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Abstract—In capacitive power transfer (CPT) systems, coupling
variations are inevitable due to air gap changes and misalignment
between transmitting and receiving plates, which hinders constant
output and optimal efficiency. This article proposes a hybrid CPT
system using quadrature double horizontal capacitive couplers for
high-misalignment tolerance and constant voltage (CV) output.
The system employs a hybrid compensation topology that combines
LCLC-LC and LC-LCLC compensation topologies, based on struc-
ture of input-parallel-output-series. QDHCC serve as the power
transfer channels, achieving decoupling as the coupler moves along
the X, Y, and Z axes. This design mitigates complex cross-couplings
and ensures independence between the two power transfer chan-
nels. A triple-effect multiobjective optimization method for com-
pensation circuit parameters is proposed to further enhance the
system’s tolerance to misalignment, reduce the voltage stress on
the coupler and improve system efficiency. The CV output within
predetermined misalignment distance is obtained. The alignment
tolerance for adjustments along the X-axis and Y-axis is 40 %, while
it reaches 100 % for the Z-axis. Finally, experimental results demon-
strated the effectiveness of the proposed scheme with a maximum
efficiency of 87.5%.

Index Terms—Capacitive power transfer (CPT), constant volt-
age (CV), high tolerance, hybrid topologies, plate misalignment,
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quadrature Double horizontal capacitive couplers (QDHCC),
triple-effect multiobjective optimization method.

1. INTRODUCTION

EAR-FIELD wireless power transfer can be categorized
N into capacitive power transfer (CPT) and inductive power
transfer (IPT). Compared to IPT, CPT has merits, such as
lower cost, lighter weight, better tolerance to misalignment,
and no eddy current heating effects when metal is near the
capacitive coupler. In practical applications, such as consumer
electronics [1], electric vehicle charging [2], automated guided
vehicle [3], uncrewed aerial vehicle [4], coupler misalignment is
unavoidable between transmitter and receiver, which results in
output instability and reduction in system efficiency. Moreover,
the overvoltage and overcurrent caused by misalignment may
exceed the rated limits of the circuit components, potentially
deteriorating the system, especially in cleaning scenarios—such
as office buildings, solar panels, underground pipelines and
high-rise buildings with glass facades—where large operating
areas and multiple charging places are required. Furthermore,
these systems are typically expected to operate autonomously,
imposing strict demands on misalignment tolerance to maintain
stable charging. Therefore, this article focuses on enhancing the
misalignment tolerance in cleaning robot applications.

To enhance tolerance to misalignment, existing methods can
be classified into three categories: control scheme, capacitive
coupler design and topology parameter optimization. In terms
of control strategies, Lu et al. [5] adopted frequency tuning in
the inverter to achieve constant voltage (CV) output. Xue et al.
[6] employed pulse frequency modulation to enable flexible
adjustment of the output voltage. Qing et al. [7] simultaneously
combined frequency tracking and phase shift control to mitigate
the effect of coupler misalignment and load variation on sys-
tem output. Although the abovementioned methods effectively
reduce output fluctuations, frequency bifurcation tends to exist
and additional converters need to cascade to realize zero phase
angle (ZPA) [8]. An alternative method is to maintain a stable
mutual capacitance against misalignment. The basic idea is
to design a capacitive coupler array that aligns sequentially
during misalignment to maintain a stable coupling area [9],
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which avoids the control complexity. Li et al. [10] introduced
a circular capacitive coupler with multilayer interleaving to
mitigate the misalignment issue, enhancing self-couplings and
reducing cross-couplings. Mutual capacitance stabilization is
achieved by maintaining the projection area of the receiving
plates aligned with that of the transmitting plates. Liang et al.
[11]incorporated switches to dynamically align the transmitting
plates with the moving receiving plates, thereby stabilizing the
coupling coefficient when misaligned. However, system cost
increases. Besides, the large transmitter area increases electric
field radiation and reduces system efficiency. To reduce the
complexity of the capacitive coupler, optimizing compensation
circuit parameters can also improve the system antimisalign-
ment capability. For instance, Qing et al. [12] optimized the
parameters of a bilateral LC-compensated network to maintain
the required constant output voltage coupling capacitance. How-
ever, the system only achieves misalignment tolerance in the
X-direction. Luo et al. [13] proposed an LC-CLC compensation
network capable of delivering constant power output in both
the X- and Y- directions. However, it suffers significant power
fluctuations within a large misalignment range.

As a duality of the CPT system, some works in IPT system
combines two compensation topologies with opposite trends
in output variation when coil alignment is mismatched. The
opposing variation in output voltage/ current /power enables the
total output to remain constant over a certain range of coupling
variations. Typical examples of CV output include the parallel
combination of the LCC-LCC and SS topologies in [14], as well
as the series transmitter and parallel receiver combinations of
LCC-S and S-LCC topologies in [16] and [19], respectively.
Zhao et al. [15] superposed LCC-LCC and SS topologies in
series on both sides to realize constant power output. Chen et al.
[17] adopted LCC-S and S-LCC topologies in parallel on the
transmitter and in series on the receiver. To ensure independent
power transfer between the two basic topologies, the magnetic
field decoupling between two power transfer channel is nec-
essary. For example, hybrid DD pad [14], double-D-quadrature
[16], [17], bipolar pad [18] and quadruple-D-quadrature pad [19]
are employed. The aforementioned hybrid topologies provide
an effective solution for misalignment tolerance, which has the
merits of not requiring complex control circuits and can maintain
high robustness against misalignment, exhibiting low output
fluctuations over wide variations of coupling coefficient.

