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Abstract—In this paper, a new common inductor current shar-
ing method is proposed for a multiphase LLC resonant converter
for high-power applications. Automatic current sharing is achieved
by using a common resonant inductor connecting the resonant in-
ductors in each LLC phase in parallel. The current sharing perfor-
mance of the proposed method is evaluated under first harmonic
approximation (FHA) assumption. The proposed method can auto-
matically share the primary resonant current and the load current
for all phases without any additional circuit and control strategy. A
600-W two-phase LLC converter prototype based on the proposed
method is built to verify the feasibility. Excellent current sharing
performance (less than 0.5% current sharing error at full load) has
been achieved.

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

I. INTRODUCTION

ESONANT converter is attractive for isolated dc/dc appli-
R cations, such as flat-panel TVs, laptop adapters, servers,
etc., because of its attractive features: smooth waveforms, 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 MOSFET and zero-current
switching for the secondary-side diodes [1]-[6]. Other resonant
converters, such as LCC [7]-[10], LCLC[11]-[15], are also used
for industry applications. For resonant converter used in high-
power applications, high current stress on the power devices
may reduce both efficiency and reliability. Multiphase parallel
technique can solve this problem by reducing the current stress
in each phase [16]-[19]. However, due to the tolerance of reso-
nant components, the resonant frequency of each individual LLC
phase will be different, thus the output currents will be uneven
[20]-[22]. It is observed that a small component tolerance (e.g.,
5%) can cause significant current imbalance among phases, such
as more than 50% current sharing error and, thus, degradation of
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Fig. 1. Switch-controlled capacitor multiphase LLC converter.
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Fig. 2. Linearly controlled inductor multiphase LLC converter.
the benefits achieved by parallel technique. Therefore, current
sharing strategy is mandatory in multiphase LLC converter.
Three types of methods have been used to achieve current
sharing for multiphase LLC converters [23]-[31]. The first
method is the active method, which adjusts the equivalent reso-
nant capacitor [23]-[25] or resonant inductor [26] to compensate
the components’ tolerances using additional MOSFETs. The cir-
cuit diagram with switch-controlled capacitor is shown in Fig. 1.
The circuit diagram with linearly controlled inductor is shown in
Fig. 2, where the value of the resonant inductor is controlled by
an additional dc winding. Parameters a, b, and c are used to in-
dicate the tolerances between every two phases. Good load shar-
ing performance can be achieved. However, these methods suf-
fer from high cost, complex control, and nonexcellent dynamic
performance caused by the sensing circuit and control loop.
The second method is dc voltage self-balanced method based
on series input capacitors [27], [28], [32], which is shown in
Fig. 3. Ideally, for two-phase, the two input dc capacitor volt-
ages are the same, and equal to half of the input bus voltage.
If the load power is not shared, the midpoint voltage will be
changed according to each phase’s power. With this method, the
system has low cost and good load current sharing performance.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 4. Three-wire three-phase LLC converter.

However, it is not suitable for modularization design in system
level, as the input voltage for each phase is reduced with module
number increasing. Furthermore, the gate drive circuit for the
top phase is complicated. In addition, the relative analysis [32]
shows that 29% current sharing error can be achieved under
+10% tolerance of resonant inductor, which is not very good.

The third method is using the three-phase three-wire structure
for a three-phase LLC resonant converter based on 120° phase
shift, as shown in Fig. 4, which has good load current sharing
near resonant frequency [30], [31], but it is only suitable for
converters with three LLC modules in parallel. The load current
will not share very well when the number of parallel modules is
more than three.

Therefore, from the above review, it is noted that the exist-
ing technologies cannot provide cost-effective, flexible current
sharing performance for multiphase LLC resonant converters.

In this paper, a common inductor multiphase LLC resonant
converter is proposed. The resonant inductor in each LLC phase
is connected in parallel to achieve current sharing. First har-
monic analysis (FHA) shows that the load current of each phase
can be automatically shared. This technology is simple that no
additional cost or complex control is needed. It can be expanded
to any number of phases.

This paper is organized as follows. The current sharing per-
formance of conventional multiphase LLC resonant converter is
given in Section II. Section III discusses current sharing analy-
sis of the proposed common inductor LLC resonant converter.
The simulation results are provided in Section IV. Section V
provides the experimental results of a two-phase 600-W LLC
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resonant converter prototype with both the conventional method
and the proposed method. The paper is concluded in Section VI.

II. CURRENT SHARING PERFORMANCE OF CONVENTIONAL
MULTIPHASE LLC

In this section, the current sharing performance of conven-
tional multiphase LLC converter will be demonstrated. The
FHA-based method introduced in [34] and [35] is used in this pa-
per for analyzing the current sharing performance. This method
utilizes the fact that the reflected ac voltages in the FHA method
have the same magnitude for different phases [22], [32], [33]
for equation solving. The highlight of the method is that it
reveals that there exists a small phase difference between the re-
flected ac voltages. This method could be applied to both decou-
pled resonant tank (conventional structure) analysis and coupled
resonant tank (common inductor structure) analysis.

A conventional two-phase LLC converter is shown in Fig. 5.
Switches Q11, Q12, Q21, and Q22 are the primary HB switches
of two phases. SR11, SR12, SR21, and SR22 are synchronous
rectifiers on the secondary side of two phases.

