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Abstract—In this paper, a variable dc link technique is proposed
to track the maximum efficiency point of the LLC converter for
plug-in electric vehicle battery-charging applications over a wide
battery state-of-charge (SOC) range. With the proposed variable
dc link control approach, the dc link voltage follows the battery
pack voltage. The operating point of the LLC converter is always
constrained to the proximity of the primary resonant frequency
so that the circulating current in the magnetizing inductor and
the turning-off currents of MOSFETs are minimized. In compar-
ison with conventional approaches, the proposed variable dc link
voltage methodology demonstrates efficiency improvement across
the wide SOC range. Efficiency improvements of 2.1% at the
heaviest load condition and 9.1% at the lightest load condition are
demonstrated.

Index Terms—Circulating current minimization, dc link
control, LLC resonant converter, onboard charger, plug-in
electric vehicle (PEV).

I. INTRODUCTION

THE ISOLATED battery charger typically consists of two
power stages: 1) front-end stage for rectification of ac

input voltage and power factor correction, 2) and second-stage
dc/dc converter for voltage regulation and galvanic isolation
[1]–[3]. Typically, the rectifier is controlled through two cas-
caded control loops, where the inner control loop shapes the
input current close to sinusoidal waveform in phase with the in-
put voltage and the outer control loop determines the amplitude
of the input current according to the desired dc link voltage.
In the rectification stage, boost-derived topologies [4]–[6] are
preferred due to their simplicity in controlling the input current.
In conventional approaches, the dc link voltage is regulated
at a constant voltage, compatible with the universal ac input
voltages from the grid (85–275 V, 45–70 Hz).

In dc/dc isolation stage, zero-voltage switching (ZVS)
topologies are preferable to enhance the efficiency of battery
chargers [7]–[9]. In particular, LLC topology has several ad-
vantages over other ZVS topologies, such as the following:
1) short-circuit protection; 2) good voltage regulation in light-
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Fig. 1. Charging characteristics of a Li-ion battery cell.

load condition; 3) ability to operate with ZVS over wide load
ranges; and 4) having only a capacitor as the output filter
in comparison to the conventional LC filters [10], [11]. The
design of the second-stage LLC converter is highly related to
the dc link voltage as battery voltage greatly varies according
to different state-of-charge (SOC) conditions. The constant-
current constant-voltage (CC-CV) charging technique is the
recommended charging profile for lithium-ion batteries, which
are the main energy storage units for the world’s top-selling
highway-capable all-electric cars [12]. Fig. 1 depicts the charg-
ing profile of a single Panasonic Li-ion battery cell. From
depleted SOC to full SOC, the voltage of the battery varies in a
wide range.

The efficiency of the second-stage dc/dc converter must be
optimized over the wide battery voltage range to achieve the
highest efficiency. Without any additional circuit or advanced
control approach, the resonant tank parameters (the magnetiz-
ing inductance, resonant capacitor, and inductor) of the LLC
converter can be optimally designed to operate at high effi-
ciency over a wide range in the curve given in Fig. 1 [9], [10],
[13]–[15]. However, this approach provides high-efficiency op-
eration in a limited voltage range and shows poor performance
at light-load condition, mainly due to the circulating current in
the resonant tank. In [16], the LLC converter is burst mode
controlled, where the basic idea is to operate the converter at
its rated power by engaging the converter on and off repeatedly
at light-load condition, controlling the average power sent to
the load. This approach is not suitable for battery-charging
applications as battery current becomes discontinuous when the
LLC converter is turned off even if a bulky filter capacitor
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Fig. 2. Block diagram of the conventional LLC charger structure.

is utilized. Other techniques presented in literature modify the
circuit components to enhance the light-load efficiency of the
LLC converter. In [17], two transformers are used to control
the output voltage in a wide range and in favor of increasing the
efficiency at the light load. In [18], a modified LLC converter
with interleaving feature is proposed to keep the switching
frequency constant and to improve the light-load efficiency
through phase shedding. However, these approaches increase
the circuit components, particularly the magnetic component
number [17]. A hybrid drive scheme is introduced for a full-
bridge synchronous rectifier in LLC, in favor of eliminating the
secondary side diode conduction and reverse recovery losses
[19]. In [20], a half-bridge LLC converter is operated at unity
conversion ratio to increase the heavy-load efficiency of a low-
voltage laptop adapter application. However, the output voltage
variation window of the laptop adapter is much smaller than
that of a plug-in electric vehicle (PEV) battery, a systematic ap-
proach for loss evaluation and efficiency improvement has not
been provided, and the design considerations are not discussed.

