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Abstract—In grid-tied photovoltaic (PV) generation systems,
intelligent energy management is required to maximize its per-
formance. In this article, a novel three-port energy router with
optimized control is proposed for this application. The proposed
converter can interface among three ports (PV source, battery, and
dc-link) with high integration. The PV panel is connected to the
battery through an interleaved boost structure on the primary side.
The primary-side PV-battery system and secondary-side dc-link
are connected through a dual-active-bridge (DAB) converter. The
battery operates as an energy buffer to compensate for the power
mismatch due to the intermittent nature of the PV source. Accord-
ing to the daily power profile and intelligent power management
between the grid and battery, six operating modes are possible.
Optimized control strategies are customized in different operating
modes. The maximum-power-point-tracking (MPPT) of the PV
panel can be always realized. The zero-voltage-switching (ZVS)
condition for all MOSFETs, reducing circulating current over a wide
range, and flexible energy flow among three ports are all taken into
considerations in the design. To verify the proposed concept, a 500
W rated prototype is designed. The designed prototype exhibits
high efficiency in various operating modes. The experimental re-
sults agree well with the theoretical analysis.

Index Terms—Dual-active-bridge converter, phase shift
modulation, three-port energy router, ZVS, bidirectional
converter.

I. INTRODUCTION

R ECENT years, photovoltaics (PV) power generation is
gaining popularity in residential applications due to its
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inexhaustibility and zero-carbon emission [1], [2]. However, due
to the intermittent nature of PV sources and the unpredictability
of the load demand, there exists an obvious power mismatch
between the PV source and residential load. To improve, energy
storage systems are employed as the energy buffer to compensate
for the power mismatch. Moreover, the household generation
system is usually linked to the major grid. The stability of house-
hold microgrids can be enhanced and uninterrupted power sup-
ply can be realized. The diagram of such a household grid-tied
PV generation system is plotted in Fig. 1. Potential power flow
directions are marked. The stable bidirectional power transition
between PV-battery system and dc-link attributes to the smart
power management of both battery and grid [3], [4]. Moreover,
MPPT technique is always expected to be implemented in PV
generation applications [5]. Consequently, an MPPT enabled
three-port power electronic interface is required to process the
power flow among PV source, dc-link, and battery.

Compared with conventional multiconverter architectures [6],
[7], an integrated three-port energy router (TPER) can achieve
the same function with reduced component count, size, and
cost [8], [9]. The reported PV-battery based TPER can be
classified into three categories: nonisolated TPER, fully isolated
TPER, and partially isolated TPER [10], [11].

In [12], a family of nonisolated topologies are derived by
combining buck, boost, and buck–boost cells in various config-
urations. The power density is improved and the cost is reduced.
However, this scheme allows only unidirectional power flow at
the load port. In [13], a stacked three-port three-level converter
with high voltage gain for fuel cell electric vehicles application
is proposed. By combining unidirectional boost converters and
replacing the conventional inductor with coupled inductor [14],
[15], [16], [17], [18], the nonisolated TPERs with high voltage
gain can be further optimized. In [19], a high step-up and
high step-down dc/dc converter with bidirectional power flow is
proposed. The coupled inductors are also utilized to increase the
voltage gain ratio. The components count can be reduced in such
a nonisolated structure. Nonisolated topologies exhibit higher
efficiency since the transformer coupling losses and leakage
inductance are absent. However, it is not an option here as
galvanic isolation between the battery and dc-link is mandatory.

In [20] and[21], triple-active-bridge-based TPERs are pro-
posed. The power flow between any two ports is realized through
a multiwinding high-frequency transformer. In [22] and [23], a
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Fig. 1. Structure of a household grid-tied PV generation system.

fully isolated TPER is derived by two DAB converters. The
secondary sides of two DAB transformers are combined to
form the third port. All ports have robust galvanic isolation.
However, all three ports have their components, which leads
to high components count. Moreover, the control and magnetic
design are complicated for fully isolated TPERs.

Partially isolated TPER is an optimal candidate as it inherits
the advantages of the nonisolated and fully isolated TPERs. The
nonisolated section processes the power flow between the PV
and battery efficiently with a simple structure. While the isolated
section provides galvanic isolation and voltage regulation on the
grid side.

Literature survey indicates that most reported partially
isolated TPERs focus on the unidirectional power flow to
secondary-side load [24], [25], [26], [27], [28]. The secondary
side of the converter is usually the passive rectifier bridge, which
prevents the reverse power flow. In [29], by combining inter-
leaved buck/boost unit and phase-shift full-bridge converter,
a partially isolated TPER is derived. However, bidirectional
power flow capability is lacked. To enable a bidirectional power
flow between the battery and dc-link, a bidirectional isolated
dc/dc topology is required. Dual-active-bridge (DAB) converter
is the mainstream bidirectional dc/dc solution with attractive
features such as galvanic isolation, simple structure, and zero-
voltage-switching (ZVS) [30], [31]. DAB converters can be
further classified into current-fed [32], [33] and voltage-fed [34],
[35] versions. As for the current-fed DAB, a bulky capacitor is
required to clamp the voltage on the primary side. The voltage of
the capacitor is regulated to well match the secondary-side volt-
age through the primary-side pulsewidth-modulation (PWM)
control [32], [33]. However, this control strategy cannot be
directly deployed to partially isolated TPER due to the voltage
constraints of the added third port. The voltage of the third
port cannot be regulated freely. In [36], a partially isolated
TPER with high voltage gain in battery-SC-based hybrid ESS
applications is proposed. Current-fed DAB structure and active
voltage multiplier are combined. However, primary-side duty
cycle is adjusted to match the voltage. PV MPPT cannot be
realized.

In [37], a voltage-fed DAB-based TPER is proposed in hybrid
energy management systems for electric vehicles. However, it
doesn’t fit the PV-based system where MPPT should be ad-
dressed. In [38], a three-port dc/dc converter with high voltage
gain and reduced semiconductors for hybrid energy storage
systems is proposed. However, only unidirectional power flow
for load port can be achieved. In [39], a three-phase DAB-based
TPER for PV application is proposed. MPPT for PV panel

Fig. 2. Schematic of the proposed three-port energy router.

can be realized and there is a bidirectional power plow path
between primary side and secondary side. However, three-phase
structure is mainly designed for high power applications. Too
many components are required. Moreover, there is a significant
circulating current without optimized design. In [40], a bidirec-
tional three-port power electronic interface for PEV hybrid en-
ergy management systems is proposed. The bidirectional CLLC
converter provides the power exchange path between dc-link and
battery. However, the ultracapacitor only provides net power in
PEV driving mode. Three ports cannot work simultaneously. It
cannot be applied to PV applications by replacing ultracapacitor
with PV source directly.

Voltage-fed DAB converters have been widely investigated.
Various control strategies are customized to suppress RMS
current or to improve the efficiency [41]. However, the control
strategy optimization for grid-tied PV generation systems is
rarely discussed in the literature. In [42], a novel DAB-based par-
tially isolated TPER is proposed. However, only the three-port
modes are analyzed elaborately. Optimized control strategies
and detailed experimental results are not presented. This article
is the extended version of the conference paper. In comparison
with [42], the following extended contents are added in this
article:

1) Optimized control strategies are customized for differ-
ent operating modes. The circulating current is reduced
and the efficiency can be improved. Pulse-frequency-
modulation (PFM) and triple-phase-shift (TPS) modu-
lation methods are optimized in Mode I and Mode II,
respectively.

