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Abstract—The coupling structure of a capacitive power transfer
(CPT) system eliminates the need for ferrite on the secondary
side, resulting in a lighter, thinner, and more cost-effective design
compared to an inductive power transfer system, while still achiev-
ing high power transfer efficiency. This makes CPT a promising
option for Uncrewed aerial vehicle applications. However, existing
researches cannot achieve efficient power transfer when lateral,
longitudinal, and rotational offsets occur. This article proposes a
novel multicell single capacitance coupled capacitive coupler with
strong lateral, longitudinal, and rotational antioffset performance
at any position of the transmitter. The top and bottom plates of the
transmitter consist of numerous interconnected rectangular cells.
To avoid excessive mutual capacitance on the primary side and to
enable effective coupling of the partial capacitance between the
bottom plate of the transmitter and the top plate of the receiver,
the rectangular cells of the transmitter’s bottom and top plates are
misaligned. When offset occurs, the top plate of the transmitter and
the bottom plate of the receiver can maintain reliable contact, and
the number of rectangular cells on the transmitter’s bottom plate
aligned with the receiver’s top plate remains nearly constant, ensur-
ing stable coupling capacitance and high power transfer efficiency,
general design guidelines for the dimension of the small rectangular
cells and the gap between the plates are also provided. Additionally,
an LC-LC topology is designed to verify the antioffset performance
of the proposed coupler in CPT circuit system, and the designed cir-
cuit operates with constant current, near zero-phase angle and zero
voltage switching operations under any offset condition. Finally, an
experimental prototype was built, demonstrating that the change in
coupling capacitance is less than 4.2 % under lateral, longitudinal,
and rotational offsets, indicating excellent antioffset performance.
The system achieves a peak efficiency of 82.5% at 34.28 W.

Index Terms—Antioffset, capacitive power transfer (CPT),
single capacitance coupled (SCC), Uncrewed aerial vehicle (UAV).
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Vae DC input voltage [V].

Received 1 September 2024; revised 21 October 2024 and 13 November 2024;
accepted 25 November 2024. Date of publication 28 November 2024; date of
current version 28 January 2025. Recommended for publication by Associate
Editor A. Kuperman. (Corresponding authors: Huan Yuan; Xiaohua Wang.)

The authors are with the Department of Electrical Engineering, Xi’an Jiaotong
University, Xi’an 710049, China (e-mail: liangcang @stu.xjtu.edu.cn; mzliu@
stu.xjtu.edu.cn; zhaofy2001 @stu.xjtu.edu.cn; wangdang @stu.xjtu.edu.cn; xh
w@xjtu.edu.cn; huanyuan@xjtu.edu.cn; yangaijun@xjtu.edu.cn; jfchu93 @xj
tu.edu.cn; mzrong @xjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3508769.

Digital Object Identifier 10.1109/TPEL.2024.3508769

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

A Multicell SCC Capacitive Coupler With Strong
Lateral, Longitudinal, and Rotational
Antioffset Performance

Cang Liang ", Student Member, IEEE, Mingzhe Liu

Vp Vs

)

Vi, Vo
Vg
Vi

Vrp
Ip Ig

s

B

15

i

Py, Py
P3, P,y
Lp, Ls
Crp

Crp_s

Cre 1L

Cre H

Cpum
Cpum_s

Cpum_s1

Cpum_s2

Cpum_s3

, Feiyang Zhao ", Danghui Wang,
, Aijun Yang”, Senior Member, IEEE,
, Senior Member, IEEE

Rms ac input and output voltage [V].

Rms voltage of capacitance Cpjs and Crpy
[pF].

Voltages of plate P; with respect to ground [V].
Voltages of plate P, with respect to ground [V].
Voltages of plate P, with respect to ground [V].
Rms ac input and output current [A].

DC output current [A].

Input current of plate P [A].

Input current of plate P; [A].

Input current of plate Py [A].

Transmitter plates on the primary side.
Receiver plates on the secondary side.
Compensation inductor of the transmitter and
receiver [pH].

Mutual capacitance between plate P and Py
[PF].

Mutual capacitance between plate Py (consid-
ered as an intact rectangular plate) and plate P,
[PF].

Mutual capacitance between the small rectan-
gular cells removed from plate P; and plate Py,
considering edge effects [pF].

Mutual capacitance between the small rectan-
gular cells removed from plate P, and plate Py,
neglecting edge effects [pF].

Mutual capacitance between plate P and P,
[pFI.

Mutual capacitance between plate P; and P’s
rectangular [pF].

Mutual capacitance between plate Py (as a
complete rectangular plate) and the rectangular
cells of plate Py [pF].

Mutual capacitance between the small rect-
angular cells removed from plate P; and the
rectangular cells of plate Py, accounting for
edge effects [pF].

Mutual capacitance between the small rect-
angular cells removed from plate P; and the
rectangular cells of plate Py, neglecting edge
effects [pF].
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Mutual capacitance between plate P1 and Py’s
line [pF].

Mutual capacitance between plate P; (as a
complete rectangular plate) and the connecting
lines of plate Py [pF].

Mutual capacitance between the small rect-
angular cells removed from plate P; and the
connecting lines of plate P, accounting for
edge effects [pF].

Mutual capacitance between the small rect-
angular cells removed from plate P; and the
connecting lines of plate P, neglecting edge
effects [pF].

Mutual capacitance between plate Py and Py
[pF].

Mutual capacitance between plate P4 and P3’s
rectangular [pF].

Mutual capacitance between plate P4 and Py’s
line [pF].

Compensation capacitance of the transmitter
and receiver [pF].

Equivalent capacitance of Cgps and C.;1 [pF].
Equivalent capacitance of C s and C.zo [pF].
Rectifier filter capacitance [pF].
Self-capacitance between the plate P and the
ground [pF].

Self-capacitance between the plate Py and the
ground [pF].

Self-capacitance between the plate P4 and the
ground [pF].

Maxwell capacitance matrix concerning the
charges Op, O, and Q7.

Admittance matrix of Cy.

Charge on plate P; [C].

Charge on plate P5 [C].

Charge on plate P4 [C].

Parasitic resistance of inductor Lp and Lg [€2].
Parasitic resistance of capacitance Cp and Cg
[€2].

Parasitic resistance of capacitance Cp [£2].
Contact resistance between Plates P, and Ps.
Load resistance [€2].

Operating frequency [Hz]

Angular frequency [rad/s].

Side length of the rectangular cell of plate Py
and P, [mm].

Length and width of the connecting line of the
rectangular cell of plate Py [mm].

Side length of the small rectangular cells re-
moved from plate P; [mm].

Side length of plate P4 [mm].

Thicknesses of the FR4 for both the transmitter
and receiver [mm].

Number of rectangular cells on the plate Ps in
contact with plate Ps.

Number of small rectangular cells removed
from plate P;.
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ng Number of small rectangular cells in plate Ps.

ns Number of connecting lines in plate P.

nr Number of small rectangular cells removed
from plate P; that are directly aligned with
plate Py.

€ Dielectric constant of the medium between the
plates (F/m).

p Resistivity of the conductor.