L1, Cr1, and L,,; are the series inductor, series capacitor,
and magnetizing inductor of phase 1. L,s, C2, and L,,» are
the series inductor, series capacitor, and magnetizing inductor
of phase 2. Z'Lrla iLr?: Irectla IrectQ’ Iol» 102» Cola and Cu? are
the resonant current, rectifier current, load current, and output
capacitor of two phases, respectively. n is transformer turn ratio.
Parameters a, b, and ¢ are used to indicate that the resonant
parameters for these two phases are different. The parameter
relationship between the two resonant tank is

Ly = al,
C’!‘2 = bcrl . (D
Lm2 = CL'ml

To evaluate the current sharing performance, the load current
sharing error oy,,q is defined in (2), where /,; and [,o are the
dc value of output current for the two phases. For space con-
sideration, the detailed derivation process will not be presented
in this paper. The load sharing error can be calculated using the
method in [34] and [35] with given tolerance combination a, b,

and ¢
Iol_IOZ
vaq = abs [ 22222 ) 2
Fload aS<Iol+IOZ) ()

To analyze the current sharing performance, a set of LLC pa-
rameters, based on load power 300 W of each phase, is designed
as shown in Table I using the existing design method [36].
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Load current sharing error of conventional LLC converter at 400 V input and different component tolerance. (a) L,o = 1.05 L,1, Co = 1.05C} 1,

and L2 =1.05L,,1. (b) L2 =0.95L,1, Cro =1.05C,1, and Ly,2 = 1.05 Ly, 1. (¢) Lya =1.05L,1, Cro =0.95C,1, and Ly,2 = 1.05 Ly, .

(d) LTQ =1.05 Lrls CTQ =1.05 Crla and Lm2 =0.95 Lm14

TABLE I
NOMINAL PARAMETER VALUE

Input voltage 340400 V
Resonant inductor L, 29 pH
Resonant capacitor C', 12 nF
Magnetizing inductor L, 95 uH
Transformer ratio n 20
Resonant frequency f, 270 kHz

Output voltage V,,
Total Output load P,

12 V (rated voltage)
full power 600 W

half power 300 W

Fig. 6 shows load current sharing error 0),,4 of the conven-
tional two-phase LLC converter at 400 V input with different
component tolerances. The current sharing performance is eval-
uated at £5% component tolerances. In the case Lo = L1,
Cro = Cy1, and Ly, = L;,1, the two phases have the same
parameters, which will result in the load current be perfectly
shared, i.e., 0jpaq = 0. If Lo = 1.05 L1, Cy9 = 1.05C,1, and
L,,» =1.05L,,, it means that the resonant component values
of resonant inductance, resonant capacitance, and magnetizing

inductance in phase #2 are all 5% more than the values in phase
#1, respectively.

Theoretically, there are total eight (2%) possible combinations
for L,., C,, and L,, at 5% tolerance. In terms of performance,
four of the total eight combinations are just equivalent to the
other four types—current sharing error is same, while current
distribution is opposite. For example, the case L,o = 1.05 L, 1,
C,9 =1.05C}y, and L,,» = 1.05L,,; is equivalent to the
case Lo =095L,1, C,o =0.95C,1, and L,,o =0.95L,,1.
If under the case L,o = 1.05L,1, C,o = 1.05C,1,and L,,,» =
1.05 L,,1, phase #1 provides 40 A of total 50 A, while phase #2
provides the rest 10 A, then the difference is 30 A and the
current sharing error is 60%. Then, approximately for the case
Lo =0.95L,1,Cry =0.95C,1, and L,,o = 0.95 L,,,1, phase
#1 will provide 10 A of total 50 A, and phase #2 provides the rest
40 A, then the current sharing error will still be 60%. Thus, from
the point of view of current sharing error, the four cases studied
in Fig. 6 have covered all possible cases at 5% tolerance level.

Fig. 6(a) shows the load currents of two phases and load
current sharing error, where L, = 1.05 L1, C,o = 1.05C, 1,
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Load current sharing error of conventional LLC converter at 340 V input and different component tolerance. (a) L, = 1.05 L1, C,92 = 1.05C, 1,
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Lo =1.05L,1,Cro =0.95C1,and L, = 1.05L,,1.

and L,,» = 1.05 L,, . The tolerances of resonant inductor and
resonant capacitor are in the same direction (both > 1), then
the resonant frequency of phase 2 deviates from that of phase 1,
thus, the current sharing error is large. When the total load
current is smaller than 40 A, only phase 1 provides the total
load power, and the load current sharing error is 100%. When
the total load current is 50 A, phase 1 will provide 41 A, and
phase 2 will provide only 9 A.

Fig. 6(b) shows the load currents of two phases and the load
current sharing error, where L, = 0.95 L,1, C,o = 1.05C}1,
and L,,» = 1.05L,,1. The tolerance of resonant inductor is
smaller than 1, and the tolerance of resonant capacitance is
larger than 1. Thus, the resonant frequency of phase 2 is almost
same with phase 1. If the total load current is smaller than 20 A,
only phase 1 provides the total load power. Load current of
phase 1 is 32 A when the total load current is 50 A.