2) Detailed operation principles analysis in different modes
and design guidelines are presented. ZVS conditions in
different modes are analyzed in detail. Control strategies
are summarized and the control block diagram is demon-
strated.

3) Sufficient experimental results in different modes are
provided to verify the proposed concept. The dynamic
response, loss analysis, ZVS performance, and efficiency
in different operating modes are presented. A compre-
hensive comparison between the proposed concept with
conventional solutions is made to manifest our advantages.

The circuit schematic of the proposed topology is shown
in Fig. 2. The main contributions are summarized as follows.
First, a bidirectional three-port energy router is proposed. It can
achieve flexible power flow among three ports. Both battery port
and dc-link port can realize bidirectional power flow. Multiple
functions including six operating modes in daytime or night-
mode are available. Second, optimized modulation strategies are
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Fig. 3. Main operating modes.

customized for different operating modes. The MPPT of the PV
panel can be ensured in the daytime. Through optimization, full
range ZVS of MOSFETs can be achieved in all modes. Moreover,
the conduction losses and circulating currents are both reduced,
which contributes to improved efficiency.

This article is organized as follows: Section II introduces
the topology and basic operation modes. Section III analyzes
the operational principles in different modes. Detailed design
considerations are provided in Section IV. Section V shows the
performance comparison. Section VI demonstrates experimen-
tal results. Finally, this article concludes in Section VII.

II. TOPOLOGY AND BASIC OPERATION

A. Topology Description

Fig. 2 shows the schematic of the proposed bidirectional
TPER. Battery and dc-link either provide or absorb the power,
while PV source only provides power. Two interleaved boost
units are employed to link the PV and battery on the primary side.
Battery and dc-link are interconnected by a DAB converter. Lm

is the magnetizing inductor with sufficiently large inductance. L
is the series inductance of DAB converter which is implemented
by the transformer leakage inductance. Two full bridges are
placed on both the primary and secondary sides of the converter.
The primary-side full bridge is reused by interleaved boost units
and DAB converter with high integration. The modulation of two
full bridges is customized based on different operating modes.

B. Operating Modes

According to the daily power profile and the intelligent power
management between the grid and battery [11], six possible
operating modes are possible as illustrated in Fig. 3. Based on
the working ports, the operating modes can be classified into
three categories. The converter operates as a two-port converter
in Mode I and Mode II. In Mode I, the dc-link is offline. Only PV

Fig. 4. Crucial waveforms for conventional control method in three-port
modes.

Fig. 5. Equivalent circuit in Mode I.

panel generates power delivered to battery unidirectionally. In
Mode II, PV is in idle mode at night. Power flows between battery
and dc-link bidirectionally. The extra power of the battery can be
delivered to dc grid to compensate for the peak power demand.
The redundant energy of dc grid can also be stored in the battery.
In modes III–IV, three ports work simultaneously. Therefore, it
operates as three-port converter in these modes. PV generates
power, which can be delivered to dc-link or battery unidirec-
tionally. The power flow between two sides of the transformer
can exchange bidirectionally based on the load demand of the
grid and battery SOC. Therefore, there are four three-port modes
based on the power relationships among three ports. It should be
noted that although there is no net power flow from battery port
in Mode III, it is still in operation, which affects the operation
of the converter.

C. Constraints for Conventional Control Methods

In three-port mode, the simplest and most popular control
method is PWM and phase-shift-modulation (PSM) [28]. PWM
control on the primary side facilitates the MPPT of PV source.
An outer phase shift angle between primary and secondary sides
is utilized to regulate the power flow. However, this control
method cannot guarantee a full ZVS range, especially at light
load as shown in Fig. 4. The reverse current cannot fulfill the
ZVS condition of primary-side MOSFETs. Moreover, voltage
mismatch jeopardizes the ZVS realization.

III. OPERATIONAL PRINCIPLES ANALYSIS

A. Two-Port Mode I Analysis

In Mode I, dc-link is offline. All the power generated by PV
is transferred to battery. The secondary-side MOSFETs of the
converter are always OFF. Therefore, the converter operates as
an interleaved boost converter connecting PV source and battery.
The equivalent circuit is shown in Fig. 5. The steady-state
waveforms are plotted in Fig. 6. The driving signals forS1 andS2
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Fig. 6. Critical steady-state waveforms in Mode I.

(S3 and S4) are complimentary with certain deadband. They are
driven in an interleaved manner with regulated duty cycles and
180◦ phase difference. The duty cycle of the lower side MOSFETs
(S2, S4) is defined as D. On the primary side, a three-level
voltage vab with duty cycleD1 is generated due to PWM control.
When the duty cycle of the lower side MOSFETs D < 50%, D1

is equal to D. Otherwise, D1 is equal to 1−D. D is utilized to
realize MPPT of the PV source based on the battery voltage and
PV operating condition. Thus, the relationship between Vpv and
Vb is derived as

Vb =
Vpv

1−D
. (1)

The operation principles of interleaved buck/boost converter
are conventional and not detailed. The upper MOSFETs can easily
achieve ZVS while negative currents are required for the ZVS
of lower MOSFETs. Thus, only the valley values of iL1 and iL2

are derived for further ZVS analysis in the following section.
The PV output power can be derived as

Ppv = Vpv 〈ipv〉 = Vpv (〈iL1〉+ 〈iL2〉) . (2)

The average currents of iL1 and iL2 are expressed as the function
of iL1(t1)

〈iL1〉 = 〈iL2〉 = 1

2

(
2iL1

(t1) +
Vpv

L1f
D

)
. (3)

Combining (2) and (3), the valley values of iL1
and iL2

can
be derived as

iL1
(t1) = iL2

(t3) =
1

2

(
Ppv

Vpv
− Vpv

L1f
D

)
. (4)

As shown in (4), the valley value depends on D and switching
frequency f . D is determined by the voltages of PV source
and battery. Therefore, PFM can be adopted to ensure proper
negative valley current to achieve ZVS.

Moreover, in order to maintain a square wave voltage vab,
a current iL through the leakage inductor L and magnetizing
inductor Lm of the transformer is induced as shown in Fig. 6.
The amplitude of circulating current iL can be expressed as

iL(t1) =
1

2

VbD1Ts

L+ Lm
. (5)

Fig. 7. Equivalent circuit when the converter operates in Mode II.

Fig. 8. Critical steady-state waveforms in Mode II.

The amplitude of iL is small since Lm is large. However, iL
also contributes to the ZVS realization of primary-side MOSFETs
in Mode I.

B. Two-Port Mode II Analysis

In Mode II, PV is idle at nightmode. The power flows bidi-
rectionally between battery and dc-link to regulate battery SOC
and the grid power. The equivalent circuit when the converter
operates in Mode II is depicted in Fig. 7. Based on the power
flow direction, the converter can operate in forward mode and
backward mode. The output capacitor of PV port is still linked to
the converter via two interleaved buck/boost units. The primary
and secondary sides of the converter are connected by a DAB
converter. The transformer turns ratio is defined as 1:n. The
critical waveforms are plotted in Fig. 8. An optimized TPS
control is adopted to regulate the power. The duty cycles of
all MOSFETs are set as 50%. On the primary side, there is a
phase shift ratio D1 between two legs. It acts as two interleaved
buck converters without load. As shown in Fig. 8, iL1 and iL2

are interleaved with phase shift ratio D1. The average currents
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of iL1
and iL2 are zero. The peak currents and the valley

currents of iL1 and iL2 contribute to the ZVS of the primary-side
MOSFETs. The ripple of iC2, which is the sum of iL1

and iL2,
is reduced significantly. On the secondary side, the phase shift
ratio D2 between two switching legs is smaller than D1. A
three-level voltage vcd with duty cycle D2 is also generated.
An outer phase shift ratio (ϕ) between vab and vcd regulates
the power flow between the primary side and the secondary
side. The current of the series inductor is modulated as triangle
conduction mode (TCM) as depicted in Fig. 8. When vab equals
zero, iL is modulated as zero current to reduce the circulating
current. It should be noted that the ZVS realization of MOSFETs
relies on the backflow current. The backflow current is small in
this modulation method. Therefore, the conduction loss can be
reduced.