Coordinates of the endpoints of plate P, [mm)].
Coordinates of the endpoints of the ith small
rectangular cell of plate Py [mm].
Coordinates of the endpoints of the ith rectan-
gular cell of plate Py [mm].

Coordinates of the endpoints of the ith con-
necting line of plate Py [mm].

Coordinates of the endpoints of plate P; (when
plate Py is equivalent to a large rectangle)
[mm)].
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1. INTRODUCTION

N RECENT years, wireless power transfer (WPT) technol-
I ogy has advanced rapidly and found applications in various
industries [1], [2], [3], [4], such as electric vehicles (EVs) [5],
[6], [ 71, [8], Uncrewed aerial vehicle (UAV) [9], [10], consumer
electronics [11], [12], railways [13], and biomedicine [14], [15].
Among these, WPT technology enables UAVs to automatically
charge on charging platforms, thereby eliminating the need for
manual intervention and extending their operational range and
duration. Currently, capacitive power transfer (CPT) and induc-
tive power transfer (IPT) are the two commonly employed WPT
methods in UAV applications. Compared to IPT, CPT offers
several advantages: lighter and thinner coupling structures (does
not require ferrite on the secondary side), lower eddy-current
losses in nearby metal objects, more flexible coupler design with
better misalignment tolerance, and lower fabrication costs [9],
[16]. Therefore, CPT systems hold significant potential for UAV
applications [17]. Additionally, to address the misalignment de-
viations that occur when the UAV land on charging platforms, the
designed capacitive coupler must possess robust misalignment
tolerance [10].

The traditional four-plate CPT coupling structure consists
of two pairs of plates. To enhance the antioffset performance
of CPT systems, current researches mainly focus on coupling
structure design [9], [18], [19], [20], frequency tracking [21], and
topology optimization [22]. In terms of coupling structure de-
sign, a capacitive array composed of numerous interleaved small
plates has been proposed [18], achieving antioffset in the lateral
and longitudinal directions. However, this antioffset capability
fails when the receiver plate rotates, and the overall efficiency is
less than 66%. Other researchers have considered dividing the
transmitter plate into numerous small cells, using ac switches to
control these cells and reconfigure the transmitter plate structure
to achieve antioffset [19], [20]. However, when the receiver
plate undergoes large-scale lateral, longitudinal, and rotational
offsets, the two receiver plates may face the same transmitter
plate, causing cross-coupling capacitances, and rendering the
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antioffset design ineffective. Additionally, the need for monitor-
ing devices or wireless communication modules to determine the
position of the receiver plate in real-time and control massive ac
switches increases the system’s cost and complexity. In terms
of frequency tracking method, a dual-loop frequency tracking
and phase shift control method was reported [21], where fre-
quency tuning is achieved by input and output voltage tracking.
However, its antioffset capability is limited to no more than
33% of the transmitter dimension due to the limitations of
the coupler design. This method can only mitigate the power
transmission loss and efficiency reduction caused by coupling
mechanism offset. When large-scale misalignment occurs, such
methods become ineffective. Regarding topology optimization,
some researchers have designed an LC-CLC topology to en-
hance the antioffset performance of CPT systems [22]. However,
similar to the frequency regulation method, this approach fails
when misalignment causes large-scale cross-coupling between
nonadjacent plates. Traditional four-plate CPT systems, which
require two pairs of coupling plates, struggle to achieve high-
efficiency antioffset performance simultaneously when lateral,
longitudinal, and rotational offsets occur.

To enhance design flexibility, the single capacitance coupled
(SCC) WPT technology has been proposed [23], [24], [25],
[26], [27], [28], [29]. In this approach, only a single pair of
plates between the primary and secondary sides is coupled.
Some researchers have utilized the coupling between the wires
or compensation networks (on the primary and secondary sides)
and the ground to form a complete power transfer loop with
the SCC circuit [23], [24], [25]. However, this results in low
power transfer efficiency (with a maximum efficiency of 62%
in [25]) and lacks antioffset capabilities. On the other hand, as
reported in [26], an SCC WPT technology for EVs was proposed,
where the primary side compensation network is grounded,
and the vehicle’s chassis forms a coupling capacitance with
the ground, creating a complete power transfer loop with the
SCC circuit. However, this system does not possess antioffset
capabilities, and the output power and efficiency drop sharply
during misalignment. Other researchers have also grounded
the primary side compensation network and added extra plates
on the secondary side to form a coupling capacitance with
the ground to create a complete power transfer loop with the
SCC circuit [27], achieving lateral, longitudinal, and rotational
antioffset capabilities. Unfortunately, the efficiency of this cou-
pling mechanism is only 56.2%. On the other hand, to achieve
a large coupling capacitance between the additional plate with
the ground, the additional plate on the secondary side is sized
at 300 mm x 300 mm, which makes it unsuitable for small
UAV applications. Moreover, an SCC WPT technology for
railways has also been proposed [28], where a loop on the
primary and secondary sides is connected through the train’s
wheels and the tracks, combined with the SCC circuit to achieve
efficient power transfer. However, this coupling structure can
only achieve antioffset on a fixed path. In summary, existing SCC
CPT researches cannot achieve high-efficiency power transfer
simultaneously when lateral, longitudinal, and rotational offsets
occur. Moreover, when a UAV lands on a charging platform,
there is typically a contact point involved. By designing the
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Fig. 1. Diagram of the proposed multicell SCC system for UAV charging.
(a) Three-dimensional view of the charging platform. (b) Position of the receiver
plate on the UAV.

antioffset mechanism solely for the noncontact plates, the com-
plexity of the coupling structure can be significantly reduced.
Therefore, there is still room for further research on SCC CPT
coupling structures in UAV applications.

To achieve power transfer on UAV charging platforms that
is fully tolerant to lateral, longitudinal, and rotational offsets at
any position of the transmitter, a novel multicell SCC capacitive
coupler is proposed (as shown in Fig. 1). When offset occurs, the
top plate of the transmitter and the bottom plate of the receiver
can maintain reliable contact, and the number of rectangular cells
on the transmitter’s bottom plate aligned with the receiver’s top
plate remains nearly constant, ensuring stable coupling capaci-
tance and high power transfer efficiency. The proposed coupling
structure overcomes the shortcomings of the a matrix form of
IPT, including low coupling coefficients at the edges of the power
transfer area, significant heating of small unit coils, large trans-
mitter coil volume, and high costs associated with controlled
devices [51], [52], [53], [54], [55], [56]. In addition, an LC-LC
topology is designed to verify the proposed coupler’s antioffset
performance in CPT circuit system, while the circuit maintains
near zero-phase angle (ZPA) and zero voltage switching (ZVS)
when offsets occur. Simulation and experimental results demon-
strate that within the power transfer region of the transmitter,
the proposed coupling structure achieves efficient and stable
power transfer (with a maximum efficiency of 82.5% at 34.28 W)
under any lateral, longitudinal, and rotational offset conditions,
the change in coupling capacitance is less than 4.2%. Com-
pared to existing researches, the proposed coupling structure
is more versatile, capable of transferring power under a wider
range of offset conditions while maintaining high transmission
efficiency.

