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Load Independent Constant Current and Constant
Voltage Control of LCC-Series Compensated
Wireless EV Charger

Veli Yenil

Abstract—In this article, load-independent constant cur-
rent/voltage control operations of an LCC-Series compensated
wireless electrical vehicle (EV) chargers are presented. The pa-
rameters of the LCC-Series compensation topology are designed
based on load-independent zero phase angle and soft switching
operation in the constant current charging operation. Then, the
load independent soft switching conditions are achieved for con-
stant voltage charging operation with a semibridgeless active rec-
tifier using pulse density modulation control. Thus, high efficiency
power transfer to the load is performed during the entire charging
period. The wireless communication is not needed to achieve the
output voltage regulation in the proposed EV charging system. The
soft switching operations of the switches on the primary and the
secondary side are achieved in a wide load range. The performance
of the proposed charging system is validated by a prototype. At the
full load condition, the output voltage of the system is regulated at
210 V while the output current is 5 A. The maximum efficiency is
measured 93.8% at 1 kW output power with 150 mm air gap. The
efficiency performance of the system is also evaluated based on the
misalignment conditions.

Index Terms—Constant current and constant voltage (CC/CV)
charging, electrical vehicle, LCC-Series compensation, pulse
density modulation, wireless power transfer.

1. INTRODUCTION

OWADAYS, wireless charging method is very popular for
N the charging application of the electrical vehicle (EV).
Compared to contact charging method, no contact loss occurs,
and no mechanical wear is required in wireless charging, it
is safe and reliable [1], [2]. Another attractive feature of the
wireless charging is that it provides dynamic charging allowing
the battery charge while the vehicle is in the parking area or on
the road [3]-[5].
The constant current/voltage charging operations are usually
required during the charging process to provide the safety,
durability and high performance of the battery [6], [7]. The
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Fig. 1. Typical charging profile of the Li-ion battery.

basic charge profile including constant current (CC) and constant
voltage (CV) operations is given in Fig. 1. In CC charging oper-
ation, the charge current is constant and load-independent while
the charge voltage varies. The CV charge operation provides
constant and load-independent charge voltage while the charge
current varies [8], [9].

The compensation network is usually used in the wireless
charging system to compensate the reactive power caused by
the large leakage inductance of loosely coupled coils [10], [11].
In the design of the compensation topologies, soft switching
operation of the inverter switches and zero phase angle (ZPA)
between the inverter output current and the voltage are taken
into consideration [12]-[14]. The series—series (SS) topology
is very popular in wireless chargers of EVs [15]-[17]. The
SS compensation topology has the load-independent constant
current characteristic at the resonance frequency [18]. However,
the operation frequency needs to be changed to provide constant
voltage output [19]. Low design freedom and high sensitivity
to misalignment is another disadvantage of SS compensation
topology [16].

In order to solve the shortcomings of SS compensation,
high order compensation networks have been studied [20]-[23].
Among the many high order compensation network, double-
sided LCC compensation topology has attracted more attention
due to a lot of appealing features. However, more volume and
weight are required on the receiver side since a double-sided
LCCtopology includes two resonant inductors and four resonant
capacitors [24], [25].

The LCC-Series compensation, which provides high effi-
ciency power transfer is another popular topology for EV charg-
ing applications [7], [14]. The power density of the LCC-Series
topology is higher than double-sided LCC compensation since
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the LCC-Series topology has one resonant capacitor on the
secondary side, which reduces size and weight. The LCC-Series
topology has the load-independent CV output characteristic in
essence [23]. A switching hybrid LCC-Series compensation
topology is proposed in [7] to obtain the ZPA condition during
the CC and CV charging period. However, additional switches
and capacitors are required to maintain the ZPA condition during
the entire charging period. In [26], a general unified design
methodology is proposed to achieve load-independent CC and
CV outputs at two different ZPA frequencies with an LCC-Series
topology in accordance with the SAE J2954 [27]. However, the
given method may lead to unpredictable self-inductance, mutual
inductance, and power level of the coupling coils, so it cannot be
effective in the use of practical applications. Because this method
should simultaneously provide the change of self-inductance and
the distance between the coupling coils, to ensure the charging
requirements [28].

In [14], the output voltage and coupling variation are taken
into consideration while the implementing the CC and CV
charging operations of LCC-Series compensation. However, this
method requires an additional dc—dc converter in the secondary
side. The use of an additional dc—dc converter at the secondary
side can be option to achieve CC or CV charging, as given in
[29]-[31]. However, the use of additional converter increases
the power conversion losses and the cost of the system.

