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A Dual Half-Bridge LLC Resonant Converter With
Magnetic Control for Battery Charger Application
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Abstract—In this paper, a dual half-bridge LLC resonant con-
verter with magnetic control is proposed for the battery charger
application. The primary switches are shared by two LLC reso-
nant networks, and their outputs are connected in series. One of
the LLC resonant converters is designed to operate at the series
resonant frequency, which is also the highest efficiency operating
point, and the constant output voltage characteristic is achieved at
this operating point. The second LLC resonant converter adopts
magnetic control to regulate the total output current and voltage
during both constant current charge mode and constant voltage
charge mode. Meanwhile, the function decoupling idea is adopted
to further improve the system efficiency. The significant amount of
the power is handled by the LLC resonant converter operating at the
series resonant frequency, whereas the second LLC resonant con-
verter fulfills the responsibility to achieve closed-loop control. By
carefully designing the resonant networks, the zero-voltage switch-
ing for primary switches and zero-current switching for secondary
diodes can be achieved for whole operation range. A 320-W exper-
imental prototype is built to verify the theoretical analysis, and the
maximum efficiency is measured about 95.5%.

Index Terms—Battery charger, LLC resonant converter,
magnetic control, soft switching.

I. INTRODUCTION

OWADAYS, environmental problems and traditional en-
N ergy depletion are becoming increasingly serious. Elec-
tric vehicles (EVs) have drawn much attention owning to their
environmental-friendly characteristic [1]-[3]. The on-board bat-
tery charger (OBC) is a crucial technology for the development
of EVs. Generally, OBC is a two-stage system, which is com-
posed of a power factor correction circuit and a dc/dc converter.
For the dc—dc converter, LLC resonant converters have been
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widely used in this field owning to their features such as: wide
input and output voltage range; soft switching capability; and
high power density [4]-[18].

For a lithium battery cell, constant current (CC) and constant
voltage (CV) charging are required. In order to regulate the out-
put of an LLC resonant converter, frequency modulation (FM)
or combining FM with phase-shift modulation (PSM) are fre-
quently adopted. In [4]-[11], the FM is applied to regulate the
output of the LLC resonant converter. The design optimization
[9] and the control strategies [7] of the LLC resonant converter in
the wide output voltage range application is discussed. Specif-
ically, optimized design methodologies for LLC resonant con-
verter based on time-weighted average efficiency and based on
time-domain analysis are proposed in [11]. However, the main
disadvantage of the FM in wide output voltage range applica-
tions is that a wide switching frequency range is required. This
will cause some problems, such as poor electromagnetic inter-
ference (EMI) performance, complicated design of magnetic
components, low power density, and high conduction losses. In
addition, in order to satisfy the wide output voltage requirement
and obtain a low voltage gain, the switching frequency above
the series resonant frequency has to be applied. However, in this
case, the zero-current switching (ZCS) for the secondary diodes
is lost, and this will lead to undesired decrease in efficiency.

In order to narrow the operating frequency range, a control
strategy combining the FM and the PSM is proposed in [12]—
[15]. Different combination strategies are analyzed and proposed
to improve the system efficiency. However, the PSM is not pre-
ferred for heavy load conditions due to its high turn-OFF current
for the primary switches when compared with the FM. In addi-
tion, it still suffers from variable frequency range, and compli-
cates control algorithms. Therefore, the problems of EMI and
magnetic components design still remain.

To further narrow the switching frequency range, some
topologies based on the modification of an LLC converter struc-
ture are proposed [16], [17]. However, these topologies require
additional switches that operate at hard switching and cause ad-
ditional power losses. In [18], a dual full-bridge LLC resonant
converter topology is proposed. An additional switch and a res-
onant capacitor are required to adjust the operation modes of the
LLC resonant converter, namely constant output current mode
and constant output voltage mode. However, although the con-
stant output voltage mode is verified and has been widely used,
the constant output current mode, especially its accuracy, still
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needs to be proved, which will be discussed in Section II. In
addition, all of these topologies still need to adopt FM, PSM, or
pulsewidth modulation (PWM) to implement closed-loop con-
trol. Although the switching frequency range has been reduced,
the abovementioned problems are still present.

