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Light-Load Performance Enhancement Technique
for LLC-Based PEV Charger Through
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Abstract— In LLC-based plug-in electric vehicle (PEV) charg-
ing system, light-load condition occupies a large portion of
the charging process. However, at light load, the parasitic
capacitance of full-bridge LLC converter leads to poor voltage
regulation. Besides, the magnetic core loss and circulating loss
are load-independent and jeopardize the light-load efficiency.
To resolve those two issues in a coupled manner, a light-load
performance enhancement technique is proposed in this article.
At light load, the primary side is reconfigured as a half-bridge
inverter and the secondary side is reconfigured as a voltage
doubler rectifier, while the voltage gain is roughly unchanged.
Therefore, both the equivalent resistance and capacitance of the
secondary resonant network are effectively reduced, which con-
tributes to an enhanced voltage-regulation capability. Moreover,
the core loss and circulating current-induced conduction loss are
both effectively reduced, which contributes to a boosted efficiency.
A 2-A rated, which converts 390-V input to 250–450-V output,
converter prototype is designed and tested to validate the concept.
The light-load mode exhibits an obvious efficiency improvement.
The frequency regulation range is also effectively squeezed.

Index Terms— Circuit reconfiguration, efficiency boosting, light
load, LLC converter, voltage regulation.

I. INTRODUCTION

THE charging of plug-in electric vehicle (PEV) onboard
lithium-ion battery pack is typically divided into constant

current (CC) and constant voltage (CV) stages. Full-bridge
L LC resonant topology is a prevalent isolated dc/dc solution,
which is widely used in PEV charger due to its low com-
ponents count, excellent soft-switching performance [1], and
voltage-regulation capability [2]. Variable-frequency modula-
tion (VFM) is mainly used in L LC converters to regulate the
output voltage [3], [4].

In the charging process, the converter inevitably operates
at light-load conditions, such as the trickle charging stage [5]
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and the ending stage of the CV charging [6], [7], as shown
in Fig. 1. Typically, the duration of light-load operation is
much longer than the other charging stages and cannot be
ignored [8]. This makes it important to optimize the light-load
performance of L LC converter. However, when the switching
frequency ( fs ) is above resonant frequency ( fr ), the traditional
L LC converter suffers from poor voltage regulation at light
load. This is mainlydue to the junction capacitance of rectifier
and the parasitic capacitance of the transformer [9], [10].
To improve, the traditional solution is to adopt a dummy
load to increase the power consumption, which avoids the
light-load operation [11], [12]. In [13], an energy feedback
control method is introduced to improve the light-load voltage
regulation for L LC resonant converter, which allows the load
to deliver energy to the source to achieve the desired voltage.
However, extra loss is incurred due to the dummy load and
reverse power transmission, which degrades the conversion
efficiency. In [14] and [15], phase shift control methods are
introduced to regulate the voltage. In [16], a secondary-side
pulsewidth modulation scheme is introduced to regulate the
output voltage. Both the phase shift control and the pulsewidth
control can enhance the voltage-regulation performance. How-
ever, they also come with low light-load efficiency. Switching
to half-bridge mode is an effective alternative to extend the
gain range [17], [18]. However, it should be noted that the
transferred current of the half-bridge mode is twice of the
full-bridge mode with the same output power. This means
that the half-bridge mode is not suitable for heavy-load
conditions. Moreover, the continuous gain between full/half
bridges requires a wide frequency range or small magnetizing
inductance [19].

Besides the voltage-regulation issue, the light-load effi-
ciency of full-bridge L LC converter is also flawed. This is
because the transformer volt second and circulating current
in the magnetizing inductor are both load independent. Thus,
the magnetic core loss and circulating current-induced con-
duction loss are also load independent. At light load, they
dominate the total power loss and degrade the conversion
efficiency dramatically [20].

To improve the light-load efficiency of L LC converter,
many technical concepts have been investigated. In [20]
and [21], unique phase shift control methods are introduced
to reduce the transformer core loss and regulate the output
voltage at light load. However, the turn-off losses increase
due to the large turn-off current. In [8], [22], and [23], phase
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Fig. 1. Charging profile of a lithium-ion battery pack.

shedding methods are proposed. The light-load efficiency is
enhanced by reducing the number of devices at light load.
However, phase shedding is only applicable to multitrans-
former systems. Moreover, in [24] and [25], burst mode
control is introduced to improve the efficiency at light load.
However, it comes with dynamic problems during the ON/OFF

transitions [25].
The abovementioned techniques provide either enhanced

voltage regulation or improved efficiency at light load. How-
ever, these two issues typically arise in a coupled manner.
To the author’s knowledge, there is still a lack of systematic
solution to resolve both issues simultaneously.