The rest of this article is organized as follows. Section II
describes the multicell SCC capacitive coupler. The design
process and the coupler’s antioffset performance are analyzed in
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Fig. 2. (a) Three-dimensional view. (b) Side view. (c) Dimension and offset
diagram of the multicell SCC capacitive coupler.

detail. Section III analyzes output characteristics of the proposed
coupling structure under lateral, longitudinal and rotational
offset conditions in CPT system within the LC-LC topology
circuit. Section I'V presents the prototype setup and experimental
verification. Finally, Section V concludes this article.

II. MULTICELL SCC CAPACITIVE COUPLER DESIGN

This section mainly introduces the design of the multicell
SCC capacitive coupler.

A. Coupler Structure

Fig. 2 illustrates the three-dimensional view, side view, dimen-
sions, and offset diagram of the proposed multicell SCC capaci-
tive coupler. The coupler comprises a transmitter and a receiver,
both etched on PCBs made from FR-4, with their thicknesses
labeled as dy and ds, respectively. The transmitter is composed of
a pair of 35-um-thick copper plates, P1 and P». Plates P1 and P»
consist of numerous interconnected rectangular cells. To avoid
excessive mutual capacitance on the primary side and to enable
effective coupling of the partial capacitance between plate Py
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Fig. 3.  Circuit diagram of (a) plate P2 not connected to ground and (b) plate
P> connected to ground.

and the top plate of the receiver, the rectangular cells of the
plate P; and plate P, are staggered, with the rectangular cells of
plate P5 positioned at the center of the rectangular array on plate
P1. The area of the receiver’s bottom plate (designated as P3) is
significantly larger than the rectangular cells of plate P5. When
an offset occurs, the transmitter’s plate P, and the receiver’s plate
P3 maintain reliable contact under any offset condition, ensuring
sufficient contact area to safely allow adequate current flow.
Additionally, the number of rectangular cells on the transmitter’s
plate P, that are aligned with the receiver’s top plate (designated
as P,) remains nearly constant when lateral, longitudinal, and
rotational offset occurs, ensuring stable coupling capacitance
and high power transfer efficiency.

The side length of the rectangular cell on plate P; is denoted
as /1. The dimension of /; influences the overall antioffset perfor-
mance of the system, which will be analyzed in the subsequent
section. The side length of the rectangular cell on plate P5 is
denoted as /5. [ must be smaller than /; to avoid excessive
internal resistance in the coupling capacitance between plates
P, and P, which would otherwise negatively impact power
transfer efficiency. The length and width of the connecting line
of the rectangular cell on plate Po are denoted as I3 and Iy,
respectively. To minimize the influence of the connecting line,
l4 should be as small as possible. The side length of the small
rectangular cells removed from plate P; is denoted as /5. To
ensure uniformity in the size of the rectangular cells on plate
Py, [, should be equal to /5.

B. Self-Capacitances to Ground Analysis

In a CPT system, the self-capacitance of each plate to ground
can affect power transmission [39], [40], as shown in Fig. 3(a).
Cp¢ represents the self-capacitance between the plate P; and
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the ground, C¢ represents the self-capacitance between the
plate P and the ground, and C 1 represents the self-capacitance
between the plate P, and the ground.

To analyze the effect of the self-capacitances of the transmitter
and receiver plates to ground, the charge on each plate can first
be calculated. Crp, Cpas, and C 1y are the mutual capacitances
between plates P, and P4, P; and P2, and P, and P, respec-
tively. The voltages of plates Py, P2, and P, with respect to
ground are defined as Vs, V), and V1, respectively. The charge
QO p on plate P; can be expressed as

Qe =Cpgc - Ve+Csum - (Ve —Vum)+Crp- (Vg —Vp)
=(Cpa+Cpm+Crp) -V —Cpy -V — Crp -V

=[Cpe+Csum+Crg —Cpm —Crg]
Ve Vi Vil" (1)

Similarly, the expressions for the charges Qs and Q1 on
plates P, and P4 can be derived. This leads to the formulation
of the Maxwell capacitance matrix C g, which characterizes the
relationship between voltage and charge on the conductor, as
illustrated in

QB |%:]
Qu| =Cu |V ()
Qr Vr

Defining the input currents for plates Pq, P2, and P4 as ip,
ip, and iy, respectively, where ij; = iy — is. After transforming
the capacitance matrix Cy into the admittance matrix Yy, the
relationship between the voltages of each plate with respect to
ground, represented as v = [V, Vi, V)T, and the input currents
of each plate, represented as i = [ip, i, 71T, can be expressed
as follows:

i=Ypyv @)
Vi = jwCh. @)

According to (3) shown at the bottom of the this page, the
self-capacitances of each plate to ground complicate the circuit
model, making it less favorable for designing the compensation
network. When the distance between the experimental platform
and the ground is 5 cm, the self-capacitances to ground for plates
Py, P>, and P, are measured as 9 pF, 3 pF, and 2 pF, respectively.
Compared to the mutual capacitances Crp, Cras, and Cpys
between the plates, these ground capacitances are very small
and can be ignored. Currently, some SCC researchers ground the
back end of the compensation network (using ground as a trans-
mitter plate) without affecting power transfer [26]. Therefore,
to simplify the theoretical analysis, this article directly connects
plate P5 to ground in the subsequent theoretical analysis and
experimental validation (the dc power supply is isolated from
ground).
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C. Conversion of Capacitance Measurements to Actual Values

The capacitances of Crp and C 7y, are obtained through in-
direct measurement, followed by further calculations. As shown
in Fig. 3(b), when the impedance measurement device directly
measures the impedance parameters between plates P and Py,
or between plates P, and Py, the results do not reflect the
actual values. Instead, they represent the combined impedance
of multiple plates in series and parallel configurations.

To obtain the actual value of Crp and Cr);, define Z;4 as
the impedance parameter obtained from direct measurement
between plates Py and P4, and Zs4 as the impedance param-
eter measured directly between plates P, and P4. The actual
impedance parameters between plates P; and P4, and between
plates P and Py, are defined as 7, and Z,,,, respectively. When
plate P4 is removed, the impedance parameter between plates
Py and P5 can be accurately measured, defined as Z/,. Based
on Fig. 3(b), the following relations can be derived:

{214 = 1z, 1/ (Z5+ 7h) (6)

1

(

Toy = L
AT 25, F1] (2,420,

By solving (6), the capacitance between plates P; and Py,
Crp, and the capacitance between plates P, and P4, C 1y, can
be expressed as

_ 1 1
Crp =1Im [wzm w(Z,12+Z,24)]

(7
Cry =1Im [

1 1
wZa4 w(Z'12+Z/14)} '

D. Calculation of the Contact Resistance

To calculate the contact resistance between Plates P> and P3,
R, is defined as the contact resistance. This resistance R, is
caused by the rectangular cells of Plate P,. The connecting wire
of Plate P, is embedded in the PCB and does not connect to
Plate P3. Given that the contact surface is smooth and even,
according to Holm’s theory—where the current constriction
zones on the conductor’s contact surface are assumed to form
elliptical fields—the contact resistance R can be considered as
multiple elliptical contact surfaces in parallel (as shown in red
in Fig. 4). The contact resistance R, can then be expressed as
follows [36]:

__r
Nly

where p is the resistivity of the conductor, N is the number of
rectangular cells on the plate P, in contact with plate Ps.

