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Abstract—Multiport dc/dc converters are widely employed in
hybrid energy generation systems to provide stable power to key
loads with high power density. In this paper, the switch duty cycle
and the phase angle of the interleaved converters are employed
as two control freedoms to achieve decoupled voltage regulation
within a certain operating range among different ports, which is
referred to as pulsewidth modulation plus phase angle shift (PPAS)
control scheme. An interleaved bidirectional buck–boost converter
and a full-bridge converter are integrated together to derive a
combined three-port dc/dc converter for photovoltaic (PV)-battery
hybrid energy systems, which is adopted as a typical example to
explore the clear performance of the proposed PPAS control strat-
egy. The bidirectional buck–boost converter and the full-bridge
converter share the same power MOSFETs in the primary side,
which simplifies the circuit structure and improves the power den-
sity. The duty cycle of the interleaved bidirectional buck–boost
converter is adopted to realize the maximum power point tracking
and the voltage balance between the battery and the PV cell in
the primary side. Furthermore, the phase angle of the interleaved
buck–boost converter is employed as another control freedom to
achieve accurate secondary output voltage regulation. Finally, a
100-W PV-Battery energy system is designed and tested to verify
the effectiveness of the proposed scheme.

Index Terms—Combined multiport converter, decoupled con-
trol, hybrid energy system, pulsewidth modulation (PWM) plus
phase angle shift.

I. INTRODUCTION

SOLAR energy fluctuates during the day and vanishes at
night. Therefore, it cannot be considered as a steady energy

source for the key load or the grid [1], [2]. However, a pho-
tovoltaic (PV)-battery hybrid energy system can overcome the
intermittent nature of solar energy and provide reliable power.
This calls for two dc/dc converters or a three-port converter to in-
terface the PV array, the battery, and the load. The conventional
PV-battery hybrid system requires two individual converters.
One converter is used to achieve the PV energy conversion and
the other one is employed to charge or discharge the battery. This
complex configuration contains many component numbers, in-
creases the system volume and cost. Actually, the two individual
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converters can be replaced by a three-port converter to improve
the power density.

A parallel structure of several individual bidirectional buck–
boost converters is combined for multiport dc/dc conversion
systems in [3] and [4]. However, the power devices cannot
be shared by different individual converters. By employing
the time-sharing control strategy, a multiple-input nonisolated
buck–boost converter and its isolated counterparts with unidi-
rectional power flow are proposed in [5] and [6]. Furthermore,
some improved multiple-input topologies with multidirectional
energy conversion are introduced in [7]. These converters can
be easily extended to any number of input ports. Unfortunately,
the power devices and the magnetic components have to sustain
the peak voltage and current stresses. And the output energy
of each port is coupled and difficult to manage due to the time-
sharing control scheme. By integrating the half-bridge converter
and the active-clamp forward converter, a trimodal half-bridge
converter for a three-port interface is presented in [8] and [9].
The component numbers and the power losses can be saved for
the power-harvesting systems. However, the control variables
of two duty cycles are interactional, which increases the control
complexity. This concept can also be extended to four-port even
higher port converters [10]. In addition, general rules are carried
out to derive nonisolated and isolated multiple-input converters
from the single-input versions in [11]–[13], which are adopted
to identify the feasible input cell that complies with some as-
sumptions and conditions. The common feature of the afore-
mentioned multiport converters is that the energy management
or the control scheme is part coupled or interrestrictive.

Another universal solution to generate multiport converters
is to combine the dc-link configuration and adopt the magnetic-
coupling solution [14]–[19]. Half-bridge structure, full-bridge
structure, and their integration can be employed to satisfy some
stringent requirements. The clear advantages of the fully cou-
pled multiport converters are zero-voltage switching (ZVS) op-
eration, easy energy management, and flexible configuration.
Phase-shift control scheme or pulsewidth modulation (PWM)
plus phase shift control strategy is usually used in these cases.
Furthermore, series resonance control scheme can be also em-
ployed [20]. However, the variable frequency operation in-
creases the ElectroMagnetic Interference (EMI) filter design
difficulty. The main limitation of the fully coupled multiport
converters is that a lot of power devices are required because
each port cannot share the same power switches.