To address this technical challenge, a light-load performance
enhancement technique for L LC-based PEV charger is pro-
posed in this article. The converter structure is adapted to the
battery state of charge (SOC), which helps to improve the
voltage-regulation performance. The light-load efficiency can
be effectively boosted as well. Moreover, half-bridge mode is
only enabled at light load. Therefore, a general high efficiency
can be achieved over the wide load range. Indeed, there
are some existing works that use full and half bridges on
the primary side [17], [18], [26] or voltage doubler on the
secondary side [27] to extend the voltage gain range. For a
certainly required output voltage, the light-load performance
is important if the light-load duration is sufficiently long. The
existing works mainly focus on whether the required gain
range can be achieved, while the poor light-load performance
is untouched. In this article, a light-load performance improve-
ment technique is proposed to fill this gap via appropriate
refactoring. Although the full/half bridges and voltage doubler
structure have been used in some existing works, this article
makes more reasonable use of these structures to achieve
light-load performance improvement. In comparison with the
conventional full-bridge L LC converter, only a low-profile
four-quadrant switch is added. A smooth mode transition can
be achieved without dynamic problems. Moreover, the pro-
posed technique does not require multiple transformers and
the soft-switching performance is not jeopardized.

II. LIGHT-LOAD PERFORMANCE

ENHANCEMENT TECHNIQUE

Fig. 2 shows the diagram of the L LC converter with the
function of light-load performance enhancement. The primary

Fig. 2. Diagram of the proposed light-load performance enhancement
technique for L LC-based PEV chargers.

Fig. 3. Equivalent circuits in (a) heavy-load mode and (b) light-load mode.

side is a full-bridge inverter and a resonant tank. The resonant
tank consists of the resonant capacitor (Cr ), the resonant
inductor (Lr ), and the magnetizing inductor (Lm). It should be
noted that Lr can be implemented by the leakage inductance
of the transformer. The transformer turns ratio is n p : ns . The
secondary side consists of a full-bridge rectifier and the filter
capacitor. The filter capacitor is split into two series-connected
capacitors with identical capacitance (Co1 = Co2). A four-
quadrant switch (S5) connects the middle points of diode
bridge (D3 and D4) and capacitor network. Practically, S5 can
be implemented by two back-to-back MOSFETs. Only one
driver is required to drive both MOSFETs. It can be analyzed
that the voltage stress of S5 equals half of the output voltage
(Vo), and it is only turned on at light-load conditions. This
means that the current stress is low. Therefore, a low-profile
surface-mounted MOSFET can be selected. Depending on the
load condition, the converter offers two operation modes as
follows.

A. Heavy-Load Mode

The equivalent circuit at this mode is plotted in Fig. 3(a).
As shown, S5 is OFF. The primary side is a full-bridge inverter,
and the secondary side is a full-bridge rectifier. The circuit
operation is identical to that of conventional full-bridge L LC
converter.

B. Light-Load Mode

The equivalent circuit at this mode is plotted in Fig. 3(b).
As shown, S3 is OFF and S4 is ON. Hence, the primary side
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Fig. 4. Equivalent circuit in heavy-load mode. (a) Secondary side. (b) Res-
onant tank.

is reconfigured as a half-bridge inverter. S5 is ON. Thus,
the secondary side is reconfigured as a voltage doubler recti-
fier. It ensures that the voltage gain is roughly unchanged. In
light-load mode, the power loss could be effectively reduced.
The resonant network parameters exhibit better performance at
light load. The detailed analysis will be provided in Section III.

III. VOLTAGE-REGULATION ANALYSIS

The fundamental harmonic approximation (FHA) method
has been widely used to analyze the gain of L LC reso-
nant converter due to its simplicity [28]. As aforementioned,
the first issue of conventional L LC resonant converter is poor
voltage regulation at light load. FHA provides a technical
insight to this issue, which attributes to the junction capac-
itance of the rectifier diodes and the parasitic capacitance of
the transformer [29], [30]. The voltage-regulating capability
of the proposed technique is analyzed as follows.

