo

iL(t2) =
Dn

2(n2Lk+2L)fs(2−D)Vi − Dϕ+D
2(n2Lk+2L)fs

Vo

. (16)

Similarly, the initial current value of every stage of Lk1 and
Lk2 can be obtained as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iLk1(t0) =
(1−D)(n2Lk+2L)−n2Lk

4(n2Lk+2L)fsLk(2−D) DVi

+
(D−Dϕ)(2−D)+DDϕ

4(n2Lk+2L)fs(2−D) nVo

iLk1(t1) = − Dϕ(n2Lk+2L)+n2Lk

4(n2Lk+2L)fsLk(2−D)DVi

+
2−D(1−Dϕ)

4(n2Lk+2L)fs(2−D)nVo

iLk1(t2) = − (1−D)(n2Lk+2L)+n2Lk

4(n2Lk+2L)fsLk(2−D) DVi

+
2(D+Dϕ)−D2

4(n2Lk+2L)fs(2−D)nVo

iLk1(t3) =
(1−D)(n2Lk+2L)+n2Lk

4(n2Lk+2L)fsLk(2−D) DVi

+
2(Dϕ−D)+D2

4(n2Lk+2L)fs(2−D)nVo

(17)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

iLk2(t0) = iLk1(t3)

iLk2(t1) =
n2Lk−Dϕ(n2Lk+2L)

4(n2Lk+2L)fsLk(2−D)DVi

+
D(1+Dϕ)−2

4(n2Lk+2L)fs(2−D)nVo

iLk2(t2) =
n2Lk−(1−D)(n2Lk+2L)
4(n2Lk+2L)fsLk(2−D) DVi

+
DDϕ−(2−D)(Dϕ+D)
4(n2Lk+2L)fs(2−D) nVo

iLk2(t3) = iLk1(t0)

. (18)

2) Case B: The analytical method in Case B is the same as
the one in Case A, thus the results are given directly as follows:

⎧⎪⎨
⎪⎩
iL(t0) =

Dn
2(n2Lk+2L)fs(2−D)Vi +

Dϕ−D
2(n2Lk+2L)fs

Vo

iL(t1) =
Dn

2(n2Lk+2L)fs(2−D)Vi +
Dϕ+D−2

2(n2Lk+2L)fs
Vo

iL(t2) =
(1−Dϕ)n

2(n2Lk+2L)fs(2−D)Vi − 1
2(n2Lk+2L)fs

Vo

(19)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iLk1(t0) =
2L−D(n2Lk+2L)

4(n2Lk+2L)fsLk(2−D)DVi

+
(1−Dϕ−D)(3+Dϕ−3D)+12D−6D2−4

8(n2Lk+2L)fs(2−D) nVo

iLk1(t1) =
(D−1)(n2Lk+2L)−n2Lk

4(n2Lk+2L)fsLk(2−D) DVi

+
2(D−2)(Dϕ+D−2)+2D−D2−(Dϕ−1)2

8(n2Lk+2L)fs(2−D) nVo

iLk1(t2) =
(Dϕ−1)[(1−D)(n2Lk+2L)+n2Lk]

4(n2Lk+2L)fsLk(2−D) Vi

+
4−D2−(Dϕ−1)2

8(n2Lk+2L)fs(2−D)nVo

iLk1(t3) =
(1−D)(n2Lk+2L)+n2Lk

4(n2Lk+2L)fsLk(2−D) DVi

+
4Dϕ−2D−2DDϕ−(Dϕ+D−1)(Dϕ+D−3)

8(n2Lk+2L)fs(2−D) nVo

(20)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iLk2(t0) = iLk1(t3)

iLk2(t1) =
n2Lk−(1−D)(n2Lk+2L)
4(n2Lk+2L)fsLk(2−D) DVi

+
2(2−D)(Dϕ+D−2)+2D−D2−(Dϕ−1)2

8(n2Lk+2L)fs(2−D) nVo

iLk2(t2) =
(Dϕ−1)[(1−D)(n2Lk+2L)−n2Lk]

4(n2Lk+2L)fsLk(2−D) Vi

+
4D−4−D2−(Dϕ−1)2

8(n2Lk+2L)fs(2−D)nVo

iLk2(t3) = iLk1(t0)

(21)

wheret1 = 1−D
2fs

+ t0, t2 =
Dϕ+D−1

4fs
+ t1 and t3 =

1+D−Dϕ

4fs
+

t2.

