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High-Efficiency Bidirectional Three-Phase LCC
Resonant Converter With a Wide Load Range

Suk-Ho Ahn ¥, Member, IEEE, Sung-Roc Jang

Abstract—This paper details the design and implementation
of an efficient 4-kW bidirectional converter with a wide load
range, based on a three-phase LCC resonant converter operated
in a continuous conduction model, which has a number of
advantages pertaining to a bidirectional power supply. The voltage
boost-up function yields a high voltage gain without increasing
the transformer turn ratio. The high switching frequency, which
is achievable by using the soft-switching condition and multiphase
operation, decreases the output ripple and helps minimize the size
of the output filter, as the requirement for a filter changes after the
power flow. Moreover, this reduction in the size of the filters yields
economic advantages. In addition, because of the synchronous rec-
tifier operation employed during switching, the conduction loss in
the rectifier diode of the proposed converter is low. The direction of
the output power can be changed easily, using phase control. The
implemented power converter is connected to a 320-V rated gener-
ator on one side and 28-V lead-acid batteries on the other side. The
functionality of the proposed converter is verified in experiments.
We confirmed the high performance of the developed converter
in terms of efficiency (92.2%), operable load range (0-12.5 A in
step-up, and 0-142 A in step-down), and voltage ripple (0.05%).

Index Terms—Bidirectional de—dc converter, LCC resonant con-
verter, three-phase resonant converter.

1. INTRODUCTION

IDIRECTIONAL dc—dc converters are widely used in var-
B ious battery charging and discharging applications, such as
renewable energy systems, ESS, UPS, and EV power converters.
In general, these applications require high power density, high
efficiency, and high reliability for bidirectional dc—dc converters
and generally require isolation for safety.
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To meet these requirements, various isolation-type bidirec-
tional dc—dc converter topologies have been proposed, and many
research results targeted at achieving high power density and
high efficiency have been published [1]-[30].

The phase-shift-modulated dual active bridge (DAB) con-
verter has been extensively researched because it has advantages
such as simple structure, soft switching, and high efficiency [6]-
[12]. This phase-shift-modulated DAB converter operates with
a high efficiency if the voltage transfer ratio is identical dur-
ing step-up and step-down operations. However, it is associated
with problems of high reverse energy and turn-OFF loss, which
lower the efficiency of the total system. Thus, various control
methods to improve the efficiency and performance of the DAB
converter [12]-[17] and to reduce the reverse energy have been
suggested [13]-[17]. The resonant-type converters with an ad-
ditional resonance circuit have been suggested to reduce the
loss [18]-[26]. In addition, a multiphase DAB converter that
increased output power and decreased output voltage ripples
by sharing the turn-OFF loss among multiple switches has been
proposed [27]-[30].

The LCC resonant converter that operates in the continuous
conduction mode (CCM) performs soft switching at zero volt-
age and zero current during turn ON. Furthermore, it has a lower
conduction loss compared to the general resonant converter and
can reduce the turn-OFF loss because a relatively large lossless
snubber can be applied during turn OFF. For this reason, the LCC
resonant converter has been applied in many industrial power
supply applications [31]-[35], and related analysis and design
methods have been researched [35]-[40]. Moreover, the LCC
resonant converter is basically a series—parallel load resonant
converter and has the characteristics of a parallel resonant con-
verter. Thus, it can change the voltage transfer ratio by changing
the resonance tank parameter without changing the transformer
turn ratio [36]-[40].

In this study, we propose the three-phase LCC resonant con-
verter with a bidirectional dc—dc converter topology. If the LCC
resonant converter is applied to a three-phase bidirectional con-
verter, it gives the advantage of using the above-mentioned loss-
less snubber, which can reduce the turn-OFF loss, as a parallel
resonant capacitor.

