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Current Sharing Analysis of Three-Phase Interleaved
LLC and Optimization Method to Reduce the
Influence of Stray Inductance
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Zongheng Wu, Cai Chen

Jiajia Guan

Abstract—Three-phase interleaved LLC is widely used because
it can increase power capacity and reduce output current ripple.
However, this article found that the three-phase interleaved LLC
with all the resonant components using the delta connection (full-A
type) has poor current-sharing characteristics. This article estab-
lishes the current sharing analysis model of three-phase interleaved
LLC, explains the reasons for its poor current sharing effect, and
proposes that changing the resonant capacitor to Y-type (A-Cr-Y
type) can improve the current sharing effect. Further, to reduce the
influence of stray inductance asymmetry on the current sharing,
taking the A-Cr-Y type as an example, this article deduces the
equivalent circuit model including stray inductance and proposes
a current sharing optimization method without additional compo-
nents. The proposed method can obtain the stray inductance of the
three-phase resonant tank. Based on the stray inductance, the reso-
nant inductance can be adjusted to obtain a better current-sharing
effect. Finally, the proposed model and optimization method are
verified by simulation and experiments. Compared with the full-A
type, the proposed A-Cr-Y type shows higher current balance
performance, and the proposed optimization method can further
reduce the line current unbalance factor by more than 85%, and
the phase current unbalance factor by more than 60%.

Index Terms—Current imbalance, current sharing optimization,
stray inductance, three-phase interleaved LLC.

I. INTRODUCTION

LC is a widely used topology for primary and secondary
L side isolation [1], [2], [3], [4], [5], [6]. To increase the
power capacity, multiphase interleaved paralleling is a feasible
method. Among them, the three-phase interleaved LLC con-
verter has gained significant research attention. Many articles
have analyzed the output current ripple characteristics of the
multiphase interleaved LLC converter, as well as the working
principle of three-phase interleaved LLC converter [7], [8], [9],
[10], [11], [12], [13], [14], [15], [16]. In addition to increasing
the power capacity of the system, the three-phase interleaved
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Fig. 1. Two topologies of three-phase interleaved LLC. (a) Traditional three-
phase direct interleaved parallel LLC. (b) Three-phase interleaved LLC topology
with transformer star connection.

LLC converter can achieve a more balanced loss distribution,
reduce the output current ripple, reduce the volume of the filter
capacitor, and decrease the capacitor loss [17]. However, these
advantages are greatly reduced when the currents of the three
phases are imbalanced.

As shown in Fig. 1(a), even a slight deviation in the device
parameters of each phase can resultin a significant current imbal-
ance in the traditional three-phase direct interleaved parallel LLC
converter. Therefore, various current balancing methods have
been proposed in existing papers. Based on the first harmonic
equivalent circuit, Arshadi et al. [17], [18] concluded that the
deviation of the resonant inductance and the resonant capacitor
has the same influence on the current sharing and is greater than
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the influence of the magnetizing inductance on the current shar-
ing. The paper proposes to sample the resonant tank current and
make the three-phase current more balanced by phase shifting.
To enhance the current balance performance, Noah et al. [19],
[20] introduced a balancing transformer with three windings
into the primary circuit, which ensures that the vector sum of
the three-phase currents is zero and results in a good current
balance effect. In the application of ac to dc, Kim et al. [21], [22]
added three power factor correction (PFC) circuits in the front
stage of the three-phase interleaved LLC, and made the current
balance by adjusting the output voltage of the PFC stage. Some
studies have utilized switch-controlled inductors or capacitors
to adjust the parameters of the resonant element and optimize
the current balance performance [23], [24], [25]. However, if
the above-mentioned active control method is used to improve
the current-sharing characteristics, additional components will
be introduced to increase the cost and complexity of the sys-
tem. In addition to active control, many articles use resonant
tank Y-connected type three-phase interleaved LLC to improve
the current-sharing characteristics of the system, as shown in
Fig. 1(b) [10], [11], [12]. Further, to reduce the transformer loss,
some papers use the A-type three-phase interleaved LLC with
the resonant tank changed to A-type connection (see Fig. 2)

[26], [27].
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Fig. 3. Topology of the A-Cr-Y three-phase interleaved LLC.

Howeyver, this article found that the different connection
methods of the resonant tank not only affect the loss, but
also affect the current-sharing characteristics. To analyze the
differences in the current-sharing characteristic of different
three-phase interleaved LLC topologies and guide the topol-
ogy selection, this article first proposes to use the three-power
parallel model to analyze the current-sharing characteristic of
three-phase interleaved LLC. Based on the proposed model, this
article compares the difference in current-sharing characteristics
between the full-Y type and the full-A type. It is theoretically
concluded that the current-sharing characteristic of the full-A
type three-phase interleaved LLC is poor. Further, this article
proposes the topology of changing the resonant capacitor to
Y-connection (A-Cr-Y type) or changing the resonant induc-
tance to Y-connection (A-Lr-Y type). This not only improves
the current-sharing characteristic of the full-A type, but also
has the same transformer losses. Taking A-Cr-Y type (see
Fig. 3) as an example, this article analyzed the principle that
it can improve the current-sharing characteristic. In addition,
this article gives the difference in current-sharing characteristics
of different three-phase interleaved LLC topologies, which can
provide a reference for the selection of three-phase interleaved
LLC topology.