In order to achieve CC and CV charging period of a WPT
system, different control strategies have been proposed in the
literature and can be categorized into three main types 1) primary
side control; 2) secondary side control; 3) dual side control.
In primary side control, frequency, phase, or duty control are
usually applied to the primary side inverter [32]. However, the
primary side control usually requires wireless communication,
which is increasing the system complexity and the cost. In
order to eliminate the wireless communication, Song et al. [33]
proposed a primary side controller for CC and CV charging.
However, additional hardware is required for the load resistance
estimation and mutual inductance identification. In order to
solve this, Li ef al. [34] proposed a new primary side controller.
However, an additional coil unit is needed to precise the control
of CC charging, which increases size and reduces the power
density of the WPT system.

In order to provide output regulation, an active rectifier can
also be used in the secondary side [35]-[41]. The output reg-
ulation can be achieved by adjusting duty or phase of active
rectifier. A dual side controlled inductive power transfer system
is proposed according to the coupling coefficient variation and
partial load condition in [35]. The proposed method eliminates
the additional dc—dc converter. However, the wireless communi-
cation is needed to achieve the CC and CV output regulation. In
addition, semi bridgeless active rectifier (S-BAR) switches op-
erate with hard switching. In [36], the dual side phase shift (PS)
control with impedance matching is implemented without using
wireless communication. However, soft switching operation of
both primary side inverter and S-BAR cannot be provided. So,
the switching loss increases especially at light loads. A novel PS
control for S-BAR is proposed in [37]. However, soft switching
conditions cannot be achieved over a wide load range. In order to
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address this problem, frequency modulation controlled primary
side inverter and PS-controlled S-BAR in [38] and variable
frequency triple PS control in [39] are proposed. However, four
variables are controlled to achieve the dual side soft switching
under the large misalignment in [39]. In addition, detailed look
up table is necessary to estimate mutual inductance. Recently,
pulse density modulation (PDM) method is proposed to achieve
dual side soft switching in [40] and [41]. In [40], PDM method
with S-BAR at the secondary side of a WPT system is proposed.
In [41], the PDM method is applied to dual side of the WPT
system to realize not only voltage regulation but also efficiency
maximization. However, PDM method commonly used in SS
compensation and its optimization are difficult for high order
topology. Generally speaking, many control methods of active
rectifier as given in [35]-[41] use SS compensation, which
strongly depends on the coupling coil parameters [16], [42].

When evaluated in terms of LCC-Series compensation topol-
ogy, in [43], in order to realize ZVS operation in a wide power
range, a variable frequency PS control method is presented
for the systems with LCC-Series topology. The using the two
modulation techniques together increases the control complex-
ity. In addition, dynamic response of the system is affected
due to multiple iterations. A hybrid control strategy of LCC-
Series for wide output and ZVS range is presented in [44]. In
the proposed method, the design procedure requires additional
switch-controlled capacitor and communication between pri-
mary and secondary side. The self-tuning method for the param-
eter recognition of LCC-Series is presented in [45]. This method
requires double side control and allows the system to operate
in a large-scale coupling space. However, the output voltage
of the proposed system depends on the mutual inductance. In
addition, these studies are not focused on the entire CC and CV
charging period.

According to the literature, limited studies have been pro-
posed for the LCC-Series compensated WPT system providing
CC and CV implementation with the use of S-BAR [46], [47].
However, none of them provide the dual side soft switching
operation. The S-BAR has some advantages such as it can
improve the power density and the efficiency of the secondary
side. In [46], even if primary side inverter is operated with ZPA,
the soft switching cannot be provided for S-BAR. In addition, it
requires a complicated impedance tuning control based on turn
on point and duty control of S-BAR resulting in hard switching.
In [47], the PDM method with a distributed algorithm for the
S-BAR in EV charging using LCC-Series compensation is pro-
posed. However, this article includes only simulation results and
experimental results were not given. Besides, simulation based
PDM method is suggested only for CC mode, CV mode was not
studied. In addition, the effects of PDM method on the inverter
output current have not been investigated. It can be predicted that
the effect of severe fluctuations of the input current of S-BAR on
the inverter currents will be very noticeable, especially at light
loads. The efficiency performance of the proposed article is also
not presented.

In order to realize the dual side soft switching operation for a
wide load range, a novel design approach based on PDM control
for the load-independent CC and CV charging operations of the
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LCC-Series WPT system using S-BAR is proposed in this article.
The LCC-Series compensation topology is implemented accord-
ing to the load-independent CC output design procedure. Then,
S-BAR topology with PDM control is used at the secondary side
to obtain load-independent CV output characteristic. According
to this approach, the main contributions of this article can be
listed as follows.

