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Abstract—A  systematic  method  for  deriving
soft-switching three-port converters (TPCs), which can
interface multiple energy, is proposed in this paper. Novel
full-bridge (FB) TPCs featuring single-stage power
conversion, reduced conduction loss and low voltage stress
are derived. Two non-isolated bidirectional power ports
and one isolated unidirectional load port are provided by
integrating an interleaved bidirectional Buck/Boost
converter and a bridgeless Boost rectifier via a high
frequency transformer. The switching bridges on the
primary side are shared, hence the number of active
switches is reduced. Primary-side pulse width modulation
and secondary-side phase shift control strategy are
employed to provide two control freedoms. Voltage and
power regulations over two of the three power ports are
achieved. Furthermore, the current/voltage ripples on the
primary-side power ports are reduced due to the
interleaving  operation.  Zero-voltage-switching and
zero-current-switching are realized for the active switches
and diodes, respectively. A typical FB-TPC with
voltage-doubler rectifier developed by the proposed
method is analyzed in detail. Operation principles, control
strategy and characteristics of the FB-TPC are presented.
Experiments have been carried out to demonstrate the
feasibility and effectiveness of the proposed topology
derivation method.

Index Terms—DC-DC converter, three-port converter,
renewable energy, bridgeless boost rectifier, secondary-side
regulation.

I. INTRODUCTION

TORAGE battery capable of long-term energy buffering
has been a critical element in renewable power systems due
to the intermittent nature of sustainable energy [1][2].
Renewable energy power systems need to interface several
energy sources such as photovoltaic (PV) array, fuel cells with
the load along with a battery backup. A three-port converter
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(TPC) finds applications in such systems, because it has
multiple interfacing ports and can accommodate a primary
source and a storage and combines their advantages by utilizing
a single power stage[3][4]. In comparison with using multiple
traditional two-port converters, the most attractive features of
using a TPC are reduced power conversion stages and reduced
component count. Hence the efficiency and power density are
improved and the cost is reduced[5]. Due to its advantages, the
TPC is continuously evolving and new topologies and
innovations have been continuously emerging [5]-[23].

The search for TPC topologies with simpler design, higher
efficiency and better control performance is a significant
driving force in the power electronics research community.
Component sharing and circuit integration are key techniques
for deriving TPC topologies. Following this principle, many
TPC topologies were reported in [3]-[23]. These TPC
topologies can be classified into three categories: non-isolated
TPCs[6]-[9], fully isolated TPCs[10]-[12], and partially
isolated TPCs[13]-[23]. The partially isolated TPCs, which are
the main focus of this paper, combine the advantages of the
non-isolated and fully isolated TPCs. They can realize high
efficiency non-isolated power conversion between the primary
source and storage battery, while provide necessary isolation
and flexible voltage level for the load port. Besides, active
switches are shared and soft-switching can be achieved to
realize high efficiency.

Due to their remarkable merits, many partially isolated TPCs
have been invented, proposed, and demonstrated for various
applications, such as distributed renewable power system[13],
electric  vehicles[14], stand-alone renewable power
system[16]-[19], etc.. A flyback TPC is presented for a
micro-inverter [15]. Compared to a traditional flyback
converter, the time-sharing control scheme couples the
primary-side power ports and limits the flexibility of energy
delivery. A tri-modal half-bridge TPC 1is proposed by
integrating the half-bridge and active-clamp forward topologies
[16]. Two families of half-bridge TPCs with synchronous
regulation and post-regulation are proposed [17]. These
half-bridge TPCs have some obvious advantages in terms of
saving cost and component count, and simplifying structure and
power management. However, in comparison with the
traditional two-port half-bridge converter, the efficiency is
decreased because additional conduction losses are introduced
by the free-wheeling operating stage[16][17]. Moreover, it is
difficult to decouple the power control loops and design
optimized compensators for the three power ports [18].
Because the voltage and power of all of the three power ports
are regulated by the same control variables, the duty cycles of
the two primary-side switches. By integrating non-isolated
Buck, Boost, or Buck-Boost converters into the phase-shift
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full-bridge (FB) converters, several types of full-bridge TPCs
are proposed in [19]-[23]. Active switches are shared and
zero-voltage-switching (ZVS) is achieved with these FB TPCs.
What's more, approximately decoupled power control is
realized by applying PWM plus phase-shift control strategy
[21][22]. However, there are some disadvantages in common
due to the primary-side modulation scheme and the phase-shift
FB topology. These disadvantages are summarized as follows:
1) higher current and voltage ripples on the three power ports
because the two switching-bridges on the primary side cannot
be driven in an interleaved fashion (with 180° phase shift); 2)
additional conduction losses caused by the circulating current
during the freewheeling stage; 3) high voltage spikes and
severe reverse recovery losses of the secondary rectifying
diodes; 4) low duty cycle utilization ratio due to duty cycle loss.
To overcome these drawbacks of previous TPCs, novel
solutions are proposed in this paper.

