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Abstract—The interleaved structure of LLC resonant converter
with the phase-shift modulation (PSM) is presented and then its op-
timum operating region is discussed. The LLC resonant converters
can achieve zero-voltage switching (ZVS) of the primary switches
and zero-current switching (ZCS) of the secondary switches. How-
ever, the secondary peak current is large due to the discontinuous
conduction mode (DCM). The interleaved PFM LLC resonant con-
verter has difficulty in synchronizing switching instants among
phases owing to the parameter mismatch of resonant circuits. In
the proposed method, the current unbalance caused by the param-
eter mismatch is compensated by PSM. It is confirmed that the
proposed method achieves lower peak current even when there is
parameter mismatch and that the operation of below resonant fre-
quency is suitable, both of which are simulated and experimentally
verified.

Index Terms—Interleave, LLC resonant converter, pulse fre-
quency modulation (PFM), phase-shift modulation (PSM).

I. INTRODUCTION

LC resonant converters have been studied for front-end
L converters [1], [2]. It can operate at the resonant fre-
quency under the nominal operating condition, which is the
optimum operating point for resonant converters while it can
meet the hold-up time requirement without any auxiliary cir-
cuit. In recent years, LLC resonant converters in the renewable
energy system have been studied [3], [4]. The requirements for
those LLC resonant converters are different from the require-
ments for front-end converters. For the front-end converter,
discontinuous conduction mode (DCM) region or boost gain
region of LLC resonant converter is used to satisfy the hold-up
requirement.

In the renewable energy system, the input voltage of power
converter varies depending on the amount of wind, the solar
radiation and the temperature. The LLC resonant converter must
operate in a wide frequency range to satisfy the wide input
voltage range requirement [3]. Therefore, not only the operation
at the series resonant frequency but also the operation below the
series resonant frequency must be considered.

The LLC resonant converter has advantages over the con-
ventional series resonant converter. Although the conventional
series resonant converter has a problem of light load regulation,
the LLC resonant converter achieves the light load regulation
and the zero-voltage switching (ZVS) at an entire load range by
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utilizing the magnetizing inductance of a transformer [1]. The
secondary switches of LLC resonant converter can operate at
zero-current switching (ZCS) due to the DCM or boundary con-
duction mode (BCM), which causes larger peak current. On the
other hand, since the series resonant converter always operates
above the series resonant frequency, the peak of secondary cur-
rent is not large due to the continuous conduction mode (CCM).
The large peak current shortens the lifetime of capacitors, which
degrades the reliability of power converters. Therefore, it is crit-
ical to reduce the peak of secondary current in the LLC resonant
converters.

A new topology having inductance filter is proposed to reduce
secondary current ripples by smoothing the secondary current
[5]. Although it can achieve lower ripples with the simple modi-
fication, it loses ZCS capability of secondary rectifiers. Another
popular approach to reduce the secondary current ripples is the
interleaving method of switching converters. Although the inter-
leaving method for pulsewidth modulation (PWM) converters
has been studied so far, it cannot be directly applied to the
pulse frequency modulation (PFM) converters. The switching
frequencies of each converter in parallel must be synchronized
for the interleaved operation. The parameter mismatch of each
phase in LLC resonant circuit causes different gain characteris-
tics at a synchronized switching frequency, which leads to the
current unbalance among phases.

Many studies have been done on the interleaving method of
LLC resonant converter [6]-[16]. The impacts of parameter mis-
match of resonant circuit are discussed in [6]-[10]. The design
method to improve the current balance is presented in [6]. In [7],
a frequency-controlled current balancing method is proposed.
Since the operating point is determined by the designed param-
eters, it cannot tightly regulate the output voltage and cannot
achieve a wide input voltage range. Adaptive voltage position
(AVP) for current balancing of the interleaved LLC resonant
converter is proposed in [8]. The operating point also depends
on the circuit parameters. Therefore, the wide input voltage can-
not be achieved. In [9] and [10], since the parameter mismatch
among phases of resonant circuit is compensated by varying the
output voltages of power factor correction (PFC) circuit as the
front stage, the PFCs must be placed in front of each phase of
the interleaved LLC resonant converters. The series-input and
parallel-output connection is proposed and analyzed in [11] and
[12]. Although it can achieve secondary current balances, the
input current is the same as that in the single-phase LLC reso-
nant converter. Thus, the load capacity cannot be increased. In
[13], multiphase LLC resonant converter with star connection is
proposed. It balances the mean value of primary current. This
configuration cannot operate with the redundancy operation.
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Fig. 1. Configuration of full-bridge LLC resonant converter.