1) The entire charging period of the proposed WPT system
using LCC-Series compensation is achieved at a constant
operation frequency.

2) The load-independent CC and CV charging operations are
provided without using additional component.

3) The soft switching operations are also provided for the
inverter and the S-BAR switches.

4) The efficiency performance of entire charging period is
improved, especially at light loads.

5) The output voltage regulation in CV charging operation is
maintained at constant operation frequency under different
misalignment conditions.

6) No communication is needed between primary and sec-
ondary side to regulate the output voltage.

First, the theoretical analysis of LCC-Series compensation
topology based on load-independent CC output is presented.
Then, hardware design including coupling coils, compensation
topology, and PDM control strategy providing CV operation
was defined. Finally, proposed design procedure was tested on
a prototype. The output voltage is changed between 150 V and
210 V with 5 A in CC operation mode. In CV operation mode,
the output voltage is regulated around 210 V while the output
current is changed between 5 A and 1.25 A. The entire charging
period of the proposed system is achieved at 85 kHz operation
frequency. The maximum efficiency of the system is obtained
in CC mode as 93.8% at 1 kW output power. The efficiency
performance of the system was also compared to PS control,
during CV charging operation. The soft switching operations of
the inverter and the rectifier switches, the ZPA conditions were
experimentally validated. The misalignment performance and
transient response of the proposed system were separately tested
in CC and CV charging operations. Finally, the performance of
the proposed work was compared with similar works, recently
proposed in the literature.

II. THEORETICAL ANALYSIS

The proposed WPT system design using LCC-Series com-
pensation consists of three parts: primary side inverter, resonant
network, and S-BAR. The scheme of the proposed WPT system
is shown in Fig. 2. V,, is the dc input voltage. S1-S, are
the switches of the primary side inverter. Lp and Lg are the
primary and secondary self-inductances of the coupling coils,
while M is the mutual inductance between two coils. L;y, Cp,
and Cr are the primary side resonant elements, constituting of
the LCC network. Cg is the secondary side resonant capacitor.
The S-BAR topology consists of upper D;—D3 diodes and lower
S5—Se MOSFETS. i3, is the output current, vy, iS the output
voltage, Ry, represents the equivalent resistance of the battery,
and C, is the output filter capacitor.
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Fig. 2. Proposed WPT system.
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The fundamental harmonic analysis method is used to analyze
the proposed WPT system. The M and T analytical models are
widely used to analyze the coupling coils. The T equivalent cir-
cuit model of LCC-Series compensation topology for achieving
ZPA in CC charging mode, according to given procedure in [7]
and [22], is shown in Fig. 3. V4, I; are the output voltage and
the current of the primary side inverter. Ry is the equivalent
load resistor seen at the input of the S-BAR. Lp_j; and Lg i
represent the primary and secondary side leakage inductance of
the coupling coils, respectively. In Fig. 3, LC resonant tank is
composed of L;,, and C,,’. The C,,", Lp_j;, C, and M represent
the CC resonant tank. The output current of LC resonant tank is
assumed constant for the CC output characteristic.

When the primary side inverter operates with 50% duty cycle,
the relationship between the rms values of V; and V;,, can be
expressed as follows:

2V2

Vi = 7‘/in- (1)
e

For the S-BAR, the V» and I s can be obtained by
22
i
s
——Ipas-
2\/5 bat

The equivalent resistance of the S-BAR in the secondary side,
R, can be calculated as

V2 - %at (2)

Is = 3

Ry = > Riar @

According to Fig. 3, Lp_j; and Lg_j;, can be written as
Lpyy,=Lp—M (%)
Ls yx=Ls— M. (6)
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When L;,, resonates with C,," at resonant frequency, the output
current of the LC resonant circuit is sinusoidal and constant,
which can be expressed as

Cp' .
Lin B JWOLin

Irc=—J (N
where w,, is the angular resonant frequency of the system.

By applying Kirchhoff’s current and voltage law, the current
flowing through the secondary coil can be obtained as

ViLp'
woM Lin
where L, can be defined as the equivalent inductance of the
series connection of L, and Cr since L,, is large enough.