The major contribution of this paper is to propose a
systematic approach for deriving novel full-bridge three-port
converters based on integration of an interleaved bidirectional
converter and bridgeless boost rectifiers. A new family of FB
TPCs with PWM plus secondary-side regulation control
strategy is proposed. The proposed topology has the following
advantages: 1) single-stage power conversion and
approximately decoupled control between any two of the three
ports are achieved; 2) ZVS and zero current switching (ZCS)
are achieved for active switches and diodes, respectively; 3)
input current ripple is reduced thanks to the interleaving
operation, which is beneficial for ripple sensitive power sources;
4) the freewheeling current is effectively suppressed and the
voltage spikes on the secondary-side switches are eliminated.
This paper is organized as follows. In section II, the basic ideas
to generate novel FB TPCs are proposed with a family of FB
TPCs harvested. A FB TPC with voltage-doubler rectifier is
taken as an example being analyzed in detail to verify the
proposed method in Section IIT and Section IV. Experimental
results are presented in Section V. Finally, conclusion will be
given in Section VI.

II. DERIVATION OF THE FB TPC FROM BIDIRECTIONAL
CONVERTER AND BRIDGELESS BOOST RECTIFIERS

The structure of the proposed FB TPC is shown in Fig. 1.
Two bidirectional Buck/Boost converters are employed to
interface two bidirectional power ports on the primary-side of
the FB TPC. The two switching legs, composed of S}, S, and S5,
S4, of the two bidirectional Buck/Boost converters are driven in
the interleaved fashion (with 180° phase shift). From a
topological point of view, the two switching-legs also build a
voltage-fed full-bridge inverter. A high frequency AC voltage,
vp, is generated from the mid-points of the two switching-legs.

It has been well-known that, an AC voltage can be converted
to a regulated DC voltage efficiently by employing a bridgeless
Boost rectifier, because the conduction loss and the number of
semiconductor components are reduced [24]-[27]. This drops a
hint that another controllable power port can be built by using a
bridgeless Boost rectifier to rectify the afore-mentioned AC
voltage to a regulated DC voltage. Furthermore, to provide
necessary isolation and flexible voltage level for this power
port, a high-frequency transformer can be inserted between the
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Fig. 1. Structure of the proposed FB TPC based on an interleaved bidirectional
converter and a bridgeless Boost rectifier.
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interleaved bidirectional Buck/Boost converter and the
bridgeless Boost rectifier. As a result, as shown in Fig. 1, the
structure of the proposed FB TPC is composed of three parts:
an interleaved bidirectional Buck/Boost converter, a
high-frequency transformer, and a bridgeless Boost rectifier.

There are many candidate topologies for the bridgeless Boost
rectifier. Some of the possible choices for the bridgeless Boost
rectifier topologies are shown in Fig. 2. A family of novel FB
TPC topologies can be derived by replacing the block diagram
on the secondary-side of Fig. 1 with the circuits in Fig. 2. Two
example topologies, which are derived from the bridgeless
Boost rectifiers in Fig. 2(a) and Fig. 2(f), respectively,are
illustrated in Fig. 3.

It should be noted that the proposed FB TPC is not a simple
combination of the bidirectional converter and the Boost
rectifier. In comparison with the traditional bridgeless Boost
rectifier which processes line frequency voltage, the Boost
rectifier in the proposed FB TPC is used to process high
frequency voltage. So the operation principles, control
strategies and characteristics will be totally different. Close
observation indicates that the proposed FB TPCs have the
following features:

1) The FB TPC has two bidirectional power ports and one
isolated output port. The two bidirectional ports can be used to
interface renewable energy sources, storage elements,
regenerative DC loads or voltage buses with bidirectional
power flows, whereas, the isolated output port can only be used
to interface DC load or voltage bus with an unidirectional
power flow.

2) Single-stage power conversion between any two of the
three ports is achieved. The voltage and power of Portl and
Port2 on the primary side can be balanced by regulating the
duty cycle of the bidirectional Buck/Boost converter, while the
output voltage/power of the Port3 on the secondary-side can be
controlled by the bridgeless Boost rectifier. Therefore, tight
control over two of the three ports can be achieved while the
third port provides the power balance for the system.

3) Low voltage/current ripples on the primary-side power
ports can be ensured because the two bidirectional Buck/Boost
converters always operate with an interleaving fashion.

4) Low voltage stresses on all of the power devices can be
realized because all the devices can be clamped by the input and
output voltages directly. Especially, for the three-level Boost
rectifiers such as those shown in Fig. 2(d)~(f), the active
switches on the secondary-side only suffer from half of the
output voltage.

5) The leakage inductance of the high-frequency transformer
can be used as part of the Boost inductor, which means the
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Fig. 2. Candidate topologies of bridgeless Boost rectifiers, (a)~(c) full-bridge, (d)~(e) three-level.
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Fig. 4. T0p010g$f of the proposed FB-TPC.

parasitic parameter of the transformer can be utilized
effectively.