Furthermore, when the step-up and step-down operations
have different voltage transfer ratios due to battery voltage vari-
ation because of the internal resistance of the battery resulting
from the high current input/output of the battery load, the LCC
resonant converter adopting the characteristics of a parallel load
resonant converter can be used to additionally connect a small

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1.
converter.

Schematic of the proposed bidirectional three-phase LCC resonant

Ml M2 M3 | M4 M5 M6 M9 | M10

S /5%,
T

M1l

ST’

Mi12

°S2
S3°

///

vi2

V23

V31

Fig. 2. Switching sequence for the step-down operation of the converter.

parallel resonance capacitor only during the step-up operation
to compensate for the voltage transfer ratio. In addition, the
filter capacitance must be inevitably increased to minimize the
voltage ripples at the low voltage part, resulting in a low power
density. However, the bidirectional converter based on the pro-
posed LCC resonant converter can achieve a high-power density
by minimizing the filter capacitance required in the multiphase
operation.

Moreover, the proposed converter can reduce the conduction
loss of rectifier diodes by operating the other switches (step-
down and step-up) as synchronous rectifiers in the step-up and
step-down mode. Another advantage is that the direction of
output power can be easily switched through phase control. This
paper explains in detail the implementation of the bidirectional
three-phase LCC resonant converter and the principle of the
operation of the proposed converter, focusing on the efficiency,
load range, ripples, and step load response.

II. OPERATIONAL PRINCIPLES OF THE PROPOSED CONVERTER

The proposed converter, which is shown in Fig. 1, is com-
posed of twelve MOSFETS, three series resonant capacitors, three
series resonant inductors, and three additional parallel resonant
capacitors. The three additional parallel resonant capacitors are
only operated in the step-up mode, to increase the voltage gain
from the voltage boost function. Each inverter leg is operated as
an LCC resonant converter in the CCM.
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Fig. 3. Switching sequence for the step-up operation of the converter.
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Fig. 4. Operation diagram for analysis of mode 1 of the step-down state.

Figs. 2 and 3 show the switching sequences for the step-
up and step-down operation state, respectively. In this section,
operations of the converter in modes 1 and 2 of both the step-
down state and the step-up state are explained. The other mode
of the converter operation is similar to the explained mode. In
the step-down mode, the switches in the step-up leg (S4, S5, S6,
S4°, S5°, S6’) are synchronized and operated with the switches
in the step-down leg (S1, S2, S3,S1°,S2’, S3’) as a synchronous
rectifier, to decrease conduction loss in the rectifier diode. In the
step-up mode, switches S7-S9 are turned ON to increase the
value of the parallel resonant capacitor, for higher voltage gain
from the voltage boost-up function. The switches in the step-
down leg are also operated with the switches in the step-up
leg switches, as a synchronous rectifier. However, in this mode
of operation, the synchronous rectifier has a 120-degree phase
shift. With this switching sequence, the direction of the output
is changed. Detailed descriptions and principles of operation for
each state are discussed below.

Step-down mode 1: The operation diagram for this mode is
shown in Fig. 4. The black line depicts the power flow direction,
and the grey line expresses the direction of the free-wheeling
current. In this mode, switches S2 and S3’ are turned ON, and the
input current flows through these switches, the series resonant
capacitors Cs2, Cs3, and the series resonant inductor Ls2. When
the load current flows through D5 and D6’, switches S5 and S6’
are turned ON as synchronous rectifiers, to decrease conduction
loss in the rectifier diode. At the beginning of this mode, the
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free-wheeling current flows through the lossless snubber capac-
itor C1, S2, and the resonant tank. After C1 is fully discharged,
the free-wheeling current flows through the antiparallel diode
D1 of switch S1.

