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A Photovoltaic Cell Energy Transfer System Using
Series-Connected Bidirectional Resonant

Converters
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ABSTRACT
This paper presents an energy transfer system for a

photovoltaic module with solar-powered panels, batter-
ies, and a grid-tie inverter that uses series-connected
bidirectional resonant converters. The purpose of this
study is to investigate the asymmetrical duty cycle
control and frequency control techniques for increas-
ing and controlling the input voltage of the grid-tie
inverter. Prior to the experiment, the performance of the
bidirectional resonant converters was evaluated using
a simulation program. By adjusting the asymmetrical
duty cycle by 50%, the input voltage of the grid inverter
was found to be 48.2 V. However, by adjusting the
asymmetrical duty cycle by 10%, the input voltage of the
grid inverter was 150.4 V. Furthermore, when turning on
the switch in the zero-voltage switching (ZVS) mode, the
converter circuit was controlled and operated within an
appropriate frequency range. The results revealed no
switching losses when the converters were turned on. As
a result, the bidirectional resonant converters were able
to properly transfer energy and regulate the input voltage
of the grid inverter.

Keywords: Bidirectional Converter, Zero-voltage
Switching System, ZVS, Energy Transfer System

1. INTRODUCTION
Due to the current limited availability of natural

energy sources and Thailand’s ever-increasing energy
demand, it is necessary to replace traditional energy
sources with solar power to minimize the country’s
energy expenditure. The government and private sectors
both support the installation of solar power generation
systems because the technology is being researched
and developed to become more affordable and efficient,
culminating in the powering of electronic switching

Manuscript received on September 1, 2021; revised on October 20,
2021; accepted on October 25, 2021. This paper was recommended by
Associate Editor Yuttana Kumsuwan.
1The author is with the Department of Electrical Engineering, Faculty

of Engineering, Rajamangala University of Technology Thanyaburi,
PathumThani, Thailand.
2The author is with the Department of Electrical Engineering, Faculty

of Engineering, Rajamangala University of Technology Krungthep,
Bangkok, Thailand.
†Corresponding author: saichol.c@mail.rmutk.ac.th
©2022 Author(s). This work is licensed under a Creative Commons

Attribution-NonCommercial-NoDerivs 4.0 License. To view a copy of
this license visit: https://creativecommons.org/licenses/by-nc-nd/4.0/.
Digital Object Identifier: 10.37936/ecti-eec.2022201.246112

Fig. 1: Typical bidirectional DC-DC converter.

devices [1–8]. Although improvements have been made,
the efficiency of the energy storage system obtained
from solar cells remains low [9–17]. Therefore, the
employment of energy transfer systems is crucial. To
avoid any loss during energy transfer, converters should
be used to transfer power with the fewest possible losses.

A half-bridge bidirectional DC-DC converter can be
used to transmit energy between the low and high-
voltage sides, as shown in Fig. 1 [18–19]. The converter
has two modes of operation: boost and buck. When
power is transferred from a low-voltage energy storage
device to a high-voltage DC link, it is said to be in boost
mode. In buck mode, it allows power to flow from the DC
link to an energy storage device. Generally, numerous
losses occur in the converter during the operation of
power switching devices. There are two types of losses:
conduction and switching. These are affected by the
conducting current, voltage drop, selected switching
device, and switching frequency.

This paper proposes an energy storage system ob-
tained from the solar cells stored in the battery. The
voltage rating of the battery is lower than that in a
residential electrical energy system. Therefore, ways of
increasing the voltage level of the system need to be
investigated. A series of circuits is proposed in this study
with two sets of converters to enhance the voltage level.
The connection of a bidirectional resonant converter
circuit provides a technique for transferring energy from
solar cells. Two bidirectional resonant converter circuits
are utilized in this study to investigate the voltage
gain and control the input voltage on the grid inverter
system. This will maintain the energy at a constant
value by controlling the duty cycle and frequency of the
switch to operate at zero-voltage switching (ZVS). The
gradual voltage across the switch evidences the increase
in related losses resulting from the connected capacitor.
Furthermore, the voltage control on the grid input side
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(a) Buck mode

(b) Boost mode

Fig. 2: Operation mode of the bidirectional converter; (a)
buck mode and (b) boost mode.

of the inverter is considered on the low-voltage side. The
circuit charges the current from the photovoltaic source
more quickly when the battery value is lower (battery
side). Since the current in the lower circuit is distributed
swiftly on the high-voltage side, the proposed energy
transfer system transmits power between the battery side
and grid inverter. Moreover, the input voltage of the grid
inverter will be controlled at the required rating.

