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ABSTRACT Capacitive power transfer (CPT) techniques have garnered significant attention in recent years.
However, the misalignment of the coupler can lead to variations in the coupling coefficient, which further
degrees the reliability of the CPT system and influence the lifetime of loads. In fact, a high-performance
CPT system should not only realize nearly input zero phase angle (ZPA), constant output, and soft-switching
of MOSFETs, but also exhibit exceptional anti-misalignment performance. Based on the double-sided LC
compensation circuit, the LCLC-L compensation circuit with high misalignment tolerance is proposed and
systematically analyzed in this paper. The redundant compensation capacitor is removed to reduce the volume
of the compensation circuit and an additional L-C circuit is added to regulate the output characteristics of
the CPT circuit. The proposed CPT circuit can also realize nearly input ZPA, soft-switching, and constant
output. Besides, without complex control strategy, the output current of the proposed CPT circuit can
maintain constant even though the distance of the coupler misalignment is large. Finally, the double-sided
LC-compensated CPT prototype and the LCLC-L-compensated CPT circuit with the output current of 2 A
and the maximum output power of 120 W are built to verify the analysis. Compared to the double-sided
LC-compensated CPT circuit. The output current of the proposed CPT circuit is basically unaffected by the
coupler misalignment.

INDEX TERMS Capacitive power transfer, LCLC-L compensation, anti-misalignment, soft-switching, load-
independent outputs.

I. INTRODUCTION Py Py Py
. . . . P,
As one of the main solutions to realize wireless power trans-
fer (WPT), capacitive power transfer (CPT) technique holds P P P P
1 2 1

significant importance due to its cost-effective, lightweight
nature, and absence of eddy-current losses. With advance-
ments in high-frequency switching devices and compensation FIGURE 1. The structure of the four-plate capacitive coupler.
circuits, CPT can be applied in many fields, such as biomedi-

cal implants [1], [2], underwater systems [3], [4] and electric L .
vehicle (EV) charging [5], [6], etc. Consequently, CPT developrr}ent prospec‘Fs, necessitating further comprehensive
research in this domain.

The capacitive coupler of CPT is usually formed by
The associate editor coordinating the review of this manuscript and four metal plates and two pairs of plates are horizontally
approving it for publication was Chun-Hsing Li . separated as shown in Figure 1(a) [7], [8], [9]. However,

(a) The horizontal structure (b) The vertical structure

technique exhibits immense market potential and promising
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this structure occupies a significant amount of space and
results in relatively small leakage capacitances. To ele-
vate the leakage capacitances, external capacitors are added
on both the primary and secondary sides of the coupler,
which unfortunately increases system bulkiness. In order
to minimize installation space while reducing the number
of external capacitors required, a compact vertical struc-
ture shown in Figure 1(b) is proposed in [10], which has
been widely adopted across various applications. Besides,
several high-performance compensation circuits, such as the
double-sided LCLC compensation circuit [11], the LCL-L
compensation circuit [6], and the LC-CLC compensation
circuit [12], have been proposed to achieve load-independent
output. In order to eliminate reactive power, it is necessary
for the input voltage and input current to be in-phase [7],
[13], [14]. However, in practical application, the input cur-
rent slightly lags behind the input voltage to permit a small
inductive phase angle for zero voltage switching operation.
Previous studies have investigated the complex relationship
between input phase angle and normalized parameters under
different loading conditions [15], [16]. Additionally, main-
taining a constant output current is crucial for satisfying the
charging demands of loads in CPT systems [17], [18], [19].
Compared to IPT systems, CPT systems are less sensi-
tive to displacements between the primary plates and the
secondary plates. However, in practical operation scenarios
where significant misalignment or substantial changes in
power transfer distance occur, the equivalent capacitances of
the compact vertical capacitive coupler may undergo dra-
matic variations. Consequently, the CPT system falls out
of resonance, directly influencing the output power of the
aforementioned CPT systems. In severe cases, the operational
safety of the system cannot be guaranteed. A lot of research
has been undertaken to improve the anti-misalignment per-
formance of IPT systems. Several high-performance IPT
couplers have been introduced and compared in [20] and [21].
A dual-receiver inductive EV charging system with high
misalignment tolerance couplers is proposed in [22]. Besides,
this IPT system can realize CC and CV output. Furthermore,
for dynamic EV charging, a control strategy and efficiency
enhancement topology for dual-receiver IPT system are pro-
posed in [23]. The operational mechanism of CPT is similar
to that of IPT. Therefore, a comprehensive analysis of IPT
can promote the research of CPT. To compensate for the
misalignments of the capacitive coupler, a tunable multistage
matching network with controllable compensation capacitors
is proposed in [20]. Together with a controllable compensa-
tion inductor, a matrix charging pad is designed to control
the power flow and regulate the output voltage under variable
coupling conditions [21]. A capacitive coupler array and
a biologically inspired capacitive leaf cell receiver paired
with position-independence feature are present in [22]. How-
ever, the structure of this novel capacitive couplers is bulky.
A high-order compensated capacitive power transfer sys-
tems with misalignment insensitive resonance is proposed
in [23]. This compensation circuit contains six compensation

