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Common Capacitor Multiphase LLC Converter With
Passive Current Sharing Ability

Hongliang Wang
Laili Wang, Yan-Fei Liu

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 LL.C, resonant
converter.

I. INTRODUCTION

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.
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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 LL.C 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.

L., C.1, and L, are the series resonant inductor, series
resonant capacitor, and magnetizing inductor of phase #1.
Lo, C.9, and L,,» 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. ir,1, irr2, Lrect1s Lrect2s Lo1, Lo2, Cot,
and C, are the resonant current, rectifier current, load current,
output capacitor of two phases. I, 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

Lrl = L’r'; Lr? = aLr
Crl = Cru Cr? = bCr (1)
Lyt =Ly, Lps=cLy

V,, P,, R, are the output voltage, total output power, and to-
tal load resistor of two phases. The load resistor can be expressed
as

‘/:)2
Ro—?o.

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

©))

Po:Pol+P02~ (3)
The equivalent load resistors R,; and R, of each phase can
be described as
Rol = Yo
{ o “
R02 = PZQ

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

P,y = kP, &)
Poy = (1= k)P, (6)
Combining (4), (5), and (6) gives
[c0 R, | k=0
(Rt Run] = [Ro/k Rn/lk] ke (01) -
[R, o] k=1

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

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

The primary-side equivalent ac resistors R,.; and R,.> can

be calculated as
2
R.c1 = %Rul
RacQ =

8n? :
72 R02

®)
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Combing (7) and (8) gives

[oo %’T’—Z;Ro] k=0

[Ract Rao] = ¢ [228e 28] ke(@1). O
(%R, o] k=1

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
Vi(s) and V5 (s) is the same. The relationship is shown as

Vi ()] = [Va (s)]-

According to the FHA model shown in Fig. 6, the transfer
function of V; (), V4 (s) can be calculated as

(10)

— Rac //SLm
VYI(S) - R}l(',l//SL7j+SL7 +1/5Cr ‘/in(s) 11
V. _ Raca//scLm r (11
2(5) " Raca2//scLy +saL,+1/sbC, "1 5

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

Ak> + Bk +C =0. (12)

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

A=w?(1-b)PL,? —w'(2ab — 20*)P* L, L, *C,
+w(a? — 1)L, 2L, C,2

B=—-2w?AL,>%+ 4w'ab>A L, L,,>C,
—2w8a?b?c?L,%L,,%C,>

C =w?cL,,?—2w*ab? L, L, > C, +w%a?b? L, % L, C,?
+(1 =V )Ra® — w?[(2ab — 20°2) L,
+ (2bc — 2b??) L, |Cy R +w* (ab—be)[(ab + be) L, 2
+ 2bCLr Lm, ]CI‘ZR&(‘?

w =2mf;

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

The value of load factor k can then be derived with

. _% A=0,B+#0
- % A#0,V/B2—4AC >0

and k € [0, 1]. (14)

The value of & is valid when £ 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 gj.q 1S

Ip1 — Ip2
Iy + Ipo
where I,; and I, 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 01,,q = 0 means the load power being

Oload = abs { } —abs(1—2k), k€[0,1] (15)
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Fig. 7. Relationship between current-sharing error and switching frequency

for the conventional structure.

TABLE I
NOMINAL PARAMETER VALUE

Input voltage range 350400 V
Resonant inductor L, 29 nH
Resonant capacitor C', 12 nF
Magnetizing inductor L, 95 nH

Transformer ratio n 20

Resonant frequency f, 270 kHz

Output voltage V,, 12 V (rated voltage)

Total Output load P, One phase power 300 W (25 A)
Two phase power 600 W (50 A)

equally shared, while 01,,q = 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 LL.C 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

Oresonant 1S

rms(ip, ) — rms(ipg)
rms(ip, ) + rms(ip,o)

Oresonant — abs (16)
where rms(ir,1), rms(ir2) are the root mean square (rms)
value of resonant current 71,1 and iy,o.

