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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,
ir; 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, S; 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) ©)
!

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,, izs 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 Ss 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 (1) )
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~t¢] [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 (1) = I(/;_L/Z (Difz”
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.
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Fig.6. Key waveforms of the primary-side interleaved bidirectional Buck/Boost
converter.
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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[7s, 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) DCM?2

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[¢, t,] 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,~t3], (d) Stage 4 [t5~t4] , (¢) Stage 5 [t4~ts], (f) Stage 6 [#s~tc].

@
AT, =t -t =———
o0 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)
Pyy = 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. 9. Key waveforms of FB-TPC in the DCMI.
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Fig. 10. Equivalent circuit in DCM1: (a) Stage 1 [#~], (b) Stage 6 [ts~Z].
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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~ts], (b) Stage 5 [t4~t5]
when battery is charged, (c) Stage 5 [#4~s] when battery is discharged.

Stage 6 [ 15, t5]: 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 B 0!) 4 |:iL/‘ (t3 ) +ip, (t4 ):|(27ID - ¢))

16
v 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) —(4D2+1)G2J7r2

(18)

B

+[(8D+4)G> +16D(G +1) |mp—4(G +1) o
26(2+6G)'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 ccm — 1p

(19)
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Fig. 13. Normalized output power versus secondary-side phase-shift angle with different primary-side duty cycle D, (a) D=0.4, (b) D=0.48, (c) D=0.5.
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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 DCM1 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 t;, and ¢, are the turn-ON time of switches S} and S,
respectively.

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

(22)

(23)

P 1V
iLl(lSI): — __'ﬂ'(l_D)Ts
Ve 2 L (24)
1

P v,
iLl(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 §; and S, in CCM can be
given by:

P V
s, oar L Vour (1 py7 < iy 1)

Wy 2 L | ‘

PB . (25)
Sy~ DB (1 D)T > iy, (1)

2VBAT 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, 1B _l,@.(l_D)Tl_ <0

Wy 2 L

P 17, o
S AT Zpar .(1_[))71 >—niL/.(t3)

Wy 2 L .

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

S ;M_l.@.(l_p)y" <0

Yov,, 2 L ‘ o7
E{AT 1 VBAT

S, +—-—2L.(1-D)T, >0
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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,=35uH,
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 Vepiax,
the minimum voltage gain G,;, when ¢=0, and the output
voltage V.
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2V, G @)

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
vz between the midpoints the primary-side full-bridge, voltage
vep between the midpoints of the secondary bridge, and the
current i;, 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;ycan 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,

0885-8993 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TPEL.2015.2473002, |IEEE Transactions on Power Electronics

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~Sg)]  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 Sy. 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

. (" v, (10V/div)\ / \

AT i S f
- ! Vess (1OV/div) | f |

B L ey

# i1_1+i1_2(10A/div)j i,,(5A/div) i,,(5A/div)
<

<SS

12 us/div)

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 [
PWM+PSM
Modulator

| Output

,,,,,,,,,,,

Fig. 22. Control block diagram of the FB-TPC.
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Fig. 23. Load transient waveforms, (a) load step-up, (b) load step-down.
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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.

VII. REFERENCES

[1] T. Dragicevic, J. M. Guerrero, J. C. Vasquez, D. Skrlec, "Supervisory
control of an adaptive-droop regulated DC microgrid with battery
management capability," IEEE Trans. Power Electron., vol. 29, no. 2, pp.
695-706, Feb. 2014.

[2] L. H. S. C. Barreto, P. P. Praca, D. S. Oliveira Jr., R. N. A. L. Silva,
"High-voltage gain boost converter based on three-state commutation cell
for battery charging using PV panels in a single conversion stage," IEEE
Trans. Power Electronics, vol. 29, no. 1, pp. 150-158, Jan. 2014.

[3] A. Kwasinski, "Quantitative evaluation of DC microgrids availability:
effects of system architecture and converter topology design choices,"
IEEE Trans. Power Electron., vol. 26, no. 3, pp. 835-851, Mar. 2011.

[4] W.lJiang and B. Fahimi, “Multiport power electronic interface—Concept,
modeling and design,” IEEE Trans. on Power Electronics, vol. 26, no. 7,
pp. 1890-1900, Jul. 2011.