VOLUME 12, 2024

components. An active variable reactance rectifier is used
in [24] to continuously compensate for misalignments and air
gap variations between metal plates, which also increases the
size and cost of a system. Without additional components or
plates added to a CPT system, a dual-loop control method
is proposed in [25] to improve the misalignment tolerance.
Other approaches to eliminate the influence of coupling
variations on the output power are combining the inductive
power transfer (IPT) system and the CPT system to form a
hybrid WPT system [26], [27]. Similarly, the complexity of
the WPT system increases. Besides, several novel capacitive
couplers are proposed to improve misalignment tolerance
characteristics [28], [29], [30].

Based on the above analysis, this paper proposes a novel
compensation circuit to against coupling variations of CPT
systems. Since the output current is adjustable and approx-
imately constant, the proposed CPT system can satisfy the
charging demands of different loads. To save installation
space, the vertical structure of the four-plate capacitive cou-
pler shown in Figure 1(b) is used in this paper. As analyzed in
Section II, only five components are used in the compensation
circuit and a complex control strategy is avoided, which
makes the CPT system more compact and simpler. The nearly
input ZPA is achieved to guaranteed the soft-switching of
MOSFETs. And the output current of the proposed CPT basi-
cally holds steady even though the coupling varies largely.
In Section III, the parameter design procedure of the proposed
CPT system is given and the coupling tolerance of the system
is analyzed. In Section IV, a CPT prototype is built to ver-
ify the proposed compensation circuit and parameter design
procedure. Section V concludes the paper.

Il. CHARACTERISTIC ANALYSIS OF THE PROPOSED
COMPENSATED CIRCUIT

To simplify the analysis, First-Harmonic Approximation
(FHA) is used in this paper and the capacitive coupler is
equivalent to the [T-type model, which is shown in Figure 2(a)
where Cy is the mutual capacitor, Cp is the primary capacitor,
and Cg is the secondary capacitor.

—CpCy—= ::Cs’CMEZ_

(b) The equivalent CPT circuit

FIGURE 2. The equivalent circuits of the double-sided LC-compensated
CPT circuit.
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The double-sided LC-compensated CPT circuit is suitable
for providing power to lithium batteries and it can achieve
input zero phase angle (ZPA) and load-desired constant cur-
rent (CC) output. To facilitate the analysis, as shown in
Figure 2(a), the equivalent double-sided LC-compensated
CPT system is driven by the voltage U;,, and the lithium bat-
teries is equivalent to a load Rg. The compensation circuit is
composed by L1, Ly, Cex1, and Cexa. As shown in Figure 2(b),
to realize load-independent CC output, the input voltage Uiy,
compensation inductor Lj, compensation capacitors Ceyj and
Cex2, and the capacitive coupler are converted to a current
source which can provide constant current for the load [27].
Since the permittivity of vacuum is 8.85 x 107!? F/m, the
equivalent capacitances of the capacitive coupler are all in
the pF-range which are quite small. To reduce the volume and
voltages stresses of the whole system, compensation capac-
itors Cex1 and Cexo are necessary to elevated the equivalent
capacitances of the coupler.

