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Automatic Current Sharing of Paralleled Windings for LLC Resonant Converter
With Secondary-Side Resonant Inductors

Yue Liu ¥, Hongfei Wu

Abstract—The current sharing issue of paralleled secondary
windings of the transformer is a major concern of LLC resonant
converters. Matrix transformers solve this issue by connecting
primary windings in series and secondary windings in parallel,
but the volume and loss of magnetic cores increase dramatically.
This letter proposes a modified LLC resonant converter, which can
achieve automatic current sharing of secondary windings by dis-
tributing the resonant inductor to each secondary winding. Theo-
retical analysis indicates that the current balance of each paralleled
secondary winding only depends on the inductance of distributed
resonant inductors, whereas the tolerance of resonant inductors
can be guaranteed easily in practice. An experimental prototype is
built and tested to verify the effectiveness of the proposed method.

Index Terms—Current balance, high frequency, magnetic
integration, resonant converter.

I. INTRODUCTION

LC resonant converters have been the most popular topolo-

gies for high frequency, high efficiency, and high power
density power conversion [1], [2]. Paralleled secondary wind-
ings and synchronous rectifiers (SRs) are required for low out-
put voltage and high output current applications, such as data
center, telecommunications, adapter, and consumer electronics
[3]. However, current sharing of paralleled windings is a big
issue impacted by many factors, such as the distance between
the winding and air gap, manufacturing tolerance, termination
configuration, etc., leading to significant errors between the
leakage inductances and ac resistances of secondary windings
[4], [5]. The current sharing issue will become more serious
as the switching frequency increases. Many current sharing
methods were proposed for pulsewidth modulation converters
[6], [7], for example, coupled inductor is employed to achieve
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Fig. 1. Matrix transformer solutions for the LLC resonant converter with
paralleled windings.
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Evolution process of magnetic core structures and volume for different

current sharing for forward converters, but these methods are
not valid for resonant converters.

Recent studies have proved that a matrix transformer is an
effective solution to the current sharing problems of an LLC
resonant converter. As shown in Fig. 1, the centralized trans-
former is divided into several subtransformers. Current sharing
of multiple secondary windings of these subtransformers is
achieved automatically by connecting the primary windings
of these transformers in series [8], [9]. In comparison with
the centralized transformer, the total size/volume and losses of
matrix transformer increases exponentially. Various magnetic
integration methods for matrix transformers [10], [11], resonant
inductors, and transformers [12], [13], [14] have been proposed
to reduce the size/volume and improve both efficiency and power
density. As shown in Fig. 2, although size/volume and loss
of integrated magnetics are reduced compared to the multiple
separated magnetics, the total size/volume and losses of the
integrated core are still higher than the original centralized trans-
former. How to solve the current sharing problem of paralleled
windings/SRs without sacrificing size/volume and loss of the
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Fig. 3. LLC resonant converter with primary resonant inductors and central-
ized transformer.

Fig. 4. Simplified equivalent circuit for the LLC resonant converter with
primary resonant inductor.

magnetic core is a problem worthy of in-depth research, which
is also the major concern of this letter.

II. THEORETICAL ANALYSIS OF CURRENT SHARING
PERFORMANCE

A. LLC Resonant Converter With Primary Inductor and
Paralleled Secondary Windings

The topology of the LLC resonant converter with single pri-
mary resonant inductor and centralized transformer is shown
in Fig. 3. Here, Sp1—Sp2 and Sg1—Sg4 are the primary and
secondary switching devices. L,,, L;, and C, are the mag-
netizing inductance, primary resonant inductor, and resonant
capacitor, respectively. Ls1—Lg4 are the leakage inductances of
four secondary windings. iy, is1—is2, and is1—io2 are the primary
current, secondary ac currents, and dc currents, respectively. The
simplified equivalent circuit for its resonant tank is presented in
Fig. 4. As presented in the figure, V; is the midpoint voltage
of the primary leg. Ls soc1—Ls seco are the equivalent leakage
inductances of two transformer secondary windings. R, sec 1S
the corresponding equivalent output resistances. i; and iy are
the equivalent currents of two paralleled windings. Since their
positions and terminations are different from each other, two
secondary leakage inductances are usually different. Their rela-
tionship is defined as follows:

L seco =m - Ly_gec1 (m > O) . (1)

Since two secondary windings are paralleled, according to
(1), the relationship between the current sharing error §1, of two
secondary windings (i; and i) and the leakage ratio coefficient
m can be described as

. . 1 - 1 Ls_soc2 1
(SI — ‘7’1 — Z2| — Ls—secl Ls—sec2 — Ls—secl
° i1 + da] 14 1 Locec2 |
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Fig. 5. Relationship between 6/, and m.

Fig. 6. Proposed LLC resonant converter with secondary resonant inductors
and centralized transformer.