This paper outlines a variable dc link approach to opti-
mize the efficiency of the isolated dc/dc stage over the full
battery voltage range and load conditions without adding any
additional circuit or implementing on/off control. By actively
controlling the dc link voltage with respect to the variation
of battery voltage, the conversion efficiency of the dc/dc con-
verter is always regulated to be the optimal value by keeping
the switching frequency constant and thereby minimizing the
circulating current in the resonant tank. With the proposed
maximum efficiency point tracking technique, the efficiency
performance of the LLC converter is improved across the wide
battery voltage range. Optimal design of the LLC converter
together with the variable dc link approach has been provided.
A comprehensive loss evaluation at key operating points has
been presented and compared with that of the conventional
fixed dc link approach.

II. PROPOSED MAXIMUM EFFICIENCY POINT TRACKING

TECHNIQUE FOR LLC CONVERTERS

A. DC Voltage Characteristics of the LLC PEV Battery
Charger With Fixed DC Link Voltage

The block diagram of the conventional LLC-based charger
structure is depicted in Fig. 2. The dc link voltage is typically
fixed at a constant value, within the range of 380–400 V [9],
[21], [22]. Based on the battery-charging profile given in Fig. 1,
the dc voltage characteristics of the LLC PEV battery charger
is extracted as shown in Fig. 3. Four different curves corre-
sponding to the four critical operating points in the charging
process of a Li-ion battery pack rated at 1 kW are marked

Fig. 3. DC voltage characteristics of the LLC charger.

in Fig. 3. Depending on the nature of the impedance of the
resonant tank, the plane could be divided into two operation
regions: inductive or ZVS and capacitive or ZCS. MOSFETs
are recommended to be operated in ZVS region so that reverse
recovery losses of freewheeling diodes could be eliminated.
The boundary between the ZCS and ZVS regions is marked
in Fig. 3. The ZVS region could be further divided into two
regions. ZVS region 1 happens when the switching frequency
is below the primary resonant frequency [fp = 1/(2π

√
LrCr)],

whereas ZVS region 2 happens when the switching frequency
is above fp. The LLC converter in ZVS region 2 operates very
similar to the SRC converter [11].

In order to be adaptive with the wide voltage variation of the
battery pack, the LLC converter must be designed such that
its operating region covers both the maximum and minimum
gains. This means that the converter operates in both ZVS
region 1 and ZVS region 2 during the CC-CV charging process.
Accordingly, the switching frequency varies in a wide range to
regulate the output voltage.

B. Optimal Operation Point Operation of the LLC Converter

Fig. 4 shows the simulated waveforms of the LLC resonant
converter operating in ZVS region 1, in which the resonant tank
input voltage vab, resonant inductor current iLr, magnetizing
inductor current iLm, resonant capacitor voltage vCr, output
current io, and transformer primary side voltage vtxp wave-
forms are given.

In the time interval [t2, t3), secondary diodes D1-D4 are
reverse biased, and the transformer is disabled, which enables
Lm to participate into the resonance with Lr and Cr. iLr is
circulating within the resonant network without delivering any
power to the load. This circulating current causes additional
conduction losses. These losses are related to the switching
frequency and greatly increase as the switching frequency is
varied away from the primary resonant frequency.

Fig. 5 shows the simulated waveforms of the LLC resonant
converter operating in ZVS region 2. At to, S2 and S3 are turned
off with a high turning-off current, which cause high switching
losses. In the time interval [t0, t1), secondary diodes D2 and
D3 turn off fast with a high di/dt, which causes high reverse
recovery losses.

Fig. 6 shows the simulated waveforms of the LLC resonant
converter operating at fp. At t0, S2 and S3 are turned off
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Fig. 4. Simulated waveforms of the LLC converter operating in ZVS
region 1.

Fig. 5. Simulated waveforms of the LLC converter operating in ZVS
region 2.