2. CIRCUIT DESCRIPTION AND SIMULATION

2.1 Bidirectional DC-DC Converter

Fig. 1 shows a non-isolated bidirectional DC-DC
converter using half-bridge topology to integrate buck
and boost modes [18–19]. The basic operation of the
converter is based on two different modes to transfer
energy between low-voltage (battery) and high-voltage
sources (DC link) depending on the system requirement.

2.1.1 Buck mode

In this mode, switch 𝑆1 and diode 𝐷2 conduct accord-
ing to the duty cycle (𝐷), while switch 𝑆2 and diode 𝐷1
remain off during the operation. To charge the battery,
power is transferred from the higher voltage side to the
lower voltage side. The circuit of this mode is shown
in Fig. 2(a). Therefore, the voltage across the battery
(𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ) can be expressed as

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝐷𝑉𝑑𝑐 𝑙𝑖𝑛𝑘 . (1)

2.1.2 Boost mode

In this mode, switch 𝑆2 and diode 𝐷1 conduct accord-
ing to the duty cycle, while switch 𝑆1 and diode𝐷2 remain
off during the operation. The battery discharges as power
is transferred from the lower to higher voltage side. The
circuit of this mode is shown in Fig. 2(b). Therefore, the
voltage across the DC link (𝑉𝑑𝑐 𝑙𝑖𝑛𝑘 ) can be expressed as

(a)

(b)

Fig. 3: (a) Soft switching topology and (b) series of
connected soft switching converter circuits.

𝑉𝑑𝑐 𝑙𝑖𝑛𝑘 =
𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦
1 − 𝐷 . (2)

2.1.3 Inductor calculation
The minimum inductance value (𝐿min) is required to

enable the converter to operate in continuous current
mode (CCM). Therefore, the minimum inductance is
calculated by

𝐿min = (1 − 𝐷)𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝑇𝑠
2𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦

(3)

where 𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 is the current flowing through the battery
and 𝑇𝑠 the switching period.

2.2 Proposed Circuit Description
Due to the hard-switching operation, the bidirectional

DC-DC converter shown in Fig. 1 exhibits significant
losses. However, such losses can be reduced by replacing
a resonant circuit that operates in a soft switching mode,
as shown in Fig. 3(a). To increase the voltage level at
the DC link, two converter circuit modules from Fig. 3(a)
are connected in series as shown in Fig. 3(b). The
voltage rating needs to be increased in order to study
how the required voltage rating can be obtained in the
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Fig. 4: Circuit configuration of the bidirectional resonant converter.

first place and develop a system for further increasing the
high-voltage rating.

Hard-switching converters often incur losses during
the process, resulting from the source of high-stress
technological devices and considerable heat buildup.
Inductors and capacitors are used to solve the problems
outlined above. To eliminate energy loss, an 𝐿𝐶 resonant
is employed to improve the converter circuit, operating
with the same topology as a buck-boost converter. A
resonant coil (𝐿𝑟 ) is added as a snubber circuit to protect
the system from overcurrent. It is possible to reduce
the losses in the built-in switch during operation. When
switching devices are introduced to the converter circuit,
𝑆1, 𝑆2, 𝑆3, and 𝑆4 can operate in zero-voltage conditions.
The resonant circuit has various advantages, including
lower cost. Moreover, it does not necessitate a circuit
design requiring the addition of equipment or other
components.

As presented in Fig. 4, the solar cell energy transfer
system operates by connecting a bidirectional resonant
converter circuit in series with a battery linked to the
low-voltage side for transferring energy and maintaining
a constant voltage on the grid inverter side. Switches
𝑆1 and 𝑆2 are set to operate simultaneously. Switch
𝑆2 is usually the first to turn on, causing the inductor
to charge. Switches 𝑆3 and 𝑆4 in the converter circuit
function in the same way. In practice, the voltage for
this series-connected converter circuit can be increased
twice, but in this research, a transformer is not used
to enhance the system voltage. Since the transformer
has a rather high magnetic field, the reliability of the
circuit will be affected. It will operate in interleaved
mode to help supply power to the system when two
converter circuits are linked in series. To examine and
achieve the optimal value for the cycle, the duty cycle

value starting at 50% is used in this research. If the
duty cycle is set to a value that is either too high or too
low, the circuit will malfunction and cause damage. The
inductor (𝐿𝑟 ) in the bidirectional resonant converter is a
very important component because it is responsible for
storing and discharging energy. As a result, the output
voltage level is higher than the input voltage level. The
value of a resonant inductor can be calculated by

𝐿𝑟 = [[Δ𝑉𝑜(Δ𝑉𝑜 + 2𝑉𝑜)] 𝐶𝑟
𝐼 2𝑜

] . (4)

