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Abstract—The multiphase LLC converter is commonly used for
high-power and high step-down applications. However, the toler-
ances in the tank circuit parameters cause uneven current sharing
(CS), reducing system reliability. Additionally, phase-shedding (PS)
can improve converter efficiency at partial load by turning-OFF
phases. This paper proposes a multiphase input-parallel output-
parallel LLC resonant converter with a common inductor-capacitor
branch, with the objective to achieve excellent CS and phase-
shedding at the same time. Thanks to the shared branch, current-
sharing is natural, and phase-shedding is realized without affecting
the operating point. With fewer passive components and a simple
phase connection, the design offers low-cost, high-power density,
and improved light-load efficiency compared to existing solutions.
Detailed analysis shows improved CS on both the primary and sec-
ondary sides, when compared to previous approaches. Simulation
and experimental results for the proposed two-phase LLC resonant
converter validate the analysis and illustrate the effectiveness of
the CS and PS capabilities. At the rated load of 800 W, CS error
is 2.48% on the primary side and 2.0% on the secondary side.
Phase-shedding improves efficiency by 3.60% at 50% load and
6.82% at 25% load.

Index Terms—Multiphase LLC resonant converter, natural
current-sharing, phase-shedding, efficiency, and power density.

I. INTRODUCTION

HE LLC resonant converter is a promising solution for
data centers, communications supplies, and electric vehicle
battery chargers, among others, due to its zero-voltage and zero-
current switching capabilities, which achieves high efficiency
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and power density [1], [2], [3]. However, in high-power or high
output current applications, the current stress on the secondary
side and the bulky filter capacitor limits the use of the LLC
converter. To alleviate the current stress and reduce the filter
size, the LLC converter can be adapted to the input-parallel
output-parallel (IPOP) configuration [4], [5], [6], [7], [8], [9],
(101, [11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26], [27], [28]. Nonetheless, small differ-
ences in the gain of the resonant tanks in IPOP circuits result in
uneven current distribution. These experimental discrepancies in
the gains of the resonant tanks are unavoidable, and are caused by
tolerances in the resonant capacitors, inductors, and magnetizing
inductances. Other mismatches are avoidable or relatively minor
by comparison, such as differences in the ON-resistance of the
switches, mismatches in the gate signals, and other uneven path
resistances and parasitic. These mismatches result in significant
power imbalances within the IPOP converters. Uneven current
or power distribution can lead to the over-dimensioning of
components, increased thermal stress on devices, and degraded
reliability of the IPOP converters.

To tackle this issue, many techniques have been proposed,
including control-based current-sharing (CS) methods [4], [5],
[6], [7], such as variable frequency control [8] and phase-shift
control [9]. Active CS methods, which use switch-inductor and
switch-capacitor techniques, have also been explored [10], [11].
Alternatively, passive CS approaches include magnetics-based
techniques [12], [13], [14], [15], [16], [17] capacitive-based
methods [18], [19], and grouping the secondary windings of
transformers [20], along with an improved version of this method
[21]. CS based on virtual voltage sources is another passive
strategy [22]. Furthermore, the output filter has been used to
achieve balanced current-sharing, with common CL and/or CLC
filter-based methods presented in [23], [24]. Passive impedance
matching techniques can also achieve CS [25], employing a
common inductor (CI) [26], a common capacitor (CC) [27], or a
unified common inductor and common capacitor (UCICC) [28].
Each of these methods has its own advantages and drawbacks,
which are discussed below.

Control-based current-sharing techniques [4], [S], [6], [7] rely
on complex control schemes and additional sensing or condition-
ing circuits, which increase the cost and complexity of IPOP
resonant converters. For example, the method in [6] uses extra
partial power processing DC-DC converters to achieve balance
currents. Similarly, variable frequency and phase-shift controls
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TABLE I
COMPARISON OF THE PROPOSED CONVERTER AND EXISTING MULTI-PHASE LLC RESONANT CONVERTERS
Principle of CS Control Based Magnetic Integration (MI) Based Capacitor CB | Common LC or CLC | Common Connection Based Proposed
Based Filter Based Method
BF9T | (010 | 201 | 221 | (41 | [5HI7] [18]-[19] [23]-[24] 261 | 271 | 128 -

CS Performance| Very Good Good Good | Excellent Very Good Excellent Very Good Good Poor Good Excellent
PS Ability - YES NO NO NO NO YES
Converter Fairly High | Fairly High Fairly High High High Low Low High Low

Complexity (complexity of HF magnetic design) (simple one

connection)

Added High High High High Low High High Low Fairly Low
Components | (costly sensors| (additional (additional (addition | (MI of existing |  (additional (additional cost of (simple one or more (reduced cost
Cost & conditioning| switches & secondary al CS inductors) costly film added LC & CLC connections with no with common

circuits) | driver circuits) windings) cells) capacitors) filters) additional components) LC branch)

Light-Load - High Low Low Low Low Low Low High
Efficiency

CS—current-sharing, PS—phase-shedding, HF—high frequency, CB—charge balance.

in [8], [9] adjust the load currents in real time but require costly
sensors and intricate control systems, which can compromise
system stability.