Since the function of C,y is identical with C,y7, to reduce
the volume of the CPT circuit in Figure 2(a), compensation
capacitor C,y in red dashed box could be removed. To sim-
plify the analysis, the [1-type model of the capacitive coupler
can be converted to the T-type model, which is shown in
Figure 3. Defining C; = C,x + Cp, the T-type model of the
capacitive coupler in Figure 3 satisfies

CiCs — C2
Cy = 1S M

Cs — Cy

C,Cs — C2
Cp = 18 M

Cu

CiCs — Ci,
Co=—2> M 1
c Cr—Cy (1)

L, L

FIGURE 3. The equivalent CPT circuit with T-type model.

Using Kirchhoff current law (KCL) and Kirchhoff voltage
law (KVL), the output current of the equivalent circuit shown
in Figure 3 can be calculate as

tUin
. . 1
1+ (o Cp + ) (jol + ;)

JoCa

@

Imis =

1
. # .
Re+joly+- Co

Jw

where t =

To realize input ZPA and CC output, compensation induc-
tors L1 and L, obey [31]

Lo L1,
=02\ "¢

L—1 1+1 3)
2= 2 \ce T
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Submitting (3) into (2), the output current is written as

L = —joCpUj, 4
5 T T T T T
Misalignment: —— 0 mm
— 15 mm
4 /\ 30mm | A
— —45 mm
60
= S
:d, 3r ]
E
o
2 2 ]
& = S
o
1+
0 L L Lu . ) )
46 48 50 52 54

Compensation inductance (uH)

FIGURE 4. Compensation inductances versus the output current.

—_— CpCyy—

FIGURE 5. The proposed CPT circuit.

The value of the mutual capacitor Cy; would decrease
when the misalignment of the coupler happens. Conse-
quently, the output current increases sequentially based on
equations (1) and (4). As shown in Figure 2(b), L, is in
series with the equivalent current source, it will not influence
the output current and it is used to regulate the phase angle
of the input voltage and input current to realize the soft
switching. Thus, L, cannot be used to reduce the influence
of the variation of Cy; to the output current. Compensation
inductances versus the output current is given in Figure 4.
According to Figure 4, if the double-sided LC-compensated
CPT circuit operates at its theoretical value, the output current
will change dramatically in case of misalignment. As shown
in in Figure 4, a slightly increment of L can diminish the
variation of the output current even though misalignment
happens. Defining the compensation inductance shown in
Figure 4 with high anti-misalignment performance be L1,
to achieve high tolerance of coupler misalignments and guar-
antee the nearly input ZPA, the inductor L; is replaced with
L,-Cy-Ly circuit and the equivalent inductance at the primary
side should be Lij. Thus, the CPT circuit in Figure 3 can
be converted to the LCLC-L-compensated CPT system in
Figure 5 with

Ly =L + Ly ©)

To facilitate the analysis, Figure 5 can be converted to
Figure 6. With the additional L,-C; circuit, the input voltage
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Uj, 1s converted to Uiy and
Uin
1 — w?L,C,
According to Figure 4, parameters Cy, Ly, and L, should
be equivalent to the inductance L;; and

Uipn = (6)

Liy=L — L, + L @)
11 = 1 ‘X 1 _ a)ZCxLx
”CM L 7,
I
+
— CrCy—= —=CsCy R |U,

(a) using a T-type model

CX g

(b) using a I1-type model

FIGURE 6. The equivalent circuits of Figure 5.