Fig. 6. Simulated waveforms of the LLC converter operating in primary
resonant frequency.

with hard switching. However, the turning-off current is much
smaller than that operating in ZVS region 2. At t1, S1 and
S4 are turned on, DS2 and DS3 are turned off, and both
are ZVS. At t2, D1 and D4 are turned off at zero current
with low di/dt. Consequently, reverse recovery losses from the
secondary diodes are eliminated.

TABLE I
COMPARISON OF THE LLC CONVERTER AT DIFFERENT

OPERATING POINTS

At fp, the LLC converter has minimum circulating energy in
the resonant tank, which corresponds to the lowest conduction
losses. The conduction losses at resonant frequency are much
smaller than the conduction losses at ZVS region 1. Meanwhile,
the switching losses at resonant frequency are much smaller
than those of ZVS region 2. It can be concluded that operating
the LLC converter at primary resonant frequency corresponds
to the minimum losses and the maximum conversion efficiency.

C. Proposed Maximum Efficiency Point Tracking Technique

The performances of the LLC converter at ZVS region 1 and
ZVS region 2, as well as the operation at the primary resonant
frequency point, are compared in Table I.

However, as shown in Fig. 3, in PEV battery-charging appli-
cations, the voltage of battery packs varies in a wide range. The
converter must enter into ZVS region 2 if the battery voltage is
smaller than the nominal voltage and must enter into ZVS re-
gion 1 if the battery voltage is higher than the nominal voltage.
The wide output voltage range brings significant challenges to
the design of the LLC converter.

The first challenge comes from the optimum design of the
LLC converter. Typically, in comparison to the LLC topology
optimized for constant output voltage, optimizing the LLC
topology for a wide output voltage range requires a small
inductor ratio (Lm/Lr). This is because the LLC converter
with small inductor ratio has high peak voltage gain or wide
output voltage range [23], [24]. With a small Lm, the turning-
off current of MOSFETs would be large. Consequently, the
circulating current in Lm, in other words, the circulating loss,
would increase. As a result, the peak efficiency would reduce in
the case of an LLC charger optimized for a wide output voltage
range [13].

The second challenge arises in the accuracy of the first
harmonic approximation approach. First harmonic approxima-
tion maintains good accuracy with switching frequency close
to the primary resonant frequency. For switching frequency
far away from the primary resonant frequency, higher order
harmonics must be accounted in the design of the LLC con-
verter [10].

In this paper, a variable dc link control approach based on
the maximum efficiency tracking technique is proposed, which
allows keeping the switching frequency of the LLC converter
close to the primary resonant frequency corresponding to the
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Fig. 7. Diagram of the proposed maximum efficiency tracking technique.

maximum efficiency point. The main purpose is to keep the
conversion efficiency of the LLC converter optimized across
the wide battery voltage range.

In the proposed approach illustrated in Fig. 7, an isolated
voltage sensor is utilized to sample the battery voltage. Each
time the battery voltage is sampled, the reference voltage of the
PFC stage is recalculated so that the dc link voltage is tuned
with the battery voltage. Thus, the dc link voltage increases
gradually with the increase of SOC and always follows

Vdc = n(Vbat + 2VD) (1)

where n is the turn ratio of the transformer and VD is the voltage
drop across each rectifier diode.

With this control methodology, the LLC converter would
automatically tune its switching frequency to be close to the
primary switching frequency through the adopted parallel dou-
ble control loops. Thus, the maximum efficiency point can be
continuously tracked, and the efficiency of the circuit across the
wide output voltage range can be enhanced.

An external digital control can be utilized to detect the SOC
of the battery pack. In the constant-current charging mode, the
current control loop is activated. The output current is sensed
and compared with the reference current through an error
amplifier. The error is compensated through a PI compensator
and is fed to the voltage-controlled oscillator. The voltage-
controlled oscillator, i.e., on semiconductor NCP1395, converts
the voltage signal into frequency signal and feeds it to the logic
module. Corresponding complimentary gate signals with dead
time are generated by the logic module. In the constant-voltage
charging mode, the voltage control loop is activated. Control
of constant-voltage operation is similar to that of the constant-
current operation.