An interleaving method with a current-controlled inductor is
proposed in [14]. The interleaving method tuning the res-
onant frequency is proposed for constant frequency opera-
tion in [15]. The output voltage and current balance is con-
trolled by full-wave switch-controlled capacitors (SCCs). In
[16], the half-wave SCCs for multiphase PFM LLC reso-
nant converters is proposed. Taking the aforementioned fac-
tor into consideration, the interleaved structure that can oper-
ate at synchronous switching frequencies without any auxil-
iary circuit and that is also capable of redundancy operation is
required.

In this paper, an interleaved structure of PFM LLC resonant
converters without any auxiliary circuit is proposed and its op-
timum operating region is discussed. In the proposed method,
the influence of parameter mismatch is compensated by the duty
ratio control using the phase-shift modulation (PSM). Thus, the
switching instants among phases can be synchronized without
any auxiliary circuit. Furthermore, it can also operate at redun-
dancy operation. Section II explains the operation principle of an
interleaved structure of PFM LLC resonant converter with PSM.
The effect of PSM on efficiency and peak current is studied in
Section II. The interleaved structure is explained in section I'V.
The simulation and experimental results of single-phase and in-
terleaved structure without PSM and interleaved structure with
PSM are given in Section VI. The conclusion will be presented
in Section V.

II. OPERATION PRINCIPLE

Fig. 1 shows the circuit configuration of full-bridge LLC res-
onant converter. The full-bridge circuit consists of switches ()1
through Q4. The LLC resonant circuit consists of the resonant
inductance L,, magnetizing inductance L,,, and the resonant
capacitor C,.. D1 and D, are the rectifiers. C,, is the output ca-
pacitor. 7, indicates the current flowing through L, . i, indicates
the magnetizing current of transformer. v;, indicates the output
voltage of full-bridge circuit. ¢, indicates the secondary current
of transformer. I, indicates the load current.

Fig. 2 shows the gain characteristics of LLC resonant circuit
as a function of the switching frequency. The resonant frequen-
cies f,1 and f,o are expressed as (1) and (2), respectively. The
operating region of LLC resonant converter is classified into
three regions: ZCS region, ZVS below f,; region, and ZVS
above f,.; region. The operation in ZCS region is avoided be-
cause of the hard switching turn-on. Thus, the ZVS region for
primary switches is chosen as a desired operating region for
LLC resonant converter. The boundary of ZVS and ZCS is lo-
cated between the frequency f,1 and f, 2, depending on the load
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Fig. 2. Gain characteristics of LLC resonant circuit.

conditions. The boundary approaches to f.; with the increase
of load current.

In the ZVS below f,; region, the primary switches operate
with ZVS, while the secondary switch operates with soft com-
mutation. Due to the discontinuous conduction of secondary
current, the peak current in the secondary side is larger than
that in the ZVS above f,.; region. The variation of switching
frequency has a great effect on the gain characteristics of reso-
nant circuit. Thus, the gain of resonant circuit can vary with a
narrow switching frequency variation. In the above f,; region,
the primary switches turn off before the secondary current de-
creases to zero. Although the peak current is smaller than that
in ZVS below f,1 region, the secondary current differs from the
sinusoidal shape. Furthermore, since the variation of switching
frequency has less effect on gain characteristics of resonant cir-
cuit, the operation above frequency f,1 is not optimum for wide
input or output range converters.

1
fn= M)
1
fr2 = . (2)

2m+/C, (L, + L)

Fig. 3(a) describes the waveforms of the PFM LLC reso-
nant converter operating below f,;. 75, indicates the on-time
of signals for switches @)1 through Q4. D, indicates the duty
ratio of full-bridge circuit. 7, indicates the conduction time of
secondary current.

