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A Unique Design Approach of Double-Sided
LCC Compensated IPT System for

Misalignment-Tolerant Characteristic
Xuze Zhang, Jingang Li , and Xiangqian Tong

Abstract—For double-sided LCC compensation topology, it is
not easy to maintain the output current and output voltage constant
over the variation of coupling coefficient and load. Consequently,
in this article, a unique design approach is presented. With the
presented method, whether during a constant current output proce-
dure or constant voltage output procedure, the resonant frequency
maintains constant and cannot be affected by the coupling coeffi-
cient and load condition. In addition, the transmission gain is kept
constant in different misalignment by the phase shift modulation.
Zero voltage switching with the minimum reactive current can be
implemented by the switch-controlled capacitor (SCC) regardless
of the coupling coefficient and owing to the constant phasor of
the current flowing the SCC, the control system of SCC is greatly
simplified. Finally, a 60 W prototype is designed to verify the valid-
ity of the theoretical analysis. From the results of the experiment,
when the coupling coefficient range is between 0.13 and 0.2, the
fluctuation factors of output current and output voltage are only
0.5% and 1.0%, respectively.

Index Terms—Double-sided LCC compensation topology,
misalignment-tolerant characteristics, phase shift modulation,
switch-controlled capacitor (SCC).

I. INTRODUCTION

IN CONTRAST to the traditional physical contact charging
approach, inductive power transfer (IPT) technology with

unique advantages of stronger environmental adaptability, i.e.,
highly adaptable to different weather and different environ-
ments, nonelectrical connection, and better convenience holds
good prospects in many applications, such as underwater de-
vices, implantable medical devices, light rail vehicles, and elec-
tric vehicles [1], [2], [3], [4], [5], [6]. However, the misalignment
between the transmitting and receiving coils has a serious impact
on system performance. On the one hand, charge energy storage
devices, such as the lithium-ion battery, are widely employed
in these applications. Consequently, to increase the life and
cycle duration of these devices, the initial constant current (CC)
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output procedure and subsequent constant voltage (CV) output
procedure must be implemented. Nonetheless, the misalignment
causes the output current and the output voltage to fluctuate
in both CC and CV output procedures. On the other hand, the
misalignment leads to a rise in reactive power and, as a result, a
drop in efficiency.

Considerable efforts to solve the above-mentioned issues have
been proposed. Several hybrid couplers are adopted to improve
misalignment-tolerance [7], [8], [9], [10], [11]. Two auxiliary
coils are applied to enhance misalignment performance for
constant output current [8]. The use of quadruple-D quadrature
pads is proposed to reduce the fluctuation of output voltage,
affected by the misalignment [9]. A high misalignment-tolerant
characteristic is achieved by coupling a bipolar coupler with
a conventional series-series (SS) compensated converter [10].
But additional coils increase the size of the system and reduce
the efficiency. Relying on an investigation of the misalignment
characteristics of different networks, a few hybrid networks are
presented to compensate for the misalignment [12], [13]. In [12],
a hybrid SS and S-LCC compensated converter is adopted to
achieve CC or CV over the fluctuation of the coupling coeffi-
cient. The disadvantage of this hybrid topology is that there is
only unidirectional misalignment tolerance. Both CC output and
CV output are fulfilled by a novel hybrid network with two auxil-
iary switches [13]. However, there is low utilization of compen-
sation components. It seems to be a better solution that through
rational parameter design, the misalignment-tolerant capability
can be improved [14], [15], [16], [17], [18]. In [18], the T-series
compensated converter with a novel design method is proposed
to maintain constant output current. Nevertheless, only a single
CC or CV output can be implemented over the wide range load
and misalignment. Through operating the double-sided LCC
compensation network at the different resonant frequencies,
CC output and CV output can be implemented without any
compensation component and additional switch [19], [20], [21].
However, the misalignment of the primary and secondary coils
results in the fluctuation of the transmission gain and resonant
frequency.

Besides, the misalignment also causes the increase in reactive
power. A multivariable control strategy is proposed in [22],
which means a model that considers all variables is adopted
to improve system efficiency over wide load and misalignment
variations. Nevertheless, this strategy is utilized to transmit
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target power and does not take into account CC and CV output.
Several different impedance matching networks are employed to
compensate for misalignment [23], [24], [25], [26], [27], [28],
[29]. In [23] and [24], the capacitance matrix and multiorder
L-type matching circuit are used, respectively, where the com-
pensating elements are switched by controlling the auxiliary
switch. However, this method results in low utilization of the
compensation elements and increases the size and cost of the
system. A variable inductor is adopted to regulate the impedance
of the SS network [25]. However, a complex control strategy
must be adopted to adjust the variable inductor, which increases
the complexity of the control system. Adopting SCC seems to
be an efficient impedance matching method for compensating
reactive power [26], [27], [28], [29]. With the SCC, the CC and
CV output procedures of the series/series-parallel network are
implemented over the wide misalignment [26]. Unfortunately,
the resonant frequency in the CC output procedure depends on
the coupling coefficient, which means that the identification
of coupling coefficients is required. In [28] and [29], through
adopting the SCC, the inductor-capacitor-capacitor-series and
double-sided LCC compensated IPT system implement zero
voltage switching (ZVS) of CC output procedure and CV output
procedure, respectively. However, only a single CC or CV output
can be implemented. Besides, the phasors of the resonant cur-
rent, which is affected by the misalignment, have to be detected
to generate the correct driver signals for ensuring that the SCC
can operate properly.