A. Effect of S5 in Heavy-Load Mode

In heavy-load mode, S5 is OFF. It can be treated as a
capacitor CS5 paralleled to one of the output capacitors (Co1 or
Co2). Then, the combination of CS5, Co1, and Co2 is equivalent
to a capacitor whose capacitance equals half of the output
capacitance. It means that CS5 has almost no effect on the
resonant tank in heavy-load mode.

B. Mechanism of Light-Load Voltage-Regulation Issue

Fig. 4(a) shows the equivalent circuit of the secondary side
in heavy-load mode when D1 and D4 are ON, and the batteries
are equivalent to be a resistance R, where R = Vo/Io. Since
CS5 has almost no effect on the resonant tank as analyzed
above, it is the same as the conventional full-bridge L LC
converter. D2 and D3 can be treated as capacitors, and then,
the junction capacitance of the secondary-side rectifier is
combined with two diode junction capacitances in parallel.
Therefore, the ac equivalent circuit of the converter is shown
in Fig. 4(b), where CT and C j,eq are the capacitances of the
transformer and diodes seen from the primary side, respec-
tively. Rac is the equivalent ac resistance of the load seen from
the primary side, which can be derived from the fundamental
frequency components of transformer secondary-side voltages
vcd, transformer secondary-side current is , and transformer

Fig. 5. Bode plots of heavy-load mode with different load conditions.

turns ratio n p/ns

vcd,acH = 4

π
Vo sin(ωt)

is,acH = π

2
Io sin(ωt) (1)

where vcd,acH and is,acH are the fundamental frequency com-
ponents of vcd and is in heavy-load mode, respectively. Then,
Rac can be derived as

Rac = vcd,acHn p/ns

is,acHns/n p
= 8R

π2

(
n p

ns

)2

. (2)

Thus, the transfer function of voltage gain in heavy-load
mode (Gs,H ) can be derived as

Gs,H =
Rac//sLm// 1

s(2C j,eq//CT )

sLr + 1
sCr

+ Rac//sLm// 1
s(2C j,eq//CT )

≈
min

{
sLm, Rac,

1
s(2C j,eq//CT )

}

max
{

sLr ,
1

sCr

}
+ min

{
sLm, Rac,

1
s(2C j,eq//CT )

} . (3)

For any designed converter, Lr and Cr have been confirmed
by parameters optimization. The only variable during the
charging process is the load condition. Therefore, we only
analyze the characteristic of the voltage gain in different load
conditions rather than the quality factor (Q). Fig. 5 shows
the Bode ode plot of the heavy-load mode with different load
conditions. As indicated, under heavy-load conditions, there is
a high-frequency pole at the frequency where the impedance
magnitudes of Rac equals Lr (Pole Lr ). As implied from the
blue solid line, beyond pole Lr , the L LC converter exhibits
good voltage regulation. Besides, the capacitor 2C j,eq//CT

produces another high-frequency pole located at the frequency
where the impedance magnitudes of 2C j,eq//CT equal Rac

(Pole C j ). Pole C j is so far away from Pole Lr that it
can be ignored. However, at light load, as shown in Fig. 5
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Fig. 6. Equivalent circuit in light-load mode. (a) Secondary side. (b) Resonant
tank.

with red dotted line, Rac increases and PoleC j is merged
with PoleLr . A double pole is produced at the frequency
where the impedance magnitudes of Lr equals 2C j,eq//CT .
Due to the double pole, the voltage gain in this frequency
range first increases to a peak point and then decreases as fs

increases. This explains the mechanism of light-load regulating
problem.

C. Analysis of Voltage-Regulation Improvement

Fig. 6(a) shows the equivalent circuit of the secondary
side in light-load mode when D1 is ON. D3 and D4 can be
treated as a capacitor in parallel with Co1 and Co2, respectively.
Then, the junction capacitance of the secondary-side rectifier
is combined with only one diode junction capacitance. With
identical output power, the fundamental frequency components
of vcd is half of the heavy-load mode, whereas the fundamental
frequency components of is is twice of the heavy-load mode.
Then, the primary-side equivalent ac load resistance R′

ac can
be derived as

R′
ac = vcd,acLn p/ns

is,acLns/n p
= 2R

π2

(
n p

ns

)2

(4)

where vcd,acL and is,acL are the fundamental frequency com-
ponents of vcd and is in light-load mode, respectively. At the
same load condition, the following equation stands in different
modes:

R′
ac = Rac

4
. (5)

Thus, the transfer function of voltage gain in light-load
mode (Gs,L ) can be derived as

Gs,L =
Rac
4 //sLm// 1

s(C j,eq//CT )

sLr + 1
sCr

+ Rac

4
//sLm// 1

s(C j,eq//CT )

≈
min

{
sLm, Rac

4 , 1
s(C j,eq//CT )

}

max
{

sLr ,
1

sCr

}
+ min

{
sLm, Rac

4 , 1
s(C j,eq//CT )

} . (6)

Accordingly, the ac equivalent circuit of the converter in
light-load mode is plotted in Fig. 6(b). As indicated, compared
with the heavy-load mode, both the rectifier junction capaci-
tance and the load resistance decrease. Fig. 7 shows the Bode
plot of the heavy-load mode and light-load mode at light-load
conditions. As shown, because of the changed equivalent
junction capacitance and load resistance, PoleC j and PoleLr

Fig. 7. Bode plots of different modes at light-load conditions.

Fig. 8. Waveforms of vcd in (a) heavy-load mode and (b) light-load mode.

move apart from each other. Then, the voltage-regulation
problem can be effectively mitigated.

IV. POWER LOSS ANALYSIS

The second target is to improve the light-load efficiency.
The power loss of L LC converter can be categorized into the
following:

1) magnetic core loss;
2) primary-side conduction loss;
3) secondary-side conduction loss;
4) switching loss.
Typically, the fs range of L LC converter is designed to

be close to fr . To simplify the analysis, only fs = fr is
considered. It means that the voltage gain of the resonant tank
equals unity.

A. Core Loss

Fig. 8 shows the waveforms of vcd in both modes.
In heavy-load mode, the magnitude of vcd equals the output
voltage (Vo). Co1 and Co2 evenly split Vo. Thus, in light-load
mode, the magnitude of vcd equals to Vo/2. Therefore,
the secondary-side volt seconds in both modes (λH and λL )
can be expressed as

λH = VoTs

2
, λL = VoTs

4
(7)
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where Ts is the switching period. Thus, the magnetic flux
variations in both modes (�BH and �BL ) can be derived as

�BH = VoTs

4ns Ae
, �BL = VoTs

8ns Ae
(8)

where ns is the secondary turns count and Ae is the effective
cross-sectional area of the magnetic core. Equation (8) indi-
cates that the flux swing in light-load mode is half of that
in heavy-load mode. Fig. 9 compares the magnetic core flux
swing in two modes. The transformer core loss (Pcore) can be
expressed as

Pcore = Vck f x
s �B y (9)

where k, x, and y are coefficients determined by core materials
and Vc is the core volume. As indicated by (9), at fixed fs ,
�B determines the core loss. Since �B is reduced by half at
light load, the core loss is also reduced remarkably.

B. Primary-Side Conduction Loss

Fig. 10 shows the waveforms of the resonant inductor
current (iLr ) and magnetizing current (iLm ) in both modes.
On the primary side, the switch count in the current flow path
in light-load mode is equal to that in heavy-load mode. Thus,
the primary-side conduction loss in two modes (Ppri−cond,H and
Ppri−cond,L ) can be calculated as

Ppri−cond,H = 2Rds + RTxp

Ts/2

×
∫ Ts

2

0

[
n pVo(4t − Ts)

4ns Lm
+ nsis,H (t)

n p

]2

dt

Ppri−cond,L = 2Rds + RTxp

Ts/2

×
∫ Ts

2

0

[
n pVo(4t − Ts)