The inductor is a power-storage and distribution
component. As a result, the output voltage level is higher
than the input voltage level. The minimum inductance of
the circuit can be calculated from Eq. (3) and the resonant
capacitor from

𝐶𝑟 = [ 𝐿𝑟 𝐼 2𝑜
Δ𝑉𝑜(Δ𝑉𝑜 + 2𝑉𝑜)

] . (5)

While the switch device is turned on, the output ca-
pacitor of the circuit is responsible for storing the electric
charge and supplying voltage to the load or discharging
the electric charge. The electric charge operates when the
switch device is switched off. Consequently, a capacitor
capacity capable of withstanding a voltage equal to or
greater than the output voltage must be chosen. The use
of a large capacitor will help to reduce output voltage
ripple (Δ𝑉𝑜). The output capacitor can be calculated as

𝐶𝑜 =
𝐼𝑜𝐷
𝑓𝑠Δ𝑉𝑜

. (6)

When choosing capacitor values, the output voltage
ripple will be reduced if a larger capacitance is utilized
in the circuit. However, the capacitance must not be less
than the calculated value.



A PHOTOVOLTAIC CELL ENERGY TRANSFER SYSTEM USING SERIES-CONNECTED BIDIRECTIONAL RESONANT CONVERTERS 117

Fig. 5: Proposed feedback control circuit.

Fig. 6: Simulation model of the proposed converter.

2.3 Controller

The feedback control system of the converter circuit
is shown in Fig. 5. It is a feedback circuit, controlling
the high-voltage level (grid inverter side) at a constant
level and the current with PI control. It connects the
battery to this converter circuit to provide energy storage
during the daytime with sufficient solar energy. The
stored electrical energy in the battery can be used to
supply the grid inverter system during the nighttime. The
battery and PV voltages are measured and then sent to a
voltage limiter for comparison with the reference voltage
(𝑉𝑟𝑒𝑓 ). The PI controller obtains an error value from the
comparison value, which will be used to modulate the
repeating sequence signal. The duty cycle of the driving
signal for switches will be adjusted by the controller.

2.4 Simulation
The system model of the solar cell energy transfer

system, connecting a bidirectional resonant converter in
series, is shown in Fig. 6 and can be simulated by the PSIM
computer program. The dc-link voltage (𝑉𝑑𝑐 ) is regulated
according to

𝑉𝑑𝑐 = (𝑉1 + 𝑉2
𝐷 ) (7)

𝑉𝑑𝑐 =
𝑉1 + 𝑉2 + ... + 𝑉𝑛

𝐷 (8)

𝑉1 = 𝑉𝑛 (9)

𝑉𝑑𝑐 =
𝑛𝑉𝑛
𝐷 (10)
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Table 1: Design specification and circuit parameters.

Parameter Symbol Value

DC-link voltage 𝑉𝑑𝑐 𝑙𝑖𝑛𝑘 48V
Battery voltage 𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦1,2 12V
Switching frequency 𝑓𝑠 35 kHz
Resonant capacitance 𝐶𝑟1, 𝐶𝑟2, 𝐶𝑟3, 𝐶𝑟4 1 𝜇F
Resonant inductor 𝐿𝑟1, 𝐿𝑟2 36 𝜇H
Output capacitance 𝐶𝑜1, 𝐶𝑜2, 𝐶𝑜3, 𝐶𝑜4 220 𝜇F
Effective Inductance 𝐿1, 𝐿2 2.6mH
Dead time 𝑇𝑑 2 𝜇s

(a)

(b)

(c)

(d)

Fig. 7: Simulation waveform of switch voltage and current
of (a) 𝑆1, (b) 𝑆2, (c) 𝑆3, and (d) 𝑆4.

Switch S1

Switch S2

(a)

Switch S4

Switch S3

(b)

Fig. 8: Experimental gate voltage pulse signal at (a) 𝑆1, 𝑆2
and (b) 𝑆3, 𝑆4.

The inductor and resonant inductor current can be
obtained by

𝑖𝐿(𝑡) = −𝑉𝑜(𝑡)
𝐿 + 𝐼2 (11)

𝑖𝐿𝑟1,2(𝑡) =
𝑉𝑜1(𝑡)
𝐿 (12)

3. SIMULATION AND EXPERIMENTAL RESULTS
The circuit parameters and design specifications for

the simulation and experiment are shown in Table 1.
Operating at zero-voltage switching (ZVS), the simulated
voltage and current waveforms are shown in Fig. 7.
Switches 𝑆2 and 𝑆4 are the first to be turned on. As can be
observed, the voltage drops across the switches, and no
current flows through them. When the voltage reaches
zero, the current flow will begin to conduct the current
in the negative diode phase. The switches will then begin
to conduct the current in the positive range.