Fig. 6(c) shows the load currents of two phases and the load
current sharing error, where L, = 1.05L,, C,o = 0.95C, 1,
and L,,o = 1.05L,,;. The resonant frequency of phase 2 is
almost same with phase 1 because the tolerance of resonant
inductance is larger than 1 and the tolerance of resonant capac-
itance is smaller than 1. Good current sharing performance can

be achieved—the current sharing error is smaller than 3% when
the total load current is larger than 30 A. The maximum load
current of phase 2 is about 25.3 A at 50 A total load current.

In Flg 6((1), LTQ =1.05 Lrl; CrQ =1.05 C»,-l, and LmQ =
0.95 L,,,1. The tolerances of resonant inductor and resonant ca-
pacitor is in the same direction (both > 1), then the resonant
frequency of phase 2 deviates from that of phase 1, thus, the cur-
rent sharing error is large. When the total load current is smaller
than 30 A, only phase 1 provides the total load power, and the
load current sharing error is 100%. Load current of phase 1 is
36 A when the total load current is 50 A.

Thus, the worst case is working under Lo = 1.05 L1, C,.o =
1.05C,1, and L,,» = 1.05L,,1, as shown in Fig. 6(a). The
conventional two-phase converter cannot share the load current
for most load cases. In practice, if the two phases cannot achieve
current sharing, then each phase has to be designed for 50 A
(600 W) rather than 25 A (300 W) from the safety point of view,
which goes against the initial desire to use two-phase converter
to reduce current stresses.

Fig. 7 shows the current sharing performance at 340 V in-
put condition for conventional two-phase LLC converter with
difference tolerance combinations.
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In Fig. 7, it could be observed that generally better current
sharing performance could be achieved at 340 V input condition
as compared to 400V case. For different tolerance combinations,
the results for 340 V input condition are similar as compared to
400 V input results. The worst case happens when the three com-
ponent tolerance is in the same direction, i.e., Lo = 1.05 L,.q,
CTQ =1.05 Crl’ and ng =1.05 Lml-

For the input voltage between 340 and 400 V, the current
sharing performance is also in between, i.e., better than 400 V
performance while worse than 340 V performance.

III. CURRENT SHARING CHARACTERISTIC OF COMMON
INDUCTOR MULTIPHASE LLC CONVERTER

As shown in Fig. 5, the two LLC phases in conventional
structure are connected in parallel at both the input side and the
output side. Thus, the resonant tank of each phase is completely
independent of the other phase. No current information can be
exchanged between the phases, and no current sharing can be
achieved.

From the voltage gain point of view, if the two phases provide
the same load current, then the output voltage V, will have
certain discrepancy due to the components tolerances. In real
case, the output of the two phases is connected together at the
load side. This is equal to say, the V,, of the two phases is equal.
In order to eliminate the discrepancy on the gain-to-control dia-
gram, the phase with higher voltage gain will provide more load
power so that the voltage gain will reduce, whereas the phase
with lower voltage gain will provide less power, and the voltage
gain will increase. This explains the unbalanced load current at
the steady state of conventional two-phase LLC converter.

In this paper, a new multiphase LLC resonant converter is pro-
posed. The resonant inductors of different phases are connected
in parallel to form a common inductor branch, which will take
in the current of each phase and then redistribute evenly. In the
proposed common inductor LLC converter, the resonant induc-
tor of the two phases is connected together, thus the tolerance
on the resonant inductor is automatically removed. Besides, the
common inductor could be equivalent to one virtual inductor
plus one virtual resistor for each phase [34], [35]. The virtual
resistor will always be positive for the phase with higher load
current, and negative for the phase lower current. In this way,
the positive virtual resistor will increase the input impedance
and thus reduce the current for that phase, whereas the negative
virtual resistor will increase the current for the other phase. As
a result, the two phases will have the same load current.

For easy understanding, a two-phase common inductor LLC
resonant converter will be discussed in this section. Current
sharing performance will be evaluated through FHA analysis.

A. Common Inductor Two-Phase LLC Resonant Converter

Fig. 8 shows the proposed two-phase common inductor LLC
resonant converter. The series resonant inductors of the two LLC
converters are connected in parallel.

It can also be implemented with one inductor whose value
equals to the total inductance of L,; and L, in parallel. a, b,
and c are the component tolerances of phase 2 as compared to
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Fig. 8. Common inductor two-phase LLC resonant converter.

phase 1. For simplicity, Q11 and Q21 have same drive signal.
Q12 and Q22 have same drive signal.

In Fig. 8, V,, P,, and R, are the output voltage, total output
power, and total load resistor of the two phases. The load resistor
can be expressed as follows:

V2

R, = P 3)

In steady state, the total load power P, is separated into P,;
for phase 1 and P,» for phase 2 as

Po:Pol"_PoQ' (4)

The equivalent load resistors of each phase are R,; and R,
as

2

V.
Ral = P/;l

o )
R02 = pL;Z

The coefficient k is defined as the phase 1 load power propor-
tion of total load power. Then, the load power F,; of phase 1
and P,; of phase 2 can be expressed as

P,y = kP, (6)
Py = (1—k)P,. 7
Combining (3)—(7) gives
[0 R, |, E=0
[Ror Boa] = q [Bojy Bopy ], ke ®
[R, ], k=1

B. Current Sharing Analysis of the Proposed Two-Phase LLC
Resonant Converter

Mathematical model of the LLC converter is needed for an-
alyzing the current sharing performance of the two-phase LLC
converter. FHA circuit is used to analyze the two-phase LLC
resonant converter [34], [35], in which the resonant tanks of
each phase are coupled. The equivalent circuit is shown in Fig. 9.
According to (1), the total resonant inductance L, o1 1S

a
Lr,total = er (9)
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Fig. 9.
converter.