III. OPERATIONAL PRINCIPLES OF THE FB-TPC WITH
VOLTAGE DOUBLER

The FB-TPC with a voltage-doubler rectifier, as shown in
Fig. 3(b), is taken as an example to verify the proposed
topology derivation method and derived topologies. This
FB-TPC is applied to an aerospace power system, which is a
typical stand-alone renewable power system sourced by PV and
battery. The Portl, Port2 and Port3 of the FB-TPC are
connected to a battery, a PV source and an isolated load,
respectively. To better analyze the operation principle, the
proposed topology is redrawn in Fig. 4.

Power flow paths from the PV to the load, from the PV to the
battery and from the battery to the load have been built by the
FB-TPC. The equivalent circuit of each power flow path is
illustrated in Fig. 5. Ignoring the power losses in the conversion,
we have

Ppy = Ppar T D, (1)
where ppy, ppar and p, are the power flowing through the PV
source, the battery and the load, respectively. When pp;>p,, the
battery is charged and absorbs the surplus PV power, and both
the load and battery take power from the PV. When ppy<p,, the
battery will discharge and supply power along with the PV.

Interleaved Bidirectional Converter H.F.

Port2 2

Once ppy is zero, all of the load power is provided by the
battery.

From the standpoint of power control, two of the three power
ports should be controlled simultaneously while the third one is
used for power balance. The duty cycle of the primary side
switches is employed to balance the voltage and power between
the PV and the battery, that is to realize maximum power point
tracking of the PV source or charging control of the battery.
The phase shift angle ¢ between the primary and secondary side
switches is employed to regulate the output voltage and provide
another control freedom for the load port. The power control of
the primary side power ports is independent of the
secondary-side load port. Because the duty cycle of the
primary-side switches is only determined by the voltages of the
battery and the PV source, and has nothing to do with the phase
shift angle ¢.

The key waveforms of the primary-side interleaved
Buck/Boost converter are illustrated in Fig.6, where D is the
duty cycle of the switches S; and S3, and 7y is the switching
period. The switches in the same switching-leg are driven
complementary, and the phase angle between the two
switching-legs is 180° as constant to reduce the current ripple
and enhance the circuit reliability. Since the operation of the
interleaved bidirectional Buck/Boost converter is very simple,
it will not be analyzed in detail in this paper. The operation of
the proposed converter mainly focuses on the power flow from
the primary-side to the load side.

According to the current waveform of the secondary-side
Boost inductor, L, the FB-TPC has three possible operation
modes, namely continuous conduction mode (CCM),
discontinuous conduction mode 1 (DCM1) and discontinuous
conduction mode 2 (DCM2), respectively. In order to simplify
the analysis, normalized voltage gain, G, from the PV port to
the load port is defined as
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Fig. 5. Equivalent circuit of the three power flow paths in the proposed FB-TPC: (a) PV to load, (b) PV to battery and (c) battery to load.
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where Vpy, V, and n are the PV voltage, load voltage and
transformer turns ratio (n = ng / np), respectively.

1) ccMm

The converter operates in the CCM if the primary side
switches commute before the secondary side inductor current,
iz, decreases to zero. The key waveforms of the CCM mode are
shown in Fig.7, where v.s and v, are the voltage differences
between the midpoint primary and secondary side bridges, v,
and i, are the voltage and current of the Boost inductor L;, ¢ is
the phase shift angle between S| and Ss, and a is defined to be
the equivalent phase angle during which the primary side
current returns to zero after S) turns on. ¢ > a is satisfied in the
CCM. There are six stages in half of the switching period. The
equivalent circuit of each switching stage is illustrated in Fig.8.

Stage 1 [t~t] [Fig.8(a)]: Before #, S,, S4 and Ss are ON, the
Boost inductor current i;, flows reversely. At £, S, is turned
OFF. The body diode of S; begins to conduct due to the energy
stored in L. In this stage, the inductor current i;,is expressed as
follows.

i (0= 22006 +1) (1 -1) iy (1) G)
!

Stage 2 [t,~1,] [Fig.8(b)]: At #,, S; is turned ON with ZVS,
because the drain-source voltage of S| has decreased to zero
due to the conduction of its body diode. This stage ends when i;,
decreases to zero and D, is OFF naturally without
reverse-recovery. The time interval AT, is calculated by the
following equation.

2L 0y, (1,)
AT, =t, —t, =——2L 10 4)
o v (YG+1)
So the phase angle a in the CCM is
Aceyy = 27 AT, (5)

where f; is the switching frequency.

Stage 3 [#,~13] [Fig.8(c)]: At t,, izr reaches zero. Since Ss is
ON, Ss and the body diode of Ss; make up of one current loop,
through which the Boost inductor current flows. Therefore, L,is
charged by the power sources on the primary-side, and i,
increases linearly due to the positive voltage across the inductor
Ly In this stage, the current i;is calculated as

V,/2
i ()= G2 e) ©)

Stage 4 [#;~t4] [Fig.8(d)]: At #;, Ss is turned OFF, and S is
turned ON with zero voltage, because the drain-source voltage
of s is zero due to the conduction of its body diode. Since the
current of L,is positive, the diode D, begins to conduct, and the

power is transferred to the load. In this stage, the current i;,is
expressed as follows.

