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Design and Analysis of a High-Efficiency
Resonant Converter for EV Battery Charger

Birand Erdogan*, Adnan Tan, Murat Mustafa Savrun, Mehmet Ugras Cuma and Mehmet Tumay

Abstract— The interest in electric vehicle (EVs) components
such as battery, battery chargers, and battery management
systems is increasing in parallel with the spread of electric vehicles.
One of the most critical of these components is battery chargers.
Battery chargers are equipped with DC-DC converters with high
efficiency, low cost, and wide output voltage range. In order to
provide reliable operation of the battery charger, it is of great
importance that the DC-DC converters are operated with a robust
and stable controller as well as designed optimally. In this paper,
a design method for a CLLC resonant converter-based
bidirectional dc-dc converter (BiDC) is presented for a battery
charger. The resonant converter, whose design details are
presented, suggests a resonant system to be used in battery
chargers with fewer components than the CLLLC converter, and
similar voltage gain characteristics for bidirectional power flow
operations compared to the LLC converter. The design procedure
highlights performing the soft switching operation and
determining the resonant tank parameters. In addition, the
forward mode and reverse mode gain equations required for the
system to operate in the desired output voltage range have been
presented. The design procedures have been validated with a
CLLC BiDC model with ratings of 1 kW, 400 V input / 300-450 V
output in the PSIM environment. The performance results reveal
that the zero voltage switching (ZVS) has been performed for
primary-side MOSFETS under a wide load range.

Index Terms— Battery chargers, CLLC resonant converter,
high efficiency, DC-DC converter

I. INTRODUCTION
With increasing electrical power demands, battery systems
in electric vehicles, which are becoming increasingly
common, can also be used as energy storage and auxiliary
services.
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Grid-integrated electric vehicles are promising technologies for
smart grids and reducing the environmental impact of vehicles.
This technology is named as vehicle-to-grid concept (V2G) [1-
3]. With the V2G concept, which emerged with the spread of
distributed generation, EV batteries can transfer power to home
loads or to the grid. Considering that EVs are parked for an
average of 8 hours a day, in the event of a grid outage and high
electricity prices, EVs can be used as a resource, reducing
outages and the cost of electricity usage. Thus, bidirectional
battery chargers (BCs) are frequently used instead of
unidirectional BCs in such applications. The general structure
of BC is shown in Fig. 1. BiDCs are used to provide
transmission between high voltage buses and low voltage buses.
Unlike resonant [4]-[6] or PWM [7]-[9] model unidirectional
converters, BiDCs are designed by replacing output rectifiers
with MOSFET switches. There are several studies on BiDCs
that have soft-switching capability (SSC) with a focus on
eliminating the switching loss. The related studies emphasize
that BiDCs can be operated at high frequency-high power
density without sacrificing efficiency [10-15]. BiDC topologies
are divided into isolated and non-isolated, and isolated
topologies stand out due to their safety [16] and flexible voltage
range. Isolated topologies are divided into two as phase shift
method and frequency control methods in resonant structure.
The phase shift control method can be used for isolated BiDCs
but the gain of the system for this method is limited. In addition,
SSC is a problem when the system is operating with a wide load
range [17]. The resonant tank, which is frequently used in
isolated BiDCs, achieves high gain values as well as performing
soft switching in a wide load range. LLC resonant converter is
an isolated dc-dc converter that has SSC for a wide load range
at the secondary side [18-22]. However, the drawback of the
LLC resonant converter is that the voltage gain characteristics
it provides in the forward direction cannot be provided in the
reverse direction. While the LLC resonant converter’s
normalized gain is 1 in forward power flow, the converter's
normalized gain is lower than 1 in reverse power flow. This
drawback has been able to eliminate by using a symmetric
resonant tank structure such as CLLLC [23-26]. The restriction
of the CLLLC resonant converter is that there are too many
components which is a problem in designing/analyzing the
converter and it is also not cost-effective. In order to have a
symmetric tank structure and fewer components than CLLLC,
CLLC resonant converter is proposed in the literature [17, 27].
One of the advantages of CLLC topology is that the resonant
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inductor on the secondary side of the CLLLC converter is
removed and that makes the circuit easier to design. Another
advantage is that similar voltage gain characteristics are
observed in both directions in CLLC topology which is not seen
in LLC resonant converter. The different types of resonant
converter topologies used in literature are illustrated in Fig. 2.
In this paper, the high-efficiency resonant converter is
presented for BCAs. The contribution of the paper is that the
design procedure is improved by considering the reverse side
initially so the complexity of designing the system is reduced in
comparison with the literature. In addition, CC-CV charging
control algorithms are implemented to verify the performance
of the battery charger with bidirectional power flow capability
which is significant for V2G concept, and these control
methods are expressed mathematically. This paper is divided
into five sections. In the first section, literature studies on
resonant converter topologies are presented. In the second
section, resonant converter topology is explained. In the third
section, the design procedure and control algorithm is
presented. In section 4, simulation results are given for both
modes. The last section presents the concluding remarks of the