FHA equivalent circuit of the proposed two-phase LLC resonant

The primary-side equivalent ac resistors R,.; and R,.o are

R = %L;Rol
e . (10)
Rac? = ;LTROQ
Combing (8) and (10) gives
[oo %ZRO] , k=20
[Racl Rac?} = [8122};" 718272211_%2) :| R ke (O, 1) . (11)
(2R, 00), k=1

In a steady-state operation, the voltage gains of each phase
are same as they are connected to the same input voltage and
output voltage. Thus, the magnitude of ac voltage V;(s) and
V4 (s) is the same, while the phase angles are always different
due to parameter tolerance. The relationship is as follows:

Vi ()] = [Va ()]

From Fig. 9, the transfer function of ac voltage V; (s) and
Va(s) is

12)

Vi(s) = gt e (Via(s) + Vi (s))

Rac scLy,
Va(s) = gyt rmmor (Vin (8) + Vi (5)

Manipulating (10), (12), and (13), the load factor k can be
calculated as

(13)

Ak* 4+ Bk+C =0. (14)

For common inductor LLC converter, the coefficients A, B,
and C for the proposed two-phase LLC converter are

A =w?(1—b)AL,*?
B=—-2w?3L,,> .
C=w>L,2+ (1— VAR, — 2w be— b2 ) Ly, O Ry
(15)
Combing (14) and (15), the load factor k can be solved for
given input voltage and different load conditions. The load factor
k is valid when k is between 0 and 1. Conditions k = 0 and k
= 1 mean that only one phase provides all the power and the
other phase does not provide power. k < 0 and k£ > 1 are invalid
answers.
To evaluate the current sharing performance, the load current
sharing error oy,,4 is defined as follows, where I,,; and I, are

6999

the dc value of output current for the two phases
Iol - Io?
I o1 + I 02
Similarly, the resonant current sharing error ogresonant 1S

defined as follows, where rms(ir,;) and rms(ip,o) are the
root-mean-square (rms) value of resonant current 7,1 and ¢,9:

Oload = abs < ) =abs(1 —2k), ke€][0,1]. (16)

rms(iy,1) — rms(ip,e) > (17)

o ant = abs - -
Resonant (rms(erl ) n I'mS(ZLrQ)

When N (N > 2) phases are connected in parallel, the load
current sharing error and resonant current sharing error are de-
fined as follows, where, N is the phase number, rms(ir,,j) and
1, are resonant current rms value and output current of the jth
phase:

Ioj -7 1 Lo, /1\'}

Oload—j — abs [ Z_}V:JU]‘/N

(18)

rms (i, )—Z)\: yrms(ig,) /N :|

OResonant—; = abs
Resonant—j |: z}t\:lrlfls(iLrj)/N

C. Current Sharing Performance With Specific Parameters

In this section, current sharing performance will be demon-
strated with specific LLC parameters. The parameters of phase 1
have been given in Table I.

Fig. 10 shows load current sharing error oy,,q of the proposed
two-phase LLC converter at 400 V input condition under dif-
ferent component tolerances. The £5% component tolerance is
assumed to evaluate the current sharing performance.

Fig. 10(a) shows the load currents of two phases and load
current sharing error, where L, = 1.05 L,1, C,o = 1.05C},
and L,,o = 1.05 L,,1. The load current sharing error is 6% at
50 A total load. The maximum current of phase 1 is 26.5 A and
the maximum current of phase 2 is 23.5 A when the total load
current is 50 A. The good current sharing performance can be
achieved with total load current increasing.

Fig. 10(b) shows the load currents of two phases and the load
current sharing error where Lo = 0.95L,.;, C,o = 1.05C}1,
and L, = 1.05L,,;. Almost same current sharing perfor-
mance can be achieved in both Fig. 10(a) and (b) as the tolerance
of resonant inductance does not impact the current sharing error
because of in parallel of each resonant inductors based on pro-
posed multiphase LLC resonant converter. The maximum load
currents of each phase are 26.5 and 23.5 A under total 50 A
load. The current sharing error is about 6%.

Fig. 10(c) shows the load currents of two phases and the load
current sharing error where Lo = 1.05 L1, C;o =0.95C}1,
and L,,2 = 1.05 L;;,1. The current sharing performance can be
achieved from light load to heavy load. The maximum load
current of two phases is 25.5 and 24.5 A under total 50 A load.
The current sharing error is about 2%. The load currents are
almost same for each phase.

Fig. 10(d) shows the load currents of two phases and the load
current sharing error where L,» = 1.05L,;, C,o = 1.05C}4
and Lo = 0.95 L,;,1. The current sharing performance can be
achieved from light load to heavy load. The maximum load
currents of each phase are 25.7 and 24.3 A under total 50 A
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(d)L,9 =1.05Ly1,Cr2 =1.05C)1,and L2 = 0.95 Ly, 1.

load. The current sharing error is about 2.8%.The load current
is almost same for each phase.

