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Three-Phase LLCL Bidirectional Resonant Converter
With Wide Output Voltage Range

Qinglin Zhao , Tianrui Wang , Yi Zheng , Hao Ding , Member, IEEE, and Deyu Wang , Member, IEEE

Abstract—This article proposes a three-phase LLCL bidirec-
tional resonant dc–dc converter with wide voltage range in both
ports. Combined with the interleaving technique, the converter can
effectively reduce the current ripples of input and output ports, and
the size of filter capacitors can be extremely reduced. Meanwhile,
with three power transmission paths and the ability of self-current
sharing, the converter has a larger power capacity and higher
power density compared with conventional LLC converters. The
operation principles and the detailed design method are presented
in this article. Finally, a 3.3-kW prototype, which interfaces the dc
bus and battery, is built to validate the effectiveness and applica-
bility of the proposed converter. During the whole time, the bus
voltage is fixed at 400 V. In forward mode, the output voltage range
is 250–420 V, and the peak efficiency of up to 97.8%. In backward
mode, the inverter side voltage range is 300–420 V, and the peak
efficiency of up to 98.0%.

Index Terms—Bidirectional dc–dc converter (BDC), resonant
tank, self-current sharing, three-phase interleaved parallel, wide
gain range.

I. INTRODUCTION

W ITH the rapid development of distributed renewable
energy generation, the design of bidirectional dc-dc con-

verters (BDCs) with wide voltage gain, high efficiency, and high
power density has become a research hotspot in the fields of elec-
tric vehicles (EVs), microgrids, energy storage systems (ESSs),
uninterruptible power supplies (UPSs) [1], [2], [3], [4], [5], etc.
Among them, the isolated bidirectional dc-dc converter (IBDC)
can connect dc bus of different voltage levels with energy storage
devices (ESD), playing a significant role in voltage variation,
isolation, and two-way flow of energy [6], [7], [8].

Bidirectional isolated LLC resonant converters with high
efficiency and simple topology have been widely used [9], [10].
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However, it is equivalent to an LC resonant network in backward
mode, thus the voltage gain is less than 1, which cannot meet
the requirement of a wide voltage range [11]. To address the
issue, researchers attempt to conduct research from two as-
pects: improving the modulation strategy or resonant topology
of the converter. For the first idea, in [12], by combining the
delay-time control and pulse frequency modulation (PFM), the
series resonant converter is regulated with boost gain capability.
Nevertheless, the delay time is generated by a zero-crossing
detection circuit, which makes the control more complicated
and increases the converter cost. Besides, the system is easily
affected by high dv/dt or di/dt. In [13], the proposed converter
adopts PFM control and phase delay control, which can help
the backward mode obtain high voltage gain. However, the
efficiency is reduced compared with the conventional LLC con-
verter. In [14] and [15], fixed-frequency pulsewidth modulation
(PWM) control is employed to regulate the output voltage in
a series resonant converter, whose switching frequency is fixed
at the resonant frequency. Thus, the design of magnetic com-
ponents can be simplified. Nevertheless, auxiliary inductors are
required in the series resonant converter to realize zero-voltage
switching (ZVS) of all the switches in the whole load range.

Alternatively, improving the resonant topology of LLC con-
verter to gain bi-directional wide voltage regulation capability
is also widely studied. In [16], based on the conventional LLC
converter, the CLLC resonant converter is studied by placing
an additional resonant capacitor on the secondary side, which
make the converter possess buck/boost operation capability
in two directions [17]. Nevertheless, the voltage gain curve
of the converter is nonmonotonic in the inductive operating
region and heavy load, which restricts the operation voltage
range of the converter and complicates the iterative optimiza-
tion process for parameter design [18]. In [19], a set of LC
resonant network is introduced on the secondary side of the
traditional LLC converter, the symmetrical CLLLC bidirectional
resonant converter is studied, which has completely consistent
operating characteristics in both directions. Besides, the voltage
gain characteristics and parameter design of the converter are
similar to the traditional LLC resonant converter. Nevertheless,
excessive resonant elements increase the conduction losses and
make the parameter design more complicated. Moreover, the
voltage gain of the CLLLC resonant network decreases slowly
when the working frequency is greater than resonant frequency,
thus it requires a wider frequency range to achieve low voltage
output [20]. In [21], an L-LLC resonant converter is studied
by paralleling an auxiliary inductor to the primary side of the
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Fig. 1. Topology of the proposed three-phase LLCL resonant converter.

traditional LLC converter. However, the addition of the auxiliary
inductor will increase the power losses, and reduce the efficiency
of the converter.