As shown in Fig. 8, the steady-state circuit operation of the
DAB stage can be divided into eight operation stages. Only the
first four stages over a half switching cycle are analyzed and the
following four stages are symmetrical. To simplify the analysis,
the impact of deadband is neglected. The analysis is based on
the following condition:

M = Vdc/nVb > 1 (6)

Stage I (t0-t1): Before t0, S2,4 on the primary side and S6,8

on the secondary side are ON. Therefore, both vab and vcd are
zero. iL remains zero in this time interval.

At t0, S2 is turned OFF. iL1 flows from the source to drain of
S1. S1 is naturally turned ON with ZVS. vab is clamped at Vb. In
this stage, iL increases linearly as

iL(t) = iL(t0) +
Vb

L
(t− t0). (7)

Stage II (t1-t2): At t1, S6 is turned OFF. The positive current
of iL contributes to the ZVS turning-ON of S5. Thus, vcd is
clamped at Vdc. Then, in this stage, the inductor current iL can
be expressed as

iL(t) = iL(t1) +
Vb − Vdc/n

L
(t− t1). (8)

Stage III (t2-t3): At t2, S8 is turned OFF. S7 can achieve ZVS
turning-ON due to the negative current of iL. vcd is clamped at
0 V. iL is derived as

iL(t) = iL(t2) +
Vb

L
(t− t2). (9)

Stage IV (t3-t4): At t3, S4 is turned OFF. S3 is turned ON with
ZVS due to the positive current of iL2. Both vab and vcd are
clamped at 0 V. Thus, iL remains constant in this stage

iL(t) = iL(t3). (10)

Since stages V–VIII are symmetric to stages I–IV, we can get
the following relationship:

iL(t0) = −iL(t4). (11)

Combining (7)–(11), the inductor current expressions at dif-
ferent instants are derived as

iL(t0) =
Ts

2L

(
D2Vdc

n
−D1Vb

)
(12)

Fig. 9. Critical steady-state waveforms of three-port modes.

iL(t1) =
TsD2Vdc

2Ln
+

TsVb

2L
(2ϕ−D2) (13)

iL(t2) = − TsD2Vdc

2Ln
+

TsVb

2L
(2ϕ+D2). (14)

Due to the TCM operation and the symmetricity

iL(t3) = iL(t4) = −iL(t0) = 0. (15)

Therefore, the relationship of D1 and D2 can be derived as
follows:

D1

D2
= M. (16)

Then, the output power Pdc over a switching period can be
calculated as

Pdc =
1

Ts

∫ Ts

0

vab(t) · iL(t) dt

=
2TsVbVdcD2ϕ

nL
= PNorm(D2ϕ) (17)

where PNorm is the normalized power, which is defined as

PNorm =
2TsVbVdc

nL
. (18)

C. Three-Port Modes Analysis

In the daytime, three ports operate simultaneously as shown
in modes III–VI. The equivalent circuit in three-port modes
is shown in Fig. 2. The critical steady-state waveforms are
illustrated in Fig. 9. There are also eight stages over one period.
To realize bidirectional power flow and to ensure a secure ZVS
of all MOSFETs, a PWM plus PSM mechanism is introduced. On
the primary side, PWM is utilized to realize MPPT of the PV
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source. The operating principles are identical to that in Mode I.
On the secondary side, a three-level voltage with duty cycle D2

is generated due to the phase shift between two switching legs.
The phase shift ratioD2 between two switching legs is regulated
to be smaller thanD1. An outer phase shift ratio (ϕ) between vab
and vcd regulates the power flow between the primary side and
the secondary side. The operation principles are similar to Mode
II. The only differences between Mode II and modes III–VI are
as follows:

1) TPS is adopted in Mode II. Therefore, D1, D2, and ϕ can
be actively modulated to ensure ZVS with the minimum
circulating current. In contrast, PWM and PSM strategies
are employed in modes III–VI. D1 is constrained to Vpv

and Vb. Thus, more backflow current is induced in modes
III–VI.

2) The ZVS of primary-side MOSFETs can be ensured by
interleaved buck/boost units in Mode II. Therefore, iL
during Stage IV can be modulated as zero to reduce loss.
In contrast, the ZVS of primary-side MOSFETs depends on
both interleaved buck/boost stage and DAB stage in modes
III–VI.

Thus, for modes III–VI, the expressions of iL and power,
which can be derived with similar method, are identical to the
expressions (12)–(14) and (17) in Mode II. The inductor current
relationship (15) should be modified as

iL(t3) = iL(t4) = −iL(t0). (19)

It should be noted that the ZVS realization of MOSFETs relies
on the backflow current. The backflow current in DAB stage is
small in this modulation method as shown in Fig. 9. Moreover,
the interleaved boost stage also contributes to the ZVS real-
ization of primary-side MOSFETs. Hence, all the MOSFETs can
achieve ZVS turning-ON with reduced circulating current and
the efficiency can be improved in three-port modes.

D. ZVS Conditions

1) Mode I: In Mode I, the ZVS condition of primary-side
MOSFETs are related to iL1, iL2, and iL. The magnitude of iL is
very small due to large Lm. Therefore, iL is not considered
for the ZVS condition. The minimum current which enable
primary-side MOSFETs’ ZVS can be approximated as IZV S1 =
2VbCoss(S1−S4)/td, where td is the deadtime. To ensure the ZVS
condition and decrease the circulating current simultaneously,
the valley current iL1 and iL2 are designed as

iL1
(t1) = iL2

(t3) = −IZV S1. (20)

Combining (4) and (20), f can be calculated

f =
V 2
pvD

L1(Ppv + 2IZV S1Vpv)
. (21)

Therefore, all the primary-side MOSFETs can achieve ZVS in
the PV power range by adopting PFM method with minimum
backflow current.

2) Mode II: The ZVS of primary-side MOSFETs can be con-
tributed by the interleaved buck/boost units. Therefore, only the

ZVS realization of secondary-side MOSFETs should be consid-
ered in this mode. To ensure the ZVS realization of secondary-
side MOSFETs, the minimum current can be approximated as

IZV S2 = 2VoCoss(S5−S8)/td. (22)

In forward mode, iL(t1)/n is much larger than IZV S2.
iL(t2)/n is set to be equal to −IZV S2. Similarly, the current
relationship is symmetrical in backward mode. Therefore, the
phase shift ϕ can be expressed as follows based on (14) in the
forward mode

ϕ =
(M − 1)D2

2
− nLIZV S2

VbTS
. (23)

In the backward mode, the result is reverse.
As shown in (16), D2 is proportional to D1. For (17), the

power is related to D2 and ϕ. Therefore, ϕ, D1, and D2 increase
simultaneously with the increase of power. The proposed TPS
control helps us to ensure the ZVS of all MOSFETs within
minimum circulating current. Therefore, the maximum power
in forward mode can be derived when the primary-side duty
cycle D1 equals 0.5. Combining (16), (17), and (23)

Pdc_max = PNorm
1

2M

(
M − 1

4M
− nLIZV S2

VbTs

)
. (24)

All MOSFETs can achieve ZVS in the range of (−Pdc_max,
Pdc_max).

