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Symmetrical Bipolar Output Isolated Four-Port
Converters Based on Center-Tapped Winding for
Bipolar DC Bus Applications

Qingxin Tian, Student Member, IEEE, Guohua Zhou, Senior Member, IEEE, Haoze Li, Yongheng Yang, Senior
Member, IEEE, Dao Zhou, Senior Member, IEEE

Abstract- Using a multi-port converter to integrate renewable
energy and energy storage into the bipolar dc bus is a desirable
solution due to its high efficiency and reliability. In this paper, a
series of bipolar output active rectifiers with center-tapped
winding are proposed to serve as secondary rectification circuits.
Then, a family of isolated four-port converters with symmetrical
bipolar outputs is further developed to integrate renewable
energy and energy storage. The proposed symmetrical bipolar
output isolated four-port converters can achieve single-stage
power conversion, symmetrical bipolar output voltage, soft
switching, and an approximately decoupled control loop. A
typical four-port converter, named full-bridge interleaving
bidirectional buck/boost + semi-active rectifier with bipolar
output converter, is specifically analyzed in detail in terms of
operation principles, voltage and power relationship, port
current ripples, soft switching performance, and control method.
Finally, experimental verifications have been carried out to
illustrate the feasibility and effectiveness of the proposed
topology.!

Index Terms—Renewable energy system, four-port converter,
symmetrical bipolar output, bipolar dc bus, phase shift
modulation, pulse width modulation, soft switching

|. INTRODUCTION

The development and utilization of renewable energy
sources (RESs), such as solar energy, wind energy, tidal
energy, etc., are attracting more and more attention due to
their great potential in effectively solving environmental
pollution and energy crisis [1]. However, depending on
climate and other environmental conditions, the generation
power of RES is intermittent. Thus, RESs are generally
combined with energy storage systems (ESSs), such as
batteries and ultracapacitors, to provide stable and reliable
power supply loads, microgrids, or grid-connected inverters
[2]-[4]. In general, many RESs and ESSs, such as photovoltaic
(PV) panels power generation, Li-ion batteries, light-emitting
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diode (LED), and electric vehicles (EVs), have dc output
characteristics. Therefore, the integration of RESs and ESSs
into dc micro-grids is an effective way to clear generation
power because of the dc characteristics of many sources and
loads [5], [6].

According to the characteristics of bus voltages, the
architecture of the dc microgrids can be divided into unipolar
dc bus and bipolar dc bus structures, corresponding to the
unipolar dc microgrid and the bipolar dc microgrid,
respectively. Although unipolar dc bus architecture has been
widely used in the past, it is becoming challenging to meet the
requirements of many emerging applications in terms of
efficiency and reliability, e.g., data centers and fast EV
charging stations [7], [8]. Compared with the unipolar dc bus,
the following advantages make the bipolar dc structure more
attractive.

1) Bipolar dc bus systems are more reliable because one of
the dc buses can operate correctly even when the other dc bus
is in a faulty condition.

2) Compared with the unipolar dc structure, the efficiency
of bipolar dc bus systems is higher under the same load
because the bus current is smaller when the power is
transmitted through the two dc buses.

3) A bipolar dc bus can provide three alternative voltage
levels, including two symmetrical positive and negative
polarity voltages, offering paramount flexibility and interface
with various voltage-ranged loads.

4) In the bipolar dc bus system, the voltage gain
requirement of the interface converter is reduced by half. For
example, the conventional 400 V dc bus in the unipolar dc bus
corresponds to #200 V in the bipolar dc bus.

As a result, the bipolar dc bus system can provide higher
flexibility, reliability, and efficiency [8]-[10], which has been
widely used in intelligent industrial parks, residential
buildings, and data centers, e.g., the data center at Intel
Corporation and the medium-voltage dc distribution network
in Zhuhai, China. In the conventional bipolar dc bus system,
the common ground bipolar dc bus is constructed through a
voltage balancer. Then, RESs, ESSs, and loads are connected
to the bipolar dc bus with a series of independent dc-dc
converters, which incurs high cost and low efficiency, and has
difficulty achieving centralized control [11], [12].
Alternatively, a multi-port converter (MPC) can be employed
to integrate RESs, ESSs, and various loads into the bipolar dc
bus, which exhibits many advantages like the single-stage
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power conversion, higher system efficiency, and unified
power management, compared to the conventional bipolar dc
bus system [13], [14].

In general, the topologies of MPCs can be classified into
three categories: non-isolated topologies [15]-[17], partially
isolated topologies [18]-[20], and fully isolated topologies
[21]. The partially isolated MPC topology is an excellent
candidate because it combines the advantages of fully isolated
and non-isolated topologies, and is often used in low and
medium-power applications that require galvanic isolation
between the RES and load. Therefore, a lot of research efforts
have been made on this type of MPCs. In [22] and [23], full-
bridge MPCs based on a secondary-side phase shift control are
presented, with a wide input range, high efficiency, and low
voltage stress for RES applications. The MPC based on the
secondary active voltage six-folder rectifier is further
proposed to achieve a higher voltage gain and extend the soft-
switching range in [18]. Other MPC topologies, such as LLC-
MPC in [24], half-bridge MPC in [19], and three-level MPC in
[20], have also been extensively studied. However, the MPCs
described above may fail when they are used to integrate
RESs and ESSs into a bipolar dc bus system due to their
unipolar output characteristics.

For the application scenario of bipolar dc buses, such as EV
charging stations and data centers, a symmetrical and common
ground bipolar output voltage is promising to improve power
quality and reliability. To realize a symmetrical bipolar output
voltage, the neutral point clamped three-level converter is
proposed for EV fast-charging stations in [25], providing a
bipolar voltage to the loads. A series of voltage balancers
derived from basic dc-dc converters is presented in [26],
which have the advantages of simple open-loop control and
low cost. However, the asymmetry of the positive and
negative voltages due to the load asymmetry limits its
applications. Various voltage balancing control methods are
proposed in [27] to overcome this limitation, which is
relatively complexed.