Rey ®)

E. Calculation of Mutual Capacitances

To provide a general theoretical guide for the design of the
proposed multicell SCC capacitive coupler, this section analyzes
the mutual capacitances of the proposed coupling structure.

Cpa +Cpum + CrB —Cpm —CrB
Cy = —Ceum Cem +Cua +Cru —Crym . (3)
—Crp —Crym Cre+ Cry + Cre
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Fig. 4. Illustration of contact resistance calculation.
d /
[

Fig. 5. Diagram of the geometric model for Heerens formula.

The multicell SCC capacitive coupler introduced in this article
includes a large number of rectangular cells. When considering
the calculation of mutual capacitances, it is essential to account
for the edge effects. Typically, the empirical formula and the
Heerens formula can describe the edge effects of the coupling
structure [30], [31].

For the calculation of completely aligned rectangular plates
with a relatively large alignment area and plate spacing, an
empirical formula can be used [30]

C = [1 12.343 - (d/le)o‘sgl} e - (1.)2/d], 0.0050
<d <05l

C=P+Q&wauﬁwﬂ¢aaa7@amgdgm
)

where [, is the side length of the aligned region of the two plates,
d is the distance between the two plates, and ¢ is the dielectric
constant of the medium between the plates.

When calculating partially aligned rectangular plates with
relatively small alignment areas and plate spacings (as shown
in Fig. 5), Heerens formula is typically used to describe this
scenario [31]

CVHeerens: d_h In {COSh [Ld (.CL'Q — :L'g)] cosh [;_d (xl - 154)]}

2
cosh [75 (21 — @3)] cosh [ (z2 — 24)]
(10)
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Fig. 6.
Crp_H.

Schematic diagram of capacitance. (a) Ctp. (b) C7p 5. (¢) CTB L.

where x1, x2, x3, x4 are the coordinates of the endpoints of the
plates, and /j, is the side length of the smaller plate between the
endpoints x; and xo.

When calculating the mutual capacitance Crp, as depicted
in Fig. 6(a), the irregular shape of plate P; necessitates a seg-
mented approach. Plate P can be conceptualized as a complete
rectangular plate from which numerous small rectangular cells
have been removed. When plate P; is considered as an intact
rectangular plate, its mutual capacitance with plate P, is denoted
as Crp_g, as shown in Fig. 6(b). When accounting for the edge
effects of the numerous small rectangular cells’ edges in plate
P, the mutual capacitance between the many small rectangular
cells removed from plate P; and P, is denoted as Crp 1, as
shown in Fig. 6(c). When the edge effects are neglected, the
mutual capacitance between the numerous small rectangular
cells removed from plate P; and P, is denoted as Crp m, as
shown in Fig. 6(c). Capacitances Crp s, Crp 1, and Crp g
can be expressed as follows:

Cros = [k+ k- [(d +d2) 1] - e 1.2/ (e + do)]

n kel
Crpr =32 =%l

]
T@p o Thy 4)

“Cr 1 prs)
cosh [W cosh | oG Fa,) "

7 (x —azt ) (@ —zt )
cosh |:—<—Hfl+d3;’*3 :| cosh |:—<—h}1+d321“*4 :|
9 }
\CTB_H =nr- k&‘(lg,) /(d1 + dg)

(an
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Fig. 7. Equivalent circuit diagram of the multicell SCC capacitive coupler.

where [, represents the side length of plate P4, n denotes the
number of small rectangular cells removed from plate P; that
are directly aligned with plate P, k represents the impact factor
caused by the metal of the Ps electrode plate, x7 ; and x7 o
are the coordinates of the endpoints of plate Py, and z'y; 5
and %, , are the coordinates of the endpoints of the ith small
rectangular cell of plate P .

Furthermore, to account for all edge effects of plate P; in the
calculation of the mutual capacitance C 1, the capacitance Crp
can be expressed as follows:

Crp=Crp s+Crp 1 —2CrB u. (12)

To facilitate further investigation of the electrical characteris-
tics of the multicell SCC capacitive coupler, Fig. 7 presents the
equivalent circuit diagram of the proposed design. Here, C 7y 1,
represents the capacitance between plate P4 and the connecting
line of the rectangular cells of plate Py, while C ;s g denotes the
capacitance between plate P, and the rectangular cells of plate
Psy. Cpyy 1 represents the capacitance between plate P; and the
connecting line of the rectangular cells of plate P2, and Cpps s
denotes the capacitance between plate P; and the rectangular
cells of plate P,.

The secondary-side mutual capacitance C7ys is the sum of
Cruy s and Crpy 1 (as shown in Fig. 8). The individual rectan-
gular cells of plate P, along with the corresponding connecting
lines, are much smaller in size compared to plate P4. Hence,
Heerens formula is utilized for the calculation. The capacitances
Crym ss Cra 1, and Crpy can be expressed as follows:

_ ny el
Crv s =21 52 In
sh -"(ITJ "111.\/1573 )] h @y ’“”?\/15,4)-
cosh | —5-#2-2- | cosh | — 5222
h @y 7111.\/15,3> h SO 713\/15,4)
COS. T COS T
_ N3 els - - (13)
Cry_r =322 5 n
h-“(””T 5 hr 3)- h_”(wT L 4)_
COS. T COS. T
( —al ) ( —at )
cosh | = 1T,12dZML,3 cosh | = J”7122(;;ML,4
Cryv =Cry s+ Cryu_t (14)

where n5 is the number of small rectangular cells in plate P, n3
is the number of connecting lines in plate P, x5 3 and z%,¢ 4
are the coordinates of the endpoints of the ith rectangular cell
of plate Po, and z,; 5 and z,; , are the coordinates of the
endpoints of the ith connecting line of plate Ps.
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Fig. 8.  Schematic diagram of capacitance. (a) C7ar. (b) Crar 5. (¢) Crar -

The secondary-side mutual capacitance Cpys is the sum of
Cpy rand Cpyy g (asshowninFig. 9). Plate P; can be regarded
as a complete rectangular plate with numerous small rectangular
cells removed. When plate P; is considered as a complete
rectangular plate, its mutual capacitance with the connecting
lines of plate Py is denoted as Cpys 1,1. When accounting for
the edge effects of the numerous small rectangular cells’ edges
in plate Py, the mutual capacitance between the many small
rectangular cells removed from plate P; and the connecting lines
of plate P, is denoted as Cpjs 2. When the edge effects are
neglected, the mutual capacitance between the numerous small
rectangular cells removed from plate P; and connecting lines
in plate Py is denoted as Cpjs 1.3. Similar to (11), capacitances
Cm 1, Cm 12, Cpum 13, and Cpyy 1, can be expressed as
follows:

n3

el
Cem 11 = Z —In

‘ ™
1=1

7(x —zt ) w(x —zt )
BS 2 ML 3 BS 1 ML 4
cosh |:_-—-_2d1 ] cosh |:_-—-_2d1

15
7T(:CBS 17I§VIL 3) W(IBS 27m§VIL 4) ( )
cosh — cosh —

niy N3

Comra=Y»_), % In

j=11i=1
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(d)

Fig. 9.

cosh |:”(sz 4T 3):| cosh |:7r(szL s "L 4):|

2d, 2dy
m(zd —xt ) w(zd —zt ) (16)
cosh [—BL;dl MEL3 ] cosh [—BLgdl ML }
Cpm_r3 =n3 - elily/d (17)
Cev . =Cim. 11 +CBym 12 —2CBM L3 (18)

where xpg 1 and xpg o are the coordinates of the endpoints of
plate Py (when plate P; is equivalent to a large rectangle).