Cp is equal to parallel combination of the C}, and C,,”, whose
value given by

Is = —j ()

Cp = CP/ + CP“. )

The series connection of Lp_j; and Cr is regarded as the
equivalent inductance of L,, whose value can be calculated as
follows:

Ly=Lp gk — (10

A
oJOCF

When L;, resonates with C,/, L, resonates with C},” and
M resonates with C,, and L,, the resonant conditions can be
expressed as

) 1 1 1

= = = . 11
o LGCP/ LP/CPII CP”(LI + M) ( )

To reduce the volt-ampere rating and enhance the power
transfer capability of the WPT system, the ZPA is necessary
in the CC mode. According to Fig. 3, the secondary side load
impedance Z;, can be calculated as

W,

21, = jwoLs_ii + =

Rs.
JWOCS M

12)

The equivalent impedance of the secondary side referred to
primary side Z; can be calculated as
JweMZy,

g = jw,M||Zy, = 2202l
= jwoM||ZL JwoM + 71

13)

The equivalent impedance of Zop seen from Cp can be
calculated as

1 1
Z .
+2u ) |—r| I—
(14)

The input impedance of Z; can be calculated as follows:

Zop= KjwoLsz +-
]WOCF

Zy = ZCp + jwoLin- (15)
According to (11), Z; can be simplified as
4M2L "
7y = WM LinCp .16
ngpCp Ry + ng(XLpCp - WOM2CP)
where X can be defined as
1
X =w,Ls 1 — a7

woCS ’
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In order to provide the ZPA, imaginer component of Z;, given
in (16), should be zero. Thus, ZPA condition can be controlled
by using the following equation:

woM?Cp = XLpCp'. (18)

Applying Kirchhoff’s voltage and current laws to the equiv-
alent circuit given in Fig. 3, the voltage gain, G, of the LCC-
Series compensation network can be extracted as follows:

Vo  ReZyZcp

Gy = — = 19
VOV ZiZ,7 .
The output power consumed by R» can be expressed as
Po = IsfrmsQRQ- (20)
The output power is rearranged by using (8), as follows:
Vv1271rmsLP/2
ST @b

where Vi_.ms 1 the rms value V.

III. HARDWARE DESIGN

In this section, hardware design considerations for the de-
sign of LCC-Series compensation network, coupling coils, and
constant voltage control strategy of the WPT system with 5 A
output current in CC operation and 210 V output voltage in CV
operation, respectively, are presented.

A. Coupling Coils Design

Coupling coils are play importantrole ina WPT system. In this
article, a circular coil geometry is considered for both primary
and secondary coils. The coupling coils are built with 18 turns ON
both primary and secondary side. In the experimental prototype,
litz wire is used to reduce the skin and proximity effects. Both
the primary and the secondary coils are built with multiple
litz wire (600 x 0.1 mm). The air gap between primary and
secondary coils is about 15 cm. Both coils are consisted of N87
ferrite. The distribution of the magnetic flux density is calcu-
lated using three-dimensional finite element method (3-D FEM),
which is performed in ANSYS Maxwell. For validating the
simulation model, the coupling factor, primary and secondary
inductances were measured under different lateral misalignment
conditions at different air gaps. The measured and simulated
self-inductances are shown in Fig. 4(a) and (b). The coupling
coefficient variation is shown in Fig. 4(c) as a function of air
gap under different lateral misalignment conditions. The design
parameters of coupling coils are shown in Fig. 4(d) and the
parameters are listed in Table I. The 3-D FEM simulation is time
consuming process. So, the solve setup was configured with 7%
percent error. Thus, the differences were occurred between the
simulated and measured values. In addition, the coils were hand-
made in the experimental setup. Therefore, maintaining uniform
turn spacing was not possible. Thus, a little difference in the
outer dimension of the handmade coils was observed compared
with 3-D FEM simulation. Nonetheless, the maximum error
was obtained as 10 pH for the primary coil and 6.1 pH for the
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Fig. 4. Measurement and simulation results of coupling coils at different air
gaps. (a) Primary self-inductance. (b) Secondary self-inductance. (c) Coupling
coefficient. (d) Design parameters of coupling coils.

secondary coil. In Fig. 4(c), the maximum error was obtained
1.3% under 100 mm lateral misalignment at 50 mm air gap.