The CPT circuits in Figure 6 are similar with CPT circuits
in Figure 2 and Figure 3. Thus, if L is approximately equal
to L1, with (3), the output current of the proposed CPT circuit
is given as

Uin
1 — w?L,C,

When misalignment happens, equivalent capacitances of
the capacitive coupler change, which are denoted by C;,, Cp,
Cs, C), Cg, and C(. respectively. Since the compensation
parameters cannot resonate with the capacitive coupler, the
output current of the proposed CPT circuit does not fol-
low (4). Using KCL, the output current of the proposed CPT
circuit under the coupler misalignment is calculated as

11 Uin1
1+ (joCp +11) (ijn + L )

JjoC)

I, = —jwCpU;;1 = —jwCp (8)

©))

Irmis =

1
Re-HoLy+ m%c ’

Equation (9) bears resemblance to (2), suggesting that the
output characteristics of the double-sided LC-compensated
CPT circuit and the proposed CPT circuit are fundamentally
similar. According to Figure 4, a small increase in L; can
reduce the fluctuation of the output current. As shown in
Figure 5 and Figure 6, the compensation inductor at the
primary side can be equivalent to Lj; by adding L, and C,.
If Ly is equivalent to L; plus a small increase in L; shown in
Figure 4, the influence of misalignments on the output current
can be reduced. Then the output current of the proposed CPT
circuit can be constrained to a specific value, i.e., I; = Liy;s.

where 1} =
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Inductor L, is used in some researches to guarantee the
soft switching of MOSFETs. With additional L,-C, circuit
and (3), the input impendence is simplified as

JjoPC3 (L — L1)* + Ly — Ly

Zin = (10)

. 2
wCpRg (Liy — Ly) e 4 L (L)

With (10), the input impedance can be modulated to be
slightly inductive. Then the soft-switching of MOSFETS is
realized and the input reactive power of the CPT circuit is
significantly reduced.

IIl. COUPING VARIATIONS ANALYSIS AND SYSTEM
DESIGN

A. THE INFLUENCE OF MISALIGNMENTS ON EQUIVALENT
CAPACITANCES

The vertical structure of the four-plate capacitive coupler is
used in this paper. As given in Figure 1(a), p is the length of
square metal plates P and P3, ¢ is the length of square metal
plates P> and P4, d is the air gap between P and P3, and d is
the distance of P{-P> or P3-P4. Considering the space limita-
tion, the coupler is designed as p = 500 mm and g = 350 mm.
As illustrated in Figure 7, misalignment between the primary
plates and the secondary plates may happen in X-direction,
Y-direction, both X- and Y-direction, rotation-direction, or Z-
direction. Taking misalignment in X- or Y-direction, d =
4 mm, and d; = 3 mm as an example, equivalent capacitances
corresponding to coupler misalignment are shown in Table 1.
According to Table 1, with the increase of plate deviation, Cyy
decreases while Cp — Cys and Cs — Cyy increase.

L' y-direction

(c) misalignment in both
x- and y- direction

x-direction

x-direction
—

—> y-direction
(b) misalignment
in y- direction

(a) misalignment
in x- direction

;;;;L;;;i!é;;;\s 74

z

I z-direction

(d) misalignment in
rotation-direction

(e) misalignment in
z- direction

FIGURE 7. The misalignment of a four-plate capacitive coupler.

B. PARAMETER DESIGN PROCEDURE

The proposed CPT system with high misalignment tolerance
is given in Figure 8. The DC voltage Upc is converted to a
high frequency AC voltage usp. The fundamental component
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TABLE 1. Misalignments in X- or Y-direction and their and their
corresponding equivalent capacitances.