3) Modes III–VI: The most critical ZVS condition occurs in
three-port modes. In modes III–VI, the ZVS of primary-side
MOSFETs is contributed by interleaved boost stage and DAB
stage. Since the average power of PV source is always positive
in modes III–VI, the upper MOSFETs are easier to achieve ZVS
than the lower MOSFETs on the primary side. Therefore, only the
ZVS condition of lower side MOSFETs is considered

−iL1(t3) + iL(t3) ≥ IZV S1. (25)

iL1(t3) is related to PV power in fixed frequency condition.
Therefore, to ensure a secure ZVS in any PV power conditions,
the DAB stage should guarantee the ZVS realization of primary-
side MOSFETs independently

iL(t3) ≥ IZV S1 (26)

iL1(t3) ≤ 0. (27)

According to (4), (12) and (19)

Ts

2L

(
D1Vb − D2Vdc

n

)
≥ IZV S1 (28)

1

2

(
Ppv

Vpv
− Vpv

L1f
D

)
≤ 0. (29)

Therefore, the ZVS condition of primary-side MOSFETs can be
derived as

D2 ≤ D1

M
− IZV S1

2nL

TsVdc
=

D1

M
− c1 (30)

Ppv ≤ V 2
pvD

L1f
(31)

where c1 = 2nLIZV S1/TsVdc.
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Fig. 10. Normalized power in DAB stage versus D1 and ϕ.

The ZVS condition of secondary-side MOSFETs only depends
on the current of DAB stage

iL(t1)/n ≥ IZV S2 (32)

iL(t2)/n ≤ −IZV S2. (33)

Therefore,

ϕ ≥ D2

2
(1−M) +

nLIZV S2

TsVb
=

D2

2
(1−M) + c2 (34)

ϕ ≤ D2

2
(M − 1)− nLIZV S2

TsVb
=

D2

2
(M − 1)− c2 (35)

where c2 = nLIZV S2/TsVb. As can be seen in (17) and (34)–
(35), the power is related to D2 and ϕ. The secure range of ϕ is
constrained by D2. The upper limit of D2 is determined by D1.
D1 is regulated based on the relationship between PV voltage
and battery voltage. Consequently, D2 should be designed as
large as possible in ZVS condition, which helps to maximize
the power delivery capability with secure ZVS. Therefore

D2 =
D1

M
− IZV S1

2nL

TsVdc
=

D1

M
− c1. (36)

The power is regulated by phase shift ratio ϕ. The maximum
power in DAB stage can be calculated based on (17), (34), (35),
and (36)

Pdc_max=PNorm

(
M−1

2

(
D1

M
−c1

)2

−c2

(
D1

M
−c1

))
.

(37)
The normalized power of DAB stage in three-port modes is

shown in Fig. 10. The ZVS range margins are also depicted in
Fig. 10. As shown in the figure, the power increases with phase
shift ratio ϕ. When ϕ > 0, the power flow is in forward mode.
When ϕ < 0, the power flow is in backward mode. ZVS can be
achieved in the middle part. The ZVS range is maximized when
D1 = 0.5. It is narrowed with the decrease of D1.

Fig. 11. Control diagram in different operating modes.

Fig. 12. Digital control block diagram in three-port modes.

E. Control Strategies

Based on different operating modes, different control strate-
gies are customized as depicted in the above-mentioned sections.
The operation mode is related to many factors such as PV
condition, grid load condition, and battery SOC. The grid load
condition and battery SOC affect the power flow instruction,
which determines the direction of power flow. Therefore, a
control strategy diagram is summarized as shown in Fig. 11.
In the low battery SOC condition, battery cannot feed power to
the dc-link. Instead, only PV and dc-link can provide power to
the battery. When the battery SOC is high, additional PV and
dc-link power cannot be stored in the battery. It can only deliver
power to dc-link unidirectionally. The bidirectional smart-grid
instruction can be issued when the battery SOC is in middle.
The extra power of the battery can be delivered to the dc grid to
compensate for the peak power demand. The redundant energy
of dc grid can also be stored in the battery.

The control block diagram in three-port modes is demon-
strated in Fig. 12. On the primary side, D1 is actively controlled
to achieve the MPPT of the PV panel. The secondary-side duty
cycle D2 is determined based on (36). D2 varies with D1 and
normalized voltage gainM . Closed-loop control is implemented
to regulate the power flow between two sides of the transformer.
Phase shift ratio ϕ is positive in forward mode while negative
in backward mode. Similarly, MPPT controller and frequency
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modulation unit are utilized in Mode I. Three phase shift units
are used to regulate D1, D2, and ϕ in Mode II.

IV. DESIGN CONSIDERATIONS

The proposed modulation method employs three variables
including D1, D2, and ϕ. As shown in (17), countless combina-
tions of D2 and ϕ exist for a fixed power. Moreover, the ZVS of
all active switches should be realized and the circulating circuit
should be minimized. Thus, elaborate design considerations
should be discussed.

The specifications of the designed converter are summarized
as follows: PV voltage Vpv: 70–100 V; battery voltage Vb: 180–
210 V; dc-link voltage Vdc: 400 V; switching frequency f in
modes II–VI: 100 kHz; maximum PV power: 400 W; maximum
power for DAB stage: 500 W.

The main design considerations are as follows. First, ZVS of
all MOSFETs should be realized in the rated power range. Second,
the circulating current should be minimized.

A. L1 and L2 Design

When designing L1 and L2, ZVS conditions and circulating
current are considered. The inductance is designed to ensure
secure ZVS in all operatiing conditions. The ZVS range can
be extended with smaller inductance. However, the circulating
current is increased. The circulating should be minimized under
the condition of ZVS. In Mode I, all the rated power can be
realized in ZVS condition with PFM. However, in three-port
modes, f is fixed. There is more circulating power in the light
load conditions. The ZVS condition is critical in heavy load
and large D conditions. Therefore, the critical operating con-
dition when Vpv=100 V, Ppv= 400 W, Vb=180 V should be
considered. According to (29), the inductance can be derived
accordingly

L1 = L2 ≤ V 2
PV DTs

PPV
= 111.1μH. (38)

To reserve a certain design margin, L1 and L2 are designed
to be 100 μH .

B. Turns Ratio n and Series Inductance L Design

The converter should be designed to achieve ZVS over the
entire power range. Therefore, the critical operating condition
should be considered when designing the converter parameters.
As shown in Fig. 10, the maximum power with minimum D1

in ZVS condition is the critical working condition. Once the
converter can achieve ZVS in the rated power with a minimum
D1, it can achieve ZVS over the entire voltage and power ranges.
The minimumD1 equals to 1/3 whenVpv = 70 V andVb= 210 V
in this critical condition.

The design of L is crucial in the DAB converter as it de-
termines the power transfer capability and the conversion effi-
ciency. Moreover, turns ratio n also affects the power transfer
capability. According to (17), large L and n leads to a poor
power transfer capability. However, small L and n induce large
peak current, which causes high conduction loss and switching
loss. Therefore, n and L should be designed to meet the power

Fig. 13. (a) Diagram of the typical transformer windings. (b) Diagram of the
designed transformer in this work.

requirements,

nL ≤ 2TsVbVdcD2ϕmax

Pdc
. (39)

In this article, to improve the efficiency and to reduce the
inductor volume, L is designed to be 20 μH . The turns ratio is
selected to be 1:1.5 to ensure secure ZVS at the rated power.