Given the benefits and disadvantages of the above-mentioned
circuit structure, the LLCL resonant topology is proposed in [22].
On the basis of traditional LLC converter, it places the resonant
capacitor to the secondary side and parallels an auxiliary induc-
tor, which makes the converter possess excellent bidirectional
voltage gain adjustment ability with fewer resonant elements.
Compared with CLLC converter, LLCL resonant converter only
has one peak value in the both modes voltage gain curves,
which extremely reduces the design difficulty. However, as a
single-phase converter, it still has the problem of the large current
ripple. For solving the problem of the single-phase converter, a
two-phase interleaved LLC resonant converter is studied in [23]
and [24]. Compared with single-phase converters, the power
capacity of the converter increases, while the current stress and
current ripple reduce. Nevertheless, the inductance or capac-
itance of the resonant element in the LLC resonant converter
often has a tolerance of ±5% in the mass production process,
which will cause a serious imbalance in the power of each phase,
and reduce the efficiency and reliability of the converter.

To further increase the power capacity of the converter and
make the converter possess self-current sharing ability, a three-
phase interleaved parallel LLC resonant converter is studied
in [25] and [26]. Zhou et al.[25] combined the CLLLC topology
and three-phase structure, which have many advantages over
single-phase and two-phase structures at high power levels,
such as better loss distribution and easier thermal management.
In [27] and [28], the voltage gain range of the three-phase
resonant converter is expanded by using the phase shedding
strategy. Nevertheless, in the low-gain mode, the converter is
still working in a single-phase structure, and the size of the
output filter should be designed in a single-phase mode [28].
Therefore, the advantages of the three-phase structure cannot be
exerted completely.

In this article, a modified three-phase LLCL bidirectional res-
onant converter is proposed. It inherits the advantages of the net-
work in [22], and the improved three-phase interleaved structure
enables the circuit to achieve high-power energy transfer over a
wide voltage range in both directions. Furthermore, the converter
adopts simple PFM control, and the rectifier side’s MOSFETs can

Fig. 2. Derivation process of the waveform uAO in forward mode.

achieve ZVS in the whole operating time, thereby ensuring the
low control costs and high efficiency of the proposed converter.

II. OPERATION PRINCIPLE

The schematic of the proposed three-phase LLCL bidirec-
tional resonant converter is shown in Fig. 1. The three switching
legs positioned at the side of the energy input port, phase
shifted by 120◦ and the upper and lower switches of the same
leg complementary conduction with 50% duty ratio, act as an
inverter, while MOSFETs at the other side, used as diodes without
driving signal, act as a rectifier. In the converter, the voltages of
two dc ports are defined as VP and VS . Assuming that VP and
VS are connected to the dc bus and the energy storage devices,
respectively. If power is transferred fromVP to VS , the converter
works in forward mode, otherwise it works in backward mode.

The converter has three resonant tanks, which have the same
parameters, that is, Lr1 = Lr2 = Lr3 = Lr, Cr1 = Cr2 =
Cr3 = Cr, Lm1 = Lm2 = Lm3 = Lm, La1 = La2 = La3 =
La, and turns ratio n1 = n2 = n3 = n. Therefore, the converter
can be divided into three independent phases, which have a sim-
ilar working process. In this section, only the working process
of the phase-A is analyzed in detail.

Fig. 2 shows the derivation process of uAO in forward mode,
where N is the imaginary midpoint at two ends of the dc voltage
source VP . Fig. 3(a) shows the small current ripple principle of
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Fig. 3. Theoretical output current waveforms(fs = fr). (a) The proposed
three-phase LLCL converter. (b) The traditional single-phase LLC converter.

the converter. The current iSa1, iSa2, iSa3 are interleaved by
120◦, and after rectification, the majority of the ripple currents
in each phase cancel each other out, leading to a significant
reduction of overall current ripple compared with traditional
LLC resonant converter presented in Fig. 3(b).

A. Analysis of the Key Waveforms

Fig. 4 shows that when fs �= fr, uAO and uao′ will experience
phase shift. When fs < fr, the uao′ phase lags uAO and the circuit
network is intuitive. When fs > fr, the uao′ phase leads uAO and
the circuit network is capacitive. In addition, when fs �= fr, the
resonant current ir1 is not pure sinusoidal, which will show some
steps. When fs < fr, the working process of the converter is the
most complicated, so only this process is analyzed, which can
be summarized into two aspects. On the one hand, when fs < fr,
the current is discontinuous. In [t2, t3], the energy is no longer
transmitted to the secondary side, thus forming a step. On the
other hand, step waves uAO and uao′ jump seven times in half-
cycle, which affects the sine of the resonant current. Whenever
they jump once, the resonant current waveform will experience
a certain amount of jitter. Therefore, different degrees of steps
are formed in ir1. The similar analysis occurs in Fig. 6, so it
will not be detailed here.

B. Working Process of Forward Mode

Fig. 4 shows the key waveforms of the converter operating
under three switching frequencies in forward mode. According
to Fig. 4, S1 and S2 complement each other, and the duty cycle
of S1 and S2 is 50%. When fs < fr, the working process of the
converter is the most complicated, so only this process is ana-
lyzed, which includes six working stages. Half-cycle equivalent
circuit of phase-A in forward mode when fs < fr is shown in
Fig. 5, where the positive directions of voltage and current are
also marked.

