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Abstract—This article presents a complementary coupling
integration method for an inductor–capacitor–capacitor-series-
compensated wireless power transfer (WPT) system to improve
the misalignment tolerance and power transfer capability. To this
end, a compensation (Cx) coil formed by a long rectangular coil
wound into a C-shaped structure is proposed. As a result, two
multiples of the mutual inductance (MI) between the Cx and
receiver (Rx) coils are added to the MI between the transmitter
and Rx coils, providing the MI complement effect to increase the
equivalent MI under both the perfectly aligned and misaligned
conditions. A mathematical model based on the Delta–Wye network
transform is developed to obtain the zero-phase-angle (ZPA) input
and load-independent constant current (CC) output conditions. A
1-kW scaled-down WPT prototype based on the proposed method
is built, and its performance is experimentally validated. The pro-
posed system achieves 85.22% efficiency at 150-mm air gap and
tolerates ±200-mm x-, y-, and diagonal misalignments, ±50-mm
z-misalignment, and 20◦ angular misalignment with ZPA input and
load-independent CC output as the load varies from 5 to 20 Ω. In
addition, the system performance is barely affected by the planar
rotation misalignment.

Index Terms—Complementary coupling integration, constant
current (CC) output, misalignment tolerance, power enhancement,
wireless power transfer (WPT).
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I. INTRODUCTION

W IRELESS power transfer (WPT) is gaining traction as a
promising way for charging electric vehicles (EVs) [1],

[2]. In the WPT systems, the primary transmitter (Tx) and
secondary receiver (Rx) coils are tuned to magnetic resonance
at the operating frequency and meet the highly resonant condi-
tions to enhance the power transfer. The coupling coefficient k
between the Tx and Rx coils is a critical design parameter to
enhance power transfer capability and efficiency [2]. However,
from practical perspectives, the constant output and maximum
efficiency cannot be guaranteed due to the load variation and
reduction of k affected by the misalignment between the Tx
and Rx coils. Therefore, the design of load-independent output,
i.e., constant current (CC) and/or constant voltage (CV) outputs,
is necessary to enhance a wide load variation range [1]. As k
has a positive correlation with the mutual inductance (MI), the
misalignment tolerance of the MI is the focus of the WPT system
design.

Several control schemes have been proposed to achieve the
desired CC and/or CV outputs, as well as improve misalign-
ment tolerance. These schemes include the utilization of ad-
ditional dc–dc converters, frequency tuning, phase-shift con-
trol, duty-cycle control, load identification, and hybrid control
strategies [2], [3]. In addition, achieving wider load adaptability
necessitates high-performance control and the use of larger com-
ponents. To address this, self-tuning methods based on switched
components with simplified control parameters have been pro-
posed. These methods aim to enhance misalignment tolerance
and optimize system performance [4], [5]. Furthermore, in [6],
a controlled capacitor matrix is designed, while Zhang et al. [7]
introduce a continuously controlled variable inductor. However,
in order to provide a substantial tolerance to misalignment and
load variation, it is crucial to design the controlled composi-
tion components with a wide resonant matching range [8]. On
top of the potential additional costs, there might be reliability
concerns associated with the speed and accuracy of the control
mechanism.

The design of the compensation (Cx) topologies, such
as series–series (SS) [9], series–series–parallel [10], series-
capacitor–inductor–capacitor [11], inductor–capacitor–capaci-
tor-series (LCC-S) [12], and LCC–LCC [13], is another
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approach to tolerate the MI and load variations. A detuned design
method based on the sensitivity of k is proposed for a family
of Cx topologies [10], [14]. However, this design approach is
complex, and the reactive power due to the nonresonant state
increases the cost. In [15], an X-type LLCC Cx topology is
proposed, which has a stable power transfer capacity without
requiring any dedicated coil design or precise control. Another
approach is presented in [16], where a reconfigurable topology
based on the equivalent detuned SS topology is proposed. Un-
der different load conditions, the two equivalent detuned SS
topologies can be switched at the crossover coupling coefficient
point by employing an ac switch to obtain the constant transfer
power–coupling coefficient curves. To address the limitation of
SS topology under large misalignments, a switchable topology
that transitions between the SS and LCCC-S configurations is
proposed in [17]. However, improving misalignment tolerance
capability solely based on the Cx topology design is insufficient.