Similarly, when plate P; is considered as a complete rectan-
gular plate, its mutual capacitance with the rectangular cells of
plate P is denoted as Cpjs 1. When accounting for the edge
effects of the numerous small rectangular cells’ edges in plate
P4, the mutual capacitance between the many small rectangular
cells removed from plate P; and the rectangular cells of plate
Py is denoted as Cpjs s2. When the edge effects are neglected,
the mutual capacitance between the numerous small rectangular
cells removed from plate P; and the rectangular cells of plate
P, is denoted as Cpjs g3. The capacitances Cpas 51, Ceum s2-
Cpur s3, and Cpjy s can be expressed as follows:

n
2 612

Cpm_s1 = Z —1In

£ ™
=1

w(x —zt ) (x —z? )
BS 2 MS 3 BS 1 MS 4
cosh |:_-—-_2d1 ] cosh [—-—-—le

19
T(Cps s 5) T(Cps =g 4) {19
cosh 7 P— cosh 7 Pe—

ny N2

Comsa=»_Y % In

j=1i=1

Schematic diagram of capacitance. (a) Cpar. (b) Cas 1-(¢) Cam 2. (d) Caar s1. (€) CBym s2- CBum S3-
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Finally, the primary-side mutual capacitance Cpys can be
calculated as

Cem =Csm 1 +Csum s (23)

FE. Coupler Design and Antioffset Performance

To further analyze the design guidelines for the proposed
coupling structure, this section analyzes the impact of plates’
thickness and the dimensions of the rectangular cells on the
transmitter plate on the mutual capacitance Crp and offset
tolerance performance.

To analyze the effect of plates’ thickness d; and ds on the
mutual capacitance Crp, Fig. 10 shows the simulated and cal-
culated mutual capacitance C rp against d; and d, for different
side lengths /; of the rectangular cells on plate P;. Capacitance
Crp is determined using (11) and (12), with the simulation
results obtained via Ansys Q3D. The simulation results show
strong agreement with the theoretical calculations. When [}
is smaller, the number of rectangular cells on the transmitter
plate P is greater and more densely packed, leading to a larger
edge effect influence. Consequently, the mutual capacitance
Crp increases as /1 decreases. Additionally, for the same /1,
the mutual capacitance Crp increases as d; and ds decrease.
Typically, higher coupling capacitance canresultin higher power
transfer efficiency [12]. Therefore, considering the manufactur-
ing process of PCB plates, the thickness d; for the transmitter
plates is set to 0.5 mm, and the thickness do for the receiver
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Fig. 10.  Simulated and calculated mutual capacitance Crp against d and do
for different side lengths /1 of the rectangular cells on plate P1. (a) /1 = 2 mm.
(b) 1 =4 mm. (¢) [y =6 mm. (d) /; = 8 mm.
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Fig. 11.  Simulated coupling capacitance Cp against lateral (X_Mis) and
longitudinal (Y_Mis) offsets for different side lengths /1 of the rectangular cells
on plate P1. (a) /1y =2 mm. (b) /; =4 mm. (¢c) /; = 6 mm. (d) /; = 8§ mm.

plates is set to 0.3 mm. Based on (8), the surface of plate Po
is coated with tin, which has a resistivity of 11.4 x 1078 Q-m.
The contact resistance between plate P, and Ps is approximately
2.82 x 107°Q.

To analyze the impact of the rectangular cell size on off-
set tolerance performance, Fig. 11 shows the simulated mu-
tual capacitance Crp against lateral (X_Mis) and longitudinal
(Y_Miis) offsets for different side lengths /; of the rectangular
cells on plate P;. The mutual capacitance C g varies between
193.1-195 pF (I; = 2 mm), 188.5-192.6 pF (l; = 4 mm),
178.2-196.7 pF (I; = 6 mm), and 165.8-180.5 pF (/; = 8 mm)
when lateral (X_Mis), longitudinal (Y_Mis) offsets occur. It
can be observed that when /; = 2 mm, the lateral (X_Mis) and
longitudinal (Y_Mis) offsets have almost no effect on the mutual
capacitance C g, demonstrating the best resistance to lateral and
longitudinal offsets. On the other hand, /; cannot be reduced
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Fig. 12. Simulated coupling capacitance Crp against lateral (X_Mis) and
longitudinal (Y_Mis) offsets in the case of different rotational (6_Mis) offsets.
(a) 6_Mis = 0°. (b) 6_Mis = 120°. (c) 0_Mis = 315°.

indefinitely, as this would increase the mutual capacitance and
corresponding internal resistance of P; and Ps, thereby reducing
the overall power transfer efficiency.

Furthermore, to validate the rotational offset tolerance of the
proposed coupling mechanism, Fig. 12 shows the simulated
mutual capacitance Cpp against lateral (X_Mis) and longitu-
dinal (Y_Mis) offsets in the case of different rotational (6_Mis)
offsets. (since in Fig. 11, /; = 2 mm demonstrated the best
resistance to lateral and longitudinal offsets, /; is also set to
2 mm in Fig. 12). The mutual capacitance Crp varies between
193.1-195 pF (f_Mis = 0°), 195.98-198.28 pF (§_Mis = 120°),
and 195.14-197.38 pF (f_Mis = 315°) when lateral (X_Mis),
longitudinal (Y_Mis), and rotational (f_Mis) offsets occur. The
mutual capacitance Cpp varies by less than 2.7%, indicating
that the proposed coupling structure demonstrates excellent
rotational offset tolerance at any position of the charging plate.

III. ANTIOFFSET PERFORMANCE OF THE PROPOSED COUPLER
IN CPT CIRCUIT SYSTEM

This section mainly analyzes the circuit output characteristics
of the proposed coupling structure in CPT system under lateral,
longitudinal, and rotational offset conditions within the LC-LC
topology.

When the lithium battery is at a low charge level, it operates in
the constant current (CC) state. Direct CC output eliminates the
need for wide-range modulation by a dc—dc converter, resulting
in higher efficiency during the CC state of lithium battery charg-
ing. At the end of the CC state, the battery is typically charged
to around 70%-80% of its capacity. In fast-charging scenarios,
such as for food delivery UAVs, courier UAVs, and logistics
robots, this level of charge is often sufficient to meet operational
needs without requiring a full charge, thereby avoiding the need
to enter the CV state. So, a considerable number of researchers
are still focusing on CC output [47], [48], [49], [50].