In this article, for double-sided LCC compensation topology,
a unique design method with a switch-controlled capacitor
(SCC) and phase shift modulation is presented to compensate
for misalignment between the primary and secondary coils for
charging energy storage devices. The proposed method offers
the following advantages over the previous method.

1) In both CC and CV output procedures, with the pre-
sented parameter design method, the resonant frequency
is constant regardless of the misalignment and the output
current/voltage is unaffected by the load. This means that
compared to other methods, the influence caused by the
load variation and misalignment is lowered.

2) With the SCC, ZVS for reactive current minimization
is implemented in two modes. Further, the phase of the
current flowing through the SCC is unaffected by the load
or the coupling coefficient, which means that the SCC can
be adopted without any phase detection circuit of current.

3) In the absence of any complicated control technique,
conventional phase shift control is applied to compensate
for deviations in output current or voltage, caused by the
misalignment between the primary coil and the secondary
coil. In addition, two output procedures can be achieved
at different constant frequencies. This means that the
complexity of the control system is greatly reduced.

Additionally, the other parts of this article are composed as
indicated below: in Section II, the resonant conditions for the CC
and CV output procedures, as well as the impedance analysis of
the suggested circuit are described in this article. Section III
presents several principles for the control logic and gives the
design procedure of the proposed method. The results of the

Fig. 1. Double-sided LCC compensation network.

Fig. 2. Leakage inductance equivalent model of double-sided LCC compen-
sation topology.

simulation and experimental platform are revealed in Section IV.
Finally, Section V derives several conclusions.

II. ANALYSIS OF CHARACTERISTICS FOR DOUBLE-SIDED LCC
COMPENSATION NETWORK

Fig. 1 depicts the double-sided LCC compensation network.
L1, L2, and M denote self-inductance of the coils at the trans-
mitter and receiver and mutual inductance, respectively. The
transmitter compensation circuit is made up of Lf1, Cf1, and
C1, whereas the receiver compensation circuit is formed by Lf2,
Cf2, and C2. RL is the load. The load voltage and current are
represented by UR and IR, respectively. The high-frequency
inverter, which consists of four MOSFETs S1,23,4, can drive the
input dc voltage Ud. The full-bridge uncontrolled rectifier is
formed by the four Schottky diodes.

Fig. 2 depicts the leakage equivalent circuit. Ls1 and Ls2 is the
leakage inductance of the coils at the transmitting and receiving
side. R’L is the equivalent load. Uin, Iin, Uo, and Io are the
root-mean-square values of the input voltage, input current, the
current, and voltage of the equivalent load R’L. Uin, Iin, Uo,
and Io indicate the phasors of corresponding variables.

The individual components and input impedance of the leak-
age inductance equivalent model can be expressed as (1) and
(2)

Ls1 = L1 −M k = M√
L1L2

Ls2 = L2 −M R′
L = 8RL

π2

(1)

Zin = jωLf1 +
1

jωCf1
// (jωA+ Z//jωM) (2)

where k denotes the coupling coefficient, Z = jωB+ [1/jωCf2

//(R’L +j ωLf2)], A = Ls1-1/ω2C1, and B = Ls2-1/ω2C2.

A. Equivalent Model Analysis

There are many equivalent model methods of the double-sided
LCC compensation circuit to achieve CC and CV over the wide
load range [19], [20], [21]. However, the resonant frequency in
the CC or CV output procedure established by these equivalent
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Fig. 3. Equivalent model. (a) Voltage-fed L-circuit. (b) Current-fed L-circuit.
(c) Current-fed π-circuit.

approaches may be changed, if the misalignment varies. As a
result, in this article, a hybrid equivalent model of the L-network
and π-network, as shown in Fig. 3, is adopted to achieve con-
stant resonant frequency in both CC and CV output procedures
independent of the misalignment. Z1, Z2, Z3, Z4, Z5, Z6, and Z7

are the equivalent impedances of the corresponding components
in Fig. 3. Uin-LV, Iin-LV, Uin-LC, Iin-LC, Uin-π , Iin-π , Uo-LV,
Io-LV, Uo-LC, Io-LC, Uo-π , and Io-π indicate the phasors of
input voltage, input current, output voltage, and output current
in different circuits, respectively.