8ns Lm
+ nsis,L(t)

n p

]2

dt (10)

where Rds is the ON-resistance of the primary-side MOSFETs,
RTxp is the ac resistance of the transformer primary-side wind-
ing, and is,H (t) and is,L(t) are the transformer secondary-side
currents in two modes. As indicated, the total resistances are
equal in two modes. Therefore, the comparison of primary-side
conduction loss is only determined by the root-mean-square
(rms) value of iLr (iLr ,rms). Fig. 11 shows the profiles of iLr ,rms

versus the output current (Io) in light and heavy-load modes
with transformer turns ratio that equals unity. It shows that
when Io is smaller than 0.82 A, iLr ,rms in light-load mode is
lower than iLr ,rms in heavy-load mode. This is because is is
sufficiently small and iLm dominates the total iLr . Indeed, iLm

is merely the circulating current. In light-load mode, the cir-
culating current is approximately reduced by half. This can
be observed in the shaded area of Fig. 10. When Io is higher
than 0.82 A, iLr ,rms in light-load mode is higher than iLr ,rms

in heavy-load mode. This is because is is sufficiently large,
and isns/n p dominates the total iLr . With further increase of
Io, the primary-side conduction loss in light-load mode further
increases and exceeds that in heavy-load mode. It means that
light-load mode is no longer suitable for heavy-load scenarios.

Fig. 9. Flux swing of transformer in different modes.

Fig. 10. Waveforms of iLr and iLm in (a) heavy-load mode and (b) light-load
mode.

Fig. 11. RMS current of the primary side versus the output current in different
modes.

C. Switching Loss

Soft switching is an important index for efficiency oper-
ation. A soft-switching resonant circuit for internal heating
of lithium-ion battery pack is reported in [1]. Due to the
zero voltage switching (ZVS) turning-on of the primary-side
MOSFETs and ZCS turning-off of the secondary-side diodes,
there are neglectable MOSFET turning-on loss and diode
reverse recovery loss. Then, the turning-off loss is the major
switching loss, which is related to the turning-off current and
high-frequency MOSFET counts. According to the volt-second
analysis in (7), MOSFET counts and turning-off currents in
two modes are shown in Table I. As shown, in light-load
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TABLE I

COMPARISON OF TURNING-OFF PARAMETERS

mode, both the turning-off current and MOSFET count are
halved. This means that the switching loss is also obviously
reduced. However, it should be noted that the turning-off loss
of LLC converter is much lower than the other losses. Thus,
the benefit is indeed trivial.

D. Secondary-Side Conduction Loss

For identical output power (Po), the secondary-side conduc-
tion losses in two modes (Psec−cond,H and Psec−cond,L ) can be
calculated as

Psec−cond,H = 2Vd
Po

Vo
+ (RTxs + 2Rd)

P2
o

V 2
o

Psec−cond,L = Vd
2Po

Vo
+ (RTxs + Rds5 + Rd)

4P2
o

V 2
o

(11)

where the diode is modeled by voltage source Vd and resis-
tance Rd , S5 is modeled by ON-resistance Rds5 in light-load
mode, and RTxs is the ac resistance of the transformer
secondary-side winding. In light-load mode, there is only one
diode in the current loop in voltage doubler rectifier, which
is half of the number in heavy-load mode. It should be noted
the rms value of is is doubled in light-load mode. However,
at light load, the rms value of is is very small. This means that
the extra conduction loss in light-load mode has little impact
on the efficiency.

E. Loss Summary

In summary, at light load such as the trickle charging stage
and the ending stage of the CV charging, light-load mode with
half bridge on the primary side has much lower primary-side
conduction loss, transformer core loss, and switching loss.
The secondary-side conduction loss is slightly increased and
can be ignored. Thus, the proposed technique is expected
to demonstrate an overall higher efficiency. However, with
sufficiently large Po, the conduction losses increase fast and
become the dominate power loss. Thus, the heavy-load mode
is expected to demonstrate an overall higher efficiency at heavy
load. Besides, the operation of L LC converter is deemed as
optimal when its fs is matched with fr [3], and when fs

deviates from fr , the efficiency gradually decreases. Since the
fs range of light-load mode is more squeezed than heavy-load
mode when fs > fr as analyzed above, the light-load mode
exhibits much higher efficiency than heavy-load mode at
light-load scenarios.

V. PERFORMANCE FOR LEVEL 2 CHARGER

For level 2 charging, the rated power shall be 3.3 or
6.6 kW; 6.6 kW is usually the parallel of two 3.3-kW modules.
The higher power rating corresponds to higher current rating
MOSFETs, diodes, and transformer. The following analysis is
given to evaluate the performance of the proposed concept in
level 2 charging.

Fig. 12. Bode plots of different modes at light-load conditions in a level
2 charger.

Fig. 13. Simulated primary-side rms current versus output current in different
modes of a 3.3-kW prototype.