paper.
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Il. CLLC RESONANT CONVERTER

In this study, a full-bridge resonant CLLC converter
topology, which is illustrated in Fig. 3, is used for BiDC due
to high power ratings, similar voltage gain characteristics, and
less volume. Vi, stands for the input voltage of the proposed
system. M; — My are the primary MOSFETs. L;, C;; and Ly,
that are the resonant inductor, primary side resonant capacitor,
and the magnetizing inductor, respectively, are the crucial
resonant tank elements of the primary side. Additionally, C.
stands, that is the secondary side resonant capacitor, is the

fundamental resonant tank element of the secondary side.
Turn ratio of the transformer is denoted as n. Ro1 and R are
the load resistors of forward and reverse modes, respectively.
M;s-Mg are secondary side MOSFETs. C; and C, are the
capacitors of input and output parts. First of all, first harmonic
approximation method is applied to investigate the working
principle of the converter, and determine the transfer function
of the resonant tank gain by using the AC equivalent circuit of
the system. The AC equivalent circuits of the forward and
reverse modes are depicted in Fig. 4. R, ris the equivalent of
the reflected load resistance represented in Eq-1 for forward
mode. Addition to that, Rac  (the equivalent of the reflected
load resistance) is also determined by virtue of reverse mode
and outlined in Eq.2. To better understand, all aforementioned
circuit parameters are tabulated in Table-1.

High Voltage Side Low Voltage Side

Resonant Tank

—_
~c v

Forward Power Flow

Reverse Power Flow

Fig.3. Bidirectional CLLC resonant converter topology

8n2R,q
Rac_f = 7.,4.20 (1)
8Ry>
Rac_r = 71:(2) 2
TABLE |
THE DEFINITIONS OF CIRCUIT PARAMETERS
Parameter Expression Meaning
Q1 [1,7C Quality factor of
R the forward mode
ac_f
Q: [L]Crn Quality factor of
— the reverse mode
Rac,r
Cx Cran Ratio of resonant
C,, capacitors
Lx L Ratio of resonant
L, inductors
Cizn Crz Normalized
n Capacitor of Cy,
Fx 1 Basic Freguency
2m,/L,.Cpy
Fn E Normalized
E, Frequency
P R Gy

a) b)
Fig.4. Equivalent Resonant Circuits a) Forward Mode b) Reverse Mode

Based on first harmonic approximation method transfer
function of the resonant tank gain for both directions are
shown below [17].
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As it is seen from above equations, dc gain of the BiDC
depends on Qi, Q,, Cy, Ly and f. In section 3, design procedure
of these parameters are clarified in detail. The crucial
parameters namely SSC plays a vital role to improve the
efficiency of the any desired systems. Due to the challenging
design of SSCs, several restriction criteria should be considered
during the analysis and design procedure. In the rest of this
section, zero voltage switching (ZVS) boundaries, which take
part in primary-side MOSFETs, are explained to minimize the
energy losses. ZVS occurs when parasitic capacitors (PrCrs) are
fully charged/discharged within desired duration namely dead-
time.

