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Research and Design of Misalignment-Tolerant
LCC–LCC Compensated IPT System With

Constant-Current and Constant-Voltage Output
Jingang Li, Xuze Zhang , and Xiangqian Tong , Member, IEEE

Abstract—It is well known that loads of inductive power transfer
systems are often energy storage devices. The major benefit of an
LCC–LCC compensation topology is that without the additional
compensation elements and control methods, the load-independent
constant current (CC) and constant voltage (CV) outputs, required
by energy storage load, can be achieved at different resonant
frequencies. However, the misalignment between two coils at the
transmitting and receiving sides is inevitable and can lead to the
variation of the resonant frequency in CC or CV output. Therefore,
a unique design approach to the LCC–LCC compensation topology
is proposed in this article. With the presented method, the resonant
frequency, at which load-independent output characteristics can
be also implemented, is constant and unaffected by the coupling
coefficient, whether in CC mode or CV mode. Furthermore, the
transmission gain, which is only impacted by the coupling coeffi-
cient, can be conveniently modified by the conventional phase shift
control in two modes. Finally, a 120-W prototype is designed to
verify the validity of the theoretical analysis. The output current
and output voltage fluctuate by only 2.4% and 1.0% in the cou-
pling coefficient range from 0.23 to 0.3 and the large load range,
according to experimental results.

Index Terms—Constant current (CC)/constant voltage
(CV), LCC–LCC compensated topology, load independence,
misalignment tolerance.

I. INTRODUCTION

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

to better convenience, intelligence, and stronger environmental
adaptability in many applications, such as implantable medical
devices, light rail vehicles, and electric vehicles [1], [2], [3], [4],
[5], [6]. The IPT technology is adopted in these applications
to charge energy storage devices, such as lithium-ion batteries,
and to increase the life and cycle duration of these devices,
so the initial constant current (CC) output procedure and the
subsequent constant voltage (CV) output procedure must be
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implemented. However, the variation of the coupling coefficient,
i.e., the misalignment between two coils at the transmitting and
receiving sides, has a serious impact on the system performance.
Consequently, it is not a trivial design task to implement two
output modes over the variations of the misalignment between
two coils at the transmitting and receiving sides and the load.

Solutions to compensate for the variation of the coupling
coefficient are proposed. By optimizing the design of the coupler,
a relatively uniform magnetic field distribution can be obtained
for the constant output power [7], [8], [9], [10]. Complex control
strategies, such as multifrequency phase-shifted control [11], are
employed to enhance the misalignment-tolerant characteristic.
In addition, various hybrid compensation topologies have been
adopted to achieve constant transfer power with misalignment
in recent years. A novel series–hybrid topology is proposed
to achieve the target power transfer from −80 mm to +120
mm 1-D lateral misalignment [12]. Capacitors are required to
compensate the IPT system, whereas inductors are required
to tune the capacitive power transfer system. Therefore, the
hybrid inductive and capacitive wireless power transfer system
is proposed to transfer the target power [13], [14]. However,
none of the above methods involves CC or CV charging.

Consequently, the compensation topology with the
misalignment-tolerant CV or CC is paid more and more
attention. The hybrid coupler and hybrid compensation topology
are adopted to improve the misalignment-tolerant ability for
CV or CC output [15], [16]. Based on the characteristics of the
series/series–parallel compensation topology, the hybrid control
with the dynamic compensation and parametric design method
is proposed to implement CC or CV output over the wide
misalignment and load variation [17], [18], [19]. Likewise, a
novel design method of the T-series topology with misalignment
tolerance is proposed to achieve CC output [20]. Nevertheless,
only a single CC or CV output can be implemented over the
wide range of the load and misalignment in these considerable
efforts. To implement both CC and CV functions, an increasing
number of efforts are accomplished. A variable inductor
is integrated into a series–series network to compensate
for the variation of the coupling coefficient and load [21].
However, the implementation of the variable inductor requires
a complex control strategy, which increases the complexity
of the control system and does not facilitate the design of the
control system. In [22], to improve the misalignment tolerance
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Fig. 1. LCC–LCC compensated IPT converter.

of inductor–capacitor–capacitor compensation topology, the
dc–dc converter and switch-controlled capacitor are employed.
To implement two output modes, a hybrid reconfigurable
compensation network is adopted in [23]. But the transition of
two modes depends on two bidirectional power switches, which
are dissipative components, and the hybrid topology has only
unidirectional misalignment tolerance.

Owing to several benefits, such as more resonant frequencies
and high degree of design freedom, the LCC–LCC topology has
been widely researched [24], [25], [26], [27], [28], [29], [30],
[31]. The work in [24] and [25] is that the capacitance matrix
and auxiliary coil are adopted to compensate for the misalign-
ment to implement CC output. However, these strategies require
additional compensation elements, leading to an increase in the
system size. Two auxiliary switches are employed to change the
output characteristics of the LCC–LCC compensation topology
for implementing two modes [26], [27]. The penalty is that
additional switches and the associated driver circuitry result in
the reduction of efficiency. To eliminate additional components
and switches, several design methods based on several equiv-
alence models are proposed and load-independent CC and CV
outputs can be implemented at different resonant frequencies
[28], [29], [30], [31]. However, these resonant frequencies vary
with the misalignment. To track the resonant frequency, the
unified bidirectional tracking algorithm in [32] and [33] should
be analyzed and adopted.