B. Transmission Power

Based on Fig. 2(a), the transmission power in Case A can be
given by

P = 2fsVo

[∫ t1

t0

iL(t)dt−
∫ t3

t1

iL(t)dt

]

=
nViVoDDϕ

2(n2Lk + 2L)fs(2−D)
. (22)

In Fig. 2(b), the transmission power in Case B can be ex-
pressed as

P = 2fsVo

[∫ t2

t0

iL(t)dt−
∫ t3

t2

iL(t)dt

]

=
nViVo

[
1− (1−D)2 − (1−Dϕ)

2
]

4(n2Lk + 2L)fs(2−D)
. (23)

Providing thatPbase =
nViVo

4(n2Lk+2L)fs
, the normalized trans-

mission power of the proposed AC-TPFBC can be written as

P ∗ =

{
2DDϕ

2−D , Case A
1−(1−D)2−(1−Dϕ)2

2−D , Case B
. (24)

The backward transmission power is calculated in the same
way as in the forward direction, and the results are shown as
follows:

P ∗ =

{
2DDφ

2−D , Case A

− 1−(1−D)2−(1+Dφ)
2

2−D , Case B
. (25)

Fig. 6 shows a 3-D graph of the transmission power, and it
can be seen that P∗ reaches a minimum value when D or Dϕ

is 0. The forward maximum power can be reached when D and
Dϕ are both 1 and the backward transmission power can be



14868 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 11, NOVEMBER 2024

Fig. 6. Three-dimensional graph of the transmission power.

reached when D is 1 and Dϕ is −1. It can be seen that the
working characteristics of the forward and reverse operations are
completely identical to the expression. The power transmission
direction can be switched by adjusting the Dϕ, thus simplifying
the difficulty of the control loop design.

C. ZVS Condition

Assuming that the minimum currents of S1–S3 and S4–S7
achieving ZVS turn-ON are respectively{

IZ1 =
4ViCoss(S1:S3)

(2−D)tdead

IZ2 =
2VoCoss(S4:S7)

tdead

. (26)

1) Case A. ZVS Conditions for Switch S1 (S2): When S3 is
turned OFF, the current iLk2 (iLk1) charges the junction capacitor
of S3 and discharges the junction capacitor of S1 (S2), so iLk2(t0)
can be calculated as

iLk2(t0) > IZ1. (27)

ZVS Conditions for Switch S3: When S1 (S2) is turned OFF,
the current iLk2 (iLk1) charges the junction capacitor of S1 (S2)
and discharges the junction capacitor of S3, so iLk1(t2) can be
calculated as

−iLk1(t2) > IZ1. (28)

ZVS Conditions for Switch S4–S7: When S4 and S7 (S5 and
S6) are turned OFF, the current iL charges the junction capacitor
of S4 and S7 and discharges the junction capacitor of S5 and S6,
so iL(t1) can be calculated as

−iL(t1) > IZ2. (29)

2) Case B: Referring to the analysis in Case A, the conditions
for realizing ZVS of power switches in Case B can be obtained
as

−iLk1(t2) > IZ1. (30)

Fig. 7 gives all switches achieving ZVS turn-ON range when
the Lk is different values. The shaded part indicates that all the
power switches cannot be guaranteed to achieve soft switching

Fig. 7. Soft-switching range of AC-TPFBC at different leakage inductance.
(a) Lk = 1 µH. (b) Lk = 2.5 µH. (c) Lk = 4 µH. (d) Lk = 5 µH.

Fig. 8. Soft-switching range of AC-TPFBC at different voltage conversion
ratios. (a) k = 1.2. (b) k = 0.8.

in this area. According to (27)–(30), it can be found that the soft
switching range of the full-bridge circuit is only related to the
inductance n2Lk + 2L. When the rated power of the converter is
given, the inductance value will also be determined, no matter
how the inductance Lk changes, the soft switching range will
always remain unchanged. For the Push-pull circuit, the soft
switching range is closely related to the inductance Lk. With the
increase of the inductance Lk value, the soft switching range
shows a decreasing trend, and eventually, some power switches
cannot realize the result of ZVS turn-ON.