Active CS methods using the switch-capacitor or switch-
inductor techniques [10], [11] control the inductance or ca-
pacitance of the resonant tanks. However, they require extra
switches, gate drivers, passive components, and a complex con-
trol system. As a result, these methods can reduce power density
and increase system cost.

Passive current-sharing methods based on magnetics are ex-
ploredin [12], [13], [14], [15],[16], [17]. In [12], three balancing
transformers compensate for component tolerances, enabling
even current-sharing in a three-phase LLC resonant converter.
Similarly, [13] introduces a spatial magnetic core-based current
balancing transformer, but these approaches require customized
cores, increasing cost and complexity. An alternative method
uses magnetic coupling current balancing cells in [POP LLC
modules [14]. With CS cells, this method adds resonant in-
ductors, increasing magnetic volume and cost while reducing
power density. To address this, an integrated current balancing
transformer (ICBT) based CS is proposed in [15], [16], [17]. By
coupling existing resonant inductors, the ICBT achieve current
balancing while providing sufficient impedances for inductive
operation in LLC modules. An improvement is introduced in
[16], where integrated current balancing cells for a bidirectional
CLLC resonant converter ensure even CS on both the primary
and secondary sides. Unlike other methods, the CS cells in [16],
effectively realizes the even CS on the secondary side of the
converter, while other approaches addressing assumptions that
good primary CS guarantees good secondary CS. The concept of
coupled inductors has also been applied in other contexts, such
as voltage balancing in dual-output resonant triple-active-bridge
converters for bipolar DC distribution systems [29].

Another passive CS approach for LLC converters employs
the idea of charge balance in capacitors [18], [19]. In [18], an
additional flying capacitor is used in a two-phase LLC conver-
ter. Similarly, two flying capacitors are added to achieve CS in
an asymmetric three-phase system in [19]. The idea in [19] is
an extension of [18]. However, extending the topology to more
than three or four phases is not recommended due to the design
difficulties of asymmetric resonance operation. Moreover, it
increases the cost of the IPOP converters due to the additional
expensive film capacitors required in the circuit.

In [20], [21], grouping the secondary windings of the trans-
formers has been proposed. However, asymmetric leakages on
the secondary sides impair the CS performance in [20]. This
issue is addressed in [21] with an improved grouping of the sec-
ondary windings. However, placing additional module requires
three additional windings on the transformers secon- dary sides.
This degrades power density and efficiency while increasing
complexity and cost. Additionally, it complicates transformer
manufacturing and limits system scalability. Since all modules
are coupled, removing amodule is also challenging. In [22],a CS
method using virtual controllable voltage sources is introduced.
It adds an auxiliary winding to each phase module, inserting it
into the resonant tank of another phase and balancing currents
by controlling the phase-shift angle between phases. However,
this requires extra windings in each phase—two per phase when
there are more than three modules—hence further increasing
system complexity and cost. In [23], [24], a common CL and/or
CLC filter is presented for two-phase and five-phase systems.
These common filters provide different impedance under mis-
matched conditions, enabling even current sharing. However,
they require additional passive components on the load side,
which reduces power density, efficiency, and increases cost.

Finally, the impedance matching method is proposed in [25].
As mentioned earlier, CI [26] and CC [27] circuits achieve
current-sharing by determining the impedance matching points
connection between two-phases. However, these methods still
require improvements for both primary and secondary side CS.
A common capacitor only addresses discrepancies in resonant
capacitors, while a common inductor mitigates mismatches in
resonant inductors. In summary, the impedance matching tech-
niques in [25], [26], [27] offer simple solutions for utilizing
LLC converters in IPOP configurations. However, CC and CI
methods exhibit high CS errors on the secondary side, and
the CI method introduces high current ripple on filter capac-
itors due to premature turn-ON of one rectifier. Additionally,
these methods cannot improve light-load efficiency by enabling
phase-shedding (PS). To reduce CS errors further, the UCICC
circuit introduced in [28] utilizes common connections for both
inductors and capacitors. Although this approach reduces CS
errors, it increases system complexity with additional connec-
tions between phases. Moreover, UCICC cannot fully implement
PS under light-load conditions, resulting in lower efficiency for
multi-phase converters.
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Fig. 1.

The different methods have been classified and compared in
Table I, with respect to the CS sharing principle. The literature
discusses qualitative CS performance [30]; however, this paper
quantifies the CS performance into the categories based on CS
error percentage, such as, excellent (0-3%), very good (3-5%),
good (5-10%), and poor (>10%). Note that not all methods
achieve a good combination of features. Some achieve excellent
and/or very good CS, but with added component count, related
cost, and complexity. Others remain simple (connection-based)
but exhibit worse CS capabilities. In addition, none of them
feature phase-shedding to improve the multiphase converter
light-load efficiency except [10], [11]. However, they achieve
good CS performance with the expense of additional switches
and its related driving circuitry.