According to the analysis in this article, some three-phase
interleaved LLC topologies can improve the current-sharing
characteristic. Within the error range of the resonant capacitance,
the current sharing effect has little change. However, when the
deviation of the resonant inductance becomes larger, the effect of
current sharing becomes worse. Due to the particularity of the
three-phase interleaved LLC topology, it is difficult to ensure
that the structure of each phase is completely symmetrical when
making a prototype. This results in different line inductance and
transformer leakage inductance for each phase and exacerbates
the current imbalance. The simplest method to reduce the effect
of stray inductance is to adjust the resonant inductance of each
phase to compensate for the difference in stray inductance.
However, there are two problems: 1) the actual line inductance
and transformer leakage inductance are difficult to measure;
2) due to the mutual coupling of the three-phase circuits, it is
impossible to balance the three-phase circuits by adjusting the
resonant inductance of a certain phase.

To solve the above problems, taking the A-Cr-Y type three-
phase interleaved LLC as an example, this article deduces the
first harmonic equivalent model of the three-phase interleaved
LLC including stray inductance. Based on this model, this article
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Fig. 4. Parallel model of three-phase voltage sources. (a) Circuit model.
(b) Output characteristic curve.

proposes an optimization method that can reduce the influence of
stray inductance without additional components. The proposed
optimization method can obtain the sum of the equivalent line
inductance and transformer leakage inductance of each phase.
Combined with the proposed circuit model including stray in-
ductance, the three-phase resonant inductance can be adjusted
simultaneously to reduce the influence of stray inductance.

The rest of this article is organized as follows. Section II
establishes the three-phase interleaved LLC parallel analysis
model and explains the reason for the poor current sharing
performance of the full-A type. This section proposed that
changing the resonant capacitor to Y-type can improve the
current sharing performance of the full-A type, and it is verified
by simulation. Section III establishes an equivalent circuit model
including stray inductance and proposes an optimization method
that can reduce the influence of stray inductance on current
sharing without additional components. Section IV provides the
experimental results of a 2-kW prototype, which verifies the
result of the theoretical analysis of the previous two sections.
Finally, Section V concludes this article.

II. ANALYSIS AND IMPROVEMENT OF A-TYPE THREE-PHASE
INTERLEAVED LLC CURRENT-SHARING CHARACTERISTICS

A. Parallel Model of Three Voltage Sources and Analysis of
Current-Sharing Characteristic of Full-A Type

Both Y-type and A-type three-phase interleaved LLC can
be equivalent to the three-phase parallel power supply with
coupling. Therefore, to analyze its current-sharing character-
istic, the basic three-phase voltage source parallel model can
be established first. It should be noted that due to the lack of
an accurate gain model, the model proposed in this section is an
analytical model, which is only used to qualitatively compare the
current-sharing characteristics of different topologies. As shown
in Fig. 4, V;/V/V 3 is the ideal voltage source, R ;/R»/R 3 is the
output resistance of the power supply, and the output current
deviation between the two phases can be obtained according to
Kirchhoff’s law (1), (2). It can be seen that only the difference in
the no-load voltage or the difference in the output resistance has
a great influence on the current-sharing effect of the three-phase
circuit. To achieve a better current-sharing effect, the no-load
voltage deviation and output resistance deviation should be
minimized. In addition, increasing the output resistance can also
reduce Al. However, simply increasing the output resistance will
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Fig. 5. Equivalent circuit of full A-type three-phase interleaved LLC.
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Fig. 6. Impedance of resonant tank.

affect the output characteristic of the power supply

VO - ‘/1 - IlRl

Vo=Vo— IRy (1)
Vo="Vs—I3R3

Allg =1L -1, = R2V1—R1‘1§21}ZO(R1—R2) (2)
AIQ?} = 12 _ I3 — R3V2*R2\}/§2+R\:O(R2,R3) .

To better analyze the current-sharing characteristic and facil-
itate comparison, (3) defines the current unbalance factor (Uy)
[17]. The numerator is related to the loss difference between the
phase with the largest current and the phase with the smallest
current, and the denominator is related to the total loss

~ Max (12, I2,12) — Min (12,12, 12)
B I24+ 12+ 12

Ut 3)
where 1, I, and I, are the line current.