However, due to the complex cross-coupling between the
plates in the CPT system, the resonance and power transfer
performance will be significantly affected under misalignment.
The superstition of two topologies with opposite characteristics
against misalignment cannot ease the variation of the total
output. In order to achieve power decoupling between two power
transfer channels, Chen et al. [20] proposed a decoupling relay
unit by rotating the receiver by 90° relative to the transmitter,
ensuring equal facing areas between the transmitting and receiv-
ing plates in a horizontal coupler configuration. However, this
method is only applicable to long-distance wireless charging
systems with relay units. When misalignment occurs in the
receiver of the two power transfer channels, the decoupling
performance of the relay unit degrades, resulting in system
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Fig. 1.  Structure of the proposed hybrid CPT system applied to cleaning robot.

detuning. Zhou et al. [21] introduced a decoupling circuit based
on shared inductors, which resonates with the mutual capac-
itances on the same side of the coupler, thereby eliminating
cross-couplings that disrupt system resonance. However, under
capacitive coupler misalignment, the shared inductors need to
be adjusted in real-time according to the displacement of the
capacitive coupler. This results in necessitating additional detec-
tion and control circuits. Thus, the capacitive coupler structure
design for high misalignment tolerance is a better option.

To ensure the independence of the two main power trans-
fer channels and realize CV output under capacitive coupler
misalignment, this article proposes a hybrid system with high
tolerance to plate misalignment and CV output. The main con-
tributions of this article are as follows.

1) A novel hybrid configuration of the LCLC-LC and LC-
LCLC topologies is proposed to achieve CV output for
the CPT system, based on the structure of input-parallel-
output-series (IPOS). This hybrid topology also enhances
tolerance to misalignment.

2) Quadrature double horizontal capacitive coupler (QD-
HCC) featuring decoupling is proposed and modeled for
cleaning robot, capable of eliminating the cross-coupling
and same-side coupling during misalignment between
plates, thus enabling independent power transfer in the
two electric field transmission channels.

3) A triple-effect multiobjective optimization method for
compensation capacitances is proposed, which reduces
the voltage stress on the coupler, improves system effi-
ciency and enhances misalignment tolerance. The system
achieves CV output when the plates are misaligned by
40% along the X-axis and the Y-axis, and 100% along the
Z-axis with a load of 100 €.

The rest of this article is organized as follows. The proposed
hybrid topology is presented and analyzed in Section II. Sec-
tion III presents the decoupling characteristics of the QDHCC.
The parameter optimization approach is analyzed in Section I'V.
The experimental verification is offered and a comparison with
similar hybrid topologies in Section V. Finally, Section VI
concludes the article.

II. PROPOSED HYBRID LCLC-LC AND LC-LCLC
COMPENSATION TOPOLOGIES

The structure of the proposed hybrid CPT system applied
to the cleaning robot is shown in Fig. 1. The corresponding
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Fig.2. Hybrid compensation topology of LCLC-LC and LC-LCLC with IPOS.

circuit topology, namely the proposed LC-LCLC and LCLC-LC-
based hybrid CPT topology for CV output in IPOS structure,
is depicted in Fig. 2. A dc voltage Vg, is inverted by a full
bridge, generating a square wave voltage that serves as the input
on the primary side. The upper resonant circuit employs an
LC-LCLC compensation topology, while the lower side adopts
an LCLC-LC topology. The secondary resonant circuit outputs
are connected to the diode rectifier. The LC-LCLC topology
include Ly1, L1, Cex1, Cex2, La21, La2, Cpa, Ly21, and Lyao,
which are used to compensate the capacitive reactance among
plates Py, P2, P3, and P4. The LCLC-LC topology consists of
Lfll’ Lflg, Cfl, L31, L32, Cex3, Cex4, L41, and L42, which are
adopted to compensate the capacitive reactance among plates
Ps5, Pg, P7, and Pg. The function of the LC-LCLC network
is to decrease the output voltage when the plate misalignment
occurs, and the function of the LCLC-LC network is to increase
the output voltage when the plate misalignment occurs. Two
topologies having opposite trends in output variation with plate
misalignment shows complementary characteristics, which can
be used to achieve a constant output within a wide range of
coupling variation. To simplify the subsequent theoretical anal-
ysis, the external capacitors Cex1, Cex2, Cex3, and Cexq are
assumed to be equal and are all denoted as Coy. To simplify
the coupler with complex capacitive couplings into multiple
two-port networks for analysis, split inductors are employed to
ensure that the currents into and out of each of the four plates
are equal, thereby guaranteeing the two-port characteristics [22].
Accordingly, compensation inductances should satisfy the fol-
lowing equations: Ly = Ly2, Loy = Lao; Lyp1 = Lyoo; Ly =
Lg12; L3 = L3o; and Lyy = Lyo.