In comparison to the methods discussed, this paper proposes
a multiphase LLC resonant converter using a common inductor-
capacitor (LC) branch between phases, achieving excellent
current-sharing and phase-shedding. The detailed comparison
in Table I shows the advantages of the proposed method [31].

In general, and in comparison, to the common connection-
based CS methods using CI, CC and UCICC circuits [26], [27],
[28], the proposed converter, depicted in Fig. 1(a), exhibits the
following desirable features:

1) The resonant tanks in the proposed two-phase LLC con-
verter require only two passive components (one capacitor
and one inductor).

2) Compared to the UCICC method, the points of connection
in the resonant tank elements are reduced from three to
one, which simplifies the system.

3) The proposed converter can achieve PS ability, in contrast
with the CI, CC, and UCICC methods. Specifically, when
compared to the C/ and CC methods, the resonance fre-
quency of the proposed converter does not change when
one of the phases is turned-OFF. Hence, the gain and the
high efficiency operating point of the converter remain
unchanged.

4) Since the proposed method uses the single LC branch
for two-phases, mismatches in the resonant tanks are
eliminated, ensuring natural current sharing. In contrast,

©

(a) Proposed two-phase LLC resonant converter, (b) AC equivalent circuit without, and (c) with transformer leakage inductances.

existing CS techniques strive to mitigate these mismatches
for better CS performance.

5) Excellent CS in the center-tapped rectifiers of individual
converters is demonstrated experimentally by adopting bi-
filar winding techniques. This automatically eliminates the
discrepancy caused by asymmetric secondary and tertiary
leakages of the transformer, an imbalance not discussed
in [26], [27], [28].

The paper is organized as follows: Section II discusses the pro-
posed two-phase LLC resonant converter. Section III presents the
current-sharing performance of the proposed method. Section IV
shows the phase-shedding capabilities of the proposed approach.
Sections V and VI discuss the simulation and experimental
results of the proposed converter and compare them with existing
technologies. Section VII concludes the paper.

II. PROPOSED TWO-PHASE LLC RESONANT CONVERTER

The circuit diagram of the proposed two-phase LLC resonant
converter is depicted in Fig. 1(a). The circuit consists of half-
bridges on the primary sides (four active switches), a common
LC branch (L,., C}.) with a single point of common connection
(l.), two high-frequency center-tapped transformers with turns
ratio (n), a full-wave rectifier for each phase of the converter,
requiring a total of four diodes (D, D,, D3, D), and two filter
capacitors (Cy1, Cy2). The proposed common LC branch based
two-phase LLC converter has some good benefits compared
to the existing technologies, which are listed in the previous
section. In addition, the LLC modules can be easily removed or
added except the common LC branch, when required.

III. CURRENT SHARING ABILITY OF THE PROPOSED
CONVERTER

A. Current-Sharing Disregarding Leakage Inductances

The AC equivalent circuit of the proposed converter, assuming
no leakage inductances of the main transformer and C,, C,;
are large value capacitors, is shown in Fig. 1(b). In this case,
it could be considered that the leakages are small and/or that
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Fig. 2.

CS error (a) primary side AT,,;, and (b) secondary side AJ;.

they are equivalent. Thus, they would have no effect on the
current sharing performance and the primary currents would be
balanced. Although the primary side currents would be balanced,
the secondary currents could still be different because of the
mismatches in the magnetizing inductances of the main trans-
formers. With these mismatches, the secondary side currents
would be 41 = ipri1 — inm1 and i = ipr2 — irm2. Given
that ip,;1 = ipri2, the difference is caused by iy, and iy,
which could be quantified as follows:

1Lm2 — 1Lml

Al = % (D

iLml + Z.Lm,2

B. Current-Sharing Considering Leakage Inductances

In practice, the leakage inductances of the main trans-
former are not zero and exhibit mismatches. Together with
the differences in magnetizing inductances, these mismatches
are defined as two factors noted a and b, accounting for the
differences between phases 1 and 2, as follows:

Lrl - LT2 - Lr

C’rl = Cr2 = Cr
Ligi = Ly Ligo = alyy,
Ly =Ly, Ly =0bL,,

2

where subscripts 1 and 2 denote phases 1 and 2, respectively.
The AC equivalent circuit of the proposed converter, assum-
ing leakage inductances of the main transformer, is shown in
Fig. 1(c). The load resistance R can be expressed in terms
of the output voltage V, and the total output power P,, as
R, = Vo2 / P,. Thus, the ac equivalent load resistance reflected
to the primary side of the converter can be expressed as follows:

8 2
Rec= =5 Ry 3)

where, n is the turns ratio of the transformer. Since the mis-
matches of L, and C, are naturally eliminated, the transfer
function from the point of common connection V,(s) to the
output of the converter V,(s) can be obtained as follows:

1 1
Sle + sale

H (s) = )

1 1 1 1 1
sLip + 8L, saLjy + sbL,, + Rac

where, H (s) = &’ES% .