Further improvement in misalignment tolerance can be
achieved by incorporating special magnetic couplers in conjunc-
tion with the Cx topology design [18], [19], [20], [21]. Moreover,
the integration of coils is employed to reduce the number of com-
ponents, power loss, and volume. The reversed-series structure
coils are also proposed as a means to improve the misalignment
tolerance capability [22]. However, when designing a constant
MI difference between the primary and secondary coils, it leads
to a decrease in the equivalent MI, thereby reducing power
transfer capacity. To address this issue, Zhang et al. [23] propose
the design of the Cx and Tx coils of the LCL-S topology as
identical reversed-series structures, firmly attached to enhance
the flux density. While this approach reduces reactive power loss,
it also imposes restrictions on the available topology options.
Furthermore, Yuan et al. [24] introduce a misalignment-tolerant
design based on a cost function optimization to increase the
degree of freedom in coil design and eliminate restrictions on the
correlation of MI variations between the primary and secondary
coils. Nevertheless, the inherent reduction in the equivalent
MI of reversed-series structure coils can result in a substantial
increase in the output power and a surge in the input current when
it exceeds the tolerance range, potentially leading to system
failure. This challenge remains to be fully resolved in [23]
and [24].

In order to maintain the equivalent MI and enhance mis-
alignment tolerance capability on the horizontal plane, several
coil configurations have been proposed. These include multiple
double-D (DD) coils [25], double solenoid quadrature coupler
coils [26], compact double-D quadrature pad coils [27], [28],
and compact quadruple-D quadrature pad coils [29]. These coil
configurations are combined with hybrid Cx topology designs
to achieve the desired performance.

By considering the opposite gain trends of the two hybrid
Cx topologies under misalignment conditions, the equivalent
MI can be stabilized [28]. Qu et al. [30] propose a general
design method for a family of hybrid Cx topologies. However,
these designs are primarily focused on compensating for the
equivalent MI under misaligned conditions to match the value
in the perfectly aligned state and do not have the capability to
enhance the equivalent MI in order to improve power transfer

capacity. In addition, under the perfectly aligned condition,
the MI-complemented coil is decoupled from the Rx coil and
remains uninvolved in the power transfer process, leading to
power loss.

An integrated LCC-S-compensated dual-Tx dual-Rx system
is proposed in [31], which improves the equivalent MI under
the perfectly aligned condition, albeit to a minimal extent. This
system achieves the decoupling of the two coils in the main coil,
and the low-power area is eliminated by connecting two unipolar
coils in series. However, this approach does not integrate the
space-occupant and high-power-loss Cx inductors. Moreover,
simultaneous achievement of misalignment tolerance for both
the Rxs under the x-misalignment condition is not feasible in
this system.

To improve the misalignment tolerance and power transfer ca-
pacity, particularly in scenarios involving light EVs, automated
guided vehicles (AGVs), and similar applications, this article
introduces an integrated magnetic coupler topology combined
with a misalignment tolerant strategy based on the LCC-S-
compensated WPT system. The main contributions of this article
are summarized as follows.

1) A novel integrated magnetic coupler topology that incor-
porates a complementary coupling effect is introduced.
Under misalignment conditions, the gain trends of the Cx
and Tx coils exhibit opposite behavior compared to the
MI. This unique characteristic is leveraged in the design
to enhance performance. In contrast to previous designs
employing hybrid Cx topologies, the proposed design
eliminates the need for coil decoupling considerations.
Instead, it focuses on enhancing the equivalent MI and
power transfer capacity by adding multiples of the MI
between the Cx and Rx coils to the MI between the Tx
and Rx coils.

2) The misalignment tolerance and output characteristics of
the integrated LCC-S topology are analyzed. Then, a
power-improving design method for the Cx topology is
proposed, achieving the load-independent CC output with
misalignment tolerance.

The rest of this article is organized as follows. Section II
focuses on analyzing the requirements of the zero-phase-angle
(ZPA) input and load-independent CC output for the integrated
LCC-S topology. Section III introduces the proposed integrated
coil structure and outlines the design methodology for achieving
misalignment tolerance. Experimental results for the proposed
design are provided in Section IV. Finally, Section V concludes
this article.

II. SYSTEM CONFIGURATION AND DESIGN

A. Equivalent Circuit Derivation and Cx Design

The circuit of the proposed LCC-S-compensated WPT sys-
tem is shown in Fig. 1, where Vdc is the dc input voltage and
V in is the H-bridge inverter output voltage with the nominal
operating frequency of 85 kHz on the primary side. Lf , Lp, and
Ls are the inductances of the Cx, Tx, and Rx coils, respectively.
As presented in Fig. 1 with red dashed arrows, the MIs between
the Cx and Tx coils, the Cx and Rx coils, and the Tx and Rx
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Fig. 1. Circuit configuration of the WPT system based on the LCC-S-compensated topology.