Fig. 3 illustrates the equivalent induced voltage source (IVS)
model of the proposed system. Due to the band-pass char-
acteristic of the proposed system, the fundamental harmonics
approximation method is adopted for circuit analysis. V;, is
the fundamental component of the inverter output voltage. The
full-bridge rectifier with a real load Ry, is regarded as resistive
and can be modeled as a load resistance R.q [19]. C1, Co,
Cs, and C4 represent the equivalent self-capacitances of the
coupler. Cp,, and C,,, denote mutual capacitances of the two
main power transfer channels. C,,,, and C, represent the
same-side coupling capacitances. C,,, and Cy,, represent the
cross-coupling capacitances. Ly denotes the equivalent inductor
of the splitting inductors Ly; and L5, where Ly = L1 + Lyo.
Similarly, L2 = L21 + L22, L3 = L31 + L32, L4 = L41 + L42, Lfl
= L1 + Lyzo, and Ly = Lya1 + Lyoo. The parasitic resistances
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of each branch are denoted as ry, ro, 13, ry, and rs. According
to Kirchhoff voltage law (KVL), the mathematical model with
the CV output can be expressed as

L X1 — b Xcom + I3Xomm — L1Xonm = Vi
I Xcum + 12(X2 + Xcro)

—IsXcpm + 1iXcogm + 1o Xcp2 =0
Ipi(Xopn + Xepn) — IsXop = Vi
LiXcmm — o Xcogm + I3s(Xcop1 + X3)
—I4Xcpm — Inp1Xenn =0

—I Xcnm + I2(Xcgm — Xetopez) — IsXopm
—I,(Xa+Xcro+Xpp2) =V,

where X1 = jwL1+1/(jwCi), Xo = jwLa+1/(jwCs), X3 =
JwLs+1/(jwCs), X4 = jwLs+1/(jwCy), XCfl = 1/(]wa1), XLf1
= jwLy1, Xcpp = U({wCr2), Xppo = jwLsa, Xcvm = 1([wCom),
XCpm = 1/(jwcpm)s Xomm = 1/jwcmm’ Xonm = l/]wcnm’
X ckm = UjwCrm, chm = llijqm. 11,15, 15,14, and I; denote
the currents flowing through each branch. V, and I, represent
the load voltage and current, respectively.

In order to achieve input ZPA and CV output with high mis-
alignment tolerance, the system works at the resonant angular
frequency wg. The resonant conditions are using the following
equations:

w§L101 = WgLfQCfQ = w(Q)LQCQCfQ/(CQ + Cfg) =1
w8L4C’4 e ngflel = nggcgcfl/(Og + Cfl) =1.
)
It should be noted that the diagonally configured plate pairs are
employed as the capacitive coupler to eliminate the same-side
coupling Cyn, C g, and cross-coupling Cp,;p,, Ciy, between the
plates, which will be analyzed in the design of the capacitive
couplers in Section III. In this case, the energy transfer char-
acteristics of the system depend solely on the main coupling
capacitances Cp,, and C,,,. Thus, after solving (1) and (2), the
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Fig. 4. Structure of proposed QDHCC.

currents in each branch can be yielded as

— CunV, _ CuV,
Il - C’szeq7ILf1 = CpmRe

Iy = —jwoCym Vin, I3 = —jwoCr1 Vi

C¢1V, . . .
IC’fl = ﬁ +]w00flvinaICf2 = 1‘%/; _]wocvmvin

Iy=—I=—2

Req
3)
The ideal output voltage gain E; can be derived as
Vo Com  C
By =2 = = @)
V; Cf 2 Cpm

It can be seen from (4) that the output voltage gain of the
hybrid structure has no relation with the load. The influence
of same side coupling and cross-coupling is ignored. The volt-
age gain is positively correlated with C,,, and is negatively
correlated with Cp,,,,. The main mutual capacitances (C,,, and
Cpm) exhibit the same variation trend under misalignment
in this article. If main mutual capacitances decrease (or in-
crease) with misalignment, C,,,,/Cyp will decrease (or increase)
while Cy/Cyp,, will increase (or decrease). As a result, given
the properly designed parameters, the sum of C,,,/Cr> and
C1/Cypyp, can remain relatively constant within a predetermined
misalignment distance. Hereinafter, the sum of C,,,/Cy, and
Cy1/Cpp 1s defined as the E; in this article, i.e., E; = Cypn/Cpa
+ Ca/Cpp.

Based on (3), the input impedance Z; can be derived as

= Vin = Vil = Ri; 3)
Iin I + Ifl Et
It can be seen from (5) that ZPA is realized and the input
impedance is only relevant to load resistance and voltage gain.

