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Abstract—In high-power applications, parallel operation is
required to improve both efficiency and reliability. In an LLC
converter, it is difficult to achieve parallel operation due to the
gain sensitivity to component tolerance. This paper proposes a
new structure of a common resonant capacitor for a multiphase
LLC converter, which can achieve very good current-sharing per-
formance with no additional components or control. To evaluate
the current-sharing performance, a new first harmonic approx-
imation (FHA) model is built in this paper to analyze the LLC
converter with coupled resonant tanks. Both FHA analysis and
powersim (PSIM) simulation results demonstrate the load-sharing
improvement of the proposed common capacitor LLC resonant
converter over the conventional two-phase LLC converter. The
current-sharing performance from the FHA analysis and the
PSIM simulation are compared, and the error of the FHA analysis
is evaluated and explained. A 600 W two-phase LLC converter
prototype based on the proposed method is also built to verify the
feasibility. Excellent current-sharing performance (6% resonant
current sharing error at a wide load range) has been achieved.

Index Terms—Current-sharing error, multiphase LLC, resonant
converter.

I. INTRODUCTION

R ESONANT converter is attractive for isolated dc/dc ap-
plications, such as flat-panel displays, laptop adapters,

servers, etc., because of its attractive features: smooth wave-
forms, high efficiency, and high power density. LLC resonant
converter has been widely used due to the high efficiency as a
result of the zero voltage switching for the primary-side MOS-
FET and zero current switching for the secondary-side diodes
[1]–[6]. Other resonant converters, such as LCC [7]–[10] and
LCLC [11]–[15], are also used for industry applications. For the
resonant converter used in high power applications, high current
stress on the power devices may reduce both efficiency and reli-
ability. Multiphase parallel technique can solve this problem by
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Fig. 1. Switch-controlled capacitor multiphase LLC converter.

reducing the current stress in each phase [16]–[19]. However,
due to the tolerance of resonant components, the resonant fre-
quency of each individual LLC phase will be different, thus the
output currents will be different [20]–[22]. It is observed that
a small component tolerance (e.g., 5%) can cause significant
current imbalance among phases, and thus degradation of the
benefits achieved by the parallel technique. Therefore, current-
sharing strategy is mandatory in a multiphase LLC converter.

Three types of methods have been used to achieve current
sharing for multiphase LLC converters [23]–[30]. The first
method is based on current loop and frequency control. As
a commonly used regulating measure, changing the switching
frequency for each phase according to the sensed current will
achieve very accurate current-sharing performance. However,
the drawback is also obvious in that the method requires two-
loop control and additional sensing circuits, which makes the
overall system complicated. More important, the switching fre-
quencies of the multiphases are different, so that the overall
output voltage ripple has beat frequency components. Thus, the
output voltage is prone to either slow regulation or potential
stability issue.

Based on same switching frequency, there are two types of
methods: the active method and the passive method. The active
method uses current-sensing circuits to acquire the current in-
formation of each phase and adjusts the voltage gain of different
phases by adjusting the equivalent capacitor [23]–[25], inductor
[26], phase angle [27], [28], etc.

The circuit diagram with a switch-controlled capacitor is
shown in Fig. 1. The circuit diagram with a linearly controlled
inductor is shown in Fig. 2, where the value of the resonant in-
ductor is controlled by an additional dc bias winding. Parameters
a, b, and c indicate the tolerances between the two phases. Fig. 3
shows the circuit diagram proposed in [27] and [28]. The three
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Fig. 2. Linearly controlled inductor multiphase LLC converter.

Fig. 3. Three-phase LLC converter with phase shift control.

Fig. 4. Series dc-capacitor multiphase LLC converter.

phases have approximately 120° phase angle shift from each
other. The resonant components’ tolerances are compensated
by adjusting the phase shift between the three phases. Good
load-sharing performance can be achieved with these methods.
However, these methods suffer from high cost, complex control,
and nonexcellent dynamic performance caused by the sensing
circuit and control loop.

The dc voltage self-balanced method based on series input
capacitors is a well-known passive method [29], [30], whose
circuit diagram is shown in Fig. 4. Ideally, for two-phase, the
two input dc capacitor voltage is the same, and equal to half
of the input bus voltage. If the load power is not shared, the
midpoint voltage will change based on the output power of
each phase. With this method, the system is supposed to have
good load current sharing performance. The analysis shows that
around 30% current-sharing error can be achieved under +10%

tolerance of the resonant inductor, which is not very good. In
addition, this method is not suitable for modularization design
in system level, as the input voltage for each phase is reduced
with the increase in module number. Furthermore, the gate drive
circuit for the top phase is complicated.

Therefore, the existing technologies cannot provide cost ef-
fective, flexible current sharing technologies for multiphase
LLC resonant converters. Recently, the authors have proposed
to use passive common inductor technology for the multiphase
LLC converter [31], [32]. The resonant inductor of each phase
is connected together, such that the common inductor would ex-
tract the current information of each phase, and then distribute
equally. This concept could also be extended to a common ca-
pacitor structure.

In this paper, a common capacitor multiphase LLC resonant
converter is proposed [33]. With this method, the resonant ca-
pacitor in each LLC phase is connected in parallel to achieve
automatic load sharing. Analysis result shows that the load cur-
rent of each phase can be automatically shared. This technology
is simple, so no additional components or control technique is
needed. It can be expanded to any number of phases. This paper
is organized as follows. Current-sharing analysis of the conven-
tional multiphase LLC resonant converter is given in Section II.
Section III discusses the current-sharing analysis of the pro-
posed common capacitor multiphase LLC resonant converter.
The simulation results are provided in Section IV. Section V
demonstrates the experiment results of a two-phase 600 W pro-
totype between both the conventional method and the proposed
method. The paper is concluded in Section VI.

II. LOAD CURRENT DISTRIBUTION ANALYSIS OF THE

CONVENTIONAL MULTIPHASE LLC CONVERTER

With the conventional multiphase LLC structure, resonant
component tolerance will cause severe load current imbalance,
and degrade the performance of the parallel structure. From
the previous research, 5% tolerance on the resonant compo-
nents would cause separate load—one phase provides all load
power, while other phases provide no power. In this section, an
improved method will be used to analyze the current-sharing
performance. The method can be applied to other type of paral-
lel resonant converter. Section II-A provides the definitions of
the parameters, and Section II-B analyzes the current-sharing
performance of the direct parallel connection of two LLC con-
verters (conventional two-phase structure).

A. Conventional Two-Phase LLC Resonant Converter

Fig. 5 shows a conventional input-parallel-output-parallel
two-phase LLC converter. Q11 and Q12, Q21 and Q22 are the
primary half-bridge (HB) switches of phase #1 and phase #2, re-
spectively. Q11, Q21 have same signal, and Q12, Q22 have same
signal. SR11 and SR12, SR21 and SR22 are the synchronous
rectifiers (SR) on the secondary side of two phases.

Lr1 , Cr1 , and Lm1 are the series resonant inductor, series
resonant capacitor, and magnetizing inductor of phase #1.
Lr2 , Cr2 , and Lm2 are the series resonant inductor, series
resonant capacitor, magnetizing inductor of phase #2. n is
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Fig. 5. Conventional two-phase LLLLC resonant converter.

transformer turn ratio. iLr1 , iLr2 , Irect1 , Irect2 , Io1 , Io2 , Co1 ,
and Co2 are the resonant current, rectifier current, load current,
output capacitor of two phases. Io is the total load current.

Parameters a, b, and c indicate that the resonant parameters
for the two phases are different. The resonant tank values of the
two phases are

⎧
⎪⎨

⎪⎩

Lr1 = Lr , Lr2 = aLr

Cr1 = Cr , Cr2 = bCr

Lm1 = Lm , Lm2 = cLm

. (1)

Vo, Po, Ro are the output voltage, total output power, and to-
tal load resistor of two phases. The load resistor can be expressed
as

Ro =
Vo

2

Po
. (2)

In the steady-state, each phase will generate part of the total
power. Po1 is generated by phase #1 and Po2 is generated by
phase #2

Po = Po1 + Po2 . (3)

The equivalent load resistors Ro1 and Ro2 of each phase can
be described as

{
Ro1 = Vo

2

Po 1

Ro2 = Vo
2

Po 2

. (4)

Define k as the load factor—the proportion of load power
generated by phase #1, then Po1 and Po2 can be expressed as

Po1 = kPo (5)

Po2 = (1 − k)Po. (6)

Combining (4), (5), and (6) gives

[
Ro1 Ro2

]
=

⎧
⎪⎪⎨

⎪⎪⎩

[∞ Ro

]
k = 0

[
Ro

/

k
Ro

/

1 − k

]

k ∈ (0, 1)
[
Ro ∞ ]

k = 1

. (7)

When k = 0, phase #1 will output no power. Equivalently
the load resistor Ro1 is infinite. Similarly Ro2 is infinite when
k = 1. When k is between 0 and 1, then each phase outputs part
of the total power.