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

rmS(iL1-1) — rms(iLrQ)
rms (g1 ) + rms(ipe)

Oresonant = abs (17)
where N is total phase count; rms(iLrj) and I,,; are, respectively,
the resonant current rms value and output current dc value of
the jth phase.
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Current-sharing error of the conventional two-phase LLC converter with +5% tolerance of single parameter: (a) +5% L, parameter tolerance (a = 1.05,

b=1,c=1);(b) +5% L, parameter tolerance (@ = 1, b = 1.05, ¢ = 1); and (¢) +5% L, parameter tolerance (¢ = 1, b = 1, ¢ = 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 01,,q between the
two phases.

In Fig. 8(a), +5% tolerance on L, only is considered, which
means L, is 5% larger than L,;, while C,; and L,,; are the
same with C,5 and L,,» (a =1.05,b =1, ¢ = 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 C,. only (¢ =1,b=1.05,c =
1) is considered. C}. is 5% larger than C,.1, while L, and L1
are the same with L,5 and L,,2. 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 L,, only (a =1, b
=1, ¢ =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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Current-sharing error of the conventional two-phase LLC converter with +5% tolerance of three parameters: (a) +5% L, +5% C, +5% L,, tolerance

(a=1.05,b=1.05¢=1.05);(b)-5% L, +5% C, +5% L, tolerance (a = 0.95, b = 1.05, ¢ = 1.05); (¢) +5% L, =5% C, +5% L,, tolerance (a = 1.05, b
=0.95,¢=1.05);and (d) +5% L, +5% C) —5% L,, 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 L,o is 5% larger than
L,1 (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 L, is 5% smaller than L,; (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 C;. has the most significant
impact on current sharing of multiphase LLC converters.

Fig. 9 shows load current sharing error oy,,q of the conven-
tional two-phase LL.C converter with 5% tolerances combina-
tions of L,., C,, and L,, . Theoretically there are total eight (23)
possible combinations for L, C,, and L,, 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 L,, +5% on C,., +5% on L,, (a = 1.05, b = 1.05, ¢
= 1.05) is equivalent to combination —5% on L,., =5% on C,.,
~5% on L, (a =0.95, b = 0.95, ¢ = 0.95); and combination
—5% on L,, +5% on C.., +5% on L,, (a = 0.95, b = 1.05, ¢
= 1.05) is equivalent to that of +5% on L,, 5% on C,, -5%
on L,, (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 L,., C,, and L,, as a whole is analyzed,
which means L5, C,2, and L,,2 are 5% larger than L,,, C,1,
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and L,, 1, respectively (a = 1.05, b = 1.05, ¢ = 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 L,, +5% tolerance on C, and
L,, (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 L,, —5% tolerance
on C,, and +5% tolerance on L,, (a = 1.05, b = 0.95, ¢ =
1.05) is analyzed. The tolerances on L, and C, 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 L, and C)., and —5% tolerance
on L,, (a =1.05,b = 1.05, ¢ = 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, ¢ deviate in the same direction at case +5% on L,., +5% on
C,, +5% on L,, (a = 1.05, b = 1.05, ¢ = 1.05). The reason
could be explained as following. If L, > L,; or C,9 > Cpq
and L,,» = L,,1, 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 Lo = L,y or C,y = C,y and L,,2 > L,,1, 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, ¢ 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
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VO

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).C,.
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 aresult, the power in phase
#1 isreduced, 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 P, is divided into P,; for phase #1
and P, 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 C, iotal 18

Cr,total = (1 + b) Cr~ (18)

From Fig. 11, the transfer function of ac voltage Vi (s),
Va(s) is

Rac1//sLm
{ Vi(s) = ot he (Vi (s) + Vou () )
Raco//s(cLm ’
Va(s) = R;;\CZ//S(Zém()+S(>(lLl') (Vin(s) + Vox ()
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=w(a® — I)CQLT«QLm2

B = —2w'a®c*L,*L,,*

C =w'a’®L,*L,? + w?[(a*> — )L, % -
+2(ac — )Ly Ly | Rac?

w =27 f

(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 oy,,4 and resonant current sharing error oyesonant
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 0),,q4 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 ¢ 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

Common Cr LLC

Liz=1.05Le,
0.4 Cr2=1.05Cqy,
Lmz=0.95 L

current sharing error

0
100K 120K 140K 160K 180K 200K 220K 240k fs

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
Oloaq 18 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 oy,,q With
+5% tolerance on L, only (a = 1.05, b = 1, ¢ = 1). Similarly
in Fig. 13(b) and (c¢), +5% tolerance on C,. only (a = 1, b =
1.05, ¢ = 1) and +5% tolerance on L,, 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 L,, and L, 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 C) tolerance is fully removed. This is understandable
as two capacitors are connected in parallel.

