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Novel Three-Port Converter With High-Voltage Gain
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Abstract—In this paper, a novel three-port converter (TPC) with
high-voltage gain for stand-alone renewable power system applica-
tions is proposed. This converter uses only three switches to achieve
the power flow control. Two input sources share only one inductor.
Thus, the volume can be reduced. Besides, the conversion ratio of
the converter is higher than other TPCs. Thus, the degree of free-
dom of duty cycle is large. The converter can have a higher voltage
gain for both low-voltage ports with a lower turns ratio and a
reasonable duty ratio. The voltage stress of switches is low; thus,
conduction loss can be further improved by adopting low Rds(on)
switches. Therefore, the converter can achieve a high conversion
ratio and high efficiency at the same time. The operation principles,
steady-state analysis, and control method of the converter are pre-
sented and discussed. A prototype of the proposed converter with
a low input voltage 24 V for photovoltaic source, a battery port
voltage 48 V, and an output voltage 400 V is implemented to verify
the theoretical analysis. The power flow control of the converter is
also built and tested with a digital signal processor.

Index Terms—Bidirectional, high-voltage gain, three-port con-
verter (TPC).

I. INTRODUCTION

DUE to the worldwide development and increment of pop-
ulation, energy resources have become more and more

important. Using traditional energy sources, like fossil fuels,
may cause air pollution and global warming. Since the amount
of the fossil fuel is limited, renewable power systems have been
rapidly developed recently [1], [2]. Photovoltaic (PV) system
is one of the popular renewable energy sources [3], [4]. Be-
cause of the intermittent nature, the PV source cannot provide
sufficient power when the load varies rapidly. Therefore, en-
ergy storage elements, such as batteries, are used to smoothly
supply energy to load in stand-alone renewable power system
applications [5]–[7].

Fig. 1(a) shows a conventional stand-alone PV system with
a low dc input voltage source and a storage element [8], [9].
The PV source and battery are low-voltage sources, thus the
converters have to boost the voltages to match the load [10].
The system needs two converters at the front end. One is an
unidirectional converter used to track maximum power point
(MPP) and boost the input voltage. The other is a bidirectional
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Fig. 1. Stand-alone renewable power systems: (a) with two separated convert-
ers and (b) with a TPC.

converter used to control the power flow between the dc bus and
the battery. This system with two conversion stages leads to more
components, and larger volume. Fig. 1(b) shows a stand-alone
PV system with a TPC and a battery backup. Many topologies
have been proposed for renewable energy power systems with
the battery backup or hybrid energy source and storage systems
[11]–[28].

The isolated topologies are derived by transformers, and there
are two kinds of isolated TPCs. Fully isolated TPCs can ac-
commodate different port voltage levels, and provide electrical
isolation for each port [11]–[16]. By using phase shift control
method, the converter can achieve zero voltage switching (ZVS)
on all switches [11]–[15]. A resonant TPC can also be adopted to
achieve higher efficiency [16]. However, the converters use a lot
of power devices because of the adoption of the full-bridge archi-
tecture. And the control methods for the fully isolated TPCs are
complex. Therefore, three-port half-bridge converters (TPHBC)
with partially electrical isolation is proposed to reduce compo-
nent count and simplify the control method [17]–[21]. A duty-
cycle shift control method is proposed to simplify the control of
the TPHBCs [17]. The duty-cycle shift control with phase shift
control method can also adopted to achieve ZVS [21]. How-
ever, the battery port of the converter is always in use during all
operation modes. Therefore, it reduces the life time of battery.
Furthermore, the voltage gain of the isolated TPCs is heavily
dependent on turns ratio, and high power dissipation may be
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Fig. 2. Operation modes for TPCs: (a) SISO mode, (b) DISO mode, and
(c) SIDO mode.

caused by the leakage inductor of the transformer. On the other
hand, some of the nonisolated topologies are modified from
combining two converters [22]–[24], but the component count
is still high. Some nonisolated multiport converters are proposed
to combine two converters and reduce components [25]–[27],
but the converters do not offer a bidirectional port for battery
usage. Thus, it is not suitable for stand-alone renewable power
system applications. To reduce the component count, TPCs with
single inductor technique are proposed [28]–[30], but the degree
of modulation of duty cycle is limited. Thus, the voltage gain is
limited [31]–[33].

In this paper, a novel nonisolated TPC with high-voltage gain
is proposed. By adjusting the turns ratio of coupled inductor,
the converter can provide a higher conversion ratio for both low
input voltage ports under a reasonable duty ratio. Furthermore,
because it has only one inductor, the power flow between the
PV source and battery can be controlled by a simple control
method.