For tackling the aforementioned concerns, a unique design
approach of the LCC–LCC compensation circuit is given to im-
plement two different output modes, over a wide load range and
misalignment between two coils at the transmitting and receiving
sides. The proposed method offers the following advantages over
the previous method [24], [25], [26], [27], [28], [29], [30], [31].

1) Without any auxiliary coil, auxiliary compensation com-
ponents, or auxiliary switch, the proposed IPT charger
is able to implement both two modes, which provides
efficiency, cost, and volume advantages.

2) The resonant frequencies in two modes are not only inde-
pendent of the coupling coefficient but also unaffected by
the load. Consequently, the system operates at a constant
frequency for CC or CV mode, which helps to assure the
IPT charger’s reliability.

3) In the absence of any complicated control technique, the
conventional phase shift control is applied to compensate
for variations in output current or voltage, caused by
the misalignment between the coils at the primary and

Fig. 2. Leakage inductance equivalent model of the LCC–LCC compensation
topology.

secondary sides. This means that the complexity of the
control system is greatly reduced.

Additionally, the rest of this article is composed as follows.
The misalignment-tolerant characteristics of resonant frequen-
cies in two modes are analyzed in Section II. Section III presents
the design procedure of the presented method. Section IV reveals
the simulation and experimental results. Finally, Section V con-
cludes this article.

II. ANALYSIS OF LCC–LCC COMPENSATION TOPOLOGY

Fig. 1 depicts the LCC–LCC compensation network [24],
[25], [26], [27], [28], [29], [30], [31]. L1, L2, and M denote
the self-inductance of two coils at the transmitter and receiver
and mutual inductance, respectively. The LCC circuit at the
transmitting side consists of Lf1, Cf1, and C1, and that at the
receiving side consists of Lf2, Cf2, and C2. RL depicts the load.
UR and IR depict the output voltage and output current of the
IPT converter, respectively. The inverter, employed to drive the
input dc voltage Ud, is made up of four MOSFETs S1,2,3,4. The
rectifier consists of four Schottky diodes.

As depicted in Fig. 2, the LCC–LCC compensation circuit can
be equated to the leakage equivalent model [26]. Ls1 and Ls2 are
the leakage inductance of two coils at the transmitting and receiv-
ing sides. Uin, Iin, Uo, and Io are the phasors of the input voltage,
input current, output voltage and output current, whereas I1 and
I2 represent vectors of the current flowing through Ls1 and Ls2.
Uin, Iin, I1, I2, Uo, and Io are the root-mean-square values of
corresponding variables.

The primary leakage inductance Ls1, the secondary leakage
inductance Ls2, R’L, and the coupling coefficient k are expressed
as [26]

Ls1 = L1 −M,Ls2 = L2 −M,k =
M√
L1L2

, R′
L =

8RL

π2
.

(1)

A. Misalignment-Independent Resonant Frequency in the CC
Mode

Based on Kirchhoff’s law, the KVL matrix equation can be
obtained as

⎡
⎢⎢⎣
U in

0
0
0

⎤
⎥⎥⎦ =

⎡
⎢⎢⎢⎣

jZf1 − 1
jωCf1

0 0

− 1
jωCf1

jZ1 −jωM 0

0 −jωM jZ2 − 1
jωCf2

0 0 − 1
jωCf2

jZf2 +R′
L

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎣
I in

I1c

I2c

Io

⎤
⎥⎥⎦
(2)
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where I1c and I2c represent I1 and I2 in the CC mode. Zf1, Z1,
Z2, and Zf2 can be written as⎧⎪⎪⎨

⎪⎪⎩
Zf1 = ωLf1 − 1

ωCf1

Zf2 = ωLf2 − 1
ωCf2

Z1 = ωM + ωLs1 − 1
ωCf1

− 1
ωC1

Z2 = ωM + ωLs2 − 1
ωCf2

− 1
ωC2

. (3)

It is easily derived from (2) that the ratio of the input voltage
Uin to the output current Io is expressed as

U in

Io
=

Cf2 (jZf2+R′
L)

M
(ωCf1Z1Z2Zf1

−ω3M2Cf1Zf1 − Z2

ωCf1

)

+
j

ωMCf2

(
1

ω2Cf1
− Cf1Z1Zf1

)
. (4)

Combining (1) and (4), if the components Lf1, Cf1, C2, and
Cf2 are selected to satisfy the condition in (5), i.e., Zf1 = 0 and
Z2 = 0, the output current Io-c is unaffected by the equivalent
load and can be expressed as (6). It can be concluded from (5)
that the resonant angle frequency ωc maintains a constant value
and cannot be affected by the coupling coefficient.

ω2
c =

1

Lf1Cf1
=

1

L2

(
1

Cf2
+

1

C2

)
(5)

Io−c = − jω3
ck

√
L1L2Cf1Cf2U in. (6)

In practice, the capacitor decreases as the charging time in-
creases or the temperature rises. According to (4) and (5), the tol-
erance of the compensation components C1 and Lf2 cannot affect
the output current, whereas the condition of load-independent
CC output cannot be satisfied if components Lf1, Cf1, C2, and
Cf2 vary. Thus, it is necessary to analyze the tolerance of com-
ponents.