[S] H. Tao, A. Kotsopoulos, J. L. Duarte, M. A. M. Hendrix, "Family of
multiport bidirectional DC-DC converters," IEE Proceedings of Electric
Power Applications, vol. 153, no. 3, pp. 451-458, 2006.

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

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

[8] L.-J. Chien, C.-C. Chen, J.-F. Chen, Y.-P, Hsich, "Novel three-port
converter with high voltage gain," IEEE Trans. Power Electron., vol. 29,
no. 9, pp. 4693-4703, Sep. 2014.

[9] S.Rezaee, E. Farjah, "A DC-DC multiport module for integrating plug-in
electric vehicles in a parking lot: topology and operation," IEEE Trans.
Power Electron., vol. 29, no. 11, pp. 5688-5695, Nov. 2014.

[10] S. Falcones, R. Ayyanar, X. Mao, "A DC-DC multiport-converter-based
solid-state transformer integrating distributed generation and storage,"
IEEE Trans. Power Electron., vol. 28, no. 5, pp. 2192-2103, May 2013.

[11] S. Y. Kim, H.-S. Song, K. Nam, "Idling port isolation control of
three-port bidirectional converter for EVs," IEEE Trans. Power Electron.,
vol. 27, no. 5, pp. 2495-2506, May 2012.

[12] L. Wang, Z. Wang, H. Li, "Asymmetrical duty cycle control and
decoupled power flow design of a three-port bidirectional DC-DC
converter for fuel cell vehicle application," IEEE Trans. Power Electron.,
vol. 27, no. 2, pp. 891-904, Feb. 2012.

[13] Z. Wang, H. Li, "An integrated three-port bidirectional DC-DC converter
for PV application on a DC distribution system," IEEE Trans. Power
Electron., vol. 28, no. 10, pp. 4612-4624, Oct. 2013.

[14] G.-J. Su, L. Tang, "A multiphase, modular, bidirectional, triple-voltage
DC-DC converter for hybrid and fuel cell vehicle power systems," IEEE
Trans. Power Electron., vol. 23, no. 6, pp. 3035-3046, Nov. 2008.

[15] H.Hu, S. Harb, X. Fang, D. Zhang, Q. Zhang, Z. J. Shen, 1. Batarseh, "A
three-port flyback for PV microinverter applications with power pulsation
decoupling capability," IEEE Trans. Power Electron., vol. 27, no. 9, pp.
3953-3964, Sep. 2012.

[16] H. Al-Atrash, F. Tian, 1. Batarseh, "Tri-modal half-bridge converter
topology for three-port interface," IEEE Trans. Power Electron., vol. 22,
no. 1, pp. 341-345, Jan. 2007.

[17] H. Wu, R. Chen, J. Zhang, Y. Xing, H. Hu, and H. Ge, “A family of
three-port half-bridge converters for a stand-alone renewable power
system,” IEEE Trans. on Power Electronic, vol. 26, no. 9, pp. 2697-2706,
Sep. 2011.

[18] Z.Qian, O. Abdel-Rahman, H. Al-Atrash, and I. Batarseh, “Modeling and
control of three-port DC/DC converter interface for satellite
applications,” IEEE Trans. on Power Electronic, vol. 25, no. 3, pp.
637-649, Mar. 2010.

[19] H. Wu, K. Sun, R. Chen, H. Hu and Y. Xing, “Full-bridge three-port
converters with wide input voltage range for renewable power systems,”
IEEE Trans. on Power Electronic, vol. 27, no. 9, pp. 3965-3974, Sep.
2012.

[20] Y. Hu, W. Xiao, W. Cao, B. Ji, D. J. Morrow, "Three-port DC-DC
converter for stand-alone photovoltaic systems," IEEE Trans. Power
Electron., vol. 30, no. 6, pp. 3068-3076, June 2015.

0885-8993 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TPEL.2015.2473002, |IEEE Transactions on Power Electronics

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

[22] W.Li,J. Xiao, Y. Zhao, and X. He, “PWM plus phase angle shift (PPAS)
control scheme for combined multiport dc/dc converters,” IEEE Trans.
Power Electron., vol. 27, no. 3, pp. 1479-1489, Mar. 2012.