Comparing the four tolerance combinations, it could be con-
cluded that the worst case is under L,o = 1.05L,q, Cy =
0.95C,1, and L, = 1.05 L,,1, as shown in—Fig. 10(a). Still,
good current sharing performance (6% current sharing error)
can also be achieved.

Fig. 11 shows the current sharing performance at 340 V in-
put voltage condition for common inductor LLC converter with
difference tolerance combinations.

From Fig. 11, it could be observed that the current sharing
performance at 340 V input condition is very similar with that
at 400 V input. As the tolerance on the resonant inductor L, has
been eliminated, the results for case (a) are basically the same
with case (b). Same result can be found on case (c) and case (d).
The worst case happens when the resonant capacitor C,. deviates
to the same direction with the magnetizing inductor L, .

For input voltage between 340 and 400 V, the current sharing
performance is in between and very similar.

IV. SIMULATION RESULTS

In order to verify and compare the current sharing per-
formance further, in this section, PSIM simulation results of
both conventional two-phase LLC converter and the proposed
common inductor LLC converter will be provided.

In Sections I'V-A and I'V-B, for respective 400 and 340 V input
voltage condition, PSIM simulation results will be compared to
FHA calculation for both conventional structure and proposed
common inductor structure at 5% tolerances level. Four types
of tolerance combination will be included:

1) Lo =1.05L,1, Crg =1.05C,1, and Ly,2 = 1.05 L, ;3

tolerance;

2) Lo =0.95L,1, Crg =1.05C,1, and Ly,9 = 1.05 Ly

tolerance;

3) L,-g =1.05 L,-l, 07-2 =0.95 Crl, and L"LQ =1.05 Lml

tolerance;

4) LTQ =1.05 LT17 CTQ =1.05 Crl, and Lm2 =0.95 Lm,l

tolerance.
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(d) LTQ =1.05 Lrl’ C,vg =1.05 Crl’ and L"LQ =0.95 Lm1~

In Section I'V-C, the deviation between FHA and PSIM results
will be explained.

In Section IV-D, simulation waveforms based on the mea-
sured prototype parameters will be shown at different load
current. The leakage inductor of transformers will also be
considered in the simulation.

A. Two-Phase LLC Simulation Results Under 400 V With
Different Tolerance Combinations

The simulation is conducted under 400 V input and total 50 A
load condition. The rated output voltage is 12 V. The parameters
of two phases are shown in Table II.

Fig. 12 shows the PSIM simulation waveforms of the reso-
nant current, rectifier current of conventional two-phase LLC
converter at 400 V input voltage condition.

Table III shows the load current (L cct1 qve and Lrect2 quve) OF
FHA calculation and PSIM simulation. It can be observed that
load current sharing error oy,,q from simulation matches with
the calculation results in general trends (the value is different).

TABLE I
PARAMETERS OF TWO-PHASE LLC CONVERTER IN PSIM

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

The difference is generally caused by the absence of high-order
harmonics in FHA. In PSIM simulation, the worst case L,o =
1.05L,1,C,o =1.05C,1,and L,,,» = 1.05 L,,,; of load current
sharing error o0j,,q reaches 98%, and almost only phase #1
provides the total 50 A load current.

Fig. 13 shows the PSIM simulation waveforms of the resonant
current and rectifier current of the common inductor two-phase
LLC converter at 400 V input condition.
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Fig. 12.

Simulation results of conventional two-phase LLC converter with +5% tolerance at 400 V input condition. (a) L,2 = 1.05 L, 1, Cro = 1.05C) 1,

and L2 = 1.05L,,1. (b) L2 =0.95L,1, Cro =1.05C, 1, and Ly,2 = 1.05 Ly, 1. (¢) Lya =1.05L,1, Crog =0.95C,1, and Ly,2 = 1.05 Ly, 1.

(d) L2 =1.05L,1,Cr9 =1.05C,1,and Ly, 2 = 0.95 L, 1.

TABLE III
DATA COMPARISON OF SIMULATION AND FHA CALCULATION OF CONVENTIONAL TWO-PHASE LLC CONVERTER AT 400 V INPUT CONDITION

Tolerances FHA calculation PSIM simulation
Lrect_ave Lrect2 ave Oload FHA Lrects ave Lreci2 ave Oload PSIM
Type a: (a, b, ¢) =(1.05, 1.05, 1.05) 41 9 64% 49.5 0.5 98%
Type b: (a, b, ¢) =(0.95, 1.05, 1.05) 32 18 28% 45 5 80%
Type ¢: (a, b, ¢) =(1.05, 0.95, 1.05) 24.5 25.5 2% 23.5 26.5 6%
Type d: (a, b, ¢) = (1.05, 1.05, 0.95) 36 14 44% 48 2 92%

In Fig. 13(a) and (b) when the tolerance on C) (b) and the
tolerance on L,, (c) deviates in the same direction, good current
sharing performance could be achieved. In-Fig. 13(c) and (d),
the two-phase current is almost the identical, which verifies the
FHA calculation results in—Fig. 10(c) and (d).