[to — t1]: The resonant inductance L, and the resonant capac-
itor C, resonates. The magnetizing inductance L,, is clamped
by the output voltage. When the primary resonant current %,
decreases to the current i,,, the secondary current i, decreases
to zero.

[t1 — t2]: The output voltage of full-bridge circuit vy, which
is the input voltage of resonant circuit, equals input voltage V;.
The capacitor C, resonates with resonant inductance L, and
magnetizing inductance L,,. The energy is stored in resonant
circuit. This interval ends when switch (03 turns off.

[ta — t3]: Switches Q1 through Q)4 are off. The parasitic ca-
pacitance of switch of 1, @3 and @Q», @), are charged and
discharged to achieve ZVS, respectively.

Fig. 3(b) describes the waveforms of PSM LLC resonant con-
verter when the D, T, is longer than the conduction time of
secondary current 7. This mode exists when the input voltage
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Fig. 3. Operating principle of LLC resonant converter operating below f1.
(a) Without PSM. (b) With PSM.

is low, or lower switching frequency region of below f,.;.The
operating principle is as follows.

[to — t1]: The operation during this interval is the same as
PFM LLC resonant converters. The secondary current decreases
to zero with soft commutation.

[ty — t2]: Although the operating principle is the same as
PEM LLC resonant converter, the width of this interval is de-
termined by the duty ratio D, of PSM. This interval ends when
switch Q3 turns off.

[ta — t3]: The parasitic capacitance of switches ()3 and Q4
are charged and discharged, respectively. Then the switch Q4
is turned-on with ZVS. Switches )1 and @), are on. The input
source is disconnected from the resonant circuit in this interval
so that the voltage v, is zero. The PSM decreases the energy
stored in resonant circuit compared to the PFM LLC resonant
converter. At ¢3, the switch ()¢ turns off.

[t3 — t4]: Both switches ()7 and ()5 are off. The parasitic
capacitance of switches (), and ), are charged and discharged,
respectively. At t4, switch Q2 turns on with ZVS. Then the
next half switching cycle starts. The operating principle of the
interval ¢4, — tg is the same as that of the interval t0 — t4. The
transition of equivalent circuits is shown in Fig. 4. The dead
time interval is omitted for the simplicity.

Fig. 5(a) describes the waveforms of PFM LLC resonant con-
verter operating at the resonant frequency f,.

[to — t1]: The resonant inductance L, and the resonant capac-
itor C, resonate. The magnetizing inductance L,, is clamped
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Fig. 5. Operating principle of LLC resonant converter operating at f,1. (a)

Without PSM. (b) With PSM.

by the output voltage. This interval ends when the current %,
decreases to the current 7,,, .

[t1 — t2]: Switches Q; through @4 are off. The stored energy
in the parasitic capacitance of switch @)1, @3 and Q-, @), are
charged and discharged, respectively.

The waveforms of PSM LLC resonant converter in the case
of T, > D,T,, are described in Fig. 5(b). When the on time of
full-bridge circuit D, T;,, is shorter than the conduction time of
secondary current 7., the voltage v, becomes zero before the
current %, decreases to zero. The secondary current reflected to
the primary side is rapidly decreased by PSM. That is, the period
that energy is transferred to the secondary side is reduced. The
operating principle is as follows.

[to — t1]: The operating principle during this interval is the
same as PFM LLC resonant converter. In the PSM, the driving
signals for Q3 and (), are shifted from the driving signal for Q;
and ()2, respectively. When the switch Q3 turns off, this interval
ends.
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Fig. 6. Equivalent circuit of PSM LLC resonant converter operating at f, 1 .

[t; — t2]: The stored energy in the parasitic capacitance of
switch ()3 and ), are charged and discharged, respectively.
Then the switch ()4 turns on with ZVS. During this interval,
although the voltage v;, becomes zero, the resonant current ¢, is
still larger than the magnetizing current 7,, . Thus, the energy is
transferred from the primary to the secondary side. The slope of
current ¢, is expressed as [nV, + v, (t1)]/L,. The current i,,
continues to increase because the magnetizing inductance L,,
is still clamped to the output voltage. This interval ends when
the resonant current 7, decreases to the current 7,,, .