[23] H. Wu, P. Xu, H. Hu, Z. Zhou, and Y. Xing, “Multiport converters based
on integration of full-bridge and bidirectional DC-DC topologies for
renewable generation systems,” IEEE Trans. on Industrial Electronics,
vol. 61, no. 2, pp. 856-869, Feb. 2014.

[24] D. Tollik, A. Pietkiewicz, "Comparative analysis of 1-phase active power
factor correction topologies," 14" International Telecommunications
Energy Conference, 1992, pp. 517-523.

[25] Y. Jang, M. M. Jovanovic, "A bridgeless PFC boost rectifier with
optimized magnetic utilization," IEEE Trans. Power Electron., vol. 24, no.
1, pp. 85-93, Jan. 2009.

[26] A.B. Lange, T. B. Soeiro, M. S. Ortmann, M. L. Heldwein, "Three-level

single-phase bridgeless PFC rectifiers," IEEE Trans. Power Electron., vol.

30, no. 6, pp. 2935-2949, June 2015.

[27] G. D. Szarka, B. H. Stark, S. G. Burrow, "Review of power conditioning
for kinetic energy harvesting systems," IEEE Trans. Power Electron., vol.
27, no. 2, pp. 803-815, Feb. 2012.

Hongfei Wu (S’11, M’13) was born in Hebei
Province, China, in 1985. He received the B.S.
and Ph. D degrees in electrical engineering and
power electronics and power drives from Nanjing
University of Aeronautics and Astronautics
(NUAA), Nanjing, China, in 2008 and 2013,
respectively. From June 2012 to July 2012, he
was a gust PhD student at Institute of Energy
Technology, Aalborg University, Denmark.
Since 2013, he has been with the Faculty of
Electrical Engineering, NUAA, and is currently a
Associate Professor with College of Automation
Engineering, NUAA. He has authored and
co-authored more than 90 peer-reviewed papers published in journals and
conference proceedings. He is the holder of more than 17 Patents. His research
interests are power converters, distributed power generation and spacecraft
power system.

Dr. Wu was the recipient of the Presentation Award at IEEE Energy
Conversion Conference and Exposition 2011, and also the Outstanding
Reviewer of IEEE Transactions on Power Electronics (2013).

Junjun Zhang was born in Jiangsu Province,
China, in 1986. He received his B.S. degree in
electrical engineering from Nanjing University of
Aeronautics and Astronautics (NUAA), Nanjing,
China, in 2010. He is currently working toward a
Ph.D. degree in electrical engineering at NUAA.
His main research interests include topology and
control of power converters, distributed power
generation, and spacecraft power systems.

Xiaoging Qin was born in Jiangsu Province, China,
in 1990. She received the B.S. and M.S degree in
electrical engineering from Nanjing University of
Aeronautics and Astronautics (NUAA), Nanjing,
China, in 2012 and 2015, respectively.

Her main research interests include topology and
control of power converters.

Tiantian Mu was born in Jiangsu Province, China, in
1991. She received the B.S. degree in electrical
engineering from Nanjing University of Aeronautics
and Astronautics (NUAA), Nanjing, China. She is
currently working toward the M.S. degree in
electrical engineering at NUAA. Her research
interests include topology and control of
soft-switching dc-dc converters.

Yan Xing (M’03) was born in Shandong
Province, China, in 1964. She received the B.S.
and M.S. degrees in automation and electrical
engineering from Tsinghua University, Beijing,
China, in 1985 and 1988, respectively, and the
Ph.D. degree in electrical engineering from
Nanjing  University of Aeronautics and
Astronautics (NUAA), Nanjing, China, in 2000.
Since 1988, she has been with the Faculty of
Electrical Engineering, NUAA, and is currently a
professor  with  College of Automation
Engineering, NUAA. She has authored more than
100 technical papers published in journals and conference proceedings and has
also published three books. Her research interests include topology and control
for de-dc and dc-ac converters.

Dr. Xing is an Associate Editor of the IEEE Transactions on Power Electronics.
She is a member of the Committee on Renewable Energy Systems within the
IEEE Industrial Electronics Society.

0885-8993 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