In order to improve the device sharing ratio among different
ports, realize soft-switching operation, and achieve decoupled
control within a certain operating range, a novel PWM plus
phase angle shift (PPAS) control scheme is proposed in this
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Fig. 1. Proposed PPAS control scheme. (a) Interleaved bidirectional buck–
boost converter. (b) Key steady-state waveforms.

paper. The bidirectional buck–boost converter and the full-
bridge converter are integrated to generate a combined three-
port converter for the PV-battery hybrid energy system, which
is used as an example to show the operation principle of the
proposed PPAS control scheme. The primary power MOSFETs
are shared by the bidirectional buck–boost converter and the
full-bridge converter to simplify the circuit structure. The switch
duty cycle is adopted to achieve the maximum power point track-
ing (MPPT) performance and balance the voltages between the
battery and the PV cells. Furthermore, the phase angle of the in-
terleaved buck–boost converter is employed as another control
freedom to regulate the secondary output voltage. As a result,
great control flexibility is provided.

II. DERIVATION METHODOLOGY OF THE

PPAS CONTROL SCHEME

In order to make a clear picture on accurately illustrating
the innovative methodology and easily explaining the operation
principle of the proposed PPAS control scheme, the conven-
tional interleaved buck–boost converter is employed as a typical
example, which is plotted in the dashed block in Fig. 1(a), where
L1 and L2 are the filter inductors; S1 , S2 , S3 , and S4 are the power
MOSFETs; Cin is the high side capacitor; Vbus and Vbat are the
high and low side voltages, respectively; iL 1 and iL 2 are defined
as the inductor currents; and vab is the phase voltage difference
of the phase legs BB1 and BB2 . The steady-state waveforms of
the proposed PPAS scheme are introduced in Fig. 1(b), where
D is the duty cycle of the upper switches S1 and S2 , Ts is the
switching period, and ϕ is the phase angle between BB1 and

Fig. 2. Derived combined three-port dc/dc converter.

BB2 . In conventional interleaved converters, D is employed as
the only control freedom to accurately balance the voltages Vbus
and Vbat . And ϕ is kept as constant 180◦ to reduce the current
ripple. In the proposed PPAS control strategy, the phase angle ϕ
is adopted as another control freedom to achieve a third voltage
regulation in the three-port dc/dc converters. Once ϕ is adjusted
during a selected range, the phase voltage difference vab varies
correspondingly as shown in Fig. 1(b). As a result, a trans-
former can be inserted into the two phases of the interleaved
bidirectional converter to realize another voltage regulation in
the secondary side.

III. OPERATION ANALYSIS OF THE DERIVED

THREE-PORT CONVERTER

A three-port dc/dc converter for a PV-battery hybrid energy
system is derived as an example to explore the advantages of
the proposed PPAS control scheme. The circuit configuration of
the primary side is the same as shown in Fig. 1(a). The center-
tapped rectifier structure is adopted in the secondary side. The
combined three-port converter is illustrated in Fig. 2. Other rec-
tifier configurations, such as full-bridge rectifier, current-double
rectifier, and so on, can be also applied to the combined converter
to satisfy various application requirements [21], [22]. In the PV-
battery hybrid energy system, the PV array with unidirectional
power flow and the battery are interfaced with BB1 and BB2
with bidirectional power flow. The PWM control strategy of the
interleaved buck–boost converter is employed to realize MPPT
performance and control the battery state of charge (SOC). In
addition, the switches S1 , S2 , S3 and S4 ; the center-tapped trans-
former Tr ; the output diodes Do1 and Do 2 ; the output filter
inductor Lf ; and the output capacitor Co compose a full-bridge
converter, which can deliver energy to the secondary load. The
phase angle shift control strategy is employed to regulate the
output voltage. The combined three-port dc/dc converter is an
integration of the bidirectional buck–boost converter and a full-
bridge converter, which share the same power switches. As a
result, the power density is improved and the cost is reduced.
It should be noted that the duty cycle of the switches is vari-
able rather than fixed for the built-in full-bridge converter com-
pared with the conventional phase-shift full-bridge converter.
The transformer Tr can be equivalent to a leakage inductor LLk

in series with an ideal transformer. The primary winding of the
transformer is n2 turns. The second and third windings are both
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Fig. 3. Key waveforms in battery discharging mode.

n1 turns. The turns ratio N is defined as n2 /n1 . The coupling
reference is marked by “∗.” As shown in Fig. 2, vp is the mag-
netizing inductor voltage of Tr and Vout is the secondary output
voltage of the combined three-port converter.