III. DECOUPLING DESIGN OF CAPACITIVE COUPLER UNDER
ANTIMISALIGNMENT

The proposed QDHCC, illustrated in Fig. 4, consists of two
sets of plates arranged diagonally to form two independent
power transfer channels. One channel along the X-axis consists
of transmitting plates P; and Ps, and receiving plates P35 and Py,
the other channel along the Y-axis comprises transmitting plates
Ps5 and Pg and receiving plates P7 and Pg. All plates are iden-
tical in size. Since the system employs a hybrid compensation
network with split inductors, the proposed capacitive coupler
can be regarded as a superposition of six two-port networks.
The equivalent self-capacitances and mutual capacitances can
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be expressed as

2
Cp1p2CpP3Pa—C31q234
Cpip2

2
Cy = Cp1p2CpP3Pa—Ci0aa Cy —
1 Cp3pa )2

2
Cprs5r6Cr7Prs —Ciisers
Cpspe

_ Cpsr6Crrrs—Chisgrs
Cs Cprps e

CpspeCr7rs—Chisers
Cwmsers
(6)

where Cy11234 and Cyis678 can be represented by (7), and Cpipo,
Cp3sp4, Cpspe, and Cprpg can be represented as
ka X qu — Cmq X an
Conk + Cmq + Chr + qu
(Ciz + Cia) x (Cj3 + Cja)
Ciz+ Cia+Cjz + Cja
(Cis + Cis) x (Cj5+ Cjs) . (Cir + Cig) x (Cj7 + Cjs)
Cis +C¢6+Cj5+0j6 Cir + Cis +Cj7+0j8
(3)
where C;; is capacitance between any two plates P; and P;.
The mutual capacitance C,,,, Cqm between the same-side

plates and the mutual capacitance C,,,,,, Cr,,, between the cross-
side plates can be expressed as

2
C _ Cpi1r2Cp3ra—Cfyo3s C _
vm — Cniosa , Upm =

@)

Cankq =

Cpipj = Cij + Cexja +

C _ Cpip2XCpspe—Cmi1256 XCMi256
mm Cmi2s6
O~ = CrapaxCprps=Cmsars XCmaars
qm Cwmsats )
C — Cp1p2XCprps—Cmi278XCMi27s
nm Cmi27s
Clom = Cp3paxCprspe—Cmaase X CMaase
m Cwm3456

where Cyp1256, Cvi27s, CMsase, and Cysqrs can be represented
by (7) [23].

Due to the symmetry of the coupler under misalignment, the
capacitances of symmetrically positioned plates in the offset
direction remain equal. For instance, C17 = C1g and Co7 = Cag
can be obtained when the receiver shifts along the X-axis. Cy7
= Co7 and C1g = Cag can be obtained when the receiver shifts
along the Y-axis. Moreover, Ci7 = Cig, Co7 = Cag, C17 = Co7
and C1g = Cag can be obtained when the receiver shifts along the
Z-axis. As aresult, Cyr1278 = 0 can be concluded by (7) when
the receiver shifts along the X-axis, Y-axis, and Z-axis. Besides,
Cumi256, Cuvsase and Cysazs are both O by similar analysis,
which indicates that the capacitance decoupling is achieved.
Thus, when the capacitive coupler misaligns, the decoupling
characteristics will remain intact as long as the symmetry of the
capacitive coupler is maintained. Consequently, the proposed
QDHCC in Fig. 4 achieves decoupling.

The finite-element analysis (FEA) is employed to verify the
decoupling characteristics of the proposed capacitive coupler.
The diagonal length [ of the plate is 30 cm, the spacing r between
plates on the same side is 30 cm, the thickness d of the plate
is 2 mm, and the transmission distance /4 is 10 mm. Fig. 5
illustrates the mutual capacitance variations versus different
X-axis, Y-axis, and Z-axis misalignments. Because the mutual
capacitances Ciym, Cpm, Crm, and Cy,, are infinite and cannot
be directly represented in the figures, the capacitances Cyi1234,
Cuse78> Cui1256, CMi1278, CMsase, and Chzars are employed for
analysis. Fig. 5 indicates that the capacitive coupler effectively
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Fig. 6.  Equivalent circuit of the proposed system with T-type network.

reduces CM1256’ CM1278, CM3456, and CM3478 to near zero.
Thus, the proposed capacitive coupler not only eliminates the
coupling between transmitting plates or receiving plates on
the same side, but also eliminates the cross-coupling between
nonopposite plates on the opposite side.

IV. TRIPLE-EFFECT MULTIOBJECTIVE OPTIMIZATION METHOD
OF COMPENSATION PARAMETERS

A. Voltage Stress

According to the analysis in Section II-A, the IVS model of
the proposed system shown in Fig. 3 is equivalent to a T-type
network, as illustrated in Fig. 6. The equivalent capacitance C;’,
Cy’, C3’,and C4’ canbe expressed as: C;° = -C1 Cy/(C1-Cypy),
C2’ = 'CQCWm/(CQ'Cwm)’ C37 = 'CBCpm/(CS'Cpm), C4, = -
C4Cp/(C4-Cppp). Upr and Up; are the voltage stress across
the primary plates and the secondary plates of the LC-LCLC
topology. Uy and U o are the voltage stress across the primary
plates and the secondary plates of the LCLC-LC topology. The
voltage stresses U1, Ur1, Ure, and Ugo are marked in Figs. 2
and 6.