[ta — t3]: Rectifiers Dy and D, are off. No energy is trans-
ferred from the primary to the secondary side in this period. The
magnetizing inductance L,, resonates with L, and C,.

[ts — t4]: Atts, switch Q1 turns off. The parasitic capacitance
of switches ()7 and (), are charged and discharged to achieve
ZVS, respectively. The transition of equivalent circuit is shown
in Fig. 6. The dead time interval is omitted for simplicity.

At the heavy load condition, the current decreases during
v, = 0 in both below and above f,; regions. However, each of
phases of interleaved LLC resonant converter operates at lighter
loads because the current is distributed among phases. Under
the light load condition, even when PSM is applied, the current
1, is kept almost constant during v, = 0, which is enough to
charge and discharge the parasitic capacitance of switches to
achieve ZVS. For this reason, the impact of PSM on the ZVS
condition is small in this application.

III. EFFECT OF PSM

Figs. 7 and 8 show the effect of duty ratio in the case of
V; = 30 and 50 V, respectively. As explained in the previous
section, the operating principle of proposed full-bridge LLC
resonant converter for interleaving is classified into two modes.
When the conduction time of secondary current 7. is shorter
than the on-time of full-bridge circuit D, Ty,,, which happens at
lower input voltage, the shape of secondary current is kept sinu-
soidal. The shape of secondary current is changed when the time
T. is longer than the time D, T;,,,, which happens at higher input
voltage. Fig. 7(a) plots the efficiency of phase-shifted full-bridge
LLC resonant converter when the input voltage and output volt-
age are 30 and 5 V, respectively. The corresponding variations
of switching frequency are shown in Fig. 7(b). The increase of
efficiency is observed at light load due to the reduction of peak
of magnetizing current. Fig. 7(c) shows the peak of secondary
current 7, as a function of duty ratio D,,. As it can be seen, the
peak current remains constant value even when duty ratio de-
creases because the soft commutation of secondary current in a
sinusoidal manner is maintained. Thus, in this operating region,
there is no negative effect by PSM. The soft-commutation of
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Fig. 7. Effect of duty ratio in the case of V; = 30 V. (a) Efficiency as a
function of duty ratio. (b) Switching frequency variation. (c) Peak of ¢, as a
function of duty ratio.

secondary current in a sinusoidal manner is maintained in case
of D, T, > T,. The ZCS turn-off of secondary switches of the
LLC resonant converter is achieved at any D, T;,, owing to the
discontinuous conduction of the secondary side current.

The efficiency of phase-shift-modulated full-bridge LLC res-
onant converter as a function of duty ratio in the case of
Vi =50V is plotted in Fig. 8(a). The corresponding varia-
tions of switching frequencies are shown in Fig. 8(b). The input
voltage and the output voltage are 50 and 5 V, respectively. At
the light-load condition, the improvement of efficiency is ob-
served due to the reduction of peak of magnetizing current. At
the heavy load, the efficiency is decreased. The peak of primary
and secondary current is increased by PSM. The simulated peak
value of secondary current ¢, as a function of duty ratio is shown
in Fig. 8(c). In this operating region, PSM directly affects the
current transferred to the secondary side. Thus, in this operating
region, the secondary current differs from the sinusoidal shapes
and its peak current increases as duty ratio decreases. The oper-
ation of below f,; region is recommended from the view point
of reduction of peak current and soft-commutation.

IV. INTERLEAVED OPERATION

Fig. 9 shows the circuit configuration of interleaved full-
bridge LLC resonant converter. Both input and output are con-
nected in parallel, respectively. The diodes D; through D, block
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Fig. 9. Interleaved LLC resonant converter.
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Fig. 10.  Proposed interleaved LLC resonant converter.

the reverse current so that there is no path circulating current
flows through. Therefore, it is also capable of the redundancy
operation. When the LLC resonant circuits of both phases are
identical, currents in both phases are well balanced with a syn-
chronized switching frequency. When there is parameter mis-
match among phases, current unbalance can occur at a synchro-
nized switching frequency. With PSM, driving signals for ()
and (), are phase shifted from Q3 and Q4. Thus, PSM is applied
so that current unbalance caused by parameter mismatch can be
improved at a synchronized switching frequency.