In addition to FM and PSM, the magnetic control (MC) is
also a feasible control strategy for resonant converters. It has
been adopted in many applications, including LED drivers, res-
onant converters, and inverters [19]—-[24]. In order to solve the
abovementioned problems, in this paper, a dual half-bridge LLC
resonant converter with MC (or variable inductor control) is
proposed. Instead of using FM or PSM, the variable inductor is
adopted to regulate the output. Therefore, a constant duty cy-
cle and switching frequency for the primary switches can be
achieved, which simplifies the EMI and magnetic components
design. Moreover, by carefully designing the resonant networks,
the zero-voltage switching (ZVS) operation for primary switches
and ZCS operation for secondary diodes can be achieved. Com-
pared with the topology given in [18], the proposed topology
has the following advantages.

1) Owning to the MC, constant duty cycle and constant

switching frequency for primary switches can be achieved.

2) No additional switch and resonant capacitor are required,
thus the system structure is simplified.

3) In addition, switching the capacitor and sudden changes
in the resonant capacitor value will result in overshoot
or other problems that may damage the converter. In the
proposed MC method, the resonant inductor value can be
adjusted continuously without abrupt change.

4) The control principle for MC is a simple voltage-
controlled current source, which can simplify the control
circuit design compared with other control strategies.

5) The function decoupling idea is adopted. One of the LLC
resonant converters is always operating at the series res-
onant frequency and handling most of the output power,
whereas another LLC resonant converter adopts MC to
regulate the output so that the averaged efficiency can be
improved.

This paper is organized as follows: examinations of constant
output voltage and constant output current mode are imple-
mented in Section II. In Section III, the MC strategy is briefly
introduced and the operation analysis for the proposed topology
is presented. Then, the detailed parameter design procedures are
presented in Section IV. Finally, a 320-W experimental proto-
type is built to verify the theoretical analysis.

II. EXAMINATIONS OF CONSTANT OUTPUT VOLTAGE AND
CONSTANT OUTPUT CURRENT MODES OF LLC
RESONANT CONVERTER

In this part, the constant output voltage and constant output
current modes of an LLC resonant converter are examined. Fig. 1
shows the topology of a half-bridge LLC resonant converter and
the converter model obtained by using the fundamental harmonic
approximation (FHA) method, where V,. is the fundamental
harmonic of the resonant network input voltage and V), is the
fundamental harmonic of the transformer primary side voltage.
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Topology of the half-bridge LLC resonant converter and its model.

Fig. 1.

There are two resonant frequencies in an LLC resonant con-
verter. First one is the series resonant frequency f,, which is
determined by resonant capacitor C,. and resonant inductor L.
The second one is the parallel resonant frequency f,,, which is
determined by resonant capacitor C)., resonant inductor L,., and
magnetizing inductor L,,,. Both resonant frequencies are given
by the following equations:

1
h= ot M
1
fn = ®)

210/ (Ly + Ln)C,

Theoretically, at the series resonant frequency, the output volt-
age of the LLC resonant converter is independent of load, and
at the parallel resonant frequency, the output current is indepen-
dent of load. In the following part, the theoretical analysis will
be discussed, and the experimental results will be used to ex-
amine the accuracy of the constant output voltage and constant
output current characteristics. In this research, the resonant in-
ductor is separated from the transformer, so the leakage induc-
tance is very small compared with the magnetizing inductance
and resonant inductance, which makes the secondary leakage
inductance effects ignorable. However, if the integrated trans-
former is adopted, where the secondary leakage inductance is
not small anymore, its effects must be analyzed as presented in
[25] and [26]. Therefore, in this research, the secondary leakage
inductance effects are ignored.

A. Constant Output Voltage Mode

Based on Fig. 1(b), the output voltage of the LLC resonant
converter can be derived according to the voltage divider law as
follows:

Ly,sRac
Vi () = Vae Lonstfac 3)
U g g
8 2
Rac = == Ry, )
T
2v/2n
V1 = Vo (5)
i
2
Vac = i‘/;n (6)
iy

At the series resonant frequency, resonant capacitor C,
is resonating with the resonant inductor L,, so the term
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TABLE I
CONVERTER PARAMETERS
Unit Components Parameters
Resonant capacitor C; 26.2 nF
Resonant inductor L, 96 uH
Magnetizing inductor L, 230 pH
Half-bridge Turns ratio n 2.5:1
LLC resonant
converter Series resonant frequency 100 kHz
Parallel resonant 54 kHz
frequency fm
Input voltage 100 V

(1/Cys + L,s) equals 0. Then, (3) can be simplified as
W

T oon’

Based on (7), it can be seen that at the series resonant fre-

quency, the output voltage is independent of the load, so it is in
the constant output voltage mode.