Using Kirchhoff’s current law (KCL) in Fig. 2(c), the load
currents including the effects of L, L, and aL;k, bL,, can be
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written as:
- B ne

where, I (s) and I, (s) are the secondary or load side currents
of individual modules. Using (4) and re-arranging (5) and (6)

results in:
V. L
I (s) = SL(;) [1 — H (s) (1 +L—:)] %)
_ Ve [, aLiy
fo ()= =m0 (145%)] ®

Finally, the load current sharing error can be obtained using
(7) and (8) and Table III, which is given by:
Isl + I52
Similarly, the relationship of the primary currents using KCL
in Fig. 1(c) can be written as:
Ipriv (8) = Ipma () + I (s)
IpriZ (3) = ILm2 (S) + 132 (5)

The solution of these currents is obtained using (7), (8) and
(10) and given by:

Al = % ©))

(10)

Lyrir () = ZCL(;) [1 = H (s)] (1n)
vz (5) = 22 (1= 17 (s (1)

Thus, the transformer primary current sharing error (Al,;)
can be obtained using (11) and (12), which is defined as:

Ipm’Z - Ipril

1,

Al i
P pril + IpriZ

% (13)

In summary, the percentage current sharing error on the pri-
mary as well as on the secondary or load side of the converters
can be obtained in the case of mismatches in the leakage and/or
magnetizing inductances. Both sets of equations, (7) and (8)
for the load side, (11) and (12) for the primary side, show that
when a = 1, and b = 1 (perfect matched condition) the current
sharing error on the primary as well as on the secondary side
is zero percent, which corresponds to perfect current sharing.
Fig. 2 shows the percentage error in the primary side (a) and
in the secondary or load side (b) for mismatches up to +10%of
the nominal value. Hence, with @ = 1.1, and b = 1.1, the
proposed FHA model results the maximum primary CS error of
AIL,; = 4.5%, and a secondary CS error of AI; = 4.6%, both
of which increase linearly with mismatches.

IV. PHASE-SHEDDING ABILITY OF THE PROPOSED CONVERTER

In general, phase-shedding is applied to multiphase converter
systems when operating at or below 50% of the rated load
to improve efficiency. Not all multiphase converters offer this
ability, as mentioned previously and as shown in Table I.
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Fig. 3.
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Simulation results of (a) CC [27], (b) CI [26], and (c) UCICC [28] methods, showing V,, and I},,,4 With phase-shedding at 40 msec.

Fig. 4.

(b)

40 50 60

Simulation results of UCICC [28] method when phase 2 turned-OFF at 40 msec, (a) top side MOSFETS currents of phase #1 and #2 (¢m0s1, tmos3),

(b) transformer primary currents (ipr;1, ipri2), (C) rectifier currents (¢reci, irec2) of module #1 and #2.

(d

Fig. 5.

Simulation result of the proposed converter with phase-shedding at 40 msec, (a) transformer primary currents (ipr;1, ¢pri2), (b), rectifier currents and

total load current (ireci, trec2s ILoad)s (€) Vo and I7,6q4, (d), (€) ipri1, ipri2 before and after phase-shedding, (f) irec1, irec2, and I7,44 before phase-shedding.

For example, in the case of the CI and CC current-sharing
methods [26], [27], when module 2 switches S5 and S, are turned
OFF, the common elements of the tank circuit are connected
in parallel, and the resonance of the tank circuit shifts to new
frequencies, as follows:

1
27 ( T‘]//LT‘2) rl/2 —\/ifT

f — 1 _ fr
nee ZW\/(CTI + CTZ) L'r]/2 \/§

frcr = (14)

as)

where f.cr and f,. cc are the resonance frequencies of the
CI and CC methods after phase-shedding. These changes in
the resonance of the tank circuit mean that the operating
point is different, when considering a constant switching fre-
quency. The voltage gain, and hence the output voltage of the
converter, are greatly affected, which is undesirable. There-
fore, phase-shedding with the CI and CC circuits becomes
impractical.