Fig. 10 shows the configuration of the proposed interleaving
method for the full-bridge LLC resonant converter. The output
voltage is regulated by the PFM, while the duty ratio control
using PSM is performed for compensating the gain mismatch
of two phases of LLC resonant circuit. The current sensor for
the secondary current is required to change the duty ratio D,,.

Fig. 11 shows the operating principle of interleaved PFM LLC
resonant converter with the PSM compensation when the phase
1 has larger gain of resonant circuit. v, and v,o are the output
voltage of full-bridge circuit in phases 1 and 2, respectively. T},
indicates the shifted width of interleaved operation. i,; and i,
are primary current in phases 1 and 2, respectively. 7,1 and 7,2
are secondary current of transformer in phases 1 and 2. At %,
switch @1 turns on. The power is transferred from the primary
side to the secondary side of phase 1. At ¢1, switch ()5 in phase
2 turns on. The power is transferred from the primary side to the
secondary side of phase 2.

The power each phase transfers is half of single phase in
both primary and secondary sides. PSM control is applied to
the phase 1. At t,, switch @3 turns off. The output voltage
of full-bridge circuit vp; becomes zero. Thus, the magnetizing
current is decreased compared to that in PFM. The energy stored
in resonant circuit is also decreased. Thus, the current balance
is improved even when there are parameter mismatch between
interleaved phases. At ¢3, the next half cycle starts.

When the current unbalance occurs, the PSM is applied to
the phase that has larger gain to decrease the gain. The required
switching frequency changes according to that. In this case, the
PFM decreases the switching frequency in order to increase
the gain of the interleaved LLC resonant converter. Therefore,
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Fig. 11.  Operating principle of interleaved LLC resonant converter with PSM

operating below f; 1 .

PFM must operate to compensate the deviation of output voltage
caused by the PSM compensation.

V. CURRENT BALANCE

The experimental prototype with parameter mismatch is built
to confirm the validity of the proposed interleaved LLC resonant
converter with PSM. The turn ratio of transformer n; /ns is 9.
The output voltage is 5 V. Both resonant capacitors C',; and C,.o
are 47 nF. The parameter errors between phases are made to
investigate the validity of the proposed interleaved LLC resonant
converter with PSM. The resonant inductances L,; and L,
are 36 and 34 pH, respectively. The magnetizing inductance
L,,; and L,,, are 135 and 147 pH. The output capacitor C,,
is 449 pF. The gain characteristics of resonant circuits of both
phases derived from fundamental harmonic analysis (FHA) is
shown in Fig. 12.

To verify the operation on both operating modes, current bal-
ances are investigated when the input voltages are 30 and 50 V,
respectively. When the input voltage is 30 V, the conduction time
T is shorter than the time D), 75, . In this case, the gain mismatch
is compensated by reducing the magnetizing current ¢,, .

Fig. 13 shows the simulated waveforms of output voltage
of full-bridge circuit v, and vyo, primary resonant current 7,1
and 7,9, and the secondary current 7,; and 7,9 in the case of
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2270

Mm
i 100V/di
i01(2A/div‘)/bl( %

y
(@)
Mm
: vh1(100V/div)
plsdy o1 (2A/div)

S (1.7 V)" —~gas sane

®)
) vp1(100V/div)
fasldiy il QA/IY)  igp(2A/div)

............................................

Fig. 14.  Experimental waveforms in the case of V; = 30 V. (a) Single phase.
(b) Without PSM. (c) With PSM.