Table IV shows the load current data comparison of FHA
calculation and PSIM simulation for common inductor two-
phase LLC converter at 400 V input condition.

The simulation results match well with the FHA prediction.
At the worst case L9 = 1.05L,1,C,o = 1.05C,1,and L,,,» =
1.05 L,, 1, the load current error between the two phases (010aq)
is only 2%, while the worst case for conventional two-phase
LLC is 98% (almost no sharing).

B. Two-Phase LLC Simulation Results Under 340 V With
Different Tolerance Combinations

In real world, the converter will need to operate not only
at 400 V (resonant frequency) but also at somewhere lower.
As comparison, the 340 V 50A load operation results are also
simulated. The parameters of two phases are shown in Table II.

Fig. 14 shows the simulation waveforms of conventional LLC
converter for 340 V input.

The load current sharing error is summarized in Table V.
It can be observed that the load current sharing error ojg,q
from simulation agrees with the calculation results in general
trends (the value is different). In PSIM simulation, at the worst
case L7>2 =1.05 Lrl, C,«Q =1.05 CT17 and ng =1.05 Lmla
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Simulation results of common inductor two-phase LLC converter with +5% tolerance at 400 V input condition. (a) L,o = 1.05 L1, Cp2 =
1.05Cy1,and L, = 1.05 Ly 1.(b) Lo = 0.95L,1,Cr0 = 1.05C1,and Lo = 1.05 Ly 1.(¢) Lo = 1.05L,1,Cr0 = 0.95C,1,and Ly, 0 = 1.05 Ly, 1.

TABLE IV

DATA COMPARISON OF SIMULATION AND FHA CALCULATION OF COMMON INDUCTOR LLC CONVERTER AT 400 V INPUT CONDITION

Tolerances FHA calculation PSIM simulation
Irecl] ave Irech ave Oload FHA IreL‘II ave [recll ave Oload PSIM
Type a: (a, b, ¢) = (1.05, 1.05, 1.05) 26.5 235 6% 24.5 25.5 2%
Type b: (a, b, ¢) = (0.95, 1.05, 1.05) 26.5 235 6% 24.5 25.5 2%
Type c: (a, b, ¢) =(1.05,0.95, 1.05) 25.5 24.5 2% 25.5 24.5 2%
Type d: (a, b, ¢) = (1.05, 1.05, 0.95) 257 24.3 2.8% 242 258 1.6%
TABLE V

DATA COMPARISON OF SIMULATION AND FHA CALCULATION OF CONVENTIONAL TWO-PHASE LLC CONVERTER AT 340 V INPUT CONDITION

Tolerances FHA calculation PSIM simulation
Lrect1_ave Lrect2 ave Oload FHA Lrect1 ave Lrect2 ave Oload PSIM
Type a: (a, b, ¢) = (1.05, 1.05, 1.05) 315 18.5 26% 495 0.5 98%
Type b: (a, b, ¢) =(0.95, 1.05, 1.05) 29 21 16% 36 14 44%
Type c: (a, b, ¢) =(1.05,0.95, 1.05) 25.5 24.5 2% 24.7 25.2 1%
Type d: (a, b, ¢) =(1.05, 1.05, 0.95) 28 22 12% 45 5 80%

the load current sharing error oy,,q reaches 98%, and almost

phase 1 provides the total load power.

Fig. 15 shows the PSIM simulation waveforms of the resonant
current and rectifier current of the common inductor two-phase

LLC converter at 340 V input condition. The results are very

similar to the 400 V operation results. The conclusion for 400 V

results can also be applied to the 340 V operation that very good
current sharing is achieved for all tolerances cases.
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Simulation results of conventional two-phase LLC converter with +5% tolerance at 340 V input condition. (a) L,» = 1.05L,1, Co = 1.05C} 1,

and Lmz =1.05 Lml~ (b) L,-2 =0.95 L,vl, O,vg =1.05 C,vl, and ng =1.05 Lml~ (C) L,vg =1.05 Lrl» C,vg =0.95 Crl’ and ng =1.05 Lml- (d)

L,y =1.05L;1,Cr9 =1.05C,1,and Ly,2 = 0.95L,,1.

TABLE VI
DATA COMPARISON OF SIMULATION AND FHA CALCULATION OF COMMON INDUCTOR LLC CONVERTER AT 340 V INPUT CONDITION

Tolerances FHA calculation PSIM simulation
Trect1 ave Lrect2 ave Oloud FiiA Trect1 ave Lrecs2 ave Oload PSIM
Type a: (a, b, ¢) = (1.05, 1.05, 1.05) 26 24 4% 24.3 25.7 2.8%
Type b: (a, b, ¢) =(0.95, 1.05, 1.05) 26 24 4% 24.3 25.7 2.8%
Type c: (a, b, ¢) =(1.05,0.95, 1.05) 25.5 24.5 2% 25.5 24.5 2%
Type d: (a, b, ¢) = (1.05, 1.05, 0.95) 24.5 25.5 2% 24.4 25.6 2.4%

Table VI shows the load current data comparison of FHA
calculation and PSIM simulation for common inductor two-
phase LLC converter at 340 V input condition.