Fig. 7. Simplified equivalent circuit for the LLC resonant converter with two
secondary resonant inductors.

m—1

Cm+1] @
As shown in Fig. 5, the relationship curve between d1, and m
is described and presented according to (2). It can be found that
as the difference of the two secondary leakage inductances in-
creases, the current sharing performance is significantly reduced.
When the gap of Lg_gec1 and Lg_gec2 doubles, the current sharing
error reaches 1/3. Therefore, the LLC resonant converter with
single primary resonant inductor and centralized transformer is
not suitable for paralleled secondary windings due to the poor

current sharing performance.

B. LLC Resonant Converter With Multiple Paralleled
Secondary Inductors and Windings

To improve the current sharing performance, the primary
single resonant inductor is split and configured on the secondary
side of the centralized transformer, as shown in Fig. 6. Therefore,
the secondary leakage inductances work as part of the resonant
inductors for each winding due to their direct series connection.
L.1—L,2 are the secondary-side resonant inductors, including
the leakage inductances. They are decoupled from each other.
Its simplified equivalent circuit is shown in Fig. 7. L, ¢ec1 and
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Fig. 8. Relationship between 6/, and m’.

L;_seco are the two equivalent secondary resonant inductors. iy’
and iy’ are the equivalent current of two paralleled windings
with secondary inductors. Similar to the previous analysis, the
relationship between L,_sec1 and Ly gqco i defined as m’

L'r'fsec2 =m- ersec 1- (3)

Similar to the analysis in Section II-A, according to (3),
the relationship between the current sharing error §1,” of two
secondary windings (i;” and i) with resonant inductors and m’
can be described as

v/ g 1 — 1 Lysec2 _ 1
5T — |Zl — Z2| | Lrsect1 Ly sec2 | _ | Lr-sec1
07|i/+’i,|7 -1 1 7@4_1
1 2 Ly—sec1 Ly sec2 Ly—secl
m —1 @
m +1|

It can be easily found that (4) is a bit similar to (2). The
only difference is that the secondary resonant inductors L, gec1—
Ly seco are far larger than the secondary leakage inductors
Ly sec1—Ls sec2- Fig. 8 shows the relationships between 67, and
m’. Since the resonant inductor is designed and controllable,
their errors can be minimized by detailed processing and later
adjustments. Hence, the range of m’ is narrower than that of m.
Obviously, the current sharing performance is greatly improved
by the change of the position for resonant inductors.

III. INTEGRATED CORE STRUCTURE FOR THE PROPOSED LLC
RESONANT CONVERTER

To further reduce the volume and loss of the magnetics and
thus improve the overall power density, magnetic integration is
employed for the transformer and resonant inductors. Originally,
three ER cores are adopted for the centralized transformer and
two secondary inductors, as shown in Fig. 9(a). It should be noted
that for each core, the air gap is configured only above the middle
winding column. Fig. 9(b) presents the key current waveforms,
including the driving voltage, primary current i,, magnetizing
current i, and equivalent secondary current ig (sum of the
two full-wave wingding currents). Since the magnetic flux is
proportional to the current of corresponding inductor, the mag-
netic fluxes of the transformer and secondary resonant inductor
shown in Fig. 9(c) are obtained according to the corresponding
waveforms.

Due to their large flux phase difference, three magnetics can
be integrated with each other according to the work in [13] and
[14]. Fig. 10(a) shows the top view of the separate magnetic
cores. Then, the separate magnetic plates are replaced by an
integrated plate, as shown in Fig. 10(b). In addition, the magnetic
columns of the resonant inductors are adjusted to crescent shape
for smaller footprint. Through magnetic integration, not only the
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Fig. 9. Separate magnetic core structures for the transformers and resonant
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inductors. (a) Cross-sectional view. (b) Key current waveforms. (¢) Magnetic
flux phase relationship.
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Fig. 10. Top view of magnetic core structures. (a) Separate core structures.
(b) Integrated core structure.
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Fig. 11. Flux density comparison of different core structures. (a) Separate
cores. (b) Integrated cores.

quantity of magnetics is reduced from three to one, but also the
core loss and volume are decreased due to the flux cancellation
marked by purple dashed box. Meanwhile, three magnetics still
keep decoupled from each other. Fig. 11(a) and (b) show the
comparison of the core flux density before and after magnetic
integration. After integration, the flux density becomes more
uniform and lower due to the increase in cross-sectional area of
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TABLE 1
Loss COMPARISON BETWEEN DIFFERENT CORE STRUCTURES
Core Winding Total Volume
loss/W loss/W loss/W /em?
Separate 273 228 5.01 44
transformer
Separate 2.24%) 0.37%2 2.61%2 1.3%2
inductors
Separate 721 3.02 10.23 7
magnetics
Integrated o o, o o
magnetios | 352051%)  274(110%)  628(139%)  5.8(118%)
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Fig. 12.  Integrated core structure with “I”” shape core removed. (a) 3-D view.
(b) Cross-sectional view.

magnetic plates and flux cancellation. As shown in Table I, the
detailed loss distribution and volume for separate magnetics and
integrated magnetics are presented. Compared with the separate
magnetics, both the core loss and volume are greatly reduced
after integration.