It can be derived from Fig. 3(a) that the output current Io-LC

can be expressed as

Io−LC =
Z2

(Z1 + Z2)ZR + Z1Z2
U in−LC . (3)

As can be noticed from (3), if the condition in (4) is satisfied
by designing Z1 and Z2, the output current, whose value and
phase are independent of the load ZR, can be represented as (5)

Z1 + Z2 = 0 (4)

Io−LC =
U in−LC

Z1
. (5)

Similarly, several conclusions can be drawn from the network
shown in Fig. 3(b) and (c). If Z3, Z4, Z5, Z6, and Z7 meet
the criteria in (6) and (7), respectively, the load-independent
characteristic of output voltage Uo-LV and output current Io-π ,
expressed as (8) and (9), is implemented

Z3 + Z4 = 0 (6)

Z5 + Z6 + Z7 = 0 (7)

Uo−LV = Z3Iin−LC (8)

Io−π = −Z5

Z7
Iin−π. (9)

B. Implementation of CC and CV Output Procedures

Based on the analysis of several models above, it is clear from
Fig. 2 that the resonant frequency can maintain constant unaf-
fected by the coupling coefficient and the load, if the equivalent
model contains the mutual inductance M and does not contain the
load R’L. As illustrated in Fig. 4, the double-sided LCC leakage

Fig. 4. Leakage inductance equivalent model for CC mode.

Fig. 5. Leakage inductance equivalent model for CV mode.

model can be equated to a combination of a voltage-fed L-circuit
and a current-fedπ-circuit. It can be derived from (4)–(6), and (8)
that the resonant condition and output current can be represented
as

ω2
c =

1

Lf1Cf1
=

1

L2

(
1

Cf2
+

1

C2

)
(10)

Io−c = ω2
ck

√
L1L2Cf2I1c =

ωck
√
L1L2Cf2U in

jLf1
. (11)

As shown in (10), neither coupling coefficient nor load can
affect the resonant frequency, i.e., the system can be operated
at a constant frequency in the CC output procedure. The output
current is independent of the load, according to (11).

Fig. 4 can be equated to Fig. 5 for deriving CV conditions.
Where Cf11 and Cf12 can be expressed as

Cf11 + Cf12 = Cf1. (12)

As shown in Fig. 5, the leakage model can be equated to a
combination of a voltage-fed L-circuit, a current-fed π-circuit,
and a current-fed L-circuit. Based on (4)–(9), the resonant con-
dition and output voltage can be expressed as (13) and (14)

ω2
v =

1

Lf1Cf11
=

1

L1

(
1

Cf12
+

1

C1

)
=

1

Lf2Cf2
(13)

Uo−v =
I3v

jωvCf2
=

I2v

jω3
vCf2Cf12k

√
L1L2

=
−U in

ω4
vCf2k

√
L1L2Lf1Cf12

. (14)

Likewise, according to (13) and (14), the resonant frequency
can not be affected by the coupling coefficient and the output
voltage is constant regardless of the load.

It is clear from the above analysis that in both CC and CV
output procedures, the load does not affect either the output
voltage/current or the resonant frequency and the coupling co-
efficient has no effect on the resonant frequency. This means that
for the presented system, different constant operating frequen-
cies are implemented in CC and CV output procedures, which
greatly simplifies the complexity of system control. However,
the misalignment can affect the output current and voltage from
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Fig. 6. Switching sequence of phase-shifted control.

(11) and (14). To solve this issue, the conventional phase shift
modulation strategy is adopted.

Fig. 6 depicts the typical operating waveforms of the phase
shift modulation, where v1,23,4 denote the drive signals of four
MOSFETs. In addition, T and θ denote the operating period and
phase shift angle, respectively. The root-mean-square values of
the input voltage Uin, is given as

Uin =
2
√
2Ud

π
cos

θ

2
. (15)

Substituting (15) into (11) and (14), respectively, the output
current Io-c in CC procedure and the output voltage Uo-v in CV
procedure can be denoted as (16) and (17). As a result, it can
be observed that the variation of Io-c and Uo-v, caused by the
misalignment, can be compensated for by adjusting the phase
shift angle θ

Io−c =
2
√
2ωck

√
L1L2Cf2Ud

πLf1
cos

θ

2
(16)

Uo−v =
2
√
2Ud

πω4
vCf2k

√
L1L2Lf1Cf12

cos
θ

2
. (17)

C. Implementation of ZVS

Based on the previous section, the CC and CV output proce-
dures can be realized only by conventional phase shift mod-
ulation over the variation of coupling coefficient and load.
However, variations of the coupling coefficient can affect the
input impedance, resulting in a reduction in efficiency.