State I [t0, t1] [see Fig. 5(a)]: Before t0, S2 is turned ON. The
resonant current ir1 is negative. At t0, S2 is turned OFF, since
the current ir1 cannot be mutated, ir1 turns to flow through the
parasitic capacitors of S1 and S2. Thus, the parasitic capacitor
of S2 is charged, while the one of S1 is discharged to zero. Since
the drain-source voltage of S1 drops to zero, the current ir1 flows
through the body diodes of S1, which creates the ZVS condition
for S1.

State II [t1, t2] [see Fig. 5(b)]: At t1, S1 is turned ON under
ZVS condition, after resonant current ir1 gradually changes
from negative to positive, and flows into the resonant network
through S1. When resonant current ir1 is greater than excitation

current iLm1, the energy begins to transfer to the secondary
side. Resonant capacitor current iCr1 is greater than auxiliary
inductor current iLa1. Thus, current iSa1 is positive and flows
through the body diode of S7, the energy is transferred to the
load. The auxiliary inductor La1 is clamped by the resonant
tank output voltage uao′ . Therefore, during t1 to t2, the resonant
elements only include Lr1, Lm1, and Cr1, whose resonant
frequency is defined as the main resonant frequency. This state
is the main power transmission stage of the converter in forward
mode.

State III [t2, t3] [see Fig. 5(c)]: At t2, iCr1 is equal to iLa1,
isa decrease to zero. Thus, the current iD7 decreases to zero,
achieving zero-current switching (ZCS) turn OFF for the body
diode of S7. The energy input side of the converter no longer
transmits energy to the secondary side, and La1 is no longer
clamped by the output voltage uao′ of the resonant tank and
participates in the resonant process until S1 is turned OFF at t3.
After t3, the converter will enter the second half of the cycle,
which works similarly to the above process, so it will not be
detailed here.

C. Working Process of Backward Mode

The same as the forward mode, there are six working stages in
backward mode. Fig. 6 shows the key waveforms of the converter
operating under three switching frequencies in backward mode.
When fs < fr, the half-cycle equivalent circuit of phase-A in
backward mode is shown in Fig. 7, where the positive directions
of voltage and current are also marked.

State I [t0, t1] [see Fig. 7(a)]: At t0, S7 is turned OFF.
The current iSa1 charges the parasitic capacitor of S8 while
discharging the one of S7 to zero. When the voltage across CS7

drops to zero, the current iSa1 flows through the body diode
of S7, creating the condition for ZVS switching. For a more
intuitive analysis, the iCr1 expansion by 1/n times is equivalent
to iCr1_H on the primary side, which can be decomposed to ir1
and iLm1.

State II [t1, t2] [see Fig. 7(b)]: At t1, S7 is turned ON

under ZVS condition, after equivalent current iCr1_H gradually
changes from negative to positive, and flows into the resonant
network through S7. The current iCr1_H is greater than the
resonant capacitor current iLm1, and the energy is transferred
to the load through the body diode of S1. The auxiliary inductor
La1 is clamped by the input voltage uao′ of the resonant tank
and does not participate in resonance in the whole operation
time. Therefore, from t1 to t2, the resonant frequency of the
backward mode is the main resonant frequency, which is similar
to the forward mode. This state is the main power transmission
stage of the converter in backward mode.

State III [t2, t3] [see Fig. 7(c)]: At t2, iCr1_H is equal to iLm1,
ir1 decreases to zero, and the current flowing into the diode of
S1 drops to zero, realizing ZCS turn OFF for the body diode of
S1. The energy input side of the converter no longer transmits
energy to the other side until S7 is turned OFF at t3. After t3,
the converter will enter the second half of the cycle, which
works similarly to the above process, so it will not be detailed
here.
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Fig. 4. Phase-A key operation waveforms of the proposed LLCL resonant converter in forward mode. (a) fs < fr . (b) fs = fr . (c) fs > fr .

Fig. 5. Phase-A operation states for half of switching period in forward mode.
(a) State I [t0, t1]. (b) State II [t1, t2]. (c) State III [t2, t3].

III. MODELING AND GAIN ANALYSIS

A. Analysis of the Equivalent Circuit Model

In the converter, the resonant parameters of the three resonant
tanks are the same, so the impedance of each phase is equal.
Thus, the converter’s gain characteristics can be analyzed from
a single-phase resonant network.

Assuming that all components of the converter are ideal and
the switching frequency is equal to the resonant frequency.

At this time, the resonant network has zero impedance to the
fundamental component and exhibits high impedance to the
harmonic component, thus the resonant current waveform is
approximately sinusoidal. The single-phase circuit is analyzed
by the fundamental harmonic approximation (FHA).

Based on the Fourier series analysis, the phase voltage uAO(t)
can be expressed as

uAO(t) =
2Up

π
sinωt+

2Up

5π
sin5ωt+ · · · (1)

It can be seen from (1) that the amplitude of the fundamental
component ofuAO(t) is (2U

P
)/π. Similarly, the amplitude of the

fundamental component of uao(t) is (2U
S
)/π, whose effective

value can be expressed as follows:

Uao1(rms) =
(2Us)/π√

2
= (

√
2Us)/π. (2)

As the power transmitted by each phase is the same, each
phase transfers one-third of the total power

U2
s

3Rs
=

U2
ao1(rms)

Re
(3)

where Rs is the equivalent resistance of the secondary side
load in forward mode. The equivalent ac resistance Re of the
secondary side can be obtained from (3).