Vo(s) (N

B. Constant Output Current Mode

By dividing both sides of (3) by R, and rearranging the result,
one can obtain

1
(L,.s + CL) + fac (Lms + Lys + Cl)
(®)

At the parallel resonant frequency, resonant capacitor C',. and

resonant inductor L, are resonating with magnetizing inductor

Ly, so the term (L,, s + L,.s + 1/C,.s) equals 0. Then, (8) can
be simplified as

I,(s) = nVye

nVae
=—>
L,.s+ roar

Io(s) ©)
It can be seen that the output current is independent of the
load for this condition.

C. Examination of Constant Output Voltage and Constant
Output Current Modes

In order to examine the constant output voltage and constant
output current characteristics, an LLC resonant converter with
the parameters shown in Table I is built.

According to (7), at the series resonant frequency, the output
voltage is kept constant at 20 V, by taking diode forward volt-
age into consideration, and the output voltage should be kept
constant at 19 V. Fig. 2 shows the experimental waveforms in-
cluding the input voltage Vi, the resonant inductor current iz,
the output voltage V,,, and the output current /,, at series resonant
frequency with different loads.

By substituting s = 27fyj (where f, = f,;,) into (9), one can
calculate that the theoretical constant output current is 1.29 A.
Fig. 3 shows the experimental waveforms when the converter is
operating at parallel resonant frequency with different loads.
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The accuracies of the constant output voltage and constant
output current modes are obtained by calculating the relative er-
ror of the theoretical value and experimental value as illustrated
in Fig. 4. It can be seen that the accuracy of constant output
voltage mode is much higher than that of the constant output
current mode, and the accuracy varies slightly with the load.
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Fig.4. Accuracy comparison between constant output voltage mode and con-
stant output current mode.

In comparison with the constant output voltage characteristic,
the constant output current characteristic has considerable er-
rors, which will finally lead to a relatively wide switching fre-
quency range to keep the output current constant. This phe-
nomenon can easily be understood by examining the principle of
the FHA method, only the fundamental harmonic is considered.
When the switching frequency is close to the series resonant
frequency, the resonant current is more sinusoidal and FHA pro-
vides more accurate results. However, when the switching fre-
quency is away from the series resonant frequency, the waveform
is distorted and many harmonics are added (see Fig. 3), which
leads to the poor accuracy of the constant output current mode.
In addition, if the LLC resonant converter operates at parallel
resonant frequency, the ZVS operation for the primary switches
is lost, which is not preferred for MOSFETs. In [18], both the
constant output current and constant output voltage modes are
adopted. However, due to the poor accuracy of the constant out-
put current characteristic, a relatively wide switching frequency
operation range is still required. Because of the high accuracy of
the constant output voltage mode at the series resonant frequency
operating point, only this mode is used in the proposed topology.

III. OPERATION ANALYSIS AND DESIGN CONSIDERATIONS FOR
THE PROPOSED CONVERTER

In this part, the operation principle of the MC is briefly in-
troduced, and then, the operation analysis for the proposed con-
verter is presented. Finally, based on the battery charging profile,
the design considerations for the proposed converter are elabo-
rated.

A. Introduction of Magnetic Control

The structure of the variable inductor using a double E-core
is shown in Fig. 5. The control winding or auxiliary winding
is divided into two identical portions with the number of turns
Npc, which is mounted on the lateral legs of the core. The in-
ductor winding or main winding with the number of turns Nac
is placed on the air-gapped middle leg of the core. The dc bias
current allows for the modification of the inductance of the main
winding. The typical relationship between dc bias current and
variable inductance value is shown in Fig. 6. It can be seen that
the variable inductance value is inversely proportional to the dc
bias current.

In the proposed method, the inductance value of the variable
inductor is controlled. The control scheme is shown in Fig. 7.
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Fig. 5. Structure of the variable inductor.
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Topology of the proposed converter.

During the CC charge mode, the error is obtained by comparing
the reference current and the feedback current, and then applied
to the proportion integration (PI) controller. Similarly, during
the CV charge mode, the error is obtained by comparing the
reference voltage and the feedback voltage and then the error is
applied to the PI controller. The PI controller generates the con-
trol signal that is used to adjust the dc bias current. Consequently,
the inductance value of the variable inductor is adjusted to reg-
ulate the output current or voltage of the second LLC resonant
converter.