Therefore, it is necessary to derive the impedance in both
output procedures to analyze the effect of the misalignment
between the coils at the transmitter and receiver. By substituting
(10) and (13) into (2), respectively, the impedance Zin-c and Zin-v

in CC and CV output procedures can be deduced as (18) and (19)

Zin−c =
Lf1 (Ac + jBc)

Cf1 (A2
c +B2

c )
(18)

Zin−v =
ω4
vC

2
f12k

2L1L2Lf1 (Av + jBv)

Cf1 (A2
v +B2

v)
(19)

Fig. 7. Typical output waveforms of the phase shift modulation.

where Ac, Bc, Av, and Bv can be expressed as

Ac=ω4
cC

2
f2k

2L1L2R
′
L

Bc=ω3
cCf2k

2L1L2−ω5
ck

2L1L2C
2
f2Lf2−ωcL1+

1
ωcC1

+ 1
ωcCf1

Av=
Lf2

R′
LCf2

Bv=ωvL2 − 1
ωvC2

− 1
ωvCf2

− ω3
vC

2
f12k

2L1L2

(
1

Cf11
+ 1

Cf12

)
.

(20)
It can be concluded from (18) and (19) that if the coupling

coefficient satisfies the condition in (21) and (22), i.e., Bc = 0
and Bv= 0, the input impedance angle is equal to 0 in CC and CV
output procedures. At this point, with the coupling coefficient
increasing in both output procedures, the imaginary part is
greater than zero, and on the contrary less than zero. Besides, the
phase shift modulation may prevent the MOSFET from achieving
soft switching. Therefore, the impedance modifying technology
must be adopted to compensate for the efficiency reduction
caused by the misalignment

k2c =
ω2
cL1 − 1

C1
− 1

Cf1

ω4
cCf2L1L2 (1− ω2

cLf2Cf2)
(21)

k2v =
ω2
vL2 − 1

Cf2
− 1

C2

ω4
vC

2
f12L1L2

(
1

Cf11
+ 1

Cf12

) (22)

Based on (10), (11), and (18), in the CC output procedure, the
impedance can be adjusted by changing the compensation ca-
pacitor C1, which has no effect on either the resonant frequency
or the output current. A similar conclusion can be deduced
from (13), (14), and (19). The compensation capacitor C2 in
the CV output procedure can perform the same function as the
compensation components C1 in the CC output procedure.

For a converter containing MOSFETs and diodes, ZVS is fa-
vored over zero current soft switching [30]. As a result, for the
implementation of ZVS, the correct analysis about the turn-OFF

current to meet the condition in (23) is a critical element [30]

Ipk ≥ 2UbusCj

tdead
(23)

where Ipk, Ub, Cj, and td denote the turn-OFF peak current,
input voltage, parasitic capacitor, and dead time of MOSFET,
respectively.

According to the above-mentioned analysis, when the phase
shift modulation is adopted, typical output waveforms at differ-
ent coupling coefficients are shown in Fig. 7. From Fig. 7, the
turn-OFF peak current of MOSFETs may be positive, i.e., ZVS is
not implemented when the misalignment occurs. Consequently,
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Fig. 8. Circuit diagram of SCC.

Fig. 9. Typical operation waveforms of SCC.

it is necessary to regulate the input impedance for the achieve-
ment of ZVS.

According to Fig. 6, the turn-OFF current ic(t0) in the CC
output procedure and iv(t0) in the CV output procedure can be
deduced from (18) and (19) and represented as

ic (t0) =
4Cf1Ud

πLf1
cos

θ

2

√
A2

c +B2
c sin

(
θ

2
− αc

)
(24)

iv (t0) =
4Cf1Ud

πLf1ω4
vC

2
f12k

2L1L2
cos

θ

2

√
A2

v +B2
vsin

(
θ

2
− αv

)

(25)

where αc and αv are represented as

αc = arctan (Bc/Ac)
αv = arctan (Bv/Av) .

(26)

It is clear from the above-mentioned analysis in this section
that ZVS can be achieved in the CC output procedure by mod-
ifying C1 to fulfill the condition in (27), and in the CV output
procedure, by adjusting C2 to satisfy the condition in (28)

− ic (t0) = Ipk ≥ 2UbusCj

tdead
(27)

− iv (t0) = Ipk ≥ 2UbusCj

tdead
. (28)