Step-down mode 2: After switch S2 is turned OFF, the input
current begins to flow through switch S1. The voltage across
switch S2 slowly increases, as a result of charging from the
lossless snubber capacitor C2. This operation helps to decrease
the turn-OFF loss of the switch. Prior to the beginning of this
mode, the voltage and current across switch S1 are almost zero,
as a result of the free-wheeling current from mode 1. Thus,
switch S1 is turned ON in the zero voltage zero current (ZVZC)
condition. The input current flows through switches S1 and S3’,
the series resonant capacitors Cs1, Cs3, and the series resonant
inductor Ls3. In addition, at the beginning of this mode, the free-
wheeling current flows through the lossless snubber capacitor
C2’,S3’, and the resonant tank. After C2” is fully discharged, the
free-wheeling current flows through the antiparallel diode D2’
of switch S2’. When the load current flows through D4 and D6’,
switches S4 and S6’ are turned ON as synchronous rectifiers.
The operation diagram for this mode is shown in Fig. 5.

As mentioned above, the switches are turned ON under the
ZVZC condition and are turned OFF with low turn-OFF loss
because of the lossless snubber capacitors. In the step-down
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Fig. 8.  Operation diagram for analysis of mode 1-2 of the step-up state.

operation, the switches in the step-up side are operated as
synchronous rectifiers. Because of this operation, the proposed
converter has a high efficiency.

In the step-up mode, switches S7-S9 are always turned ON,
to connect to the additional parallel resonant capacitors (Cpl—
Cp3). Hence, these switches can be replaced by a relay. The
additional parallel resonant capacitors help improve the voltage
boost-up function.

Step-up mode 1: The operation diagrams for this mode are
shown in Figs. 7 and 8. During this mode, switches S5 and S6’
are turned ON, and the input current flows through these switches
and the series resonant inductor Ls2. The free-wheeling current
flows through the lossless snubber capacitor C4, S5, and the
resonant tank. After C4 is fully discharged, the free-wheeling
current flows through the antiparallel diode D4 of switch S4.

In the 1-1 mode shown in Fig. 7, the resonant current flows
through the parallel resonant capacitors Cpl and Cp2. The res-
onant current rises rapidly, as it is influenced by the parallel
resonant capacitor, which has a relatively small capacitance.
The energy stored in the resonant inductor increases, due to the
rise in the resonant current. After charging, the voltage across
the parallel resonant capacitors Cpl and Cp2 is clamped to the
output voltage. Current flows through switches S2 and S3’ to
the load, as shown in Fig. 8.
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Fig. 10.  Operation diagram for analysis of mode 2-2 of the step-up state.

Step-up mode 2: This mode begins after switch S5 is turned
OFF and the input current starts to flow through switch S4. The
voltage across switch S5 increases slowly, as a result of charging
from the lossless snubber capacitor C5. This operation helps to
decrease turn-OFF loss in the switch. Prior to the beginning of
this mode, the voltage and current across switch S4 are almost
zero, as a result of the free-wheeling current. Thus, S4 is turned
ON under the ZVZC condition. The input current flows through
S4 and S6°, and free-wheeling current flows through S5° and
S6’. The influence of the parallel resonant capacitors (Cp2, Cp3)
on the resonant current in this mode is shown in Fig. 9. The load
current flows through switches S2 and S3°, as shown in Fig. 10.

III. IMPLEMENTATION OF A 4-KW BIDIRECTIONAL CONVERTER

A prototype of the proposed 4-kW converter was built, for
verifying the functionality of the device as a bidirectional power
supply. Table I shows the required specifications for the step-
down operation, and Table II shows the required specifications
for the step-up operation of the prototype. These specifications
were used in the implementation of the prototype. The 4-kW
bidirectional power supply prototype is connected to a generator
as the step-up side load and lead-acid batteries as the step-down
side load. The rated voltage of the load batteries is 28 V, and the
voltage of the load generator is 320 V.
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TABLE I
SPECIFICATIONS FOR THE STEP-DOWN OPERATION OF THE CONVERTER

Input voltage 320VE16V
Transient voltage (during a 3-second period after 260-360 V
switching)