B. Operation Analysis of the Proposed Converter

The proposed converter is shown in Fig. 8. The converter
mainly includes the following parts:
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1) half-bridge inverter, which is shared by two LLC resonant
converters;

2) two LLC resonant networks, LLC; operates at the fixed
operating point, whereas LLC> adopts MC to regulate the
output; and

3) two rectifier networks, which are connected in series in
order to reduce the voltage stress on each diode.

Therefore, a low-voltage rating diode can be selected to
achieve higher efficiency.

Fig. 9 shows the voltage gain curves versus normalized
switching frequency f,,(f, = fs/[.) for different quality factor
0 (Q = \/L,/C./R,.) values, where the resistive curve is the
operating points when resonant network input current is in phase
with its input voltage. It can be seen that the line f,, = 1 and the
resistive curve have divided the LLC resonant converter opera-
tion into three regions, namely region 1, region 2, and region 3.
It is well known that in region 1, ZVS operation for primary
switches is achieved, but ZCS operation for secondary diodes
is lost. For region 2, both ZVS operation for primary switches
and ZCS operation for secondary diodes can be achieved. For
region 3, ZCS operation for primary switches and secondary
diodes are achieved. Since MOSFETSs are preferred to operate un-
der ZVS, region 2 is the most suitable operation region for the
LLC resonant converter. Operation in region 2 can be guaranteed
if: the switching frequency is below or equal to the resonant fre-
quency; and the voltage gain is monotonously decreasing with
the increase in normalized switching frequency within the op-
erating range.

In addition, a lower f,, leads to a higher voltage gain. Simi-
larly, a lower Q results in a higher voltage gain. For the MC, the
switching frequency is fixed, whereas the resonant inductance is
adjustable, which means that the series resonant frequency is not
constant. So, the normalized switching frequency is adjustable.
At the CC charge mode, the output voltage is increasing and a
higher voltage gain is required. Therefore, the variable induc-
tance value is reduced to increase the series resonant frequency
and reduce the normalized switching frequency, finally increas-
ing the voltage gain and keeping the output current constant.
At CV charge mode, the output voltage needs to be kept con-
stant while the quality factor Q is reducing during the CV charge
stage and the voltage gain is increased. So, the variable induc-
tance value should be increased to reduce the series resonant fre-
quency and increase the normalized switching frequency, thus
finally keeping the voltage gain and the output voltage constant.
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Fig. 10.  Battery charging profile.

During the whole operation range, LLC1 is designed to operate
at the series resonant frequency point, where its output voltage
is almost kept constant.

C. Design Considerations for the Proposed Converter

Before the discussion of the design considerations, the bat-
tery charging profile is introduced. The starting voltage value
of a battery cell is 3.2 V, the end voltage value is 4.2 V, and
the charging current is 2 A. The battery pack is composed of
38 battery cells connected in series. The battery pack charging
profile and the voltage distribution between LLC; and LLC» are
shown in Fig. 10. It can be seen that LLC; is designed to oper-
ate at the series resonant frequency and its output voltage keeps
constant. The function decoupling idea is adopted here to further
improve the system efficiency. The principle for determining the
power distribution between two LLC resonant networks can be
described as the following: as shown in Fig. 8, where P;,; and
P, represent the input power and output power of the LLCy,
and Pj, o and P,s represent the input power and output power of
LLC5, and the efficiencies of LLCy and LLC» are represented by
11 and 72, respectively. Based on the energy conservation law,
the following equations can be obtained:

(10)
(1)

Then, the total output power of the proposed converter can be
expressed as follows:

Pyi = m P
Py = 772Pin2~

P, = P,1 + Pya = Pyy = 11 Piny + 12 Pina. (12)

The system efficiency can be derived as follows:

P, _ M Pt + 12Pin2

]Di Rnl + Pin2
P’inl PinQ
= + =mm1 +mms (13
n Pinl + -Pin2 P2 Pinl + -Pin2 i a2 ( )

where m; and m are the percentile power distributions of LLC
and LLCs, respectively, and m; + mo = 1.