Therefore, the equivalent ac resistance Req_s can be obtained
by converting Re to the primary side

Req_s = n2 · 3U2
ao1(rms)Rs

Us
2 =

6Rsn
2

π2
(4)

Similar to the process above, the equivalent ac resistance
Req_p in backward mode can be derived as

Req_p =
6Rp

π2
. (5)

Based on the above analysis, the single-phase equivalent
circuit of the proposed converter in both modes can be obtained,
as shown in Fig. 8.
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Fig. 6. Phase-A key operation waveforms of the proposed LLCL resonant converter in backward mode. (a) fs < fr . (b) fs = fr . (c) fs > fr .

Fig. 7. Phase-A operation states for half of switching period in backward
mode. (a) State I [t0, t1]. (b) State II [t1, t2]. (c) State III [t2, t3].

Fig. 8. A-phase FHA equivalent circuit of the proposed three-phase converter.
(a) Forward mode. (b) Backward mode.

B. Analysis of the Voltage Gain

According to the analysis in the previous section, the forward
and backward modes have the same resonant frequency in the
main power transmission stage, which is defined as the main
resonant frequency fr

fr =
1

2π

√
1

LeqCeq
=

n

2π

√
Lm + Lr

LmLrCr
. (6)

For simplifying the voltage gain expression of the converter,
seven additional variables are defined: the normalized frequency
fn, the inductance ratios k and g, and the equivalent inductance
and capacitance Leq and Ceq, the quality factor in forward mode
QF and backward mode QB . These parameters are shown as
follows:

fn =
fs
fr

(7)

k =
Lr

Lm
(8)

g =
La

Lm
(9)

Ceq =
Cr

n2
(10)

Leq =
LmLr

Lm + Lr
(11)

QF =

√
Leq/Ceq

Req_s
(12)

QB =

√
Leq/Ceq

Req_p
. (13)
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Fig. 9. Voltage gain versus normalized frequency of the proposed three-phase
converter (a) Forward mode. (b) Backward mode.

TABLE I
CONVERTER DESIGN SPECIFICATIONS

Based on FHA, the voltage gain of both modes can be obtained

MF =

1√[
k
gn

(
1− 1

f2
n

)
+ (1 + k)n

]2
+Q2

F

(
fn − 1

fn

)2

(1 + k)2n2

(14)

MB =
1√[

1
n − k

f2
n(1+k)n

]2
+Q2

B

(
fn − 1

fn

)2

(1 + k)2 1
n2

.

(15)

When the converter works in backward mode, the auxiliary
inductor La is clamped and does not participate in resonance,
which means that the voltage gain is only related to k and QB .
Fig. 9 shows that both voltage gain curves operate monotonically
in the inductive region and the converter can achieve boost and
buck in both directions. As smaller quality factor Q, the voltage
gain is higher, but the voltage gain curve shifts to the left.

IV. DESIGN CONSIDERATIONS

A. Analysis of Constraint Condition

The design specifications of the proposed converter are listed
in Table I. The proposed converter has the highest efficiency
at the main resonant frequency, and as the frequency departs
from the main resonant frequency, the efficiency decreases. To
tradeoff the gain range and efficiency, the operating frequency
range of the converter in both modes is finally selected to
be 0.7fr–1.5fr. Therefore, the range of normalized frequency
fn is

0.7 ≤ fn ≤ 1.5. (16)

Fig. 10. Effect of k on both modes voltage gains. (a) Forward mode.
(b) Backward mode.

Fig. 11. Effect of g on forward voltage gains.

When the converter operates at the main resonant frequency,
the voltage VS is set to 335 V, and the bus voltage VP is fixed at
400 V. Both voltage gains of the converter at the main resonant
frequency are 1/[(1 + k)n] and (1 + k)n respectively, which
are mutually reciprocal. Thus, the relationship between n and k
should satisfy (17)

(1 + k)n =
400

335
= 1.19. (17)

B. Analysis of the Resonant Tank

As can be seen from (12) and (13), when the load resistance of
the converter is determined, as the reduction ofQ, the equivalent
inductance of the resonant tank will reduce, which will increase
the current flowing through the resonant tank and the loss of the
converter.

Meanwhile, with the reduction of Q, the voltage gain curve
shifts to the left, which will cause the converter to fail to achieve
the desired gain range. Therefore, the values of QF and QB

cannot be too small. Fig. 10(a) and (b) presents that with an
increase in k, the voltage gain ranges in both modes expand.
However, an excessive k will increase the loss of magnetic
components and reduce the efficiency.

According to (14) and (15), g only affects the forward voltage
gain. Fig. 11 presents that as smaller g, the forward voltage gain
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Fig. 12. Impact of circuit parameters on voltage gains in backward mode.
(a) MB versus QB and k when fn = 1.5. (b) MB versus QB and k when fn =
0.7.

range is wider. From (9), we can see that with the reduction of
g, the value of La decreases.