There are several impedance adjustment techniques [23], [24],
[25], [26], [27], [28], [29]. For the capacitance matrix [23], it
results in low utilization of the compensation elements and in-
creases the size and cost of the system. For the variable inductor
[25], magnetic saturation problems may occur. Consequently,
compared to other impedance adjustment techniques, the SCC,
represented in Fig. 8, is a very effective strategy [26], [27], [28],
[29]. The typical operating waveform of the SCC is depicted
in Fig. 9, where Ceq is the equivalent capacitance of SCC,
while u1C and u2C are the drive signals of S1C and S2C. At
the positive half-cycle of the current Ir, maintaining S1C OFF,

the capacitor Cx is discharged under the condition that S2C is
ON, while charged under the condition that S2C is OFF. At the
negative half-cycle of the current Ir, maintaining S2C OFF, the
capacitor Cx is discharged under the condition that S1C is ON,
while charged under the condition that S2C is OFF. As a result,
by adjusting the associated control angle β (π/2 <β <π), Ceq

can be regulated and represented as

Ceq =
πCx

2π − 2β + sin (2β)
. (29)

The main distinguishing characteristic of the SCC, as shown
in Fig. 9, is that the driver signals of S1C and S2C must be
generated based on the phasor of the current Ir. Based on (11)
and (14), the current I1c and I2v can be calculated as

I1c =
U in

jωcLf1
(30)

I2v =
U in

jω3
vLf1Cf12k

√
L1L2

. (31)

It can be deduced from (30) and (31) that the phasors of I1c
and I2v, which are irrelevant of load and coupling coefficient,
remain constant and always lag 90° behind the input voltage.
This means that without the phase detection device, the SCC
can be adopted to match the impedance in two output procedures
with the proposed method. Consequently, in this article, C1 and
C2 can be respectively contacted by an SCC in series to adjust
the impedance in CC and CV output procedures.

D. Analysis of Power Losses

In the proposed IPT system, the power losses are mainly
composed of four parts, i.e., the losses of four rectifier diodes,
the resonant circuit, two SCCs, and four inverter MOSFETs [28].

According to [28], the losses of rectifier diodes can be calcu-
lated as follows:

Pd−loss =
2
√
2VfIo
π

+ I2ord. (32)

where the forward voltage drop and the on-state resistance are
expressed by Vf and rd.

Likewise, the power losses about the resonant circuit con-
sisting of the equivalent series resistances of transmitting coil,
receiving coil, and compensation components, can be expressed
as [28]

Plc−loss = I2Lf1rLf1 + I2Cf1rCf1 + I2L1 (rC1 + rL1)

+ I2L2 (rC2 + rL2) + I2Lf2rLf2 + I2Cf2rCf2 (33)

where ILf1, ICf1, IL1, IL2, ILf2, ICf2 express the current flowing
through the corresponding components and rLf1, rCf1, rC1,
rL1, rL2, rC2, rLf2, rCf2 represent equivalent resistances of the
corresponding components.

The power losses of the inverter MOSFETs mainly include
conduction losses and switching losses [28]. Due to the im-
plementation of ZVS, switching losses are greatly reduced. The
conduction losses are derived as

Pon−loss =
I2inrds

π
(3π − θ − sinθ) (34)
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Fig. 10. Schematic diagram of the proposed WPT system.

Fig. 11. Schematic of control logic for the IPT charger.

where rds is the on-state resistance of the MOSFET.
According to [28], the losses of the SCC is expressed as

PSCC−loss = I2Srds + I2CrC (35)

where rC represents the equivalent resistance of CX.

II. IMPLEMENTATION OF THE PRESENTED IPT SYSTEM

A. Analysis and Design of the Control System

Based on the schematic illustration of the presented IPT
system represented in Fig. 10, the feedback signals consist of
the load voltage UR, load current IR, and the phasor of Uin and
Iin. The feedback signals are transmitted to the controller to
enable Driver 1, Driver 2, and Driver 3 modules for generating

the driver signals of MOSFETs S1,23,4,a,b,c,d to implement the
constant output and ZVS in two procedures.

The control logic of the controller is shown in Fig. 11. The
first step is to compare the load voltage with the reference
value to determine whether the system should be operated in
CC output procedure, i.e., Sv = 0 and Sc = 1 or CV output
procedure, i.e., Sv = 1 and Sc = 0. Then, the switching logic of
the MOSFETs generated by the conventional phase-shift control is
transmitted to Driver 1. In addition, in the CV output procedure,
the MOSFETs Sa,b maintain ON to eliminate alteration of the
resonant frequency caused by CX1, while the associated control
angle βv of Sc,d are generated based on the phasors of Iin and
Uin, i.e., βv = βv - Δβv, when the phase displacement between
Iin and Uin is less than zero, and βv = βv + Δβv, when the
phase displacement between Iin and Uin is greater than zero.
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Fig. 12. Design procedure of the proposed double-sided LCC IPT converter.

In the CC output procedure, the associated control angle βc of
Sa,b are generated based on the phasor of Iin and Uin, i.e., βc

= βc - Δβc, when the phase displacement between Iin and
Uin is less than zero, and βc = βc + Δβc, when the phase
displacement between Iin and Uin is greater than zero, while
MOSFETs Sc,d maintain ON to achieve the same purpose as the
CC output procedure.