In [28], a four-port dc-dc converter with a bipolar output is
proposed for interfacing PV modules and fuel cells to the
bipolar dc bus, which lacks the bidirectional power flow port
required to connect to ESSs. In [29], a novel four-port
converter combining the three-port SEPIC converter and the
three-port Cuk converter is presented to integrate the RES and
ESS to the bipolar dc bus, which has the inherent
characteristics of symmetrical bipolar output voltage, simple
structure, and easy to control implement. However, hard
switching characteristics and lack of galvanic isolation hinder
its applications. In [30] and [31], a dc/dc converter with
bipolar output and integrated bus voltage balance capability
based on the CLLC bidirectional resonant converter and
voltage balancer is presented. The converter has the
advantages of isolated bipolar output ports, soft switching, and
high efficiency. In [32] and [33], two three-level dual active
bridge converters based on diode clamping are presented to
achieve single-stage power conversion between RES and
bipolar load. However, additional voltage balance control is

required under load imbalance conditions, which increases the
complexity of the control method.

With the above, this paper proposes a series of novel
symmetric bipolar output rectifiers based on center-tapped
windings for the secondary side of MPCs, which achieves the
bipolar output voltage control through a phase shift
modulation method. Moreover, a new family of isolated four-
port converters with symmetric bipolar outputs is further
developed by combining the proposed rectifiers and specific
primary side circuits. The proposed topologies have the
following advantages, making them very promising for
integrating RESs and ESSs.

1) Single-stage power conversion among RESs, ESSs, and
bipolar loads is realized, which helps lower the cost and
improve the system's efficiency.

2) Voltages on the positive polarity output (PPO) and
negative polarity output (NPO) ports are symmetric
irrespective of the operating states. Thus, additional voltage
balancing control is not required, reducing the overall control
complexity.

3) Power control of RESs and ESSs is optimized on the
primary side, and the constant bipolar output voltage control is
achieved on the secondary side. More importantly, the two
control loops are approximately decoupled.

The rest of this paper is organized as follows. In Section 11,
the basic principle to develop the proposed novel rectifiers
with symmetric bipolar outputs is presented and a new family
of isolated four-port converters with symmetric bipolar output
is deduced. In Section Ill, the operation modes and equivalent
circuits of an example converter, named full-bridge
interleaving bidirectional buck/boost + semi-active rectifier
with bipolar output (FB-IB3+SAR-BO), are analyzed in detail.
In Section IV, performance characteristics, including voltage
and power, soft switching, input current ripple, and control,
are analyzed. Experimental results are presented in Section V
to illustrate the effectiveness of the proposed converter.
Finally, the conclusion is given in Section VI.

Il. TOPOLOGY DERIVATION OF ISOLATED FOUR-PORT
CONVERTERS WITH SYMMETRIC BIPOLAR OUTPUT

A. Structure of the Proposed Converters

The general structure of the proposed symmetric bipolar
output isolated four-port converter based on center-tapped
windings is shown in Fig. 1, which consists of the primary
side circuit, the secondary side circuit, and the high-frequency
transformer. The RES port and ESS port are integrated into the
primary side of the converter to achieve galvanic isolation of
the RES and ESS from the load. The PPO port and NPO port
with common ground characteristics are integrated into the
secondary side of the converter to obtain symmetrical bipolar
output voltages. Furthermore, to provide the necessary
galvanic isolation and flexible voltage level for the output
port, a high-frequency transformer with a center tap is inserted
between the primary and secondary sides, and its center tap is
connected to the common ground of the PPO and NPO ports.
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In general, there are various implementation possibilities on
the primary side with inverter characteristics, such as half-
bridge, full-bridge, LLC, etc. On the other hand, the secondary
side usually serves as a rectification circuit to achieve
symmetric bipolar dc voltage outputs. Therefore, the key is
how to construct a secondary side rectifier with symmetrical
bipolar output characteristics.

Transformer | Secondary Side

bid
SN A U A

—_

Primary Side

RES Por{ T Cin Cous I PPO Port

Fig. 1. The general structure of the proposed isolated four-port converter with
bipolar outputs, where Ci, and Cyy are filter capacitors for the RES and the
ESS ports respectively, and Co; and C,; are filter capacitors for the PPO and
NPO ports.

B. Derivation of Secondary Side Rectifiers

The conventional passive rectifiers based on single winding
and center tap windings are shown in Figs. 2(a) and (b),
respectively, which only include a unipolar output voltage. By
combining the rectifier shown in Figs. 2(a) and (b), a novel
symmetric bipolar output passive rectifier can be obtained, as
shown in Fig. 2(c). The midpoints of the two diode legs are
connected to the positive and negative terminals of the
secondary side winding, while the center tap of the secondary
side winding is connected to the common ground of the PPO
and NPO ports to achieve the symmetric bipolar output
voltage with common ground.

The bipolar output rectifier shown in Fig. 2(c) cannot be
directly used as the secondary side circuit of the four-port
converter shown in Fig. 1, as it lacks active switches to
achieve bipolar voltage control. In general, the symmetric
bipolar output voltage of the four-port converter must be
controlled to be constant to meet the load requirements, which
can be achieved by the active switches in the secondary side
circuit. Meanwhile, the RES input must be controlled to
maximize the energy harvesting, while the ESS voltage and
current must be managed to ensure its safe operation. ESSs
can be controlled through the switches on the primary side for
the four-port converter shown in Fig. 1. Consequently, the
essential issue is to modify the passive bipolar output rectifier
shown in Fig. 2(c), so that it has the capability of symmetrical
bipolar output voltage regulation.
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Fig. 2. Passive rectifier on the secondary side: (a) and (b) conventional
unipolar output rectifiers, and (c) the proposed bipolar output rectifier.