Maximum input current 16 A (<5kW)
Output voltage at the steady state (less than 5% 28V+14V

load variation)

Controllable output current and limit voltage range
Output voltage ripple

Rated output power

0-142 Aat 18-32V
Less than 2 Vpk
>4 kW (28 V, 143 A)

Instantaneous maximum output power (during a S5kW (179 A)
1.5-second period after switching)

Efficiency at rated operation >90%
Output voltage variation range for 100% step load 24-295V
response

Settling time for 100% step load response <3s

TABLE II
SPECIFICATIONS FOR THE STEP-UP OPERATION OF THE CONVERTER

24V 2V
21-32V

Input voltage

Transient voltage (during a 3-second period after
switching)

Maximum input current

Output voltage at the steady state (less than 5%
load variation)

Controllable output current and limit voltage range
Output voltage ripple

Rated output power

175 A (<5kW)
320V£9.6V

0-16 A at 256-320 V
Less than 5 Vpk
>4 kW (320 V, 13 A)

Instantaneous maximum output power (during a SkW (16 A)
1.5-second period after switching)

Efficiency at rated operation >90%
Output voltage variation range for 100% step load 280-350 V
response

Settling time for 100% step load response <3s
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Fig. 11. Required transient response for the step-up/step-down operation of
the converter.

The power supply is required to operate with a wide output
current (0-16 A during the step-up operation, and 0-142 A
during the step-down operation), achieve low ripple (2 V peak-
to-peak in the step-up operation, 5 V peak-to-peak in the step-
down operation), and high efficiency (>90%). The specification
for the step load response of the prototype bidirectional power
supply is shown in Fig. 11. A stable output is required from the
power supply, within 3 seconds of switching, against a 100%
step load.
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PARAMETERS:

PER = 7u

Fig. 12.  PSpice model of the bidirectional three-phase LCC resonant converter.
TABLE III
DESIGNED PARAMETERS OF THE CONVERTER
Component Value
Series resonant capacitors (Cs1-Cs3) 4 uF
HV snubber capacitors (C1-C3’)/parallel resonant capacitors 3.3 nF
LV snubber capacitors (C4—C6’)/parallel resonant capacitors 1.5 uF
Transformer turn ratio 4:22
Resonant inductor (leakage inductance) 0.8 uH
Additional resonant capacitors (Cp1-Cp3) 47 nF
HYV filter capacitor 15 uF
LV filter capacitor 150 nuF
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Fig. 13. Simulation waveforms for the step-down operation mode with a

4-kW rated load.

The size and weight of the implemented 4-kW bidirectional
power supply are less than 450 mm x 500 mm x 250 mm
and 55 kg. The schematic of the power supply, which is used
as a PSpice simulation model, is shown in Fig. 12. The design
parameters of the power supply are shown in Table III.

Figs. 13 and 14 show the simulation result waveforms for
the voltages at both ends of the switch, switch current, and
gate signals under the rated load condition of 4 kW. As with
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Fig. 14. Simulation waveforms for the step-up operation mode with a

4-kW rated load.

the general characteristics of the LCC resonant converter, the
designed converter naturally performs soft switching at zero
voltage and zero current conditions as current flows through
the switch by resonance after the turn-ON gate signal is applied
and the current flows through the parallel diodes in the switch
at the time of turn ON. Furthermore, at the time of turn OFF,
the voltages at both ends of the switch are slowly increased by
the lossless snubber capacitor (HV switch; 3.3 nF; LV switch
1.5 pF) connected in parallel in the switch, thus reducing the
turn-OFF loss.