Based on (3)–(5), if Lf1, Cf1, C2, or Cf2 varies, the output
current Io-Cf1, Io-Lf1, Io-C2, and Io-Cf2 can be further deduced
as

Io−Cf1

=

U inω
3
cMCf2Cf1

ΔCf1

Cf1

ΔCf1(Cf1−ΔCf1)
−ω5

cM
2C2

f2Zf2−ωcZ1 + jω5
cM

2C2
f2R

′
L

(7)

Io−Lf1 =

U in

ΔLf1

MCf2R′
L

L2
f1Cf1

+ j
(

MCf2Zf2

L2
f1Cf1

+ Lf1

ωcΔLf1MCf2
+ Cf1Z1

MCf2

)
(8)

Io−C2 =
U inω

3
cCf1MCf2C2 (C2 −ΔC2)

C2 (C2 −ΔC2)− ωcΔC2C2
f2 (Zf2 − jR′

L)
(9)

Io−Cf2 =
U inω

3
cCf1MCf2 (Cf2 −ΔCf2)

Cf2 − ωcΔCf2 (Cf2 −ΔCf2) (Zf2 − jR′
L)

(10)

where ΔLf1, ΔCf1, ΔC2, and ΔCf2 express the tolerance of
corresponding components.

Fig. 3. Leakage inductance equivalent model of LCC–LCC compensation
topology for the CV mode.

It is easily derived from (7) to (10) that whether Lf1, Cf1, C2,
or Cf2 varies, the characteristic of load-independent CC output is
influenced and output currents Io-Cf1, Io-Lf1, Io-C2, and Io-Cf2

decreases as the load increases.
From (2), (5), and (6), currents I1c and I2c of the resonant

network are expressed as follows in the CC mode:⎧⎨
⎩

I1c = U in

ωcLf1

[
Z2ω

2
cC

2
f2R

′
L + j

(
Z2ω

2
cC

2
f2Zf2 − 1

)]
I2c =

U inω
2
cC

2
f2M(R′

L+jZf2)

Lf1

.

(11)

B. Misalignment-Independent Resonant Frequency in the CV
Mode

It is easily deduced from (4) that the ratio of the input voltage
Uin to the output voltage Uo can be expressed in (12). It is
clear from (12) that the resonant frequency, at which the load-
independent output voltage is implemented, consistently varies
with the mutual inductance.

U in

Uo
=

jCf2Zf2

MR′
L

(
ωCf1Z1Z2Zf1 − ω3M2Cf1Zf1 − Z2

ωCf1

)

+
j

MR′
LωCf2

(
1

ω2Cf1
− Cf1Z1Zf1

)

+
Cf2

M

(
ωCf1Z1Z2Zf1 − ω3M2Cf1Zf1 − Z2

ωCf1

)
.

(12)

Therefore, to obtain the constant resonant frequency irrelevant
to the misalignment, Fig. 2 can be equated to Fig. 3, where Cf11

and Cf12 can be expressed as

Cf11 + Cf12 = Cf1. (13)

Similarly, the KVL matrix equation of this model can be
obtained as⎡
⎢⎢⎢⎢⎣
U in

0
0
0
0

⎤
⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎣

jZf1−v − 1
jωCf11

0 0 0

− 1
jωCf11

jZs − 1
jωCf12

0 0

0 − 1
jωCf12

jZ1−v −jωM 0

0 0 −jωM jZ2 − 1
jωCf2

0 0 0 − 1
jωCf2

jZf2 +R′
L

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣
I in

I1v

I2v

I3v

Io

⎤
⎥⎥⎥⎥⎦

(14)
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where Zf1-v, Z1-v, and Zs can be written as⎧⎨
⎩

Zf1−v = ωLf1 − 1
ωCf11

Zs = − 1
ωCf11

− 1
ωCf12

Z1−v = ωM + ωLs1 − 1
ωCf12

− 1
ωC1

. (15)

From (14), the ratio of the input voltage Uin to the output
voltage Uo is represented in

U in

Uo
= −ωCf2A− j

R′
L

(
ωCf2Zf2A+

B

ω2MCf12

)
(16)

where

A =
Z2Zf1−v

ω2MCf12
+

ωMCf12

Cf11
+

Z2Z1−vCf12

ωMCf11

− ωCf11Z2Z1−vZsZf1−v

M
− ω3Cf11Cf12MZsZf1−v

(17)

B =
Cf12Z1−v

Cf11
+

Zf1−v

ωCf12
− ω2Cf11Cf12Z1−vZsZf1−v. (18)

Obviously, it can be observed from (16) that if the condition
in (19) is satisfied, i.e., Zf1-v, Z1-v, and Zf2 are equal to zero, the
output voltage Uo can be expressed as (20). It can be observed
from (19) that the resonant frequency is constant regardless of
the coupling coefficient.