Fig. 7 shows that the smaller the inductor Lk, the larger the
soft switching range, but it does not mean that the operating
characteristics of the converter are better and the work efficiency
is higher. Moreover, with the decrease of inductance Lk, the peak
value of inductor current iLk1, iLk2, and the RMS value will
gradually increase.

Assuming that the voltage conversion ratio is k = nVi/Vo,
Fig. 8 shows the range for all switches achieving ZVS turn-ON,
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Fig. 9. Design of the control strategy. (a) Optimal trajectory and ZVS bound-
ary. (b) Linear fitting curve.

which can be found that the larger k is, the wider the soft-
switching range can be realized. In addition, it is noted that the
increase of k will make the effective value of the inductance
current larger under the same transmission power condition.
Therefore, the value of k should not be too large in practice.

D. Control Strategy

Since the inductor current is directly related to the conduction
loss and the transformer loss, it affects the operational efficiency
of the converter. Therefore, on the premise of ensuring the
realization of a wide range of soft switching, this article mainly
takes the RMS value of inductor current iL as the objective to
optimize the control. Firstly, according to (16) and (19), we can
obtain

I2L_rms =⎧⎨
⎩
A
[
k2(3D2−2D3)

(2−D)2
+

k(D3+3DD2
ϕ−3D)

2−D + 1
]
, Case A

A
[
k(1−Dϕ)3

2−D + 3kD (Dϕ − 1) + k2D2(3−2D)

(2−D)2
+ 1

]
, Case B

(31)

where A is the coefficient, and its expression can be obtained as

A =
V 2
o

12(n2Lk + 2L)2f2
s

. (32)

The Lagrange multiplier method is used to solve the opti-
mal problem, and the established optimization equation for the
transmission power and inductance RMS current is{

min I2L_rms(D,Dϕ)
where P (D,Dϕ) = 0

. (33)

Combining (12), (22), (31), and (32), the optimal solution of
(33) can be drawn and it is shown in Fig. 9(a), from which we can
find the curve is difficult to ensure all power transistors achieve
soft switching. Meanwhile, it is hard to solve these functions.
Herein, this article proposes a linear fitting scheme based on the
RMS value of inductance current optimal control to simplify the
analysis, and it is expressed as{

D = B, Case A

D =
(Dϕ−1)(1−B)

B + 1, Case B
(34)

where B is a constant, and it is

B =
2Vo − 4

(
n2Lk + 2L

)
fsIZ2

nVi + Vo − 2 (n2Lk + 2L) fsIZ2
. (35)

Fig. 10. Control block diagram.

Fig. 11. Comparison of simulation waveforms. (a) Before optimization. (b)
After optimization.

Fig. 12. Conduction loss difference between AC-TPFBC and TPFBC. (a) Case
A. (b) Case B.

The complete linear fitting curve is shown in Fig. 9(b) when
the k is 1.2, which can figure out the ZVS boundary of the full-
bridge circuit in Case A and the linear function in Case B.

Fig. 10 shows closed-loop control of the block diagram of the
proposed AC-TPFBC. When the relationship between the two
duty cycles (D and Dϕ) is obtained, the control variable of the
converter is reduced from two degrees of freedom to one. As
a result, control complexity is simplified. The shift ratio Dϕ is
obtained by voltage PI closed loop. Then, the duty ratio D is
obtained by optimizing the control unit according to (34).

To verify the effectiveness of the control strategy, the AC-
TPFBC simulation model is built in SIMULINK, and Fig. 11
shows the comparison of simulation waveforms under the same
transmission power. it can be found that the RMS value and
peak value of the inductor current are significantly reduced
when the optimization control is adopted, which is conducive
to improving the operation efficiency.
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Fig. 13. Switching loss difference between AC-TPFBC and TPFBC. (a) Case
A. (b) Case B.

Fig. 14. Transformer loss difference between AC-TPFBC and TPFBC.
(a) Case A. (b) Case B.

Fig. 15. Design flow chart of the presented converter.

Fig. 16. Photograph of the experimental prototype.

Fig. 17. Experimental waveforms of forward transmission under 20% power.
(a) Secondary transformer voltage vab, vcd, and inductor current iL, iLk1.
(b) Switch S3 voltage vgs3, vds3, and current ids3. (c) Switch S4 voltage vgs4,
vds4, and current ids4.