The LC-LC topology leverages a straightforward design and
utilizes a high-capacitance compensation capacitance, effec-
tively suppressing the internal resistance of the capacitance on
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Fig. 13.  Circuit diagram of the multicell SCC system.
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Fig. 14.  Simplified circuit diagram of the multicell SCC system.

the primary and secondary side (the proposed coupler’s capac-
itance on the primary side is large, measured as 1107 pF) [18],
[21], [32]. The CC mode of this topology operates independently
of the secondary inductor, relying solely on the compensation
inductor on the primary side and two additional compensation
capacitances, which decreases parameter design complexity and
enhances system robustness. Additionally, the power factor is
high in the CC mode of this topology. Consequently, the LC-LC
topology’s CC mode is selected to verify the antioffset perfor-
mance of proposed coupler in CPT circuit system.

The circuit diagram of the multicell SCC system is shown in
Fig. 13. C¢;1 and C.;o are compensation capacitances; Lp and
Lg are compensation inductors. The rectifier, filter capacitance
Criter and the resistive load Ry, canbe equal to Rgg. Vae, Vp, and
Vg are dc input voltage, rms ac input voltage and rms ac output
voltage, respectively. I'p, I'g, and I o are rms ac input current, rms
ac output current, and dc output current, respectively.

The fundamental rms of the inverter output voltage and the
equivalent load resistance Rg¢ can be deduced as

VP = 2T\/i‘/dc
Rpo = SRy

s

(24)

Define Cp = CBM + Ceg;l and CS = CTM + Cezg. Then,
Fig. 13 can be simplified to Fig. 14. The KCL equations of
Fig. 14 can be described as follows:

ors (Ve = Vi) = jwCpVi + jwCrp(Vi — Va)
jwCrp(Vi = Vo) = jwCsVa + 5= (Va — Vs)

(Ve —Vs) = Is.

jwLs

(25)

To achieve CC output and a high power factor, the compen-
sation inductances Lp and Lg are typically expressed by (26)
and (27) [33]. Since Lg does not affect the CC output [9], in
practical design, Lg can be set slightly higher than the designed
value. This adjustment ensures that the circuit input impedance
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Fig. 15.  Simulated output current / o against X_Mis and §_Mis under different
Y_Mis. (a) Y_Mis = —4 cm. (b) Y_Mis =0 cm. (¢) Y_Mis =4 cm.

TABLE I
SIMULATION PARAMETERS

Variable Value Variable Value Variable Value

Vpe IV 20 Cry /pF 173.2 Ris/Q 0.089
f/MHz 2 C,.1 /pF 393 Rep /Q 1.41
Lp/uH 3.84 Cen IpF 450 Res /1Q 1.69

Ls /uH 7.95 Chier [UF 100 Rers IQ 7.61
Cpu /pF 1107 Rip/Q 0.084 R, /Q 20

remains inductive, facilitating the realization of ZVS operation
[35]

Lp— . (Cs+Crp) ; (26)
w?[(Cp + CrB)(Cs + Crp) — (Crp)7]
Ls = (Cs + Crp) @

~ W[(Cp + Crp)(Cs + Crp) — (Crp)?]

By substituting (26) and (27) into (25) and subsequently
solving it, the ac output current /s and dc output current /o
can be expressed as follows:

_ —jwVp [Crp(Cp + Cs) + CpCg]

Is Crp (28)
I —2\/§wVp[CTB(CP+Cs)+CPCS] )
o= v . (29)

To validate the antioffset performance of the proposed cou-
pler in the CPT circuit, Fig. 15 presents the simulated output
current /o under lateral, longitudinal, and rotational offsets,
with the coupler’s dimensions consistent with those in Fig. 12.
The simulation parameters are detailed in Table I. When lat-
eral, longitudinal, and rotational offsets are introduced, the
output current /o fluctuates within the ranges of 1.227-1.246 A
(Y_Mis = —4 cm), 1.208-1.243 A (Y_Mis = 0 cm), and
1.231-1.245 A (Y_Mis = 4 cm), respectively, demonstrating
minimal variation even under significant misalignments. The
simulation results confirm that the designed coupler exhibits
excellent antioffset performance within the LC-LC topology
circuit.
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Fig. 16.  Experiment setup. (a) Prototype of the proposed multicell SCC CPT
system. (b) Top plate of the transmitter. (c) Bottom plate of the transmitter plates.

TABLE I
CIRCUIT PARAMETERS OF PROPOSED SCC CPT SYSTEM

Variable Value Variable Value Variable Value

Voe IV 20 C..o /IpF 372 [, /mm 2
f/MHz 2 Chirer IUF 2000 L, /mm 1
Lp luH 3.84 Rip/Q 0.1 I, /mm 0.305
Ls /uH 8 Rys/1Q 0.1 1y /mm 4
Cpu IpF 1107 Rep/Q 1.4 Is /mm 2
Cry /pF 177 Res /Q 1.7 d, /mm 0.5
C,1 /pF 393 Rerp 1Q 7.6 d, /mm 0.3

IV. EXPERIMENTAL VERIFICATION
A. Experimental Setup

The proposed multicell SCC CPT system is shown in
Fig. 16(a). The experimental setup consists of two dc power
supplies, a full-bridge inverter, a capacitive coupler, a rectifier
and an electronic load. The MOSFETS used in the inverter are
IGT60R070D1, and the rectifier diodes are SS54 diodes. All
impedance characteristics were measured using the impedance
analyzer IM3570, and the measurements were within the speci-
fied range. After the measurements, C 75 and C s are calculated
using (7). Fig. 16(b) and (c) is the top plate and bottom plate of
the transmitter. In Fig. 16(b), the white points and lines, aside
from the rectangular cells and their corresponding connecting
lines on the upper layer of the receiver plate, are silkscreen
markings on our PCB. These silkscreen markings are intended
to facilitate the positioning of the receiver during testing. The
circuit parameters are shown in Table II.
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Fig. 17. Coupling capacitance Crp against X_Mis and Y_Mis in the case of
different _Mis. (a) 0_Mis = 0°. (b) 6_Mis = 120°. (¢) 0_Mis = 315°.

Fig. 18. Two typical positions of the receiver at the edge of the transmitter
(0_Mis = 0°). (a) X_Mis = —60 mm, Y_Mis = 60 mm. (b) X_Mis = 0 mm,
Y_Mis = 60 mm.

B. Mutual Capacitance Ctp in the Case of Offsets

To verify the antioffset performance of the proposed multicell
SCC capacitive coupler, the mutual capacitance Crp against
X_Mis and Y_Mis under different 6_Mis conditions is shown
in Fig. 17. The mutual capacitance C rp varies between 193.03—
200.08 pF (_Mis =0°), 190.51-196.48 pF (f_Mis = 120°), and
193.09-198.85 pF (#_Mis = 315°) when lateral, longitudinal,
and rotational offsets occur. This demonstrates that the mutual
capacitance Crp has a good antioffset capability. The discrep-
ancies between the experimental results and the simulations in
Fig. 12 are due to thickness and position errors of the transmitter
and receiver plates during the manufacturing process.

To further validate the offset resistance of the proposed cou-
pling structure at the edge of the transmitter plate, the mutual
capacitance Crp is tested with the receiver positioned at two
typical locations on the edge of the transmitter, as shown in
Fig. 18. The test results for the mutual capacitance Crp are
presented in Table III. Compared to the test results at other
positions (as illustrated in Fig. 17), it can be observed that
the mutual capacitance Crp remains essentially unchanged,
indicating that the proposed coupling structure possesses strong
offset resistance even at the edge of the transmitter plate.