In order to simplify the circuit operation analysis, the magne-
tizing inductor of the transformer is assumed to be infinite and
all the power devices are ideal. There are two operation modes
for the battery. One is the battery charging mode and the other is
the battery discharging mode. The key steady-state waveforms
in the battery discharging mode are shown in Fig. 3. Once in the
battery charging mode, all of the waveforms are nearly the same
except that the inductor currents iL 1 and iL 2 change their direc-
tions. Therefore, only the battery discharging mode is analyzed
here. There are eight operational stages in one switching period.
The corresponding equivalent circuits are shown in Fig. 4.

Stage 1 [t0–t1] [see Fig. 4(a)]: At t0 , S1 is turned ON and
S3 remains in ON state. L1 is discharged and L2 is still charged
linearly. The phase voltage difference vab is Vbus . The leakage
inductor current ip increases from the initial value −Ip 0 to zero.
Meanwhile, Do 1 and Do2 begin to conduct simultaneously. The
magnetizing inductor voltage vp is zero since the second and
third windings are short circuited. The current through Do 1
decreases while that through Do 2 increases. This stage ends
until ip is zero

ip(t) = −Ip0 +
Vbus

LLk
· t (1)

t1 − t0 =
LLk · Ip0

Vbus
. (2)

Fig. 4. Operation stages in battery discharging mode. (a) Stage 1 [t0 –t1 ].
(b) Stage 2 [t1 –t2 ]. (c) Stage 3 [t2 –t3 ]. (d) Stage 4 [t3 –t4 ]. (e) Stage 5 [t4 –t5 ].
(f) Stage 6 [t5 –t6 ]. (g) Stage 7 [t6 –t7 ]. (h) Stage 8 [t7 –t′0 ].
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Stage 2 [t1–t2] [see Fig. 4(b)]: At t1 , the leakage inductor
current ip increases from zero. The voltages of vab and vp and
the operational states of all the power devices remain unchanged.
The current commutation of Do1 and Do 2 continues until the
diode current iDo2 decreases to zero while iDo1 is equal to the
output filter inductor current iLf

ip(t) =
Vbus

LLk
· (t − t1). (3)

Stage 3 [t2–t3] [see Fig. 4(c)]: At t2 , Do2 is reverse-biased
and the output filter inductor current iLf fully flows through
Do1 . The leakage inductor current ip is the output filter inductor
current iLf divided by N. The primary voltage vab is Vbus , but the
magnetizing inductor voltage vp is (Vbus−VLk 1), where VLk 1
is given by

VLk1 ≈ LLk

N 2 · Lf
(Vbus − N · Vout) (4)

ip(t) = Ip(t2) +
VLk1

LLk
· (t − t2). (5)

Stage 4 [t3–t4] [see Fig. 4(d)]: At t3 , S3 is turned OFF while
S2 is turned ON. The inductor current iL 2 starts to decrease and
the output filter inductor current begins to freewheel through
Do1 . The primary voltage vab is shorted by S1 and S2 , but the
magnetizing inductor voltage vp is equal to the small value
VLk 2 , which is derived by

VLk2 ≈ LLk

N · Lf
· Vout (6)

ip(t) = Ip(t3) −
VLk2

LLk
·
(
t − ϕ

2π
· Ts

)
. (7)

Stage 5 [t4–t5] [see Fig. 4(e)]: At t4 , S1 is turned OFF while
S4 is turned ON. The inductor current iL 1 starts to increase. The
leakage inductor current ip starts to decrease since the primary
voltage vab is −Vbus , but the magnetizing inductor voltage vp

is zero. At the same time, Do1 and Do2 begin to conduct simul-
taneously. The diode current iDo1 decreases and iDo2 increases
until the leakage inductor current ip reduces to zero

ip(t) = Ip(t4) −
Vbus

LLk
· (t − D · Ts). (8)

Stage 6 [t5–t6] [see Fig. 4(f)]: At t5 , the leakage inductor
current ip decreases from zero to a negative value linearly. Do 1
and Do2 are still in the conduction state and the diode current
iDo1 decreases to zero

ip(t) = −Vbus

LLk
· (t − t5). (9)

Stage 7 [t6–t7] [see Fig. 4(g)]: At t6 , Do1 is blocked and the
output filter inductor current iLf flows through Do 2 . The primary
voltage vab is −Vbus and the magnetizing inductor voltage vp

is (−Vbus+VLk 1).