The equivalent circuit of the full-A type three-phase inter-
leaved LLC is shown in Fig. 5. V4/Vp/V is the three-phase
voltage source equivalent to the input voltage source and the
three-phase half-bridge. When the parameters of the resonant
element deviate, the impedance variation of the resonant tank can
be obtained (see Fig. 6). Due to the clamping effect of the output
capacitor, the RMS value of the transformer primary voltages
(vrilvrelvrs) are the same. Taking phase A as an example, its
phase current can be obtained according to Kirchhoff’s law (4).
It can be seen that there is no coupling in the three-phase output
circuit, and the current of each phase is only related to the voltage
at both ends of the resonant tank (V,;) and the impedance of the
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Fig. 7. Full A-type three-phase interleaved LLC output characteristic curve.
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Fig. 8. Uy variation of full-A type three-phase interleaved LLC. (a) Line
current. (b) Phase current.

resonant tank

Vab=Va —Vp
{Ia _ Vap—vry - *
ab = JjwLri+1/(jwCr1)

Considering that the resonant inductance of phase A is less
than the rated value, and there is no deviation between phase B
and phase C, it can be seen from Fig. 6 that when the switching
frequency is near the resonant frequency, the impedance of the
resonant tanks of each phase is small and the difference is large.
The RMS values of the three-phase equivalent input voltages
(Vap!/ V! Vo) are equal, but the output impedances differ greatly,
so the output characteristic curve of the three-phase power
supply can be obtained (see Fig. 7). It can be seen that there
will be a large imbalance in the phase current (,,/1p./1 ).

Furthe, Fig. 8 shows the change of line current Uy and phase
current Uy of the full-A type three-phase interleaved LLC when
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Fig. 9. Equivalent circuit of full Y-type three-phase interleaved LLC.

the switching frequency and the resonant inductance of phase
A changed (3) and (4). When the resonant inductance has no
deviation, the three-phase current is balanced, so Uy is equal
to 0. When there is a deviation in the resonant inductance, as
shown in Fig. 8(a), the maximum line current Uy is about 0.57,
which means that the line current of full-A type still has a good
sharing effect. However, as shown in Fig. 8(b), the maximum
phase current Uy is 1, which means that when the resonance
parameter deviates, a certain phase transmits all the power, and
the current is seriously unbalanced. This is consistent with the
conclusion based on the analysis of the output characteristic
curve. Therefore, although the full-A type three-phase inter-
leaved LLC has lower transformer losses, its current-sharing
characteristic is poor.

B. Analysis of Current-Sharing Characteristic of Full-Y Type

The equivalent circuit of the full-Y type three-phase inter-
leaved LLC is shown in Fig. 9. V4/Vp/V is the three-phase
voltage source equivalent to the input voltage source and the
three-phase half-bridge. Due to the clamping effect of the output
capacitor, the RMS value of the transformer primary voltages
(vri/vrelvrs) are the same. According to Kirchhoff’s law, the
impedance of the resonant tank (Z,n/Zyn/Z.n) and the equiva-
lentinput voltage (V4 n,/VBn/V on) of the three-phase circuit can
be obtained (5)—(9). It can be seen that the three-phase circuits
are coupled to each other, and when the impedance changes,
Van/Ven!Veon will change

ZaN = jwLy1 + 1/(jwcr1)

ZyN = jwLyo +1/(jwCira) Q)
Zen = jwlys +1/(jwCirs)

Van =Va—-Vn

Ven =Vp — VN (6)
Ven =Ve —Vn

I,+1L,+1.=0
I, = (Van —vr1)/Zan

(7
Iy = (VBN — vr2)/ZbN
I. = (Von —vrs)/Zen
Van — ZaNZeNn(Va—VB)+ZanZon (Va—Ve)-Vs
AN ZaNZbN+ZbNZcN+Z NZcN
v _ ZanZyn(VB—Vo) +ZbNZcN 8)
BN ZaNZbN+ZbNZeN+ 2, eN
_ Zun Zan Vo - Va)+ZanZen (Ve VB) Vs

Von ZaNZbN+ZbNZcN+ZaNZcN
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Fig. 11.  Full Y-type three-phase interleaved LLC output characteristic curve.

where
Vo = —ZonZynVrs — ZynZenVris — ZanZen V. (9)

When the switching frequency is lower than the resonant
frequency, taking phase A as example, Fig. 10(a) shows the nor-
malized changes in the equivalent input voltage and impedance
of phase A when the resonant inductance changes. It can be
seen that as the inductance decreases, its impedance increases.
However, its input voltage (V4y) will also increase, and the
changing trend of the voltage and impedance is the same, which
can suppress the current change of phase A. Fig. 10(b) is the
change of three-phase current, and Fig. 11 is the output charac-
teristic curve of the three-phase power supply when the resonant
inductance is deviated. It can be seen that when the resonant
inductance has deviation, the change of the equivalent input
voltage can suppress the unbalance of the three-phase current.
The same conclusion can also be obtained when the switching
frequency is greater than the resonant frequency.

Further, Fig. 12 shows the change of the line current Uy of
the full-Y type three-phase interleaved LLC when the switching
frequency and the resonant inductance of phase A changed.
When the resonant inductance has no deviation, the three-phase
current is balanced, so Uy is equal to 0. When the inductance
has a deviation, the maximum Uy is about 0.57. This means
that when the resonance parameter deviates, the full-Y type
three-phase interleaved LLC will not transmit all the power in
one phase. Therefore, the full-Y type three-phase interleaved
LLC can improve the current-sharing characteristic.

From the above analysis, it can be concluded that when
the resonance parameter deviates, the full-Y type three-phase
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Fig. 13.  Equivalent circuit of A-Cr-Y type three-phase interleaved LLC.

interleaved LLC will automatically adjust the equivalent input
voltage of the three-phase circuit, reduce the unbalance of the
three-phase current, and improve the current-sharing character-
istic.