C. High-Frequency Transformer Design

In our design, the leakage inductor constitutes the series
inductor of DAB converter. The diagram of a typical transformer
is indicated in Fig. 13(a). The leakage inductance can be approx-
imated based on the equation Lk = µ0n

2A
l . A is the effective

area between the windings, which can be calculated based on
A = MTL× (Wins = 1/3h1 + 1/3h2), where MTL is the
mean turn length, h1 is the height of the first winding, h2 is the
height of the second winding, Wins is the insulation thickness.
In our design, the distance between primary-side windings and
secondary-side windings is extended to increase the leakage in-
ductance. The diagram of our designed transformer is exhibited
in Fig. 13(b). The primary and secondary windings are placed
on two sides of the window area.

V. PERFORMANCE COMPARISON

A qualitative comparison between the proposed converter and
multiple recently reported partially isolated TPERs is summa-
rized in Table I. As shown, compared with existing converters,
this converter can achieve flexible power flow with optimized
control strategies. For partially isolated TPERs, the proposed so-
lution does not require more components. It is also featured with
a full ZVS range, bidirectional power flow, MPPT capability, and
high efficiency. Most importantly, compared with other works,
more elaborate control strategies are customized for different
operation modes to improve the system performance.

For the DAB based TPER, a quantitative comparison between
the conventional control strategy and proposed control strategy
is made. For the conventional control, the MPPT of PV panel
is realized by regulating the primary-side duty cycle, which is
similar to the proposed method. The phase shift ratio between
the primary side and secondary side is used to regulate the
power. It should be mentioned that there is no inner phase shift
on the secondary side for the compared conventional control
method. To improve the performance, the control strategies in
six operating modes are all optimized. Moreover, to make a fair
comparison, converter parameters with a conventional control
strategy are redesigned. L is designed to be 80 μH to achieve
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TABLE I
COMPARISON WITH EXISTING REPORTED PARTIALLY ISOLATED TPERS

TABLE II
COMPARISON OF PARAMETERS AND CONTROL

TABLE III
PARAMETER OF COMPONENTS

the same power capability. The turns ratio is designed to be 1:2
to ensure that the voltages on both sides are matched. A detailed
comparison of parameters and control strategies is exhibited in
Table II.

The simulation results of RMS current and ZVS range be-
tween the conventional method and proposed method in dif-
ferent modes are demonstrated in Fig. 14. In Mode I, the
proposed method exhibits lower RMS current in light load
conditions. The ZVS range is wider. In Modes II–VI, the ZVS

can be realized in the full range for the proposed method.
While it can be ensured only in heavy load for the conven-
tional method. The proposed method can realize full range
ZVS with sacrificing a little RMS current performance. More
circulating currents are provided especially at light load. It is
cost-efficient because ZVS is crucial in high voltage appli-
cations. Losing ZVS will induce more switching losses and
EMI issues, which endangers the normal operation of the
converter.

For the conventional control method, full-range ZVS cannot
be guaranteed. The critical waveforms with conventional control
are exhibited in Fig. 15. As shown in Fig. 15(a), in Mode I, the
valley currents ofL1 andL2 cannot ensure the ZVS of lower side
MOSFETs at heavy load. Nevertheless, the ZVS of all MOSFETs
can be guaranteed in all load conditions with adaptive switching
frequency. As for three-port modes with conventional control
method, the PWM on the primary side and a single-phase shift
are adopted to regulate the power. The ZVS of primary-side MOS-
FETs is determined by iL1

, iL2
, and iL. As shown in Fig. 15(b),

the combination of iL and iL2
cannot provide enough reverse

current for the ZVS realization of S4. Hard turning-ON results
in higher switching losses and EMI issues, which endangers
the converter. As shown in Fig. 15, voltage spikes induced by
hard switching can easily break the MOSFETs during the test.
Higher voltage stress switches are required to ensure the secure
operation of the converter.

VI. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed converter, a 500-W
converter prototype is built. The photograph of the power stage is
given in Fig. 16. The key parameters are summarized in Table III.
The PV source is emulated by a programmable dc power source.
The battery and dc-link are emulated by a programmable dc
power source in parallel with an electric load. TMS320F28379
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Fig. 14. Performance comparison between the conventional method and the proposed method in different modes. (a) Mode I. (b) Mode II. (c) Mode III–VI.

Fig. 15. Critical waveforms with conventional control. (a) Mode I. (b) Mode
VI.

Fig. 16. Picture of the designed TPER prototype.

Fig. 17. Steady-state waveforms in Mode I. (a) Vpv = 80 V, Vb = 200 V, Ppv

= 100 W. (b) Vpv = 100 V, Vb = 200 V, Ppv = 400 W.

from Texas Instrument is used to implement the digital control
algorithm.

In Mode I, the steady-state waveforms of the inductor currents
are captured in Fig. 17. As demonstrated, the current ripple
of PV source is significantly reduced due to the interleaved

Fig. 18. Steady-state waveforms in Mode II when Vb = 200 V, Vdc = 400 V,
Pdc = 500 W.

Fig. 19. Steady-state waveforms in Mode II when Vb = 200 V, Vdc = 400 V,
Pdc = -100 W.

structure. PWM and PFM are adopted in this mode. The MPPT
of PV source can be realized by PWM control. The frequency is
modulated to ensure ZVS with minimum circulating current due
to different working ranges of PV source and battery as shown
in Fig. 17. Fig. 17(a) shows the waveforms with Vpv = 80 V,
Vb = 200 V, and Ppv = 100 W. Therefore, the duty cycle D
equals 60%. The frequency is set as 200 kHz. In Fig. 17(b), Vpv

= 100 V, Vb = 200 V, and Ppv = 400 W. The duty cycle of
primary-side MOSFETs is 50%. Therefore, the current ripple of
PV source is absolutely cancelled in this operating condition.
The prototype operates at 100 kHz in this condition. As can
be seen in the captured waveforms, all inductor currents iL1,
iL2, and iL contribute to the ZVS realization of primary-side
MOSFETs.

The steady-state experimental waveforms of Mode II are
captured in Figs. 18 and 19. PV source is idle. The average
currents of iL1 and iL2 are zero. They contribute to the ZVS
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Fig. 20. ZVS waveforms of primary-side lower MOSFETs in (a) Mode I. (b)
Mode II.

Fig. 21. Steady-state waveforms of iL1, iL2, and iL when the converter
operates in three-port modes. (a) Mode IV. (b) Mode VI.

of primary-side MOSFETs. The voltage of C2 is half of Vb

because the duty cycles of primary-side MOSFETs are 50%.
The current ripple of iC2 is reduced due to interleaved structure.
The steady-state waveforms when the power equals 500 W are
presented in Fig. 18. D1 and D2 are optimized to reduce the
circulating current for the reference power. The steady-state
waveforms in backward 100 W are captured in Fig. 19. The
bidirectional power flow can be realized. Compared with 500 W
condition, both D1 and D2 are reduced as shown in Fig. 19.
The utilization ratio of MOSFETs is reduced in the light load
in this mode. Moreover, the experimental results indicate that
circulating current is always minimized over the entire power
ranges. This agrees with the previous analysis. ZVS of upper
MOSFETs can be easily realized due to the relatively high inductor
currents of interleaved buck/boost structure. Therefore, only the
ZVS waveforms of primary-side lower MOSFETS4 in Mode I and
Mode II are captured in Fig. 20. There is no overlap between the
rising edge of vgs and the falling edge of vds, which validates
the ZVS turning-ON of the primary-side MOSFETs. As shown in
the current waveforms of Fig. 20(a), negative current iL2

helps
S4 to realize the ZVS with a low circulating current. In Mode
II, when S4 is turned ON, iS4

is the sum of iL2
and iL. ZVS of

S4 is contributed by the circulating current of iL.
The experimental waveforms of iL1, iL2, and iL in three-

port modes are captured in Fig. 21. The operating principles
of three-port modes are similar. Only the power relationships
of three ports are different. Therefore, only the waveforms of
Mode IV and Mode VI are presented. Fig. 21(a) shows the
experimental results in Mode IV when PV and dc-link both
provide power to the battery. PV source provides 250 W power
and battery absorbs 500 W power. The redundant power is
provided by dc-link. The current ripple of the PV terminal is
reduced obviously due to the interleaved structure. Steady-state

Fig. 22. Soft-switching waveforms of the primary-side MOSFETs when the
converter operates in three-port mode.