Stage 8 [t7–t′0 ] [see Fig. 4(h)]: At t7 , S2 is turned OFF
while S3 is turned ON. The inductor current iL 2 starts to in-
crease. The primary voltage vab is shorted by S3 and S4 and
the magnetizing inductor voltage vp equals to −VLk 2 . This
stage ends until S1 is turned ON. Then, a new switching period
begins.

IV. CIRCUIT PERFORMANCE ANALYSIS

A. Formula Derivation

The output filter inductor Lf is assumed to be large enough
and its current ripple is ignored to simplify the voltage gain
derivation. The secondary inductor current iLf is equal to the
output current Io . The variation range of the phase angle ϕ is
from zero to π. There are three possible operation cases based
on the relationship between the duty cycle D and the phase angle
ϕ, which are shown in Fig. 5.

Case 1 [(ϕ/2π) < D and (ϕ/2π) < (1 − D)] [see Fig. 5(a)]:
During the time interval 0 to Tr , the increment of the leakage
inductor current should satisfy the following:

Vbus

LLk
· Tr = 2 · Io

N
. (10)

The output current can be expressed by

Io =
Vout

Ro
. (11)

Due to the volt-second balance principle on the output filter
inductor, the output voltage can be derived by

Vout =
1
Ts

∫ Ts

0

|vp |
N

dt =
2
Ts

· Vbus

N
·
( ϕ

2π
Ts − Tr

)
. (12)

From (10) to (12), the output voltage is a function of the phase
angle ϕ, which is obtained by

Vout =
2Vbus/N

1 + (4LLk/N 2 · Ro · Ts)

· ϕ

2π

[ ϕ

2π
≤ D and

ϕ

2π
≤ (1 − D)

]
. (13)

Case 2 [D < 0.5 and D < (ϕ/2π) < (1 − D)] [see Fig. 5(b)]:
Employing the similar derivation procedure, the output voltage
can be given by

Vout =
1
Ts

∫ Ts

0

|vp |
N

dt =
2
Ts

· Vbus

N
· (D · Ts − Tr ) . (14)

Based on (10), (11), and (14), the output voltage is a function
of the duty cycle D, which is written by

Vout =
2Vbus/N

1 + (4LLk/N 2 · Ro · Ts)

· D
[
D < 0.5 and D <

ϕ

2π
< (1 − D)

]
. (15)

Case 3 [D > 0.5 and (1 − D) < (ϕ/2π) < D] [see
Fig. 5(c)]: Applying a similar mathematical derivation, the out-
put voltage is a function of the variable (1−D), which is given
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Fig. 5. Three operation modes. (a) (ϕ/2π) < D and (ϕ/2π) < (1−D). (b) D <
0.5 and D < (ϕ/2π) < (1−D). (c) D > 0.5 and (1−D) < (ϕ/2π) < D.

by

Vout =
2Vbus/N

1 + (4LLk/N 2 · Ro · Ts)

· (1 − D)
[
D > 0.5 and (1 − D) <

ϕ

2π
< D

]
. (16)

As a result, the general output voltage can be summarized by

Vout =

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

G · ϕ

2π
· Vbus

[ ϕ

2π
≤ D and

ϕ

2π
≤ (1−D)

]

G · D · Vbus

[
D < 0.5 and D <

ϕ

2π
< (1−D)

]

G · (1−D) · Vbus

[
D > 0.5 and (1−D) <

ϕ

2π
< D

]

(17)

G =
2
N

· 1
1 + (4LLk/N 2 · Ro · Ts)

. (18)

From the previous analysis, the duty cycle D can be employed
to balance the two primary voltages and the phase angle ϕ is
adopted to regulate the secondary output voltage. These two
control freedoms make the three-variable system fully control-
lable. There is a restrictive condition for the combined three-
port converter with the proposed PPAS control scheme, which
is rewritten by

ϕ

2π
≤ D and

ϕ

2π
≤ (1 − D). (19)

From the general output voltage gain expression shown in
(17), it can be determined that the secondary output voltage is
determined by the switch duty cycle rather than the phase angle
if the restrictive condition cannot be satisfied. This means that
the decoupled control performance is lost. As a result, the duty
cycle and the phase angle should be limited to an acceptable
range. Fortunately, this can be easily implemented by the ad-
vanced digital signal processor. During the start-up operation, an
open-loop control strategy can be employed before the required
voltage is built to guarantee the effective operation.