C. Analysis of Forward and Backward Voltage Gain Range

Substituting (17) into (14) and (15), the simplified voltage
gains of the converter operates in both modes can be derived,
respectively, as follows:

MF =

1√[
k(1+k)

1.19 g

(
1− 1

f2
n

)
+ 1.19

]2
+ 1.416Q2

F

(
fn − 1

fn

)2

(18)

MB =
1.19√[

1 + k − k
f2
n

]2
+Q2

B

(
fn − 1

fn

)2

(1 + k)4
. (19)

1) Analysis of Backward Voltage Gain Range: For simplifying
the design process, a reasonable range of k and QB can be
determined by analyzing the backward voltage gain MB . In the
backward mode, the minimum gainMB_min and maximum gain
MB_max are, respectively,

MB_min =
UP

US_max
=

400

420
= 0.95 (20)

MB_max =
UP

US_min
=

400

300
= 1.33. (21)

As long as the converter can meet the minimum voltage gain
at the lowest operating frequency and maximum voltage gain at
the highest operating frequency respectively, the converter can
meet the voltage gain requirements under the whole operating
time.

According to (19) and the obtained minimum voltage gain
MB_min and maximum voltage gain MB_max of backward
mode, a three-dimensional surface diagram of QB , k and back-
ward voltage gain MB can be drawn, as shown in Fig. 12.
Fig. 13(a) and (b) can be obtained by projecting the intersection
lines of the voltage gain MB with MB_min and MB_max in
Fig. 12(a) and (b) onto the k, QB plane, respectively.

According to the previous analysis, the smaller the k, the
greater the voltage gain range M , but the loss will also increase.

Fig. 13. Relationship between k and QB . (a) k versus QB when fn = 1.5.
(b) k versus QB when fn = 0.7.

Fig. 14. Impact of circuit parameters on voltage gains in forward mode.
(a) MF versus QF and g when fn = 1.5. (b) MF versus QF and g when
fn = 0.7.

Thus, considering both voltage gain and efficiency,k = 0.3 is se-
lected, and then n = 0.918 can be calculated by (17). Fig. 13(a)
presents that when k = 0.3, the inequality MB(fn = 1.5) <
MB_min can be satisfied regardless of the range ofQB . However,
to meet the requirement of MB(fn = 0.7) > MB_max, QB

should satisfy (22)

QB (fn = 0.7) < 0.25. (22)

2) Analysis of Forward Voltage Gain Range: In forward mode,
the minimum gain MF_min and maximum gain MF _max are as
follows:

MF _min =
US_min

UP
=

250

400
= 0.625 (23)

MF _max =
US_max

UP
=

420

400
= 1.05. (24)

Substituting k = 0.3 into (18), 3-D surface diagrams of QF ,
g, and forward voltage gain MF are drawn, as shown in Fig 14.
Fig. 15(a) and (b) can be obtained by projecting the intersection
lines of the forward voltage gainMF withMF _min andMF _max

in Fig. 14(a) and (b) onto the g, QF plane, respectively.
With k is fixed at 0.3, the value of g corresponds to the value

of the auxiliary inductor La. During most of the converter’s
working time in forward mode, La is clamped by the secondary
side voltage uao′ , and iLa is a triangular wave. When g is too
small, the iLa peak increases, so the circuit loss increases; When
g is excessive, the converter cannot maintain the voltage gain
requirements. To meet the requirements of wide voltage gain
and high efficiency, while simplifying the design process of the
converter, g = 1 is finally selected.
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Fig. 15. Relationship between g and QF . (a) g versus QF when fn = 1.5.
(b) g versus QF when fn = 0.7.

Fig. 15(a) and (b) shows that for g = 1, the range of QF

should satisfy (25) and (26)

QF (fn = 1.5) > 0.83 (25)

QF (fn = 0.7) < 0.52 (26)

To simplify the calculation we can make

Zeq =

√
Leq

Ceq
. (27)

Then, according to (7) and (13), it can be obtained

QF =
Zeq

Req_s
(28)

QB =
Zeq

Req_p
. (29)

According to (22), (25), and (26), the range of Zeq can be
obtained, and finally, Zeq = 14 is selected.

D. Design of the Circuit Parameters and ZVS Condition

In circuit hardware design, capacitive components are best to
use a single capacitor. If the required capacitor is composed of
multiple capacitors in series and parallel, it is best to use the
same type of capacitor.

Therefore, the resonant capacitor Cr = 66 nF is ultimately
chosen, which can be composed of two 33 nF capacitors in
parallel. The parameters of k, n, g, Ze q, Cr have been deter-
mined, thus the values of Lr, Lm, La, fr can be calculated by
the formula (10), (8), (9), (6), and (27), that are Lr = 20 μH, Lm

= 66.7 μH, La = 66.7 μH and Cr = 66 nF and main resonant
frequency fr = 142 kHz.