The fundamental abbreviations of ZVS condition is outlined
in Table 2. Determining the initial primary side current is
required for SSC. According to the first harmonic
approximation method for forward mode, the current is
depicted in equation 5.

1 rt —Ucr:
ldead £ = Efol n%dt: Ucry = Ugpcos(2mfst +6) (5)

For the secondary side, initial current is zero (see eq. 6).
. duc .
lerz = Cra Tﬂ' ler2(0) =0 (6)

From these two equations, current within dead-time in
forward mode can be expressed as follows [17, 28-32].

Vvt %
lgead £ = nZL—zml ~ 42—; (7
To satisfy the ZVS condition for forward mode, Equation 8

is presented [17, 28-32].

Idead ftdead
Ceq_f
Similar analysis can be done for the opposite direction.
According to the first harmonic approximation method for
reverse mode, lgead r 1S shown in equation 9.

> AuAB = 2V1 (8)

lgeadr = lftlmdt JUcrp = Ugpqcos(2mfst + 6)

" ©)

Similar to the forward mode, initial secondary side current is
zero (see eq. 10).

du, di
iLr = Crl%'uu = I-‘r d_];r ,
(10)
iLr(0) =0

From these two equations, current within dead-time in
reverse mode can be expressed as follows [17, 28-32].

Vit V;
Idead_r ="~ (11)

2Lm  4fslm

To satisfy the ZVS condition for reverse mode, Equation 12
is presented [17, 28-32].

Ideacl_rtdeacl

> Augp = 2nV, (12)
Ceq_r
TABLE |1
THE ABBREVIATIONS OF CIRCUIT PARAMETERS FOR ZVS
CONDITION
Parameter Expression Meaning
Cy, Cy, Cs, Coss Parasitic capacitance of
Cs primary
side MOSFETs
Cs, Ce, Co, Coss2 Parasitic capacitance of
Cs secondary side MOSFETs
Ceq 1 Cossz Equivalent capacitance of
COSSI + 2 1 d H f d
n primary side in forwar
mode
Ceqr c .+ Cossz Equivalent capacitance of
0ss1 n2 secondary side in reverse
mode
lgead ¢ e Constant current for
Afskm primary side
in dead-time (forward
mode)
ldead_r A Constant current for
Hfskm secondary
side in dead-time(reverse
mode)
Ucrz U pcos(2nfit +0) Peak voltage on C,,

I1l.  DESIGN PROCEDURE, OPERATING
PRINCIPLES AND CONTROL SCHEME

A. Design Procedure

In this paper, the novel design method is presented for BCAs.
The design parameters based on the battery charger rating are
outlined in Table 3. The proposed design procedure is
expressed by a flowchart given in Fig. 5. The rating parameters
of the CLLC circuit are initially determined before analyzing
the proposed method.
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TABLE 1l
DESIGN SPECIFICATIONS
Power Primary Secondary Switching
Max. . .

Flow Power side Side Frequency
Direction V1(V) V2(V) Range
Forward 1kW 400 300-450 180-310 kHz
Reverse 1kW 300-450 400 170-260 kHz

9 v

{—\ Set Ln,Cn )
~ A ' _—
(" Calculate the resonant |

[ Determine the DC gain range
of the system based on the
ratings

Determine fmin based on the

tank parameters
DC gain range of the system

\

MGrmax<Gmax J&&
(fimin<desired frequency
range<fmax)