Fig. 2. Equivalent circuit of the proposedLCC-S-compensated WPT system.
(a) Mfp is decoupled. (b) T-model. (c) Simplified circuit by the Delta–Wye
network transform.

coils are defined as Mfp, Mfs, and Mps, respectively. Cf , CP,
and Cs are the resonant capacitors to the Cx, Tx, and Rx coils,
respectively. I f , Ip, and Is are the currents flowing through
the Cx, Tx, and Rx coils, respectively. V s is the input voltage
of the diode bridge rectifier on the secondary side. CB is the
filtering capacitor. IB and VB are the dc charging current and
voltage, respectively. RB is an equivalent resistance to model
the battery, where RB = VB/IB.

The equivalent circuit of Fig. 1 can be simplified to the circuit
shown in Fig. 2(a), in which

Cfe =
Cf

1− ω2MfpCf
(1a)

Vin =
2
√
2

π
Vdc (1b)

Re =
8RB

π2
(1c)

where Re is the equivalent resistance observed before the rec-
tifier. Based on the loosely coupled transformer, the primary
and secondary coils can be modeled by the T-model, as shown
in Fig. 2(b). Based on the Delta–Wye network transform and
defining

Lfe = Lf −Mfs −Mfp (2a)

Lpe = Lp +Mps −Mfp (2b)

Lse = Ls +Mps −Mfs (2c)

the circuit in Fig. 2(b) can be further simplified as the circuit
shown in Fig. 2(c), where

Le1 = − ω2LpeCp − 1

ω2 ((ω2 (Lpe −Mps)Cfe − 1)Cp − Cfe)
(3a)

Le2 = −
(
ω2LpeCp − 1

)
MpsCfe

(ω2 (Lpe −Mps)Cfe − 1)Cp − Cfe
(3b)

Le3 =
MpsCp

(ω2 (Lpe −Mps)Cfe − 1)Cp − Cfe
. (3c)

The equivalent circuit is shown in Fig. 2(c) and can be modeled
by

ZfeI f − jω (Le3 +Mfs) Is = V in (4a)

−jω (Le3 +Mfs) I f + ZseIs = −ReIs (4b)

in which

Zfe = jω (Lfe + Le1 + Le3 +Mfs) (5a)

Zse = jω (Lse + Le2 + Le3 +Mfs) +
1

jωCs
. (5b)

Based on (4), the input impedanceZin of the equivalent circuit
shown in Fig. 2(c) is given as

Zin = Zfe +
ω2 (Le3 +Mfs)

2

Zse +Re
. (6)

In (6), when

Zfe = 0, Zse = 0 (7)
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the imaginary part ofZin equals zero, and a purely resistive input
impedance is achieved and expressed as

Zin =
ω2 (Le3 +Mfs)

2

Re
. (8)

By substituting (1)–(3) and (5) into (7), the Cx capacitors can
be derived as

Cp =
α

ω2 (α (Lp −Mfp)− (Lf −Mfp))
(9a)

Cs =
Lf −Mfp

ω2
(
Ls (Lf −Mfp)− α (α+ 1)M2

ps

) (9b)

in which

α = ω2 (Lf −Mfp)Cfe − 1. (10)

It should be emphasized that the relation of Cs in (9b) cannot
be maintained due to the change of Mps caused by the misalign-
ment. Therefore, the ZPA-based resonance of the circuit will be
lost. To mitigate the impacts of the misalignment on the system
performance, (9b) is modified to

Cs =
1

ω2Ls
. (11)

Therefore, the currents in coils can be derived based on (9) and
(11) as

I f =
ReV in

ω2 (Mfs − αMps)
2 − j

αωM2
psCfeV in

(Mfs − αMps)
2 (12a)

Ip = − αReV in

ω2 (Mfs − αMps)
2 + j

αωMfsMpsCfeV in

(Mfs − αMps)
2 (12b)

Is = j
V in

ω (Mfs − αMps)
. (12c)

As can be found from (12c), based on the compensated
condition in (9a) and (11), the circuit shown in Fig. 1 can offer
a load-independent CC output.

B. System Efficiency and Power Improvement

The input active and reactive powers can be obtained by

Pin = �{V inI
∗
f } =

ReV
2
in

ω2 (Mfs − αMps)
2 (13)

Qin = �{V inI
∗
f } =

αωM2
psCfeV

2
in

(Mfs − αMps)
2 . (14)

To obtain the maximum system efficiency, the reactive power
Qin should be significant small. Therefore, to obtain the ideally
compensated condition ensuring maximum system efficiency,
Cfe should be optimally determined. Based on (13) and (14), let
the ratio of Qin over Pin be

τ =
Qin

Pin
=

αω3M2
psCfe

Re
. (15)