On the other hand, considering the landing accuracy of exist-
ing UAV applications, Qianxun’s commercial UAVs serve as
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TABLE III TABLE IV
COUPLING CAPACITANCE WHEN THE RECEIVER AT THE EDGE OF THE POSITION PARAMETERS UNDER MISALIGNMENTS
TRANSMITTER
Position X_Mis /mm Y Mis /mm 0_Mis /degree
X_Mis /mm Y Mis /mm 6 Mis /degree Cry/pF 1 0 0 0°
—60 60 0 196.5 2 40 0 120°
0 60 0 196.3 3 40 40 315°

a notable example. The Qianxun Wing Q10, Qianxun Wing
Q20, and Qianxun Wing Q30 models currently achieve a landing
accuracy within =5 cm. In this article, the size of the transmitter
plate is 20 cm x 200 cm, with a maximum offset range of 6 cm.
The existing landing accuracy of these UAVs ensures that they
can reliably land on the proposed charging platform, preventing
them from landing outside the designated area [44], [45], [46].

C. Antioffset Performance of the Proposed Coupler in CPT
Circuit System

To verify the CC characteristic of the proposed multicell
SCC CPT system’s output current /o under offset conditions,
Fig. 19 shows the output current /o against X_Mis and Y_Mis
under different #_Mis and load resistance R,. The output current
1o varies between 1.164—1.138 A (6_Mis = 0°, R, = 10 ),
1.128-1.103 A (f_Mis = 120°, R;, = 10 ), 1.162-1.143 A
(0_Mis = 315°, R, = 10 ), 1.123-1.105 A (§_Mis = 0°,
R = 20 Q), 1.156-1.14 A (6_Mis = 120°, R;, = 20 Q),
and 1.121-1.103 A (f_Mis = 315°, R, = 20 ) when lateral,
longitudinal, and rotational offsets occur. The slight decrease
in output current /o with an increased load Ry, is due to the
internal resistance of capacitive and inductive components in
the circuit. The minimal variation in output current /o with

changes in receiver position and load R ;, demonstrates the robust
performance of the designed circuit.

1/(A)
1143
1135
1127
L119
LI
1103
1.094
1.086
1078
1.070
1.062

Fig. 20.

Output current /o against load resistance Ry, in the case of different
positions.

To facilitate the analysis of the output power, efficiency, and
losses of the proposed multicell SCC CPT system under offset
conditions, the receiver was tested in three different positions,
as given in Table IV. The corresponding output current /o
against load resistance Ry, is shown in Fig. 20. When the load
resistance varies from 10 € to 30 €2, the output current /o
varies between 1.143-1.062 A (in position 1), 1.143—-1.07 A (in
position 2), and 1.141-1.069 A (in position 3). This indicates
a good load-independent CC characteristic for /. The slight
decrease in output current / o with an increased load R, is due to
the internal resistance of capacitive and inductive components
in the circuit. The corresponding experimental waveforms of
Vp, Ip, Vg, and Is under different positions and load resistance
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Output current /o against X_Mis and Y_Mis under different &_Mis and load resistance Ry,. (a) 6_Mis = 0°, Ry, = 10 2. (b) 0_Mis = 120°, R, = 10 Q2.
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(c) Position 3.

Ry, are shown in Fig. 21. The inductance Lg was designed
to be slightly larger than the calculated value to present an
inductive input impedance, allowing the input voltage Vp to
lead the input current / p. This facilitates the realization of ZVS,
reducing high-frequency inverter losses. Additionally, near-ZPA
operation can be maintained, ensuring a high power factor.

To further analyze the output power and efficiency of the
proposed system under offset conditions, the output power Po
and dc-to-dc efficiency 7 versus load resistance R, for different
positions are shown in Fig. 22. The output power Po and
efficiency 7 vary between 13.06-33.83 W (71.4%-81.6%) in
position 1, 13.06-34.35 W (71.8%-82.3%) in position 2, and
13.02-34.28 W (74.5%—82.5%) in position 3. Excluding the
FET drivers and gate losses, the system efficiency can reach
83.5%. The slight variation in output power and efficiency across
different positions further verifies the antioffset performance of
the proposed multicell SCC capacitive coupler. The correspond-
ing power loss distribution versus load resistance R, for different
positions is shown in Fig. 23. In low-power applications, when
the output power is relatively low, the rectifier loss account for a

higher proportion of the total losses [34], [42]. As R, increases,
the output power increases linearly, while the proportion of
mutual capacitance Crp decrease. The power loss is primar-
ily concentrated in the coupling capacitances Cpgys, Cras, and
the compensating capacitances C¢;; and Ceyo. In high-power
applications, it is essential to use high-quality factor capacitors
to compensate Cpjs and C 7y, thereby improving their quality
factors and minimizing losses as much as possible.

Unlike IPT, CPT does not focus heavily on distance; instead,
it places more emphasis on the voltage between the plates. Con-
sidering safety design issues, according to the safety standard in
[43], the electric field between the plates should be smaller than
614 V/mm. In this article, the distance between plate P and plate
P5 is 0.5 mm, between plate P; and Py is 0.8 mm, and between
plate P2 and P4 is 0.3 mm. Therefore, the voltage between plate
Py and P2 (Vrp) should be below 307 V, the voltage between
plate Py and P4 (V;) should be below 491.2 V, and the voltage
between plate P, and P4 (V5) should be less than 184.2 V. In the
experimental measurements, the maximum values of Vg, V1,
and V5 were 185.1 V, 82.6 V, and 131.6 V, respectively, all of
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TABLE V
PERFORMANCE COMPARISON BETWEEN TRADITIONAL FOUR-PLATE RESULTS
Literature [21] [22] [9] [18] [20] [37] [38] This paper
Anti-rotational offset X X partly X X \ \ \
e R R : v
(o I%‘:r‘égfvfjftﬁﬁ:ifze of | XMis33% X Mis-24% é—ﬁizggzz X&Y Mis  X&Y Mis 0 Mis 0 Mis  X&Y&O Mis-
. Y Mis-33%  Y_Mis-50% . -100% -100% -100% -100% 100%
transmitter plates) - — 0 Mis-39%
Beyond Beyond Within Within Within Within Within Within
Misalignment Case Transmitter Transmitter Transmitter Transmitter Transmitter Transmitter Transmitter Transmitter
Plates Plates Plates Plates Plates Plates Plates Plates
Transmitter Plates’ size 300 mm x 1350 mm 200 mm % 480 mm X 512 mm % 169 mm in N/A 200 mm x 200
200 mm X 650 mm 200 mm 290 mm 150 mm Diameter mm
. , . 300 mm x 1350 mm 195 mm x 120 mm x 160 mm in 80 mm x 80
Receiver Plates” size 200 mm X 650 mm NA 195 mm 84 mm Diameter NA mm
Method F requency Topo}ogy Coupler Coupler Coupler Coupler Coupler Coupler
Tracking Design Design Design Design Design Design Design
Topology LC-LC LC-CLC LC-LC LC-LC L L LC LC-LC
Auxiliary Anti-offset Units 4 0 9 0 4 0 0 0
Soft Switching ZVS / ZNVS ZVS / ZCS ZVS ZVS
Coupling Capacitance [pF] 8.7 15.42 120 10.9 128 7500 5.8 191
Dielectric Air Air Air Air Air Air Air FR4
0.8 (P and Py)
Coupling Distance [mm] 20 150 N/A 3 0.5 0.125 5 0.5 (Py and Ps)
0.3 (P, and P,)
Operating Frequency [MHz] 1 0.6 0.5 2.17 2.28 0.848 6.78 2
Power [W] 250 1106 212.1 15 5 100 20(sim) 34.28
Efficiency [%] 85 84.8 82.5 66 81.2 N/A 80(sim) 82.5

* As an example of Powermat’s commercial wireless charging solutions for UAVs, the X&Y_Mis tolerance is typically 70mm for a 200mm coil, 50mm for a 130mm

coil, and 30mm for a 70mm coil [41].

which are within the safety limits. Therefore, the plate distance
used in this article is considered appropriate.