Set fn based on the desired
frequency range

|

— | Determine Qlmax | ¥

Check the frequency
range for both modes

Grmin is reached when
Q2=02min and f=fmax

Resonant tank “
_parameters are verified

Fig.5. Flowchart of the design procedure

The design procedure initiates with the selecting L, and C,
values. Following that, the fundamental performance
parameters, which are maximum (Gmax)/minimum (Gmin) DC
voltage gain, forward/reverse mode gain range of the system,
are determined according to the battery charger ratings. Since
the design accuracy performed by considering the reverse mode
is higher than the forward mode, the forward mode design is
performed following the reverse mode design and the proposed
method is started by checking if the minimum reverse mode
gain is greater than Gmin or not. Maximum normalized
frequency, and the minimum quality factor are selected based
on the Gmin in reverse mode. When Q, reaches its designed
minimum Qamin and =finax, Gmin 1s obtained. After determining
fmax, fimin is obtained from DC gain range of the system. If fiin
and frax satisfy the desired DC gain range, normalized
frequency is set based on the desired frequency range which is
150-350 kHz. Determining the Qimax is important because of
satisfying the condition for forward mode (Giinax < Gmax). After
verifying all the conditions, the resonant tank parameters are
able to be computed based on the ZVS equations which are
shown in Eq. 8 and Eq. 12. Finally, the DC gain range for both
modes and frequency range for both modes are checked before
validating the resonant tank parameters. If any problem occurs
during the design procedure, the parameters L, and C, are
changed to meet the design requirements of the system, and the
design procedure is restarted from the beginning. Fig. 6 shows
the forward and reverse DC gain curve of the system with the
initial guess of L,=3 and C,=1.3.
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B. Operating Principles

The operating stages of the circuit is shown in Fig. 7. As
illustrated in the figure, the converter has six operating stages
during one switching cycle. While stages 1, 2, and 3 are
performed in the first half cycle, stages 4, 5, and 6 are
performed in the second half cycle. The converter operates
within dead-time periods at stage 1 and 4. Stage 2 and 5
corresponds to resonant stages named power transfer stages.
The converter operates out of resonance at stages 3 and 6. When
the power transfer occurs, primary switches are triggered in
inverting mode and the secondary side switches are disabled.
Definitions of the converter stages are summarized in Table 4.

oy, it is 4
——

"

TS+

‘_;B
.
jq

Fig.7. Operating Stages of the Resonant Converter a) Stage 1, b) Stage 2,
c) Stage 3, d) Stage 4, e) Stage 5, and f) Stage 6.
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TABLE IV
THE OPERATING PRINCIPLES OF THE CONVERTER

Stages Explanation

Stage 1 Dead-time duration

Stage 2 Power is transferred to the secondary side
Stage 3 Out of resonance, power transfer is stopped
Stage 4 Dead-time duration

Stage 5 Power is transferred to the secondary side
Stage 6 Out of resonance, power transfer is stopped

C. Control Scheme

The cascade loop control scheme, designed for CC-CV
charging algorithms for battery chargers, consists of the inner
current control loop and the outer voltage control loop as
represented in Fig. 8. Pulse frequency modulation is used for
controlling the system.

Power Flow Management / Loop Selector Control Schgme
i1-3BE T (neF)AZ>90)}— CV Control Loop for Forward Mode ]
i2-3BE T:(neF)A(Z<90)— CC Control Loop for Ferward Mode | S,
3 3BET. fnER)A(Z>80}— CV Control Loop for Reverse Mode s aand
{4-3B €T : fneS)A(Z<90)— CC Control Loop for Reverse Mode ;
SZ
Vet CV Control P,
v Limiter §
G Ve o A et ©
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out FREER
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Fig.8. Block diagram of the CLLC resonant converter control system