Fig. 6. FHA equivalent circuit of the conventional two-phase LLC resonant
converter.

B. Load Current Distribution Analysis Based on FHA

Several methods have been proposed to analyze the current-
sharing performance of the multiphase LLC converter with first
harmonic approximation (FHA) equivalent circuit. The existing
methods assume that the reflected ac voltage of each phase has
same magnitude and same phase angle [22], [34], [35]. However,
this assumption is not strictly correct. The output side of each
phase is connected together; thus, the magnitude of the reflected
ac voltage should have the same magnitude. The phase angle of
these reflected ac voltage, however, should be different among
different phases, because 1) the component tolerance will create
a different phase angle on the resonant current, and 2) the phase
of the reflected ac voltage depends on the phase of the resonant
current.

Another drawback of the existing analytical method is that
the calculation process will require the value of the series res-
onant frequency of each phase; thus, the method can only be
used for decoupled resonant tanks. If the resonant tanks of dif-
ferent phases are coupled, the resonant frequency information
of each phase cannot be extracted, and the existing method will
be invalid.

A new model is proposed for the two-phase LLC resonant
converter [36]. In this paper, the model is used to analyze the
current-sharing performance of the proposed common capacitor
LLC converter. It is also expanded to multiphase condition. A
brief summary of the model is provided here. The key point
of the model is that the reflected ac voltage of each phase has
same magnitude but different phase angles, due to the tolerance
of the resonant components. The new model can be used to
analyze the multiphase resonant converter with both coupled and
decoupled resonant tanks. The FHA equivalent circuit is shown
in Fig. 6.

V1(s) and V2(s) are the reflected ac voltages on the primary
side of transformer for these two phases.

The primary-side equivalent ac resistors Rac1 and Rac2 can
be calculated as

{
Rac1 = 8n2

π 2 Ro1

Rac2 = 8n2

π 2 Ro2

. (8)
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Combing (7) and (8) gives

[
Rac1 Rac2

]
=

⎧
⎪⎪⎨

⎪⎪⎩

[∞ 8n2

π 2 Ro

]
k = 0

[
8n2 Ro

π 2 k
8n2 Ro

π 2 (1−k)

]
k ∈ (0, 1)

[
8n2

π 2 Ro ∞ ]
k = 1

. (9)

As the two phases are connected in parallel at both input side
and output side, thus in steady-state operation, the voltage gain
of the two phases is the same. The magnitude of ac voltage
V1(s) and V2(s) is the same. The relationship is shown as

|V1 (s)| = |V2 (s)| . (10)

According to the FHA model shown in Fig. 6, the transfer
function of V1(s), V2(s) can be calculated as

{
V1(s) = Ra c 1 //sLm

Ra c 1 //sLm +sLr +1/sCr
Vin(s)

V2(s) = Ra c 2 //scLm

Ra c 2 //scLm +saLr +1/sbCr
Vin(s)

. (11)

Manipulating (9), (10), and (11), the load factor k can be
calculated by

Ak2 + Bk + C = 0. (12)

For the conventional two-phase LLC converter, the parame-
ters A, B, C are expressed as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A = ω2(1 − b2)c2Lm
2 − ω4(2ab − 2b2)c2LrLm

2Cr

+ω6(a2 − 1)b2c2Lr
2Lm

2Cr
2

B = −2ω2c2Lm
2 + 4ω4abc2LrLm

2Cr

− 2ω6a2b2c2Lr
2Lm

2Cr
2

C = ω2c2Lm
2−2ω4abc2LrLm

2Cr +ω6a2b2c2Lr
2Lm

2Cr
2

+ (1 − b2c2)Rac
2 − ω2 [(2ab − 2b2c2)Lr

+ (2bc − 2b2c2)Lm ]CrRac
2 +ω4(ab−bc)[(ab + bc)Lr

2

+ 2bcLrLm ]Cr
2Rac

2

ω = 2πfs

(13)
in which ω is the angular frequency of the primary HB switches;
a, b, and c are the tolerances between the two phases; and Rac
is the total equivalent ac load resistor.

The value of load factor k can then be derived with

k =

{ −C
B A = 0, B �= 0

−B±√
B 2 −4AC
2A A �= 0,

√
B2 − 4AC ≥ 0

and k ∈ [0, 1]. (14)

The value of k is valid when k is between 0 and 1. k = 0.5
means the load power can be equally shared by two phases. k =
0 and k = 1 mean only one phase provides all the power and the
other phase does not provide any power. Conditions k < 0 and
k > 1 are not valid answers.

To evaluate the current-sharing performance, the load current
sharing error σload is

σload = abs
[
I01 − I02

I01 + I02

]

= abs (1 − 2k) , k ∈ [0, 1] (15)

where Io1 and Io2 are the dc output current value for phase #1
and phase #2. According to the physical meaning of load factor
k, it can be inferred that σload = 0 means the load power being

Fig. 7. Relationship between current-sharing error and switching frequency
for the conventional structure.

TABLE I
NOMINAL PARAMETER VALUE

Input voltage range 350–400 V
Resonant inductor Lr 29 μH
Resonant capacitor Cr 12 nF
Magnetizing inductor Lm 95 μH
Transformer ratio n 20
Resonant frequency fr 270 kHz
Output voltage Vo 12 V (rated voltage)
Total Output load Po One phase power 300 W (25 A)

Two phase power 600 W (50 A)

equally shared, while σload = 1 means only one phase provides
all the power.

Fig. 7 shows the curve of current-sharing error changing with
switching frequency for the conventional two-phase LLC con-
verter. The resonant parameters from Table I are used. The a, b,
and c values are 1.05, 1.05, and 1.05, which will be proved as the
worst case in the later part. Another cases have similar trend. As
can be observed in the figure, for the conventional structure, the
current-sharing error increases with switching frequency. When
the switching frequency is close to the resonant frequency of
270 kHz, the current-sharing error is 100%, so it means only
one phase provides all the load power while the other phase
provides no power.

As a supplement, the resonant current sharing error
σresonant is

σresonant = abs
[
rms(iLr1) − rms(iLr2)
rms(iLr1) + rms(iLr2)

]

(16)

where rms(iLr1), rms(iLr2) are the root mean square (rms)
value of resonant current iLr1 and iLr2 .

When N (N > 2) phases are connected in parallel, the load
current sharing error and resonant current sharing error for a
certain phase can be shown as

σresonant = abs
[
rms(iLr1) − rms(iLr2)
rms(iLr1) + rms(iLr2)

]

(17)

where N is total phase count; rms(iLrj) and Io j are, respectively,
the resonant current rms value and output current dc value of
the jth phase.
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Fig. 8. Current-sharing error of the conventional two-phase LLC converter with +5% tolerance of single parameter: (a) +5% Lr parameter tolerance (a = 1.05,
b = 1, c = 1); (b) +5% Lr parameter tolerance (a = 1, b = 1.05, c = 1); and (c) +5% Lr parameter tolerance (a = 1, b = 1, c = 1.05).

C. Current-Sharing Performance in Different Input and Load
Conditions

To demonstrate the load-sharing performance of the conven-
tional two-phase LLC converter in different input and load
conditions, the differences of the two-phase load currents are
calculated with the FHA method based on the set of parameters
shown in Table I designed by the existing method [37]. The
parameters shown in Table I are assigned to phase #1 as the
reference, while parameters of phase #2 will have ±5% toler-
ances, which is a common value for off-the-shelf capacitors and
inductors.

Fig. 8 shows load current sharing error of the two-phase LLC
converter in the conventional structure under different input
voltage and load current conditions.

Only the tolerance of one component is considered. The input
voltage is from 350 to 400 V on x-axis. The total load current
range for two phases is from 0 to 50 A (600 W) shown on y-axis.
Z-axis shows the load current sharing error σload between the
two phases.

In Fig. 8(a), +5% tolerance on Lr only is considered, which
means Lr2 is 5% larger than Lr1 , while Cr1 and Lm1 are the
same with Cr2 and Lm2 (a = 1.05, b = 1, c = 1). It is observed
that only one phase provides power when the total load is below
25 A. At 400 V input and full load 50 A, the load difference of
the two phases is 20%—meaning one phase provides 30 A (25
A +20%), while the other provides 20 A (25 A –20%).