Solving the derivative of τ with respect to Cfe, the ideally com-
pensated condition to obtain the maximum system efficiency of

the Cx topology is derived as⎧⎪⎪⎨
⎪⎪⎩

dτ

dCfe
= 0

d2τ

dC2
fe
> 0

, ⇒ Cfe =
1

2ω2 (Lf −Mfp)
. (16)

Based on (16), (15) can be rewritten as

τ = − ωM2
ps

4 (Lf −Mfp)Re
� 1. (17)

Consequently, (12) can be simplified as

I f ≈ 4ReV in

ω2 (Mps + 2Mfs)
2 (18a)

Ip ≈ 2ReV in

ω2 (Mps + 2Mfs)
2 (18b)

Is = j
2V in

ω (Mps + 2Mfs)
(18c)

where the Cx conditions are simplified as

Cp =
1

ω2 (Lp + 2Lf − 3Mfp)
(19a)

Cf =
1

ω2 (2Lf −Mfp)
. (19b)

As can be found from (18), under the maximum-efficiency-
based Cx conditions, the system can offer the near-ZPA input.

The output active power Po can be derived as

Po = |I2
sRe| = 4V 2

inRe

ω2 (Mps + 2Mfs)
2 =

4V 2
inRe

ω2M2
eq

(20)

where Meq = Mps + 2Mfs is the equivalent MI of the proposed
design.

In comparison to the literature involving CC output, such as
the SS [32], LCL-S [23], and LCC–LCC [18] topologies, and
assuming an identical system configuration, the power ratios can
be derived as

λ1 =
Po

Po−SS
=

4M2
ps

M2
eq

> 1 (21a)

λ2 =
Po

Po−LCL
=

16M2
ps

M2
eq

> 4 (21b)

λ3 =
Po

Po−LCC
=

4L2
f1L

2
f2

M2
psM

2
eq

<
L2

f1L
2
f2

M4
ps

(21c)

where the subscripts “−SS,” “−LCL,” and “−LCC” refer
to the system with SS, LCL-S, and LCC–LCC topologies,
respectively.

Owing to the opposite gain trend of Mps and Mfs under
misalignment conditions, in order to obtain a constant equivalent
MI, based on the complementary coupling effect, Mfs is smaller
than Mps and, consequently, Meq < 2Mps. Therefore, λ1 is
larger than 1 and λ2 is larger than 4, indicating an increase in
the delivered power of the proposed design. Since Lf1 and Lf2

can be adjusted, the proposed design has the ability to offer an
output power comparable to that of the LCC–LCC topology.
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Fig. 3. (a) Coil structures on the primary and secondary sides. (b) Cross-
sectional view.

III. COIL STRUCTURE AND MISALIGNMENT TOLERANCE

DESIGN

Since the Cx and Tx coils are integrated into the primary side,
Mfp is constant. Based on (12), to achieve a stable output within
the misalignment range, the requirement can be presented as

Meq = Mps + 2Mps = Constant. (22)

Based on the abovementioned analysis, to achieve at least 50%
of the length of the Rx coil misalignment tolerant range, the
design objectives of the coils can be summarized as follows.

1) The trend of Mfs and Mps versus the misalignment should
be the opposite to achieve a stable Meq.

2) To obtain a larger misalignment tolerant range,Mfs should
increase at least within 50% of the length of the Rx coil
misalignment range.

3) The change in the equivalent MI Meq due to misalignment
should be minimized to maintain the CC output profile.

Let the mean value of a set of equivalent MIs be

M eq =

∑
Meq

N
(23)

where N = 180
D + 1 is the set size (D is the step size of mis-

alignment) and the maximum change of Meq is calculated by

δ = max

{
Meq−max −M eq

M eq
,
Meq−min −M eq

M eq

}
× 100%

< 10% (24)

where Meq−max and Meq−min are the maximum and minimum
values of Meq in the set, respectively.

To meet the objectives, the proposed coil structures are pre-
sented in Fig. 3. The Tx and Rx coils are square shaped, while

the Cx coil takes the form of a C-shaped coil, which is formed by
winding a long rectangular coil around the Tx coil. The Cx coil
is optimized by changing the number of turns and dimensions
to achieve the misalignment tolerance. The blue arrows in Fig. 3
show the direction of the currents flowing through the coils.