Mathematical expressions are also shown in Fig. 8. As seen
from Fig. 8, a power transfer process is defined by T.
Bidirectional power flow capability B= F x S formed by
forward mode and reverse mode. The measured SOC value is
denoted as Z. As expressed in the figure, state 1 indicates that
the CLLC converter operates in forward mode and the SOC
level of the battery pack is more than 90 so CV control loop is
selected by the control unit. Similarly, if the CLLC converter
operates in forward mode but the SOC level of the battery pack
is less than 90, the CC control loop is selected (state 2). SOC
level in the battery pack that is more than 90 in state 3. The
difference between state 1 and state 3 is that the converter
operates in reverse mode at state 3, a CV control loop. Similar
to state 3, the converter operates in reverse mode at state 4.
However, the SOC level of the battery pack is less than 90 at
state 4 so the CC control loop is selected by the control unit. CC
charging is activated when the SOC is smaller than 90 percent.
Similarly, CV charging is activated when the SOC is greater
than 90 percent. For calculating the SOC value, SOC estimation
methods can be used for real BCAs. However, in the simulation
model, SOC value is directly measured from batteries so the
SOC estimation method is not used in this paper. SOC value is
taken and the control unit of the system decides whether CC or
CV charge is required. Thus, the necessary signal is transmitted

to the switch block. The reference voltage and reference current
are denoted as Vrr and I.q respectively. In CC charging
process, the difference between Ir.r and the I, generates a signal
and enters the PI 2 controller for generating a duty cycle D
when the Switch is OFF. The signal from the PI 2 controller is
extracted from the calculated constant value and enters the
limiter block that has upper/lower limits to generate the
required switching frequency. The switching signals of
MOSFEETs are produced by a gate signal generator
considering the computed switching frequency. In the CV
charging process (the switch is ON), the difference between Vs
and output voltage generates a signal and enters the PI 1
controller to be used in the inner loop. The remaining process
is the same as in CC.

To summarize the control part, ifthe SOC value in the battery
is below 90 percent while power is transferred from one side to
another, the CC charging algorithm is used. CC control loop
produces a frequency signal by comparing the measured battery
charging current and reference current values and applying the
error value to the PI controller. However, if the SOC value in
the battery is above 90 percent, the CV charging algorithm is
used. The CV control loop produces a reference signal by
comparing the measured battery voltage with the reference
voltage values and applying the error value to the PI controller.
Similarly, this reference signal is compared with the battery
current and the error value is applied to another PI controller to
output a frequency signal. While CC and CV charging
algorithms are used in the resonant converter, frequency control
is performed and PI controllers, frequency ratio block and
limiters are used to obtain necessary frequencies. The obtained
frequency values are converted into switching signals by gate
signal generator block.

IV. SIMULATION RESULTS

This section presents the performance review of the proposed
system. A 1 kW battery charger model was developed using the
PSIM simulation program. To examine the performance of the
system, analyzes were carried out in all power flow directions
and the functionality and applicability of the proposed battery
charger were verified. Resonant tank design component values
are shown in Table 5.

TABLE V
THE PARAMETERS OF SIMULATION MODEL

Parameter Symbol Value

Primary side Resonant Capacitor Crl 25 nF
Resonant Inductor Lr 37.84 pH

Magnetic Inductor Lm 57 pH

Secondary side Resonant Capacitor Cr2 40 nF

Transformer Turn Ratio n 8/10

All the design parameters are calculated based on the
proposed design methodology discussed in sections 2 and 3.
Simulation results show that the switching frequency range is
between 180 kHz and 310 kHz which is the desired value for
this system in forward mode (see Fig. 9). Similarly, the
switching frequency range is between 170 kHz and 260 kHz in
the reverse mode (see Fig. 10).

In forward mode, ZVS waveforms for maximum and
minimum switching frequency are shown in Fig. 8. As seen
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from the zoom-in view in the figure, the drain-to-source voltage
of MOSFET is zero before the gate signal is equal to 1.
Therefore, when the switch is turned on, the switching loss is
zero. Similar to the Fig. 9, ZVS waveforms for maximum and
minimum switching frequency are shown in Fig. 10 for reverse
mode and ZVS is also seen from the zoom-in view in Fig. 10.
Since zero voltage switching occurs, the switching losses are
reduced, and the system's efficiency has increased compared to
the traditional converters. The operating ranges of the system in
both modes are highlighted in Fig. 9 and 10 by measuring the
one period of the cycle.
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Fig. 9. ZVS waveforms for forward mode a) Maximum switching frequency
b) Minimum switching frequency
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Fig.10. ZVS waveforms for reverse mode a) Maximum switching frequency
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As can be seen in Fig. 11, during the forward mode operation,
the recommended frequency control is performed at 400 V
input voltage, and an output voltage range of 300-450 V is