B. Design of LCC-Series Compensation Topology

The circuit parameters of the LCC-Series compensation topol-
ogy are determined based on CC output characteristic, as given
in Section II. The design procedure is presented in detail below.
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TABLE I
DESIGN PARAMETERS OF COUPLING COILS

Symbol Parameter Value
Lp, Lg Primary and secondary coil inductances 290 uH
R Ac resistance of primary and 0.164 Q
secondary coils
M Mutual inductance 72.5 uH
k Coupling coefficient 0.25
d Air gap 150 mm
R Inner radius of coupling coils 170 mm
Rous Outer radius of coupling coils 245 mm
Wr Width of ferrite bars 28 mm
Lr Length of ferrite bars 186 mm
A Outer diameter of circular pads 600 mm
Ferrite bars 8
TABLE II

PARAMETERS OF THE LCC-SERIES COMPENSATION TOPOLOGY

Symbol Parameter Value
Li, Resonant inductor 180 uH
Cp Resonant capacitor 35.55nF
Cs Resonant capacitor 14.27 nF
Cr Resonant capacitor 48.8 nF

First, the switching frequency is selected as 85 kHz, which
is in compliance with SAE J2954 standard. In the next step,
design specifications of the WPT system are determined, and
the equivalent load resistance is calculated based on the specified
constant output current and the voltage value of the battery. Then,
primary compensation inductor L;, is determined as 180 pH.
The obtained parameters of the LCC-Series compensation topol-
ogy are shown in Table II.
The value of C,)/, C,,”, and Cp can be calculated as

1
Cp' = 2L (22)
opt— 1 (23)
P 2Ly + M)
Cp=Cp' +Cp". (24)

The value of Cg, which satisfies the ZPA can be deduced from
(16) as follows:

B Lp'Cp'
B wg(L/PLscpl - MQCP) '

The value of Cr capacitor can be determined based on (10),
as follows:

Cs (25)

1
(Ly — Lp_ip)w?’

In order to verify the design method, the voltage and transcon-
ductance gain and the phase angle of the input impedance for
LCC-Series compensation topology are given in Fig. 5. The
ZPA is achieved at resonant frequency in CC charging. In
addition, the output current in CC charging is constant at the
resonant frequency of 85 kHz. Thus, the load independent CC

Cr= (26)
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charging with ZPA is achieved. When the WPT system operates
in CV charging, the ZPA is also achieved at resonant frequency.
However, as the load increases, the value of the output voltage
increases. Therefore, the PDM method is applied to S-BAR
switches to obtain constant output voltage in CV charging.

C. Constant Voltage Control Strategy

According to the analysis presented in previous section, the
aim of the control strategy is to regulate the output voltage
of the WPT system in CV charging control. For this purpose,
S-BAR topology shown in Fig. 2 is used. Thus, no wireless
communication between primary and secondary side is needed
as the S-BAR topology controls the output voltage while the
primary side inverter is operating at 85 kHz switching frequency
with 50% duty ratio. In addition, it is possible to regulate
the output voltage without changing any primary side control
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Fig. 6. Ideal waveforms of PDM control when pulse density value is 0.5.

parameters. Since the PDM control can achieve ZVS and ZCS
for the switches of S-BAR, we preferred the PDM control in
this work. The ideal waveforms of PDM control, when pulse
density value is 0.5, is shown in Fig. 6. vg5 and vgg represent
the control signals of the S-BAR switches. In the PDM control,
the output voltage V4, and the output power are regulated by
keeping the S5—S¢ switches ON-state during the several resonant
periods. The output is regulated with the controlling time 7 ¢y,
of rectifier’s switches within the determined time_ 71, for PDM.
S5 and Sg turn ON during T,y while the traditional diode bridge
turns ON during Topp.

During the operation of S-BAR, S;5 and the antiparallel diode
of Sg are turned ON, in the positive half-cycle of vy. In the
negative half-cycle of vs, Sg and the antiparallel diode of Ss
are turned ON. Thus, the voltage across the input terminal of
S-BAR is zero and no power is transferred to the load. The load
is fed by the output filter capacitor. The S5 and S¢ switches are
turned ON at the zero crossing of the secondary coil current, ig.
Thus, ZVS turn-ON for S-BAR switches is achieved, as shown
in Fig. 6.

The conventional diode bridge operates when the switches
of the S-BAR are turned OFF. D; and antiparallel diode of Sg
transfer the power to the output, in the positive half-cycle of v.
In the negative half-cycle of vz, Dy and the antiparallel diode of
S5 conduct the current and transfer the power to the output. As
shown in Fig. 6, S5 and Sg are turned OFF at the zero crossing
of ig. Thus, diodes are naturally turned ON with ZCS, in the
operation of the conventional diode bridge.