: V,/2 .
i (=" W6 ) -t) iy (6) )
f
Stage 5 [t4~ts] [Fig.8(e)]: At #4, S) is turned OFF, and the
body diode of S, is ON. The primary-side current begins to
circulate through S, and S4. The secondary current deceases due
to the negative voltage across Ly

iy ()= _Vof/z (=) +iy (&) ®)

Stage 6 [t5~%¢] [Fig.8(D)]: At 25, S, is turned ON with ZVS
because the body diode of S, is in on-state. At the end of this
Stage, i, has the same absolute value but reverse direction as
that at the beginning of Stage 1, which is expressed as

iy (t6) ==, (1) ©)

A similar operation works in the rest stages of the switching
period, with the roles of S} and S, S; and Sy, D; and D,, S5 and
Ss exchanged.

2) DCM1

In the DCM1, the primary-side upper switches, S; and S;,
commute after the secondary-side inductor current i, decreases
to zero, while the lower switches, S, and S,, commute before i,
decreases to zero. The key waveforms of this mode are shown
in Fig.9, where f is the effective phase angle during which i;,is
not zero. There are also six stages in half of a switching period.

Stage 1 [ty~t]: Before #,, S,, S4 and S5 are ON, and both D,
and D, are OFF. There is no power being transferred to the load,
because the current i, has decreased to zero. At ¢, S, is turned
OFF, the states of S| and S, depend on the direction of battery
current. Ifthe batter is charged, the current of L, will be positive.
In this case, the body diode of S, keeps ON even when S, is
turned OFF. The equivalent circuit of this case is shown in
Fig.10 (a). However, if the battery is discharged, the current of
L, is negative. The body diode of S; will be ON and the
equivalent circuit is the same as that in Fig.8(a).

Stage 2[t,, t,]: The operation principles and equivalent circuit
of the Stage 2 in the DCM 1 are the same as that of Stage 3 in the
CCM. At the end of this stage, the inductor current i;, is
calculated as follows.

Iy (’ )= Z_L/Z%ﬁ
5 s

Stage 3[1,, #3], Stage 4[1;, #4] and Stage 5[4, ¢5]: The operation
principles and equivalent circuits of the Stage 3, Stage 4 and
Stage 5 in the DCMI1 are the same as that of Stage 4, Stage 5
and Stage 6 in the CCM, respectively.

At the end of Stage 5, the inductor current i;, reaches zero,
and the diode D, is OFF with zero current and without reverse
recovery.

(10)
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Fig. 7. Key waveforms of FB-TPC in the CCM.

Applying the volt-second balance principle on the inductor Ly
the time interval during which the inductor current i;is not zero
can be calculated by the following equation.
_D/G+o/2x

/s

The equivalent phase angle f§ corresponding to 4 T, is given
by

AT, =t -1, (11)

Boen =27 [ AT, (12)
The maximum phase angle £ is 7, so the boundary phase shift
angle between CCM and DCM1 modes is derived as:
G-2D
o= (13)

Stage 6[fs, t5]: At s, ijsreaches zero and will stay zero during
this stage. In this case, there is no energy being transferred from
the primary-side power sources to the load.

After f, a similar operation works in the rest stages of the
switching period.

3) DCM2

The converter will operate in the DCM2 if the
secondary-side inductor current i, has decreased to zero before
the primary-side switches, S;~S;, commute. The key
waveforms of this mode are shown in Fig.11. There are also six
stages in half of a switching period.

Stage 1[ty, t1], Stage 2[¢, 1] and Stage 3[#,, #;]: The operation
principles and equivalent circuits of the Stage 1, Stage 2 and
Stage 3 in the DCM2 are the same as that of the corresponding
switching Stages in the DCM1.

At the end of Stage 3, the inductor current i;, decreases to
zero. According to the volt-second balance principle of the
inductor L, the time interval AT, is calculated by the following
equation.

®
Fig.8. Equivalent circuits in the CCM: (a) Stage 1 [#~t1], (b) Stage 2 [t1~t2], (c)
Stage 3 [t,~t;], (d) Stage 4 [t5~t4] , (¢) Stage 5 [ts~ts], (f) Stage 6 [£s~tc].

@
AT, =t -t =———
0 2 f(1-1/G)

The maximum value of4T3; is D/f;, therefore, the boundary
phase-shift angle between DCM1 and DCM2 is derived as:

2xD ( G- 1)
Ppy = G (15)
Stage 4(#;, t4]: At 3, i;s reaches zero. The diode D, is OFF
without reverse recovery, hence ZCS is achieved for D;. In this
stage, there is no power being transferred from the primary-side

(14)
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Fig. 11. Key waveforms of the FB-TPC in DCM2.

power sources to the load. The equivalent circuit of this Stage is
shown in Fig. 12(a).