Inspired by isolated three-port dc-dc converters [23], the
output voltage can be regulated by replacing the diodes in the
rectifier with active switches, or by inlaying a switching leg
with the ability to regulate the output voltage in the rectifier.
As a result, two families of rectifiers with symmetrical bipolar
output and voltage regulation capabilities can be developed, as
presented in Figs. 3 and 4.

The first family of secondary-side rectifier topologies with
bipolar output and voltage regulation capability, is called
semi-active rectifiers with bipolar output (SAR-BO). As
shown in Fig. 3, semi-active rectifiers with bipolar outputs can
be developed by replacing the complementary conducting
diodes in the passive rectifier shown in Fig. 2(c) with active
switches with complementary conducting. There are four
possible solutions to do so. In fact, it is also feasible to replace
all four diodes D; ~ D4 with active switches, as a full-active
rectifier. This structure helps to improve efficiency because of
the lower conduction loss compared to the solution of
replacing only two diodes. However, more active switches
will increase the system cost, so this solution is not shown in
Fig. 3.
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Fig. 3. Four semi-active rectifiers with bipolar outputs.

The second family of secondary-side rectifier topologies
with bipolar outputs and voltage regulation capability is
named active clamping rectifier with bipolar output (ACR-
BO). As shown in Fig. 4, the reverse-connected switches Sti
and St, can be embedded between the diode legs midpoint of
the rectifier or between the diode leg and the output port
reference ground, as shown in Figs. 4(a) and (b). In addition,
the forward series switches Sr1 and St, can be inserted in front
of or behind the diodes Ds and Ds, as shown in Figs. 4(c) and

(d).

C. Structure of the Primary Side

For the four-port converter with bipolar output, as shown in
Fig. 1, the primary side circuit is mainly used to invert the dc
input voltage of RESs and ESSs into the high-frequency ac
voltage and then supplied to the transformer. Also, the primary
side circuit should achieve maximum energy harvesting and
safe charging and discharging of energy storage elements. As
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a result, the available circuit structure on the primary side is
not unique and has many possible forms. Some possible
primary side circuit structures are shown in Fig. 5, including
forward, half-bridge, full-bridge, full-bridge + interleaving
bidirectional buck/boost (FB-IB3), LLC + interleaving
bidirectional buck/boost (LLC-IB3), and full-bridge LLC. As
shown in Fig. 5, Vi, corresponds to the RES port in Fig. 1, and
Vpat corresponds to the ESS port in Fig. 1. The primary side
circuit integrates the RES and ESS ports, and the switching
element and the primary side winding are shared by two ports,
which reduces the cost of the system while improving the
overall efficiency.

\ DsA
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Fig. 4. Four active clamping rectifiers with bipolar outputs.

It is worth noting that all the primary side circuits shown in
Fig. 5 can achieve optimal control of RES and ESS, but the
corresponding modulation methods are different. For example,
the forward, half-bridge, full-bridge, and FB-IB3 all use pulse
width modulation (PWM), the LLC-IB3 adopts pulse
frequency modulation (PFM), and the full-bridge LLC
employs phase-shift modulation (PSM). Detailed control and
modulation principles are presented in detail in Section IV.

D. Topology Derivation

The various primary side circuits shown in Fig. 5 can be
combined freely with the different secondary side circuits
shown in Figs. 3 and 4 to develop a family of isolated four-
port converters with symmetric bipolar outputs. Two example
topologies, which are derived by connecting LLC-IB3 and
SAR-BO [Fig. 3(a)], and combining the forward and ACR-BO
[Fig. 4(c)] are illustrated in Fig. 6. Close observation indicates
that the proposed family of isolated four-port converters with
symmetrical bipolar outputs have the following features:

1) Flexible and various primary and secondary candidate
topologies can be used for different applications and facilitate
engineering design.

2) Single-stage power conversion among the RES, ESS, and
bipolar output ports is achieved, which is helpful to improve

the efficiency of the system.

3) Control loops of the primary and secondary sides are
entirely independent. The power optimization control of RESs
and ESSs is realized on the primary side with PWM or PFM,
and the PSM method is used for the secondary side to achieve
a constant symmetrical bipolar output voltage.

4) Soft switching, including zero voltage switching (ZVS)
for all switches and zero current switching (ZCS) for all
diodes, can be achieved in a wide range to reduce the
switching losses and further improve efficiency.

In order to enable the designer to select the appropriate
circuit  configuration for different applications, the
performance of the secondary side rectifier, as shown in Figs.
3 and 4, and the primary side circuits, as shown in Fig. 5, are
compared, as shown in Table | and Table Il, respectively. The
number of components, control method, soft switching, output
voltage gain, design difficulty, and current stress are listed as
important performance and design considerations in Tables |
and Il. As the comparison results show, both SAR-BO and
ACR-BO have inherent soft switching performance on the
secondary side. In addition, both control the bipolar output
voltage through the PSM of secondary side switches. On the
other hand, SAR-BOs have fewer components and lower
current stress but lack sufficient output voltage gain capability
than ACR-BO. Therefore, the ACR-BO shown in Fig. 4 is
more suitable to be selected as a secondary circuit for
applications with higher output voltage levels, while the SAR-
BO as demonstrated in Fig. 3 is more appropriate for
applications with lower voltage levels and low cost.

It can be seen from Table Il that although the forward
structure shown in Fig. 5(a) has the advantages of simple
control and fewer magnetic components, it has the
disadvantages of difficulty in soft switching and the maximum
duty cycle constraint caused by the demagnetization of the
magnetic inductance. The half-bridge and full-bridge circuits
shown in Figs. 5(b) and (c) also have the advantages of simple
control and compact structure, but port voltage constraints and
large current ripple make them uncompetitive for interfacing
the RES. Similarly, the properties and characteristics of other
primary side structures are shown in Table Il and will not be
described in detail. Therefore, the designer should reasonably
choose the appropriate primary side circuit and secondary side
circuit according to the application and requirements, so as to
construct a circuit topology that considers various
performance compromises.