The change in the resonance point issue is solved in the
UCICC circuit [28], where both the inductor and capacitor
are connected in parallel when module 2 switches S3 and Sy
are turned OFF. The resonance of the tank circuit remains
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TABLE II
CURRENT-SHARING AND PHASE-SHEDDING PERFORMANCE COMPARISON

CC Method [27] Phase-Shedding | Inductor (f), Capacitor (C)
Load Power Phases Lprirms Alprirms lrec.avg Alrecavg
Phase #1 2469 A 6.01% 27569 A | 10.85% No 2I,2C
600 W Phase #2 2.189 A 22.170 A
CI Method [26]
ipri,rms Aipri,rms irec,avg Airec,avg
600 W Phase #1 2.125A 54 % 28.290 A 5.6 % No 21, 2C
Phase #2 2.369 A 31.635A
UCICC Method [28]
ipri,rms Aipri,rms irec,avg Airec,avg
480 W Phase #1 1.575A 531% 10476 A | 596 % No 21, 2C
Phase #2 1.416 A 9.298 A
Proposed Method
ipri,rms Aipri,rms irec,avg Airec,avg
800 W Phase #1 2.692 A 2.51% 8.579 A 2.82% Yes 11,1C
Phase #2 2.560 A 8.107 A
TABLE III Since the resonance frequency remains the same, so does the
PARAMETERS OF THE PROPOSED CONVERTER . . . . .
voltage gain. This ensures the same high efficiency operating
Paramotors Phase #1 Phase 72 point during phgse-shedding. The voltage gain of the. proposed
R tinductor (L, ) 255 2H converter remains comparable to that of the.conventlonal LLC
esonan - U
Leakage inductances (Lyy, Lycz) 411 uH 4.5 uH copverter, both .before and after phase—sheddmg. Therefore, the
Resonant capacitor (C,) 47 nF gain can be derived, as presented in [15].
Magnetizing inductance (L1, 320.5 uH 352 uH
Lin2) V. SIMULATIONS RESULTS AND COMPARISON
Input voltage (V;y,) 380V
Switching frequency (fy) 100 kHz A simulation study is performed to compare the CS and PS
Transformer turns ratio (n) 4:1 capabilities of the proposed converter with those of existing
Output voltage (V,) 48V technologies, including the CC method [27], the CI method
Total output power (F,) 800 W (400 W per phase) [26], and the UCICC method [28]. The circuits of the CC, CI,
Transformer cores PQ3535,N97 and UCICC methods have been simulated in PSIM with the
~ Inductor core RM14, N97 parameters and power ratings provided in [26], [27], [28]. The
Primary switching devices UI3C065080T3S proposed converter has been simulated with the parameters and
Rectifier diodes SBR20A150CT

the same after phase-shedding, as defined by the following
equation:

1
2”\/(LT1//L7"2) (Crl + C’I’Z)

frucicc = =fr (16)

where f, ycrcc is the new resonance frequency after phase-
shedding. Although f,. ycrcc equals fr, the currents still flow
in the resonant tank of phase 2 due to the connections between the
resonant tank circuits on the primary sides of the transformers.
Thus, the current in the transformer windings and on the sec-
ondary (load) side remains shared. This means that the UCICC
method lacks full phase-shedding capability and fails to enhance
light-load efficiency.

In contrast to the methods discussed, the proposed circuit
maintains the same resonance frequency after phase-shedding,
as demonstrated in the following equation:

1

Jr= 27/ L,.C,.

a7

Case 1 mismatches provided in Table III. It should be noted that
the total number of mismatched conditions, considering about
10% tolerances in leakage and magnitizing inductances, could
be 22 = 4, which are as follows:

Case 1: L, CT, Ljgo = 1.10 X Ljgy, Lipp = 1.10 X Ly
Case2: L,, Cy., Ljzo = 0.90 X Ljg1, Lo = 1.10 X Ly
Case 3: Ly, Cr, Ligo = 1.10 X Lyt Ly = 0.90 X Ly
Case 4: Lr, CT, le-z = 0.90 x lel, Lmz = 0.90 x Lml

The worst-case among these four conditions defined in [15],
[16] are Case 1 and Case 4. This is due to the circuit parameters
deviating in the same direction, which creates higher CS error
compared to the other two cases. Therefore, Case 1 among the
worst-cases is considered for simulation and experiment.

The rms primary currents (ip,;,ms) and the rectifier average
currents (Zrec,avg) for all methods are listed in Table II. The
simulation results of the CC and CI methods are shown in
Figs. 3(a), (b). In both cases, it can be seen from the waveforms
of the output voltage and the total load current (V,, I1,4q) that
when the load is halved (at 40 ms) and phase 2 is turned OFF,
the operating point of the converter changes and the output
voltage is disturbed, which is not desirable. In the case of the
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CC method, the resonance changes following (15), as discussed
in Section IV. This new operating point is above the nominal
resonance point, so that the output voltage changes from 12 V
to 9 V. Similarly, in the case of the CI method, the operating point
follows (14). The new operating point after phase-shedding is
below the nominal resonance point, so that the output voltage
shifts from 12 V to 14.3 V. Moreover, based on the transformer
primary rms currents and the rectifier average currents of the
constituent modules, the percentual current-sharing errors in the
CCmethod are A ipyj pms = 6.01%, and Adyee gug = 10.86%.
In the CI method, the CS errors are A ipp pms = 5.4%, and
Alrecavg = 5.6%.