In Fig. 8(b), +5% tolerance on Cr only (a = 1, b = 1.05, c =
1) is considered. Cr2 is 5% larger than Cr1 , while Lr1 and Lm1
are the same with Lr2 and Lm2 . At 400 V input and full load
50 A condition, the load difference of the two phases is 32%,
which means one phase provides 33 A (25 A +32%), while the
other provides 17 A (25 A –32%).

Similarly in Fig. 8(c), +5% tolerance on Lm only (a = 1, b
= 1, c = 1.05) is considered. At 400 V input and full load 50 A
condition, the load difference of the two phases is 16%, which
means one phase provides 29 A (25 A +16%), while the other
provides 21 A (25 A –16%).
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Fig. 9. Current-sharing error of the conventional two-phase LLC converter with +5% tolerance of three parameters: (a) +5% Lr +5% Cr +5% Lm tolerance
(a = 1.05, b = 1.05, c = 1.05); (b) –5% Lr +5% Cr +5% Lm tolerance (a = 0.95, b = 1.05, c = 1.05); (c) +5% Lr –5% Cr +5% Lm tolerance (a = 1.05, b
= 0.95, c = 1.05); and (d) +5% Lr +5% Cr –5% Lm tolerance (a = 1.05, b = 1.05, c = 0.95).

For –5% case, the load-sharing error is basically the same
but opposite distribution between the two phases. For example,
at 400 V input and 50 A total load, if Lr2 is 5% larger than
Lr1 (a = 1.05), phase #2 will provide 20 A and phase #1 will
provide 30 A; thus, the current-sharing error is 20% [0.2 shown
in Fig. 8(a)]. While if Lr2 is 5% smaller than Lr1 (a = 0.95),
then phase #1 will provide 20 A of total load and phase #2 will
provide 30 A, and the current-sharing error is still 20%.

From Fig. 8, it is observed that the load current sharing er-
ror increases with the increase in input voltage. For the con-
ventional two-phase LLC converter, the current-sharing error
increases with the increase in switching frequency. According
to frequency modulation, at higher input voltage, the switching
frequency is higher. Thus, equivalently, the current-sharing error
increases with the increase in input voltage. This characteristic,
however, is not favorable especially in some applications that
require the converter to operate for long time at high voltage,
e.g., data center and server power supply operating at rated 400
V. Comparing the current-sharing error in Fig. 8(a)–(c), it could

be concluded that the tolerance on Cr has the most significant
impact on current sharing of multiphase LLC converters.

Fig. 9 shows load current sharing error σload of the conven-
tional two-phase LLC converter with 5% tolerances combina-
tions of Lr , Cr , and Lm . Theoretically there are total eight (23)
possible combinations for Lr Cr , and Lm at ±5% tolerance.
Four of the total eight combinations are just equivalent to the
rest four types—current-sharing error is the same while current
distribution is opposite. For example, tolerance combination
+5% on Lr , +5% on Cr , +5% on Lm (a = 1.05, b = 1.05, c
= 1.05) is equivalent to combination –5% on Lr , –5% on Cr ,
–5% on Lm (a = 0.95, b = 0.95, c = 0.95); and combination
–5% on Lr , +5% on Cr , +5% on Lm (a = 0.95, b = 1.05, c
= 1.05) is equivalent to that of +5% on Lr , –5% on Cr , –5%
on Lm (a = 1.05, b = 0.95, c = 0.95). Thus, the four types
of combination shown in Fig. 9 have covered all possible cases
at 5% tolerance level in terms of current-sharing error. In Fig.
9(a), +5% tolerance on Lr , Cr , and Lm as a whole is analyzed,
which means Lr2 , Cr2 , and Lm2 are 5% larger than Lr1 , Cr1 ,
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and Lm1 , respectively (a = 1.05, b = 1.05, c = 1.05). No load
sharing could be achieved until the total load reaches 40 A.
At 400 V input and full load 50 A, the load difference of the
two phases is 65%—meaning one phase provides 41 A (25 A
+65%), while the other provides 9 A (25 A –65%).

In Fig. 9(b), –5% tolerance on Lr , +5% tolerance on Cr and
Lm (a = 0.95, b = 1.05, c = 1.05) is considered. At 400 V
input and full load 50 A condition, the load difference of the
two phases is 26%, which means one phase provides 31.5 A (25
A +26%), while the other provides 18.5 A (25 A –26%).

Similarly in Fig. 9(c), +5% tolerance on Lr , –5% tolerance
on Cr , and +5% tolerance on Lm (a = 1.05, b = 0.95, c =
1.05) is analyzed. The tolerances on Lr and Cr are opposite and
counteractive that the resonant frequency of the two phases are
the same. This explains why good load sharing can be achieved
for wide input voltage and load range. At 400 V input and full
load 50 A condition, the current-sharing error of the two phases
is close to 0.

In Fig. 9(d), +5% tolerance on Lr and Cr , and –5% tolerance
on Lm (a = 1.05, b = 1.05, c = 0.95) is considered. At 400
V input and full load 50 A condition, the load difference of the
two phases is 50%, which means one phase provides 37.5 A (25
A +50%), while the other provides 12.5 A (25 A –50%).

From Fig. 9, it can be observed that, for a conventional struc-
ture of the two-phase LLC converter, the worst case for current-
sharing performance occurs when the tolerance parameters a,
b, c deviate in the same direction at case +5% on Lr , +5% on
Cr , +5% on Lm (a = 1.05, b = 1.05, c = 1.05). The reason
could be explained as following. If Lr2 > Lr1 or Cr2 > Cr1
and Lm2 = Lm1 , then phase #2 will have lower resonant fre-
quency as compared with phase #1. Assuming same load, at
given switching frequency, phase #2 will have lower voltage
gain. As both output and input voltages are of same magnitude,
the two phases must achieve same voltage gain. This forces
phase #1 to provide more power and phase #2 provides less
power. If Lr2 = Lr1 or Cr2 = Cr1 and Lm2 > Lm1 , phase
#2 will have higher inductor ratio, which results in lower volt-
age gain. Then, phase #1 will provide more power to keep the
output voltage same with phase #2. Thus, the worst case is that
parameters a, b, c deviate in the same direction.

In practice, the worst-case condition will determine the over-
all performance of the multiphase LLC converter. Specifically,
at 400 V and total 50 A load condition, the difference of
two phase load current reaches 65% of total load current [see
Fig. 9(a)], meaning one phase outputting 41 A and the other
phase outputting only 9 A. Thus, for a total 50 A/600 W two-
phase LLC converter with the conventional structure, each phase
has to be designed with rated 41 A rather than desired 25 A to
ensure the safe operation. This will defeat the purpose of parallel
connection.

III. CURRENT-SHARING PERFROMANCE OF THE COMMON

CAPACITOR MULTIPHASE LLC CONVERTER

As shown in Fig. 5, the two LLC phases in the conventional
structure are connected in parallel at both the input side and the
output side. Thus, the resonant tank of each phase is completely

Fig. 10. Common capacitor two-phase LLC resonant converter.

independent of the other phase. No current information can be
exchanged between the phases, and no current sharing can be
achieved.

Following this thought, it could be suggested that the cur-
rent information of each phase must be collected in order to
achieve current sharing for multiphases converters. Collecting
the current information can be implemented by current-sensing
circuit.

In this section, a new multiphase LLC resonant converter
is proposed. The resonant capacitors of different phases are
connected in parallel to form a common capacitor branch,
which will take in the current information of each phase and
then redistribute evenly. For simple understanding, a two-phase
common capacitor LLC resonant converter will be discussed
in this section. Current-sharing performance will be evaluated
through the FHA analysis.

A. Common Capacitor Multiphase LLC Converter

Fig. 10 shows the common capacitor two-phase LLC reso-
nant converter. The series resonant capacitors of the two LLC
converters are connected together in parallel. The paralleled two
resonant capacitors can also be implemented with only one ca-
pacitor with value equals to the total capacitance of (1 + b)∗Cr .
It should be noted that the switch node of Q11/Q12 could be di-
rectly connected to the switching node of Q21/Q22, so to utilize
the positive temperature coefficient of MOSFETs. However, with
this configuration, phase shedding cannot be achieved.

The authors have proposed the passive-impedance-matching
concept to explain the current-sharing mechanism from the
equivalent circuit point of view [38], [39]. According to the anal-
ysis, the common capacitor resonant tank could be decoupled
and equivalent to a capacitor plus a resistor for each phase. The
equivalent resistor will always be of opposite sign for the two
phases. If phase #1 has higher current than phase #2, the equiva-
lent resistor for phase #1 will be positive. And the equivalent re-
sistor of phase #2 will be negative. As a result, the power in phase
#1 is reduced, and the power of phase #2 is increased. This intrin-
sic negative feedback will guarantee good current-sharing per-
formance for the common capacitor multiphase LLC converter.