Stage 5 [t4, t5]: At 1, S) is turned OFF. The status of the
switches S| and S, depend on the battery. If the battery is
charged, the current of L, is positive. In this scenario, the body
diode of S, will be ON, and the switch S, can be turned ON with
ZVS in the next Stage. The equivalent circuit of this case is
shown in Fig. 12(b). However, if the battery is discharged and
the current of L, is negative, the body diode of the switch S; will
keep in ON state when S; and S, are turned-OFF. The
equivalent circuit of this case is shown in Fig. 12 (c).
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Fig. 12. Equivalent circuits of DCM2: (a) Stage 4 [t5~t4], (b) Stage 5 [t4~t5]
when battery is charged, (c¢) Stage 5 [#4~s] when battery is discharged.

Stage 6 [#s, ts]: The operation principle and equivalent circuit
of this Stage is the same as that of the Stage 6 in the DCMI1.

After t;, a similar operation works in the rest stages of the
switching period.

IV. CHARACTERISTICS AND ANALYSIS

A. Output Characteristic

According to the aforementioned analysis of the CCM, the
average current of the secondary-side Boost inductor is
calculated by the following equation.

iy (t3 )((P - 0!) 4 |:iL/‘ (t3 ) +ip, (t4 ):|(27ID - ¢))

16
“ 27 27 (16)

Ignoring the power losses, the output power P, can be given
by:

P =P, =nV,1

(17)
o i PV *av

To simplify the analysis, the output power P, is normalized
with the power base Py

V 2

T8rfL,

From (2)-(9) and (16)-(18), the normalized output power can
be calculated and derived with the help of calculation software,
such as MATHCAD. The derived output power of the CCM is
given as follows.

[(81) —12D*)(G +1) —(4DZ+1)G2];r2

(18)

B

+[(8D+4)G* +16D(G +1) |mp—4(G +1) o’
26(2+G)'x
According to the operation principles of the DCM1 and

DCM2, the output power of the DCM1 and DCM2 can be
derived and expressed as follows.

P

o ccum — 1p

(19)
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It can be seen that the output power of the load port is a
function of the duty cycle and the phase shift angle when the
converter operates in the CCM and DCMI. Therefore, in the
CCM and DCM1, the regulation of the load port is not fully
decoupled with the primary-side power ports. In practice, the
bandwidth of the load voltage control loop can be set much
higher than that of the power control loops between the battery
and the PV source in order to guarantee a fast response to
variations in load. This method is straight forward to implement
and can realize approximate decoupled control of the load port
from the regulation of the battery and PV ports.

According to (13), (15) and (19)-(21), the normalized load
power curves versus the secondary-side phase shift angle ¢
with different primary-side duty cycle D (the duty cycle of the
upper switches S and S;) are plotted and shown in Fig. 13. It
can be seen that, for a given G and phase shift angle ¢, the
output power in the CCM is greater than that in the DCM1,
while the output power in the DCMI is greater than that in the
DCM2. The normalized voltage gain can either be lower than 1
or greater than 1. However, if G<I, the minimum output power
P,,;, cannot reach zero when ¢=0. Besides, the operation
region of the DCMI is highly dependent on the primary side
duty cycle. The operation region of the DCM1 decreases when
the primary side duty cycle approaches to 0.5. There is no
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DCM1 when the primary-side duty cycle is equal to 0.5. Due to
the symmetry of the primary side full-bridge circuit, the load
power characteristics of the FB-TPC with duty cycle greater
than 0.5 are the same as the situations with duty cycle smaller
than 0.5. Substituting the D with (1-D) in (19)-(21), the output
characteristics when D>0.5 can be derived.

B. Soft-Switching Characteristics

1) Secondary-Side Switches

According to the operation principles of the converter, the
body diodes of the secondary-side switches, Ss and S, always
conduct before applying gating signals no matter which mode
the converter works in. That means the drain-source voltages of
S5 and S have decreased to zero before applying gating signals.
Therefore, ZVS can be achieved for the secondary-side
switches. Meanwhile, the changing rates of the currents
through rectifying diodes D; and D, are limited by the inductor
L. So the currents of D, and D, always decrease to zero slowly,
which means ZCS is achieved. So the main power losses of the
rectifying diodes are conduction losses. The conduction loss of
each diode is (Vy1,), where Vi is the forward voltage of the
diode and I, is the average load current. In summary, soft
switching performance of the secondary-side devices is
independent on the operation mode, and can be achieved within
the entire operating range.