A. Analysis of Voltage Regulation

In a 3.3-kW design, higher current rating diodes are
required, which corresponds to higher junction capaci-
tance (C j,eq2). Then, the voltage gain can be calculated
according to the transfer function (Gs,H ). Accordingly,
the new voltage gain versus fs is shown by the black line
in Fig. 12. Due to the higher junction capacitance, Pole
C j is pushed to left, and then, the double pole occurs at
lower threshold load resistance (Rth2). It means that the
voltage-regulation problem occurs with higher output power
and lower fs .

B. Power Loss Analysis

When the power rating is 3.3 kW, a larger size transformer
is required. The analysis in Section IV-A and IV-C is still
valid. The volt second and turning-off loss of light-load mode
is half of the heavy-load mode, which leads to much less
magnetic core loss and switching loss. Besides, higher current
rating MOSFETs that correspond to higher output capacitance
require smaller magnetizing inductance to ensure ZVS. Then,
the primary circulating current further increases, as shown
in Fig. 13. The primary rms current of the two modes intersects
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Fig. 14. Picture of the laboratory test bench.

when the output current is 1.88 A. Therefore, the conduction
loss of the light-load mode is still significantly reduced at light
load.

VI. EXPERIMENTAL RESULTS

To verify the proposed concept, a converter prototype
is designed. The picture of the experimental setup is
shown in Fig. 14. The input voltage is 390 V from the
programmable power supply (Chroma 62100H-450), The
250–450-V battery pack is emulated by a program-
mable electronic load (Chroma 63212). A DSP controller
(TMS320F28335) from Texas Instruments is employed to
realize the control algorithms. The transformer turns ratio n p :
ns is 30:26 with integrated Lr that equals 100 μH. Lm is 350
μH, and Cr is 12.8 nF. The resonant frequency between Lr and
Cr is 140 kHz—S1–S4: SCT3120, S5: SiR692DP, and D1–D4:
C3D10060A. The validation is conducted in multiple typical
values of Vo, Vo of CV stage is set as 450 V when fs < fr ,
and Vo of the trickle charge stage is represented by 250 V
when fs > fr since lower voltages rarely occur. Besides,
it should be noted that the proposed method can be extended
to other applications that require light-load operation over a
wide range. Correspondingly, the condition when fs = fr with
Vo = 350 V is also tested experimentally.

Fig. 15(a) and (b) shows the steady-state waveforms in light-
and heavy-load modes, respectively. The output current and
voltage are identical (Io = 1 A and Vo = 450 V). As shown,
vab in light-load mode is half of that in heavy-load mode, and
is in light-load mode is higher than that in heavy-load mode.
On the primary side, the peak value of iLm in light-load mode
(IP,L ) is half of that in heavy-load mode (IP,H ). This agrees
well with the previous analysis.

Figs. 16–18 show the efficiency data of the designed con-
verter versus the output current in heavy- and light-load modes
when Vo is 450, 350, and 250 V, which corresponds to fs < fr ,
fs = fr , and fs > fr , respectively. As shown, the light-load
efficiency is effectively improved. When Vo equals 450 V,
which means the CV stage, the highest improvement of 13% is
recorded. When the output power increases, the two efficiency
curves intersect. Thus, the intersect points can be chosen as
the threshold points that trigger the mode transitions. Besides,

Fig. 15. Experimental steady-state waveforms with Io = 1 A and Vo = 450 V
in (a) light-load mode and (b) heavy-load mode.

Fig. 16. Efficiency versus output current in heavy- and light-load modes
when Vo = 450 V.

when fs > fr as shown in Fig. 18, Vo = 250 V, heavy-load
mode suffers from the voltage-regulation problem: fs goes up
to 600 kHz when Io = 0.68 A. As the load continues to drop,
Vo tends to rises at sufficiently high fs . Besides, the high
frequency leads to high switching loss and low magnetizing
current, which incurs failure of ZVS. The efficiency drops
dramatically. However, the light-load mode can generate iden-
tical output with fs below 200 kHz and higher efficiency.
As fs continues to rise, the light-load mode still exhibits
robust voltage-regulation performance. When Io = 0.24 A,
the measured efficiency is 94.06% with fs = 400 kHz.
This means that the light-load mode can both squeeze the fs

range and improve the efficiency during the trickle charging
stage.
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Fig. 17. Efficiency versus output current in heavy- and light-load modes
when Vo = 350 V.