B. Current-Sharing Analysis of the Two-Phase Common
Capacitor LLC Converter

In this paper, FHA is still used to analyze the current-sharing
performance. Same as the conventional two-phase LLC
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Fig. 11. FHA equivalent circuit of the two-phase common capacitor LLC
resonant converter.

converter, the output power Po is divided into Po1 for phase #1
and Po2 for phase #2. And (2)–(10) are still valid in the analysis
of the proposed two-phase common capacitor LLC converter.

Fig. 11 shows the FHA circuit of the proposed two-phase
common capacitor LLC converter. The total resonant capaci-
tance Cr total is

Cr total = (1 + b) Cr . (18)

From Fig. 11, the transfer function of ac voltage V1(s),
V2(s) is

{
V1(s) = Ra c 1 //sLm

Ra c 1 //sLm +sLr
(Vin(s) + VCr(s))

V2(s) = Ra c 2 //s(cLm )
Ra c 2 //s(cLm )+s(aLr ) (Vin(s) + VCr(s))

. (19)

The load factor k still complies to the quadratic equation
shown in (12), while for the two-phase common capacitor LLC
converter, the coefficients A, B, C are expressed as

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

A = ω4(a2 − 1)c2Lr
2Lm

2

B = −2ω4a2c2Lr
2Lm

2

C = ω4a2c2Lr
2Lm

2 + ω2 [(a2 − c2)Lr
2

+ 2(ac − c2)LrLm ]Rac
2

ω = 2πfs

. (20)

Combing (12) and (20), the load factor k can be solved for
different input voltage and load conditions for the two-phase
common capacitor LLC converter. Accordingly, the load current
sharing error σload and resonant current sharing error σresonant
can be calculated with (15) and (16), respectively. For the mul-
tiphase common capacitor LLC converter with more than two
phases, the load current sharing error σload can be calculated
with (17).

Fig. 12 shows the curve of current-sharing error changing
with switching frequency for the common capacitor two-phase
LLC converter. The resonant parameters are from Table I.
The a, b, and c values are 1.05, 1.05, and 0.95, which will be
proved as the worst case in the later part. Another case has
similar trend. Opposite from the result of the conventional
structure, the current-sharing error of the common capacitor
structure decreases with switching frequency. Thus, when the

Fig. 12. Relationship between current-sharing error and switching frequency
for common capacitor LLC at full load case.

switching frequency is near the resonant point (270 kHz), the
current-sharing performance is better.

C. Current-Sharing Performance in Different Input and Load
Conditions

To demonstrate the load current sharing performance of the
proposed two-phase common capacitor LLC converter in dif-
ferent input and load conditions, the load current sharing error
σload is calculated with the FHA method based on the set of
parameters shown in Table I. The parameters shown in Table I
are assigned to phase #1 as the reference, while parameters of
phase #2 will have ±5% tolerances.

Fig. 13(a) shows the load current sharing error σload with
+5% tolerance on Lr only (a = 1.05, b = 1, c = 1). Similarly
in Fig. 13(b) and (c), +5% tolerance on Cr only (a = 1, b =
1.05, c = 1) and +5% tolerance on Lm only (a = 1, b = 1, c =
1.05) are considered, respectively.

Comparing Fig. 13(a) with Fig. 8(a) and Fig. 13(c) with
Fig. 8(c), it can be observed that similar load current sharing
performance is achieved for the conventional structure and the
proposed common capacitor structure for Lm and Lr tolerance.
Comparing Fig. 13(b) with Fig. 8(b), however, the scenario is
very different. As is observed in Fig. 13(b), the load current
sharing error is zero despite the input and load condition. Thus,
with the proposed two-phase common capacitor structure, the
impact of Cr tolerance is fully removed. This is understandable
as two capacitors are connected in parallel.

Fig. 14 shows load current sharing error σload of the two-
phase common capacitor LLC converter with ±5% tolerances
combinations of Lr , Cr , and Lm . As explained in Section II-C,
Fig. 14(a)–(d) covers all tolerances combinations at ±5% level.
Comparing Fig. 14(a) with (c), the current-sharing performance
is the same even though the tolerance on Cr is opposite (Lr and
Lm are the same). This verifies the conclusion of Fig. 13(b) that
the impact of Cr tolerance is fully removed with the common ca-
pacitor structure. Same results can be found in Fig. 14(b) and (d).

It is observed from Fig. 14(a) and (c), the load-sharing error
is close to 0 for a wide input and load range. It is observed
from Fig. 14(b) and (d), at 400 V input and full load 50 A
condition, the load difference of the two phases is 36%, which
means one phase provides 34 A (25 A +36%), while the other
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Fig. 13. Current-sharing error of the two-phase common capacitor LLC converter with +5% tolerance of single parameter: (a) +5% Lr parameter tolerance (a
= 1.05, b = 1, c = 1); (b) +5% Lr parameter tolerance (a = 1, b = 1.05, c = 1); and (c) +5% Lr parameter tolerance (a = 1, b = 1, c = 1.05).

provides 16 A (25 A –36%). The worst case for current-sharing
performance occurs when the tolerance on Lr and the tolerance
on Lm deviate in the opposite direction shown in Fig. 14(b)
and (d). The reason can be explained as following. According
to Fig. 11 and (19), Lr and (Lm //Rac) form a voltage divider
circuit. Thus, if the tolerance on Lr and the tolerance on Lm

deviate in the same direction with same amount (e.g., a = 1.05
and c = 1.05), then difference between Rac1 and Rac2 must
be around 5% to keep V1(s) and V2(s) of same magnitude. On
the contrary, if the tolerance on Lr and the tolerance on Lm

deviate in the opposite direction (e.g., a = 1.05 and c = 0.95),
then to keep V1(s) and V2(s) of same magnitude, the difference
of Rac1 and Rac2 will be at the maximum (>>5%), meaning
worst current-sharing performance.

In practice, the worst case will determine the overall perfor-
mance of the multiphase LLC converter. Specifically, from 350
to 400 V, at total 50 A load condition, the difference of two phase
load current reduces from 65% in the conventional structure to

40% in the proposed common capacitor structure [see Fig. 14(b)
and (d)]. It should be noted that the current-sharing performance
for the common capacitor LLC converter is much better based
on the computer simulation and additional analysis provided in
the next section. In simulation, the worst current-sharing error
of 400 V case is 12%. The assumption of FHA causes the large
current-sharing error.

D. Phase Shedding and Interleaving Capability

For parallel operation of the converters, except for the current-
sharing ability, features such as phase shedding and interleaving
are also desired.

The proposed common capacitor LLC converter could
achieve phase shedding. If phase #2 is shut down, all the com-
ponents in phase #2 will not operate except Cr2 . It should be
noted that the total resonant capacitance for phase #1 will be
Cr1 + Cr2 , if phase #2 is shed. The new resonant frequency
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Fig. 14. Current-sharing error of the common capacitor LLC converter with +5% tolerance combination of three parameters: (a) +5% Lr +5% Cr +5% Lm

tolerance (a = 1.05, b = 1.05, c = 1.05); (b) –5% Lr +5% Cr +5% Lm tolerance (a = 0.95, b = 1.05, c = 1.05); (c) +5% Lr –5% Cr +5% Lm tolerance (a
= 1.05, b = 0.95, c = 1.05); and (d) +5% Lr +5% Cr –5% Lm tolerance (a = 1.05, b = 1.05, c = 0.95).

will be [2π
√

Lr (Cr1 + Cr2)]−1 , which is approximately 1/
√

2
of the original frequency with both phases.

Unfortunately, the common capacitor multiphase LLC con-
verter cannot achieve interleaving. This is the compromise of
using a coupled resonant tank. However, lacking this feature
is not a big concern because using a large capacitor filter will
not impact the total size and cost too much. Also the dynamic
performance can hardly be a problem for LLC converters as the
middle stage especially that the switching frequency is increas-
ing in today’s power supplies.

E. Comparison of Common Capacitor and Common Inductor
Technology

Common inductor technology has superior current-sharing
performance throughout the entire load range. Even with the
impact of the leakage inductor from the transformer, the

TABLE II
PARAMETERS OF THE TWO-PHASE LLC CONVERTER IN PSIM

Resonant Inductor Resonant Magnetizing
Lr capacitor Cr inductor Lm

Phase 1 (reference) 29 μH 12 nF 95 μH
Phase 2 (a) 30.5 μH (+5%) 12.6 nF (+5%) 100 μH (+5%)
Phase 2 (b) 28.5 μH (–5%) 12.6 nF (+5%) 100 μH (+5%)
Phase 2 (c) 30.5 μH (+5%) 11.4 nF (–5%) 100 μH (+5%)
Phase 2 (d) 30.5 μH (+5%) 12.6 nF (+5%) 90 μH (–5%)

common inductor two-phase LLC converter was able to achieve
2% current-sharing error from 20% to full load. As comparison,
the current-sharing performance of common capacitor technol-
ogy is less eye-catching, but still more than satisfying for most
of the applications with current-sharing requirement.