III. CIRCUIT MODELING AND LOSS ANALYSIS AT

MAXIMUM EFFICIENCY POINT

A. Circuit Modeling at Maximum Efficiency Point

The full bridge operates as a square-wave generator. Using
the Fourier series of the input square wave, the voltage is
calculated as

vab(ωt) =
4

π

∞∑
k=1

sin [(2k − 1)ωt]

2k − 1
. (2)

Fig. 8. Equivalent circuit model of the LLC converter at resonant frequency.

Fig. 9. Resonant tank current waveform at resonant frequency.

At resonant frequency, the resonant tank Lr and Cr in the
LLC topology operate as a bandpass filter (BPF). The BPF
has zero impedance and behaves like short circuit at resonant
frequency. Thus, the fundamental frequency signal is fully
passed through the BPF, while the high-frequency harmonics
are blocked by the high impedance of the BPF. Consequently,
iLr is a sinusoidal wave.

Since the diodes in the secondary rectification bridge also
operate complimentarily, the primary side of the transformer
can be modeled as a square-wave signal. The equivalent circuit
model of the LLC converter at resonant frequency is plotted
in Fig. 8. Thus, vtx is a square wave and is in phase with vab.
Thus, iLm is a triangle wave. The waveforms of iLm and iLr

in a single switching period are plotted in Fig. 9. From t = 0 to
t = T/4, iLm increases linearly with a rate of nVbat/Lm. Thus,
the turning-off current of MOSFETs could be calculated as

Ioff =
nVbatT

4Lm
. (3)

From t = T/4 to t = 3T/4, according to the laws of energy
conservation, the energy from the dc link is equal to the energy
consumed by the load. In other words, the energy of the dc link
is transferred to the load. Thus

3T
4∫

T
4

iLr(t)(−Vdc)dt = VbatIbat
T

2
(4)

where Vbat and Ibat are the battery voltage and charging
current. iLr is a sinusoidal function. Assuming that the initial
phase of iLr is φ and the peak current is denoted by Ipeak, iLr

can be represented as

iLr(t) = Ipeak sin

(
2π

T
t+ φ

)
. (5)

Since iLr(T/4) = Ioff , φ can be obtained as

φ = arccos
Ioff
Ipeak

. (6)
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Combing (4)–(6), Ipeak can be obtained as

Ipeak =

√
n2V 2

batT
2

16L2
m

+
π2V 2

batI
2
bat

4V 2
dc

. (7)

Since Vdc ≈ nVbat, the rms current can be derived as

Irms =
Ipeak√

2
=

√
n2V 2

o T
2

32L2
m

+
π2I2bat
16n2

. (8)

B. Loss Analysis at Maximum Efficiency Point

Typically, three critical losses must be considered when ana-
lyzing the losses of the LLC topology, which are the following:
1) the conduction losses from the primary side; 2) the turning-
off losses from the primary side MOSFETs; and 3) the core
losses from the magnetic components.

Copper losses of magnetic components are also crucial [25]–
[27]. The copper losses from the inductor and the primary side
of the transformer are included in part 1) and can be optimized
by minimizing the circulating current of the resonant tank. The
copper losses from the secondary side of the transformer are
not included in those three critical losses. This is because the
secondary side winding losses of the transformer are mainly
determined by the required charging power and cannot be
optimized by designing the parameters of the resonant tank.

Conduction losses from the primary side are determined by
the rms current of the resonant tank Irms. According to (8), Irms

is a function of Lm. The larger Lm is, the smaller Irms becomes,
while a smaller Irms corresponds to smaller conduction losses.
Thus, conduction losses from the primary side could be reduced
by increasing Lm.

Total turning-off losses of the four primary MOSFETs can
be calculated as

Poff =
(Iofftfall)

2f

6CHB
=

n2t2fallV
2
batT

96L2
mCHB

(9)

where tfall is the fall time and CHB is the equivalent capacitance
in the half-bridge. According to (9), Poff is a function of Lm.
The larger Lm is, the smaller Poff becomes. Thus, turning-off
losses from the primary MOSFETs could also be decreased by
increasing Lm.