The gate drive signals of the switches are shown in
Fig. 8, with 𝑆2 and 𝑆4 initially activated and 𝑆1 and 𝑆3
active only when 𝑆2 and 𝑆4 are deactivated.

To test the converter by connecting the battery to the
converter circuit, the load will be powered by the series-
connected bidirectional resonant converter as illustrated
in Fig. 9. The load is initially set at a resistance of 1 kΩ.

The waveforms of voltage and current flowing
through the MOSFET switches are shown in Figs. 10 and
11. At the bottom edge of the voltage waveform across
the diode, there is zero voltage. The switch then conducts
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Fig. 9: Connecting the battery to converter for the 𝑅 load.

 

VS1 

IS1 

(a)

 

VS2 

IS2 

(b)

Fig. 10: Experimental voltage and current waveforms of
(a) 𝑆1 and (b) 𝑆2.

current, and the waveform derived from the simulation,
as well as the experimental results, are both congruent
with the theoretical conclusions. There is no power losses
due to switching under the zero-voltage switching (ZVS)
condition.

The actual operation test of the converter circuit
power transfer system in buck and boost modes is shown
in Figs. 12 and 13. The duty cycle values were adjusted at
50%. While the switches are turned on, the current and
voltage waveforms are displayed. The current begins to
overtake the negative diode current. When the voltage is
zero, the switches will start to lead the positive current.

 

VS3 

IS3 

(a)

 

VS4 

IS4 

(b)

Fig. 11: Experimental voltage and current waveforms of
(a) 𝑆3 and (b) 𝑆4.

 

VS1 

 

IS1 

 

(a)

 

VS2 

 

IS2 

 

(b)

Fig. 12: Experimental voltage and current waveforms of
(a) 𝑆1 and (b) 𝑆2 at 50% of the duty cycle.

The gate drive signal of the switches are illustrated in
Fig. 8, switches 𝑆2 and 𝑆4 are begun first, and switches 𝑆1
and 𝑆3 can only be triggered once switches 𝑆2 and 𝑆4 are
stopped. As can be seen in Figs. 12 and 13, no current
will flow through the switch while the voltage is applied
across it. Current will only flow through the switch if
the voltage is zero. Current will begin to flow through
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VS3 

 

IS3 

 

(a)

 

VS4 

 

IS4 

 

(b)

Fig. 13: Experimental voltage and current waveforms of
(a) 𝑆3 and (b) 𝑆4 at 50% of the duty cycle.

Fig. 14: Relationship between the output voltage and duty
cycle.

the switch during the negative diode initially. After that,
the switch’s voltage is zero. The deadtime is about 2 𝜇s.

Fig. 14 shows the relationship between output voltage
and duty cycle. The output voltage is high when the duty
cycle value is low. The output voltage of 150.4 V can be
measured by experimenting with a 10% alteration in the
duty cycle. The output voltage is lowwhen the duty cycle
is high. The output voltage is 48.2 V when the duty cycle
is reduced by 50%.

To investigate circuit saturation, the phase-plane
trajectories of the output current and voltage are shown
in Figs. 15 and 16. The output voltage of the half-bridge
inverter has a square waveform, while the output current
has a triangular waveform. The prototype of the series-
connected bidirectional resonant converter is shown in
Fig. 17.

 

Vout 

Iout 

(a)

(b)

Fig. 15: (a) Experimental voltage and current waveforms
of output voltage and current and (b) phase-plane trajec-
tory plot of the converter module I.

 

Vout 

Iout 

(a)

(b)

Fig. 16: (a) Experimental voltage and current waveforms
of output voltage and current and (b) phase-plane trajec-
tory plot of the converter module II.
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Fig. 17: Prototype of bidirectional resonant converter.

4. CONCLUSION
A bidirectional resonant converter is proposed in this

paper for asymmetrical duty cycle control and frequency
control. Experiments on a solar cell energy transfer
system using series-connected bidirectional resonant
converters yield promising results. The circuit control
is investigated and assessed using an experiment con-
necting batteries and solar cells. The simulation results
will be implemented and the data changed accordingly
so that it can be used in practical investigations. The
testing results reveal that the output voltage of the
grid-connected inverter is 48.2 V at a duty cycle of 50%.
The output voltage of the grid-connected inverter can
be increased to 150.4 V by decreasing the duty cycle by
10%. As a result, the bidirectional resonant converter can
efficiently transmit energy and adjust the grid inverter’s
input voltage.
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