Also, the UCICC method has been simulated with the pa-
rameters and the power rating given in [28]. Phase-shedding is
applied to the circuit when the load is halved at 40 ms. Fig. 3(c)
shows the total load current and output voltage (V,, I1,0qq). It
can be seen from the figure that the output voltage remains the
same during phase-shedding. As explained in Section IV and
given in (16), the operating point remains unchanged. However,
the UCICC method cannot achieve complete phase-shedding.
Although the current of the MOSFETs in phase 2 becomes
zero after turning-OFF S5 and Sy, as shown in Fig. 4(a) (where
imos3 = 0 A after 40 ms), the transformer primary windings
as well as the rectifiers are still sharing currents, as depicted
in Figs. 4(b), (c). Therefore, due to the connections of the
resonant tank, it is observed that the UCICC cannot achieve com-
plete phase-shedding, hence showing a limited improvement in
light-load efficiency. Regarding the current-sharing error, the
UCICC method results in a primary current sharing error of
A dppirms = 5.31%, and a rectifier current sharing error of
Airec.avg = 5.96%.

Finally, the proposed circuit is simulated with the parameters
listed in Table III, with the aim to verify the CS and PS perfor-
mance of the proposed converter. Fig. 5 shows the simulation
results with phase-shedding at 40 ms when the load is reduced
to one half. Figs. 5(a), (b) and (e) show the currents in phase 2
when S5 and S, are turned-OFF. First, it can be seen that the
currents 7,42 and i, are equal to zero after 40 ms. Secondly,
Fig. 5(c) shows how the operating point remains the same and
the output voltage remains unchanged. Then, the current-sharing
performance can be verified from the zoomed-in waveforms
in Figs. 5(d) and (f). The CS error in the primary currents is
Aiprirms = 2.51%, and the CS error in the rectifier currents is
Alrec,avg = 2.82%. First, these errors are consis- tently better
than those of the previously proposed approaches. Secondly,
the results are in reasonable agreement with the predictions of
the simplified FHA model shown in Section III. Moreover, the
proposed converter requires only one inductor and one capacitor
in the tank circuit, whereas the other methods require two
inductors and two capacitors. Thus, the proposed converter can
improve the power density and reduce the cost of the multiphase
LLC converter.

VI. EXPERIMENTAL RESULTS

A hardware prototype has been designed and built to demon-
strate the effectiveness of the proposed method. The LLC con-
verter in phase #1 is used as a reference and is noted module #1.
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Experimental result of single LLC converter with 400 W.

First, module #1 is tested at a power rating of 400 W. Then, the
combined power rating of the proposed two-phase LLC converter
has been verified at 800 W. The mismatches (about 10%) in
the second LLC module (phase 2) are intentionally introduced
with respect to module #1, aiming to produce a mismatch in
the resonant tank elements and to show the current sharing
performance of the proposed converter in the worst-case (Case
1). The parameters of the two-phases are given in Table III.

A. Single LLC Converter

Fig. 6 shows the experimental results of the single LLC
module #1 with a power rating of 400 W. The results include the
gate-to-source signal (vgs;) of MOSFET S|, the transformer
primary current (i,,;1), the primary winding voltage (vp,1),
and the rectifier diode current (i4;). The results are consistent
with zero-voltage-switching (ZVS) operation for the primary
inverter side and with zero-current-switching (ZCS) for the
diode rectifiers of the converter. Thanks to these features, a peak
efficiency of 94.1% is achieved at full load.

B. Conventional Two-Phase LLC Converter

To show the imbalance in the currents in the conventional
two-phase LLC converter, a second module has been designed
and fabricated with a mismatch in tank circuit parameters of
10% compared to module #1. Since it can be expected that the
power is to be delivered only by module #1, the tests are limited
to a power rating of 400 W, the maximum power capability of a
single LLC module. Fig. 7 shows the experimental results of the
conventional two-phase LLC converter, where Fig. 7(a), (b) show
the transformer primary currents (i,,i1, ¢pri2), diode rectifier
currents %41, and 744 in Fig. 7(a), and 74>, and 743 in Fig. 7(b) . It
can be seen from the waveforms that the diode rectifier currents
in module #2 are i53 = 0 A, and g4 = 0 A, while ¢4, and i
are responsible for delivering all the power to the load. On the
primary side of the converter, the transformer primary current
in module #2 (i,,;2) is the magnetizing current circulating in
the primary side of the converter, while ,,;; is responsible for
delivering power to the load. Therefore, it is evident that the
mismatches in the tank circuit create significant imbalances in
the currents and make the multiphase converter unreliable. This
is a serious safety issue for the converters connected in parallel,
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TABLE IV
CURRENT-SHARING AND PHASE-SHEDDING PERFORMANCE OF THE PROPOSED CONVERTER
Proposed Converter Current-Sharing Performance Phase-
Shedding
Load Power Phases pripms | Dlprirms | la1/daavg | tdz2/dz,avg Aigyg