In Sections II and III, the operating principle and steady-state
analysis of the proposed converter are presented. The control
methods are proposed in Section IV. The experimental results
are presented in Section V.

II. THE OPERATION OF PROPOSED TPC

A. Power Flow of the TPCs

As shown in Fig. 2, there are three different operation modes
for standard TPCs:

Fig. 3. Proposed Converter Topology.

1) Single input single output (SISO) mode: The battery pro-
vides energy to the load alone if there is no radiation
received by the PV panel.

2) Double input single output (DISO) mode: PV source and
battery provide energy to the load together.

3) Single input double output (SIDO) mode: PV source pro-
vides energy to the load, and the battery stores uncon-
sumed power from PV source.

B. Proposed TPC

The proposed converter is shown in Fig. 3. This circuit has
three power switches, five diodes, one coupled inductor, one
inductor, and three capacitors. Vpv is primary input source, and
Vbt is secondary input source connected to a bidirectional port.
The coupled inductor is modeled as a magnetizing inductor
Lm , leakage inductance Lk , and an ideal transformer Np /Ns .
The capacitor C1 can balance the magnetic energy of magne-
tizing inductor Lm . The diode D1 and capacitor C2 form a
lossless snubber with leakage inductance energy recycle. The
capacitor C3 and the secondary-side of coupled-inductor Ns

form a step-up cell to provide extra voltage gain. The voltages
Vpv , VC 2 , vN s , and VC 3 are connected in series to build up a
high output voltage.

In order to simplify the circuit analysis, the converter is ana-
lyzed in continuous-conduction mode (CCM), and the following
conditions are assumed:

1) voltage Vbt is higher than Vpv . (A 250-W PV panel has
a MPP voltage about 30 V, and the voltage of a set of
lead-acid battery is usually higher than 48 V);

2) capacitors C1 , C2 , C3 , and Co are large enough that
VC 1 , VC 2 , VC 3 , and VC o can be considered as constant
voltages (CV);

3) the power MOSFETs and diodes are ideal, but the drain-
to-source parasitic capacitor of the MOSFET Cds is con-
sidered;

4) the turns ratio of the coupled-inductor n is equal to Ns /Np ;
5) the coupling coefficient of the coupled-inductor k is equal

to Lm /(Lm + Lk ).

C. Operating Principle of SISO Mode

Figs. 4 and 5 show typical waveforms and current-flow paths
of operating modes of SISO mode. Switch S3 is the main switch.
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Fig. 4. Typical waveforms in SISO mode at CCM.

Switch S2 , and diodes D1 and D2 are always turned OFF in this
mode. The operating modes are described as follows:

1) Mode I [t0 , t1]: S3 is turned ON. Due to the leakage
inductance Lk , the secondary-side current of the coupled-
inductor is decreases linearly. Therefore, diode D5 is still
turned ON and diodes D3 and D4 are turned OFF. The
current-flow path is shown in Fig. 5(a). L is charged by
Vbt . Voltages Vpv , VC 2 , vN s , and VC 3 are connected in
series to charge output capacitor Co and provide energy to
the load R. When is is equal to zero at t = t1 , this mode
ends.

2) Mode II [t1 , t2]: S3 is turned ON. D3 and D5 are turned
OFF, and D4 is turned ON. The current-flow path of this
mode is shown in Fig. 5(b). L is charged by Vbt . When
the magnetic inductor current iLm decreases to zero, its
direction changes. C1 charges Lm and Lk through S3 . C3
is charged by C1 through the secondary-side winding Ns

and D4 , VC 3 = nVC 1 . This mode ends when S3 is turned
OFF at t = t2 .

3) Mode III [t2 , t3]: S3 is turned OFF, the parasitic capacitor
of S3 , Cds3 , is charged by both inductor current iL and
leakage inductance current iLk . The current-flow path of
this stage is shown in Fig. 5(c). C3 is still charged by

Fig. 5. Current-flow paths of operating modes in SISO mode: (a) mode I,
(b) mode II, (c) mode III, (d) mode IV, and (e) mode V.
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Fig. 6. Typical waveforms in DISO mode at CCM.

C1 through Ns and D4 . This mode ends when vds3 =
Vin + vL at t = t3 .