obtained. While the output voltage is 450 V at the minimum
operating frequency of 180 kHz, it reaches 300 V at the
maximum operating frequency of 310 kHz. Similarly, when the
system is operating in reverse mode (see Fig. 12), the desired
300-450 V output voltage range can be obtained by the PFM
control method (for 400 V input). While the desired output
voltage is obtained in reverse mode, the frequency range used
in forward mode can be used. For instance, when the switching
frequency is 260 kHz, output voltage is 450 V. On the other
hand, when the switching frequency is 170 kHz, output voltage
is 300 V.

In addition, switching losses and conduction losses of primary
side MOSFETs are shown in Fig. 13 and Fig. 14, respectively.
As seen in Fig. 13 and Fig. 14, the conduction losses are
negligible. The main problem in this system comes from the
switching losses as seen in Fig. 13 and Fig. 14. To overcome
this problem (decrease switching loss), soft switching
conditions are mentioned in the design procedure and
simulation results confirm that the system has the soft-
switching capability to reduce the switching losses (see Fig. 9
and Fig. 10).
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Fig.11. Input and output waveforms for forward mode a) System with
maximum frequency b) System with minimum frequency
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Fig.12. Input and output waveforms for reverse mode a) System with
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Fig.13. Switching and conduction losses for forward mode a) System with
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Results of the simulation model is shown in table 6. For a
BCA, wide output load range is needed, and simulation results
verified that the system has wide output load range for both
modes (300 V-450 V) for a constant input voltage (400 V).
Similar switching frequency range can used for the system with
output power of 1 kW. Similar switching frequency range is
used for both directions and the system has 1kW output power.
Switching losses and conduction losses are acceptable for a
1kW system. When the resonant converter operates at 180 kHz
and 310 kHz in forward mode, efficiency of the converter is
98.35 and 97.58, respectively. Similarly, the converter
efficiency is 98.02/97.45 for 170 kHz/260 kHz in reverse mode.

TABLE VI
RESULTS OF SIMULATION MODEL
Parameter Value
Input Voltage for two Modes 400 V
Output Voltage range for two Modes 300-450 V
Switching Loss for Forward Mode 15W
Conduction Loss for Forward Mode 0.04 W
Switching Loss for Reverse Mode 35 W
Conduction Loss for Reverse Mode 0.04 W
Operating Frequency for Forward Mode 180 kHz — 310 kHz
Operating Frequency for Reverse Mode 170 kHz — 260 kHz
Output Power 1 kw

V. CONCLUSION

In this paper, a design method for CLLC resonant converter
that is used in BCs is presented. To increase the efficiency of
the system, soft switching conditions are given in design
procedure. The simulation model of the resonant converter
system which consists of two resonant capacitors, one resonant
inductor, and one magnetizing inductor is performed using
PSIM environment. Simulation model operates under wide
output voltage range for a constant input voltage with rated
power of 1 kW and also the model can transfer the power flow
for both directions. CV and CC charging algorithms have been
tested for the model with cascaded loop control and to control
the output voltage to the desired value, PFM method is used.
The presented system excels with the advantages of fewer
components, less complexity, bidirectional power flow
capability, and similar voltage gain characteristics for both
directions in comparison with existing systems. In addition,
another advantage of the presented system is that the converter
satisfies a wide voltage range without sacrificing efficiency
which is significant for BCAs. The main advantages of the
presented topology are as follows:

- high efficiency,

- high energy density,
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electrical isolation,

low electromagnetic interference and harmonic pollution,
magnetic integration,

wide output ranges,

low voltage stress, and

high operation frequency.
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