The dead time between S1 and S2 driving signals is set to
200 ns, the parasitic capacitance Coss of the switches is 200 pF,
and the minimum cycle time Tmin is 4.7 μs. To ensure the
switches on the inverter side can realize ZVS,Lm needs to satisfy
the following requirements:

Lm <
TminnUS_mintdead

16CossUP
. (30)

The Lm selected by calculation can meet (30) and achieve
ZVS.

Fig. 16. Prototype of the proposed three-phase LLCL bidirectional resonant
converter.

TABLE II
PARAMETERS OF EXPERIMENTAL PLATFORM

V. EXPERIMENTAL VERIFICATION

For validating the correctness of the theoretical analysis, a
3.3-kW prototype is developed and tested under different oper-
ating conditions, as shown in Fig. 16. Digital signal processor
(DSP) controller TMS320F28035 from Texas Instruments (TI)
is used to carry out PFM control. The specifications of the
experimental platform are given in Table II.

A. Experimental Results

Fig. 17 shows the steady-state experimental waveforms in
forward mode. Fig. 17(a)–(c) shows the current waveforms of
Lr of each phase, which are all tested atVP = 400 V, while fS are
100, 142, and 237 kHz, respectively. The three-phase resonant
current is balanced in each phase. When the switching frequency
is equal to the main resonant frequency, the resonant current
waveform is similar to the sine wave, as shown in Fig. 17(b).

Fig. 17(d)–(f) shows the ZVS characteristics of the MOSFETs
are independent of the switching frequency. In Fig. 17(d), the
driving voltage ugs2 begins to rise after the drain-source voltage
of the switchesS2 drops to zero, which indicates that the parasitic
capacitor of S2 discharged to zero and the body diode of S2
conducts. Thus, the ZVS condition is satisfied. The ZVS process
of Fig. 17(d) and (f) is similar to Fig. 17(d).
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Fig. 17. Experimental waveforms of forward mode. (a) ir1, ir2, ir3, and uds2 when output 420 V/7.8 A(fs < fr). (b) ir1, ir2, ir3, and uds2 when output
335 V/7.8 A(fs = fr). (c) ir1, ir2, ir3, and uds2 when output 250 V/7.8 A(fs > fr). (d) uds2, ugs2, and ir1 when output 420 V/7.8 A(fs < fr). (e) uds2,
ugs2, and ir1 when output 335 V/7.8 A(fs = fr). (f) uds2, ugs2, and ir1 when output 250 V/7.8 A(fs > fr).

Fig. 18. Experimental waveforms of backward mode. (a) iCr1, iCr2, iCr3, and uds8 when VS = 420 V, Po = 3.3 kW(fs > fr). (b) iCr1, iCr2, iCr3 and
uds8 when VS = 335 V, Po = 2.3 kW(fs = fr). (c) iCr1, iCr2, iCr3, and uds8 when VS = 300 V, Po = 1.9 kW(fs < fr). (d) uds8, ugs8 and iCr1 when
VS = 420 V, Po = 3.3 kW(fs > fr). (e) uds8, ugs8, and iCr1 when VS = 335 V, Po = 2.3 kW(fs = fr). (f) uds8, ugs8, and iCr1 when VS = 300 V, Po =
1.9 kW(fs < fr).

Fig. 19. Current ripple experimental waveforms in forward mode. (a) iSrec, iSa1, ugs2, and uds2 when output 420 V/7.8 A(fs < fr). (b) iSrec, iSa1, ugs2,
and uds2 when output 335 V/7.8 A(fs = fr). (c) iSrec, iSa1, ugs2, and uds2 when output 250 V/7.8 A(fs > fr).

Fig. 18 shows the steady-state experimental waveforms in
backward mode. The waveforms shown in Fig. 18(a)–(c) are
all tested at VP = 400 V, while fS are 216, 142, and 111 kHz,
respectively. The three-phase resonant current is balanced in
each phase. Fig. 18(d)–(f) shows the ZVS characteristic of S8,
where it can be observed that the driving voltage ugs8 begins to

rise after the drain-source voltage uds8 of the switch drops to
0, which shows that the parasitic capacitor of the MOSFET dis-
charged to zero and the body diode conducts. This demonstrates
the implementation of ZVS.

Fig. 19 shows the waveforms of iSrec is basically consistent
with the theoretical waveform presented in Fig. 3(a). Due to the



ZHAO et al.: THREE-PHASE LLCL BIDIRECTIONAL RESONANT CONVERTER WITH WIDE OUTPUT VOLTAGE RANGE 11253

Fig. 20. Dynamic experimental waveforms in forward mode. (a) iS , VS , ir1,
and iSa1 (VS = 420 V, Po jumps from half-load to full-load). (b) iS , VS , ir1,
and iSa1 (VS = 420 V, Po jumps from full-load to half-load).

Fig. 21. Comparison curve between theoretical gain and prototype gain in
forward mode (QF = 0.5).

bypass thin film capacitor of the bridge-arm, which is used to
suppress the turn-OFF voltage spikes, the experimental waveform
of iSrec is approximately flat. Fig. 20 shows the dynamic experi-
mental waveforms of the converter under constant voltage (CV)
control. Fig. 20(a) and (b) presents the adjustment process of the
converter from half-load to full-load and full-load to half-load,
respectively. It can be seen that the respond speed is fast and
there is less overshoot.