It is worth noting that the low input current ripple, low
current stress, and soft switching performance of the FB-IB3
circuit shown in Fig. 5(d) make it ideal for integrating RES
and ESS on the primary side. Moreover, the low current stress,
soft switching, and easier ground-side drive characteristics of
the SAR-BO shown in Fig. 3(a) make it a better candidate for
low output voltage applications. Therefore, the FB-IB3+SAR-
BO converter as shown in Fig. 7 is analyzed in detail as an
example in the rest of this paper.
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Fig. 5. Example topologies of primary side circuits for integrating RES and ESS: (a) forward, (b) half-bridge, (c) full-bridge, (d) FB-1B3, (e) LLC-1B3, and (f)

full-bridge LLC.
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Secondary side Number of components . Current stress of Output voltage
circuit (S&D) Soft switching semiconductor devices gain Control method
SAR-BO [Fig. 3] 2+4 Inherent ZVS and ZCS Low Low PSM
ACR-BO [Fig. 4] 2+6 Inherent ZVS and ZCS Moderate High PSM
TABLE Il. PERFORMANCE COMPARISON OF PRIMARY SIDE CIRCUIT STRUCTURES
. . Number of :
Prlm_ary.S|de components Control method tSOﬁ. I_3e15|gn C_urrent stress Of Other features
circuit S&D L switching | difficulty | semiconductor devices
Fig. 5(a) 6 0 PWM No Moderate High Existing the maximum duty cycle
constraint
. . Existing the port voltage range
Fig. 5(b) 2 0 PWM ZVS Low High constraint
Fig. 5(c) 4 0 PWM ZVSs Moderate Moderate High port current ripple
. Interleaved Low port current ripple for
Fig. 5(d) 4 2 PWM ZVS Moderate Low interfacing RES
Interleaved Limited output voltage gain;
Fig. 5(e) 4 3 ZVSs High Moderate Low port current ripple for
PWM + PFM . .
interfacing RES
Fig. 5(f) 6 1 PSM ZVS High High High port current ripple
LLC-IB3 Transformer SAR-BO =, Forward Transformer
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Fig. 6. Example topologies of the proposed isolated four-port converters with symmetrical bipolar output: (a) combination of FB-IB3 and SAR-BO converter, and
(b) combination of the forward and ACR-BO.
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111. OPERATING PRINCIPLE

A. Converter Description and Operation Mode

To have a better understanding of the proposed converters,
a symmetrical bipolar output four-port converter as a
combination of FB-IB3 and SAR-BO (see Fig. 7) will be
exampled in this section. FB-IB3 and SAR-BO are selected as
the primary and secondary side circuits due to the wide soft-
switching range and the small number of semiconductors and
magnetic components. As it can be seen from Fig. 7, the
primary side is an interleaving bidirectional buck-boost unit,
including two inductors (L1 and L) and four switches S; ~ Sa.
The driving signals for S; and S (Ss and Ss) are
complementary. i1 and i, are the currents of inductors L; and
L2, and liy is the current of the RES. The two switch legs are
driven in an interleaved manner with a phase shift angle of
180< which helps to reduce the input current ripple of the
RES port. The duty cycle of S; is defined as D, and the range
of D is determined by the voltages of the RES port and ESS
port. The turn ratio of the primary and secondary sides of the
transformer is 1:n:n. On the secondary side of the converter,
St1 and St, are driven complementarily with a fixed duty
cycle of 0.5, and the bipolar output port power is regulated by
phase-shifting an angle of ¢ for S; and Sr..
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Fig. 7. Circuit diagram of the exemplified FB-1B3 + SAR-BO converter (one
of the proposed converters).
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When the proposed FB-IB3 + SAR-BO converter is used to
integrates RES and ESS units to a bipolar dc bus, three main
power flow paths, namely from the RES port to the bipolar
load port, the RES port to the ESS port, and the ESS port to
the bipolar load port, are identified. Assuming that Ppy is
positive when the battery is charging and ignoring the power
losses in the power conversion, the port power relationship
can be obtained as

Rn = I:tJat + I:331 + R)Z (1)
where Pi, and Ppat are the power flowing through the RES port
and ESS port, respectively, Po1 and P, are the power of the
PPO and NPO ports.

The operating modes of the four-port converter can be
classified as the battery regulation mode (BRM) and battery
independent power supply mode (BISM) according to whether
there is power from the RES. In the BRM, the RES provides
energy for bipolar loads with its maximum power, and the
ESS is used as an energy buffer to regulate the constant
bipolar output voltages. In the BISM, the RES is decoupled,
and the power is delivered from the ESS to the load.

B. Operational Principle

The proposed FB-IB3 + SAR-BO converter can operate in
the continuous current mode (CCM) or the discontinuous
current mode (DCM) according to the conditions of the
primary side winding current ip. In this paper, the operation of
the converter under the CCM is discussed and analyzed in
detail for simplicity. In this case, there are 14 operation stages
in one switching period. Considering the circuit symmetry,
only seven operation stages in a half switching period are
presented. The key waveforms are shown in Fig. 8, and the
equivalent circuits in each switching stage are illustrated in
Fig. 9. The comprehensive operational analysis of each mode
is given as follows.