4) Mode IV [t3 , t4]: S3 is still turned OFF. D3 is turned ON
to recycle energy from Lk to C2 . The current-flow path
is shown in Fig. 5(d). The secondary-side current is still
charges C3 ; therefore, D5 remains open. When is = 0 at
t = t4 ,D4 is cut off, and this mode ends.

5) Mode V [t4 , t5]: S3 is still turned OFF. D5 is turned ON.
The current-flow path of this mode is shown in Fig. 5(e).
C1 is charged by Vbt and L. The secondary-side of the
coupled-inductor induces a high voltage vN s , which is
connected in series with capacitors Vpv , C2 , and C3 to
build up a high output voltage. C2 is recharged by L
through D3 . This mode ends when S3 is turned ON at
t = t5 .

D. Operating Principle of DISO Mode

Figs. 6 and 7 show typical waveforms and current-flow paths
of the operating modes of DISO mode. Most of the modes are
similar to those in SISO mode, the major difference is a two-
stage discharging of inductor L when S3 is turned OFF. S2 and
D2 are always turned OFF. S3 is a MPPT switch and S1 is
used to regulate the output voltage. The operating modes are
described as follows:

1) Mode I [t0 , t1]: S3 ,D1 , and D5 are turned ON; S1 ,D3 ,
and D4 are turned OFF. The current-flow path is shown in

Fig. 7. Current-flow paths of operating modes in DISO mode: (a) mode I,
(b) mode II, (c) mode III, (d) mode IV, (e) mode V, and (f) mode VI.
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Fig. 7(a). Thus, inductor L is charged by Vpv . When is =
0 at t = t1 , this mode ends.

2) Mode II [t1 , t2]: S3 ,D1 , and D4 are turned ON. S1 ,D3
and D5 are turned OFF. The current-flow path of this mode
is shown in Fig. 7(b). L is charged by Vpv . C1 charges Lm

and Lk through S3 . C3 is charged by C1 through Ns , and
VC 3 = nVC 1 . This mode ends when S3 is turned OFF at
t = t2 .

3) Mode III [t2 , t3]: After S3 is turned OFF, Cds3 is charged
by iL and iLk . The current-flow path of this stage is shown
in Fig. 7(c). C3 is still charged by C1 through Ns and D4 .
This mode ends when vds3 = Vin + vL at t = t3 .

4) Mode IV [t3 , t4]: S3 is turned OFF. D3 is turned ON
to recycle energy from Lk to C2 . The current-flow path
is shown in Fig. 7(d). The secondary-side current is still
charges C3 . When S1 is turned ON, this mode ends at
t = t4 .

5) Mode V [t4 , t5]: S3 and D1 are turned OFF. S1 and D5 are
turned ON. The current-flow path of this mode is shown in
Fig. 7(e). The voltage variation of the input source causes a
variation of different negative slope of the inductor current
iL . Battery port releases energy to the load through L. C1
is also charged by Vbt and L. Voltages Vpv , VC 2 , vN s , and
VC 3 are connected in series to charge Co and provide
energy to the load. This mode ends when S1 is turned
OFF at t = t5 .

6) Mode VI [t5 , t6]: S1 and S3 are turned OFF. D1 ,D3 , and
D5 are turned ON. The current-flow path of this mode is
shown in Fig. 7(f). The negative slope of iL is changed
again because of input voltage variation. C1 is charged by
Vpv and L. C2 is recharged by L through D1 and D3 . This
mode ends when S3 is turned ON at t = t6 .

E. Operating Principle of SIDO Mode

Figs. 8 and 9 show typical waveforms and current-flow paths
of operating modes of SIDO mode. Most of the modes are
similar to those in DISO mode, the only difference is a two-
stage discharging of inductor L. S1 is always turned OFF. S3 is
MPPT switch and S2 is used to regulate the output voltage. The
operating modes are described as follows:

1) Mode I [t0 , t1] and Mode II [t1 , t2]: The current-flow
paths of these stages are shown in Fig. 9(a) and (b). These
two modes are identical to the Mode I and Mode II in
DISO mode.

2) Mode III [t2 , t3]: S3 is turned OFF and Cds3 is charged
by iL and iLk . S2 is turned ON, but D2 is turned OFF. The
current-flow path of this stage is shown in Fig. 9(c). C3
is still charged by C1 through Ns . This mode ends when
vds3 = Vbt at t = t3 .