C. Analysis of Current-Sharing Characteristic of A-Cr-Y Type

According to the previous analysis, although the full-A type
has higher efficiency, its current-sharing characteristic is poor.
Compared with the full-A type, the full-Y type has higher
transformer loss, but its current-sharing characteristic is better.
Figs. 8(a) and 12 show that the line currents of the two topologies
have good current-sharing characteristics. The main reason for
the poor phase current-sharing characteristic of the full-A type
is that there is no coupling in the equivalent output impedance of
the three-phase power supply, and the output impedance changes
greatly when the resonance parameters deviate. To combine the
advantages of the two topologies and improve the current sharing
performance of the full-A type, this article proposes to change
the resonant capacitor to Y-type connection (A-Cr-Y type) or
the resonant inductance to Y-type connection (A-Lr-Y type).
Taking the A-Cr-Y type as an example, based on the proposed
three-power analysis model, the principle of improving current
sharing performance will be analyzed below.

The equivalent circuit of A-Cr-Y type three-phase interleaved
LLC is shown in Fig. 13, and the three-phase equivalent input
power (Vp/V3/V.,) can be obtained (10) and (11). According
to Kirchhoff’s law, the three-phase line current and phase current
can be obtained (12). It can be seen that the output impedances
of the three-phase power supplies are coupled to each other,
and changes in impedance will cause changes in V,,/Vy/V ¢q.
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Fig. 15.  A-Cr-Y type three-phase interleaved LLC output characteristic curve.

Based on the previous analysis, it can be seen that no matter
which connection method is adopted for the resonant elements,
the three-phase line current (/,/13/1.) has better current-sharing
characteristic, so the following mainly analyzes the changes of
the phase current

Vab =Va =V —taZcr1 +iwZcra

Voe =V — Vo —ivZora +icZors (10)

V::a = VC - VA - icZCTB + iaZCrl
{ZLrn,n_1,2,3 = jWLrn,n:LZ,S (1n

ZCrn,n:1,2,3 = 1/(ij’m,n:1,273)

Iy = (Vap —vr1)/Z1m

Iye = (Voe —v12) [/ Z1r2

Ica = (‘/ca - UTB)/ZLT3

Ia = lab — Ica ’ (12)

Iy = Ipe — Iap

Ic = Ica - Ibc

When the switching frequency is lower than the resonant
frequency, taking phase-ab as an example, Fig. 14(a) shows the
normalized voltage and impedance changes of phase-ab when
there is a deviation in the resonant inductance. It can be seen
that when the inductance decreases, its impedance decreases.
However, its input voltage (V,;) will also decrease, and the
changing trend of the voltage and impedance are the same, which
can suppress the current change of phase-ab. Fig. 14(b) shows
the change of the three-phase current, and Fig. 15 shows the
output characteristic curve of the three-phase power supply when
the resonant inductance deviates. It can be seen that when the
resonant inductance has deviation, the change of the equivalent
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Fig. 16. Uy variation of A-Cr-Y type three-phase interleaved LLC. (a) Line
current. (b) Phase current.

input voltage can suppress the unbalance of the three-phase
current. The same conclusion can also be obtained when the
switching frequency is greater than the resonant frequency.

Further, Fig. 16 shows the change of the A-Cr-Y type three-
phase interleaved LLC line current and phase current unbalanced
factor when the switching frequency and the resonant inductance
of the phase-ab are changed. It can be seen that the maximum
Uy of the line current and phase current of the A-Cr-Y type are
the same as that of the full-Y type, both of which are about 0.57.
This means that there is no case where one phase transmits all
the power as in the full-A type.

Therefore, by changing the resonant capacitor to Y-type con-
nection, the current sharing performance of the full-A type can
be improved. Meanwhile, it has the same low transformer loss
characteristic as the full-A type. Based on the same analysis
method, itis easy to know that the A-Lr-Y type and A-Lr&Cr-Y
type three-phase interleaved LLC can also improve the current-
sharing characteristics.

D. Circuit Simulation Verification

This section verifies the previous analysis through simula-
tion. Table I shows the simulation parameters of full-Y type
three-phase interleaved LLC, and the parameters of other types
of topologies can be obtained through star-delta transformation.
When considering the inherent deviation of resonant inductance
and resonant capacitor, generally consider a 5% deviation for
NPO material capacitor, and 10% deviation for resonant induc-
tance [28].
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TABLE I
CIRCUIT PARAMETERS OF THE SIMULATION

Parameters Value
Vi 400 V
Ve 48V
I 650 kHz
Ln 11 pH
L, 2.2 uH £ 10%
C; 27 nF + 5%

TABLE II

DIFFERENT IMPEDANCE CASES FOR SIMULATION

Phase A Phase B Phase C
Case L1, Crt L2, Cp2 Ly, Cys
Case | 1.98 uH, 27 nF 2.2 uH, 27 nF 2.42 uH, 27 nF
Case IT 2.2 uH,29.7nF 2.2 uH, 27 nF 2.2 uH, 24.3 nF

To fully consider the impact of the inconsistency of the three-
phase parameters and facilitate comparison, this article designs
the simulation parameters shown in Table II. Case I is that the
resonant inductance has deviation, and the resonant capacitor has
no deviation. Case Il is that the resonant capacitor has deviation,
and the resonant inductance has no deviation. In both cases,
the parameter of one phase is less than the rated parameter, the
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Simulation results of four topologies in case I. (a) Direct interleaved parallel type. (b) Full-Y type. (c) Full-A type. (d) A-Cr-Y type.

parameter of one phase has no deviation, and the parameter of
one phase is greater than the rated parameter. The normalized
frequencies for all simulations are consistent and are resonant
frequencies.