As shown in Fig. 8, vga ~ Vg4 are the driving signal of
switches S; ~ S4 where S; and S; (S3 and Ss) have
complementary driving signals, and there is a phase shift of
180<between the driving signals of S; and Ss. Moreover, Vg1
~ Vgst2 are the driving signals of switches St1 ~ Sz, where St1
and S are switched complementarily with a fixed duty cycle
of 0.5, while there is a phase shift of ¢ between the driving
signals of S; and St2. Vay and veqg are the voltages between the
midpoints of the primary-side inverter switch legs and
secondary-side rectifier switch legs, respectively. iy, is, and i
are the currents of the primary side winding Np, and secondary
side windings Ns and N, respectively. ip1 ~ ips are the currents
of diodes D1 ~ Das. Referring to the steady-state operation
waveform shown in Fig. 8 and the equivalent circuits shown in
Fig. 9, the operation of the proposed FB-IB3 + SAR-BO
converter is can be analyzed:

Stage | [to ~ t1] [see Fig. 9(a)]: Before to, during the dead
time between S, and Sy, Ss and St are turned on. The primary
side winding current i flows through S, and the body diode of
Si1. The inductor L, is linearly de-energized with the voltage
Vin — Vba, and i1 is decreasing linearly. The inductor L, is
linearly energized with the voltage Vi, and i is increasing
linearly. The secondary side windings Ns and N transfer
power to NPO and PPO ports through St1 and D4, D2, and Ds,
respectively. At to, S1 is turned on, and the operating state of
the converter is exactly the same as that before to. In this stage,
the primary side winding current i, is expressed as

i (1) =) (tg) + (Vi +Vor /m)(t=15)/L 2

Stage Il [ti ~ t2] [see Fig. 9(b)]: Assuming that the load
currents of the PPO and NPO ports meet lo1 > loz, then, the
diode currents meet ips > ips. At t1, the diode current ips and
the secondary side winding Ns current is decrease to 0. i1 and
iLo are the same as in the previous stage. In this interval, only
the secondary side winding N delivers power to the PPO port.
This stage will end at t, when ip2 and ips decrease to 0. In this
stage, ip can be expressed as shown in (2).

Stage Il [tz ~ t3] [see Fig. 9(c)]: In this stage, the
secondary side winding current is and i; freewheel, only
through St1 and the body diode of Stz, and no energy is
delivered from the secondary side to the bipolar load. In this
stage, ip can be expressed as

ip (t) = ip (tz ) +Vig (t -1, )/ L 3)
And the phase shift angle ¢ can be given as
p=2rf(t;-1)) 4
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where fs = 1/Ts is the switching frequency with Ts being the
switching cycle.

Stage IV [ts ~ t4] [see Fig. 9(d)]: At ts, Sty is turned off and
Stz is turned on. The secondary side windings Ns and N;
transfer power to PPO and NPO ports through D; and D3, Stz
and Dg, respectively. The primary side winding voltage va, and
secondary side winding voltage ves are Vpa and Vo + Vo2
respectively. In this stage, the primary side winding current i,
is obtained as

iy (1) =1, (&) + [V =V /N] (11, )/L ©)
Stage V [ts ~ ts] [see Fig. 9(e)]: This stage is the dead time
period of S; and Sy. At ts, S4 is turned off. The inductors L, is
linearly energized with the voltage Vi, and i continues to
increase linearly. The inductors L; starts to be linearly
energized with the voltage Vi, and i1 starts to increase
linearly. The secondary side windings Ns and N transfer
power to PPO and NPO ports through D; and D3, Stz and Da,
respectively. In this stage, the primary side winding current i,
is expressed as

I () =1, (t,) -V (t=1,)/(nLy ) (6)
Stage VI [ts ~ t] [see Fig. 9(f)]: At ts, Sy is turned on. The
converter operates exactly the same as in Stage V.
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Fig. 8. Steady-state waveforms of the proposed FB-IB3 + SAR-BO converter
in the CCM.
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Fig. 9. Equivalent circuits of each stage for the proposed converter. (a) stage |
[to ~ t1], (b) stage Il [ty ~ t2 ], (c) stage Il [t, ~ t3], (d) stage IV [ts ~ td], ()
stage V [ty ~ t5], (f) stage VI [ts ~ tg], and (g) stage VII [ts ~ t7].

Stage VII [ts ~ t7] [see Fig. 9(g)]: At ts, Sa is turned off.
This stage is the dead time for Sz and Ss. The secondary side
windings Ns and N; transfer power to PPO and NPO ports
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through D; and D3, Ds and S, respectively. The primary side
winding voltage va, and secondary side winding voltage vcq are
-Vpat and Vo1 + Vo, respectively. The primary side winding
current i, freewheels through S; and the body diode Ss. In this
stage, the primary side winding current iy is given as

ip(t):ip(tﬁ) [ bat ol/n](t t)/L (M

The proposed FB-IB3+SAR-BO converter may also operate
in the DCM when the load power is relatively light. There are
also seven operational stages in a half-switching period during
the DCM. Using a similar analysis of the CCM operation, the
operating principle of the converter in the DCM can also be
obtained, which is not given in this paper.

IVV. PERFORMANCE ANALYSIS

A. Output Characteristics
The primary side circuit is essentially an interleaved
bidirectional buck/boost converter. According to the
operational analysis in the previous section, and ignoring the
influence of dead time, the relationship between Vi, and Vpat
can be calculated as
bat /D (8)
In addition, the following varlables are defined to simplify the
theoretical analysis.

G = (Vol _Voz )/nvbat 1 Dp = (0/7[ (9)
The equivalent circuit of the proposed FB-IB3+SAR-BO

converter can be simplified as shown in Fig. 10(a). Typical
waveforms of vg and veg are demonstrated in Fig. 10(b).