Based on (3) and (4), the voltage stress Uri, Ui, Uge,
and Urpo across the primary and the secondary side can be
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derived as

P2

i+ et e
Wo Lot Vin

— [Lly2 L4
Ui = \/k2 Vin + Ggor, v

(10)

21,2
_ _ VO30, Vi P2 k>
Ura = 1/ (Bi — Y2 3 + bt

2
_ _ VO30, 2 p2
Una = \/ (B - 525) Vi + ety

As shown in (10), Up; and Upg; are influenced by coupling
coefficientk, Cyy and E;. It can be observed that the primary-side
voltages Uy and U7, are influenced by Cy, and E;, whereas
the secondary-side voltages Ur; and Ugo remain relatively
unaffected from Fig. 7. Moreover, U - is the maximum voltage
stress, which demonstrates that reducing Cy» and E; leads to a
proportional decrease in voltage stress. The influence of E; on
voltage stress is significant. In contrast, the influence of Cy, on
voltage stress is relatively small. Thus, E; is first determined
and E; = 1.7 is selected to minimize the voltage stress across
the coupling plates. The influence of coupling coefficient k on
voltage stress will be analyzed in Section V.

B. Optimal Efficiency

The reactive power of the compensation inductor Q7 can be
expressed as

Q1 = IFwoLy + I3woLa + IJ2c1W0Lf1

+ I3woLs + I2woLso + I2woLy. (11)
The reactive power of the coupler Q5 can be expressed as
1 1 1 1
_ I2 1'2 1'2 I2
Q2 ! woC”1 + QWOC/Q + BWQC/?, + OOJ()C/4

1 1

L —LP———+ |- L——. (12

+ |11 — I wOCUm+| 3 — L] “oCom (12)

The reactive power of the compensation capacitor Q3 can be
expressed as

1 |

=13 —+1
Q3 Cflwocfl +

g 13
e (13)
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The system output power P can be expressed as

V2
P=12Re = R

(14)

Defining the quality factor of each inductor and capacitor as
their reactive power to active power ratio. Based on (3), the
system efficiency 7 can be expressed as

P 1
P e el 1+T+ 1T
where

_ 1 1 sz;m"'cj% WoReq(C?;m"‘C? )
7= (o + aver) (Gick + )

_ 1 1 wo ReqCpm E;
T; = (@ + cTc) ( BT woReqbpm)

(16)

where Q7 is the quality factor of the compensation inductor, Q ¢
is the quality factor of the compensation capacitor and Qg is the
quality factor of the capacitive coupler. By differentiating the
efficiency with respect to the load, the optimal efficiency can be
determined at the optimal load R,

C:r??m+c?2 + (L

1 1
(QLcl + Qscl) w007,

R p—
P wo(C2,,+C2,)
IoH

(QLlcl + Qs101>
17)
Substituting (16) and (17) into (15), it is found that the
maximum efficiency is related to Cy, Cypmy Cpm, Et, Cpo, and
Cy1. As analyzed in the previous section on voltage stress, E;
has been determined. Cy, C,;,, and Cp,,, are associated with the
parallel capacitor Cx. From (4), Cy; can be derived from Cyp and
E,. Therefore, the maximum efficiency mainly depends on Cex
and Cy,. The maximum efficiency variations with respect to Cey
and Cyo are illustrated in Fig. 8. As demonstrated, the optimal
efficiency increases with decreasing Cey and increasing Cys. The
influence of Cyp on system efficiency gradually weakens when
Cox decreases. Thus, Cox = 250 pF is selected to maximize the
system efficiency.

1 1 /.
+ cTL+Q7)Tu
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Fig.9.  Voltage gain E; versus varying Cpp*. (a) Emax =f{Cpmmin*) &Emin
:f(Cpmmax*)- (b) Emax :ﬂcpmmax*) &Emin :f(Cpmmin*)- (C) Emax
:ﬂcpmmin*) &Ermin :f(cpminﬂec*)~ (d) Emax :ﬂcpmmax*) &Emin =
f(Cpminﬂec*)-

C. Maximum Misalignment Tolerance

From (4), if C,,, and C,,,,, vary due to plate misalignment, the
resulting output voltage variation may exceed acceptable limits.
Since the system gain is related to the compensation capacitors,
the design of compensation parameters is crucial to ensuring
the output voltage remains within the acceptable range under
maximum plate misalignment.

To simplify the following theoretical analysis, normalized
mutual capacitance Cyp,,* and C,,,* are defined as (18) to
represent the system’s tolerance to plate misalignment

Cum
Cymcoax
Com

Cpmecoax

Cvm* =
Com* =
where Cypcoax and Cpimcoax are the mutual capacitances in
well-aligned cases. Given that Cp,, and C,,, of the coupler
are approximately equal within the maximum misalignment

tolerance, we have C,,, = Cpp,. Then, Cypx = Cppp*.
To simplify the calculations, A and p are defined as

(18)

c

A= 2

Cymeoax
nw= G (19)
Substituting (18) and (19) into (4), the voltage gain can be

derived as
Bu(Cpm) = S2m* 4 (20)
t\~pm - N Cpm*.

When the plates are not misaligned, the output voltage gain
E\cq is denoted as

1
Ereq(]. =+ Oé) X + M. (21)
An acceptable voltage range is defined as V,(1+«), where
«, representing the allowable gain fluctuation, is typically set to

0.05 in practical applications [8]. To ensure output stability under
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misalignment, the system gain must remain within this range,
Specifically, the system gain should not exceed the maximum
threshold E,,., nor fall below the minimum threshold E;,.
E...x and E,;,, are defined as

{Emax < -Ereq(1 + Oé)

22
Emin Z E‘req(1 - Oé). ( )

The curve of E; with respect to Cp,,,* first decreases and then
increases by (20). By setting the partial derivative of E; concern-
ing Cp,,* to zero, the inflection point Cypypinfiec* corresponding
to the minimum gain is obtained as

Cpminﬂec* = /Al

Based on the relationship between Cpinfiec* and [Cprnmax*,
Cpmmin*], the E; curve can be classified into two types with
four cases, as shown in Fig. 9.