B. Parametric Analysis and Design Procedure

According to the previous analysis, a set of parameters are
required in the practical application to satisfy the condition that
the output current/voltage is independent of the load and the
resonant frequency is irrelevant to the coupling coefficient. As
a result, the actual design process is presented in Fig. 12 for the
implementation of the proposed system.

First of all, the self-inductances of the coils at the transmitter
and receiver need to be estimated by considering the volume of
the practical system. In addition, the minimum and maximum
coupling coefficient kmin and kmax should be determined based
on air gap and maximum misalignment between two coils to

ensure safe system operation. In the next step, resonant frequen-
cies at CC and CV output procedures should be selected based
on the volume of the compensation components. According to
the analysis in the previous section, resonant frequencies fv and
fc at CC and CV output procedures should be selected to satisfy
the condition in (36). In general, the operating frequency of IPT
systems is selected between 20 and 95 kHz [19], [20]. Thus,
the resonant frequencies of CC and CV output procedures could
be selected as 81 and 90 kHz, respectively. Then, according
to the above analysis the compensation element parameters are
designed under the assumption that k = kmax. Consequently,
it can be deduced from (10), (12), and (13) that the value
for Lf1, Cf1, Cf11, Cf12, and C1 can be calculated by using
(37). Furthermore, from (21) and (22), C2, Cf2, and Lf2 can
be determined by (38)

fc
fv

≥ √
1− k (36)

Lf1 =
ω4
vkL1

ω4
c

Cf1 =
1

ω4
cLf1

Cf11 =
1

ω4
vLf1

Cf12 =
ω2
v − ω2

c

Lf1ω2
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2
v
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Cf12
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c

)
ω4
v (ω

2
cL1Cf1C1 − C1 − Cf1)

Cf2 =
1

ω2
vLf2

C2 =
Cf2

ω2
cL2Cf2 − 1

. (38)

At this point, it is indispensable to check whether minimum
transmission gains calculated by (16) and (17) in two output
procedures, i.e., assuming k = kmin in CC output procedure
and assuming k = kmax in CV output procedure, meet electrical
specifications of the system. If the results are not satisfied, the
resonant frequencies need to be reselected. Substitute (37) and
(38) into (16) and (17), transmission gains gc and gv in two
output procedures can be expressed as (39) and (40). It can be
noticed from (39) and (40) that transmission gains gc and gv
essentially increase with the fc. Next step, CX1 and CX2 need be
calculated to implement ZVS with minimum reactive current.
Based on (29), the equivalent capacitance of SCC increases
with the associated control angle β. Consequently, the minimum
value of SCC1 and SCC2 should be calculated and equal to CX1

and CX2. Based on the analysis in the previous section, CX1 can
be calculated by using (27) and (29) assuming k = kmax in CC
output procedure and CX2 can be calculated by using (28) and
(29) assuming k = kmim in CV output procedure

gc =
2
√
2ωc

πk
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Fig. 13. Experimental platform for double-sided LCC IPT converter.

TABLE I
PARAMETER OF THE PRIMARY AND SECONDARY COIL

TABLE II
ELECTRICAL PARAMETER OF THE PROPOSED SYSTEM

IV. RESULTS AND DISCUSSION OF SIMULATION AND

EXPERIMENT

As the misalignment-tolerant characteristic of the presented
system is investigated, the conventional circular coil is adopted.
Fig. 13 shows the coils at the transmitter and receiver and
Table I depicts the parameters of coils. This article focuses
on the correctness and feasibility of the proposed method.
Consequently, the load is replaced with a variable resistance
and electric parameters of the proposed system is depicted in
Table II. According to the above-mentioned design procedure,
other parameters can be determined assuming kmin = 0.13 and
kmax = 0.2, as shown in Table III.

According to the analysis in the previous section, it is clear
that owing to maintaining the MOSFETs Sc,d ON in the CC output
procedure, the current bypasses CX2, and owing to maintaining
the MOSFETs Sa,b ON in the CV output procedure, the current
bypasses CX1. As a result, based on Tables I and II, assuming
CX1 = 0 and CX2 = 0, the output current and output voltage as
the function of the operating frequency are shown in Figs. 14 and
15 under different coupling coefficient and load, where R = 5 Ω.
As clearly shown in Fig. 14(a), the output current is independent

TABLE III
COMPENSATION NETWORK PARAMETERS

Fig. 14. Output current of the double-sided LCC compensation topology for
various load under different coupling coefficient. (a) k = 0.13. (b) k = 0.2.

of the load at 81 kHz. Further, comparing Fig. 14(a) with (b),
the resonant frequency is constant 81 kHz whether k = 0.13
or k = 0.2. This means that characteristics in (10) and (11) are
implemented in the CC output procedure. Furthermore, similar
conclusions are drawn from Fig. 15 that the almost constant
output voltage is implemented at the operating frequency fv
(90 kHz) regardless of the load, and the resonant frequency is
unaffected by the coupling coefficient. This means that char-
acteristics in (13) and (14) are implemented in the CV output
procedure.