3) Mode IV [t3 , t4]: S3 is turned OFF. S2 and D2 are turned
ON. VP V and L release energy to the battery port. The
current-flow path of this stage is shown in Fig. 9(d). The
voltage across the primary-side of the coupled-inductor
is equal to Vbt − VC 1 , and vds3 = Vbt . Therefore, diodes
D3 ,D4 , and D5 are all turned OFF. On the other hand,
since there is no current flowing into the ideal transformer

Fig. 8. Typical waveforms in SIDO mode at CCM.

Np /Ns, Lm is considered as a normal inductor and re-
leases its energy to the battery port. This mode ends when
S2 is turned OFF at t = t4 .

4) Mode V [t4 , t5]: S2 and S3 are turned OFF. Currents iL
and iLm charge Cds2 and Cds3 . The current-flow path of
this stage is shown in Fig. 9(e). There is no current flowing
into Np /Np , and diodes D4 and D5 are turned OFF. When
vds3 = Vpv + VC 2 at t = t5 , this mode ends.

5) Mode VI [t5 , t6] & Mode VII [t6 , t7]: The current-flow
paths of these stages are shown in Fig. 9(f) and (g). These
two modes are identical to the Mode IV and Mode VI in
DISO mode.

III. STEADY-STATE ANALYSIS OF THE PROPOSED CONVERTER

To simplify the analysis, the leakage inductance Lk is ignored,
and the analysis only considers switch in ON and OFF condition.
The symbols Ds1 ,Ds2 , and Ds3 showed in this section represent
the duty ratios of switches S1 , S2 , and S3 , respectively.

A. SISO Mode

When S3 ON

VL = Vbt (1)

VLm = VC 1 (2)
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Fig. 9. Current-flow paths of operating modes in SIDO mode: (a) mode I,
(b) mode II, (c) mode III, (d) mode IV, (e) mode V, (f) mode VI, and (g) mode
VII.

VC 3 = VN s = nVLm = nVC 1 . (3)

When S3 OFF

VL = Vbt − Vds3 = Vbt − (VC 2 + Vpv ) (4)

VLm = VC 1 − Vds3 = VC 1 − (VC 2 + Vpv ) (5)

nVLm = n [VC 1 − (VC 2 + Vpv )] (6)

Ds3Vbt = VL (1 − Ds3) ⇒ VL =
Ds3Vbt

1 − Ds3

= (VC 2 + Vpv ) − Vbt (7)

Ds3VC 1 = VLm (1 − Ds3) ⇒ VLm =
Ds3VC 1

1 − Ds3
. (8)

By applying voltage balance principle on inductor L and
magnetic inductor Lm , the following equations can be obtained

Ds3Vbt + (1 − Ds3) (Vbt − Vds3) = 0 (9)

Ds3VC 1 + (1 − Ds3) (VC 1 − Vds3) = 0 (10)

VC 1 = Vbt . (11)

Therefore,

Vo = Vpv + VC 2 + VN s + VC 3 (12)

Vo =
1 + n

1 − Ds3
. (13)

By applying the same technique to other two modes, the volt-
age gain of DISO mode and SIDO mode can also be obtained.

B. DISO Mode

Ds3Vpv + Ds1(Vbt − VC 2 − Vpv )(1 − Ds3 − D1)

× (−VC 2) = 0 (14)

Ds3VC 1 + (1 − Ds3)(VC 1 − VC 2 − Vpv ) = 0 (15)

VC 1 = Vpv + Ds1(Vbt − Vpv ). (16)

Therefore,

Vo =
(1 + n)
1 − Ds3

[(1 − Ds1)Vpv + Ds1Vbt ] . (17)

C. SIDO Mode

Ds3Vpv + (Ds2 − Ds3) (Vpv − Vbt) + (1 − Ds2)

× (−VC 2) = 0 (18)

Ds3VC 1 + (Ds2 − Ds3)(VC 1 − Vbt)

+ (1 − Ds2)(VC 1 − VC 2 − Vpv ) = 0 (19)

VC 1 = Vpv . (20)

Therefore

Vo =
1 + n

1 − Ds2
[Vpv − Vbt(Ds2 − Ds3)] (21)
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Fig. 10. Control diagram for the proposed converter.