Fig. 15 shows the control block diagram of the designed power
supply. The error signal is output through the PI controller for
the real voltage/current and reference voltage current measured
through the voltage divider and the direct-current current trans-
former. If this signal is input through the frequency modulation
IC, a frequency to control the output is formed. This frequency
signals have the range of 420 kHz to 1.8 MHz, which is six
times larger than the actual switching frequency. This signal
is input to the clock of a 3-bit Johnson-Counter and outputs a
switching frequency signal (70-300 kHz) that has a phase dif-
ference of 120°. The switching frequency signals are divided



102

Gate Drive Circuit for ZVS Resonant Converter

FE

MR R T

Protection

3 Over Voltage
‘ Over Current
Over Temperature

Step-up Side
priir < [
Wit o oD

Step-down Side I =

i i o s>

i St >

Operation Section | Step-down/Step-up

Control block diagram of the bidirectional three-phase LCC resonant

3Bit Johnson Counter

Frequency Modulation

Clock ™1

Fig. 15.
converter.

| e
\ 4L LV McA\fez vd
et AN
. . .
R

L

HV Moﬁfet Vds

Main =] 125 k

Sus/div

Fig. 16. Experimental waveforms of the power supply during the step-down
operation with a 4-kW load [time scale: 5 ps/div.; resonant current, 10 A/div.;
HYV MOSFET (step-up) Vg5, 200 V/div.; LV MOSFET (step-down) Vg, 20 V/div.;
output current (LV), 50 A/div.].

through the analog control switch, and the gate signals with the
forms of Figs. 2 and 3 are input to the gate driver circuit of each
switch. As in [31]-[35], the designed gate drive circuit of the
power system operates the LCC resonant converter using a gate
driver with zero voltage detection feature, and turn ON is only
performed when the current flows through the parallel diode of
the switch at the time of operating the synchronous rectifier.

IV. EXPERIMENTAL RESULTS

In this section, results of experiments performed using the
4-kW bidirectional power supply based on the proposed con-
verter, to verify its functionality and that it satisfies the opera-
tional requirements detailed in Tables IT and III, are discussed.

Fig. 16 shows experimental waveforms of voltage and current
during the step-down operation with a 4-kW rated load resistor.
As shown in Fig. 16, the peak of the resonant current is about
18 A, and the switching frequency is 70 kHz. During the step-
down operation, the MOSFET switches on the step-up side are also
operated as synchronous rectifiers, to decrease their conduction
loss. Because of this operation, the total measured efficiency of
the power supply is 92.2%. Fig. 17 shows experimental current
and voltage waveforms during the step-down operation with
no load. The peak of the resonant current is about 3 A, and
the switching frequency is 298 kHz. Thus, we verified that the
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implemented bidirectional power supply can be operated with
high efficiency in the step-down mode, and with a wide range
of loads, from no-load to a 4-kW rated load.

Figs. 18 and 19 show experimental waveforms during the
step-up operation. As shown in Fig. 18, the peak of the resonant
current, measured at the step-down side of the transformer, is
21 A, and the switching frequency is 68 kHz.

At the beginning of the resonance condition, the current in-
creases rapidly because of the additional parallel resonant ca-
pacitor. Hence, the resonant current has a low crest factor, which
decreases the conduction loss. Fig. 19 shows experimental wave-
forms during the step-up operation under the no-load condition.
In this case, the peak of the resonant current, measured at the
step-down side of the transformer, is 10 A, and the switching
frequency is 203 kHz. We also verified that the power supply
can be operated with a wide load range in the step-up mode.

Figs. 20 and 21 show the results of output voltage ripple
measurements performed during the step-down and step-up op-
eration. During the step-up operation with a rated resistor load,
the measured output voltage ripple is 0.5 V peak-to-peak. In
the step-down operation with a rated resistor load, the measured
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Fig.21. Experimental waveforms of the output voltage ripple during the step-
up operation [time scale: 5 ps/div.; resonant current, 20 A/div.; HV MOSFET
(step-up) Vys, 200 V/div.; output current, 5 A/div.; output voltage (ac), 2 V/div.].