Fig. 17 shows the current waveforms of four types of three-
phase interleaved LLC in Case 1. As shown in Fig. 17(a), the
three-phase current of the direct parallel type is completely
unbalanced, and only phase A transmits power. The current of
phase B and phase C is equal to the magnetizing current, and
no power is transmitted to the secondary side. The three-phase
current of the full-A type is also unbalanced, and there is a large
circulating current in the phase current. In contrast, the other two
three-phase interleaved LLC topologies (full-Y type and A-Cr-Y
type) both have better current-sharing characteristics.

Fig. 18 shows the current waveforms of four types of three-
phase interleaved LLC in Case II. As shown in Fig. 18(a), the
three-phase current of the direct parallel type is completely
unbalanced, and only phase C transmits power. The current of
phase A and phase B is equal to the magnetizing current, and
no power is transmitted to the secondary side. The three-phase
current of the full-A type is also unbalanced, and there is a large
circulating current in the phase current. In contrast, the other two
three-phase interleaved LLC topologies (full-Y type and A-Cr-Y
type) both have better current-sharing characteristics.

Therefore, both the direct parallel type and the full-A type
have large current unbalance problems, and additional current
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TABLE III
COMPARISON OF ICS EFFECTS OF DIFFERENT TOPOLOGIES

Topology ICS Max. Ur
Full-Y v 0.57
Y-Cr-A v 0.57
Y-Li-A N 0.57

Y-Cr&Lr-A x 1.0
Full-A x 1.0
A-Cr-Y N 0.57
A-Lr-Y v 0.57
A-Cr&Lr-Y Y 0.57

sharing measures need to be taken in practical applications,
which will increase the cost and complexity of the system. It
can be seen that the simulation results are consistent with the
previous theoretical analysis results, and the current balance
performance of the full-A type three-phase interleaved LLC can
be improved by changing the connection form of the resonant
inductor or resonant capacitor. Based on the same analysis
method, the improved current sharing (ICS) effects of different
three-phase interleaved LLC topologies in Fig. 2 can be obtained,
as shown in Table III, which can guide the selection of three-
phase interleaved LLC topologies. It can be seen that once both
the resonant inductor and the resonant capacitor are connected
in delta-type, the current-sharing characteristic of the topology
will be poor.
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Fig.19. A-Cr-Y type three-phase interleaved LLC including stray inductance.

III. CURRENT SHARING OPTIMIZATION METHOD TO REDUCE
THE INFLUENCE OF STRAY INDUCTANCE

According to the analysis of Section II, the A-Cr-Y type
can improve the current balance effect of the full-A type. As
shown in Figs. 17(d) and 18(d), within the considered deviation
range, the resonant inductance and resonant capacitance have
little influence on the current sharing effect of the A-Cr-Y type
three-phase interleaved LLC. However, due to the particularity
of the three-phase interleaved LLC topology, it is difficult to
ensure that the structure of each phase is completely symmet-
rical when making a prototype (see Fig. 19). This results in
different line inductance and transformer leakage inductance
for each phase and exacerbates the current imbalance. The
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Fig. 20. Key waveforms of A-Cr-Y type three-phase interleaved LLC.

simplest method to reduce the effect of stray inductance is to
adjust the resonant inductance of each phase to compensate
for the difference in stray inductance. However, there are two
problems: 1) the actual line inductance and transformer leakage
inductance are difficult to measure; 2) due to the mutual coupling
of the three-phase circuits, it is impossible to balance the three-
phase circuits by adjusting the resonant inductance of a certain
phase.

To solve the above problems, taking the A-Cr-Y type three-
phase interleaved LLC as an example, this article deduces the
equivalent circuit model of the three-phase interleaved LLC
including stray inductance. Based on this model, this article
proposes an optimization method that can reduce the influence
of stray inductance without additional components.

A. Resonant Mode Analysis of the A-Cr-Y Type Three-phase
Interleaved LLLC

When the switching frequency is equal to the resonant fre-
quency, the main working waveform of A-Cr-Y type three-phase
interleaved LLC is shown in Fig. 20. The phases of the driving
signals of the three half-bridges on the primary side are 120°
from each other, and the driving signals on the secondary side
are the same as those of the primary side. The phase of iy,
is 30° ahead of i¢,, and the amplitude of iz, is 1/\/3 of ic,
When the voltage drop of the switching device and the influence
of the magnetizing current are ignored, the resonant tank has
12 working modes in one switching cycle. Taking S; turned
on as an example, six modes are analyzed in this article, and
the equivalent circuit is shown in Fig. 21. The other six working
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Fig. 21.  Six equivalent circuits of resonant tank. (a) Mode I [to—t1]: S1, S4,
and Sy are turned on and iz, is greater than zero. (b) Mode II [#1—#2]: S1 and
Sy are turned on and i.,1 is greater than zero. (c) Mode III [f2—3]: S1, S4, and
S¢ are turned on and iy,,3 is less than zero. (d) Mode IV [t3—t4]: S1 and Sg are
turned on and i3 is less than zero. () Mode V [t4—15]: S1, S4, and Sg are
turned on and if,,2 is great than zero. (f) Mode VI [t5—tg]: S3 and Sg are turned
on and i g is greater than zero.

modes when S is turned off are complementary to the six modes
shown.