Fig. 21 shows a comparison between the theoretical gain
and prototype gain curves, with QF maintaining a maximum
value of 0.5. When fs < fr, the theoretical gain and prototype
gain are basically consistent. When fs > fr, there is a deviation
between the prototype gain and the theoretical gain, but the
deviation is relatively small. The overall experimental results
meet expectations.

Fig. 22. Efficiency curves of the proposed converter. (a) For the forward mode.
(b) For the backward mode.

B. Analysis of Working Process and Efficiency Curves

Fig. 22(a) shows the process of the constant current (CC)
charging stage to the CV charging stage in forward mode.
In the CC charging stage, the output current is fixed at 7.8 A, and
the load is constantly increased to simulate the process. When
the output voltage US rises from 250 to 420 V, the converter
enters the CV charging stage. US remains at 400 V, the load
still increases to simulate the CV charging stage, and the output
current Io gradually reduces from 7.8 A to the cut-off current
2 A. The whole charging process is completed.

In the whole CC charging stage and CV charging state when
the output current exceeds 3 A, the efficiency of the prototype is
above 96%. Besides, the efficiency exceeds 97% during most of
the time, and the peak efficiency reaches 97.8%. When working
in backward mode, the voltage range 300–420 V is chosen to
prevent the battery from over discharging and the output power
is set to reduce with the decrease of input voltage US for making
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TABLE III
COMPARISON OF THE PROPOSED CONVERTER AND EXISTING CONVERTERS

full use of the power capacity of the converter, which is presented
in Fig. 22(b). Such as when the input voltageUS is reduced from
390 to 420 and from 360 to 390, the output power is decreased
from 3.3 to 2.8 kW.

The efficiency is greater than 96.5% in the whole process of
the proposed converter and the peak efficiency reaches 98.0%.
A comparison between the proposed topology and existing
converters is given in Table III. The proposed converter has out-
standing performance in voltage gain range and peak efficiency.

VI. CONCLUSION

Aiming at the problems of limited gain range, inability to
realize high-efficiency bidirectional energy transfer, and large
ripple current of traditional LLC resonant converter, a three-
phase LLCL bidirectional resonant converter with PFM con-
trol is proposed in this article. Soft switching can be realized
throughout the entire operation time, which is beneficial for
reducing switching losses and improving converter efficiency.
Besides, the proposed converter has the advantages of wide
gain range, low current ripple, and large power capacity, etc.
A 3.3 kW experimental prototype is built and tested under
different conditions to validate the correctness of theory analysis
and parameter design. The bus voltage is fixed at 400 V, in
forward mode, the output voltage range is 250–420 V, and the
peak efficiency is up to 97.8%. In backward mode, the inverter
side voltage range is 300–420 V, and the peak efficiency is up
to 98.0%. Therefore, the proposed converter has high overall
efficiency over a wide output voltage range in both directions.
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[12] G. Liu, Y. Jang, M. M. Jovanović, and J. Q. Zhang, “Implementation of a
3.3-kw DC–DC converter for EV on-board charger employing the series-
resonant converter with reduced-frequency-range control,” IEEE Trans.
Power Electron., vol. 32, no. 6, pp. 4168–4184, Jun. 2017.

[13] H. Li et al., “A bidirectional synchronous/asynchronous rectifier control
for wide battery voltage range in SiC bidirectional LLC chargers,” IEEE
Trans. Power Electron., vol. 37, no. 5, pp. 6090–6101, May 2022.

[14] H. Wu, K. Sun, Y. Li, and Y. Xing, “Fixed-frequency PWM-controlled
bidirectional current-fed soft-switching series-resonant converter for en-
ergy storage applications,” IEEE Trans. Power Electron., vol. 64, no. 8,
pp. 6190–6201, Aug. 2017.

[15] H. Wu, S. Ding, K. Sun, L. Zhang, Y. Li, and Y. Xing, “Bidirectional soft-
switching series-resonant converter with simple pwm control and load-
independent voltage-gain characteristics for energy storage system in DC
microgrids,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 5, no. 3,
pp. 995–1007, Sep. 2017.

[16] W. Chen, P. Rong, and Z. Lu, “Snubberless bidirectional DC–DC converter
with new CLLC resonant tank featuring minimized switching loss,” IEEE
Trans. Ind. Electron., vol. 57, no. 9, pp. 3075–3086, Sep. 2010.

[17] Z. Bai, J. Shao, J. Gu, H. Liu, X. Zhang, and D. Xu, “Design and modeling
of CLLC converter for bidirectional on-board charger,” IEEE Trans. Ind.
Applic., vol. 59, no. 5, pp. 6095–6102, Sep./Oct. 2023.

[18] J. Sun, L. Yuan, Q. Gu, R. Duan, Z. Lu, and Z. Zhao, “Design-oriented
comprehensive time-domain model for CLLC class isolated bidirectional
DC-DC converter for various operation modes,” IEEE Trans. Power Elec-
tron., vol. 35, no. 4, pp. 3491–3505, Apr. 2020.