ω2
v =

1

Lf1Cf11
=

1

L1

(
1

Cf12
+

1

C1

)
=

1

Lf2Cf2
(19)

Uo−v =
−U in

ω4
vCf2k

√
L1L2Lf1Cf12

. (20)

The same as the CC mode, according to (16) and (19), the
tolerance of the compensation components C2 cannot affect the
output current, whereas the condition of load-independent CV
output cannot be satisfied if components Lf1, Cf1, C2, Lf2, or Cf2

varies.
Based on (16) and (19), the tolerance of the inductor Lf1 can

affect the condition in Zf1-v = 0, whereas if capacitor Cf1 varies,
since Cf1 is composed of Cf11 and Cf12, the tolerance of Cf1

cannot affect the resonant condition in Zf1-v = 0, but affect the
resonant condition in Z1-v = 0. The same as Cf1, the tolerance
of C1 can also influence the resonant condition in Z1-v = 0. If
Cf2 and Lf2 vary, the resonant condition in Zf2 = 0 cannot be
satisfied. Therefore, the output voltage Uo-Lf1, Uo-Cf1, Uo-C1,
Uo-Cf2, and Uo-Lf2 can be further deduced as

Uo−Lf1

=
U in

ωvCf2

Cf12

(
MZsΔLf1

L2
f1Cf11

− Z2ΔLf1

ωvMC2
f2
− ωvM

Cf11

)
− jΔLf1

ω2
vMC2

f2R
′
L

(21)

Uo−Cf1

=
−U inCf11

ω2
vCf2M (Cf12−ΔCf1)

(
1+Z2ΔZ1−v−Cf1

ω2
vM

2

)
+jΔZ1−v−Cf1Cf2

ω2
vMR′

L

(22)

Uo−C1 =
−U inCf11

ω2
vCf2MCf12

(
1 + Z2ΔZ1−v−C1

ω2
vM

2

)
+ jΔZ1−v−C1Cf2

ω2
vMR′

L

(23)

Uo−Cf2 =
−U inCf11

ω2
vCf12M (Cf2 −ΔCf2) + j ωvCf12MΔCf2

R′
LCf2

(24)

Uo−Lf2 =
−U inCf11

ω2
vCf12MCf2 + j ω3

vCf2Cf12MΔLf2

R′
L

(25)

whereΔZ1-v-Cf1,ΔZ1-v-C1,ΔLf1,ΔCf1,ΔC1,ΔCf2, andΔLf2

express the tolerance of corresponding components

ΔZ1−v−Cf1 =
ΔCf1

ωvCf12 (Cf12 −ΔCf1)
(26)

ΔZ1−v−C1 =
ΔC1

ωvC1 (C1 −ΔC1)
. (27)

From (21) to (25), compared to CC mode, the output voltage
increases with the load, whether component Lf1, Cf1, C2, Lf2, or
Cf2 varies.

From (14), (19), and (20), currents I1v, I2v, and I3v of the
resonant network are represented in the following equation in
the CV mode:⎧⎪⎪⎨
⎪⎪⎩

I1v = U in

ω2
vLf1R′

L

[(
1− Z1−vZ2

ω2
vM

2

)
(Zf2 − jR′

L) +
jZ1−vLf2

ω2
vM

2Cf2

]
I2v = U in

ω4
vM

2Lf1Cf12R′
L

(
Z2Zf2 − Lf2

Cf2
− jZ2R

′
L

)
I3v = U in

ω3
vMLf1Cf12R′

L
(Zf2 − jR′

L)

.

(28)

C. CC Output and CV Output Under the Misalignment

It is clear from (6) and (20) that the output current and output
voltage are independent of the equivalent load R’L, but can be
seriously affected by the coupling coefficient, i.e., the output
current is a proportional function of the coupling coefficient in
the CC mode and the output voltage is an inverse function of the
coupling coefficient in the CV mode. In addition, the tolerance
of compensation components can also lead to variations in the
output current and output voltage. Therefore, conventional phase
shift control is employed to maintain the constant transmission
gain in two output modes. Fig. 4 presents the typical waveforms
of drive and output signals about the phase shift control. UAB

can be regulated by modifying phase shift angle θ. In addition,
T indicates the switching period. The root-mean-square values
of the fundamental component UAB, denoted as Uin, is given
as [34]

Uin =
2
√
2Ud

π
cos

θ

2
. (29)

By substituting (26) into (6) and (20), the output current Io-c
and the output voltage Uo-v can be expressed as (30) and (31).
From (30) and (31), both the CC mode and CV mode can be
implemented over the misalignment by adjusting θ.

Io−c =
2
√
2ωck

√
L1L2Cf2Ud

πLf1
cos

θ

2
(30)
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Fig. 4. Switching sequence of phase-shifted control.

Uo−v =
2
√
2Ud

πω4
vCf2k

√
L1L2Lf1Cf12

cos
θ

2
. (31)

D. Analysis and Reduction of Power Losses

In the proposed IPT system, the power losses are mainly
composed of three parts, i.e., the losses of four rectifier diodes,
the resonant circuit, and four inverter MOSFETs [34].

The forward voltage drop is primarily responsible for the
power losses of the rectifier diodes. According to [34], the losses
can be calculated 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 consist
of the equivalent series resistances of transmitting coil, receiving
coil, and compensation components, and can be expressed as
[34]

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

+ I2L2 (rC2 + rL2)

+ I2Lf2rLf2 + I2Cf2rCf2 (33)

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

The power losses of the inverter MOSFETs mainly include
conduction losses and switching losses [34]. The conduction
losses are derived as

Pon−loss =
I2inrds

π
(3π − θ − sinθ) (34)

where rds is the ON-state resistance of the MOSFET.

The switching loss can be calculated as

Pswitch−loss = −2
√
2UinIincos

(
π − θ

2

)
f

(
Eon + Eoff

UdsIds

)
(35)

where EON, EOFF, Uds, and Ids are the turn-ON loss, turn-
OFF loss, drain–source voltage, and drain–source current of the
MOSFET.