The primary interleaved buck–boost converter operates in the
continuous-conduction mode due to the asymmetrical comple-
mentary operation of the upper and lower switches. The relation-
ship between the battery voltage and the bus voltage is derived
by

Vbat = D · Vbus . (20)

From (17) to (20), the restrictive condition among the bat-
tery voltage, bus voltage, and secondary output voltage can be
obtained by

Vout ≤ G · Vbat and Vout ≤ G · (Vbus − Vbat). (21)

The voltage stress of the output diodes Do1 and Do 2 is deter-
mined by the bus voltage and the turn ratio of the transformer,
which is given by

VDo1 = VDo2 =
2Vbus

N
. (22)

Although a small dc current through the transformer primary
winding may exist due to the potential mismatch of the switching
legs, it is convenient and effective to balance it by inserting a
small dc block capacitor into the primary winding, which is a
widely employed solution in the conventional phase shift full-
bridge converters.
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Fig. 6. Operational waveforms with dead time tDT . (a) Simplified primary
circuit. (b) Key waveforms.

B. ZVS Soft-Switching Performance

ZVS soft-switching performance can be achieved due to the
phase angle shift control strategy, which is similar to the con-
ventional phase shift full-bridge converter. However, due to the
existence of the primary inductors L1 and L2 , ZVS performance
of the combined three-port converter is relatively complicated.
ZVS condition of the combined converter is influenced by the
following factors: the leakage inductor LLk , the inductor cur-
rents iL 1 and iL 2 , the output power of the PV array Pbus , the load
power Pout , the dead time tDT , and the junction capacitance of
the switches. By ignoring the current ripple on the output filter
inductor Lf , the ideal operation waveforms with an exaggerated
dead time tDT are shown in Fig. 6. The currents ILH and ILL

represent the peak and valley values of the inductor current iL 1
or iL 2 since the dead time is small enough to ignore the induc-
tor current variation during the time interval tDT . The battery
discharging operation is employed as an example to discuss the
soft-switching operation of the proposed converter. Actually,
the ZVS range in the battery charging operation is quite simi-
lar to that in the battery discharging operation. The following
analytical procedure and results are universal regardless of the
operation mode.

Once the antiparallel diode of the MOSFET is in the turn-
ON state before its turn-ON gate signal comes, ZVS turn-ON is
achieved. Therefore, ZVS conditions of the switches S1–S4 can
be derived by

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Ip(tS1) − ILH < 0 for S1

Ip(tS2) + ILH > 0 for S2

Ip(tS3) + ILL < 0 for S3

Ip(tS4) − ILL > 0 for S4

(23)

where Ip (t1) to Ip (t4) are represented by
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ip(tS1) = − Io

N
+

Vbus

LLk
· tDT

Ip(tS2) =
Io

N

Ip(tS3) = − Io

N

Ip(tS4) =
Io

N
− Vbus

LLk
· tDT .

(24)

From (23) and (24), it can be seen that the ZVS condition of
switches S1 and S4 is more rigorous than that of switches S2 and
S3 because the term (Vbus /LLk )·tDT is positive. As a result, the
ZVS condition of all power MOSFETs can be guaranteed once
the following is satisfied

⎧
⎪⎪⎨
⎪⎪⎩

ILH > − Io

N
+

Vbus

LLk
· tDT

ILL <
Io

N
− Vbus

LLk
· tDT .

(25)

From (25), it can be concluded that the ZVS condition is
determined by the secondary output current, the turns ratio of
the transformer, the bus voltage, the leakage inductor, the dead
time, and the current ripple on the primary inductors.

Assuming the circuit conversion efficiency is unity, the peak
and the valley current values can be derived by

⎧
⎪⎪⎨
⎪⎪⎩

ILH =
Pout − Pbus

2Vbat
+

1
2
· Vbat

L1
· (1 − D) · Ts

ILL =
Pout − Pbus

2Vbat
− 1

2
· Vbat

L1
· (1 − D) · Ts.

(26)

As a result, the detailed ZVS condition of the combined three-
port converter can be represented by

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pbus <

(
1 +

2Vbat

N · Vout

)
· Pout +

V 2
bat

L1
· (1 − D) · Ts

−2Vbat · Vbus

LLk
· tDT

Pbus >

(
1 − 2Vbat

N · Vout

)
· Pout −

V 2
bat

L1
· (1 − D) · Ts

+
2Vbat · Vbus

LLk
· tDT .