Fig. 23. Soft-switching waveforms of the secondary-side MOSFETs when the
converter operates in three-port mode.

waveforms with PV and battery both providing power to the
battery in Mode VI are shown in Fig. 21(b). The total power
absorbed by the dc-link is 500 W. PV source provides 250 W
power and the redundant power is provided by battery. As shown
in Fig. 21, the sum of currents throughL1,L2, andL contributes
to the ZVS of the primary-side MOSFETs. Meanwhile, iL also
contributes to the ZVS of the active switches on the secondary
side.

The critical soft-switching waveforms in three-port mode are
captured in Figs. 22 and 23. Fig. 22 exhibits the ZVS waveforms
of primary-side MOSFETs in Mode VI. The current through the
right bridge arm of the primary side is the combination of
iL2

and iL. S3 can realize ZVS easily without any circulating
current. As shown in Fig. 22(b), S4 can realize ZVS with the
circulating currents induced by iL2

and iL. Fig. 23 validates the
ZVS turning-ON of the secondary-side MOSFETs. The negative
voltage turning-OFF design contributes to the secure operation
of SiC MOSFETs. As indicated in Fig. 23(a), a high negative
current facilitates an easy realization of S6’s ZVS. Since the
power is delivered positively during this interval, this current
cannot be treated as the circulating current. As for the waveforms
shown in Fig. 23(b), only a small circulating current is induced
to helps S8 to realize ZVS. In summary, the circulating currents
are minimized under the constraint that ZVS of all MOSFETs are
ensured.

Fig. 24 shows the dynamic waveforms of power transition
and operation mode transition. Fig. 24(a) exhibits the transition
incurred by the step change of PV source. The converter operates
in Mode VI. Both PV source and battery provide power to
dc-link. As demonstrated, the power of PV source steps from
100 to 300 W instantaneously while the power of dc-link side
maintains constant as 500 W. The currents of iL1, iL2, and
ipv increase suddenly. The power of the battery side can be
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Fig. 24. Dynamic waveforms of (a) PV power steps from 100 to 300 W in
Mode VI. (b) mode transition Mode I to VI.

Fig. 25. Measured efficiency versus power in different power flow paths.

decreased because the dc-link power maintains. Therefore, the
power through DAB stage should maintain constant during the
transition. As shown in Fig. 24(a), there is little influence on iL
during the transition. Fig. 24(b) shows the dynamic waveforms
of the operation mode transition from Mode I to Mode VI. PV
maintains 200 W output power at MPP. During the transition,
the secondary-side MOSFETs are turned ON. The power delivered
to the secondary side is regulated. The output power is 400 W
in the test. The control strategy is changed from PWM plus
PFM to PWM plus PSM. fs decreases from 120 kHz in Mode
I to 100 kHz in Mode VI. Therefore, the magnitude of iL1 is
increased as shown in Fig. 24(b). A smooth transition is achieved
without transient issues, which proves the excellent dynamic
performance of the converter.

The conversion efficiency in different modes is recorded and
plotted in Fig. 25. The efficiency data are calibrated by a high-
precision power analyzer (PPA4530). As shown in Fig. 25, the
converter exhibits high efficiency over 98% in Mode I. That’s be-
cause ZVS is realized and circulating current is reduced. In Mode
II, the efficiency is measured under the condition Vb = 200 V
and Vdc = 400 V. It should be noted that the efficiency results
are similar between forward and backward modes. The reason
is that the waveforms are symmetrical on these occasions. The
measured peak efficiency is 96.6% in 500 W, and the overall
efficiency is always above 91.7% over the entire power range.
In modes III–VI, the converter operates in three-port mode.
Due to various power combinations among the three ports, the
efficiency of different operating points cannot be measured.
Therefore, the efficiency versus different power of DAB stage
is recorded when Ppv = 200 W, Vb = 200 V, and Vdc = 400
V. Compared with Mode II, the efficiency is lower when the

Fig. 26. Loss breakdown in different modes at heavy load conditions.

power of DAB stage is above 200 W because more circulating
current is induced in three-port modes. In contrast, the efficiency
is higher than that in Mode II when the power of DAB stage is
less than 200 W. That is because the battery absorb power in this
condition. The power is partially delivered by PV source and
partially delivered by dc-link. PV transfers power with much
higher efficiency. The measured peak efficiency is 97.1% when
the power of DAB stage equals 500 W in three-port modes.

The main losses can be classified into four parts: conduction
loss, switching loss, copper loss, and core loss. Due to the full
range ZVS turn-ON for all MOSFETs, the turn-ON loss can be
ignored. The switching loss is mainly attributed to the MOSFET

turn-OFF loss. The conduction loss can be calculated based on
equivalent resistances and RMS currents. The magnetic core
loss can be estimated by Steinmetz’s equation. According to the
above analysis, the power losses in different operating modes at
heavy load conditions can be calculated and plotted in Fig. 26.

VII. CONCLUSION

In this article, a partially isolated bidirectional TPER with
different modulation strategies is proposed. Six operating modes
of the TPER can be classified due to multifunctional applica-
tion. Elaborate modulation schemes are customized in different
modes. The operating principles and theoretical analysis are
detailed. Optimal design considerations are discussed to ensure
secure ZVS over a wide range. The parameters of the converter
are optimized to reduce the reactive power, which helps to
enhance efficiency. Finally, a 500 W rated prototype is tested
to verify the proof of concept. Experimental results demonstrate
the feasibility and effectiveness of the proposed topology and
modulation schemes.

REFERENCES

[1] J. V. Gastelu, J. D. Melo Trujillo, and A. Padilha-Feltrin, “Hierarchical
Bayesian model for estimating spatial-temporal photovoltaic potential in
residential areas,” IEEE Trans. Sustain. Energy, vol. 9, no. 2, pp. 971–979,
Apr. 2018.

[2] N. Saxena, I. Hussain, B. Singh, and A. L. Vyas, “Implementation of a
grid-integrated PV-Battery system for residential and electrical vehicle
applications,” IEEE Trans. Ind. Electron., vol. 65, no. 8, pp. 6592–6601,
Aug. 2018.

Authorized licensed use limited to: ShanghaiTech University. Downloaded on November 16,2022 at 08:26:44 UTC from IEEE Xplore.  Restrictions apply. 



1230 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 1, JANUARY 2023

[3] B. Zhao, Q. Song, W. Liu, and Y. Xiao, “Next-generation multi-functional
modular intelligent UPS system for smart grid,” IEEE Trans. Ind. Electron.,
vol. 60, no. 9, pp. 3602–3618, Sep. 2013.