100 % Load Phase#1 | 2.199A | 248% 3.639A 3.649 A Aigy/qaavg = 1.58 %

(800 W) Phase #2 | 2.311A 3.756 A | 3.798A Aigz/a3,avg = 2-0 % v
50% Load | Phase#l | 1.612A | 2.77% | 2.028A | 1987A | Aigjasavg = 3-56 % e

(400 W) Phase #2 | 1.525A 2178A | 2200A | Aigyjazavg = 508 %
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waveforms of (a) before PS, and (c) after PS.

which is addressed with the proposed method in the following
subsection.

C. CS of the Proposed Converter At Full-Load and Half-Load

The experiments showing the performance of the proposed
two-phase common LC branch-based LLC converter are ex-
plained here. Asintroduced in Section III, the proposed converter
eliminates the mismatches in the main tank circuit parameters
except for the mismatches in the transformer magnetizing in-
ductances (L,,1, Lm») and leakage inductances (L;x1, Lik2)-
To demonstrate the good current-sharing ability of the proposed
converter with mismatches in these parameters, intentional mis-
matches of about 10% in the magnetizing and leakage induc-
tances have been inserted in the transformers, as defined in
Case 1. These mismatches correspond to the factors “a” and
“b”, according to the CS model discussed in Section III in (2),
where Lo = aly;, and L, = bL,,.
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The experimental results of the proposed converter under
full-load condition are depicted in Fig. 8. First, Fig. 8(a) shows
the transformer primary currents (i,,i1, %pri2) and the rectifier
diode currents of the two modules (i4;, ¢44). Then, Fig. 8(b)
also shows the transformer primary currents, but with the other
two rectifier diode currents (742, 243). It can be seen that, with
the proposed technique, the currents are equally shared between
the two modules, which makes the parallel-connected two-phase
LLC converter more reliable. Although the currents seem to be
very well shared, we present the mean values (i4,4) of the recti-
fier diode currents and the rms values (7,.,,5) of the transformer
primary currents in Table IV. The values have been measured
using a Tektronix MDO3014 oscilloscope. Also, the difference
in mean values between modules #1 and #2 (diodes 1, 4 and
diodes 2, 3 are compared) has been derived. The results are very
valuable because they show the current-sharing performance
with respect to the existing technologies.

It can be seen that, under full-load conditions, the current
sharing error in the primary side of the converteris A i,y ypms =
2.48%. On the secondary side, it is Aigi /44,009 = 1.58% in
diodes 1 and 4, whereas it is Aigy /g3 40y = 2.0% in diodes 2
and 3. Thus, the maximum difference in the rectifier currents is
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2.0% and in the primary side currents is 2.48%. These values
reflect an excellent CS in the proposed converter. Besides, there
is a small, negligible difference between the rectifier currents
of modules #1 and #2, which mainly depends on the asymme-
try in the secondary and tertiary windings of the transformer.
This factor has been minimized by using a bifilar winding
arrangement similar to that in [32]. This technique minimizes
the asymmetry of center-tapped rectifiers and, therefore, allows
for the calculation of the correct percentage error between the
rectifier currents of the two modules.

The performance of the proposed converter has been verified
under half-load (50%) conditions. The experimental results are
shown in Fig. 9. First, Fig. 9(a) shows the transformer primary
currents ¢,,;1 and 4,2, along with the diode rectifier currents %4
and 744. Similarly, Fig. 9(b) shows the difference in the primary
currents, but with the rectifier currents of the other two modules:
i and 743. Again, the rms vales for the primary currents and
the mean values for the rectifier diodes are listed in Table IV.
The results show that, under half-load conditions, the current
sharing error on the primary side of the converter is A i pyj rms =
2.77%, whereas, on the secondary side, the CS error in diodes
1 and 4 is Aigy/d4,avg = 3.56%, and the CS error in diodes 2
and 318 A i /43,409 = 5.08%. Thus, the maximum difference
in the rectifier currents and transformer primary currents are
5.08% and 2.77%, respectively, which reflects excellent CS in
the proposed converter under half-load conditions.

D. Phase-Shedding Ability of the Proposed Converter

Phase-shedding is a key feature of the converter that improves
efficiency under light-load conditions, a capability not provided
by previous IPOP approaches. As explained in Section IV, the
proposed converter achieves phase-shedding when the load is
at or below 50% of the power rating. This is done without
adding control complexity, simply by stopping the switching
of one module. When the load exceeds 50%, both modules are
activated, and the currents are equally shared.