Type 1: E; = flCpp,*) is monotonic in [Cprmmin*, Cpmmax*]-

1) If E; = f{C,p,*) is monotonically decreasing. The condi-

tion Cppinflec*=Cpmmax* holds, as shown in Fig. 9(a).
Solving (21) and (23), we obtain

2
Cfpmmalx}f< +1

(23)

A > . (24)
Ereq(1+ o)
Meanwhile
Emax = f(cpmcoax*)
25
{Emin = f(Cpmmax*)' ( )
Solving (22) and (25), we have
2 _
A< Cpmma*” — 1 (26)

n [(1 - a)Cpmmax * 7(1 + a)}Ereq -

X can be determined using (24) and (26). If there is no
cross section between (24) and (26), then E; = f{(Cp*) is not
monotonically decreasing.

1) If E; = {Cpp*) is monotonically increasing. The condi-

tion Cpminflec* <Cpmmin* holds, as shown in Fig. 9(b).
Solving (21) and (23), we obtain

2
Cpmmin* +1

A< 27
S Be(l+a) (27)
Meanwhile
Emax = f(cpmcoax*)

28
{Emin = f(Cpmmin*)- ( )

Solving (27) with (28), we obtain

_ . %2

%> 1 Cpmmln* (29)

o [1 +a— (1 - O[)C’pmmin*]lyreq .

Here, X can be chosen using (27) and (29). If no intersection
exists between (27) and (29), then E = f(C,,,*) is not monoton-
ically increasing.

Type 2: If E; = f(Cpp*) is not monotonic in [Cppymin*,
Cpmmax*]. Clearly, Epi, occurs at the inflection point, Eyyi,
= flCpminfiec*). By substituting E,,,;,, into (22), we obtain

2(1 - Va)® 2(1 + Va)?
2

<AL —.

30
(1=a)Ereqg (1 —Q)°Erq 30)
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Since Cpmeoax* < Cpminfiec* <Cpmmax*, We obtain
# <A< CP"L*QH 31)
Ergl+a) = "= Eeq(l+a)

If E\yax corresponds to Cpymin* as shown in Fig. 9(c), Epax
= fCpmmin*) and flCpmmax*) < Ereq(1+a). Solving (20) and
(22), we obtain

1+ Cpmmax*. (32)
T Eeg(14+ )
Since Cpmmin*gcpminﬁec*Scpmcoax*’ we obtain
L2
M <A< # (33)
Ereq(1+ 0) Ereq(1+a)

If Eyax corresponds to Cpppmax* as shown in Fig. 9(d), Epax
:f(cpmmax*) andf(cpmmin*) < Ereq(1+a)~ Solving (20) and
(22), we have

1< C(pmmin *"’1.
T Eq(l1+a)

Here, A can be chosen using (30), (31), (32), or (30), (33),
(34). If no intersection exists, the allowable range for plate
misalignment must be further constrained.

With the known A, Cy; and Cy, can be obtained from (19) and
(21). The compensation inductors Ly, Lo, L3, Ly, L1, Ly can
be calculated by (2).

(34)

D. Design Procedure

The resonant angular frequency wy, voltage fluctuation range
o, and geometric dimensions of the capacitive coupler are given
based on the application requirement. The self-capacitances C,
Co, C3, C4 and mutual capacitances Cy,,, Cyyy, of the capacitive
coupler are obtained through FEA. To minimize voltage stress
across the coupling plates, maximize system efficiency, and
enhance misalignment tolerance, the voltage gain E,.q, paral-
lel capacitor Cey, and compensation capacitor Cyp should be
designed. First, E,., is determined by minimizing the voltage
stress on the primary and secondary sides of the coupling plates.
Subsequently, Cey is optimized to achieve maximum system effi-
ciency. Finally, Cy, is optimized to ensure the high misalignment
tolerance. The detailed parameter design flowchart is shown in
Fig. 10.

V. EXPERIMENTAL EVALUATION

To verify the above analysis, a hybrid electric field coupling
CPT system has been built. The operating frequency is set as
I1MHz. The input voltage is 100 V. The required output voltage
is 170V. Using the design flowchart shown in Fig. 10, Cyo is
calculated to be within [5.7 nF, 6.4 nF] and the E; curve is
not monotonic in the range of [Cpmmin, Cpmmax] to satisfy the
voltage fluctuation range in the X-axis misalignment, Y-axis mis-
alignment and Z-axis misalignment. To facilitate zero-voltage
switching (ZVS) of Q1 234, L11 and L;2 are slightly increased
by the same value to achieve ZVS. An experiment prototype is
constructed to verify the proposed system, which is shown in
Fig. 11. The electric coupler and compensation parameters are
given in Table L.
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| Give w,, a and coupler size
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Cy. €3, C3. Cyand mutual
capacitance Cpp. Cym

| Calculate the voltage stress of the plate. obtain Ep, |

| Calculate system efficiency. obtain Cex |

Set the range of plate
misalignment
[C min*s C u*]

Assume that E=ACpn™)
is monotonic.
Calculate the range of 1 by

(24). (26). or (27). (29)

Check if such
A exists?