The IPT system often operates at a high frequency and the
switching loss is the main power loss. As a result, it is signif-
icant to implement soft switching. For MOSFETs, zero voltage
switching (ZVS) is favored over zero current soft switching.
The condition in the following equation is a critical element to
implement ZVS [34]:

Ipk ≥ 2UbusCj

tdead
(36)

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

Therefore, it is necessary to derive the input current Iin for
ZVS. Based on (2) and (14), the impedance Zin-c and Zin-v can
be deduced as (37) and (38), respectively. From (37) and (38),
if the compensation components satisfy ac = 0 or av = 0, the
input impedance angle is zero and at this point, the imaginary
part increases as the coupling coefficient.

Zin−c =
Lf1

Cf1 (ω4
ck

2L1L2C2
f2R

′
L − jωcac)

(37)

Zin−v =
ω4
vC

2
f12k

2L1L2Lf1Cf2R
′
L

Cf11Lf2 − jCf11Cf2R′
Lav

(38)

where

ac = ω2
ck

2L1L2Cf2 − ω4
ck

2L1L2C
2
f2Lf2

− L1 +
1

ω2
cC1

+
1

ω2
cCf1

(39)

av=
1

ωvCf2
+

1

ωvC2
+ω3

vC
2
f12k

2L1L2

(
1

Cf11
+

1

Cf12

)
−ωvL2.

(40)

The fundamental input currents Iin-c-1st and Iin-v-1st of the
CC mode and CV mode can be derived as

I in−c−1st =
k2L1L2C

2
f2R

′
LU in

L3
f1Cf1

− jωcCf1acU in

Lf1
(41)

I in−v−1st =
L3
f2Cf11Cf2U in

C2
f12k

2L1L2Lf1R′
L
− jCf11avU in

ω4
vC

2
f12k

2L1L2Lf1
.

(42)

However, it is easy to notice from Figs. 2 and 3 that the LC
filter network exists at the input of the compensation network
in two output modes. Thus, the input current of the (2k+1)th
harmonics in two modes can be expressed as

I in−c−(2k+1)th ≈ U in−(2k+1)th

j (2k + 1)ωcLf1 +
1

j(2k+1)ωcCf1

(43)
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I in−v−(2k+1)th ≈ U in−(2k+1)th

j (2k + 1)ωvLf1 +
1

j(2k+1)ωvCf11

. (44)

It can be deduced from (43) and (44) that the high-order input
currents Iin-c-mth and Iin-v-mth can be calculated as∑

I in−c−mth ≈ U in

j4ωcLf1
(45)

∑
I in−v−mth ≈ U in

j4ωvLf1
. (46)

Therefore, the input currents Iin-c and Iin-v in both modes
can be expressed as follows:

I in−c = I in−c−1st +
∑

I in−c−mth (47)

I in−v = I in−v−1st +
∑

I in−v−mth. (48)

If the phase shift control is adopted, the input currents
iin-c(θ/2) and iin-v(θ/2) of two modes at the phase shift angle
θ can be expressed as follows:

iin−c

(
θ

2

)
=
4Udk

2L1L2C
2
f2R

′
L

πL3
f1Cf1

cos
θ

2
sin

θ

2
−4UdωcCf1ac

πLf1
cos2

θ

2

− Ud

πωcLf1
cos2

θ

2
(49)

iin−v

(
θ

2

)
=

4UdL
3
f2Cf1Cf2

πC2
f12k

2L1L2Lf1R′
L

cos
θ

2
sin

θ

2
− Ud

πωvLf1
cos2

θ

2

− 4UdL
2
f2Cf1Cf2av

πC2
f12k

2L1L2Lf1R′
L

cos2
θ

2
. (50)

As a result, according to (36), the input currents iin-c and iin-v
should satisfy the condition in the following equations for the
implementation of ZVS:

− iin−c

(
θ

2

)
≥ Ipk (51)

− iin−v

(
θ

2

)
≥ Ipk. (52)

E. Analysis of Resonant Network RMS Current and
Capacitors Voltage

At this point, the RMS current of the resonant network should
be analyzed for reasonable designing of the main switches of the
proposed IPT system. According to (11), (30), and (47), the RMS
current in the CC mode can be expressed as

I1c =
2
√
2Ud

πωcLf1
cos

θ

2

√
A2

1c +B2
1c

I2c =
2
√
2Udω

2
cC

2
f2k

√
L1L2

πLf1
cos

θ

2

√
R′2

L + Z2
f2

Iin−c =
2
√
2Ud

πωcLf1
cos

θ

2

√
A2

inc +B2
inc (53)

where A1c, B1c, Ainc, and Binc are written as

A1c = Z2ω
2
cC

2
f2R

′
LB1c = Z2ω

2
cC

2
f2Zf2 − 1

Ainc =
k2L1L2C

2
f2R

′
L

ωcL2
f1Cf1

Binc = ω2
cCf1ac + 1.

(54)

From (53), with the coupling coefficient increasing, the RMS
current I2c and Iin-c also increase, whereas the RMS current I1c
maintain constant. In addition, the RMS current I1c, I2c, and Iin-c
increase as the load.