LV,
v L
o, “
a& «— Vﬁ;
Ved ‘l o
(@) (b)

Fig. 10. (a) Equivalent circuit and (b) typical waveforms, where V, = Vi, and
Vs Vol V02-

According to the Fourier analysis, vap and veg can be
expressed as

AV Lo . .
= Y Dot o) i 2 sin (21 it
v, iﬂzs;s - cos(lstm( rfit) "
10
Vg= > NGV —sin[i(2zft-p)]
i-i3s. 7

Then, ignoring the loss of the converter, the output power can
be deduced as

PO _ z AnGVpat’ COS[

i=1,3,5... ﬂlfsk

i(05-D)]sin(ip) (11)

From (11), the whole output power is equal to the
superposition of all the odd harmonic power components. Due
to the large amplitude of the fundamental component, only the
fundamental component is considered to simplify the analysis.
Thus, the relationship between the normalized output power

and the phase shift angle ¢ can be obtained as shown in Fig.
11. It can be seen in Fig. 11 that the output power curve is
symmetrical to ¢ = 0.5z. Therefore, the phase shift angle is
limited to between 0 and 0.5z in practical applications.

B. Current Stress

According to the symmetry of the circuit, the primary side
winding current ip(to) = ip(t7) can be satisfied. Therefore, the
primary side winding current i, can be expressed as.

(0.56-2D+D,G)T,

t,—t, = c (12)
_ Vi (1+0.5G)(0.5G6 - 2D + D,G)T,
i (t))=— (13)
GL,
oV, (2D-05G)T,
()= (14)
2D-0.5G)+G(1-05G)(D-D,) |V,,T.
ip (t4): |:( )+ ( )( p)} bat *s (15)
GL,
2D+G’(D,-05D-0.25)+G(D-D,-05
ip(ts)—[ * ( )+ ( ):| bat
GL,
(16)

Accordingly, the winding current of the converter can be
evaluated and the device can be designed based on the current
stress with a certain margin.
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Fig. 11. Normalized output power versus the phase shift angle under different
duty cycles.

C. Soft Switching

1) Secondary Side Switches and Diodes: According to the
operation principal analysis, the body diodes of the secondary
side switches Sm1 and Sy can conduct before the
corresponding gate signals are applied. That indicates the
drain-source voltages of Sr1 and S, have decreased to zero
before applying the gate signals. As a result, the ZVS of the
secondary side switches Sti and St can be realized naturally
without any extra criterion. Meanwhile, the current falling
slopes of the secondary side diodes D1 ~ D4 are limited by the
leakage inductance L of the high-frequency transformer, and
thus, the diode currents ip: ~ ips can be decreased slowly to
zero. Accordingly, the ZCS operation of diodes D; ~ D4 can
be achieved in the entire operating range, which can



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

effectively mitigate the reverse recovery issues of the diodes
and improve the efficiency of the system.

2) Primary Side Switches: Due to the symmetry between
the two switch legs of the primary side circuit, the ZVS
condition of S; is the same as Ss, while the ZVS condition of
S, is the same as that of Ss;. Therefore, only the ZVS
conditions of the switches S; and S, are analyzed here.
According to the operation principle of the proposed
converter, the ZVS condition of the primary side switches can
be expressed as

S i () =i () > 1

S, i (ts) =i (ts) <=l
where Inin is the minimum current which ensures that S; and
S, can realize the ZVS. Therefore, Imin must be large enough to
ensure that the voltage of the drain-source capacitance can
drop to zero within the dead time. Thus, the following
condition should be satisfied:

Imin 2 2Cossvbat / tdead (18)
where Coss is the drain-source capacitance of switches, and
each switch is assumed to have the same drain-source
capacitance. For the interleaved bidirectional buck/boost
converter of the primary side circuit, iLi(ts1) and i i(ts) are the
peak and valley values of the inductor current i1 in a
switching cycle, which can be expressed as

{iu (t51) = (Po - Pbat )/2\/"'1 +Vin (1_ D)Ts /2L
iLl (tSZ) = (R) - Pbat )/ZVin _Vin (1_ D)Ts /2L
By substituting (17) and (19) into (18), the ZVS conditions of
the primary side switches can be obtained as

17)

(19)

V_2D?(1-D ) ADC V. 2
S: P+———— ( )—2DVbat|p (to)——c"“ 2> P
fs dead
V,,’D?*(1-D _ 4DC_V,,’
S,: P —*”—()—2Dvbat|p (ty)———=="_ <P
Lfs tdead

(20)
According to (20) and using the parameters given in Section
V, the theoretical ZVS range of the primary side switches can
be calculated, as presented in Fig. 12. The ZVS boundary of
the upper switches (S1 and S3) and the lower switches (S2 and
S4) are shown in the blue curves of Fig. 12 respectively, where
the ZVS of the primary side switches can be realized in the
region between the two curves. Moreover, considering the
unidirectional power flow characteristics of the RES port, Pin
> 0 and P, > -Pyua must be satisfied in the proposed converter.
The boundary of ZVS for the upper switches (S1 and S3) is
higher than the power line (P, = -Pyar), which means the ZVS
of the upper switches can be achieved regardless of the
input/output power. For the lower switches (Sz and Si), ZVS
can be achieved in a wide range depending on the input/output
power. As a result, the ZVS of the primary side switches can
be implemented in the shaded region shown in Fig. 12.
Moreover, the greater the output power P,, the easier it is for
the proposed converter to achieve soft switching.

D. Input Current Ripple
As aforementioned, the primary side switch legs of the
converter are driven in an interleaved manner, which will
greatly reduce the input current ripple of the RES port. To
analyze the influence of the phase shift angle 6 of two
switching legs of the primary side on the input current ripple
Alin, it is assumed that Ly = L, = L. The inductance current
ripple Al can be expressed as
Al Vin (1_ D) 21
T (21)
Then, Alin, which is normalized with Al., can be given by
the following:

2(D-6/27)/D, D=05
A in — (22)
2(1-D-6/2r)/(1-D), D<05
600
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Fig. 12. Theoretical ZVS range of the primary side switches.

Accordingly, the theoretical result of Ali, with different D
and O can be represented in Fig. 13. As it can be seen from
Fig. 13, the minimum input current ripple is achieved when 6
= 180°. As a result, the current ripple of the RES is greatly
reduced in the proposed converter, which is very helpful to
improve the maximum energy harvesting of the RES and
reduce the volume of inductors L; and L.