E. Power Losses Analysis

1) Conduction Loss: The conduction loss is mainly caused
by the parasitic resistances of the power switch and antiparallel
diode. Assuming that the values are both Ron, the conduction
loss can be obtained as

Pon = I2dsRon (36)

where Ids represents the RMS value of the power switch con-
duction current. For S1 and S2, the value is equal to

I2ds1=

⎧⎨
⎩

1
Ts

[∫ t2
t0

i2Lk1 (t)+i2Lk2 (t) dt+n2
∫ t3
t2

i2L (t)
]
, Case A

1
Ts

[∫ t1
t0

i2Lk1 (t)+i2Lk2 (t) dt+n2
∫ t3
t1

i2L (t)
]
, Case B

.

(37)

For S3, the value is equal to

I2ds2 =

⎧⎨
⎩

2
Ts

(∫ t3
t2

i2Lk1 (t) dt
)
, Case A

2
Ts

(∫ t3
t1

i2Lk1 (t) dt
)
, Case B

. (38)
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Fig. 18. Experimental waveforms of forward transmission under 50% power.
(a) Secondary transformer voltage vab, vcd, and inductor current iL, iLk1.
(b) Switch S3 voltage vgs3, vds3, and current ids3. (c) Switch S4 voltage vgs4,
vds4, and current ids4.

For S4–S7, the value is equal to

I2ds3 =
IL_rms√

2
=

1

Ts

∫ t3

t0

i2L (t)dt. (39)

Then, all expressions can be obtained as

I2ds1=

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

A

⎡
⎣ (D3+12DD2

φ)n2

24(D−2)2

+
(Dφ−D+1)3(D2M2+D2Mn2+n4)

24(D−2)2n2

⎤
⎦ , Case A

A

⎡
⎣ (24D−2Dφ+13)(D−Dφ+1)

24(D−2)2

+
(D−3)3(21D−6DDφ−21D2+3D2

φ+3Dφ−7)

48(D−2)2n2

⎤
⎦ ,Case B

(40)

I2ds2 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
A

[
12D2n4+3M2D

3(D−2)2n2

+D2M(10DM−12Dn2−9M+12n2)

24(D−2)2n2

]
, Case A

A

[
(M−DM)2[(D+Dφ−1)3+8(D−Dφ+1)2]

24(D−2)2n2

]
, Case B

.

(41)

2) Switching Loss: Since the power switch realizes ZVS-on
with a wide load range, the turn-ON loss can be ignored. and the

turn-OFF loss can be calculated as

Poff =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

V 2
0 t2off(−2D3n2+D2n2+4D2)

48Cossfs(D−2)2(Lkn2+2L)2

+
V 2
0 t2off(−4DD2

φn
2−8D+4D2

φn
2+4)

48Cossfs(D−2)2(Lkn2+2L)2
, Case A

V 2
0 t2off(−6D3−4D2Dφ+17D2−4DD2

φ)

48Cossfs(D−2)2(Lkn2+2L)2

+
V 2
0 t2off(12DDφ−20D+4D2

φ−8D2
φ+4)

48Cossfs(D−2)2(Lkn2+2L)2
, Case B

(42)

where Vo is the output voltage, toff is the turn-OFF time of the
power switch, and Coss is junction capacitance.

3) Transformer Loss: Transformer loss mainly includes
winding loss and core loss. Among them, the winding loss can
be obtained by

Pwind = I2L_rmsRsec + 2I2Lk_rmsRpri (43)

where Rsec and Rpri refer to the equivalent resistance of the
primary and secondary windings of the transformer. I2Lk_rmscan
be obtained from

I2Lk_rms

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

AD

⎡
⎢⎢⎣

−36D3M+24D2M+12DMDφ−12D2DφM

12(D−2)2

+
n2(−12D3+12D2+12DDφ+3Dφ−6D2Dφ)

12(D−2)2

+ 13D2M2−26D3M2

12(D−2)2n2

⎤
⎥⎥⎦ , Case A

A

⎡
⎣ (D+Dφ−1)3(M+2n2−DM)

24(D−2)2n2

− 8(D−1)3(DM−n2)
2

24(D−2)2n2

⎤
⎦ , Case B

.

(44)

4) Power Loss Comparison: According to the TPFBC loss
analysis in [14], combined with expressions (36)–(44), the power
loss of the AC-TPFBC can be subtracted from the power loss of
the TPFBC, and the results can be drawn as follows.