[19] S. Ditze, “Steady-state analysis of the bidirectional CLLLC resonant
converter in time domain,” in Proc. IEEE Int. Telecommun. Energy Conf.,
2014, pp. 1–9.

[20] G. F. S. Zong and X. Yang, “Double voltage rectification modulation
for bidirectional DC/DC resonant converters for wide voltage range op-
eration,” IEEE Trans. Power Electron., vol. 34, no. 7, pp. 6510–6521,
Jul. 2019.



ZHAO et al.: THREE-PHASE LLCL BIDIRECTIONAL RESONANT CONVERTER WITH WIDE OUTPUT VOLTAGE RANGE 11255

[21] J. Liu, Y. Ai, S. Chen, Z. Zhang, and Y. Shi, “A hybrid pulse frequency
modulation control strategy for L-LLC resonant converter,” IEEE J. Emerg.
Sel. Topics Power Electron., vol. 10, no. 6, pp. 6960–6972, Dec. 2022.

[22] X. Ma, P. Wang, H. Bi, and Z. Wang, “A bidirectional LLCL resonant
DC-DC converter with reduced resonant tank currents and reduced voltage
stress of the resonant capacitor,” IEEE Access, vol. 8, pp. 125549–125564,
Jul. 2020.

[23] O. Kirshenboim and M. M. Peretz, “Combined multilevel and two-phase
interleaved LLC converter with enhanced power processing characteristics
and natural current sharing,” IEEE Trans. Power Electron., vol. 33, no. 7,
pp. 5613–5620, Jul. 2018.

[24] H. Dong, X. Xie, S. Xu, and H. Yu, “A novel current sharing scheme for
two-phase interleaved LLC converter based on virtual controllable voltage
sources,” IEEE Trans. Power Electron., vol. 37, no. 2, pp. 1210–1216,
Feb. 2022.

[25] Y. H. Zhou, Y. Huang, and S. Zheng, “Research on bidirectional on-board
charging system based on three-phase wye-wye connected CLLLC reso-
nant converter,” IEEE Access, vol. 11, pp. 101998–102013, Sep. 2023.

[26] G. Li, D. Yang, B. Zhou, Y. -F. Liu, and H. Zhang, “Integration of
three-phase LLC resonant converter and full-bridge converter for hybrid
modulated multioutput topology,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 10, no. 5, pp. 5844–5856, Oct. 2022.

[27] A. Chiba, Y. Aoyagi, and K. Takagi, “Current balancing and phase shed-
ding by split capacitor for a three-phase LLC resonant converter,” in Proc.
IEEE Energy Convers. Congr. Expo,, 2020, pp. 377–384.

[28] S. A. Arshadi, M. Ordonez, W. Eberle, M. Craciun, and C. Botting, “Three-
phase LLC battery charger: Wide regulation and improved light-load
operation,” IEEE Trans. Power Electron., vol. 36, no. 2, pp. 1519–1531,
Feb. 2021.

Qinglin Zhao received the B.S. degree in industrial
automation from the Northeast Heavy Machinery
College (which was renamed Yanshan University in
1997), Qiqihar, China, in 1992, and the M.S. and
Ph.D. degrees in power electronics and power drives
from Yanshan University, Qinhuangdao, China, in
2003 and 2007, respectively.

He is currently a Professor with the School of Elec-
trical Engineering, Yanshan University. His research
interests include high frequency and high efficiency
power converters, and control of grid-connected
inverters.

Tianrui Wang received the B.S. degree in electrical
engineering and automation from Ningbo University
of Technology, Ningbo, China, in 2022. He is cur-
rently working toward the M.S. degree in electrical
engineering with Yanshan University, Qinhuangdao,
China.

His main research interests include high-frequency
switching mode converter and soft switching
technology.

Yi Zheng received the B.S. and M.S. degrees in
electrical engineering and automation from Yanshan
University, Qinhuangdao, China, in 2020 and 2023,
respectively.

He is currently working with IDC department,
Delta Electronics, Shanghai. His main design fields
include high-frequency switching mode converter
and soft switching technology.

Hao Ding (Member, IEEE) received the B.S. and
Ph.D. degrees in electrical engineering from Yanshan
University, Qinhuangdao, China, in 2012 and 2017,
respectively.

He is currently an Associate Professor with the
Department of Electrical Engineering, Yanshan Uni-
versity, Qinhuangdao, China. His current research
interests include nonlinear and intelligent control for
power converters and ac drives, stability and power
quality of power-electronics-dominated power sys-
tems, high-power converters such as current source

converter and modular multilevel converter.

Deyu Wang (Member, IEEE) received the M.S. and
Ph.D. degrees in power electronics and power drives
from Yanshan University, Qinhuangdao, China, in
2005 and 2009, respectively.

Since 2015, he has been an Associate Profes-
sor with the School of Electrical Engineering, Yan-
shan University. His main research interests include
wireless power transfer technology, high-frequency
switching mode converter, and solid-state pulsed
power application.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