In certain applications, if size is emphasized, then the com-
mon capacitor technology will be more appealing, because the
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Fig. 15. PSIM simulation results of the conventional two-phase LLC converter with 5% tolerance: (a) +5% Lr +5% Cr +5% Lm tolerance (a = 1.05, b =
1.05, c = 1.05); (b) –5% Lr +5% Cr +5% Lm tolerance (a = 0.95, b = 1.05, c = 1.05); (c) +5% Lr –5% Cr +5% Lm tolerance (a = 1.05, b = 0.95, c =
1.05); and (d) +5% Lr +5% Cr –5% Lm tolerance (a = 1.05, b = 1.05, c = 0.95).

TABLE III
DATA COMPARISON OF SIMULATION AND FHA CALCULATION OF THE CONVENTIONAL TWO-PHASE LLC CONVERTER

Tolerances FHA calculation PSIM simulation

Ir e c t 1 av e Ir e c t 2 av e σ l o a d F H A Ir e c t 1 av e Ir e c t 2 av e σ l o a d P S IM

Type a (a = 1.05, b = 1.05, c = 1.05) 41 A 9 A 65% 50 A 0 100%
Type b (a = 0.95, b = 1.05, c = 1.05) 31 A 19 A 24% 46.5 A 3.5 A 86%
Type c (a = 1.05, b = 0.95, c = 1.05) 24.5 A 25.5 A 2% 24 A 26 A 4%
Type d (a = 1.05, b = 1.05, c = 0.95) 35 A 15 A 40% 49.5 A 0.5 A 99%

resonant inductor can be integrated in the transformer core.
Besides, the capacitors are easier to parallel or combine in prac-
tice. In addition, it is expected the common capacitor structure
to achieve better current-sharing performance for the LCC con-
verter. It should be noted that both technologies are very simple
in structure, easy to implement, and cost effective as compared
to the existing current-sharing methods.

IV. SIMULATION RESULTS

FHA is widely used as a qualitative method in the reso-
nant converter analysis for general characteristic identification.

Furthermore, to verify and compare the current-sharing perfor-
mance, in this section, PSIM simulation results of both the con-
ventional two-phase LLC converter and the proposed common
capacitor LLC converter will be provided.

In Sections IV-A and IV-B, PSIM simulation results will be
compared to FHA calculation for both the conventional structure
and the proposed common capacitor structure at±5% tolerances
level. Four types of tolerance combinations will be included:

1) +5% Lr , +5% Cr , +5% Lm tolerance (a = 1.05, b =
1.05, c = 1.05);

2) –5% Lr , +5% Cr , +5% Lm tolerance (a = 0.95, b =
1.05, c = 1.05);
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Fig. 16. PSIM simulation results of the conventional two-phase LLC converter with 5% tolerance: (a) +5% Lr +5% Cr +5% Lm tolerance (a = 1.05, b =
1.05, c = 1.05); (b) –5% Lr +5% Cr +5% Lm tolerance (a = 0.95, b = 1.05, c = 1.05); (c) +5% Lr –5% Cr +5% Lm tolerance (a = 1.05, b = 0.95, c =
1.05); and (d) +5% Lr +5% Cr –5% Lm tolerance (a = 1.05, b = 1.05, c = 0.95).

3) +5% Lr , –5% Cr , +5% Lm tolerance (a = 1.05, b =
0.95, c = 1.05);

4) +5% Lr , +5% Cr , –5% Lm tolerance (a = 1.05, b =
1.05, c = 0.95).

In Section IV-C, simulation waveforms based on the mea-
sured prototype parameters will be shown at different loads.

A. Simulation Results Under Different Tolerance

The simulation is conducted under 400 V input and total 50 A
load condition. The rated output voltage is 12 V. The parameter
(and tolerance percentage) is shown in Table II.

Fig. 15 shows the PSIM simulation waveforms of resonant
current, rectifier current of the conventional two-phase LLC
converter.

Table III shows the load current (the average value of the
rectifier current Irect1 ave and Irect2 ave) of FHA calculation and
PSIM simulation. It can be observed that load current sharing
error σload from simulation matches with the calculation results
in general trends (the value is different). This is generally caused
by the absence of high-order harmonics in FHA. In PSIM sim-
ulation, the worst case (a = 1.05, b = 1.05, c = 1.05) of load

current sharing error σload reaches 100%, which means that only
phase #1 provides the total 50 A load current.

Fig. 16 shows the PSIM simulation waveforms of resonant
current and rectifier current of the two-phase common capacitor
LLC converter. In Fig. 16(a) and (c) when the tolerance on
Lr and the tolerance on Lm deviate in the same direction, the
two-phase current is almost identical, which verifies the FHA
calculation results in Fig. 14(a) and (c). Also, good current
sharing could be achieved when the tolerance on Lr and the
tolerance on Lm deviate in the opposite direction shown in
Fig. 16(b) and (d).

Table IV shows the load current data comparison of FHA
calculation and PSIM simulation for the common capacitor two-
phase LLC converter. The results match well in trends, while
have some discrepancy. At worst case (a = 1.05, b = 1.05, c =
0.95), in PSIM simulation, the load current difference between
the two phases (σload) is only 12%.

B. Error of FHA Analysis and PSIM Simulation

It is noted that computer simulation result by PSIM is more
accurate than the FHA analysis. From Table III, it is observed
that for the conventional two-phase LLC converter, the PSIM
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TABLE IV
DATA COMPARISON OF SIMULATION AND FHA CALCULATION OF THE COMMON CAPACITOR LLC CONVERTER

Tolerances FHA calculation PSIM simulation

Ir e c t 1 av e Ir e c t 2 av e σ l o a d F H A Ir e c t 1 av e Ir e c t 2 av e σ l o a d P S IM

Type a (a = 1.05, b = 1.05, c = 1.05) 25.5 A 24.5 A 2% 25.5 A 24.5 A 2%
Type b (a = 0.95, b = 1.05, c = 1.05) 17 A 33 A 36% 23 A 27 A 8%
Type c (a = 1.05, b = 0.95, c = 1.05) 25.5 A 24.5 A 2% 25.5 A 24.5 A 2%
Type d (a = 1.05, b = 1.05, c = 0.95) 34 A 16 A 37% 28 A 22 A 12%

TABLE V
EXPERIMENTAL PROTOTYPE PARAMETERS

Resonant Resonant Magnetizing
Inductor Lr capacitor Cr inductor Lm

Phase 1 28.5 μH 12 nF 92 μH
Phase 2 31 μH (+8.9%) 13 nF (+8.3%) 95 μH (+3.2%)

simulation results are generally worse than the FHA calculation
results. While in Table IV, the PSIM simulation result (the ac-
curate result) is better. The difference between PSIM simulation
and FHA calculation is that in the FHA method, the higher or-
der harmonics in the resonant tank are neglected. At given load
current and input voltage condition, the voltage gain calculated
by FHA is lower than the actual case since only the funda-
mental harmonic is considered. Thus, in order to achieve the
same output voltage, the switching frequency predicted by the
FHA method will be lower than the actual switching frequency
predicted by PSIM simulation.

From Fig. 7, the conclusion is at higher frequency, the current-
sharing error is larger. Thus, for the conventional structure, in
PSIM simulation, the current-sharing performance is worse than
the FHA prediction.

On the contrary, for the common capacitor LLC converter, the
current-sharing error is reduced with the increase in switching
frequency, as shown in Fig. 12. Then, the PSIM results are better
than the FHA prediction.

C. Simulation Results for the Parameters Used in
Experimental Prototype

The parameters and tolerances based on experimental proto-
type are shown in Table V. The designed total power is 600 W
(300 W�2).

Fig. 17 shows the simulation waveforms of conventional and
proposed two-phase LLC resonant converters when the total
load current is 15, 25, and 50 A. Common capacitor two-phase
LLC converter could achieve significantly improved load current
sharing.

Table VI shows the resonant current sharing error σresonant
and load current sharing error σload based on the prototype pa-
rameters and tolerances of both the conventional two-phase LLC
converter and the common capacitor two-phase LLC converter
under 15, 25, and 50 A.

In Table VI, it is observed that resonant current sharing error
is generally lower than load current sharing error due to the
existence of the circulating current in the primary side. However,
at heavy load, when the resonant current sharing error is low,
the load current sharing error becomes very reasonable. Thus, it
is believed that good resonant current sharing guarantees good
load current sharing at heavy load.