Based on the first harmonic approximation, the rms values
of the input voltage and the input current of the S-BAR can be
written, as follows:

Vi o = @(1 —d) @)
NG
Is rms = \/_‘/b t(l - d) (28)

WRbat
where d represents the pulse density value. It can be given as

TOII

29
Tan 29)

d=m X

where m represents the number of T oy time determined in
Tai. The average power transferred to the load can be given
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as follows:

8%at2

Pyat—pDM = 5(1—d)’Ro. (30)

72 Ryqt

The maximum load power is obtained when d is equal to zero.
With the PDM control strategy, the voltage and transconductance
gain characteristics of the LCC-Series compensation topology
are investigated. As shown in Fig. 7, the output voltage value
is kept constant regardless of the load by changing the pulse
density.

The proposed WPT system with PDM control is shown in
Fig. 8. Primary side inverter is operated at 85 kHz switching
frequency with 50% duty ratio. The control design is imple-
mented in FPGA located on secondary side. The output voltage
is controlled by adjusting d. The d is set in the FPGA to
generate the control signals of the S;—Sg switches according
to the PDM pattern of S-BAR. The driving signal of S5—Sg
switches is synchronized with ig. The zero-crossing points
of iy are captured by zero crossing detection (ZCD) circuit.
Thus, ZVS and ZCS operations for the switches of S-BAR
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Fig. 9. Photograph of the prototype of the proposed WPT system.

are also provided. Therefore, the ZCD signal plays an im-
portant role in the PDM. Thanks to PDM, both the output
current and the voltage regulation are provided at the constant
switching frequency.

IV. EXPERIMENTAL VERIFICATION

A. Hardware Prototype

In order to verify the proposed design procedure, a laboratory
prototype of the WPT system was built. The air gap between the
coupling coils is to 150 mm. The LCC-Series resonant topology
is configured based on the parameters listed in Table II. The
input and the output voltages are 200 V and 210 V, respectively.
The output current is constant at 5 A in CC operation. The
measured values for the coupling coils were given in Table 1.
Both primary and secondary coils consisted of N87 ferrite ma-
terial from EPCOS/TDK. High frequency polypropylene film
capacitors are used for the design of compensation capacitors
due to their low equivalent series resistance and high current
carrying capability. Multiple capacitors are connected in series
and parallel to achieve the theoretical value. The resonant in-
ductor is constructed with litz wire to reduce the conduction
losses. Since the voltage across of the compensation induc-
tor is high due to the resonance, a helical air core coil with
two layers is used. The primary side inverter was built with
silicon carbide (SiC) MOSFETs (C2M0040120D from CREE).
The S-BAR is built using 650 V SiC diode (C3D20065D from
CREE) and 800 V power MOSFETs (IXFK34N80 from IXYS) at
the secondary side. A Chroma dc Electronic Load was used to
emulate the battery behavior. In the design of PDM controller,
ZCD circuit for the secondary current is used. Thus, control
pulses of S-BAR switches, produced in FPGA logic design, are
applied at the correct time to achieve ZVS and ZCS operations. A
high-speed analog comparator (LMV7219) and digital isolator
(ADUM1100) were used in the implemented ZCD circuit. The
secondary current was sensed by the use of a shunt resistor in
the ZCD circuit. A photograph of the prototype of the proposed
WPT system is given in Fig. 9.

B. Measured Waveforms and Efficiency Performance of
CC/CV Charging Operations

First, CC charging operation is tested at two operation points.
Fig. 10(a) and (b) shows experimental waveforms of vy, 11, Vpat.,
and ip,¢ in the CC charging mode. As shown in Fig. 10(a), the
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Fig. 10. Measured current waveforms of vi, i1, Vbat, and ipat in the CC
charging. (a) Vin, = 200V, Vpae = 150V, and ipat = 5 A. (b) Vip, =200V,
Viat =210V, and ipay = 5 A.

output current ipa¢ 1S constant at 5 A, 750 W. Fig. 10(b) shows
the output current iy, is constant at 5 A, 1.05 kW. It can be
observed in both figures that the ZVS condition for the inverter
switches is achieved since the ZPA is achieved during the CC
charging period.

Fig. 11(a) and (b) shows experimental waveforms of vy, i1,
Vhpat, and ip,¢ in the CV charging mode. The output voltage is
obtained as 210 V at half load and 205 V at 25% load while the
switching frequency is constant at 85 kHz. It is shown in both
figures that soft switching operations are achieved during the
CV charging period.