Figs. 12–14 show the key loss comparison results under
different operating conditions. As seen, the conduction loss of
the presented AC-TPFBC is slightly greater than that of TPFBC
at a light load. Because, although all switches are working at a
soft switching state, a somewhat larger circulation current would
be generated when S1 and S2 are turned ON simultaneously, and
the loss caused by the circulation current is the dominant part of
this situation. However, as the load becomes heavier, the reflow
power becomes small, and the conduction loss is lower than
TPFBC. Moreover, the other losses of the presented converter,
like switching loss and transformer loss, are lower than that of
TPFBC, so the efficiency of AC-TPFBC would be higher than
that of TPFBC.

F. Step-by-Step Design of the Proposed Converter

The equations presented in Section III are used to design the
proposed converter, and the key design flow chart is shown in
Fig. 15. Specifications needed to begin the design are input
voltage Vi, output voltage Vo, rated power Po, and switching
frequency fs. The main design procedure is illustrated below.

1) The transformer turns ratio n needs to comply with the
full range of voltage conversion. Therefore, it is necessary
to determine the maximum input voltage Vimax and the
minimum output voltage Vomin.
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TABLE I
COMPARISON OF THREE CONVERTER

TABLE II
PARAMETERS OF PROTOTYPE

2) The term n2Lk + 2L is determined by the maximum trans-
mission power Pbase. When the n2Lk + 2L is designed,
the larger the inductor Lk, the smaller the effective current
of the primary inductor. But the soft switching range also
decreases, thus the Lk is increased as much as possible
under the premise of ensuring that the converter realizes
the soft switching over a wide load range. Since the
converter operates in the minimum soft-switching range at
Dϕ = 1 − D, the maximum value of Lk can be determined
by this condition.

3) Once the transformer turn ratio n and leakage inductance
Lk parameters are determined, the planar transformer can
be selected with the PCB windings to make sure that these
two parameters are accurate in practical application.

4) Verify the soft switching and loss analysis of the converter
according to the design parameters.

IV. COMPARISON WITH EXISTING TOPOLOGIES

A similar topologies comparison study is shown in Table I,
from which it could be obtained that the proposed AC-TPFBC
requires fewer power switches than DAB, but it can achieve the
same function as the widely used DAB and has a lower device
cost. Besides, the conduction loss is limited, and the driving
circuit is simplified, which greatly reduces the cost and increases

Fig. 19. Experimental waveforms of forward transmission underrated power.
(a) Secondary transformer voltage vab, vcd, and inductor current iL, iLk1.
(b) Switch S3 voltage vgs3, vds3, and current ids3. (c) Switch S4 voltage vgs4,
vds4, and current ids4.

the efficiency of the circuit. The voltage stress of S1 or S2 is lower
than that of TPFBC or PPFHB. The proposed AC-TPFBC in this
article can achieve soft switching over a wide load range, while
the other three similar topologies can only achieve soft switching
under partial load conditions.
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Fig. 20. Experimental waveforms of backward transmission under 20% power.
(a) Secondary transformer voltage vab, vcd, and inductor current iL, iLk1.
(b) Switch S3 voltage vgs3, vds3, and current ids3. (c) Switch S4 voltage vgs4,
vds4, and current ids4.

Moreover, the maximum number of levels of transformer
winding voltage in AC-TPFBC is much more than the other
topologies, resulting in less harmonic content, reducing the
reactive power, and improving the operation efficiency. Overall,
the proposed AC-TPFBC can not only ensure the power switch
turn-OFF voltage suppression but also have a relatively simple
structure with a higher efficiency operation.

V. EXPERIMENTAL VERIFICATION

To verify the correctness of the proposed converter, an experi-
mental prototype with 60 V input, 200 V output, and 500 W rated
power is built, as shown in Fig. 16, and the key parameters are
shown in Table II. In addition, Figs. 17–19 show experimental
waveforms at 20% rated power, half-rated power, and rated
power under the forward transmission, and Figs. 20–22 show
experimental waveforms at 20% rated power, half-rated power,
and rated power under backward transmission.