2) Primary-Side Switches

Due to the symmetry of the primary-side circuit, the ZVS
conditions of S; and S; are the same, while ZVS conditions of .S,
and S, are the same. Therefore, only ZVS conditions of the
switches S; and S, are analyzed here.
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If the body diode of the primary-side switch is in ON state
and the drain-source voltage has decreased to zero before its
driving signal is applied, then ZVS is achieved. In order to
realize ZVS, the current flowing through the corresponding
switch should be negative when the switch is turned-ON.
Therefore, the ZVS performance of S; and S, is determined by
the currents flowing through the primary-side inductor Z; and
the secondary-side Boost inductor L; According to the
operation principles and the reference directions of L, and L

we have
i () =1y, (1) +niy, (1)
I, = _[iLl (t) + niLf (t)]

Therefore, the detailed constraints for ZVS of the switches S,
and S, can be given by the following equations.

S, tiy, (1) +niy (25,) <0

S, tiy (t5,) +niy, (15,)> 0
where ¢, and ¢, are the turn-ON time of switches S} and S,
respectively.

As shown in Fig.6, the current of Ly, iy, is given by the
following equations.

(22)

(23)

P
iLl(tSI): BAT _l.@.(l_D)TS
Veyr 2 L (24)
1

P v,
iu(tsz):ﬂ"'_'ﬂ'(l_D)T
Wer 2 L

According to the operation principles of CCM and the
waveforms shown in Fig.7, and ignoring the influence of

dead-time, the ZVS conditions of S; and S, in CCM can be
given by:

P v,
s+ Lo _l.ﬂ.(l_p)ﬂ,<—niLf(to)

Wy 2 L | ‘

PB . (25)
Sy~ DB (1 D)T > —niy, (1,)

2’VBAT 2 L

Similarly, according to the operation principles of DCM1
and the waveforms shown in Fig.9, the ZVS conditions in
DCMLI are given by:

P
S, ;24T _l.@.(l_D)Q<O

2VBAT 2 L

P 1V, .
S, ;L +—'ﬂ'(1—D)Ty >—ni, (t;)

2VBAT 2 L .

According to the operation principles of DCM2 and the
waveforms shown in Fig.11, the ZVS conditions in DCM2 are
given by:

P
S, 1 BT _l,@.(l_D)Ts<0

Wer 2 L

P 1V, 7
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Fig. 15. Comparison of the current ripple on the battery port.

It is obvious that the ZVS performance is only determined by
the battery power when the converter operates in DCM2.

To show the soft-switching performance, the ZVS margin of
the proposed converter is plotted in Fig.Fig. 11, where a
PV-battery hybrid power system is employed with the
following parameters: Vpy=84V, Vp,~42V, L=L,=35pH,
L=20uH, »=1.5, f=100kHz. In Fig.14, the converter only
operates in the CCM and DCM2, because the duty cycle D is
0.5. It can be seen that when the battery is charged with Pg,>0,
ZVS of S, can be always achieved, whereas, ZVS of S| can be
always achieved when the battery is discharged with Pj,<0.

C. Current Ripple of the Battery Port

As mentioned above, the two bidirectional Buck/Boost
converters on the primary side operate in an interleaved manner,
which reduces the current ripple of the battery port. For a given
duty cycle D with L= L,= L, the current ripple of the two Boost
inductors are Al;. When the phase-shift angle between the two
Buck/Boost converters is 6 (0~m), the current ripple on the
battery port Algat, which is normalized with A}, can be given
by the following equations.

2(1-D-6/27)/(1-D), D<0.5

28
2(D-6/27)/D, D>0.5 @

A[BAT @)= {

For the proposed FB-TPC, the phase-shift angle between the
two Buck/Boost converters is constant and equal to 7. However,
for the full-bridge TPCs presented in [20]-[24], the
primary-side phase shift angle is used to regulate the output
voltage and varies from 0 to n. The comparison of the current
ripples between the proposed FB-TPC and previously
presented FB-TPCs is illustrated in Fig.15, where it is shown
that the current ripple can be significantly reduced with the
proposed FB-TPC.

D. Design Consideration

1) As Turns Ratio of Transformer

The design criterion for the turns ratio of the transformer is to
make sure that the load voltage can be regulated within the
entire PV voltage range. Since the secondary-side circuit of the
FB-TPC is a bridgeless Boost rectifier, the turns ratio n of the
transformer is determined by the maximum PV voltage Vi
the minimum voltage gain G,;, when ¢=0, and the output
voltage V.
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PV max ~ min

As indicated by Fig.13, G,;, is determined by the minimum
load power when ¢=0. Specially, G,,;, =1 if the load power can
be as low as zero when ¢=0.
2) Inductor Ly of the Bridgeless Boost Rectifier

Since soft-switching of the power devices on the
secondary-side is achieved within the entire operating range,
reduction of the conduction loss is the main consideration for
designing L, In order to estimate the conduction losses, the
root-mean-square (RMS) current of L, I, /rus, is calculated and
normalized by the load current /,. The curves of the normalized
I;zrus are shown in Fig. 16, where Q is the characteristic factor
and defined as follows:

_16L,,
R

0

(30)

As shown in Fig.16, when G is approached to 1, lower
conduction loss can be achieved with a smaller Q. However, if
0=0.05, 0.1 or 0.25, higher conduction loss occurs as G
increasing. On the other hand, when QO is in the range of
0.15~0.2, lower RMS current can be achieved within a wide
operating range. Meanwhile, the RMS current and conduction
loss is not sensitive to the value of Ly when Q is in the range of
0.15~0.2. Taking these factors into consideration, it is
recommended to design the Q in the range of 0.15~0.2. For a
design example with f=100kHz, P,=500W, and V,=300V,
0=0.15~0.2 means the value of L, is in the range of
16.8uH~22.5uH.