Fig. 18. Efficiency versus output current in heavy- and light-load modes
when Vo = 250 V.

Fig. 19. Experimental voltage gain versus fs when Io = 1 and 0.5 A in
different modes.

Fig. 19 compares the fs range of the light- and heavy-load
modes when Io = 1 and 0.5 A. As indicated, the fs range
is approximately the same when fs ≤ fr . When fs > fr ,
the light-load mode exhibits better voltage-regulation per-
formance at light load. The frequency range is wider in
heavy-load mode when Io = 1 A. When Io = 0.5 A,
the heavy-load mode loses its voltage-regulating capability
with the required output voltage. The output voltage is 300 V
when fs is 500 kHz, which is higher than 3 fr .

Fig. 20 showcases the power loss breakdown when fs = fr

with Vo = 350 V and Io = 1 A in heavy- and light-load
modes, respectively. Due to the ZVS of the primary side and
ZCS of the secondary side, the switching loss is trivial. The
power loss is approximately equal in two modes since it is the
threshold load condition. When the output power is sufficiently
high, the transferred current dominates the primary current in

Fig. 20. Power loss breakdown when fs = fr with Vo = 350 V and Io = 1 A
in different modes.

Fig. 21. Mode transition when fs < fr with Vo = 450 V. (a) Heavy-load
mode to light-load mode. (b) Light-load mode to heavy-load mode.

light-load mode, which leads to higher conduction loss and
copper loss than heavy-load mode. It is compensated by the
reduction of the transformer core loss. This is validated by the
data in the figure. With further increase of the load condition,
the heavy-load mode takes over to facilitate a higher efficiency.

Correspondingly, load transition experiments are conducted
with different values of fs . Fig. 21(a) shows the mode tran-
sition from heavy-load mode to light-load mode when fs <
fr with Vo = 450 V. During the mode transition, S3 is turned
off and S4 is turned on to reconfigure the full bridge to half
bridge. S5 is turned on to enable a voltage doubler rectifier.
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Fig. 22. Mode transition when fs = fr with Vo = 350 V. (a) Heavy-load
mode to light-load mode. (b) Light-load mode to heavy-load mode.

Fig. 23. Mode transition when fs > fr with Vo = 250 V. (a) Heavy-load
mode to light-load mode. (b) Light-load mode to heavy-load mode.

As shown, a smooth mode transition is achieved without abrupt
change in Vo. Correspondingly, Fig. 21(b) shows the mode
transition from light-load mode to heavy-load mode when
fs < fr with Vo = 450 V. During the mode transition, S3 and
S4 are derived with the same signal as S2 and S1, respectively,
to reconfigure the half bridge to full bridge. S5 is turned off to
ensure an unchanged output voltage. A smooth mode transition
is achieved.

Fig. 22(a) and (b) shows the mode transition from light-load
mode to heavy-load mode when fs = fr with Vo = 350 V.
The reconfiguration of the primary side and the secondary
side is the same as that when fs < fr . It can be noted
in Figs. 21 and 22 that fs of the light- and heavy-load modes
are approximately identical. This agrees with the previous
analysis. Fig. 23 shows the mode transition when fs > fr

with Vo = 250 V. As indicated, fs of light-load mode
is 176 kHz, which is much lower than that of heavy-load
mode (330 kHz). This is because the light-load mode has
better voltage-regulating capability, and the frequency range
is effectively squeezed at light-load conditions.

VII. CONCLUSION

In this article, a light-load performance enhancement tech-
nique is proposed for L LC-based PEV chargers. The voltage
regulation and conversion efficiency at light load are both
effectively improved. At light load, the converter primary
side is reconfigured as a half-bridge inverter, whereas the
secondary side is reconfigured as a voltage doubler rectifier.
Due to the reconfigurable structure, both the equivalent ac
resistance and junction capacitance are reduced. This con-
tributes to improved voltage-regulation performance at light
load. Besides, the magnetic core loss, primary-side conduction
loss, and switching loss are all significantly reduced at light
load. A comprehensive loss analysis is conducted. A 2-A
rated experimental prototype that converts 390-V input to
250–450-V output is designed and tested. The experimental
results indicate that the light-load efficiency is boosted by at
most 13% and the fs range is squeezed by more than half
by introducing the light-load mode. Moreover, smooth mode
transitions are achieved.
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