Since there are two magnetic components, namely, resonant
inductor and transformer, the core losses should be analyzed
separately, which can be calculated as [28], [29]

Pfe = kfxΔBy (10)

where k, x, y are coefficients determined by the core types and
materials and f is the switching frequency. In this case, f is
equal to the primary resonant frequency of the LLC converter;
ΔB is the flux density variation. According to (10), since fp is
preset, core losses are mainly determined by ΔB. For resonant
inductor Lr, ΔB is calculated using Ampere’s law

ΔBLr =
LΔi

2nLrAe
=

LIpeak
nLrAe

=
L

nLrAe

√
n2V 2

batT
2

16L2
m

+
π2V 2

batI
2
bat

4V 2
dc

(11)

where Ae is the effective cross-sectional area of the ferrite core
and nLr is the number of turns winded on the core. According
to (10) and (11), for a specific design, the resonant inductor core
losses are determined by Lm. The larger Lm is, the smaller core
losses become. Thus, core losses from the resonant inductor
could be reduced by increasing Lm.

In the case of a transformer, ΔB is calculated as

ΔBTX =
λp

2nTX,pAe
=

nVbatT

4nTX,pAe
(12)

where λp is the volt-second on the primary side of the trans-
former and nTX,p is the number of turns on the primary
side of the transformer. According to (12), the core loss of a
transformer is not a function of any of the resonant parameters
(Lm, Lr, and Cr). It could be optimized by minimizing the total
ferrite losses and copper losses of the transformer.

From the analysis, Lm is the most critical parameter in
designing the parameters of the LLC resonant network.
Typically, maximizing the value of Lm while keeping the ZVS
feature of primary MOSFETs could minimize the primary side
conduction losses, reduce primary side MOSFET turning-off
losses, and transformer core losses.

IV. DESIGN CONSIDERATIONS

According to the loss analysis in Section III, it is always good
to choose the maximum allowable value of Lm so that the total
losses could be minimized. Thus, it is necessary to find out the
upper limit of Lm such that ZVS is maintained within the given
dead time.

The charging of Coss,1, Coss,4 and discharging of
Coss,2, Coss,3 are accomplished within a time period t, as
calculated in the following:

t =
4VdcCoss

Ioff
=

16LmCoss

T
(13)

where Coss,1, Coss,2, Coss,3, and Coss,4 are assumed to be equal
and denoted by Coss.

In order to ensure the ZVS turning on of MOSFETs, the
length of this time period must be smaller than that of the
dead time. According to (13), the upper limit of Lm could be
obtained as

Lm ≤ Ttdead
16Coss

(14)

which also dictates the maximum allowable value of Lm. The
design of the dead time tdead is based on the following tradeoff.
A large tdead ensures that there is no overlap between the
conductions of the upper switch and lower switch. Moreover,
a large tdead provides the room to have a large Lm and small
losses. However, a large tdead also makes the curve of vab
closer to a trapezoid wave and less like a square wave. A
trapezoid wave has a smaller rms voltage and jeopardizes the
power capability of the converter. Higher switching frequency
corresponds to smaller tdead. Since the switching period is
determined as 5 μs, a tdead of 150 ns is selected in this design.
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TABLE II
DESIGN OF A 1-kW LLC ONBOARD CHARGER

After determining Lm, the next step is to determine Lr and
Cr. The product of Lr and Cr is calculated from the primary
resonant frequency

LrCr =
1

4π2f2
p

. (15)

In order to evaluate the load condition, quality factor Q is
introduced as

Q =

√
Lr

Cr

n2RL
(16)

where
√
Lr/Cr is called the characteristic impedance. Gener-

ally, for a specific load condition (RL = Vbat/Ibat), a smaller
characteristic impedance or a smaller Q corresponds to a higher
peak voltage gain. On the other hand, a smaller Q corresponds
to a smaller Lr. This results in a bigger inductor ratio Lm/Lr,
where increasing the inductor ratio causes the peak gain to
decrease [23].

For the maximum efficiency point tracking technique, it is
always desired to operate the LLC circuit at fp, where the
normalized voltage gain is unity. However, due to the voltage
ripple on the dc link capacitor from the PFC stage, it is
necessary to have a secure gain margin (e.g., ±10%). This gain
margin must correspond to a narrow frequency range so that
the circulating power in the resonant tank could be kept small.
According to (16), the heaviest load condition corresponds to
the smaller RL or, in other words, the beginning point of the
charging process. According to Fig. 3, as it can be seen from
the curve associated with the beginning point, the voltage gain
in the desired frequency range (e.g., 0.9fp–1.1fp) must cover
the secure gain margin (e.g., 1.1–0.9) so that the designed LLC
converter is able to tolerate the voltage variation from the dc
link capacitor with little efficiency degradation. Consequently,
the value of the characteristic impedance or Q at the beginning
point can be found based on this consideration.