Mode I (#p—t1): S1, S4, and S5 are turned ON, and iy, is greater
than zero. i1 1s equal to the difference between iz,3 and
irr1s Loro 1s equal to the sum of iy, and i2; i¢org 1S equal
to the sum of iy,.0 and iy,3.

Mode II (t;—t2): S; and Sy are turned ON, ¢, is greater than
zero. iy is equal to the difference between iz,1 and if,3;
icoro 18 equal to the sum of iz,q and if2; i3 1S equal to the
sum of iz,o and iy3.

Mode I (t5—13): S1, S4, and Sg are turned ON, i3 is less than
zero. iopq 1S equal to the sum of iy,; and if,3; icpe is equal
to the sum of iz,; and i,.9; icr3 is equal to the difference
between iy, and iy, 3.

Mode IV (#3—14): S1 and Sg are turned ON, i -3 is less than zero.
icr1 1s equal to the sum of if,q and iz,3; i oo 1S equal to the
sum of iy, and iy,2; i o3 1S equal to the difference between
irr3 and iz, o.

Mode V (t4—t5): S1, S4, and Sg are turned ON, if,o is greater than
7ero. i o 1S equal to the sum of ir,q and if,3; icre 1S equal
to the difference between iz,,1 and i2; icrs is equal to the
sum of iz,9 and iy.3.

Mode VI (t5—t): S3 and Sg are turned ON, iy is greater than
zero. iorq 18 equal to the sum of if,3 and if,1; icre is equal



GUAN et al.: CURRENT SHARING ANALYSIS OF THREE-PHASE INTERLEAVED LLC AND OPTIMIZATION METHOD

(b)

Fig. 22.  Equivalent circuit of A-Cr-Y three-phase interleaved LLC with stray
inductance. (a) Before star-delta transformation. (b) After star-delta transforma-
tion.

to the difference between iy,o and ir,1; iorg is equal to the
sum of iy,9 and if,3.

It can be seen that the resonant tanks of the A-Lr-Y three-
phase interleaved LLC are coupled with each other. In a switch-
ing cycle, there is no fixed inductor to resonate with C,1/ C,o/
C,3, and the resonant inductor is a virtual inductor obtained
through transformation. When the stray inductors are unbal-
anced, it is difficult to achieve circuit balance by adjusting the
resonant parameters of a certain phase.

B. Current Sharing Optimization Method to Reduce the
Influence of Stray Inductance

Based on the previous analysis, a three-phase equivalent
circuit including stray inductance can be obtained, as shown
in Fig. 22(a). According to the star-delta transformation, the
resonant inductance and leakage inductance can be changed
into a Y-type connection, as shown in Fig. 22(b). The trans-
formed resonant inductance (L, ,,=1.2,3) and line inductance
(Lyn' n=1,2,3) can be obtained according to the star-delta trans-
formation (13) and (14). Therefore, the stray inductance (L, p, —
1,2,3) of each phase is the sum of line inductance and leakage in-
ductance (15). The equivalent resonant inductance (L;o/L;4/L.)
of each phase is the sum of resonant inductance and stray
inductance (16). According to (16), when the three-phase stray
inductance is different, the value of the three-phase resonant in-
ductance (L., /L, /L' 5) can be adjusted to reduce the deviation
of the three-phase equivalent resonant inductance (L,q/L,p/L;.).
However, this requires knowing the values of the three-phase
stray inductances. The three-phase stray inductances are ob-
tained by the equivalent transformation of the line inductance
and leakage inductance, and it is difficult to measure the line
inductance and leakage inductance accurately

L{l“l = LTILT3/(LT1 + Lr2 + LT3)
ra = LroLr1 /(L1 + Ly + Lys)
v3 = LraLy3/(Ly1 + Lya + Ly3)

13)
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Fig. 23.

Short-circuit equivalent circuit model after transformation.

Ly, = Ly1Lyps/(Lny + Lna + Lp3)

12 = LnaLn1 /(Lny + Lz + Lns) (14)
L s =LysLy3/(Lyn1 + Lya + Lys)
L =Ly, + L
Lso = Lyy + Liz (15)
LS3 = Llng + ng
Lra = le + L;ﬁl
Ly =Le+ Ly . (16)

ch = L83 + L;«S

To reduce the influence of stray inductance on current sharing
and solve the problem that the line inductance and leakage
inductance are difficult to measure, this article proposes to use
the resonance method to measure three resonant frequencies
respectively, and then the stray inductance of each phase can be
obtained based on the calculation. It is not necessary to know the
values of line inductance and leakage inductance for each phase.
Combined with the equivalent model including stray inductance,
the resonant inductance can be adjusted to make the three-phase
current more balanced.