3) Primary-side Inductors and Power Devices

The design of the primary side filter inductor and selection of
power devices are the same as traditional power converters.
The two primary filter inductors L, and L, are designed
according to the inductor current ripple. There are two
considerations for selecting power devices. One consideration
is the current and voltage stresses. The voltage stresses of
primary-side MOSFEs are equal to the PV voltage, the voltage
stresses of rectifying diodes are equal to the load voltage, while
the voltage stresses of the secondary-side switches is only half
of the load voltage. The other one consideration is the reduction
of conduction losses. Since the voltages of the primary-side PV
source and battery are low and soft-switching is achieved, the
reduction of conduction loss is one of the major considerations
for power device selection. So power MOSFETs with low
ON-resistance is preferred.

E. Topology Extension

An advantage of the proposed TPC derivation method is that
the number of the isolated load port can be extended easily to
interface multiple loads. This can be realized by using a
multi-winding transformer and multiple bridgeless Boost
rectifiers. The configuration of the proposed multiport
converter with multiple isolated output ports is shown in Fig.17.
The topology of the bridgeless Boost rectifier can be selected
from those shown in Fig. 2 according to the requirement of
practical application. The topology extension and control
principles of the proposed multiport converter are similar to the
existing multiport converters based on multi-winding
transformer [10]-[12]. The output voltage/power of each load
port can be regulated by phase shifting the driving signals of the
active switches in each bridgeless Boost rectifier with respect to
the primary-side switches. Since the output power of each load
port is only determined by the phase-shift angle of its own
bridgeless Boost rectifier, independent regulation of each load
port can be achieved.

V. EXPERIMENTAL RESULTS

A digital-controlled 800W prototype is built to verify the
theoretical analysis. The converter is designed for a spacecraft
power system, which is a typical stand-alone renewable power
system. The specifications are listed in Table I.

Fig.18 shows the steady-state waveforms of the primary-side
circuit in the proposed FB-TPC when the battery is charged. It
can be seen that the total current ripple on the battery port has
been significantly reduced by operating the two bidirectional
converter in an interleaving manner. The waveforms of voltage
v,5 between the midpoints the primary-side full-bridge, voltage
vep between the midpoints of the secondary bridge, and the
current iy, of the secondary-side inductor under different
operation modes are shown in Fig. 19. Waveforms in Fig. 19(a)
are tested when the converter operates in the CCM, where
continuous inductor current i;,can be seen. Fig. 19(b) and 19(c)
are corresponding waveforms of DCMI1 and DCM2,
respectively. It can be seen that when the converter operates in
the CCM, the inductor current decreases to zero when the
secondary-side voltage v¢p is zero and the primary-side voltage
v4p 1s not zero, which means the primary side switches
commute before the secondary side inductor current, i,
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TABLE I KEY PARAMETERS OF THE PROTOTYPE

Components Parameters
Input voltage of PV (Vpy) 70V~100V
Voltage of battery (Vgat) 42V
Output voltage (V,) 300V
Maximum PV power (Ppy) 800W
Maximum output power (P,) S500W
Switching frequency (f;) 100kHz
Turns ratio of transformer (n) 1.5
Inductor (Zy) 20puH
Inductor (Ly, L,) 35uH
Primary-side MOSFETs (S1~S;) | IPPO75N15N3 G
Secondary-side MOSFETs (S5~Ss)]  IXTQ 82N25P
Secondary-side diodes (D~D,) DSEC 30-06A
Digital signal processor (DSP) MC56F8247

decreases to zero. When the converter operates in the DCM1,
the inductor current decreases to zero when the primary-side
voltage v,p is still in zero state, which means the two upper
switches or lower switches are ON when i;,reaches zero. When
the converter operates in the DCM2, the inductor current has
decreased to zero when the primary-side voltage v, is not zero,
which means S; and S, or S, and S5 are ON when i, reaches
zero. The waveforms in Fig.18 and Fig.19 satisfy the
theoretical analysis pretty well.

The switching waveforms of the primary-side switches
when the converter operates in the CCM are shown in Fig. 20.
As shown in Fig. , ZVS is accomplished for the primary-side
switches S| and S,. Since the switches S; and S, operate in the
same pattern, ZVS can also be accomplished for the
primary-side switches S5 and S,. The soft-switching waveforms
of the secondary-side switches S5 and S are shown in Fig. 21.
In comparison with the primary-side switches, it is easier to
achieve ZVS for the secondary-side switches. As indicated in
Fig. 21, ZVS of the two secondary-side switches is achieved in
both continuous current mode and discontinuous conduction
mode.