Fig. 14 shows load current sharing error 0j,,q of the two-
phase common capacitor LLC converter with 5% tolerances
combinations of L,, C,, and L,,. 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 C, is opposite (L, and
L,, are the same). This verifies the conclusion of Fig. 13(b) that
the impact of C, 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 O 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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Current-sharing error of the two-phase common capacitor LLC converter with +5% tolerance of single parameter: (a) +5% L, parameter tolerance (a

=1.05,b=1,c = 1); (b) +5% L, parameter tolerance (a = 1, b = 1.05, ¢ = 1); and (c) +5% L, parameter tolerance (a = 1, b =1, ¢ = 1.05).

provides 16 A (25 A —36%). The worst case for current-sharing
performance occurs when the tolerance on L, and the tolerance
on L,, 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), L, and (L,, //Ra.) form a voltage divider
circuit. Thus, if the tolerance on L, and the tolerance on L,
deviate in the same direction with same amount (e.g., a = 1.05
and ¢ = 1.05), then difference between R,.; and R,., must
be around 5% to keep V;(s) and V5(s) of same magnitude. On
the contrary, if the tolerance on L, and the tolerance on L,,
deviate in the opposite direction (e.g., @ = 1.05 and ¢ = 0.95),
then to keep V] (s) and V5 (s) of same magnitude, the difference
of R..1 and R,.o 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 C,o. It should be
noted that the total resonant capacitance for phase #1 will be
Cy1 + C,o, if phase #2 is shed. The new resonant frequency
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Current-sharing error of the common capacitor LLC converter with +5% tolerance combination of three parameters: (a) +5% L, +5% C, +5% L,

tolerance (a = 1.05, b = 1.05, ¢ = 1.05); (b) -5% L, +5% C, +5% L, tolerance (a = 0.95,b = 1.05, ¢ = 1.05); (¢c) +5% L, -5% C, +5% L,, tolerance (a
= 1.05,b=0.95,c = 1.05); and (d) +5% L, +5% C, -5% L., tolerance (a = 1.05, b = 1.05, ¢ = 0.95).

will be [27m1/L, (C,1 + C,2)]~", 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 LLLC CONVERTER IN PSIM

Resonant Inductor Resonant Magnetizing
L, capacitor C', inductor L,
Phase 1 (reference) 29 uH 12 nF 95 uH
Phase 2 (a) 30.5 pH (+5%) 12.6 nF (+5%) 100 pH (+5%)
Phase 2 (b) 28.5 pH (-5%) 12.6 nF (+5%) 100 pH (+5%)
Phase 2 (c) 30.5 pH (+5%) 11.4 nF (-5%) 100 pH (+5%)
Phase 2 (d) 30.5 pH (+5%) 12.6 nF (+5%) 90 1 H (=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% L, +5% C, +5% L, tolerance (a = 1.05, b =

1.05, ¢ = 1.05); (b) =5% L, +5% C, +5% L,, tolerance (a = 0.95, b = 1.05,
.95).

1.05); and (d) +5% L, +5% C, —5% L, tolerance (a = 1.05, b = 1.05,¢ =0

¢ = 1.05); (¢) +5% L, 5% C, +5% L,, tolerance (a = 1.05,b = 0.95, ¢ =

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

Tolerances FHA calculation PSIM simulation

Licctiave  Irect2ave  Oload FHA  Irectiave  Irect2ave  Oload PSIM
Type a (@ = 1.05, b = 1.05, ¢ = 1.05) 41 A 9A 65% 50 A 0 100%
Type b (a = 0.95, b = 1.05, ¢ = 1.05) 31A 19A 24% 46.5 A 35A 86%
Type ¢ (a = 1.05,b = 0.95, ¢ = 1.05) 245 A 255A 2% 24 A 26 A 4%
Type d (a = 1.05, b = 1.05, ¢ = 0.95) 35A 15A 40% 495 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% L,, +5% C,, +5% L,, tolerance (a = 1.05, b =