According to the aforementioned design considerations, a
1-kW LLC prototype is designed. The parameters are summa-
rized in Table II.

Fig. 10. Experimental result of the LLC converter operating at rated power
(Vbat = 420 V and Ibat = 2.38 A). From top to bottom: vab (200 V/div), iLr

(4 A/div), vCr (200 V/div), vgs4 (10 V/div), and time (2 μs/div).

Fig. 11. ZCS operation of the secondary diode at rated power (Vbat = 420 V
and Ibat = 2.38 A). From top to bottom: vD4 (200 V/div), iD4 (4 A/div),
vtxp (500 V/div), vgs4 (20 V/div), and time (2 μs/div).

V. EXPERIMENTAL RESULTS

Based on this design, the LLC converter is designed.
Figs. 10–14 show the experimental waveforms of the designed
LLC converter operating at rated power (1 kW). The switch-
ing frequency is always regulated to be equal to the primary
resonant frequency (200.7 kHz).

Fig. 10 shows the experimental waveforms of the output
voltage of the full-bridge inverter vab, resonant inductor current
iLr, resonant capacitor voltage vCr, and gate source voltage of
S4 (vgs4). Polarities and directions of the voltage and current
are denoted in Fig. 2. As shown in Fig. 10, both iLr and vCr

are close to pure sinusoidal wave, which validates that the
converter is operating at the primary resonant frequency. iLr

leads vCr, which validates that the converter is operating at
inductive region.

Fig. 11 demonstrates the ZCS turning-off of the secondary
diodes. The waveforms of the cathode-to-anode voltage of D4

(vD4), current of D4 (iD4), primary side voltage of transformer
vtxp, and gate source voltage of S4 (vgs4) are recorded. As
shown in Fig. 11, D4 turns off when iD4 reaches zero with low
di/dt. This shows that the reverse recovery of the secondary
diode is minimized.
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Fig. 12. Transformer secondary current at rated point (Vbat = 420 V and
Ibat = 2.38 A). From top to bottom: vab (200 V/div), itxs (10 A/div), vtxp
(500 V/div), vgs4 (20 V/div), and time (2 μs/div).

Fig. 13. ZVS operations of the primary MOSFETs at rated power (Vbat =
420 V and Ibat = 2.38 A). From top to bottom: vds3 (200 V/div), vgs3
(10 V/div), vds4 (200 V/div), vgs4 (10 V/div), and time (2 μs/div).

Fig. 14. Input voltage and output voltage waveforms at rated power (Vbat =
420 V and Ibat = 2.38 A). From top to bottom: Vdc (50 V/div), Vbat

(50 V/div), iLr (4 A/div), vtxp (500 V/div), and time (2 μs/div).

Fig. 12 demonstrates the waveforms of vab, transformer
secondary current itxs, vtxp, and vgs4. As shown in Fig. 12,
itxs is continuous, and vab and vtxp are both square wave
and in phase, which validate the following: 1) the converter
is operating at continuous conduction mode in the boundary

TABLE III
DESIGN OF A CONVENTIONAL 1-kW LLC ONBOARD CHARGER

Fig. 15. LLC converter performance comparison at the beginning point
(Vbat = 320 V and Ibat = 2.38 A). (a) Proposed, from top to bottom:
vab (200 V/div), iLr (4 A/div), vCr (200 V/div), and vgs4 (10 V/div).
(b) Conventional, from top to bottom: vab (500 V/div), iLr (4 A/div), vCr

(1 kV/div), vgs4 (10 V/div), and time (2 μs/div).

condition between ZVS region 1 and ZVS region 2; and 2) the
magnetizing inductor is not participating into the resonance so
that the circulating current is minimized.

Fig. 13 demonstrates the ZVS operations of primary MOS-
FETs S3 and S4. As shown in Fig. 13, both S3 and S4 are
turned on at zero voltage. The waveforms of the input voltage
Vdc, output voltage Vbat, iLr, and vtxp are recorded in Fig. 14.
Experimental results at the other critical operating points of the
battery charging (with different battery voltage and current) are
presented in Section VI.