Likewise, based on (28), (31), and (48), the RMS current in
the CV mode can be expressed as

I1v =
2
√
2UdCf11

πR′
L

cos
θ

2

√
A2

1v +B2
1v

I2v =
2
√
2Ud

πωvLf1
cos

θ

2

√
A2

2v +B2
2v

I3v =
2
√
2UdCf11

πωvk
√
L1L2Cf12R′

L

cos
θ

2

√
Z2
f2 +R′2

L

Iin−v =
2
√
2Ud

πωvLf1
cos

θ

2

√
A2

inv +B2
inv (55)

where A1v, B1v, A2v, B2v, Ainv, and Binv are written as

A1v=Zf2

(
1− Z1−vZ2

ω2
vk

2L1L2

)

B1v=Z1−v

(
Z2R

′
L

ω2
vk

2L1L2
+

L2
f2

k2L1L2

)

A2v =
Z2Zf2Cf2 − Lf2

ω3
vk

2L1L2Cf12Cf2R′
L
B2v =

Z2

ω3
vk

2L1L2Cf12

Ainv =
ωvL

3
f2Cf11Cf2

C2
f12k

2L1L2R′
L
Binv =

Cf11av
ω3
vC

2
f12k

2L1L2
+ 1. (56)

From (55), either as the coupling coefficient rises or as the
load rises, the RMS current I1v, I2v, I3v, and Iin-v decrease in
the CV mode.

The voltage stress of the resonant capacitors is an integral part
of the proposed IPT system design. Therefore, it is necessary to
analyze the voltage of the resonant capacitors in two modes.

Based on (11), (28), (53), and (55), the voltage of C1, C2, Cf1,
and Cf2 in the CC mode and CV mode can be deduced as

UCf1−c =
2
√
2Ud

πω2
cLf1Cf1

cos
θ

2

√
(Ainc −A1c)

2 + (Binc −B1c)
2

UC1−c =
2
√
2Ud

πω2
cLf1C1

cos
θ

2

√
A2

1c +B2
1c

UCf2−c

=
2
√
2Udωck

√
L1L2

π
cos

θ

2

√(
Cf2R′

L

Lf1

)2

+

(
Cf2Zf2

Lf1
−Cf1

)2

UC2−c =
2
√
2UdωcC

2
f2k

√
L1L2

πLf1C2
cos

θ

2

√
R′2

L + Z2
f2 (57)

UCf1−v =
2
√
2Ud

πω2
vLf1Cf1

cos
θ

2

√
(Ainv −A2v)

2 + (Binv −B2v)
2

UC1−v =
2
√
2Ud

πω2
vLf1C1

cos
θ

2

√
A2

2v +B2
2v

UCf2−v
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Fig. 5. Design procedure of the proposed LCC–LCC IPT converter.

=
2
√
2UdCf11

πωvk
√
L1L2Cf12Cf2R′

L

cos
θ

2

√(
1 + Zf2Cf2

Cf2R′
L

)2

+ 1

UC2−v =
2
√
2UdCf11

πω2
vk

√
L1L2Cf12C2R′

L

cos
θ

2

√
Z2
f2 +R′2

L. (58)

III. DESIGN OF THE LCC–LCC IPT CONVERTER WITH THE

PROPOSED METHOD

A. Parametric Design Procedure of the Presented Method

As analyzed in the previous section, the load-independent and
misalignment-tolerant characteristics of the proposed converter
are deduced for implementing two output modes. However, in
the practical design process, a set of parameters are required to
achieve two characteristics. Consequently, the practical design
procedure is illustrated in Fig. 5 and as follows.

Step 1: The self-inductance of coils at the transmitting and re-
ceiving sides need to be estimated by considering the volume
of the practical system. In addition, the minimum coupling
coefficient kmin should be determined based on air gap and

Fig. 6. Schematic diagram of the proposed IPT system.

Fig. 7. Schematic of control logic for the IPT charger.

Fig. 8. Experimental platform for LCC–LCC IPT converter.

maximum misalignment between two coils to ensure the
operating system in the inductive region.

Step 2: The resonant frequencies at two output modes should
be selected for designing the parameter of compensation
topology. For the IPT system, the lower frequency will result
in larger compensation elements and the higher frequency will
increase the complexity of the system design. Therefore, the
operating frequency of IPT systems is selected between 20
and 95 kHz [24], [25], [26], [27], [28], [29], [30], [31]. Thus,
the resonant frequencies of CC mode and CV mode can be
selected as 81 and 90 kHz, respectively.

Step 3: Assuming k = kmin, ac = 0, and av = 0, the value for
Lf1, Cf11, Cf12, and C1 can be calculated by using (5), (13),
and (39). Furthermore, Cf2, C2, and Lf2 can be determined
from (19) and (40).
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Fig. 9. Output current of the LCC–LCC compensation topology for various
load under different coupling coefficient. (a) k = 0.23. (b) k = 0.3.

Fig. 10. Output voltage of the LCC–LCC compensation topology for various
load under different coupling coefficient. (a) k = 0.23. (b) k = 0.3.

Step 4: It is indispensable to check whether the condition of
ZVS calculated by (51) and (52) is satisfied during the entire
charging process. If the results are not satisfied, the resonant
frequencies need to be reselected.

Step 5: The voltage stress of C1, C2, Cf1, and Cf2 in two modes
can be calculated by (57) and (58) to provide a reference for
the selection of capacitors.