E. Control Strategy

The conventional control method for the MPC proposed in
[23], namely PWM plus secondary side PSM method, is used
in the proposed FB-IB3 + SAR-BO converter. The control
block diagram is shown in Fig. 14. As seen in Fig. 14, four
regulators are included in the energy management and control
system, which include an input voltage regulator (IVR) for the
maximum power point tracking (MPPT) control, a battery
voltage regulator (BVR), and a battery current regulator
(BCR) for battery management, and an output voltage
regulator (OVR) for the output voltage control. vivr, Vsvr,
Vecr, and Vovr are the outputs of the IVR, BVR, BCR, and
OVR, respectively, and Ig_max, Ve_max, and Vo rer are references
of battery current, the battery voltage, and output voltage,
respectively. The output vovr Of the OVR is used to regulate
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the phase shift angle ¢ of the secondary side switches, thereby
controlling the bipolar output voltage to meet the load
demand. The minimum value of vivr, Vsvr, and Vecr is
selected to generate the duty cycle D of the primary side
switch Ss, in order to realize the power optimization control of
RESs and ESSs. As a result, the control loops of the primary
side and secondary side are independent and approximately
decoupled, which is helpful to the design of the controller.

AIin

0 180°

Fig. 13. Relationship among the normalized input current ripple Ali,
duty cycle D, and phase shift angle 6.

It is worth mentioning that the above control method can
also be used to control other isolated four-port converters of
the proposed category, where the control of the secondary side
rectifier is the same as the above method, and the primary side
control can be modified slightly according to topologies. For
example, for the topology shown in Fig. 6(a), the primary side
can be controlled by a PFM to optimize the power of the RES
and ESS ports. For the topology shown in Fig. 6(b), the
primary side can be controlled by the PWM plus PSM method,
where S; and Ss are controlled by the same PWM driving
signal to optimize the power of the RES and ESS ports, and S;
and St, are controlled by the same driving signal to achieve
constant bipolar output voltage control.

FB-1B3 + SAR-BO Converter

Primary Trans. | Secondary
Side sJiie [El
Vl)l ¢
FB-1B3 SAR-BO t

A A WV
S;~S4 St1~ Stz z
1,
o_ref
PWM PSM
£z
Vowr

Controller

7

Minimum

Fig. 14. Control block diagram of the proposed FB-1B3 + SAR-BO converter.

V. EXPERIMENTAL RESULTS

A 500-W experimental prototype is built based on the
specifications and parameters in Table Il to verify the
proposed FB-IB3 + SAR-BO converter and the theoretical
analysis. A Chroma 62150H PV Simulator is connected to the
RES port, and a 96 V lead-acid battery is employed in the
prototype as the energy storage element.

TABLE Il PARAMETERS USED IN THE EXPERIMENTAL PROTOTYPE

Parameter Value Parameter Value
outpuil\:oltage +60 V Turn ratio n 0.9
PV voltage V; 4V indutor ifm 120pH
PVourrentl,  0~10A in'aii';g??_k 7 uH
|n(ilr11(;tfl>_|’2 Ly 85 uH Battery voltage %V
Saclers 20uFn00 v fr"ef'('qur']zg 100 kiHz
gjz"’:f(;tocr; 330 uF/150V | Diodes D, ~D,  STPS40120CT
MOSFET  IPPO75NI5N3G|  Controller  TMS320F280049

A. Steady-State and Soft Switching Performances

Fig. 15 shows steady-state waveforms of the proposed FB-
IB3 + SAR-BO converter under the CCM. As shown in Fig.
15(a), the total RES port current ripple iL1 + iz is significantly
reduced by using the interleaved control with 180<phase shift.
The primary side and the secondary side windings voltages Vap
and veq, currents ip and is are shown in Fig. 15(b). It can be
seen from Fig. 15 that the experimental waveform is
consistent with the theoretical analysis.

| poo] » - o
| | Vgst (qu/dlv) | o4 | vy (100:V/div)
P i s

- = potpaama

Vgss (10:V/div) PR |

Wb;w
o A i (2 A € i &.'—(?‘(\‘W

Fig. 15. Steady-state performance of the proposed converter: (a) the driving
signals vgs; and vgss of Sy and S, inductor currents iy, iz, and iy + iz, and (b)
windings voltages vy, and veq, winding currents ik and is.

or N v (SOVidv)

The soft switching performance of switches and diodes was
tested and the results are shown in Fig. 16. As observed in
Figs. 16(a) and (b), ZVS is accomplished for the primary side
switches S; and S,. The soft switching waveforms of the
secondary side switches St and Stz are shown in Figs. 16(c)
and (d), which are easier to implement ZVS than primary side
switches S; ~ Sa. As shown in Figs. 16(e) and (f), the ZCS is
achieved for the secondary side diodes D1 ~ D4, which helps to
eliminate the reverse recovery issue and improve the
efficiency.
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Fig. 16. Soft switching performance of the proposed converter. (a) the
primary side switch Sy, (b) the primary side switch S,, (c) the secondary side
switch Sry, (d) the secondary side switch Sr, (€) the diodes D; and D, and (f)
the diodes Dz and Ds.

B. Dynamic and Mode Transition Performance

The dynamic performance of the proposed converter by
stepping the output load and input PV power is shown in Fig.
17. In Figs. 17(a) and (b), the input PV power is kept constant
at 300 W. When the total output load power is stepping
between 200 W and 400 W, the battery regulates the charging
and discharging state to maintain the bipolar output voltage
constant. In Fig. 17(c) and (d), the output power is constant
200W, when the input PV power changes between 100W and
300W. The above experimental results show that the output
voltages of PPO and NPO ports are symmetrical. Moreover,
the positive/negative output voltages are kept at 360 V
constantly during load steps or input variations.