1.05, ¢ = 1.05);
2) 5% L,, +5% C,, +5% L,, tolerance (a = 0.95, b =
1.05, ¢ = 1.05);
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Fig. 16.  PSIM simulation results of the conventional two-phase LLC converter with 5% tolerance: (a) +5% L, +5% C, +5% L,, tolerance (a = 1.05, b =

1.05, ¢ = 1.05); (b) 5% L, +5% C, +5% L,, tolerance (a = 0.95, b = 1.05, ¢ = 1.05); (¢) +5% L, —5% C, +5% L,, tolerance (a = 1.05, b = 0.95, ¢ =
1.05); and (d) +5% L, +5% C, —5% L, tolerance (a = 1.05, b = 1.05, ¢ = 0.95).

3) +5% L,, 5% C,, +5% L,, tolerance (a = 1.05, b =
0.95, c = 1.05);

4) +5% L,, +5% C,, -5% L,, tolerance (a = 1.05, b =
1.05, ¢ = 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 Iioct1_ave aNd Lrect2_ave) Of FHA calculation and
PSIM simulation. It can be observed that load current sharing
erTor 01y,4 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, ¢ = 1.05) of load

current sharing error oy,,4 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
L, and the tolerance on L,, 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 L, and the
tolerance on L,, 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 (@ = 1.05, b = 1.05, ¢ =
0.95), in PSIM simulation, the load current difference between
the two phases (01paq) 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 LLLC CONVERTER

Tolerances

FHA calculation

PSIM simulation

Licctiave  Irect2ave  Oload FHA Licctiave  Irect2ave  Oload PSIM
Type a (a = 1.05, b = 1.05, ¢ = 1.05) 255 A 245 A 2% 255 A 245 A 2%
Type b (a = 0.95, b = 1.05, ¢ = 1.05) 17A 33A 36% 23 A 27 A 8%
Type ¢ (@ = 1.05, b = 0.95, c = 1.05) 255A 245 A 2% 255A 245 A 2%
Type d (a = 1.05,b = 1.05, ¢ = 0.95) 34 A 16 A 37% 28 A 22 A 12%

TABLE V
EXPERIMENTAL PROTOTYPE PARAMETERS

Resonant Resonant Magnetizing
Inductor L, capacitor C', inductor L,
Phase 1 28.5 nH 12 nF 92 uH

Phase2 31 pH (+8.9%) 13nF (+8.3%) 95 pH (+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 dyesonant
and load current sharing error 0y,,q 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 L,, +5% on C,, -5% on
L,,,, 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
Ity xms Oresonant Liectave Oload ILrxms Oresonant Lectave Tload
15A Phase #1 2.1A 16.7% 15A 100% 20A 2.6% 85A 13.3%
Phase #2 15A 0A 19A 6.5 A
25A Phase #1 24 A 23.1% 25 A 100% 22A 4.8% 14 A 12%
Phase #2 1.5A 0A 20A 11A
50A Phase #1 37A 42.3% 50 A 100% 26A 6.1% 275A 10%

Phase #2 15A 0A 23A 225A
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TABLE VII
PARAMETER DESIGN FROM [40] AND [41]

Nominal input voltage 350-400 V

Output voltage 12V

Full load power 600 W each phase, 1200 W total
Transformer turns ratio 16: 1

Resonant frequency 300 kHz

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

Series inductance #1: 10 uH #2:10.5 pH (+5%)
Series capacitance #1:27.2 nF #2:28.6 nF (4+-5%)
Magnetizing inductance ~ #1: 110 pH  #2: 104.5 pH (-5%)
GaleQH GateQi2 I(Lr2) GateQ1 GaleGiz ifLe2) i1 1.97 A (rms) 2 A/div
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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 ip,,9 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

—gr— phase #2 resonant current

wn

2
w
LY

= o == current sharing error

5 10 15 20 25 30 35 40 45 50

Total load current (A)

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 71,1 and 71,0 are almost the
same, and the resonant current error between the two phases is
less than 6% for all load conditions.

3 25
=i phase #1 resonant current

——i— phase #2 resonant current

—_ 2.5 . .
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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.
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