[4] J. Deng and H. Wang, “A hybrid-bridge and hybrid modulation based dual-
active-bridge converter adapted to wide voltage range,” IEEE J. Emerg.
Sel. Topics Power Electron., vol. 9, no. 1, pp. 910–920, Feb. 2021.

[5] P. Bhatnagar and R. K. Nema, “Maximum power point tracking control
techniques: State-of-the-art in photovoltaic applications,” Renewable Sus-
tain. Energy Rev., vol. 23, pp. 224–241, Jul. 2013.

[6] H. Mahmood, D. Michaelson, and J. Jiang, “A power management
strategy for PV/battery hybrid systems in islanded microgrids,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 2, no. 4, pp. 870–882,
Dec. 2014.

[7] F. Locment, M. Sechilariu, and I. Houssamo, “DC load and batter-
ies control limitations for photovoltaic systems. Experimental valida-
tion,” IEEE Trans. Power Electron., vol. 27, no. 9, pp. 4030–4038,
Sep. 2012.

[8] Z. Wang, Q. Luo, Y. Wei, D. Mou, X. Lu, and P. Sun, “Topology analysis
and review of three-port DC-DC converters,” IEEE Trans. Power Electron.,
vol. 35, no. 11, pp. 11783–11800, Nov. 2020.

[9] L. Qin et al., “Transformer-less high gain three-port converter with
low voltage stress and reduced switches for standalone PV sys-
tems,” IEEE Trans. Power Electron., vol. 37, no. 11, pp. 13468–13483,
Nov. 2022.

[10] N. Zhang, D. Sutanto, and K. M. Muttaqi, “A review of topologies of three-
port DC-DC converters for the integration of renewable energy and energy
storage system,” Renewable Sustain. Energy Rev., vol. 56, pp. 388–401,
Apr. 2016.

[11] A. K. Bhattacharjee, N. Kutkut, and I. Batarseh, “Review of multiport
converters for solar and energy storage integration,” IEEE Trans. Power
Electron., vol. 34, no. 2, pp. 1431–1445, Feb. 2019.

[12] H. Wu, K. Sun, S. Ding, and Y. Xing, “Topology derivation of nonisolated
three-port DC-DC converters from DIC and DOC,” IEEE Trans. Power
Electron., vol. 28, no. 7, pp. 3297–3307, Jul. 2013.

[13] H. Moradisizkoohi, N. Elsayad, and O. A. Mohammed, “A family of three-
port three-level converter based on asymmetrical bidirectional half-bridge
topology for fuel cell electric vehicle applications,” IEEE Trans. Power
Electron., vol. 34, no. 12, pp. 11706–11724, Dec. 2019.

[14] Y.-M. Chen, A. Q. Huang, and X. Yu, “A high step-up three-port DC–DC
converter for stand-alone PV / Battery power systems,” IEEE Trans. Power
Electron., vol. 28, no. 11, pp. 5049–5062, Nov. 2013.

[15] R. Faraji, H. Farzanehfard, G. Kampitsis, M. Mattavelli, E. Matioli, and
M. Esteki, “Fully soft-switched high step-up nonisolated three-port DC–
DC converter using GaN HEMTs,” IEEE Trans. Ind. Electron., vol. 67,
no. 10, pp. 8371–8380, Oct. 2020.

[16] H. Tarzamni, M. Sabahi, S. Rahimpour, M. Lehtonen, and P. Dehghanian,
“Operation and design consideration of an ultrahigh step-up DC-DC
converter featuring high power density,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 9, no. 5, pp. 6113–6123, Oct. 2021.

[17] R. Faraji and H. Farzanehfard, “Soft-switched nonisolated high step-up
three-port DC–DC converter for hybrid energy systems,” IEEE Trans.
Power Electron., vol. 33, no. 12, pp. 10101–10111, Dec. 2018.

[18] G. Zhou, Q. Tian, and L. Wang, “Soft-switching high gain three-port
converter based on coupled inductor for renewable energy system ap-
plications,” IEEE Trans. Ind. Electron., vol. 69, no. 2, pp. 1521–1536,
Feb. 2022.

[19] Z. Saadatizadeh, E. Babaei, F. Blaabjerg, and C. Cecati, “Three-port high
step-up and high step-down DC-DC converter with zero input current
ripple,” IEEE Trans. Power Electron., vol. 36, no. 2, pp. 1804–1813,
Feb. 2021.

[20] X. Tang, H. Wu, W. Hua, Z. Yu, and Y. Xing, “Three-port bidirectional
series-resonant converter with first-harmonic-synchronized PWM,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 9, no. 2, pp. 1410–1419,
Apr. 2021.

[21] C. Zhao, S. D. Round, and J. W. Kolar, “An isolated three-port bidirectional
DC-DC converter with decoupled power flow management,” IEEE Trans.
Power Electron., vol. 23, no. 5, pp. 2443–2453, Sep. 2008.

[22] E. S. Oluwasogo and H. Cha, “Self-current sharing in dual-transformer-
based triple-port active bridge DC-DC converter with reduced device
count,” IEEE Trans. Power Electron., vol. 36, no. 5, pp. 5290–5301,
May 2021.

[23] V. N. S. R. Jakka, A. Shukla, and G. D. Demetriades, “Dual-transformer-
based asymmetrical triple-port active bridge (DT-ATAB) isolated DC–DC
converter,” IEEE Trans. Ind. Electron., vol. 64, no. 6, pp. 4549–4560,
Jun. 2017.

[24] J. Zeng, W. Qiao, L. Qu, and Y. Jiao, “An isolated multiport DC-DC con-
verter for simultaneous power management of multiple different renewable
energy sources,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 2, no. 1,
pp. 70–78, Mar. 2014.

[25] W. Li, C. Xu, H. Luo, Y. Hu, X. He, and C. Xia, “Decoupling-controlled
triport composited DC/DC converter for multiple energy interface,” IEEE
Trans. Ind. Electron., vol. 62, no. 7, pp. 4504–4513, Jul. 2015.

[26] H. Wu, J. Zhang, and Y. Xing, “A family of multiport buck-boost converters
based on DC-link-inductors (DLIs),” IEEE Trans. Power Electron., vol. 30,
no. 2, pp. 735–746, Feb. 2015.

[27] H. Wu, J. Zhang, X. Qin, T. Mu, and Y. Xing, “Secondary-side-regulated
soft-switching full-bridge three-port converter based on bridgeless boost
rectifier and bidirectional converter for multiple energy interface,” IEEE
Trans. Power Electron., vol. 31, no. 7, pp. 4847–4860, Jul. 2016.

[28] J. Deng, H. Wang, and M. Shang, “A ZVS three-port DC/DC
converter for high-voltage bus-based photovoltaic systems,”
IEEE Trans. Power Electron., vol. 34, no. 11, pp. 10688–10699,
Nov. 2019.

[29] H. Al-Atrash and I. Batarseh, “Boost-integrated phase-shift full-bridge
converter for three-port interface,” in Proc. IEEE Power Electron. Spe-
cialists Conf., 2007, pp. 2313–2321.

[30] N. Hou and Y. W. Li, “Overview and comparison of modulation and con-
trol strategies for a nonresonant single-phase dual-active-bridge DC-DC
converter,” IEEE Trans. Power Electron., vol. 35, no. 3, pp. 3148–3172,
Mar. 2020.