Based on (13), the system efficiency is related to the param-
eters my, mo, 11, and no. In this research, LLC; is designed to
operate at the series resonant frequency operating point, which
is also the best efficiency operating point for an LLC resonant
converter; while the responsibility of LLCs is to regulate the
output of the whole system, so its operating point varies, which
will reduce the corresponding efficiency 7. This viewpoint is
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TABLE II
SYSTEM SPECIFICATIONS

Parameter Designator Value
Input voltage Vi min=Vimax 340 V-380 V
Output voltage v, 120 V-160 V
Output power PominPomax 32W-320 W
Switching frequency fs 100 kHz

also verified by the efficiency curve of the proposed converter
as shown in the experimental results. Therefore, theoretically,
to maximize the overall system efficiency, parameter m; should
be close to 1, which means LLC; should handle most of the out-
put power. However, the output voltage of LLC is required to
achieve the closed-loop regulation. In addition, a small output
voltage of LLC5 will lead to a high step-down turns ratio when
considering the high input voltage (340-380 V), which will also
degrade the converter efficiency. Overall, the main considera-
tions for the power sharing between two LLC resonant networks
are: overall system efficiency, which requires a small output volt-
age of LLCy; and appropriate turns ratio of LLCo, which avoids
a very small output voltage. In this research, a compromise be-
tween (1) and (2) is made. The minimum output voltage of LLC>
is designed to be 20 V, and the percentile power distribution of
LLCq is 62.5% or 37.5% for LLCs.

The specifications of the proposed converter are summarized
in Table II. Input voltage equals 360 V, which is selected as the
nominal operating point.

1) Design Considerations for LLCy: Since LLC; is oper-
ating at the series resonant frequency, which is much easier
to design, the design procedures begin with LLC5. The design
guidelines for LLCy are summarized as follows: First, the
secondary diodes can achieve ZCS operation, which requires
a switching frequency lower than the series resonant frequency
during the whole operation range; and second, the voltage gain
of LLC5 can satisfy the system voltage gain requirement, and
the voltage gain is monotonously decreasing with the increase
in the normalized switching frequency.

First, in order to guarantee the ZCS operation for secondary
diodes, the series resonant frequency operation is designed at the
beginning of the CC charge when the resonant inductor reaches
its maximum value. Based on the input voltage and output volt-
age at the beginning of the CC charge, the transformer turns ratio
can be calculated as follows:

Vinmax 190
" v, T 100 (19
Lin max 190
= —2 — """ —=76. 15
"2 2Vv02,min 25 ( )

The voltage stress should be considered when designing res-
onant capacitor C,.o. Equation (16) represents the voltage stress
on the resonant capacitor. The voltage stress is selected as 400 V,
and the resonant capacitor of 24.7 nF is selected.

‘/in,min ‘/02

Vr max — . 16
erma 2 - 2RL,minfvain,minCr,min ( )

2201
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Fig. 11.  Voltage gain with a resonant inductor under different magnetizing
inductor values.

As mentioned above, when the resonant inductor reaches its
maximum value, the series resonant frequency should be equal
to the switching frequency, which can guarantee the ZCS opera-
tion for the secondary diodes during the whole operation range.
Based on (17), L, max equal to 102 puH is calculated and

1
fs:fr2: 9 (17)

7T Lr,max Cr2

Next, we need to find the suitable magnetizing inductor value
and minimum resonant inductor value to satisfy the system volt-
age gain requirement. Based on the battery charging profile, the
maximum voltage gain is calculated as follows:

(160 — 1) x 7.6

170

Vin, min
(Vo,max - ”n:m ) XMNg

‘/in,min

Gmax = = 3.38.

(18)

At the beginning of the CC charge mode, the equivalent load
is the smallest one, and this is also the worst condition for the
converter to achieve the desired voltage gain. Fig. 11 shows the
voltage gain curve of LLC5 with different resonant inductor and
magnetizing inductor values under the worst condition. It can be
seen that the voltage gain is monotonously decreasing with the
increase in the normalized switching frequency under these con-
ditions, so LLC» is operating in region 2. In order to satisfy the
system voltage gain requirement, a lower magnetizing inductor
is preferred. However, a lower L,,, results in a high-resonant
rms current and high conduction losses. Therefore, a compro-
mised magnetizing inductor value of 120 pH is selected. Then,
the minimum resonant inductor value of 27 pH can be found
based on Fig. 12 to meet the maximum voltage gain requirement.
Up to now, the resonant network for LLC> has been finalized:
Cro =24.710F, Lo = 27-102 uH, and L,,,o = 120 uH.