The coils are wound in a two-layer parallel configuration using
Litz wireφ = 3 mm in diameter, as shown in Fig. 3. Considering
the applications context for light EVs and AGVs, the Tx and Rx
coils have the same outer length of lo,Tx = lo,Rx = 360 mm.
The wire spacing of the Tx and Rx coils is 3 mm, and the
numbers of turns of the Tx and Rx coils areNp = 5 andNs = 18,
respectively. By setting the initial value of li1,Cx at 360 mm, the
outer length of the outer part of Cx coil is lo1,Cx = li1,Cx + 2φNf

mm. For at least 50% of the length of the Rx coil misalignment
tolerant design, as shown in Fig. 3(a), the inactive area of the
primary coil for the misalignment tolerance needs to be increased
by designing a larger Cx coil, which, however, results in more
magnetic flux leakage. Therefore, to ensure sufficientMfs within
a limited coil size providing a complementary coupling effect,
the Cx coil is closely wound and composed of Nf turns. Nf is
limited to 10 and increases from an initial value of 4 in steps
of 2. The value of li1,Cx is increased and limited to 420 mm by
a step size of 20 mm. The initial outer length of the inner part
of the Cx coil is set to be 300 mm, which decreases with the
misalignment in steps of 20 mm. The inner length of the Cx coil
is calculated as li2,Cx = lo2,Cx − 2φNf mm. The outer lengths
of the ferrite shielding, which has an initial permeability of 3300
on the primary and secondary sides, are lfp = lo1,Cx + 20 mm
and lfs = 380 mm, respectively. The thickness of the ferrite
is d = 2.5 mm. The primary and secondary coils within the
misalignment range are placed in two perfect parallel planes
with h = 150-mm air gap. The number of turns of Cx coil Nf

is optimally designed to meet the requirements. Since the coil
structures are symmetrical, the system yields the same output
under the x- and y-misalignments. Based on x-misalignment,
the design flowchart of the Cx coil is shown in Fig. 4.

To improve the optimization efficiency for Meq, the value and
polarity of Mfs are compared.

1) To achieve at least 50% of the length of the Rx coil
misalignment tolerant range, Mfs should increase as the
misalignment increases from 0 to 180 mm. Therefore,Mfs

reaches its maximum of at least 180-mm misalignment.
In other words, there should be |Mfs−180| > |Mfs−160|,
where “−160” and “−180” mean that the misalignments
are 160 and 180 mm, respectively. The number of prob-
lems to be solved can be reduced by calculating and
comparing |Mfs−180| and |Mfs−160| first.

2) To obtain the complementary coupling effect, the polarity
ofMfs must remain unchanged as misalignment increases.
As a result, Meq can be significantly enhanced under both
the perfectly aligned and misaligned conditions, improv-
ing the system efficiency.

After executing the flowchart in Fig. 4, the values of Nf that
achieve opposite trends in the MIs between the Tx and Rx coils
and the Cx and Rx coils, for at least 50% of the length of
the Rx coil misalignment tolerant range, are obtained as listed
in Table I.
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Fig. 4. Design flowchart of the Tx coil.

TABLE I
OPTIMIZATION RESULTS OF THE CX COIL

For cases #1–#4, the system is capable of providing a mis-
alignment tolerant range of 180 mm in the x-direction, while
maintaining an acceptable variation in the equivalent MI. For
cases #2 and #3, stable Meq can be maintained with a change
of 9.91% and 9.47%, which is much larger than 5.87% in case
#1 and 5.99% in case #4. However, Meq reaches its maximum
of 23.95 μH in case #2. To determine the optimal selection,
the variation Δ of the output current within the misalignment
tolerant range is compared

Δ =
Is−max − Is−min

Is−max + Is−min
× 100%

=
Meq−max −Meq−min

Meq−max +Meq−min
× 100% < 10%. (25)

From Table I, it can be observed that cases #1 and #4 can provide
relatively smaller output current fluctuations Δ180 compared
with cases #2 and #3 within 180-mm misalignment range.
Specifically, for case #4, Is demonstrates the minimum fluc-
tuation of 5.77% as x-misalignment varies from 0 to 180 mm.
Nevertheless, case #4 results in a higherMeq change of 5.99%, as
compared to 5.87% observed in case #1. Moreover, the system
outputs a higher Meq of 23.13 μH in case #1 than 20.10 μH
in case #4, reducing the primary volt-ampere rating to deliver

Fig. 5. Experimental setup.

TABLE II
PARAMETERS OF THE LCC-S-COMPENSATED WPT SYSTEM

the required power. Considering the objective of achieving the
same misalignment tolerance capacity, case #1 outperforms case
#4. When the misalignment increases to 200 mm, the smallest
Δ200 is attained in case #3. Although case #1 performs a larger
fluctuation in the output current of 10.33% compared with case
#3, the resulting variance is negligible at 2.07 μH compared
to the perfectly aligned condition and falls within an acceptable
range. Meanwhile, a larger magnetic flux leakage occurs in cases
#2–#4 due to the larger size of the Tx coil. Therefore, case #1 is
selected as the optimal outcome for the Cx coil design.