B. Design of the Controller

Once parameters of compensation components are deter-
mined according to the above procedure, the system operates
at different resonant frequencies for achieving CC output and

TABLE I
PARAMETER OF THE PRIMARY AND SECONDARY COILS

TABLE II
COMPENSATION NETWORK PARAMETERS

CV output. However, variations of the coupling coefficient will
change the output current and output voltage of the system at
resonant frequencies. Therefore, the controller is required to
maintain constant current and constant voltage in the actual
situation. The schematic diagram of the proposed IPT system
is presented in Fig. 6. The load voltage UR and load current
IR are sampled and transmitted to the controller as feedback
signals. Then, feedback signals are transmitted to the controller
to enable the driver module to generate switching signals.

The control logic of the controller is shown in Fig. 7. The first
step is to compare the load voltage with the reference value to
determine whether the system should be operated in CC mode,
i.e., Sv=0 and Sc=1, or CV mode, i.e., Sv=1 and Sc=0. Then,
the switching logic of MOSFETs generated by the conventional
phase shift control is transmitted to the driver module.

IV. RESULTS AND DISCUSSION OF SIMULATION AND

EXPERIMENT

Since the misalignment tolerance of the compensation net-
work is investigated in this article, the conventional circular
coil is adopted. Fig. 8 shows two coils at the transmitting and
receiving sides and the parameters of the coils are shown in
Table I. The parameters of compensation components can be
determined assuming kmin = 0.2 for operating the system in the
inductive region as depicted in Table II.

A. Simulation Validation

Based on Tables I and II, the output current as the function
of the operating frequency with different equivalent ac loads is
shown in Fig. 9 under different coupling coefficients. There are
two conclusions that can be drawn from Fig. 9(a) and (b). On
the one hand, at a constant coupling coefficient, if the operating
frequency fc is 81 kHz, the output current is independent of the
load. On the other hand, when the coupling coefficient varies, the
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Fig. 11. Simulations of the LCC–LCC compensation topology in the CC mode. (a) k = 0.23. (b) k = 0.3.

Fig. 12. Simulations of the LCC–LCC compensation topology in the CV mode. (a) k = 0.23. (b) k = 0.3.

resonant frequency is constant and remains 81 kHz, whereas the
output current at fc = 81 kHz increases with increasing coupling
coefficient. In addition, when the resonant frequency varies by
3%, i.e., the range of the frequency is from 78 to 84 kHz, the
maximum variation of the output current is 8.7% but can be
modified by adjusting the phase shift angle.

The output voltage as the function of the operating frequency
with different equivalent ac loads is shown in Fig. 10 under
different coupling coefficients. Several similar conclusions can
be drawn from Fig. 10 that the load-independent characteristic
of the output voltage is implemented at the operating frequency
fv (90 kHz), and the resonant frequency maintains constant and
is unaffected by the coupling coefficient. Similarly, when the
resonant frequency varies by 3%, i.e., the range of the frequency
is from 87 to 93 kHz, the maximum variation of the output
voltage is 7.7% but can be modified by adjusting the phase shift
angle.

As a result, with the proposed design method, the effects of
variations in the coupling coefficient and load are effectively
minimized. The proposed IPT converter can operate at a constant
frequency whether in the CC mode or CV mode.

Fig. 11 shows simulations of the LCC–LCC converter in the
CC mode. In Fig. 11(a), when the output power varies from 120
to 60 W, the output current with a 0.75% variation remains 3.7
A at k = 0.23. Comparing Fig. 11(a) to (b), when k is from
0.23 to 0.3, the output current maintains 3.7 A by adjusting the
phase shift angle θ from 0° to 49° and at k = 0.3, the frequency,
at which the load-independent CC output characteristic is also
implemented, remains 81 kHz. In addition, in the CC mode,
whether k= 0.23 or k= 0.3, ZVS can be achieved under different
output power.

Fig. 12 shows simulations of the LCC–LCC converter in the
CV mode. Several similar conclusions can be deduced from
Fig. 12. On the one hand, at the constant coupling coefficient,
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Fig. 13. Experimental platform for LCC–LCC IPT converter.

the output voltage maintains at 78 V during different output
power and the maximum variation is 1.2%. On the other hand,
when k is varied from 0.23 to 0.3, the output current maintains a
constant value at 78 V by adjusting the phase shift angle θ from
51° to 0°. Furthermore, in the CV mode, whether k = 0.23 or
k = 0.3, the operating frequency maintains 90 kHz and ZVS is
also implemented.

B. Experimental Validation

As is shown in Fig. 13, to verify the effectiveness and prac-
ticability of the presented method, a prototype of 120 W using
LCC–LCC IPT converter has been constructed. Here, four MOS-
FETs with manufacturer part number SPW47N60C3 make up the
primary dc–ac full-bridge inverter, and four fast-recovery diodes
(MUR860T) consist of the secondary rectifier. An ALTBRA
EPCE10F17C8N FPGA is adopted as the closed-loop controller.
In this article, we focus on a novel design method to implement
the load-independent and misalignment-tolerant characteristics
of the LCC–LCC compensation topology for charging energy
storage load. Thus, the wireless feedback circuit should be
replaced by wired communication. Since the charging cycle of
energy storage devices is generally long, the load is replaced
with a variable resistance in this article.