When the secondary side is short-circuited, the equivalent
circuit model of the three-phase circuit is shown in Fig. 23.
Combined with the short-circuit model, the proposed optimiza-
tion process is shown in Fig. 24. The flow of the proposed
optimization method is as follows.

Taking phase A as an example, when measuring the resonant
frequency of phase A, the upper switches of phase B and phase C
are kept OFF, and the lower switches are kept on. Therefore, the
short-circuit model is the equivalent to circuit I. The equivalent
resonant inductance (L,.4) and resonant capacitance (C,4) can
be calculated by (17). Whether the switching frequency is equal
to the resonant frequency, (f,,4) can be judged according to the
switching node voltage and current of phase A. If it is not at
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Fig. 24.  Flowchart of the proposed optimization method.

the resonance point, modify the switching frequency until f; 4 is
equal to f;, 4. Based on the same method, the resonant frequency
of phase B and phase C and their equivalent resonant inductance
and resonant capacitance can be obtained (18) and (19). Then,
according to (17)-(19), the equivalent resonant inductance of
each phase can be obtained (20). Further, the total stray induc-
tance (Lgy, ,, — 12,3) of each phase after star-delta transformation
can be obtained according to (13), (16), (20)

an = 1/(27TV LT’ACTA)

L’I“A = Lra + Lrb//ch (17)
Cv’r’A = CTI(CT2 + CT3)/(C’I’1 + C’r2 + Crd)
an = 1/(27T\/ LT‘BCT‘B)
L’I“B - Lrb + Lra//ch (18)
C’I’B = CTZ(CTI + C’I‘3)/(C’r‘1 + C’r2 + CTB)
fnc = 1/(27T\/ L'I’CCT’C)
LTC = ch + Lra//L'r‘b (19)
C’I‘C = CT3 (C’r‘l + Cr?)/(crl + Cr2 + CTS)
. 2(Craw? ,~Crpw? 5 —Crow? )
LT(I — nA DennB nC
Ly = 2(—07'/4“721/1""0];;“%3_C'r'CWic) (20)
L 2wt Coowt)
re = Den
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Fig. 25.  Short-circuit equivalent circuit of A-Cr-Y type topology including
stray inductance.

Fig. 26.  Prototype of the three-phase interleaved LLC converter.

where, w,, 4/w, plw,c are three-phase angular frequencies (21),
and Den is the denominator of impedance transformation (22)

WnA = 27Tan

WnB = 27Tan (21)
Wne = 27 fnc
2
Den = (Crawi s — Crpwip)” + Clowno
— 20, 4Ccw2 qwie — 20, 5Crow? gwla.  (22)

Combining Ls;/Lso/Lgs and (13)—(22), the equivalent stray
inductance per phase (L, /L’,/L’5) can be obtained (23). As
shown in Fig. 25, based on L /L, /L, the resonant induc-
tance (L,;/L,2/L,3) can be adjusted to make the three-phase
circuit more balanced

51 = Craw? ,+Crpw2,—Crowl,, rl
r_ 2 _
82 7 7CrAwiA+Cr25w§,B+Crcwac L2 (23)
!/
= r3

f i P T
3 Craw; s =Crpwi p+Crcw o

Although this method cannot obtain the value of each part of
the stray inductance, it can obtain the total stray inductance value
of each phase. Combined with the proposed equivalent circuit
model, the value of the resonant inductance can be adjusted to
make the three-phase circuit more balanced. This article takes
the A-Cr-Y type three-phase interleaved LLC as an example to
demonstrate the resonant inductance adjustment process. Other
types of three-phase interleaved LLC can also use the proposed
optimization method to reduce the influence of stray inductance
on current sharing.

IV. EXPERIMENTAL VERIFICATIONS

To further verify the effectiveness of the proposed method
to improve the current sharing performance, a 2-kW prototype
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Current comparison of full-A type and A-Cr-Y type topologies at half-load. (a) Line current of full-A type. (b) Phase current of full-A type. (c) Line

Current comparison of full-A type and A-Cr-Y type topologies at full-load. (a) Line current of full-A type. (b) Phase current of full-A type. (c) Line

transformation. The experiment mainly includes two parts:
1) verify that the A-Cr-Y topology proposed in Section II can
improve the current sharing performance of the full-A topology.
2) verify that the optimization method proposed in Section III
can further improve the current sharing performance of the

A-Cr-Y type.