E=(Cpn™) is not monotonic. No
Calculate the range of Check if such
according to (30). (31), (32). A exists?
or (30). (33). (34) Yes

Confirm Cy, Cp by (19) and
(21). Calculate Ly, L,, L3, Ly,
L., Lp according to (2)

A

T
.

g
(%)

End

Fig. 10.  Flowchart for parameter design.

Upper plate: Py

Lower plate: Py Lower plate: P

Upper plate: Py
Lower plate: P,

Fig. 11. Experimental prototype of the hybrid CPT system.

Fig. 12 shows the measured output voltage, efficiency, output
power and loss variation under different load resistances. As
the load resistance Ry, increases, the system efficiency exhibits
noticeable variation, reaching a maximum efficiency at 100 €2.
Further validation on enhancing the system’s tolerance to mis-
alignment is based on this optimal condition. Fig. 13(a), (b), and
(c) shows the measured output voltage variation under misalign-
ment along X-axis, Y-axis, and Z-axis. It can be observed that
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TABLE I
PARAMETERS OF PROTOTYPE HYBRID CPT SYSTEM

Parameters Value Parameters Value
Frequency 1MHz Input voltage 100 V
Erq 1.7 Output power 303 W
L, Lz 46.8 uH Ly, L 48.5 uH
L3y, L3, 49.5 uH L4y, Ly 46.3 uH
Len, Lpi 3.2 uH Ly, Ly 2.2 uH
Cn 4 nF Cp 5.7 nF
Cext, Cexa 250 pF Cex3s Cexa 250 pF
Cs 50.1 pF Ci, C3, C3, Cy 273.6 pF
Cym, Com 3.32nF ki, k> 0.0824
NN DRrwCr] T = ]
190 2 485
18 480

20 130 140 150 160 170 180
R(Q)

60 70

80 90 100 110

Fig. 12.  Measured output voltage, efficiency, output power, and loss varying
with Ry, load.
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Fig. 13. Measured output voltage varying with (a) X-axis misalignment,
(b) Y-axis misalignment, and (c) Z-axis misalignment.

the system maintains the output voltage with the predesigned
5% fluctuation range under a misalignment of 12-cm along
the X-axis, 12-cm along Y-axis and 10-mm along the Z-axis.
The X-axis and Y-axis misalignment are evaluated relative to
the diagonal length of the plate, with the system achieving a
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Fig. 14.  Experimental waveforms of Viy, lin, Vo, and Vg. (a) In well-aligned
case. (b) At 12 cm X-axis misaligned position. (¢) At 12 cm Y-axis misaligned
position. (d) At 10 mm Z-axis misaligned position.

maximum lateral misalignment tolerance of 40%. The Z-axis
misalignment is referenced to the transmission distance of the
coupler, achieving a maximum tolerance of 100%. These results
demonstrate the system’s excellent tolerance to plate misalign-
ment in all three dimensions.

Fig. 14(a) presents the experiment waveforms of Vi, Iin, V,,
Vr under the well-aligned case. Fig. 14(b), (c), and (d) displays
the experimental waveforms in 12 cm X-axis misalignment,
12 cm Y-axis misalignment, and 10 mm Z-axis misalignment.
It can be observed that the output voltage keeps almost 170 V
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Fig. 15. Voltage stress and efficiency varying with (a) X-axis misalignment,
(b) Y-axis misalignment, and (c) Z-axis misalignment.

although the lateral misalignment is tolerated to 40% of coupler
length. Besides, there is a small phase angle of [;,, lagging Vi,,
which indicates ZVS realization of the full-bridge MOSFETs.

Fig. 15(a), (b) and (c) show the voltage stresses Uy, Ur1,
U 72, Uro and coupling coefficient k variation under misalign-
ment along X-axis, Y-axis and Z-axis. Under misalignment
conditions, the voltage stresses on the first power channel U
and Upg; increase rapidly as k decreases, while the voltage
stresses on the second power channel U5 and U po demonstrate
significantly less variation, which is consistent with (10). The
voltage stress is related to coupling coefficient. This inverse
correlation between k and maximum voltage stress indicates that
enhancing the coupling coefficient would reduce voltage stress
in designs.