2) Design Considerations for LLC;: Clearly, for LLC1, it is
always operating in region 2. Similarly, based on the voltage
stress requirement, a resonant capacitor value of 66 nF is se-
lected. Since LLC is operating at the series resonant frequency
point, the resonant inductor L, can be calculated based on the
following equation

fs=frl= o L (19)

\/LTlC?“l.
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So, L1 = 38 uH is selected. For magnetizing inductor L,,1,
the design considerations mainly include two aspects: First,
rms value of the resonant network current should be low; and
second, total input impedance of the resonant tank should be
inductive.

The relationship between magnetizing inductor L,,; and the
resonant network rms current is shown in Fig. 12. It can be
seen that higher magnetizing inductance value leads to a lower
resonant network rms current. In addition, when the magnetizing
inductance value is higher than 200 pH, the current decreasing
slope becomes low, so L,,; equal to 200 pH is selected. Next,
the total input impedance will be examined.

Because of the parallel connection of two LLC resonant net-
works, the total input impedance can be expressed as follows:

in1// Zin2 (20)

where Z;,,; is the input impedance of LLC; and Z;,5 is the input
impedance of LLCs.

Since LLC is operating at the series resonant frequency, the
input impedance of LLC; can be simplified as

Tin =

Lin15Rac
i =7——F%H — 21
! Lmls + Racl ( )
For LLC2, the input impedance can be expressed as below
1 Lin25Rac2
Zin =1L . 22
2(8) r2s Cr23 Lm23 + RacZ ( )

Based on (20)—(22), one can find the relationship among reso-
nant tank input impedances Ziy,1, Zin2, and Z;,, and the resonant
variable inductor Lo as shown in Fig. 13. Similarly, the worst
condition (at the beginning of the CC charge, where the con-
verter is the least inductive) for the converter is checked. It can
be seen that during the whole operation range, the total input
impedance angle is positive, which means that the converter is
operating in inductive region, agreeing with the theoretical anal-
ysis. Thus, the primary switches can achieve the ZVS operation.
The parameters for LLC; are: C,.; = 66nF, L,.; = 38 uH, and
Ly,1 =200 pH.

IV. EXPERIMENTAL RESULTS

In this part, an experimental prototype is built to verify the
theoretical analysis. The experimental setup is shown in Fig. 14.
The system mainly includes the following parts:
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Fig. 14. Experimental setup of the dual half-bridge LLC resonant converter

with MC. (a) Experimental setup. (b) Control circuit.

1) main power circuit;

2) voltage and current sampling circuit, where LV 25-P and
LA 25-NP from life energy motion (LEM) are adopted to
sample the output voltage and output current, respectively;

3) a control circuit, where LM358 is adopted to form a PI
controller, and combined with NPN transistor BD137, a
voltage controlled current source is built to provide the dc
bias current for the variable inductor; and

4) auxiliary power supply, which is designed to make a con-
trol circuit, a voltage sampling circuit, and a driver circuit
work.
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TABLE III
CIRCUIT PARAMETERS AND COMPONENTS’ PART NUMBERS

Unit Components Parameters
Resonant capacitor Cyy 66 nF
Resonant inductor Ly, 38 uH
Magnetizing inductor Ly, 200 pH
Transformer turns ratio 1.9
Output capacitor Cy 150 pF
Dual half- .
bridge LLC Resonant capacitor Cy, 24.7 nF
resonant 26 uH-102 pH
converter . . EE42 PC40
with Resonant variable inductor L, Npc=45. Nac=10
magnetic g=0.7 mm
control Magnetizing inductor Ly, 120 uH
Transformer turns ratio 7, 7.6
Output capacitor Cp, 150 pF
Switches S, S, IPP65R065C7
Rectifier diodes VFT5202

LW TE;

o
Toetne= s

—

e

@ 500A0 Mi.00ms A Chd £ 120V
Ch3 5.00AQ [Chd| 50.0V

Fig. 15.  Soft start-up process of the proposed converter.

In practice, the leakage inductance of the transformer can
be utilized as part of the variable inductor, so the design re-
quirements for transformer are reduced. Circuit parameters and
components part numbers are given in Table III.

Similarly to the traditional LLC resonant converter [27], the
soft start-up mechanism can be described as follows. The switch-
ing frequency during the start-up process is decreased from a
high switching frequency (three times higher than the nominal
operating frequency) to the nominal switching frequency to
reduce the current spike. Fig. 15 shows the soft start-up process
of the proposed topology. It can be seen that the output voltage
builds smoothly and quickly. The total settling time is about
4 ms.