V; = 30 V. The PSIM is used as a simulator. The time step in the
simulator is 1 ns. Fig. 13(a) shows the waveform of single-phase
LLC resonant converter. The peak of output current is 9.6 A,
which is more than twice of the output current of 4 A. Fig. 13(b)
and (c) shows the simulated waveform with and without PSM,
respectively. The peak of secondary current is reduced from 6.8
to 5.5 A with PSM. The corresponding experimental waveforms
are shown in Fig. 14. In the proposed method with PSM, the
duty ratio D), is 0.6. As it can be seen, the peak current of single-
phase and interleaved converter with and without PSM are 9.0,
6.8, and 5.3 A, respectively.

Fig. 15 shows the simulated waveform when the input voltage
is 50 V. When the input voltage is 50 V, since the conduction
time 7. is closer to the switching period, the secondary current
balance is controlled by limiting the amount of the primary-
reflected secondary current. The simulated waveforms of single-
phase LLC resonant converter are shown in Fig. 15(a). The peak
of secondary current 7, is 6.5 A. Fig. 15(b) and (c) shows the
simulated waveforms of the interleaved LLC resonant converter
with and without PSM, respectively. The peak of secondary cur-
rent is reduced from 4.8 to 3.4 A. Fig. 16 shows the correspond-
ing experimental waveforms. Fig. 16(a) shows the waveforms
of single-phase LLC resonant converter. The peak of secondary
current i, is 6.2 A. As shown in Fig. 16(b) and (c), the peak of
secondary current is reduced from 4.1 to 3.8 A by combining
PFM and PSM. The duty ratio D), is 0.9 in the proposed method
with PSM.
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Fig. 15. Simulated waveform in the case of V; = 50 V. (a) Single phase. (b)

Without PSM. (c) With PSM.

Fig. 17 plots the efficiency of single-phase LLC resonant con-
verters, interleaved PFM, and proposed interleaved PFM LLC
resonant converter. The efficiency of the interleaved converter
at an arbitrary load should be approximately the average of effi-
ciency of each phase at half of its load condition because the out-
put current is distributed among phases. In the case of [, = 4 A,
the efficiency of both phases is 79%, whereas the efficiency
of interleaved phases achieves 80%. Since the current flowing
through each phase is a half of the single-phase converter, the
efficiency of interleaved converter in the case of I, = 4 A is al-
most equal to the single-phase converter in the case of I, = 2 A.
The efficiency of interleaved PFM converter without PSM in the
case of I, = 2 A is almost the same as the average of single-
phase PFM converters in the case of I, = 1 A. As explained in
Fig. 7(a) in Section III, the efficiency of I, = 1 A is increased
by PSM. As shown in Fig. 7(b), the operating region with PSM
is higher than the switching frequency without PSM. Therefore,
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Fig. 16. Experimental waveforms in the case of V; = 50 V. (a) Single phase.
(b) Without PSM. (c) With PSM.
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Fig. 17.  Efficiency of LLC resonant converter.

the peak of magnetizing current that circulates in the primary
side and the peak of secondary current are reduced. The effi-
ciency of PFM+PSM interleaved LLC converter in the case of
I, = 1 Ais higher than the average of efficiency of single-phase
LLC converters in the case of I, = 0.5 A.

VI. CONCLUSION

This paper presents the interleaved structure of LLC reso-
nant converter with the PSM and then its optimum operating
region is discussed. The parameter mismatch of resonant cir-
cuit is made to confirm the validity of the proposed method.
It is confirmed that the proposed method using PSM can re-
duce the peak of secondary current with synchronized switch-
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ing frequencies without any auxiliary circuit. The redundancy
operation is also possible in this interleaved structure because
there is no path that current circulates among phases. As the
duty ratio of PSM decreases, the peak of secondary current in-
creases due to the discontinuous conduction at higher switching
frequency region. Furthermore, the shape of secondary current
differs from sinusoidal shapes due to the lack of soft commu-
tation of secondary switches by PSM. On the other hand, the
shape of secondary current is almost not affected by PSM at
lower switching frequency region. It is simulated and exper-
imentally verified that the proposed method achieves a lower
peak current even when there is parameter mismatch. It is also
confirmed that the proposed method is suitable for the wide in-
put or output voltage applications that operate below resonant
frequency f1.
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