A. Comparison of Current Sharing Performance Between

Full-A Type and A-Cr-Y Type

Fig. 27 shows the line current and phase current of full-A
topology and A-Cr-Y topology at half-load. Fig. 28 shows the
line current and phase current of full-A topology and A-Cr-Y
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Current comparison of A-Cr-Y topology before and after optimization using the proposed method at half-load. (a) Line current before optimization. (b)
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TABLE IV
CIRCUIT PARAMETERS OF THE PROTOTYPE

Parameters Symbol Value
Input voltage Vi 400 V
Output voltage Vo 48V
Output Power P, 2 kW
Magnetizing Lty L2,
. ~60 uH
inductors Lus "
Resonant inductors Lriy L2, L3 ~10 pH
Resonant capacitors C”éc"z’ ~27 nF
r3
. T, To, T ER41
Magnetic cores
Ly1, L2, Lis EQ20
Primary devices S1-Ss GS66516T
Secondary devices 01-0s EPC2302
. Dri p Si8271GBD-IS
Gate drivers
Dri s 1EDB7275FXUMAL
. . DR p 510920
Driver resistors
DR s 51Q/1Q
Auxiliary power - NEKO0509

topology at full-load. It can be seen that there is a large circulat-
ing current in the full-A type, and the phases of the three-phase
phase currents are basically the same, which is consistent with
the simulation results. Due to the influence of the circulating
current, the peak value of the phase current is larger than the
peak value of the line current, which greatly increases the loss.
Meanwhile, the line current of the full-A type is also imbalanced.
In contrast, the A-Cr-Y topology has smaller line current and
phase current deviations and better current sharing performance.
Therefore, changing the resonant capacitor to Y-type connection
can improve the current sharing performance of the full-A type
topology, verifying the theoretical analysis in Section II.

B. Verification of the Proposed Optimization Method to
Reduce the Influence of Stray Inductance

Using the proposed optimization method to reduce the influ-
ence of stray inductance needs to obtain three resonant frequen-
cies (fnalfnp lfnc) first. Taking f,, 4 as an example, Fig. 29 shows
the waveform when looking for the first resonant frequency
according to the short-circuit model. S3 and S5 are kept off,
Sy and Sg are kept ON. Therefore, I, is almost equal to /.
and half of 7,. When the switching frequency of phase A is
equal to f,, 4, the resonant current /, has a complete resonant
cycle. The three resonant frequencies (f,4/fr5/fnc) needed to
calculate the stray inductance in (23) can be obtained based
on the same method. In this design, f,a/fnp/fnc are 455/460
/480 kHz, respectively; according to (23), the three-phase stray
inductance (L, /L’ /L5) canbe calculated as 4.8 /1.9 /2.4 ;H.
L’ is larger than L, and L. According to the measurement,
the leakage inductance of the transformer is 3.0/1.0/1.4 pH,
respectively. It can be further calculated that the line inductance
of each phase is 1.8/0.9/1.0 uH. Therefore, L,;/L,2/L,3 can
be adjusted to 5.2/8.1/7.6 pH to reduce the deviation of the
three-phase equivalent resonant inductance. The reason for the
large difference in line inductance and leakage inductance of
each phase is that the lengths of the Litz wires used to achieve
electrical connections in different phases are different. To facil-
itate electrical connection when designing the PCB and making
the prototype (see Fig. 1), the length of the Litz wire in the Y-type
connection is not much different, but the difference is larger in
the A-type connection. The length of the Litz wire in one phase is
longer than the other two phases. Therefore, the line inductance
difference and leakage inductance difference between phases are
large.

Fig. 30 shows the line current and phase current before
and after optimization of the A-Cr-Y topology at half-load.
Fig. 31 shows the line current and phase current before and after
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Current comparison of A-Cr-Y topology before and after optimization using the proposed method at full-load. (a) Line current before optimization.

(b) Phase current before optimization. (c) Line current after optimization. (d) Phase current after optimization.
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Fig.32. Comparison of Uybefore and after optimization. (a) Uy of line current.
(b) Uy of phase current.

optimization of the A-Cr-Y topology at full-load. It can be seen
that the three-phase current can be more balanced after using
the proposed optimization method. Further, Fig. 32 is the com-
parison of Uy before and after optimization. Using the proposed
optimization method can reduce Uyine by 89% and Ufphase
by 63% at half-load. At full-load, after using the proposed
optimization method, Uy1,ine is reduced by 87%, and Uy ppase 18
reduced by 64%. Therefore, the proposed optimization method
can greatly reduce the influence of stray inductance on current
sharing and make the three-phase current of three-phase inter-
leaved LLC more balanced.

Fig. 33 shows the efficiency curves for the three cases. As
shown in Fig. 33, the full-A type topology has the lowest
efficiency due to the severe imbalance of the phase current.
In addition, the efficiency of the A-Cr-Y type topology was
improved by 0.54% using the proposed optimization method.
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Fig. 33.  Efficiency comparison of the three cases.

V. CONCLUSION

This article proposes a three-power parallel analysis model
to compare the current-sharing characteristics of different three-
phase interleaved LLC topologies. Based on the proposed model,
this article finds that although the full-A type has lower trans-
former losses, its current-sharing characteristic is poor. To im-
prove its current-sharing characteristic, a A-Cr-Y type three-
phase interleaved LLC with the same transformer loss was
proposed in this article. Further, to reduce the influence of stray
inductance on the three-phase current balance, based on the
circuit model including stray inductance, this article proposed
an optimization method without additional components.

Finally, the theoretical analysis was verified by simulation
and experiment. Compared with the full-A type, the proposed
A-Cr-Y type showed higher current balance performance, and
the proposed optimization method can further reduce the line
current unbalance factor by more than 85%, and the phase
current unbalance factor by more than 60%.
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