output voltage ripple is 1 V peak-to-peak. We expect the output
voltage ripple to decrease if the power supply is operated with a
real load (generator and batteries), instead of the rated resistors
used in the detailed experiments, as the implemented bidirec-
tional power supply is designed to reduce ripples through the
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Fig. 22.  Measured output power with respect to switching frequency.
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Fig. 23.  Experimental waveforms of the step load response during the step-
down operation (time scale: 100 ms/div.; resonant current, 20 A/div.; LV MOSFET
Vs, 20 V/div.; output current, 5 A/div.; output voltage, 100 V/div.).

multiphase operation (three-phase) with a high switching fre-
quency (70-200 kHz), without increasing the number of com-
ponents in the output filter.

Fig. 22 shows the measured output power with respect to the
switching frequency during the step-down operation with a 28 V
output and the step-up operation with a 320 V output.

To measure the step load response characteristic of the power
supply, the load is suddenly disconnected and reconnected using
a circuit breaker, during a 4-kW rated operation. As shown in
Fig. 23, which depicts the results of step load response experi-
ments performed in the step-down operation, the power supply
can be operated with output voltage fluctuations below 1 V, when
the load is rapidly disconnected and reconnected. The measured
settling time with a 100% step load is below 10 ms. The re-
sponse of the output voltage satisfies the system requirements
shown in Table II, where voltage fluctuations of less than 9.6 V
for a 320 V output are satisfactory. Fig. 24 shows the results
of step load response experiments performed during the step-up
operation. The power supply can be operated with output volt-
age fluctuations below 1.4 V, which settle within 10 ms. These
characteristics also satisfy the step load response requirements
detailed in Table I. We posit that in comparison to the results
obtained with the purely resistive load, an improved response
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Fig. 25. Result of efficiency measurement.
will be observed with a real load, due to the capacitors of the
generator and the batteries.

Finally, Fig. 25 shows the result of efficiency measurement
of the implemented bidirectional power supply, during the step-
down and step-up operation. From this image, it can be seen
that the maximum efficiency measured is 92.2% during the step-
down operation with a 28 V output and 91.7% during the step-up
operation with a 320 V output. Thus, it has been verified that a
bidirectional power supply based on the converter proposed in
this paper can be operated with high efficiency. We have also
demonstrated that the proposed converter is suitable for use as
a bidirectional power supply.

V. CONCLUSION

In this paper, a bidirectional three-phase LCC resonant con-
verter with high output voltage gain is presented, which is appli-
cable to bidirectional power supplies. The proposed converter
has the general advantages of LCC resonant converters operat-
ing in the CCM, especially when used as a bidirectional power
supply. The voltage boost-up function yields a high voltage gain
without increasing the transformer turn ratio. The high switch-
ing frequency, resulting from the soft-switching condition and
multiphase operation, can decrease the output ripple and help
minimize the size of the output filter, as the requirement for a
filter changes after the power flow, which yields certain eco-
nomic advantages. The conduction loss in the rectifier diode of
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the proposed converter is low due to the synchronous rectifier
operation. The direction of the output power can be changed
easily through phase control. We demonstrated the high perfor-
mance of the proposed converter, with respect to a wide operable
load range, a low output voltage ripple, and an efficient step re-
sponse characteristic. The operational principle of the proposed
converter was also explained. The design and implementation
of a 4-kW bidirectional power supply, based on the proposed
converter, was presented. During experiments, one side of the
power supply was connected to a 320-V rated generator, and the
other side was connected to 28-V rated lead-acid batteries.

Finally, the developed bidirectional power supply was tested
with a resistor load. We observed a maximum efficiency of
92.2%, during the step-down operation and 91.7% in the step-
up operation, and a controllable load range of 0-28 V, in the
step-down operation and 0-320 V in the step-up operation. The
output voltage ripple was 1 V in the step-down operation and
1.4 V in the step-up operation. Thus, we verified that the pro-
posed converter topology can be used effectively for a high
voltage gain bidirectional power supply.
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