The input impedance angle of CC and CV output procedures
as the function of the coupling coefficient with different C1eq

and C2eq are shown in Fig. 16, where C1eq = C1 // πCX1 / [2π -
2βc + sin(2βc)] and C2eq = C2 // πCX2/[2π - 2βv +sin(2βv)].
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Fig. 15. Output voltage of the double-sided LCC compensation topology for
various load under different coupling coefficient. (a) k = 0.13. (b) k = 0.2.

Fig. 16. Input impedance angle various coupling coefficient under different
modes. (a) CC mode. (b) CV mode.

Fig. 17. Experimental platform for double-sided LCC IPT converter.

Fig. 18. Experimental waveforms of the output current, output voltage, input
current, and input voltage in CC procedure with different load under k = 0.13.
(a) RL = 55 Ω. (b) RL = 33 Ω.

Several conclusions can be drawn from Fig. 16(a) and (b). At
first, with the coupling coefficient increasing, the variation of
impedance angle cannot be ignored whether in the CC output
procedure or the CV output procedure. Second, for the same
coupling coefficient, the impedance angle of CC and CV output
procedures steadily increases as C1eq and C2eq decrease. Thus,
by modifying CX1 in the CC output procedure while by adjusting
CX2 in the CV output procedure, soft switching is enabled under
different coupling coefficients.

As depicted in Fig. 17, a prototype of 60 W has been
constructed to verify the validity and feasibility of the pro-
posed double-sided LCC IPT converter. Here, four MOSFETs
(SPW47N60C3) comprise the primary dc–ac full-bridge in-
verter, while four fast-recovery diodes with manufacturer part
number MUR860T make up the secondary rectifier. The ALT-
BRA EPCE10F17C8N FPGA is employed to implement all the
closed-loop control. The switches of SCC are also MOSFETs with
manufacturer part number SPW47N60C3.

The experimental waveforms of the proposed converter in the
CC output procedure are shown in Figs. 18–21. Comparing
Fig. 18(a) with (b), under k = 0.13, when the load RL changes
from 55 to 33 Ω, the load current IR nearly maintain constant at
1.10 A only with the 5° variation of the phase shift angle. Also,
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Fig. 19. Experimental waveforms of the output current, output voltage, input
current, and input voltage in CC procedure with different load under k = 0.2.
(a) RL = 55 Ω. (b) RL = 33 Ω.

Fig. 20. Experimental waveforms of uga, I1c, input current and input voltage
in CC procedure under different load and coupling coefficient. (a) RL = 55 Ω,
k = 0.13. (b) RL = 33 Ω, k = 0.13. (c) RL = 33 Ω, k = 0.2.

Fig. 21. Experimental waveforms of MOSFET S4 at RL = 55 Ω and different
coupling coefficients in the CC procedure. (a) k = 0.13. (b) k = 0.2.

Fig. 22. Experimental waveforms of the output current, output voltage, input
current and input voltage in CV procedure with different load under k = 0.13.
(a) RL = 55 Ω. (b) RL = 110 Ω.

from Fig. 19(a) and (b), the same conclusion can be obtained
under k = 0.2. Moreover, it can be deduced from Figs. 18(a) and
19(a) that when the coupling coefficient k is changed from 0.13
to 0.2, the output current remains 1.10 A by adjusting the phase
shift angle from 0° to 27° and the operating frequency fc (81 kHz)
maintain constant independent of the coupling coefficient.

It can be deduced from Fig. 20(a) and (b) that under k = 0.13,
when the load RL is changed from 55 to 33 Ω, ZVS with the
minimum turn-OFF peak current can be kept by regulating the
associated control angleβc from 133° to 93°. Contrast Fig. 20(b)
and (c), under RL = 33 Ω, when the variation of k is from 0.13
to 0.2, ZVS under the minimum reactive current can also be
maintained by adjusting βc from 117° to 133°. From Fig. 20(a)–
(c), the phasor of the current I1c flowing SCC1 maintains a
constant unaffected by the load and the coupling coefficient.
Fig. 21 shows that experimental waveforms of MOSFET S4 at RL

= 55 Ω and different coupling coefficients in the CC procedure.
From Fig. 21, ZVS can be implemented at different coupling
coefficients. Consequently, SCC can be adopted to regulate the
input impedance for ZVS in the CC procedure.

As depicted in Figs. 22–25, the experimental waveforms of
the presented double-sided LCC IPT converter during the CV
procedure are shown. From Fig. 22(a) and (b), the load voltage
UR maintains constant at 59 V when the load RL is 55 Ω and
110 Ω, respectively. Comparing Figs. 22(a) with 23(a), some
conclusions can be derived. At first, the output voltage at the
coupling coefficient k = 0.13 remains nearly the same as that
at k = 0.2 by adjusting the phase shift angle θ from 0° to 33°.
Second, it can be found that the operating frequency remains 90
kHz regardless of the coupling coefficient and load.