Fig. 12(a) and (b) shows experimental waveforms of vy, i1,
vo, and ig in the CV charging mode at 50% and 25% load power,
respectively. According to the obtained results, ZVS operation
forthe S5, Sg switches and ZCS operation for D1, D5 diodes were
achieved. In addition, soft switching operation of the inverter
switches was also achieved since the WPT system operated at
resonance frequency. In order to provide the output regulation, d
was adjusted to 0.5 and 0.75 for 50% and 25% load conditions,
respectively.

Fig. 13 shows the measured efficiency of the proposed WPT
system from dc input of the inverter to the output of the S-BAR
in both CC and CV charging period. The efficiency performance
of PDM control was compared with PS control. According
to obtained values, PDM control significantly improves the
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Fig. 11.  Measured voltage and the current waveforms of v, i1, Vhat, and ipat
in the CV charging. (a)Vin, =200V, Vpat =210V, and ipat = 2.5 A. (b) Vin
=200V, Vpat =205V, and ipay = 1.25 A.

efficiency at light load conditions of CV charging operation.
The efficiency in CC operation is same since the LCC-Series
topology is designed with CC output characteristic at a con-
stant operation frequency. The peak efficiency of the system is
obtained as 93.8% at 1 kW in CC charging operation.

C. Output Voltage Regulation Performance

When the load is increased from 42 to 168 €2, the PDM is
enabled, and the pulse density is increased according to load
variation. In order to provide sensitive output voltage regulation,
especially light loads and under any misalignment condition,
256 resonant periods within the determined time 7)1, for PDM,
were implemented. Thus, the output voltage is kept constant
around 210 V. The maximum output voltage fluctuation of the
WPT is only 0.81% in CV charging. Fig. 14 shows the analytical
and experimental values of the output voltage as a function of
the load condition. When the load changes from full to 25%,
the pulse density is changed between O and 1. As shown in the
obtained values, analytical and experimental results are close
each other and the difference between them can be acceptable.

D. Transient Response

In order to verify the CC and CV control, transient responses
are given in Fig. 15. In CC charging operation, the output current
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Fig. 13.  Efficiency of the WPT system.

stays constant while the output voltage increases step by step.
The output voltage rises from 150 to 190 V and the output current
isconstant5 A, as shown in Fig. 15(a). In CV charging operation,
when the load changes from 75% to 50%, the output voltage is
nearly kept constant. As shown in Fig. 15(b), the output voltage
was measured around 210 V, during the output current changes
from 3.75 to 2.5 A.
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E. Misalignment Performance

In practical applications, the misalignment between primary
and secondary coils may occur. Due to misalignment of coupling
coils, the coupling coefficient deviates from its nominal value,
which affects the output current and voltage of the WPT sys-
tem. Therefore, the performance of the WPT system should be
considered when misalignment occurs. The output voltage reg-
ulation and the measured system efficiency under the different
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misalignment conditions are shown in Figs. 16 and 17, respec-
tively. In the measurements, the WPT system is tested to have
a lateral misalignment in the range of 0—75 mm, while the load
changes between 0.363 and 0.787 kW, in CV charging. Based on
the measurement results, the output voltage regulation is nearly
kept around 210 V while the load and misalignment change.
As well known, the efficiency of the WPT system decreases as
the misalignment increases. As can be seen from Fig. 17; the
efficiency values changes while the misalignment increases and
the load decreases. In case of 75 mm lateral misalignment, the
efficiency value of the WPT system is measured as 88.3% at
37.5% load conditions.

In order to test the misalignment performance of the proposed
WPT system, in CC charging operation, lateral misalignment
in the range of 0—75 mm is implemented. The measured effi-
ciency values, as function of misalignment, obtained at constant
85 kHz operation frequency were given in Fig. 18. According
to obtained values, when the misalignment changes between
0 and 75 mm, the output current changes between 5 and 5.55 A.
In order to keep the output current constant at 5 A, under
misalignment, the frequency control of primary side inverter
is necessary. However, the frequency does not vary over a wide
range to cope with misalignment. The CC output regulation of
the system can be achieved between 85 and 92.17 kHz.
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V. COMPARISON WITH THE OTHER METHODS

The PDM control method has been usually applied in SS
topology. In SS topology, the output power of the proposed WPT
system strongly depends on the parameters of coupling coils [7],
[22], [16]. Thus, we decided to apply the PDM control to a high-
order topology. In PDM control, some pulses are removed by
controlling the switches on the primary side inverter or S-BAR.
However, this is not an easy task for high-order topologies. The
inverter current is seriously affected and the switching moments
drift away from ZVS and ZCS due to duration time of PDM.
Thus, this method losses its inherent advantages compared to the
other control methods. So, PDM is not well suited for high order
topologies as the primary side inverter causes unstable operation.
However, the PDM control can be adapted to secondary side
series high order topologies using S-BAR. With this control
scheme, an improvement in the S-BAR efficiency is expected
due to minimized switching losses compared to the other control
methods. As a result, the proposed system can perform both CC
and CV operation based on high efficiency power transfer with
a single control method and single compensation topology in a
very simple structure. Fig. 13 verifies the efficiency performance
of the PDM control in CV charging operation, compared with
the PS control.