(27)
From (27), the ZVS margin of the combined converter with

a PPAS control scheme is plotted in Fig. 7, where a PV-battery
hybrid generation system is employed with the following pa-
rameters: Vbat = 24 V, Vbus = 50 V, Vout = 12 V, L1 = L2 =
150 μH, LLk = 3 μH, N = 2, tDT = 50 ns. A wide-range ZVS
operation can be achieved to improve the circuit efficiency.

From (27), it can be concluded that the inductors of the bidi-
rectional buck–boost converter has a minor impact on the ZVS
range. The ZVS margin of the combined converter with different
inductors is drawn in Fig. 8. ZVS range is extended when the
inductors of the bidirectional buck–boost converter decrease. As
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Fig. 7. ZVS margin (Vbat = 24 V, Vbus = 50 V, Vout = 12 V, L1 = L2 =
150 μH, LLk = 3 μH, N = 2, tDT = 50 ns).

Fig. 8. ZVS margin with different primary inductors (Vbat = 24 V, Vbus =
50 V, Vout = 12 V, LLk = 3 μH, N = 2, tDT = 50 ns).

a result, the inductor design should be compromised between
the ZVS range and the current ripple.

In the aforementioned analysis, the influence of the switch
junction capacitance is not demonstrated clearly and directly
in (25). In fact, the dead time tDT is determined by the switch
junction capacitance, the bus voltage, and the capacitor charging
current. The larger the switch junction capacitance, the longer
the critical dead time. From (27), it can be concluded that the
ZVS soft-switching range is reduced.

C. Topology Extension of Proposed Multiport Converters

The proposed three-port converter with the PPAS control
strategy can be extended to other multiport converters. This
extension concept can be divided into two parts. The first one is
the extension on the primary ports as shown in Fig. 9(a) and the
other one is the extension on the secondary ports as plotted in
Fig. 9(b). The battery shown in Fig. 1(a) can be separated into
two similar distributed cells to achieve a four-port converter,
which can improve the battery usage life and enhance the sys-

Fig. 9. Extension of the proposed multiport converters. (a) Extension of pri-
mary ports. (b) Extension of secondary ports.

tem reliability. Furthermore, there are only two half-bridge legs
in the proposed converter. However, the numbers of the half-
bridge legs are not limited. Another bridge leg and transformer
can be inserted to produce a fourth port as shown in Fig. 9(b).
One of the half-bridge legs serves as the shared leg. A general
principle is that (M−1) secondary output ports can be produced
by employing M half-bridge legs.

V. FEEDBACK CONTROL LOOP DESIGN

The control block diagram of the combined three-port con-
verter for the PV-battery hybrid power generation system is
introduced in Fig. 10. The switch duty cycle of the interleaved
buck–boost converter is employed to keep the voltage balance
between the PV array and the battery, achieve MPPT perfor-
mance, and realize battery SOC management. Control loop 1 is
for battery charging or discharging realization. Control loop 2
is for MPPT achievement. There are a lot of advanced MPPT
solutions presented in the recent papers to improve PV effi-
ciency [23]–[26]. Most of them can be applied in the proposed
PV-battery hybrid system. Only the simplest open-circuit volt-
age MPPT method is adopted here because this paper mainly
focuses on clear performance analysis on the proposed PPAS
scheme. The primary current control loop can not only achieve
the battery charging and discharging states control, but also
realize current sharing between the two phases of the bidirec-
tional buck–boost converter. The two diodes shown in Fig. 10
can serve as a smart switch to select the proper control loop
based on the PV-battery-load state [27]. For example, when the
battery voltage is lower than the floating voltage, the output of
loop 1 is high to make the diode DL 1 reverse-biased and the
primary switch duty cycle is controlled by the MPPT loop to
make full use of the PV energy. Once the battery voltage reaches
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Fig. 10. Control loop of combined three-port converter.