IV. EXPERIMENTAL VALIDATION

A. System Setup and Operation Analysis

To demonstrate the effectiveness of the proposed design for
the applications in light EVs and AGVs, a 1-kW laboratory-
scaled-down experimental prototype of the optimized LCC-
S-compensated WPT system is constructed and tested. The
prototype is based on the optimal result obtained from case #1,
as illustrated in Fig. 5. The air gap and misalignment conditions
are controlled using adjustable ABS polymer feet and pads,
which are magnetically transparent. The prototype parameters
are listed in Table II.

When the primary and secondary coils are perfectly aligned,
the steady-state waveforms of the input voltage V in and current
I f and output voltage V s and current Is are shown in Fig. 6.
These waveforms confirm the achievement of ZPA input and
validate the correctness of the theoretical analysis conducted for
the design.
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Fig. 6. Steady-state experimental waveforms of the input voltage V in and
current If and the output voltage V s and current Is under rated condition.

Fig. 7. Variations of Mfs and Mps versus the x-misalignment, and the com-
parison of Meq versus misalignment under x-, y-, and diagonal misalignments
from −240 to 240 mm.

B. Horizontal Misalignment Analysis

Based on Table II, the variation of Meq is calculated and ana-
lyzed under the x- and y-misalignments from −240 to 240 mm
with a step size of 30 mm, as well as the diagonal misalignment
that is composed of equal x- and y-misalignments, as illustrated
in Fig. 7. The subscripts with “-x,” “-y,” and “-diag” refer to the
x-, y-, and diagonal misalignments, respectively.

From Fig. 7, it can be observed that when the primary and
secondary coils are perfectly aligned, Mfs and Mps have the
same polarity but the opposite gain trends of the MI under
x-misalignment condition. By using the proposed design, the
equivalent MI Meq is improved to 21.51 μH, where two mul-
tiples of Mfs are added to Mps. Comparing the gain trends of
Meq versus the x- and diagonal misalignments, the maximum
variation Δ of Meq is 10.09% from 19.29 to 23.62 μH within
±200-mm misalignment. A change of 4.33μH is acceptable and
within the allowable range in practical applications. In addition,
apart from specific misalignment positions, Meq−diag shows
a similar trend with Meq−x since the diagonal misalignment
is composed of equal x- and y-misalignments. Nevertheless,
the changes of Meq−y are not identical in the symmetrical
range due to the terminal location of the C-shaped Cx coil,
as shown in Fig. 3(a), resulting in a slightly lower Meq−y, as
well as a 10.03% variation in Meq−diag. Despite this, Meq−y

indicates a reasonable misalignment tolerance with a maximum
Δ = 10.18% within a ±180-mm y-misalignment.

Fig. 8. Steady-state experimental waveforms of V in, If , V s, and Is

with RB = 10 Ω under (a) 100-mm x-misalignment and (b) 200-mm x-
misalignment conditions.

Furthermore, by installing the terminal side of the C-shaped
Cx coil perpendicularly to the direction of the vehicle, large
y-misalignments can be reasonably avoided. In addition, the
overlapped terminal design or changing the connection method
between the inner and outer coils of the C-shaped Cx coil can
mitigate the effect of the terminal on magnetic coupling, possibly
reducing the 15.18% variation of 5.67 μH to accommodate a
200-mm y-misalignment. By ignoring the measurement errors,
therefore, the proposed design demonstrates a similar mis-
alignment tolerance under x-, y-, and diagonal misalignments,
amounting to approximately 55.6% of the length of the Rx coil.

As analyzed, the horizontal misalignment tolerance of the de-
sign is only investigated under x-misalignment. At RB = 10 Ω,
Fig. 8 provides the steady-state experimental waveforms of the
system with 100 and 200-mm x-misalignment. Compared to
Fig. 6, the results show that the system can achieve the Meq-
independent ZPA input within 55.6% of the length of the Rx coil
misalignment range by using the proposed design. Furthermore,
the root mean square (RMS) Is has an acceptable maximum
change of 0.7 A from 11.4 to 12.1 A under 200-mm misalign-
ment compared to the perfectly aligned condition. Moreover,
the variation in the RMS Is is amount to 5.68%, spanning from
10.8 to 12.1 A within 200-mm misalignment range. Therefore,
the CC output is maintained within 55.6% of the length of the
Rx coil misalignment range, verifying the theoretical analysis
and the feasibility of the proposed method.

C. Vertical Misalignment Analysis

To evaluate the effectiveness of the proposed misalignment
tolerant design, Meq under the vertical misalignment, i.e., z-
misalignment, is measured as the air gap changes from 90 to
240 mm with a step size of 10 mm. As provided in Fig. 9, the
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Fig. 9. Variations of Meq versus the z-misalignment.