[31] S. S. Muthuraj, V. K. Kanakesh, P. Das, and S. K. Panda, “Triple phase
shift control of an LLL tank based bidirectional dual active bridge con-
verter,” IEEE Trans. Power Electron., vol. 32, no. 10, pp. 8035–8053,
Oct. 2017.

[32] X. Pan, H. Li, Y. Liu, T. Zhao, C. Ju, and A. K. Rathore, “An
overview and comprehensive comparative evaluation of current-fed-
isolated-bidirectional DC/DC converter,” IEEE Trans. Power Electron.,
vol. 35, no. 3, pp. 2737–2763, Mar. 2020.

[33] Y. Shi, R. Li, Y. Xue, and H. Li, “Optimized operation of current-fed dual
active bridge DC-DC converter for PV applications,” IEEE Trans. Ind.
Electron., vol. 62, no. 11, pp. 6986–6995, Nov. 2015.

[34] Z. Guo, “Modulation scheme of dual active bridge converter for seamless
transitions in multiworking modes compromising ZVS and conduction
loss,” IEEE Trans. Ind. Electron., vol. 67, no. 9, pp. 7399–7409, Sep. 2020.

[35] L. Gong et al., “A dynamic ZVS-guaranteed and seamless-mode-transition
modulation scheme for the DAB converter which maximizes the ZVS
range and lowers the inductor RMS current,” IEEE Trans. Power Electron.,
vol. 37, no. 11, pp. 13119–13134, Nov. 2022.

[36] T. Chaudhury and D. Kastha, “A high gain multiport DC-DC converter for
integrating energy storage devices to DC microgrid,” IEEE Trans. Power
Electron., vol. 35, no. 10, pp. 10501–10514, Oct. 2020.

[37] Z. Ding, C. Yang, Z. Zhang, C. Wang, and S. Xie, “A novel soft-
switching multiport bidirectional DC-DC converter for hybrid energy stor-
age system,” IEEE Trans. Power Electron., vol. 29, no. 4, pp. 1595–1609,
Apr. 2014.

[38] S. S. Dobakhshari, S. H. Fathi, and J. Milimonfared, “A new soft-switched
three-port DC/DC converter with high voltage gain and reduced number
of semiconductors for hybrid energy applications,” IEEE Trans. Power
Electron., vol. 35, no. 4, pp. 3590–3600, Apr. 2020.

[39] Z. Wang and H. Li, “An integrated three-port bidirectional DC-DC con-
verter for PV application on a DC distribution system,” IEEE Trans. Power
Electron., vol. 28, no. 10, pp. 4612–4624, Oct. 2013.

[40] X. Lu and H. Wang, “A highly efficient multifunctional power electronic
interface for PEV hybrid energy management systems,” IEEE Access,
vol. 7, pp. 8964–8974, 2019.

[41] A. K. Bhattacharjee and I. Batarseh, “Optimum hybrid modulation for
improvement of efficiency over wide operating range for triple-phase-shift
dual-active-bridge converter,” IEEE Trans. Power Electron., vol. 35, no. 5,
pp. 4804–4818, May 2020.

[42] L. Wang, H. Wang, Y. Liu, J. Liang, and M. Fu, “A fully ZVS dual-active-
bridge based three-port converter with high integration,” in Proc. IEEE
Appl. Power Electron. Conf. Expo., 2021, pp. 1410–1415.

Authorized licensed use limited to: ShanghaiTech University. Downloaded on November 16,2022 at 08:26:44 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: THREE-PORT ENERGY ROUTER FOR GRID-TIED PV GENERATION SYSTEMS WITH OPTIMIZED CONTROL METHODS 1231

Liang Wang (Student Member, IEEE) received the
B.S. degree in electrical engineering and automa-
tion from Harbin Engineering University, Harbin,
China, in 2019. He is currently working toward the
Ph.D. degree with the School of Information Science
and Technology, ShanghaiTech University, Shanghai,
China.

His research includes renewable energy systems,
multiport converters, and energy harvesting systems.

Haoyu Wang (Senior Member, IEEE) received
the bachelor’s degree (with Distinguished Hons.)
in electrical engineering from Zhejiang University,
Hangzhou, China, in 2009, and the Ph.D. degree in
electrical engineering from the University of Mary-
land at College Park, College Park, MD, USA, in
2014.

In September 2014, he joined the School of In-
formation Science and Technology, ShanghaiTech
University, Shanghai, China, where he is currently
a tenured Associate Professor. His research interests

include power electronics, plug-in electric and hybrid electric vehicles, the
applications of wide-bandgap semiconductors, renewable energy harvesting,
and power management integrated circuits. He is an Associate Editor of
IEEETRANSACTIONS ON INDUSTRIAL ELECTRONICS, IEEE TRANSACTIONS ON

TRANSPORTATION ELECTRIFICATION, and CPSS Transactions on Power Elec-
tronics and Applications.

Minfan Fu (Senior Member, IEEE) received the
B.S., M.S., and Ph.D. degrees in electrical and com-
puter engineering from the University of Michigan-
Shanghai Jiao Tong University Joint Institute, Shang-
hai Jiao Tong University, Shanghai, China, in 2010,
2013, and 2016, respectively.

From 2016 to 2018, he held a Postdoctoral posi-
tion with the Center for Power Electronics Systems,
Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA. He is currently an Assistant
Professor with the School of Information Science and

Technology, ShanghaiTech University, Shanghai, China. His research interests
include megahertz wireless power transfer, high-frequency power conversion,
high-frequency magnetic design, and application of wide-bandgap devices. He
holds one U.S. patent, three Chinese patents, and has authored or coauthored
more than 50 papers in prestigious IEEE journals and conferences. He is cur-
rently an Associate Editor for IEEE IES Industrial Electronics Technology News
(ITeN) and serves as the Section Chair of several conference, such as IECON,
IPEMC, VEH. His conference paper for IECON 2019 won the IES-SYPA
Competition. He is the Tutorial Speaker for IPEMC 2020 and ISIE 2020.

Junrui Liang (Senior Member, IEEE) received the
B.E. and M.E. degrees in instrumentation engineer-
ing from Shanghai Jiao Tong University, Shanghai,
China, in 2004 and 2007, respectively, and the Ph.D.
degree in mechanical and automation engineering
from The Chinese University Hong Kong, Hong
Kong, in 2010.

He is currently an Associate Professor with the
School of Information Science and Technology,
ShanghaiTech University, Shanghai, China. His re-
search interests include: energy conversion and power

conditioning circuits, kinetic energy harvesting and vibration suppression, IoT
devices, and mechatronics. He is an Associate Editor of IET Circuits, Devices
and Systems and the General Chair of the second International Conference on
Vibration and Energy Harvesting Applications 2019.

Dr. Liang is a recipient of three Best Paper Awards in the IEEE International
Conference on Information and Automation (2009 and 2010, respectively) and
VEH 2021.

Yu Liu (Member, IEEE) received the B.S. and M.S.
degrees in electrical engineering from Shanghai Jiao
Tong University, Shanghai, China, in 2011 and 2013,
respectively, and the M.S. and Ph.D. degrees in
electrical engineering from the Georgia Institute of
Technology, Atlanta, GA, USA, in 2013 and 2017,
respectively.

He is currently a Tenure-Track Assistant Professor
with the School of Information Science and Technol-
ogy, ShanghaiTech University, Shanghai. His current
research interests include modeling, protection, fault

location, and state/parameter estimation of power systems and power electronic
systems.

Authorized licensed use limited to: ShanghaiTech University. Downloaded on November 16,2022 at 08:26:44 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