TABLE I
PROTOTYPE SPECIFICATIONS

the floating voltage, the diode DL 1 is turned OFF and the bat-
tery voltage control loop is in operation to achieve the constant
voltage charging management with a small current. The primary
current control loop can achieve the constant current charging
once the PV energy is higher than the battery and second load
requirements. In this case, the PV cell is no longer in MPPT
mode. A trimode PV-battery energy management can be easily
achieved [27]. Furthermore, the phase angle is controlled to reg-
ulate the output voltage, which is shown as loop 3 in Fig. 10. The
phase angle of the saw-tooth waves for modulation is shifted to
regulate the output voltage, which can be implemented by the
conventional phase shift controller. With the proposed PPAS
scheme, the phase angle as another control freedom is provided
to achieve decoupled control within a certain operating range
for multiport converters, which shows great design flexibility.

VI. PARAMETER DESIGN GUIDELINES

It is known that there is a restrictive condition for the com-
bined three-port converter. From (19), it can be drawn that the
phase angle has the maximum variation range when the battery
voltage is half of the bus voltage. In this case, the switch duty
cycle is approximately 0.5 and the upper limitation of the phase
angle is π. A 100-W PV-battery hybrid power generation sys-
tem operating at 100 kHz switching frequency is adopted as an
example to explore the main parameter design considerations.
The system specifications are given in Table I.

The duty cycle D of the interleaved bidirectional buck–boost
converter varies from 0.36 to 0.62 for the tested prototype. From
the aforementioned analysis, the maximum value of the phase
angle ϕ is 130◦. The designed phase angle range is from 0 to
120◦ with 10◦ margin to guarantee the correct operation.

A. Transformer Design

The design criterion for the transformer is to make sure that
the voltage stress of the secondary diodes is in an acceptable
scope and the voltage regulation can be achieved within the

expected phase angle range. From (22), it can be drawn that
the voltage stress of the secondary diodes is about 70 V when
the transformer turns ratio is 2. And with N = 2, the required
leakage inductance can be derived by

LLk =
N 2 · V 2

out

4fs · Pout
·
(

2
N

· ϕmax

2π
· Vbus

Vout
− 1

)
. (28)

The maximum required leakage inductance is 3.6 μH.

B. Inductor Design

The two primary filter inductors L1 and L2 should have the
same value due to the current sharing balance. The designed
primary inductor current ripple is half of its average current
considering their influence on the ZVS soft-switching range. As
a result, the primary filter inductor value is derived by

L1 = L2 =
Vbat · (1 − D)

ΔIL1 · fs
= 153 μH. (29)

The secondary filter inductor Lf is designed to make that the
secondary current ripple is 10% of the average output current,
which is derived by

Lf =
Vout · (Dmax − (ϕmin/2π))

ΔILf · fs
= 20.7 μH. (30)

C. Power Device Selection

The voltage stress of the primary switches and secondary
diodes can be carried out from the aforesaid voltage stress anal-
ysis. In this case, IRF540Z (100 V at 36 A) is selected as the pri-
mary switch and MBR30H100CT (100 V at 30 A) is employed
as the secondary output diode. The dead time tDT is selected
as 50 ns to achieve ZVS soft-switching performance under a
certain load condition based on the detailed analysis in Fig. 8.

VII. EXPERIMENTAL VERIFICATION

A 100-W prototype is designed and built to verify the effec-
tiveness of the proposed PPAS scheme.

The steady-state waveforms on the battery discharging mode
are shown in Fig. 11. In this case, the secondary load is 100 W,
the PV output power is about 50 W, and the rest energy is pro-
vided by the battery. This means that both the PV array and the
battery transfer their energy to the load to achieve the three-port
conversion. It can be seen that the average currents of the in-
ductors L1 and L2 are equal due to the current sharing control
loop. As the duty cycle varies, the low and high side voltages of
the bidirectional buck–boost converter can be balanced. And the
phase angle is shifted as the secondary side load changes. The
magnetizing inductor voltage vp in Fig. 11(b) is the equivalent
voltage from the second winding because it cannot be measured
directly due to the built-in transformer.

The ZVS turn-ON waveforms of the switches S1 an S4 are
shown in Fig. 12. Due to the circuit symmetry, the two upper
switches S1 and S2 have similar soft-switching performance
and the two bottom switches S3 and S4 operate with similar
performance. It can be seen that the switch drain-source voltage
decreases to zero before its turn-ON gate signal comes at the

PELS TECH
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Fig. 11. Steady-state waveforms with Vbus = 50 V, Vbat = 24 V, Pbus =
50 W, Pout = 100 W. (a) Effect of current sharing loop. (b) Phase angle shift
waveforms.