Fig. 18 shows the transient experimental results of the
proposed converter under severely unbalanced loads, where
the positive polarity load power steps down from 150 W to 0
W suddenly and the negative polarity load power keeps
constant at 150 W. It can be seen from the experimental
results that the proposed converter can operate under the
severely unbalanced load condition of output ports, and the
positive/negative output voltages are strictly symmetric and
kept at #60 V.

When the PV input power is suddenly reduced to zero from
200 W, the total output power is maintained at 400 W, it can
be seen that the proposed converter can realize mode transition
between BRM and BISM, and the experimental results are
shown in Fig. 19. It can be seen in Fig. 19 that the converter
can achieve seamless mode switching between BRM and

BISM when the available PV power drops to zero suddenly
(e.g., due to fast passing clouds), while the symmetrical
bipolar output voltage can be controlled as a constant at 460 V.

Fig. 20 shows the experimental waveforms when the
positive polarity dc bus fails, where the available PV input
power is constant at 250 W, and the power of the load R; steps
between 300 W and 200 W. It can be seen that the negative
bus can still operate normally and maintain -60 V under the
condition of positive bus failure. Experimental results show
that the bipolar dc bus structure has higher reliability than the
unipolar dc bus structure.
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Fig. 17. Dynamic performance of the proposed converter. (a) load transient
waveforms: Vo1, Voa, lot, ip, (b) load transient waveforms: Vin, lin, lbat, lot, (C)
input transient waveforms: Vo1, Ve, lin, ip, and (d) input transient waveforms:
Viny Iiny Ibaty ip-
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Fig. 18. Experimental waveforms under severely unbalanced loads. (a) Voi,
Vo2, loy, ip, @nd (0) Vin, loa, loat, ip.
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Fig. 19. Mode transition performance of the converter. (a) Vo1, Vo, lin, ip, and
(b) Viny Iiny Ibaty ip-
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Fig. 20. Experimental waveforms under the condition of positive bus failure.
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C. Efficiency

The conversion efficiency of the proposed FB-IB3 + SAR-
BO converter is evaluated in three different power transfer
paths (e.g., from the RES port to ESS port, from the ESS port
to output ports, and from the RES port to output ports). The
measured efficiency curves are shown in Fig. 21. As it can be
observed in Fig. 21, the proposed converter has high
efficiency in the full load range, and the higher efficiency can
be obtained in the power conversion from the RES port to the
ESS port because the power path does not include the
secondary circuit.

D. Comparison

Table IV provides a comparison of the proposed converter
and other similar solutions. Since most existing solutions
consist of only one input port and one bipolar output port, the
power conversion path from the ESS to the bipolar output is
compared with existing solutions to obtain a fairer
performance comparison. The number of components,
symmetry of bipolar voltages, voltage stress, soft switching,
control method, rating power, and efficiency are listed in
Table IV. It is observed from the Table IV that the proposed
symmetric bipolar output converter offers the following key
features:

1) In terms of the number of components, the proposed
converter has fewer semiconductor devices and a lower cost
than the solutions in [32] and [33]. Furthermore, the proposed
converter has fewer magnetic elements than the converter in
[30] and [31].

2) Compared with the solutions in [32] and [33], the
proposed converter has an inherent symmetrical bipolar output
voltage, which is independent of the control method.
Therefore, additional voltage balancing controls are not
needed and the complexity of the design is simplified.

3) Soft-switching performance, including ZVS for all
switches and ZCS for all diodes, can be achieved, thus
ensuring that the proposed converter has higher efficiency
than other converters.

4) In addition, the proposed converter also has higher
voltage stress of switches than the topologies in [32] and [33],
so that it is more suitable for applications with low output
voltage levels.
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Fig. 21. Measured efficiency versus output power in different power flow
paths.

TABLE IV. THE COMPARISON OF THE PROPOSED CONVERTER AND OTHER SIMILAR SOLUTIONS

Solutions [30] [31] [32] [33] Proposed
MOSFET 8 8 12 12 6
Number of Diode 0 0 6 4 4
components Magnetic Transformer + 2 Transformer + 2 Center tapped
. . Transformer Transformer
components inductors inductors transformer
Symmetry of Inherently symmetric  Inherently symmetric Depends on the Depends on the Inherently symmetric
bipolar voltages bipolar output bipolar output balancing control balancing control bipolar output
Voltage stress of switches 2Vo1 2V Vo1 Vo1 2Vo1
Control method Voltage balance PSM Voltage balance Dual loop voltage PSM
control control balance control
Soft switching ZVS ZVS N/A N/A ZVS + ZCS
Rating power 500W 3000W 1500W 3000W 500W
Peak Efficiency N/A 96.7% 95.3% 94.7 95.6%

VI. CONCLUSION
In this paper, a family of symmetrical bipolar output
isolated four-port converters based on center-tapped winding

are developed to integrate RES and ESS to bipolar dc bus.
Various active rectifiers with symmetrical bipolar outputs,
including the SAR-BO rectifiers and ACR-BO rectifiers, have
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been developed as secondary side circuits of the converter
family to achieve symmetrical and controllable bipolar output
voltages. Meanwhile, various primary side circuits that can
integrate RES and ESS are presented to realize the power
optimization control of RES and ESS. Therefore, an
approximately decoupled control loop is realized in the
proposed symmetrical bipolar output isolated four-port
converters. Single-stage power conversion is realized to
improve the conversion efficiency of the power system. The
proposed FB-IB3 + SAR-BO converter is analyzed in detail as
an example, including operating principle, steady-state
characteristics, soft switching, port current ripple, and control
method. Experimental results of a 500W prototype have
verified the feasibility and effectiveness of the proposed
topologies and the advantages of the derived isolated four-port
converters with symmetric bipolar output topologies.
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