Fig. 16 shows the relationship between the designed variable
inductor value and dc bias current. The blue line shows the sim-
ulation results by using the model in [21] and the red line shows
the obtained experimental results. It can be seen that the experi-
mental results agree with the simulation results, and the dc bias
current is set as 0-0.5 A to satisfy the required inductance range.

First, the operation of LLC; is tested individually. Fig. 17
shows the open-loop experimental waveforms of the output volt-
age V1, output current [,;, resonant inductor current ¢y,., and
resonant tank input voltage Vyp of LLC; with different out-
put power when input voltage equals 380 V. It can be seen that
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Fig. 17.  Open-loop experimental waveforms when LLC operating individ-

ually at different output powers. (a) P, = 200 W. (b) P, = 170 W. (¢) P, =
100 W. (d) P, =25 W.
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Fig. 18.  Five operating points from the battery charging profile.

the output voltage of LLC; remains constant at 100 V with dif-
ferent output power, which agrees with the theoretical analysis.
Therefore, LLC; is designed to operate at the series resonant fre-
quency operating point, where its output voltage almost remains
constant with different output power.

Then, the experimental waveforms of the proposed dual half-
bridge LLC resonant converter with MC are presented. The ex-
perimental waveforms are obtained for Vi;, = 360 V, which is the
nominal operating point in this research. Five operating points
from the battery charging profile are selected and depicted in
Fig. 18.

The left of Fig. 19(a) shows the experimental waveforms of
the resonant tank input voltage Vyp, input current iy, (Which
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Fig. 19. Experimental waveforms. (a) Operating point A. (b) Operating
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equals iz,,1 plus i1,-2), output voltage V,, and output current /,, of
operating point A, and the right one shows the output voltage and
resonant inductor current of LLCq and LLCs. It can be seen that
the output current and output voltage can meet the requirement,
and the resonant tank input current lags behind the resonant tank
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input voltage. So, the converter is operating in inductive region,
and the ZVS operation for the primary switches is achieved.

Similarly, Fig. 19(b) shows the experimental waveforms of
operating point B. The output current is constant at 2 A, and the
resonant tank input current is lagging behind the input voltage.
So, the ZVS operation for the primary switches is achieved.

Fig. 19(c) shows the experimental waveforms of operating
point C, which is also the transition point from CC charge mode
to CV charge mode. At this operating point, the output current
is still kept constant at 2 A, whereas the output voltage reaches
its maximum value of 160 V. In addition, the ZVS operation is
still maintaining in this condition.

Fig. 19(d) shows the experimental waveforms of operating
point D, which is located in CV charge mode. At this operating
point, the output voltage is constant at 160 V, whereas the output
current decreases to 1 A. The primary switches still operate at
ZVS.

Fig. 19(e) shows the experimental waveforms of operating
point E. Obviously, the output voltage keeps constant at 160 V,
and the output current equals 0.53 A. The resonant tank input
current is still lagging behind the input voltage, and thus the
ZVS operation can be achieved for the primary switches.

Fig. 20 shows the experimental waveforms of the diode cur-
rents Ip; of LLCy and Ipg of LLC», resonant tank input voltage
Vus, and output voltage V,, of five operating points. It can be
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Fig.21. Dynamic response of the proposed converter at the CV charge mode.
(a) When output power changes from 192 to 64 W. (b) When input voltage
changes from 360 to 380 V.

seen that the diode current decreases to zero before the commu-
tation occurs. So, the ZCS operation for both diode rectifiers of
LLCy and LLCy are achieved during the whole operation range.

Based on Figs. 19 and 20, one can conclude that during the
whole operation range the following statements hold.

1) LLC; is always operating at the series resonant frequency
point. Its output voltage is almost kept constant at 95 V,
and its resonant inductor current is lower than 3 A, which
agrees with the theoretical analysis. As shown in Fig. 12,
by selecting the magnetizing inductor L,,; = 200 pH, the
resonant current is below 3 A.

2) The output voltage of LLC5 increases from 26 to 69 V
during the CC charge mode to meet the voltage gain re-
quirement.

3) The proposed converter can achieve CC charge and CV
charge.

4) The ZVS operation is achieved for the whole operation
range.

5) Since the switching frequency is designed below the series
resonant frequency, the ZCS operation is achieved for the
rectifiers during the whole operation range.