Fig. 12. ZVS-ON performance Vbus = 55 V, Vbat = 20 V, Pbus = 55 W,
Pout = 60 W. (a) ZVS-ON waveforms of S1 . (b) ZVS-ON waveforms of S4 .

measured load. As a result, ZVS soft-switching performance
is achieved for all the primary power MOSFETs to reduce the
switching losses.

The critical ZVS operation range of the combined three-port
dc/dc converter with the proposed PPAS scheme is plotted in
Fig. 13. When the PV output power is 10 W and the secondary
load is 12 W, the drain-source voltage of the switch S1 is just
reduced to zero at the interval that its turn-ON gate signal is
given, which means that the combined converter operates in the
critical ZVS state. Furthermore, the ZVS operation of the switch
S4 is totally ensured at the critical state. These experimental
results are consistent with the theoretical analysis in the previous
section.

The experimental waveforms with step load are given in
Fig. 14, where Vbus ac and Vout ac represent the ac compo-

Fig. 13. Critical ZVS-ON performance Vbus = 55 V, Vbat = 20 V, Pbus =
10 W, Pout = 12 W. (a) ZVS-ON waveforms of S1 . (b) ZVS-ON waveforms of
S4 .

Fig. 14. Dynamic response of combined three-port converter with Vbus =
50 V, Vbat = 24 V, Pbus = 50 W. (a) Voltage waveforms with ac coupling.
(b) Current waveforms.

nents of the voltages Vbus and Vout . The secondary load varies
from 0.833 to 8.33 A. It can be seen that the transient output
voltage ripple is small even if a wide-range load variation oc-
curs. And the dynamic response of the output voltage is fast
although the PV output voltage Vbus is a little small with about
0.5 V voltage ripple. Due to the decoupled control of the PWM
plus phase angle shift control scheme, the dynamic response of
the bus voltage and the secondary output voltage is independent.

The efficiency of the derived converter is defined by

η =
Pout

Pbus + Pbat
(31)

where Pout is the secondary load power consumption, Pbus is
the output power of the PV array, and Pbat is the provided or
consumed power of the battery.
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Fig. 15. Efficiency measurement with different powers.

The efficiency curves of the combined three-port dc/dc con-
verter with the proposed PPAS scheme when Pbus = 0 and
Pbus = 100 W are plotted in Fig. 15. When Pbus = 0, which
means that all the load energy is provided by the battery, the
maximum efficiency is nearly 90% and the efficiency at 100-W
full load is over 86%. When Pbus = 100 W, which means that the
battery is charged, the efficiency at 100-W full load is over 87%.
According to the loss distribution analysis, the secondary diodes
cover more than 50% of the total losses because the forward volt-
age of the used diode is nearly 1 V and the output voltage is only
12 V. The circuit efficiency can be improved by employing ad-
vanced synchronous rectification solution to greatly reduce the
secondary conduction losses. Furthermore, the primary switch
duty cycle is varied in the proposed converter to achieve the
three-port voltage balance. This may slightly increase the pri-
mary switch conduction losses compared with the conventional
full-bridge phase shift converter, where the duty cycle is always
kept as 0.5. In addition, from the ZVS operation range analysis
given in the previous section, the ZVS performance may be lost
when the battery is in the charging mode, where the secondary
load power is lower than the PV generated power. This also
influences the conversion efficiency improvements.

VIII. CONCLUSION

In this paper, the switch duty cycle and the phase angle are
employed as two decoupled and independent control freedoms
within a certain operating range to achieve multiport energy
conversion with high power device sharing ratio. This offers an
innovative solution for multiport dc/dc converters to improve
the design flexibility and enhance the power density. Further-
more, the bidirectional buck–boost converter and a full-bridge
converter are combined together to generate a novel three-port
circuit, which is adopted as an example to explore the clear ad-
vantages of the proposed scheme. All the primary switches can
realize ZVS soft-switching performance under a certain load
condition due to the proposed PPAS scheme. One of the main
contributions of this paper is to illustrate the universal concept
and considerations on the PPAS control scheme for combined
three-port or multiport converters. The general control rule and
the universal topology derivation law are proposed to explore
novel multiport converters. The theoretical analysis and the ex-
perimental results have proved that the proposed PPAS scheme

is an excellent candidate for multiport energy conversion sys-
tems.
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