In order to verify the effectiveness of the FB-TPC under
closed-loop control, the power management and control
strategies for a PV-battery power system presented in [18][22]
are applied to the proposed FB-TPC. The power management
of the PV-battery power system is to balance the power
between the PV and the battery while maximizing the output
power of the PV source. The control block diagram is shown in
Fig.22. Four regulators, PV voltage regulator (IVR) for MPPT,
battery voltage regulator (BVR) for maximum charging voltage
control, battery current regulator (BCR) for maximum charging
current control and output voltage regulator (OVR) for load
voltage control, are employed to achieve the power
management of the system. The detailed analysis and operating
principles of the power management system have been
presented in [18][22], and will not be analyzed here. The power
control and modulation of the FB-TPC are realized using a
digital signal processor. The transient waveforms with output

load stepping up and stepping down are tested and shown in Fig.

23. It can be seen that when the output load steps, the battery
switching between charging mode and discharging mode. It
indicates that the input power is kept constant, and the output
voltage is stable during the load transients, because the battery
power varies automatically to compensate for the load power
variation. The transient waveforms with PV power changing
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Fig. 18. The steady-state experimental waveforms of the primary-side
interleaved bidirectional Buck/Boost converter.
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Fig. 19. The steady-state experimental waveforms of vag, vcp, and i¢in: (a)
CCM; (b) DCM1, and (c) DCM2.

are tested and shown in Fig. 24. A variable resistor in series
with a dc source is used to emulate the PV source. The PV
power is changed by adjusting the series resistor. It can be seen
that the battery automatically balances the power between the
PV and the load. The output voltage is stable when the PV
power is changed. The tests indicate that power management of
a three-port power system can be accomplished with the
proposed FB-TPC.

The efficiencies, when the power is transferred from the PV
to the battery, from the battery to the load, and from the PV to
the load, are tested and shown in Fig.25(a). With the
non-isolated Buck power conversion, the maximum efficiency
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Fig. 21. Soft-switching waveforms of secondary-side switches S5 and S6 in (a)
CCM, and (b) DCM2.

is about 97.6% at full-load when the power is transferred from
the PV to the battery. When the power is transferred from PV to
the load, the efficiency is 96%, and when the power is
transferred from battery to the load, the efficiency is about
94.5% at full load. With single stage power conversion between
any two of the three ports, high conversion efficiency within a
wide load range is achieved. Fig. 25(b) shows the efficiency
curve versus the battery power when the load-port is under
full-load condition. In Fig. 25(b), the battery power varies from
-550W to 350W, while the PV power varies from about 860W
to OW. It can be seen that the efficiency increases when the

FB-TPC

D 9 |
PWM-+PSM | |
Modulator |

,,,,,,,,,,,

Fig. 22. Control block diagram of the FB-TPC.
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battery discharging power decreases and the charging power
increases. It is because, as shown in Fig. 25(a), the charging
efficiency is higher than the discharging efficiency.

In comparison with the full-bridge TPCs presented in [19]-
[23], a major innovation of the proposed FB-TPC is that the
conversion efficiencies from the primary-side power ports to
the load port are improved. In [19], the efficiency versus battery
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Fig. 25 (a) Efficiency curves of PV to battery, PV to load and battery to load, (b)
efficiency versus battery power under full-load condition.

power under full-load condition is always lower than 94%. In
[20] and [21], although soft-switching is achieved, the
efficiency from PV to the load is only about 90%. In [22], the
efficiencies from the primary-side power ports to the load port
are always lower than 90%. In [23], the efficiency from battery
to load is lower than 93% and the efficiency from PV to load is
lower than 95%. It can be seen that these efficiencies in the
previous full-bridge TPCs are all lower than the proposed
FB-TPC.

VI. CONCLUSION

In this paper, a systematic method for synthesizing three-port
converters (TPCs) from interleaved bidirectional converter and
bridgeless Boost rectifiers has been proposed. The bidirectional
converter and the bridgeless Boost rectifier are connected by a
high-frequency transformer to interface multiple bidirectional
sources and isolated output load simultaneously. Single-stage
power conversion is realized to improve conversion efficiency
of the power system. Voltage and power regulations over two
of the three power ports are achieved by using interleaved pulse
width modulation on primary-side switching-bridges and
phase-shift ~modulation on secondary-side switches.
Furthermore, soft-switching operation of all of the
active-switches and diodes has been achieved. The
voltage/current ripples are reduced thanks to the excellent
performance of the proposed TPC topologies and modulation
strategies. The voltage stresses of the devices are reduced
because the voltages of devices are naturally clamped by the
input and output voltages. These features make the proposed
topologies good candidates for renewable power systems. A
typical full-bridge TPC developed by the proposed method is
analyzed with circuit operation principles, control strategies

and characteristics presented. Experimental results of a 800W
prototype have verified the feasibility and effectiveness of the
proposed topology derivation method and the advantages of the
derived TPC topologies.
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