It is deduced from Fig. 24(a) and (b) that under k = 0.2,
when the load varies from 55 to 110 Ω, ZVS with the minimum
turn-OFF peak current is implemented by modifying the asso-
ciated control angle βv of SCC2 from 137° to 116°. Contrast
Fig. 24(b) and (c), ZVS under the minimum reactive current
can also be implemented by regulating βv from 116° to 91°
at RL = 33 Ω, when k varies from 0.2 to 0.13. As shown in
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Fig. 23. Experimental waveforms of the output current, output voltage, input
current and input voltage in CV procedure with different load under k = 0.2.
(a) RL = 55 Ω. (b) RL = 110 Ω.

Fig. 24. Experimental waveforms of ugc, I3v, input current and input voltage
in CV procedure under different load and coupling coefficient. (a) RL = 55 Ω,
k = 0.2. (b) RL = 110 Ω, k = 0.2. (c) RL = 110 Ω, k = 0.13.

Fig. 25. Experimental waveforms of MOSFET S4 at RL = 55 Ω and different
coupling coefficients in the CV procedure. (a) k = 0.13. (b) k = 0.2.

Fig. 26. Experimental waveforms of CC-to-CV transition at different coupling
coefficients. (a) k = 0.13. (b) k = 0.17. (c) k = 0.2.

Fig. 24(a)–(c), the phasor of the current I3v flowing SCC2 main-
tains constant regardless of the load and coupling coefficient.
Fig. 25 shows that experimental waveforms of MOSFET S4 at RL

= 55 Ω and different coupling coefficients in the CV procedure.
From Fig. 25, ZVS can be implemented at different coupling
coefficients. Thus, in the CV procedure, the SCC could be used
to modify the input impedance for ZVS.

Experimental waveforms of CC-to-CV transition at different
coupling coefficients are depicted in Fig. 26. Several conclu-
sions can be found from Fig. 26. On the one hand, during the
CC-to-CV transition with different coupling coefficients, the
output voltage UR and output current IR remain almost constant
after a transient response time of approximately 20 ms. After
the transition from CC to CV, the maximum variation of UR is
1.6% and that of IR is 1.7%. On the other hand, at the transition,
there is a slight voltage spike caused by the adjustment process
of the associated control angle βv.

Fig. 27 depicts the measured charging profile of output current
IR and output voltage UR data at different loads. From Fig. 27(a),
at k = 0.13, maximum variations of the output current in the CC
output procedure and output voltage in the CV output procedure
are 0.5% and 0.7%, respectively. From Fig. 27(b), at k = 0.2,
maximum variations of the output current in the CC output
procedure and output voltage in the CV output procedure are
0.6% and 1.0%. Therefore, two constant output procedures can
be implemented in the proposed IPT system.

Fig. 28 depicts that the dc–dc efficiency at different coupling
coefficients and loads in both two output procedures. It can be
noticed that at the constant coupling coefficient, with the load
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Fig. 27. Measured charging process versus the equivalent load. (a) k = 0.13.
(b) k = 0.2.

Fig. 28. DC–DC efficiency at different coupling coefficients and loads.

increasing, the efficiency increases in the CC output procedure,
while that decreases in the CV output procedure. The peak
efficiency in the CC output procedure is 90.6% under k = 0.13
and the load RL = 55 Ω. Due to the requirement to achieve
ZVS with the minimum turn-OFF peak current at different phase

shift angles, the reactive current increases at other coupling
coefficients, resulting in an efficiency lower than that at k =
0.13. The peak efficiency in the CV mode is 90.7% under k =
0.2 and the load RL = 55 Ω. Owing to the same reason, the
efficiency at other coupling coefficients is lower than that at k =
0.2.

V. CONCLUSION

In this article, a novel design approach with SCC control and
phase shift modulation of the double-sided LCC compensation
circuit is proposed. With the proposed method, during wide load
and coupling coefficient range, the double-sided LCC compen-
sated IPT system can implement CC and CV output procedures
by regulating the phase shift angle θ and ZVS with minimum
reactive current is implemented by modifying the associated
control angle of SCC. One of the most significant advantages
is that the SCC can be adopted without any phase detection
circuit, since the phasor of the current flowing through SCC in
two output procedures is not affected by the coupling coefficient
and load. Another additional benefit is that whether in CC or CV
output procedure, the proposed IPT converter can be operated
at an almost fixed frequency, which is beneficial for simplifying
the controller and improving the stability of the system. The
excellent behavior of the proposed system with respect to a stable
operation has been verified by experimental results.
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