The simulation results match well with the FHA calculation.
Atthe worstcase L, = 1.05L,1,C,o =1.05C,1,and L,,,» =
1.05 L,, 1, the load current error between the two phases (d1pad)
is only 2.8%, while the worst case for conventional two-phase
LLC is 98% (almost no sharing).

C. Error of FHA Analysis and PSIM Simulation

It is noted that computer simulation result by PSIM is more
accurate than the FHA analysis. From Tables III and V, it is
observed that the deviation between the PSIM result and the

FHA analysis is larger for conventional two-phase LLC con-
verter than that of the common inductor LLC converter shown
in Tables IV and VL.

The deviation between PSIM simulation and FHA calculation
is caused by the neglected high-order harmonics in FHA method.
Therefore, at a given load current, the voltage gain calculated by
FHA is lower than the actual case since only the fundamental
harmonic is considered. Thus, in order to achieve the same
output voltage, the switching frequency predicted by the FHA
method is always lower than the actual switching frequency
predicted by the PSIM simulation. In other words, the actual
operating switching frequency will be higher than the switching
frequency predicted by the FHA method.
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Fig. 15.  Simulation results of common inductor two-phase LLC converter with +5% tolerance at 340 V input condition. (a) L,2 = 1.05 L1, Cr2 = 1.05C} 1,

and L,,2 = 1.05L,,1. (b) Ly2 =0.95L,1, Cro =1.05C,1, and Ly,2 = 1.05 L 1. (¢) Ly2 = 1.05 L1, Cpo =0.95C,1, and Ly,2 = 1.05 Ly, 1. (d)

er =1.05 LT‘l’CT'Z =1.05 CTl,and ng = 0.95Lm1.
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Fig. 16. Current sharing error versus switching frequency of conventional
two-phase LLC converter.

Fig. 16 shows the current sharing error changing with the
switching frequency in conventional two-phase LLC converter.
The parameter tolerance between phase 1 and phase 2 is that
L,o=105L,1,C,9 =1.05C}1,and L,,» = 1.05L,,1 (worst
case). Take 400 V operation as an example, in FHA method, the
predicted switching frequency is 185 kHz, at which the current
sharing error is 64%. The actual switching frequency measured
in PSIM is 220 kHz, and the current sharing error is 100%. It

Common Lr LLC

Lz=1.05 Ly,
e CrzF= 105 Gy,
5 Lin2=1.05 Ly
2os
]
G
£ 04
g FHA: Actual:
2 fi=190 kHz Si=220kHz

0.2 7=4% a=6%
0

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

Fig. 17.  Current sharing error versus switching frequency of two-phase com-
mon inductor LLC converter.

could be observed that for conventional LLC converter, the cur-
rent sharing error has a steep curve versus switching frequency.
In other words, a small change of switching frequency will cause
a large change of output current. Thus, the deviation between
FHA and PSIM results is relatively large.

Fig. 17 shows the current sharing error changing with switch-
ing frequency in common inductor two-phase LLC converter.
Still use 400 V operation as an example, the FHA predicted
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Simulation for conventional and common inductor two-phase LLC converter at 400 V input and different load conditions. (a) Conventional LLC converter

at 400 V input and total 15 A load. (b) Common inductor LLC converter at 400 V input and total 15 A load. (c) Conventional LLC converter at 400 V input and
total 25 A load. (d) Common inductor LLC converter at 400 V input and total 25 A load. (e) Conventional LLC converter at 400 V input and total 50 A load.

(f) Common inductor LLC converter at 400 V input and total 50 A load.

switching frequency is around 190 kHz and the current sharing
error is 4%. The actual switching frequency in PSIM simulation
is 220 kHz, at which the corresponding current sharing error re-
duces to 6% in Fig. 17. The value “6%” is not exactly the same
with the actual current sharing error as 2% shown in Table IV.
The reason is that Fig. 17 is still from FHA prediction. The key
point here is that the curve is rather flat. Thus, the deviation
between FHA and the PSIM results is small.

D. Simulation Results for Experimental Prototype Parameters

The parameters and tolerances based on experimental proto-
type are shown in Table VII. It is the worst case as the tolerance
direction on L, and L,, is opposite. The leakage inductor of

TABLE VII
EXPERIMENTAL PROTOTYPE PARAMETERS

Resonant Resonant Magnetizing Leakage
Inductor L, capacitor C',. inductor L, Inductance L.
Phase 1 22.5 uH 12.3 nF 95 uH 6 uH
Phase 2 24.5 uH (+89%) 12.7nF (+3.3%) 92 uH (-3.2%) 6.5 nH (+8.3%)

transformer is now taken into consideration. The design total
power is 600 W (300 W*2).

Fig. 18 shows the simulation waveforms of the conventional
and proposed two-phase LLC converter at 400 V input and total
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TABLE VIII
CURRENT SHARING ERROR AT EXPERIMENTAL PARAMETER TOLERANCE

Conventional two-phase LLC

Common inductor two-phase LLC

Totalcurrent Phase Iy sms  Oresonant  drectave Oload Inysms  Oresonant  Irectave  Oload

15A Phase 1 2.1A 13.5% 148 A 97.3% 1.9A 2.6% 715 A 4.7%
Phase 2 1.6 A 02A 20A 7.85 A

25A Phase 1 241 A 18.7% 247 A 97.6% 2.18 A 2.7% 12A 4%
Phase 2 1.65 A 03A 23A 13A

50A Phase 1 3.61 A 36% 495 A 98% 24 A 2.6% 243 A 2.8%
Phase 2 1.69 A 05A 253 A 257 A

TABLE IX

15, 25, and 50 A load current, repetitively. A common inductor
two-phase LLC converter could achieve significantly improved
load current sharing.