Phase-shedding has been verified experimentally in Fig. 10.
First, Fig. 10(a) shows the transformer primary currents, the
gate-to-source voltage vge4 of switch S; in module #2, and
the output voltage V,, of the converter. Before phase-shedding,
the primary currents are balanced between the constituent mod-
ules. When phase-shedding is activated, vy44 turns OFF, and the
transformer primary current of module #2 becomes zero (i,,i» =
0 A). Module #1 now delivers all the power, as reflected in
the primary current 4,,.;;. Moreover, the output voltage remains
unchanged before and after phase-shedding, demonstrating that
the converter achieves phase-shedding without compromising
load regulation.

In addition, Fig. 10(b) and (c) show the zoomed-in wave-
forms of the primary currents before and after phase-shedding,
respectively. Fig. 10(b) shows balanced primary currents before
phase-shedding, whereas Fig. 10(c) shows the complete phase-
shedding ability of the proposed converter when vge4 = 0V
and module #2 stops delivering power, with 7,5, = 0 A.
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E. Efficiency Tests of the Proposed Converter

The efficiency of the proposed converter has been measured
using a YOKOGAWA WT3000 power analyzer. The part num-
bers for the MOSFETS, diodes, transformers, and inductor cores
used in the efficiency tests are provided in Table III.

First, an efficiency test of a single LLC converter using center-
tapped rectifier is performed. The results show a peak efficiency
of 94.1% at the rated power (400 W). Next, the efficiency of
the proposed two-phase LLC converter is measured at different
power levels. When both phases are switching, the power is well
shared between modules #1 and #2, and the peak efficiency is
identical to that of the single LLC converter module. In this case,
the efficiency versus power plot is shown in blue in Fig. 11.

If phase-shedding is considered, the efficiency of the pro-
posed converter must be measured when one of the modules
is turned OFF, for loads equal to or below 50% of the power
rating. At exactly 50% load, the proposed two-phase converter,
with both modules sharing currents, achieve an efficiency of
90.491%. However, after applying phase-shedding to module
#2, the efficiency increases to 94.1%, which is the same as
in the reference module case with 400 W power rating. This
represents an improvement in efficiency of 3.60%. At 25% load,
the two-phase converter achieves an efficiency of 86.365%.
After applying phase-shedding to module #2, the efficiency
increases to 93.182% showing a remarkable improvement of
6.82%. Therefore, the proposed converter with phase-shedding
at 50% and 25% load can achieve improvements in efficiency
of 3.60% and 6.82%, respectively. The efficiency with phase-
shedding is plotted in red in Fig. 11, while the dotted green line
shows the combined efficiency plot of the proposed converter.

F. Extension to N-Phases

The proposed converter can be extended to n-phases, as de-
pictedin Fig. 12. Additional two-phases can be added with a sim-
ple connection between their LC branches, denoted as [;.,., where
x = 2,3...Similar to two-phases discussed, the proposed
n-phases will achieve excellent CS and PS ability. Regarding
the PS ability, considering a four-phases as an example, if one
or two-phase are turned-OFF at light-load, the two-LC branches
will con- tinue sharing currents between them. However, the
resonance conditions will remain unchanged, ensuring consis-
tent output voltage, which can be obtained as follows:

1 1
ZW\/(C’F1| ‘C’l‘2) (LT1| ‘LT‘Z) a 271—\/ LT‘OT B

fr,ZZc - fr

(18)
where f; 2. is the resonance frequency with two-LC branches
equals to single-LC branch resonance frequency f,. In other
words, for n-LC branches the resonance frequency will remain
the same fr,nlc = fr~

VII. CONCLUSION

This paper presents a two-phase IPOP LLC resonant con-
verter with a shared inductor-capacitor branch. The converter
achieves excellent CS and PS performance without complex
control techniques or additional components. By sharing the
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inductor-capacitor resonance branch between two-phases, the
following advantages are realized:

1))

2)

3)

4)

5)

The power density is improved, as only two passive el-
ements (one inductor and one capacitor) are used in the
tank circuits, compared to four in previous designs.
Excellent current sharing is achieved under full load,
which is critical for thermal distribution. The observed
CS error is 2.48% for the primary transformer currents
and 2.0% for the rectifier currents, outperforming existing
methods.

Phase-shedding operation improves efficiency by 3.60%
at 50% load and 6.82% at 25% load, demonstrating
superior performance over existing CI, CC, and UCICC
methods.

The proposed CS approach can be extended to more than
two or to n-phases with simple connections between the
shared branches.

A bifilar winding technique is used to mitigate the CS
errors in individual converter center-tapped rectifiers.

Notably, the proposed converter is ideal for high step-down
applications, providing excellent current-sharing in high-current

recti

fiers, transformers, and primary switching devices without

additional control or components. Its step-down nature ensures
that the inductor-capacitor branch handles only part of the total

load
stres
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current, addressing thermal runaway due to high current
s effectively.
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