D. Comparison With Existing Researches

To highlight the advantages of the proposed design, Table V
provides a performance comparison with traditional four-plate
results. Compared to existing studies, the proposed multicell
SCC capacitive coupler offers complete lateral, longitudinal,

and rotational antioffset performance in charging platform while
maintaining high power transfer efficiency, which is not achiev-
able in current researches. The coupling distances are 0.3 mm
between the transmitter’s top plate and receiver’s top plate,
0.5 mm between their bottom plates, and 0.8 mm between
the transmitter’s bottom plate and receiver’s top plate. The
electric field between plates is below 614 V/mm (as analyzed
in Section IV-C), meeting the CPT system safety standard in
[43]. Moreover, the dielectric constant of FR-4 typically ranges
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TABLE VI
PERFORMANCE COMPARISON BETWEEN REPORTED SCC CPT RESULTS
Literature [26] [25] [23] [24] [28] [27] This paper
Anti-rotational offset X X X X X v \/
Ant.i-lat-eral and « o« o » Partly (along N N
Longitudinal Offset the set path)
(o n‘;;:r‘égfgiﬁﬁgifze o s § § . along the st X&Y&O Mis-  X&Y&0 Mis-
) path-100% 100% 100%
transmitter plate)
Within Within Within
Misalignment Case x x x x Transmitter Transmitter Transmitter
Plates Plates Plates
. .. 450 mm x 450 400 mm in 100 mm in 1500 mm x 1000 mm x 200 mm x 200
Transmitter Plate’s size . 10 mm x 5 mm .
mm Diameter Diameter 150 mm 500 mm mm
. . 450 mm % 450 400 mm in 100 mm in 230 mm x 150 400 mm % 400 80 mm x 80
Receiver Plate’s size . 10 mm x 5 mm .
mm Diameter Diameter mm mm mm
SCC method Metal chassis nggj(?riai?n Wire to Gnd Wire to Gnd Directly Extra plate to Directly
to Gnd Gnd connected Gnd connected
Compensation Topology S-S LC-CL S-S L four-coil LCLC-L LC-LC
configuration
Auxiliary Anti-offset Units 0 0 0 0 0 0 0
Dimension of Extra Plate on
R N N/A N/A N/A N/A N/A 900 0.25
Soft Switching N/A ZVS N/A N/A ZVS N/A ZVS
Coupling Capacitance [pF] 12.68 30.92 2.09 98.47 24 5.9-7.3 191
Dielectric Air Air Air Air Air Air FR4
0.8 (P and Py)
Coupling Distance [mm] 110 50 20 3 17 5 0.5 (Py and Ps)
0.3 (P, and Ps)
Operating Frequency [MHz] 1 1 5 33 2 1.97 2
Power [W] 356 266 0.2 3.6 700 106.9 34.28
Efficiency [%] 74.1 62 31.3 35 91 56.2 82.5

* As an example of Powermat’s commercial wireless charging solutions for UAVs, the X&Y_Mis tolerance is typically 70mm for a 200mm coil, 50mm for a 130mm

coil, and 30mm for a 70mm coil [41].

from 4.0 to 4.5, while the dielectric constant of air is generally
around 1.0006. The higher dielectric constant of FR-4 results in
a greater mutual capacitance Crp as a dielectric compared to
air. The proposed coupler also eliminates the need for auxiliary
antioffset units, thereby reducing system cost.

Table VI presents a performance comparison with previously
reported SCC CPT results. Compared to the works in [23],
[24], [25], [26], and [28], the proposed multicell SCC capacitive
coupler offers complete resistance to lateral, longitudinal, and
rotational offsets. It also maintains ZVS operation, significantly
reducing switching losses. In comparison with [27], the pro-
posed coupler demonstrates higher power transfer efficiency and
features a much smaller extra plate dimension on the secondary,
making it more suitable for small UAV applications. On the
other hand, as indicated in Tables V and VI, the receiver plate
size of the coupling structure proposed in this article is relatively
small, which results in a shorter coupling distance (to obtain a
high mutual capacitance C7g). By increasing the receiver plate
size, the mutual capacitance C rp will also increase accordingly,
allowing for a greater relative distance between the transmitter
and receiver.

In terms of efficiency, the power transfer distance in CPT is, in
principle, much shorter than that of IPT. On the other hand, the
system efficiency discussed in this article is not very high due to
the relatively low power, which causes the rectification losses to
account for a significant proportion. In low-power applications,
this efficiency is acceptable. Compared to existing antioffset

researches (as shown in Tables V and VI), the efficiency of the
proposed multicell SCC capacitive coupler in this article is not
inferior. Among antioffset researches focusing on power levels
below 100 W, the coupling mechanism introduced here achieves
the highest efficiency.

Existing commercial wireless charging UAVs cannot achieve
complete resistance to offset within the range of the charg-
ing area. As an example of Powermat’s commercial wireless
charging solutions for UAVs, the X/Y_Mis tolerance is typically
70 mm for a 200 mm coil, 50 mm for a 130 mm coil, and 30 mm
for a 70 mm coil [41]. In contrast, the multicell SCC capacitive
coupler structure proposed in this article can achieve complete
resistance to offset at any position on the transmitter plate.

V. CONCLUSION

This article proposes a multicell SCC capacitive coupler
designed for small UAVs. By optimizing the side length of the
rectangular cells and the plate gap, this coupler exhibits excel-
lent lateral, longitudinal, and rotational antioffset performance
regardless of the transmitter plate’s position. Combined with the
LC-LC topology, the circuit’s output characteristics in the CPT
system are also validated, demonstrating that the output current
remains stable under any offset condition while maintaining
ZVS operation. Experimental and simulation results confirm the
effectiveness of the proposed coupler. Compared to traditional
four-plate designs, the coupler proposed in this article exhibits
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comprehensive lateral, longitudinal, and rotational antioffset
performance at any transmitter plate position. Furthermore,
when compared to existing SCC CPT designs, the proposed cou-
pler not only offers higher positional freedom but also features a
smaller secondary-side extra plate dimension and achieves high
power transfer efficiency (achieving a peak efficiency of 82.5%
at 34.28 W). In future research, we will explore the effects of
metal foreign object to the multicell SCC capacitive coupler.
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