D. Simulation Results for the Parameters Used in Other
Papers

To strengthen the conclusion, resonant parameter design from
[40] and [41] is simulated. The results lead to the same conclu-
sion. The specification of the design for the two phases is shown
in Table VII. Phase #1 design is the same as that in [38] and
[39]. Phase #2 design has +5% on Lr , +5% on Cr , –5% on
Lm , which is the worst case.

The simulations are conducted at full load condition (600 W
for each phase) and two input voltage levels including 350 V
(below resonance) and 400 V (above resonance). Fig. 18 shows
the waveforms of the resonant current and rectifier current at
350 and 400 V. It is observed that the two phases’ current is
very close in magnitude, no matter the operation is below or
above resonance.

Table VIII summarizes the current-sharing error, which jus-
tifies quite good current-sharing performance with 2.5–4.3%
sharing error. Thus, it could be concluded that the proposed
the common capacitor method is universally valid for LLC
converters.

V. EXPERIMENTAL RESULTS

A 600 W two-phase LLC converter prototype using com-
mon capacitor current sharing technology is built to verify the
feasibility and to demonstrate the advantages of the proposed
method. The circuit diagram is shown in Fig. 10. The resonant
tank parameter is designed based on the existing design method
for single-phase. The specification of the prototype is shown in
Table IX. In the experiment, the current on the secondary side
could be as high as 50 A, and the printed circuit board (PCB)
track should be as short as possible to eliminate the impact
of the parasitic inductor. Thus, it is not appropriate or easy to
measure the load current of each phase directly. As mentioned
above, good resonant current sharing indicates good load current
sharing. Thus, resonant currents are measured for evaluation of
current-sharing performance.
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Fig. 17. PSIM simulation results of the conventional two-phase LLC converter with 5% tolerance.

TABLE VI
CURRENT-SHARING ERROR AT EXPERIMENTAL PARAMETER TOLERANCE

Total current Phase Conventional two-phase LLC Common capacitor two-phase LLC

IL r rm s σ r e s o n a n t Ir e c t av e σ l o a d IL r rm s σ r e s o n a n t Ir e c t av e σ l o a d

15A Phase #1 2.1 A 16.7% 15 A 100% 2.0 A 2.6% 8.5 A 13.3%
Phase #2 1.5 A 0 A 1.9 A 6.5 A

25A Phase #1 2.4 A 23.1% 25 A 100% 2.2 A 4.8% 14 A 12%
Phase #2 1.5 A 0 A 2.0 A 11 A

50A Phase #1 3.7 A 42.3% 50 A 100% 2.6 A 6.1% 27.5 A 10%
Phase #2 1.5 A 0 A 2.3 A 22.5 A
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TABLE VII
PARAMETER DESIGN FROM [40] AND [41]

Nominal input voltage 350–400 V
Output voltage 12 V
Full load power 600 W each phase, 1200 W total
Transformer turns ratio 16: 1
Resonant frequency 300 kHz
Series inductance #1: 10 μH #2: 10.5 μH (+5%)
Series capacitance #1: 27.2 nF #2: 28.6 nF (+5%)
Magnetizing inductance #1: 110 μH #2: 104.5 μH (–5%)

Fig. 18. Current waveform of two phases (a) 350 V and (b) 400 V.

TABLE VIII
CURRENT OF TWO PHASES AND CURRENT-SHARING ERROR (1200 W, 12 V/50

A)

iLr1 rms iLr1 rms σ

350 V, 220 kHz 4.28 A 3.98 A 3.6%
400 V, 330 kHz 3.76 A 3.58 A 2.5%

TABLE IX
PROTOTYPE PARAMETERS

Switching frequency 180–270 kHz
Input voltage 350–400 V
Output voltage 12 V
Output power 300 W × 2
Transformer ratio n 20:1
Series capacitance (Cr ) 12 nF (Phase1)13 nF (Phase2)
Resonant inductance (Lr ) 28.5 μH (Phase1)31 μH (Phase2)
Magnetizing inductance (Lm ) 92 μH (Phase1)95 μH (Phase2)
Output capacitance 1790 μF (100 μF × 8 + 330 μF × 3)
Half-bridge MOSFET IPB60R190C6
SR MOSFET BSC011N03LS

Fig. 19 shows the experiment waveform of the conventional
two-phase LLC converter at 15 and 25 A total load current.
Channel 1 is the output voltage. Channel 3 and channel 4 are
the resonant current of two phases. As shown in Fig. 19(a) and
(b), the resonant current iLr2 is almost triangular waveform (ba-
sically magnetizing current for the transformer), which means
phase two does not provide any load current. The prototype
was designed for 25 A rated current; thus, total 50 A load test

Fig. 19. Experimental waveform of the conventional two-phase LLC converter
(a) 15 A load and (b) 25 A load.

Fig. 20. Resonant current of the two-phase conventional LLC converter.

is not conducted in order to avoid any possible damage of the
prototype.

Fig. 20 shows the resonant currents and the resonant current
error of the conventional two-phase LLC converter at different
load conditions. Resonant current of phase #2 is constant, while
phase #1 current increases linearly with the increase in load
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Fig. 21. Experimental waveform of the proposed common capacitor two-
phase LLC converter (a) 15 A load, (b) 25 A load, and (c) 50 A load.

current. The resonant current sharing error increases from 10%
to 25% when the load current changes from 5 A (60 W) to 25
A (300 W).

Fig. 21 shows the experiment waveform of the proposed com-
mon capacitor two-phase LLC converter at 15, 25, and 50 A total
load current. The resonant current iLr1 and iLr2 are almost the
same, and the resonant current error between the two phases is
less than 6% for all load conditions.

Fig. 22. Resonant current of the common capacitor two-phase LLC converter.

Fig. 22 shows the resonant currents and the resonant current
error of the common capacitor two-phase LLC converter at
different load conditions. When the total load current increases,
the resonant currents of the two phases both increase with same
slope. The resonant current error is kept under 6% for the entire
load range. Compared with the conventional two-phase LLC
converter, resonant current sharing error is significantly reduced.

VI. CONCLUSION

This paper proposed a new structure for the multiphase LLC
resonant converter using a common capacitor to achieve load
current sharing. The series resonant capacitors in each LLC
phase are connected in parallel. The proposed common capac-
itor multiphase LLC converter achieves current sharing with
no extra component or control. To verify the current-sharing
performance, a new mathematical model is built based on the
FHA method. The model can be used to analyze the current-
sharing characteristics of both the conventional multiphase and
the proposed common capacitor LLC converters (coupled reso-
nant tank). The FHA analysis is compared to PSIM simulation
results, and the error of the FHA method is evaluated for both
the conventional two-phase LLC converter and the common ca-
pacitor LLC converter. A two-phase LLC converter prototype
with 300 W per phase is built, and experiment results verify
that the current-sharing error is significantly reduced with the
proposed common capacitor method.

REFERENCES

[1] B. Yang, “Topology investigation for front end dc/dc power conversion
for distributed power system,” Ph.D. dissertation, Virginia Polytech. Inst.
State Univ., Blacksburg, VA, USA, 2003.

[2] Y. Zhang, D. Xu, M. Chen, Y. Han, and Z. Du, “LLC resonant converter
for 48 V to 0.9 V VRM,” in Proc. 2004 IEEE 35th Annu. Power Electron.
Spec. Conf., vol. 3, 2004, pp. 1848–1854.

[3] B. Yang, F. C. Lee, A. J. Zhang, and H. Guisong, “LLC resonant converter
for front end dc/dc conversion,” in Proc. 17th Annu. IEEE Appl. Power
Electron. Conf. Expo., vol. 2, 2002, pp. 1108–1112.

[4] I. Batarseh, “Resonant converter topologies with three and four energy
storage elements,” IEEE Trans. Power Electron., vol. 9, no. 1, pp. 64–73,
Jan. 1994.



386 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

[5] R. Severns, “Topologies for three element resonant converters,” in Proc.
5th Annu. Appl. Power Electron. Conf. Expo., 1990, pp. 712–722.

[6] R. P. Severns, “Topologies for three-element resonant converters,” IEEE
Trans. Power Electron., vol. 7, no. 1, pp. 89–98, Jan. 1992.

[7] T. B. Soeiro, J. Muhlethaler, J. Linner, P. Ranstad, and J. W. Kolar, “Au-
tomated design of a high-power high-frequency LCC resonant converter
for electrostatic precipitators,” IEEE Trans. Ind. Electron., vol. 60, no. 11,
pp. 4805–4819, Nov. 2013.