Fig. 12(a) presents the 3-D view of the final integrated mag-
netics with “I”” shape core removed. Fig. 12(b) shows the cross-
sectional view of the integrate magnetics. It can be found that for
the positive and negative two inductor windings of one output,
they are almost full coupled. An eight-layer PCB is employed
and another two shielding layers are configured between the
primary and secondary windings for lower common mode noise
and better electrical magnetic interference performance. More-
over, the SRs and output filter capacitors are also integrated with
the secondary windings to achieve lower ac winding resistances
and termination loss.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

To verify the validity of the aforementioned theoretical anal-
ysis, detailed electrical simulations for various conditions are
conducted. The impedance errors’ influence on the current shar-
ing performance for the LLC resonant converter with different
inductor positions is all shown as follows.

As shown in Fig. 13(a), for the LLC resonant converter with
primary concentrative resonant inductor, when there is a differ-
ence of about three times between two secondary equivalent
leakage inductances (L, = 14.4 pH, Lg/Lso = 5 nH, and
Lg3/Lsq = 15 nH), the current difference between two paralleled
secondary windings has almost doubled. However, for the LLC
resonant converter with two secondary inductors, due to the
controllable inductance errors, it is assumed that there exists
a 10% error between two equivalent resonant inductors (L;q
= 0.23 pH and L2 = 0.25 pH). Since the current sharing
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Fig. 13.  Current sharing performance with different secondary inductances.
(@) m =3 (L = 144 pH, Ls1/Lso = 5 nH, and Lg3/Lss = 15 nH). (b) m* =
1.1. (Ly1 = 0.23 pH and L2 = 0.25 pH).
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Fig. 14.  500-kHz 400-W 400-V/20-V LLC converter prototype. (a) Integrated
magnetics. (b) Fully assembled prototype.

TABLE I
SPECIFICATIONS OF THE LLC RESONANT CONVERTER

LLC with Paralleled Windings

Resonant frequency 500 kHz
Transformer turns ratio 12:1:1:1:1
Primary devices GS66502B
Secondary devices BSZ037NO6LS5
Resonant capacitor 7 nF
Resonant inductor 0.24 uH // 0.24pH
Magnetizing inductor 86.4 uH

performance of two secondary paralleled windings depends on
the paralleled inductances. The current sharing performance is
greatly improved according to the simulation results shown in
Fig. 13(b).

B. Experimental Results

Based on the integrated core structure and winding structure
shown in Fig. 14(a), a 500-kHz, 400-V/20-V, 400-W LLC res-
onant converter prototype is built, as shown in Fig .14(b). The
key parameters of the prototype are shown in Table II.

Steady experimental waveforms under full load are shown in
Fig. 15. It is found that zero voltage switching can be achieved
for all the primary switching devices during the full-load range.
Due to the difficulty in measuring ac current in the PCB winding
structure employed in this letter, two output dc currents under
different loads are measured and shown in Fig. 16(a) and (b).
Furthermore, more detailed dc current data for the paralleled
windings are tested and shown in Table III. No matter how
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Fig. 16.  Current sharing performance under different loads. (a) Under light
(25%) load. (b) Under full (100%) load.

TABLE III
DC CURRENTS OF THE PROPOSED DC-DC CONVERTER

io/A iot/A /A
4.00 2.02 1.98
8.02 4.04 3.98
11.98 6 5.98
16.02 8.04 7.98
20.04 10.12 9.92
A Efficiency/%
98
97
96
95
94
93 Output Power/W
A -

92 »
0 100 200 300 400 500

Fig. 17.  Test efficiency.

heavy the load is, excellent current sharing performance can
be obtained between two outputs, which is consistent with the
theoretical analysis. Finally, the efficiency of the LLC resonant
converter with paralleled windings is tested and shown in Fig. 17.
As the demo prototype in this letter is mainly built for testing
the current sharing performance conveniently, its power loop
and efficiency have not been optimized for design. Hence, there
is still some room for the efficiency improvement, which is also
one of the future works.

V. CONCLUSION

This letter proposed a modified LLC resonant converter with
paralleled secondary resonant inductors, which can achieve au-
tomatic current sharing. Since the current sharing performance
depends on the paralleled inductances’ errors. By splitting
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the single resonant inductor into multiple secondary inductors,
which are designed and controllable, the paralleled inductance
errors can be minimized. In this way, more secondary wind-
ings can be directly connected in parallel for higher current
output applications. Also, an integrated magnetic core structure
is proposed for the transformer and two secondary resonant
inductors. A 400-W LLC resonant converter with two paralleled
secondary windings was built. Both simulation and experimental
results under different conditions verify the effectiveness of the
proposed scheme.
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