Figs. 14 and 15 illustrate actual waveforms of the presented
LCC–LCC IPT converter in the CC mode under various output
power. As shown in Fig. 13(a) and (b), at k = 0.23, changing
the output power from 100% to 50%, the load current IR keeps
constant at 3.6 A and the variation of that is merely 2.4% when
the phase shift angle θ maintains a constant value and equals
0. Also, at k = 0.3, the same conclusion can be obtained from
Fig. 14(a) and (b). This means that regardless of the coupling
coefficient, the load-independent output current is implemented
at 81 kHz. Besides, several conclusions can be deduced by
comparing Fig. 13(a) with Fig. 14(a). On the one hand, the
output current, whose variation is merely 1.3%, remains 3.6 A by
adjusting the phase shift angle from 0° to 43°, when the coupling
coefficient k= 0.23 and k= 0.3. On the other hand, the operating
frequency fc (81 kHz) maintains a constant value unaffected
by the coupling coefficient. ZVS can also be implemented over
different output power and coupling coefficients in the CC mode.

Fig. 14. Experimental waveforms of the output current, output voltage, input
current and input voltage in the CC mode with different output power under k
= 0.23. (a) Rated power. (b) 50% of rated power.

Fig. 15. Experimental waveforms of the output current, output voltage, input
current, and input voltage in the CC mode with different output power under k
= 0.3. (a) Rated power. (b) 50% of rated power.

In the CC mode, there are two small errors in the experimental
results compared to the simulation. First, the output current is
reduced by 0.1 A, as a result of the equivalent series resistances
of compensation elements. Second, the maximum phase shift
angle is reduced by 6° due to the measurement tolerance in the
coupling coefficient.

Actual waveforms of the presented LCC–LCC IPT converter
in the CV mode under various output power are illustrated in
Figs. 16 and 17. It is concluded from Fig. 16(a) and (b) that at
k = 0.3, the load voltage UR maintains nearly constant at 77 V,
i.e., the variation is only 1.0%, when the output power is altered



LI et al.: RESEARCH AND DESIGN OF MISALIGNMENT-TOLERANT LCC–LCC COMPENSATED IPT SYSTEM WITH CC AND CV OUTPUT 1311

TABLE III
COMPARISON OF DIFFERENT DESIGN METHODS FOR THE LCC–LCC COMPENSATION TOPOLOGY WITH THE PROPOSED METHOD

Fig. 16. Experimental waveforms of the output current, output voltage, input
current, and input voltage in the CV mode with different output power under k
= 0.3. (a) Rated power. (b) 50% of rated power.

Fig. 17. Experimental waveforms of the output current, output voltage, input
current, and input voltage in the CV mode with different output power under k
= 0.23. (a) Rated power. (b) 50% of rated power.

Fig. 18. DC–DC efficiency at different misalignment and output power.

from 100% to 50%. Furthermore, based on Fig. 17(a) and (b), UR

also keeps nearly constant under different output power when the
phase shift angle keeps 46° at k = 0.23. Comparing Fig. 16(a)
with Fig. 17(a), some conclusions can be derived. When the
coupling coefficient k= 0.3, the output voltage remains the same
as that at k = 0.23 by adjusting the phase shift angle θ from 0° to
46°. Moreover, it can be found that the operating frequency re-
mains 90 kHz, no matter what the coupling coefficient. ZVS can
also be implemented over different output power and coupling
coefficients in the CV mode.

In the CV mode, in contrast to simulation, several minor errors
exist in the experimental results. On the one hand, the maximum
reduction of the output voltage is 1.2%, since there are equivalent
series resistances of compensation elements. On the other hand,
the maximum phase shift angle is reduced by 5° owing to the
measurement tolerance in the coupling coefficient.

Fig. 18 shows the dc–dc efficiency of the converter at different
coupling coefficients and output power. It can be noticed that
regardless of the coupling coefficient, the efficiency increases as
the output power in the two output modes. At the rated power,
the peak efficiency in the CC mode is 85.7% under k = 0.3,
whereas the peak efficiency in the CV mode is 89.4% under
k = 0.23. Owing to the increase of reactive power caused by
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variations of the coupling coefficient, the efficiency decreases at
other coupling coefficients.

The comparison of other design methods for the LCC–LCC
compensation topology with the proposed method is illustrated
in Table III. It is deduced from [28], [29], [30], and [31] that
without additional components, variations of the coupling coef-
ficient k affect the resonant frequency, the output voltage, and
the output current. According to [24], [25], [26], and [27], owing
to the application of additional compensation components, the
complexity of the system is increased and the implementation
of two output modes is limited. As a result, the most important
benefit of the proposed method is that the resonant frequency in
two output modes maintains constant unaffected by the variation
of the coupling coefficient k.

V. CONCLUSION

In this article, a novel design method of the LCC–LCC com-
pensation topology is proposed to implement CC/CV charging
of the IPT systems. The LCC–LCC compensation network is
precisely designed to achieve constant output current/voltage
regardless of the load and coupling coefficient. In compari-
son to other parametric design methods, the most significant
advantage is that the resonant frequency, at which the load-
independent output characteristic is implemented, maintains
constant whether in CC or CV mode. Consequently, the influence
of the misalignment can be greatly diminished and both two
output modes can be achieved with a single converter only by the
conventional phase shift control strategy. The excellent behavior
of the proposed system with respect to a stable operation has
been validated by experimental results.
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