[8] L. Zhe, P. Chun-Yoon, K. Jung-Min, and K. Bong-Hwan, “High-power-
factor single-stage LCC resonant inverter for liquid crystal display
backlight,” IEEE Trans. Ind. Electron., vol. 58, no. 3, pp. 1008–1015,
Mar. 2011.

[9] M. C. Tsai, “Analysis and implementation of a full-bridge constant-
frequency LCC-type parallel resonant converter,” IEE Proc. Electr. Power
Appl., vol. 141, pp. 121–128, 1994.

[10] I. Batarseh, R. Liu, C. Q. Lee, and A. K. Upadhyay, “Theoretical and
experimental studies of the LCC-type parallel resonant converter,” IEEE
Trans. Power Electron., vol. 5, no. 2, pp. 140–150, Apr. 1990.

[11] X. Qu, S.-C. Wong, and C. K. Tse, “An improved LCLC current-source-
output multistring LED driver with capacitive current balancing,” IEEE
Trans. Power Electron., vol. 30, no. 10, pp. 5783–5791, Oct. 2015.

[12] N. Shafiei, M. Pahlevaninezhad, H. Farzanehfard, and S. R. Motahari,
“Analysis and implementation of a fixed-frequency LCLC resonant con-
verter with capacitive output filter,” IEEE Trans. Ind. Electron., vol. 58,
no. 10, pp. 4773–4782, Oct. 2011.

[13] C. M. Bingham, A. Yong Ann, M. P. Foster, and D. A. Stone, “Analysis and
control of dual-output LCLC resonant converters with significant leakage
inductance,” IEEE Trans. Power Electron., vol. 23, no. 4, pp. 1724–1732,
Jul. 2008.

[14] H. M. Suryawanshi and S. G. Tarnekar, “Modified LCLC-type series
resonant converter with improved performance,” IEE Proc. Electr. Power
Appl., vol. 143, pp. 354–360, 1996.

[15] Y. Chen, H. Wang, Z. Hu, Y.-F. Liu, J. Afsharian, and Z. A. Yang, “LCLC
resonant converter for hold up mode operation,” in Proc. 2015 IEEE
Energy Convers. Congr. Expo., 2015, pp. 556–562.

[16] M. T. Zhang, M. M. Jovanovic, and F. C. Y. Lee, “Analysis and evaluation
of interleaving techniques in forward converters,” IEEE Trans. Power
Electron., vol. 13, no. 4, pp. 690–698, Jul. 1998.

[17] M. T. Zhang, M. M. Jovanovic, and F. C. Lee, “Analysis, design, and
evaluation of forward converter with distributed magnetics-interleaving
and transformer paralleling,” in Proc. 10th Annu. Appl. Power Electron.
Conf. Expo., vol. 1, 1995, pp. 315–321.

[18] R. Hermann, S. Bernet, S. Yongsug, and P. K. Steimer, “Parallel connec-
tion of integrated gate commutated thyristors (IGCTs) and diodes,” IEEE
Trans. Power Electron., vol. 24, no. 9, pp. 2159–2170, Sep. 2009.

[19] J. Rabkowski, D. Peftitsis, and H. P. Nee, “Parallel-operation of discrete
SiC BJTs in a 6-kW/250-kHz dc/dc boost converter,” IEEE Trans. Power
Electron., vol. 29, no. 5, pp. 2482–2491, May 2014.

[20] Z. Hu, Y. Qiu, Y.-F. Liu, and P. C. Sen, “An interleaving and load sharing
method for multiphase LLC converters,” in 2013 28th Annu. IEEE Appl.
Power Electron. Conf. Expo., 2013, pp. 1421–1428.

[21] H. Figge, T. Grote, N. Froehleke, J. Boecker, and P. Ide, “Paralleling of
LLC resonant converters using frequency controlled current balancing,”
in Proc. IEEE Power Electron. Spec. Conf., 2008, pp. 1080–1085.

[22] K. Bong-Chul, P. Ki-Bum, and M. Gun-Woo, “Analysis and design of
two-phase interleaved LLC resonant converter considering load sharing,”
in Proc. IEEE Energy Convers. Congr. Expo., 2009, pp. 1141–1144.

[23] Z. Hu, Y. Qiu, L. Wang, and Y.-F. Liu, “An interleaved LLC resonant
converter operating at constant switching frequency,” in Proc. 2012 IEEE
Energy Convers. Congr. Expo., 2012, pp. 3541–3548.

[24] Z. Hu, Y. Qiu, L. Wang, and Y.-F. Liu, “An interleaved LLC resonant
converter operating at constant switching frequency,” IEEE Trans. Power
Electron., vol. 29, no. 6, pp. 2931–2943, Jun. 2014.

[25] Z. Hu, Y. Qiu, Y.-F. Liu, and P. C. Sen, “A control strategy and design
method for interleaved LLC converters operating at variable switching
frequency,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4426–4437,
Aug. 2014.

[26] E. Orietti, P. Mattavelli, G. Spiazzi, C. Adragna, and G. Gattavari, “Two-
phase interleaved LLC resonant converter with current-controlled induc-
tor,” in Proc. Power Electron. Conf., 2009, pp. 298–304.

[27] B.-C. Kim, K.-B. Park, C.-E. Kim, and G.-W. Moon, “Load sharing char-
acteristic of two-phase interleaved LLC resonant converter with parallel
and series input structure,” in Proc. 2009 IEEE Energy Convers. Congr.
Expo., 2009, pp. 750–753.

[28] F. Jin, F. Liu, X. Ruan, and X. Meng, “Multi-phase multi-level LLC
resonant converter with low voltage stress on the primary-side switches,”
in 2014 IEEE Energy Convers. Congr. Expo., 2014, pp. 4704–4710.

[29] E. Orietti, P. Mattavelli, G. Spiazzi, C. Adragna, and G. Gattavari, “Anal-
ysis of multi-phase LLC resonant converters,” in Proc. Power Electron.
Conf., 2009, pp. 464–471.

[30] E. Orietti, P. Mattavelli, G. Spiazzi, C. Adragna, and G. Gattavari, “Current
sharing in three-phase LLC interleaved resonant converter,” in Proc. 2009
IEEE Energy Convers. Congr. Expo., 2009, pp. 1145–1152.

[31] H. Wang, Y. Chen, Y.-F. Liu, J. Afsharian, and A. Z. Yang, “A common
inductor multi-phase LLC resonant converter,” in Proc. 2015 IEEE Energy
Convers. Congr. Expo., 2015, pp. 548–555.

[32] H. Wang, Y. Chen, Y. F. Liu, J. Afsharian, and Z. Yang, “A passive
current sharing method with common inductor multi-phase LLC resonant
converter,” IEEE Trans. Power Electron., vol. PP, no. 99, 2017.

[33] H. Wang et al., “A common capacitor multi-phase LLC resonant con-
verter,” in Proc. 2016 IEEE Appl. Power Electron. Conf. Expo., 2016,
pp. 2320–2327.

[34] B. C. Kim, K. B. Park, C. E. Kim, and G. W. Moon, “Load sharing char-
acteristic of two-phase interleaved LLC resonant converter with parallel
and series input structure,” in Proc. 2009 IEEE Energy Convers. Congr.
Expo., 2009, pp. 750–753.

[35] Y. Gang, P. Dubus, and D. Sadarnac, “Analysis of the load sharing char-
acteristics of the series-parallel connected interleaved LLC resonant con-
verter,” in Proc. 2012 13th Int. Conf. Optim. Electr. Electron. Equip., 2012,
pp. 798–805.

[36] H. Wang et al., “An algorithm to analyze circulating current for multi-
phase resonant converter,” in 2016 IEEE Appl. Power Electron. Conf.
Expo., 2016, pp. 899–906.

[37] I. O. Lee and G. W. Moon, “The k-Q analysis for an LLC series reso-
nant converter,” IEEE Trans. Power Electron., vol. 29, no. 1, pp. 13–16,
Jan. 2014.

[38] H. Wang, Y. Chen, and Y. F. Liu, “A passive-impedance-matching con-
cept for multiphase resonant converter,” in Proc. 2016 IEEE Appl. Power
Electron. Conf. Expo., 2016, pp. 2304–2311.

[39] H. Wang, Y. Chen, and Y. F. Liu, “A passive-impedance-matching tech-
nology to achieve automatic current sharing for multi-phase resonant con-
verter,” IEEE Trans. Power Electron., vol. PP, no. 99, 2017.

[40] Z. Hu, L. Wang, H. Wang, Y. F. Liu, and P. C. Sen, “An accurate de-
sign algorithm for LLC resonant converters; Part I,” IEEE Trans. Power
Electron., vol. 31, no. 8, pp. 5435–5447, Aug. 2016.