VI. PERFORMANCE COMPARISON

In order to make a comprehensive comparison, a 1-kW
rated LLC charger with 390-V fixed dc link and compatible
with 320–420-V battery pack voltage is designed. The design
parameters are summarized in Table III.

The circuit performances at the beginning point of the
charging process (Vbat = 320 V and Ibat = 2.38 A) for both
circuits are compared in Fig. 15. The turning-off current of the
conventional LLC converter is 5.6 A, while the proposed LLC
converter has a turning-off current equal to 1.9 A. This shows
that switching losses are significantly reduced in the LLC
converter with the proposed approach in comparison to that of
the conventional fixed dc link voltage approach. Moreover, the
circulating current in the proposed circuit is much smaller than
that of the conventional one.

The captured turning-off waveforms of D4 for the conven-
tional LLC charger with a fixed dc link voltage are given in
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Fig. 16. Diode turning-off of the designed converter using conventional fixed
dc link voltage (Vbat = 320 V and Ibat = 2.38 A). From top to bottom:
vab (500 V/div); iD4 (4 A/div); vCr (1 kV/div); vgs4 (10 V/div); and time
(2 μs/div).

Fig. 17. LLC converter performance comparison at the nominal point.
(a) Proposed, from top to bottom: vab (200 V/div), iLr (4 A/div), vCr

(200 V/div), and vgs4 (10 V/div). (b) Conventional, from top to bottom:
vab (500 V/div), iLr (4 A/div), vCr (1 kV/div), vgs4 (10 V/div), and time
(2 μs/div).

Fig. 18. LLC converter performance comparison at the turning point.
(a) Proposed, from top to bottom: vab (200 V/div), iLr (4 A/div), vCr

(200 V/div), and vgs4 (10 V/div). (b) Conventional, from top to bottom:
vab (500 V/div), iLr (4 A/div), vCr (1 kV/div), vgs4 (10 V/div), and time
(2 μs/div).

Fig. 16. As seen from Fig. 16, iD4 changes to zero with high
di/dt, which is an indicator of the reverse recovery losses from
the secondary diodes.

Similarly, circuit performances at the nominal point (Vbat =
360 V and Ibat = 2.38 A), turning point (Vbat = 420 V and
Ibat = 2.38 A), and end point (Vbat = 420 V and Ibat =
0.238 A) are compared in Figs. 17–19, respectively. As shown
in those figures, for each operating point, the turning-off current
of the proposed LLC converter with dc link control is much
smaller than that of conventional one. Similar to the previous
conclusion, both the switching losses and the circulating current
are greatly reduced at each operating point.

Fig. 19. LLC converter performance comparison at the end point. (a) Pro-
posed, from top to bottom: vab (200 V/div), iLr (4 A/div), vCr (200 V/div),
and vgs4 (10 V/div). (b) Conventional, from top to bottom: vab (500 V/div),
iLr (4 A/div), vCr (1 kV/div), vgs4 (10 V/div), and time (2 μs/div).

Fig. 20. Efficiencies of the designed LLC converters versus SOC of the
battery pack.

According to the loss analyses described in the previous
section, the switching losses, conduction losses, and core losses
are reduced over the wide SOC range of the battery pack.
This conversion efficiency improvement is validated by the
experimental data as plotted in Fig. 20.

VII. CONCLUSION

In this paper, a variable dc link control approach based on
the maximum efficiency point tracking technique has been pro-
posed for LLC-based PEV battery chargers. With this proposed
technique, the dc link voltage always follows the variation of
the battery pack voltage, which ensures that the LLC converter
is always operating at the primary resonant frequency.

Detailed modeling and loss analyses are provided for the
LLC converter operating at the resonant frequency. A guideline
is detailed to design such an LLC converter operating at
maximum efficiency point with minimum circulating current in
the resonant tank while still achieving ZVS. The effectiveness
of the designed LLC converter with variable dc link control
is experimentally compared to the one adopting a fixed dc link
voltage. The experimental results show that the efficiency of the
LLC converter can be improved by 2.1% at the heaviest load
condition and 9.1% at the lightest load condition.
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