Next, the dynamic response of the proposed converter is in-
vestigated. Fig. 21 shows the dynamic response of the proposed
converter for different conditions at the CV charge mode: when
output power changes from 192 to 64 W; and when input voltage
changes from 360 to 380 V. It can be seen that the output volt-
age remains constant when the output power changes, both the
output voltage and output current remain constant when input
voltage changes, and the proposed system provides fast dynamic
response.

Similarly, Fig. 22 shows the dynamic response at the CC
charge mode when output power changes and input voltage
changes. It can be seen that the dynamic response of the pro-
posed converter is good.

Fig. 23 shows the efficiency curve of the proposed converter.
Since the output power level is relatively low, the efficiency is
low at light load. However, for higher output power levels, the
system efficiency is above 92%, and the maximum measured
efficiency is around 95.5% when the output power equals 300 W.
In addition, it can be seen that the efficiency of LLC; is about 5%
higher than that of LLC5 since LLC1 is always operating at the
series resonant frequency, which is highest efficiency operating
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point for LLC resonant converters. Its maximum efficiency is
measured around 98%.

Fig. 24 shows the estimated power loss analysis of the con-
verter when P, = 320 W. It can be seen that since the ZVS
operation is achieved for primary switches, only the conduction
losses are included; for the secondary diode rectifiers, the ZCS
operation is achieved, but the conduction losses cannot be ig-
nored due to the relatively high rms current that flows through
the rectifier and the high forward voltage of the diode. In a fu-
ture work, synchronous rectifier technology, low forward voltage
diode, and half-bridge rectifier can be adopted to further improve
the system efficiency. For the variable inductor, both the control
winding loss and core loss are included.

Table I'V shows the comparison results between different con-
trol strategies and topologies of an LLC or dual LLC resonant
converter. Based on the comparison results, the proposed dual
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from the experimental waveforms that the proposed converter
can achieve CC charge and CV charge and the experimental re-
sults agree with the theoretical analysis. Moreover, the proposed
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TABLE IV
COMPARISON BETWEEN THE PROPOSED TOPOLOGY AND EXISTING
TOPOLOGIES
Come | Modified | Dual- | Dual full-
Topology LLC structure bridge bridge Proposed
(8] [16] LLC[17] | LLC[18]
Adlelonal 0 ) ) 1 0
switch
Switching
loos of . .
additional None High High None None
switch
Number of
rectifier 1 2 1 2 2
network
Number of 1 ’ 1 2 ’
transformer
Number of
resonant 3 4 3 7 6
components
Modulation FM FM PWM FM MC
Switching Wide Medium Fixed Small Fixed
frequency range range range
Soft
switching for | ;g 7vs 7vs A Zvs
the primary
switches
Soft
switching for | g 7Cs 7Cs 7Cs 7Cs
the secondary
rectifiers
Control . . .
scheme Simple | Complex | Complex Medium Simple

half-bridge LLC resonant converter with MC has the following
advantages:
1) fixed switching frequency operation, which simplifies the
magnetic components and driver circuits design;
2) no additional switch is required, so no extra loss is gener-
ated, and no corresponding control circuit is needed; and
3) by using two LLC resonant networks and the func-
tion decoupling idea, the system efficiency can be
improved.

V. CONCLUSION

In this paper, a dual half-bridge LLC resonant converter with
MC for battery charger application is proposed. The half-bridge
inverter is shared between two LLC resonant converters, with
their inputs connected in parallel, whereas their outputs are con-
nected in series. One of the LLC resonant converters is designed
to operate at the series resonant frequency point, where the out-
put voltage is independent of the load. Second LLC resonant
converter adopts MC to regulate the output of the system to pro-
vide CC charge and CV charge to the battery. In addition, the
function decoupling idea is implemented to further improve the
system efficiency. Since LLC] is operating at the best efficiency
operating point, it handles most of the output power, and the
main responsibility of LLCs is to achieve closed-loop control.
By carefully designing the resonant networks, the ZVS opera-
tion for primary switches and ZCS operation for the secondary
diodes can be guaranteed. Finally, a 320-W experimental pro-
totype is built to verify the theoretical analysis. It can be seen

converter has good dynamic characteristic.

The main contribution of this paper lies in the following as-
pects:

1) anew dual-half bridge LLC resonant converter for battery

charger application is proposed;

2) constant output voltage and constant output current char-

acteristics of the LLC resonant converter are investigated;
and

3) design considerations for an LLC resonant converter with
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