Fig. 10. Steady-state experimental waveforms of V in, If , V s, and Is with
RB = 10Ω under (a)−50-mm z-misalignment and (b) 50-mm z-misalignment.

opposite gain trends ofMfs andMps versus the misalignment are
maintained. Therefore, Meq performs a similar misalignment
tolerant profile between the vertical and horizontal misalign-
ments. In other words, under the z-misalignment condition, Meq

can be stable by using (22). It can be observed from Fig. 9 that
Meq varies from 18.92 μH under 100-mm air gap to 18.08 μH
under 200-mm air gap, where the maximum variation is 9.94%
of 3.99 μH. Within reasonable limits, the CC output can be
maintained within ±50-mm z-misalignment by ignoring the
measurement errors.

The experimental verification of the proposed design is carried
out under −50 and 50-mm z-misalignment with RB = 10 Ω,
provided in Fig. 10. As the air gap increases from 100 to 200 mm,
the RMS Is varies from 12.8 to 11.4 A and then to 12.1 A.
The maximum change of 1.4 A falls within an acceptable and

Fig. 11. Angular misalignment rotates around (a) the z-axis and (b) the line:
x = 0, z = d/2.

Fig. 12. Variations of Meq versus the angular misalignment.

allowable range in practical applications. This demonstrates that
the experimental system can achieve CC output independent of
the air gap within ±50-mm z-misalignment. Moreover, under
−50-mm z-misalignment, the ZPA input is maintained. As
shown in Fig. 10(b), a noticeable phase shift from the per-
fect ZPA is observed, which is attributed to the change in
the resonance state resulting from the alteration of topological
parameters under 50-mm z-misalignment. However, the phase
shift is minimal, guaranteeing the ZPA input.

D. Angular Misalignment Analysis

Angular misalignment is a common error in the WPT system,
which can be modeled as rotation around the z-axis and line:
x = 0, z = d/2, as depicted in Fig. 11. Given the symmetry of
the coil structure, the angular misalignment of Meq is tested
within 45◦ when rotating around the z-axis. However, owing to
the mechanical constraint in the experimental setup, measure-
ments are limited to angles up to 20◦ when rotating around the
line: x = 0, z = d/2. Based on the results shown in Fig. 12, the
maximum changes of Meq are 0.85 and 1.34 μH. These results
demonstrate that the proposed complementary coupling design
achieved by adding two multiples of Mfs to Mps enables the
system to maintain a stable Meq in the presence of reasonable
angular deviations.

Under the maximum angular misalignment conditions, the
ZPA input and CC output characteristics are measured and
presented in Fig. 13. It can be observed that the ZPA input can
be maintained under both types of angular misalignment. As the
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Fig. 13. Steady-state experimental waveforms of V in, If , V s, and Is with
RB = 10 Ω under (a) 45◦ rotation around the z-axis and (b) 20◦ rotation around
the line: x = 0, z = d/2.

rotation around the z-axis increases to 45◦, the RMS Is expe-
riences a change of 6.14% compared with its perfectly aligned
position. However, this change is only 0.7 A, which is acceptable
in practice. Therefore, the planar rotation misalignment barely
affects the system performance. Similarly, the RMS Is has an
acceptable change of 4.39% under 20◦ rotation around the line:
x = 0, z = d/2. Within reasonable limits, therefore, the system
can operate with a CC output within±20◦ rotation misalignment
around the line: x = 0, z = d/2.

E. Performance of the WPT System With Load Variations

The experiments with load variations are conducted and pre-
sented in Fig. 14 under the perfectly aligned condition. The
results indicate that I f remains in phase with V in throughout
the load variations, indicating the achievement of the load-
independent ZPA input. By adjusting the electrical dc load,
the RMS Is varies from 11.9 A at RB = 5 Ω to 10.6 A at
RB = 20 Ω, where the variation Δ = 5.78%. In comparison to
the nominal condition, these changes correspond to 4.39% and
7.02% variations, respectively. These findings highlight that the
system, built based on the proposed design strategy, is capable
of delivering a load-independent CC output with ZPA input
conditions.

F. Output Power and System Efficiency

The output power and efficiency of the proposed system
under different misalignments at RB = 10 Ω are provided in
Fig. 15, where the trends of η and Po can be explained by

Fig. 14. Steady-state experimental waveforms of V in, If , V s, and Is with
(a) RB = 5 Ω and (d) RB = 20 Ω.