Table VIII shows the resonant current sharing error oyesonant
and load current sharing error gj,,q based on the prototype
parameters and tolerances of conventional two-phase LLC con-
verter and common inductor two-phase LLC converter at 400 V
and different load conditions.

The load current sharing error is almost 100% in conventional
two-phase LLC resonant converter, which means only one phase
provides total power. The load current sharing error is reduced
to around 2.8% in common inductor two-phase LLC resonant
converter at full load.

In Table VIII, it is observed that the resonant current sharing
error is generally lower than the load current sharing error due
to the existence of the current sharing error in the primary side.
However, at heavy load, when the resonant current sharing
error is low (such as smaller than 5%), 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.

V. EXPERIMENT RESULTS

A 600-W two-phase LLC converter prototype using common
inductor current sharing technology is built to verify the feasibil-
ity and to demonstrate the advantages of the proposed method.
The circuit diagram is shown in Fig. 8. The resonant tank pa-
rameter is designed based on the traditional design method
for a single-phase LLC resonant converter. Thus, the design
of the proposed multiphase LLC resonant converter is same as
the single-phase LLC converter. The prototype parameters are
shown in Table IX. In experimental prototype, the current on
the secondary side is very high, and the PCB track should be as
short as possible. Thus, it is not appropriate or easy to measure
the load current of each phase directly. As mentioned above,
good resonant current sharing means good load current sharing.
Resonant currents are measured as current sharing performance
evaluation.

Fig. 19 shows the experiment waveform of the conventional
two-phase LLC converter at 15 and 25 A total load current. Chan-
nel 1 is the output voltage. Channels 3 and 4 are the resonant
current of two phases. The resonant current g0 is almost tri-
angular waveform (as magnetizing current for the transformer),

PROTOTYPE SPECIFICATIONS

Switching frequency 180-270 kHz
Input Voltage 340400 V
Output Voltage 12V
Output Power 300 W x 2
Transformer Ratio n 20:1
Output Capacitance 1790 nF
Series Capacitance (C.) 12 nF 13 nF

Resonant Inductance (L, )
Leakage Inductance (L. )
Magnetizing Inductance (L, )
Output Capacitance
Half-bridge MOSFET

SR MOSFET

22.5 pH(Phasel) 24.5 pnH(Phase2)
6 pH(Phasel) 6.5 ;tH(Phase2)
95 tH(Phasel) 92 ;sH(Phase2)

1790 pF (100 pFx 8 + 330 pnFx 3)
IPB60R190C6
BSCO11NO3LS

oty I = 1

Output voltage Vo _ |

| S, AL

1Le2
3

(a)
Tekrew 1

(b)

Fig. 19. Experimental waveform of conventional two-phase LLC converter.
(a) Steady state at 15 A load. (b) Steady state at 25 A load Chl: output voltage;
Ch3: resonant current of phase 2; Ch4: resonant current of phase 1.
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Fig. 20. Experimental waveform of proposed two-phase LLC converter.
(a) Steady state at 15 A load. (b) Steady state at 25 A load. (c) Steady state
at 50 A load Chl: output voltage; Ch3: resonant current of phase 2; Ch4:
resonant current of phase 1.

which means phase 2 does not provide the power for output load
in Fig. 19(a) and (b).

Fig. 20 shows the experimental waveform of proposed com-
mon inductor two-phase LLC converter. The resonant current
t1y1 and 71,9 is almost same at 15, 25, and 50 A load. A very
small angle difference between them is shown at different load.

To show the current sharing performance, the resonant current
and resonant current sharing error are shown in Figs. 21 and 22
for both conventional and proposed converter.

The resonant current sharing error increases from 10% to
28% for load power from 5 to 25 A for conventional two-phase
LLC converter in Fig. 21. The resonant current sharing error is
reduced from 2.3% to 0.44% for the proposed current sharing
method when load power changes from 5 to 50 A in Fig. 22.
The resonant current sharing error can be significantly reduced
using the proposed method. Good current sharing performance

Total load current (A)

Fig.22. Resonant current of proposed two-phase LLC converter.

can be achieved based on the common inductor two-phase LLC
converter.

VI. CONCLUSION

A new, common inductor current sharing strategy for mul-
tiphase LLC resonant converter is proposed. The series reso-
nant inductors in each LLC converter are connected in parallel.
No additional components are needed to achieve current shar-
ing. Mathematical model is built based on FHA to analyze the
current sharing characteristics of both conventional and pro-
posed two-phase LLC converter. The analysis results show
that the current sharing error is significantly reduced using the
proposed method. A two-phase LLC converter prototype with
300 W per phase is built using the common inductor current
sharing method. The simulation and experiment results show
that the circulating resonant current reduces 63 times and is only
0.44% at 600 W total load power with the proposed method.
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