According to part (a) of Figs. 17–22, it can be found that the
proposed AC-TPFBC works well under different load conditions
and the operating waveforms match well with the theoretical
waveforms as shown in Figs. 2 and 3. Moreover, there is a slight
oscillation of the transformer secondary voltage vab, which is
mainly caused by leakage inductance resonates with the power

Fig. 21. Experimental waveforms of backward transmission under 50% power.
(a) Secondary transformer voltage vab, vcd, and inductor current iL, iLk1.
(b) Switch S3 voltage vgs3, vds3, and current ids3. (c) Switch S4 voltage vgs4,
vds4, and current ids4.

switches junction capacitors or parasitic parameters of the loop.
It can be solved by optimizing the PCB layout and precise control
of leakage inductance. In addition, the relationship between duty
ratio D and shift ratio Dϕ in the whole power range conforms to
(34), to ensure the optimal control of the converter.

Part (b) of Figs. 17–19 shows the soft switch realization of
S3 under forward transmission when the soft switching range of
S1 or S2 is wider than S3, and part (b) of Figs. 20–22 show the
soft- switching realization of S1 under backward transmission
where the soft switching range of S3 is wider than S1 or S2.
Both ids3 and ids1 are negative when switches are turned ON,
which represents the currents flowing through the antiparallel
body diodes to achieve ZVS-on. Moreover, it can be found that
S1 and S3 can achieve turn-OFF clamping well under different
load conditions from the drain-source voltage waveforms, thus
reducing the voltage stress of the power switches.

The soft switching ranges of the switches in the full-bridge
circuit are consistent with the analyzed modulation strategy, and
part (c) of Figs. 17–22 shows the soft switch realization of S4
under forward and backward transmission. Similarly, the switch
in the full-bridge circuit can still achieve ZVS-on at a light load,
and with the power increases, they are easy to achieve soft-
switching performance.
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Fig. 22. Experimental waveforms of backward transmission under rated
power. (a) Secondary transformer voltage vab, vcd, and inductor current iL,
iLk1. (b) Switch S3 voltage vgs3, vds3, and current ids3. (c) Switch S4 voltage
vgs4, vds4, and current ids4.

Fig. 23. Dynamic characteristic experimental waveform. (a) Output voltage
Vo and current Io. (b) Secondary transformer voltage vab, vcd, and inductor
current iL, iLk1.

Fig. 24. Efficiency curves of the proposed converter, TPFBC, and DAB.
(a) Forward transmission. (b) Backward transmission.

The closed-loop experiment of the proposed converter is
carried out to verify the stability of the system. Fig. 23 shows
the experimental results when the output current changes from
half-rated power to rated power, and then to half-rated power.
According to the experimental results, the output voltage am-
plitude fluctuates 20 V and the adjustment time reaches 180 ms
when the load has a step change, which shows that the AC-
TPFBC has a good steady-state performance.

Fig. 24 shows the efficiency curves of the proposed AC-
TPFBC with a comparison to the TPFBC and DAB. Since
the forward and backward characteristics of the converter are
symmetrical, the efficiency curves of the two conditions are
relatively similar overall. As seen, the peak efficiency value
of the AC-TPFBC reaches 95.9%, and the experimental results
are similar to the power loss analysis simulation. the overall
operational efficiency is higher than that of the TPFBC and DAB
since it has a wider soft-switching range and lower voltage stress.

According to the above-mentioned experimental results, the
AC-TPFBC proposed in this article can achieve soft switch-
ing with a wider load range under the forward and backward
transmission, which is more conducive to expanding to high-
frequency and high-power density applications than the existing
similar DAB or TPFBC converters.

VI. CONCLUSION

The TPFBC cannot realize soft switching under a light load
and the voltage stress is still relatively high. To solve the
above-mentioned problems, this article proposes an improved
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AC-TPFBC, it only needs to add a clamping capacitor based on
the TPFBC, which can realize voltage clamping for all the power
switches, ZVS-on over a wide load range, more transformer
voltage levels, and higher efficiency. These characteristics have
some advantages in improving the reliability and efficiency of
converter operation. In this solution, the Lagrange multiplier
method is established to solve the optimal operation trajectory
of the inductor’s current effective value, and the feasibility
of the linear fitting scheme is further discussed to reduce the
control complexity. Besides, a detailed loss comparison is made
with TPFBC, and the design steps of the converter are given.
Finally, experimental results successfully verify the correctness
and effectiveness of the proposed converter.
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