Fig. 15. Output power and DC–DC efficiency versus (a) x-misalignment,
(b) z-misalignment, (c) rotation around the z-axis, and (d) rotation around the
line: x = 0, z = d/2.

the changes of Meq versus the misalignment. It can be ob-
served that the system efficiency stays approximately con-
stant, even with a maximum change of 5.15% under the
z-misalignment. Furthermore, the dc–dc efficiency η has a
maximum value of 86.44% under 100-mm x-misalignment.
Meanwhile, it can be maintained at over 80% within the
misalignment tolerance range, which complies with the SAE
J2954 and acceptable for a noncontrol WPT system. Un-
der the perfectly aligned position, the output power Po is
1005.28 W with η = 85.22%, which has a maximum variation
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TABLE III
COMPARISON WITH OTHER METHODS

Fig. 16. Power losses of the proposed system under rated condition.

of Δ = 10.32% under the z-misalignment. Considering the
measurement errors, the output power Po can be maintained
stable under the misalignment conditions within reasonable
limits.

The power losses in the topology, as shown in Fig. 16, are
much lower compared to the 213.61-W loss caused by compo-
nents, such as magnetic cores and semiconductors. Meanwhile,
the ac–ac efficiency can reach over 92% under the rated con-
dition, as shown in Fig. 6. As demonstrated by the proof-of-
concept prototype, the proposed strategy has been proven to be
effective and practical. Future works on optimizing the shield-
ing structure, equipment, and controller can be investigated to
improve system efficiency, reduce losses, and enhance system
performance.

G. Comparison With Other Methods

A comprehensive performance comparison between the pro-
posed and other misalignment tolerant design methods is given

in Table III, in which the percentages of the x- and y-
misalignment tolerance are relative to the Rx coil dimension.
Define the distance-to-diameter ratio as the ratio of the air
gap to the maximum length of the Rx coil. Upon reviewing
the table, it is evident that the proposed design offers superior
tolerance to z- and angular misalignments compared to previous
methods in [19], [21], [22], and [23]. While methods in [19],
[21], and [22] achieve higher efficiency, their performance is
limited to a smaller distance-to-diameter ratio. In addition, these
methods do not achieve the ZPA input condition or consider
load independence. In comparison to methods in [23], [24],
and [29], the proposed design exhibits higher tolerance to x-
and y-misalignments with a large distance-to-diameter ratio and
comparable efficiency. Moreover, the proposed design avoids the
reduction in the MI caused by the reverse-series structure, which
is observed in [23] and [24]. Meanwhile, compared to [29],
the proposed design does not incorporate any coil decoupling.
In [28], the DD pad can provide the complementary MI. Never-
theless, it only works when there is a y-misalignment to maintain
the MI to the same level as the perfectly aligned condition,
which cannot be used to increase the equivalent MI. Similarly,
the coupling complement effect works only when there is an
x-misalignment in [20], where the decoupling design should
be considered. Although the method in [31] achieves a higher
efficiency with a larger distance-to-diameter ratio, the proposed
design outperforms the method in [31] in terms of x- and y-
misalignment tolerance, particularly in the y-misalignment. Fur-
thermore, the tolerance in z- and angular misalignments is not
considered, and the two Rxs cannot tolerate the x-misalignment
simultaneously [31]. The distinguished contribution of this
article lies in the development of a complementary coupling
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integration strategy that enhances both misalignment tolerance
and power delivery capacity.

V. CONCLUSION

This article introduces a complementary coupling integration
strategy for LCC-S-compensated WPT systems, aiming to im-
prove misalignment performance and system transfer capacity.
This article provides a detailed analysis of the new integrated
coil topology and its Cx method, which incorporates ZPA input
and load-independent CC output.

The proposed design features a Cx coil constructed using a
long rectangular coil wound on a C-shaped structure. This design
enables the achievement of complementary MIs between the Tx
and Rx coils, as well as between the Cx and Rx coils. These
MIs exhibit opposite gain trends relative to misalignment, and
their combined effects are multiplied, thereby enhancing the
equivalent MI of the system. This approach outperforms hybrid
topologies, improving the equivalent MI in both the perfectly
aligned and misaligned conditions.

Furthermore, the proposed design offers a higher transfer
capacity compared to previous methods due to the increased
equivalent MI achieved through the complementary coupling
effect. To validate the theoretical analyses, a scaled-down pro-
totype with a power rating of 1 kW is built based on the proposed
design. The experimental results demonstrate the feasibility
and practicality of the approach, highlighting its potential for
high-power WPT systems that require stable output performance
even under significant misalignment conditions.

A limitation of the proposed method is its sensitivity to y-
misalignment, primarily caused by the terminal of the Cx coil.
However, there are potential avenues for improving the system
performance through optimization. One approach is to modify
the Cx coil’s terminal, such as by redesigning it to overlap or
changing the connection method between its inner and outer
coils. By exploring these additional optimization techniques, it
is possible to enhance the system performance to better suit
specific applications. Further research and development on this
front hold the potential for achieving significant improvements
in the future.
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