Fig. 11. Algorithm flow chart for the proposed converter.

compares the conversion ratio of [28] with the proposed con-
verter, it is clear that the proposed converter can provide a higher
voltage gain under the same duty ratio. The voltage stress on
the switch S3 also can be obtained easily

Vds3 =
(1 − Ds1) Vpv + Ds1Vbt

1 − Ds3
[DISO mode] (22)

Vds3 =
Vpv − Vbt (Ds2 − Ds3)

1 − Ds2
[SIDO mode]. (23)

IV. CONSTRUCTION OF DIGITAL CONTROL

A control diagram for the proposed converter is showed in
Fig. 10. There are three regulators in the proposed control
method: input PV voltage regulator (IVR) for MPPT, battery
voltage regulator (BVR) for battery voltage limitation, and out-
put voltage regulator (OVR) for output voltage control. The
battery port is assumed to be able to sink all the current from
PV port at MPP. The IVR is a MPPT algorithm with perturb and
observe (P&O) technique. The BVR and OVR are two voltage
mode control loops used to regulate voltages of battery port and
output port, respectively.

Fig. 12. PWM modulator for the proposed converter: (a) DISO mode and
(b) SIDO mode.

Fig. 11 shows an algorithm for calculating the duty ratios
for the switches. If there is no energy provided by the PV
source, then the converter is operated in SISO mode. In the
SISO mode, switch S3 is used to regulate the output voltage;
therefore, vcs3 = vC OV R . If the PV source starts to provide
energy, switch S3 is used to regulate the input voltage Vpv and
track MPP. Thus, vcs3 = vC IV R in both the DISO and SIDO
modes. However, if the battery port is in CV charging mode,
then switch S3 is used to regulate the output voltage.

Since vC IV R is used to track the MPP, the determination
of operation mode depends on vC OV R . Comparing signals
vC OV R and vC IV R , if feedback voltage of output voltage
is lower than the reference, then vC OV R ≥ vC IV R . It means
that the demand for output power Po is higher than the input
power provided by the PV port. Thus, the converter is operated
in DISO mode. And the control signal of switch S1 , vcs1 , is
equal to vC OV R . Thus, the duty ratio of switch S1 increases as
the Po increases, and the battery port provides extra energy to
the output. The generation of the control signals in DISO mode
is showed in Fig. 12(a). If Po = Ppv , then vC OV R = vC IV R .
Switches S1 and S2 are turned OFF, and the converter is operated
like a traditional two-port converter.

On the other hand, if vC OV R≤vC IV R , it means that output
voltage is too high because the extra energy charges output
capacitor Co , and the converter is operated in SIDO mode.
The control signal of switch S2 , vcs2 , can be determined by the
following equation: vcs2 = (vC IV R – vC OV R ) + vC IV R .
Thus, the duty ratio of switch S2 increases as the Po decreases,
and the battery port sinks extra energy from the PV port. The
generation of the control signals in SIDO mode is showed in
Fig. 12(b). Therefore, the converter can have a smooth transition
without causing an overshoot on output voltage.

If the battery is in CV charging in SIDO mode, then both
switches are used to regulate the voltages because the battery
port cannot sink the extra power from the PV source. The con-
troller Hc bt(s) only operates when the battery voltage reaches
its maximum value, and the battery is in a CV charging condi-
tion. The compensator of the voltage mode controller Hc bt(s)
is designed under a very light load condition to simulate CV
charging state. Once the converter operates in CV charging
mode in DISO mode, the control signals are generated by con-
trollers, Hc o(s) and Hc bt(s) , where vcs2 = vCB V R and vcs3 =
vC OV R .
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TABLE I
CIRCUIT SPECIFICATION

TABLE II
SPECIFICATION FOR DELSOLAR/D6M250 B3 A

V. EXPERIMENTAL RESULTS

To verify the performance of the proposed converter, a pro-
totype circuit is implemented and tested in the laboratory. The
specification for the converter is shown in Table I. And the
specification for PV panel for the testing is shown in Table II.

A. Waveforms Measured in SISO Mode

The key waveforms of proposed converter at full-load Po =
300 W are shown in Fig. 13.

Fig. 13(a) shows that when S3 is turned ON, D4 is turned
ON to charge C3 . When S3 is turned OFF, D4 is turned OFF
and D5 is turned ON to charge the output capacitor. Fig. 13(b)
shows that at the beginning of the switch-off period, D3 is
turned ON to recycle the energy from Lk with a spike current.
Fig. 13(c) shows that when S3 is turned ON, L and Lk store
energy, is charges C3 . When S3 turned OFF, L releases energy.
The voltage spike across S3 is less than 90 V. Therefore, a low
RDS (ON ) switch can be adopted to reduce conduction loss.

B. Waveforms Measured in DISO Mode

The key waveforms of proposed converter in DISO are shown
in Fig. 14. The power Ppv of the PV source is kept at MPP, and
Po > Ppv .