Fig. 16 shows the power loss distribution of the proposed
hybrid CPT system. The power loss of all compensation induc-
tors is calculated based on the impedance of coils of identical
length measured using an LCR meter and the corresponding
current. For the compensation capacitors, the loss is determined
from the dissipation factor, capacitive reactance, and the voltage
across each capacitor. The losses of the inverter and rectifier are
estimated using experimentally measured values and parasitic
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TABLE II
COMPARISONS OF CPT SYSTEM TOLERANCE TO PLATE MISALIGNMENT

Literatures Qingetal. [7] Qingetal. [12] Luoetal. [13] Caietal.[4] Lietal. [10] Weietal [24] Choietal. [3] This article

Frequency Parameter Parameter Coupler Coupler Coupler . .
Method tracking design design design design design Topology design  Topology design
LCLCLC LCLC-LC+
Topology LC-LC LC-LC LC-CLC LC-LC ss LC-LC (Tmedel) Lerere
Output model cv/cc CV CP CcC CC CP CP CV
X/Y- . X-40%
- X-33% 310- X-50% X-10% Coupling
Misalignment o o [-10 cm,10 cm] N X-16% ST Y-40%
Z-100% 1470 pF Y-50% 0- [0°,360°] Y-10% variation-40% 7-100%
Frequency 1 MHz 600 kHz 600 kHz 500 kHz 2 MHz 1 MHz 1.30-1.45 MHz 1 MHz
Tral?sm1ssmn 20 mm Not mentioned 150 mm  Not mentioned 10 mm 60 mm 0.2 mm 10 mm
distance
Efficiency 85% 85% 90.56% 82.5% 86.5% 87.2% 91.2% 87.5%
; ~ 0
Fluctuation 2% 8.3% X-15.2% 6.5% 3.5% 10% 5.8% 5%
range Y-10.6%
TABLE III
COMPARISONS OF CPT SYSTEM VOLTAGE STRESS
Literatures Zhang etal. [23]  Luetal. [25] Lianetal. [26] Lianand Qu[27] Weietal. [28] Chen et al. [29] This article
Double-sided Double-sided Double-sided Double-sided LCLC-LC+
Topology LCL LCLC LCLC LeLe Le-Lete LCL LC-LCLC
Output model CC CC CC CC (Y% CcC Ccv
X-40%
Misalignment X X X X X X Y-40%
Z-100%
Frequency 1 MHz 1 MHz 500 kHz 200 kHz 1 MHz 1 MHz 1 MHz
Transmission 150 mm 150 mm 6 mm 0.5 mm 250 mm 50 mm 10 mm
distance
Primary plates 5120V 3200V 1030 v 760 V 5kV 1450 V 1005V, 1883 V
voltage stress
Secondary plates 5080 V 3200V 985 V 730 V 5kV 1450 V 1477V, 1539 V
voltage stress
Power 1.87 kW 2.4 kW 40 W 60 W 2.2 kW 500 W 303 W
Efficiency 85.87% 90.8% 83% Not mentioned 87.2% 90% 87.5%
— The performance of prior CPT systems regarding misalign-
5% : ment tolerance is given in Table II. It highlights key factors such
Relc‘;f'er as method, topology, output model, misalignment tolerance of
(]

Inductors
29%

Fig. 16. Power loss distribution of the proposed CPT system.

parameters provided in the component datasheets. By subtract-
ing the losses of the inverter and all compensation components
from the total power loss—calculated from the measured system
efficiency—the remaining loss is attributed to the capacitive
coupler. Notably, compensation inductors and capacitors col-
lectively accounted for 47% of the total power dissipation,
constituting the predominant share among all loss components.
This finding demonstrates significant power dissipation within
the compensation network of the proposed system.

different directions, operating frequency, transmission distance,
efficiency, and fluctuation range. Compared with [7], [10], and
[24], the proposed system achieves CV output within a wide
misalignment range of 40% along the X- axis and Y-axis and
100% along the Z-axis. This indicates high misalignment toler-
ance. In addition, compared with [4], [12], [13], and [24], the
voltage fluctuation remains within 5%, demonstrating improved
output stability. Compared with [7], the proposed method does
not require complex control strategies or additional power elec-
tronic devices, which indicates a promising outlook for future
deployment. Compared with [3], which focuses solely on the
variation of mutual capacitance, the proposed coupler operates at
arelatively long transmission distance, and the proposed method
evaluates the output performance under different directional
misalignment, which is essential for practical CPT applications.
These improvements clearly indicate enhanced misalignment
tolerance and output stability compared with the recently liter-
atures.
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Different topologies have been proposed to achieve perfor-
mance such output model, misalignment tolerance of different
directions, frequency, transmission distance, primary plates volt-
age stress, secondary plates voltage stress, power, and efficiency.
Comparison is given in Table III.

As given in Tables II and III, previous studies have focused
solely on either misalignment tolerance or voltage stress. In
contrast, this article simultaneously enhances misalignment tol-
erance while optimizing voltage stress and system efficiency,
thereby providing practical guidance for future applications.

VI. CONCLUSION

This article proposes a new hybrid CPT system to enhance
tolerance to plate misalignment and ensure CV output. The
proposed system is configured to form an IPOS connection of the
LCLC-LC and LC-LCLC compensation topologies. A novel QD-
HCC is designed to achieve decoupling of misalignments along
the X-axis, Y-axis, and Z-axis. Consequently, the two electric
field coupling power transfer channels operate independently,
effectively mitigating complex cross-coupling. Furthermore, a
triple-effect multiobjective optimization method is proposed to
jointly reduce plate voltage stress, enhance efficiency and im-
prove misalignment tolerance. Experiment results shows that the
proposed system achieves CV output for 40% X-axis misalign-
ment, 40% Y-axis misalignment and 100% Z-axis misalignment
within 5% output fluctuation with a maximum efficiency of
87.5%. These results indicate that the proposed system offers a
promising solution for charging applications in cleaning robots
that requiring high spatial flexibility.
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