In Table III, the proposed WPT system has been compared
with the other studies, presented in the literature. The compar-
ison parameters, including frequency, power transfer distance,
efficiency, power rate, CC/CV charging performance, compen-
sation topology, and misalignment, are given in Table III. When
the studies are compared in terms of S-BAR control method,
the switches of S-BAR in [35] and [37] are operated with hard
switching due to PS control. Therefore, the overall efficiency in
[35] is lower than our study. In [37], the efficiency performance
is better than our study due to short air gap distance. However,
when the efficiency results in [37] are compared in the same air
gap, the efficiency performance of our study is better when the air
gap distance is 15 cm. In the studies presented in [40] and [41],
the PDM control was used for the secondary switches. However,
CC charging and misalignment issue are not considered in both
studies. In [38], frequency modulation controlled primary side
inverter and PS-controlled S-BAR can realize soft switching.
Misalignment issue is also discussed. Compared with [38], our
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TABLE III
PERFORMANCE COMPARISON OF THE PROPOSED WPT SYSTEM

Frequency Power Distance Efficiency = Compensation cc/iev Misalienment  Reference
(kHz) (kW) (mm) (%) topology charging &
35 33 170 92 SS Both Yes [35]
150 1.0 80 94.4 SS Ccv Yes [37]
30 7.5 40 74.2 SS (6\% No [40]
917 0.05 500 70 SS Ccv No [41]
50 0.151 N.A. 88.154 SS Both Yes [38]
85 2.5 150 89.28 LCC-Series Both No [7]
81.38-90 33 170 91.54 LCC-Series Both Yes [46]
fcc=90, foy=82 33 200 94.1 LCC-Series Both No [26]
foc =68, fey=79.1 6.6 200 96.1 D°“‘Z?‘é‘ded Both No [20]
85 1.05 150 93.8 LCC-Series Both Yes Proposed
work

WPT system performs better in terms of efficiency. In [7], hybrid
LCC-Series compensation is proposed to achieve CC and CV
charging under ZPA. However, the proposed system needs addi-
tional switches and passive components. Therefore, the overall
system efficiency is low. In [20], the WPT system can achieve
CCand CV charging under ZPA. However, misalignment issue is
not considered in this article. In addition, the used compensation
topology has a low power density. The method presented in
[26] realizes the load independent CC and CV outputs at two
different load independent ZPA frequencies, for the LCC-Series
topology. However, the given method may lead to unpredictable
self-inductance and mutual inductance of the coupling coils, so
it cannot be effective in the use of practical applications [28].
Compared with [46], our system performs better in terms of
efficiency thanks to soft switching operation of S-BAR. It can
be concluded from Table III that the proposed WPT charger
has competitive efficiency compared to the other WPT system
thanks to PDM control of LCC-Series compensated WPT system
including S-BAR circuit.

VI. CONCLUSION

In this article, the CC and CV performance of the WPT
system with LCC-Series compensation topology is evaluated
based on high efficiency power transfer. High efficiency is
obtained by the use of S-BAR circuit topology at the secondary
side. The proposed WPT system achieves the CC and CV
charging at the constant operation frequency. The LCC-Series
compensation topology is designed to be operated with ZPA
as load-independent in CC operation. The PDM control adjusts
the output voltage of the WPT system at 85 kHz as load inde-
pendent in CV operation. Thus, entire charging period of the
proposed system is provided at constant operation frequency
as load-independent. In addition, the ZVS/ZCS conditions are
achieved for the switches of S-BAR. Since the output voltage
is controlled only in secondary side, a wireless communication
between the primary and the secondary side is not needed during
the output voltage regulation. To verify the performance of the
WPT system, a prototype is built. The output voltage is regulated
around 210 V in a wide load range. The peak efficiency of
the WPT system is obtained as 93.8% in CC charging. The
efficiency of CV charging operation was significantly improved.

The output voltage regulation in CV charging control is varied
around 0.81% while the load is changed from full to 25%. The
PDM control also achieves the output voltage regulation, under
different misalignment conditions.
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