Fig. 14(a) shows voltage and current waveforms of diodes D3
and D4 . After switch S1 is turned OFF, iD3 increases abruptly.
Fig. 14(b) shows that there is a two-stage discharging for iL
when S3 is turned OFF, and currents iD1 and iS1 correspond to
the currents from the PV and battery port, respectively.

C. Waveforms Measured in SIDO Mode

The key waveforms of the proposed converter in SIDO are
shown in Fig. 15. Ppv is kept at MPP, and Ppv > Po .

Fig. 15(a) shows voltage and current waveforms of diodes
D3 and D4 . After S2 is turned OFF, diode D3 is turned ON to
start the second-stage discharge of inductor L. Fig. 15(b) shows

Fig. 13. Waveforms in SISO mode under full-load Po = 300 W: (a) waveforms
of diodes D4 and D5 , (b) waveforms of diode D3 , and (c) waveforms of main
currents.

that during the off-period of S3 , currents iL and iLm flow into
the battery port first. After S2 is turned OFF, output diode D5 is
turned ON to provide energy to the load.

D. MPP Tracking

To verify that the converter is able to track the MPP and
regulate the output voltage with two different input sources
simultaneously, a solar array simulator is connected to the PV
port and a dc power supply is connected to the battery port.
Fig. 16 shows the tracking curve in SIDO mode, where the
solar irradiation is set to 1000 W/m2 . The tracking points are
recorded by the simulator at MPP, the recording time is 60 s.
The voltage and current of the PV port Vpv , ipv , and the voltage
of battery port Vbt are shown in Fig. 17. During the start-up
of battery port, a disturbance interferes in the MPP tracker.
However, the converter still can track the MPP after a short
period of time. Moreover, the proposed converter is a current-
fed converter with continuous-conduction current on the low
voltage side. This helps the converter to track the MPP more
easily in SIDO mode, but it does not help in DISO mode since
the input current from the PV port is not continuous. Therefore,
the ripples of voltage and current waveforms shown in Fig. 17
is enlarged once the converter operates under the double input
situation.
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Fig. 14. Waveforms in DISO mode: (a) waveforms of diodes D3 and D4 and
(b) waveforms of key currents.

Fig. 15. Waveforms in SIDO mode: (a) waveforms of diodes D3 and D4 and
(b) waveforms of key currents.

Fig. 16. P–V tracking curve in the DISO mode.

Fig. 17. Waveforms of start-up of battery in DISO mode.

Fig. 18. Load variation between Po = 120 W and Po = 300 W in SIDO
mode.

Fig. 19. Conversion efficiency in SISO mode.

E. Experimental Results in SIDO Mode With CV Charging

Fig. 18 shows the load variation between 40% load Po =
120 W and full-load Po = 300 W. In order to simulate the
condition of CV charging to the battery port, the battery port
operates at a very light load ibt = 0.05 A. The voltage variation
of the battery port is less than 2 V.

F. Conversion Efficiency

Fig. 19 shows the conversion efficiency of the converter in
SISO mode from both input ports. The conversion efficiency η
increases when input voltage increases. The highest efficiency is
96.35% at Po = 150 W with Vin = 48 V. The overall efficiency
is above 94% for both input port and different input voltages.
Fig. 20 shows the system conversion efficiency in DISO and
SIDO mode. Ppv is kept at MPP while the output power Po

varies from 53.33 to 320 W. The converter is operated in DISO
mode only when Po = 266.67 W and Po = 320 W, and the rest of
the efficiency is measured in SIDO mode. The highest efficiency
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Fig. 20. Conversion efficiency under constant Ppv and various Po .

is 93.92% at Po = 228.57 W, where most of the energy from the
PV port is delivered to the load R, and the converter operated
like a two-port converter. The overall efficiency is above 93%.

VI. CONCLUSION

A novel TPC with high-voltage gain is proposed in the paper.
The detailed analysis and discussion of the converter are pre-
sented. The converter has an input port for a renewable energy
source, a bidirectional port for energy storage elements, and an
output port for a high-voltage load. The converter can provide
a higher conversion ratio for both low input voltage ports with
less power switches, a lower turns ratio, a reasonable duty ratio,
and a simple control method. The experimental results verify
the high step-up function and high efficiency of the converter.
The low-voltage inputs of 24 and 48 V can easily be boosted to
a high-voltage output of 400 V. The measured waveforms are
consistent with the theoretical analysis. The overall efficiency
is above 94% measured from both input ports. And the system
efficiency at MPP of the PV source is above 93% in both DISO
and SIDO mode.
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