[41] Z. Hu, L. Wang, Y. Qiu, Y. F. Liu, and P. C. Sen, “An accurate design algo-
rithm for LLC resonant converters; Part II,” IEEE Trans. Power Electron.,
vol. 31, no. 8, pp. 5448–5460, Aug. 2016.

Hongliang Wang (M’12–SM’15) received the B.Sc.
degree in electrical engineering from the Anhui Uni-
versity of Science and Technology, Huainan, China,
in 2004, and the Ph.D. degree in electrical engineer-
ing from the Huazhong University of Science and
Technology, Wuhan, China, in 2011.

From 2004 to 2005, he worked as an Electrical En-
gineer in Zhejiang Hengdian Thermal Power Plant.
From 2011 to 2013, he worked as a Senior System
Engineer in Sungrow Power Supply Co., Ltd. He has
been a Post-Doctoral Fellow with Queen’s Univer-

sity, Kingston, ON, Canada, since 2013. He has published more than 50 papers
in conferences and journals. He is the Inventor/Co-inventor of 41 China issued
patents, 15 US patents, and 6 PCT patents pending. His research interests in-
clude power electronics, including digital control, modulation, and multilevel
topology of inverter for photovoltaic application and microgrids application;
resonant converters and server power supplies, and LED drivers.

Dr. Wang is currently a senior member of China Electro-Technical Society; a
senior member of China Power Supply Society (CPSS). He serves as a member
of CPSS Technical Committee on Standardization; a member of CPSS Technical
Committee on Renewable Energy Power Conversion; a Vice-Chair of Kingston
Section, IEEE; a Session Chair of ECCE 2015; a TPC member of ICEMS 2012;
and a China Expert Group Member of IEC standard TC8/PT 62786.



WANG et al.: COMMON CAPACITOR MULTIPHASE LLC CONVERTER WITH PASSIVE CURRENT SHARING ABILITY 387

Yang Chen (S’14) received the B.Sc. and M.Sc. de-
grees in electrical engineering from the Beijing In-
stitute of Technology, Beijing, China, in 2011 and
2013, respectively. He is currently working toward
the Ph.D. degree with Queen’s University, Kingston,
ON, Canada.

His research interests include topology, control,
and design of resonant converters in ac–dc and dc–dc
fields, power factor correction technology, and digital
control.

Yajie Qiu (S’13) received the M.Sc. degree from
Anhui University of Technology, Anhui Sheng,
China, in 2011. He received the Ph.D. degree from
Queen’s University, Kingston, ON, Canada, in 2017,
both in electrical engineering.

He will be working as an Application Engineer in
GaN Systems, Inc., from March, 2017. His research
interests include topologies and control methods for
ac–dc converters with power factor correction and
LED driver, nonlinear control to achieve fast dynamic
performance for dc–dc converters, and modulation

schemes for resonant converter. He has two international patents pending.
Dr. Qiu received the outstanding presentation award at APEC’15 and a con-

ference travel award from PSMA.

Peng Fang (S’11) received the M.Sc. degree from
Hong Kong University of Science and Technology,
Clear Water Bay, Hong Kong, in 2007, and the
Ph.D. degree from Queen’s University, Kingston,
ON, Canada, in 2016, both in electrical engineering.

He continued his research in the same lab as a
Postdoctoral Research Fellow. From 2008 to 2011,
he worked as an R&D Power Electronics Engineer
at ASM Pacific Technology, where he lead the in-
novation and development on switching mode power
supply, switching and linear power amplifier. He has

two U.S. patents pending and several inventions. His research interests include
dc–dc converter design, switching capacitor converter design, offline LED driv-
ing, GaN-FET based converter design, and microinverter design.

Yan Zhang (S’09–M’14) received the B.S. and
M.S. degrees from Xi’an University of Technology,
Xi’an, China, in 2006 and 2009, respectively, and the
Ph.D. degree from Xi’an Jiaotong University (XJTU),
Xi’an, China, in 2014, all in electrical engineering.

In 2014, he then joined the Electrical Engineer-
ing School, XJTU, as a teaching faculty. Since early
2016, he is also a Postdoctoral Research Fellow in
the Department of Electrical and Computer Engi-
neering, Queen’s University, Kingston, ON, Canada.
His research interests include topology, model and

control of power electronic systems, high step-up dc–dc converters, and power-
electronics applications in renewable energy and distributed generation.

Laili Wang (S’07–M’13–SM’15) was born in
Shaanxi province, China, in 1982. He received the
B.S., M.S., and Ph.D. degrees in electrical engineer-
ing from Xi’an Jiaotong University, Xi’an, China, in
2004, 2007, and 2011, respectively.

In 2011, he became a Postdoctoral Fellow in the
Department of Electrical Engineering, Queen’s Uni-
versity, Kingston, ON, Canada. In 2013, he started
to work as a Research Fellow in Queen’s University.
Since 2014, he has worked in the research center of
Sumida LTD, Canada. His research focuses on pack-

age and integration of high-frequency high-power density dc/dc converters.

Yan-Fei Liu (M’94–SM’97–F’13) received the bach-
elor’s and master’s degrees in electrical engineer-
ing from the Department of Electrical Engineering,
Zhejiang University, Hangzhou, China, in 1984 and
1987, respectively, and the Ph.D. degree in elec-
trical engineering from the Department of Electri-
cal and Computer Engineering, Queen’s University,
Kingston, ON, Canada, in 1994.

He was a Technical Advisor with the Advanced
Power System Division, Nortel Networks, Ottawa,
Canada, from 1994 to 1999. Since 1999, he has been

with Queen’s University, where he is currently a Professor with the Department
of Electrical and Computer Engineering. He has authored more than 200 techni-
cal papers in the IEEE Transactions and conferences, and holds 20 US patents.
He is also a Principal Contributor for two IEEE standards. His current research
interests include digital control technologies for high efficiency, fast dynamic
response dc–dc switching converter and ac–dc converter with power factor cor-
rection, resonant converters and server power supplies, and LED drivers.

Dr. Liu serves as an Editor for the IEEE JOURNAL OF EMERGING AND SE-
LECTED TOPICS OF POWER ELECTRONICS (IEEE JESTPE) since 2013, an Asso-
ciate Editor for the IEEE TRANSACTIONS ON POWER ELECTRONICS since 2001,
and a Guest Editor-in-Chief for the special issue of Power Supply on Chip of
the IEEE TRANSACTIONS ON POWER ELECTRONICS from 2011 to 2013. He also
served as a Guest Editor for special issues of JESTPE: Miniaturization of Power
Electronics Systems in 2014 and Green Power Supplies in 2016. He serves as
the Co-General Chair of ECCE 2015 held in Montreal, Canada, in September
2015. He will be the General Chair of ECCE 2019 to be held in Baltimore, USA.
He has been the Chair of PELS Technical Committee on Control and Modeling
Core Technologies since 2013 and the Chair of PELS Technical Committee on
Power Conversion Systems and Components from 2009 to 2012. He received
the Award of Excellence in Technology in Nortel in 1997 and the Premier’s
Research Excellence Award in 2000 in Ontario, Canada.

Jahangir Afsharian received the B.S. and M.S. de-
grees in electrical engineering, in 2006 and 2009,
respectively, from Ryerson University, Toronto, ON,
Canada, where he is currently working toward the
Ph.D. degree.

From 2009 to 2011, he was a Research and Devel-
opment (R&D) Engineer in the Communications and
Power Industries, Georgetown, ON, Canada, where
he was involved in the design of resonant converter
LCC and high-voltage transformer for x-ray medical
equipment. From the end of 2011 to present, he is a

Senior Electrical Engineer in the Advanced Development Group, Murata Power
Solution, Mansfield, MA, USA, where he is involved in the power electronics
ac–dc power-factor-correction and dc–dc converter. His current research inter-
ests include three-phase matrix based rectifier for battery charger and data center
applications.

Zhihua (Alex) Yang was born in Hubei, China. He
received the B.S. degree from Hubei Institute of Tech-
nology, Hubei, China, in 1993, and the M.S. degree
from Queen’s University, Kingston, ON, Canada, in
2005, both in electrical engineering.

He worked as a Design Engineer with Wuhan
Zhouji Telecom Power Supply Corporation from
1993 to 2002. He has been a design engineer with
the Advanced Research center, Paradigm Electron-
ics, Inc., Canada, during 2005–2007. He joined Mu-
rata Power Solutions, Inc., Markham, ON, Canada,

in 2007. Since then, he has been working as a Design Engineer, Senior Design
Engineer, and Principal Design Engineer. He is currently the Director of product
development in Murata Power Solutions, Inc. His research interests include high
switching frequency, high power density, and high-efficiency switching mode
power suppliers.



<<
  /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 false
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