Misalignment Cy Cp—Cy Cs—Cu

0 mm 71 pF 378 pF 379 pF

15 mm 65 pF 383 pF 384 pF

30 mm 57 pF 389 pF 389 pF

45 mm 48 pF 396 pF 395 pF

60 mm 40 pF 401 pF 402 pF

75 mm 32 pF 406 pF 407 p]::
D& D,k lo

Pip,

- +
u, Co= Ry| |Uo
D& D&

FIGURE 8. The proposed CPT system with high misalignment tolerance.

of usp is given as

4Upc

. nwD |
uip(t) = sin > sinwt (11

where D is the duty cycle of u;,, in half cycle.
The output currents Ip and Ip,,;s are expressed as

2 2
IO = —Ira.nd IOmis = _Irmis (12)
T T

To realize high performance of anti-misalignment, the gap
between I,.,,;s and I should be narrowed. According to (9),
the output current is designed as Lyis/I; = Iomis/lo = 1 and
it could be simplified as

n
1+ (joCp +11) (ijll + )

JjoC)

—wCp=0 (13)

The value of Cy, Cp, Cs, Cy,, Cp, and Cy are determined
by the structure of the capacitive coupler. Thus, according
to (1) and (3), parameters Cy, Cp, Cc, Cy, Cg, C(., Ly, and
L are only related to C,y. According to (9), (10) and (13), the
input impendence and the output current are only influenced
by Cey and Li;. Thus, with the required input impendence
angle and the output current, C,, and L] can be determined
by equations (10) and (13).

With (7), the capacitor Cy can be expressed as

_ Lt — L
?Ly (Liy + Ly — Ly)
Submitting (14) into (8), the inductor L, is expressed as

CUp (L1 — L
L = wCyx Uiy, (L11 1) (15)
I, — wCgUj,
The inductor L, is calculated by (5). Until now, all com-
pensation parameters Ly, Ly, Cy, Cey, and L, are determined.

Cx (14)
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IV. EXPERIMENT VERIFICATION

To verify the above analysis and exhibit high anti-misalignment
performance of the proposed CPT circuit, the proposed CPT
prototype and the double-sided LC-compensated CPT proto-
type are built to provide the constant current of 2 A and the
maximum transferred power of 120 W. The input voltage is
48V. The structure and size of the capacitive coupler is shown
in Figure 7 and TABLE 1. The prototype of the proposed
LCLC-L-compensated CPT circuit is shown in Figure 9.
In this experiment, the equivalent capacitances Cps, Cs —
Cy, and Cp — Cyy of the coupler without misalignment and
with the 75 mm misalignment are taken as examples to verify
the proposed CPT system. The input DC voltage is 48 V.
The maximum equivalent resistance of the load is 30 2. The
frequency f is designed as 500 kHz to reduce the system
volume. Microcontroller TMS320F28335 is used to drive
Q1.2,3.4. SiC MOSFETs IMW120R045M1 are selected to
construct the inverter. SiC diodes IDW30G65CS5 are adopted
to realize rectification. To avoid the breakdown of capacitors,
several capacitors are connected in series and parallel.

]

= i
ciruit #M ciruit |

FIGURE 9. The prototype of the proposed CPT system.

Submitting I, = 2 A, Cyy = 71 pF, Cp — Cyy = 378 pF,
Cs — Cy =379 pF, f = 500 kHz, (1), (3), and (4) into (10)
and (13), parameters C,, and L1 are calculated where the
ZVS of MOSFETs and nearly input ZPA are all guaran-
teed. With (15), the inductance L, is derived. Parameters
Cy, Ly, and L, are obtained by (14), (3), and (5) respec-
tively. The compensation parameters of the double-sided
LC-compensated CPT circuit and the pro-posed CPT circuit
are given in Table 2. Circuit 1 and circuit 2 correspond to the
double-sided LC-compensated CPT circuit and the proposed
CPT circuit respectively.

As analyzed in [27], the double-sided LC-compensated
CPT circuit can realize load-independent CC output and
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TABLE 2. Compensation parameters for the double-sided
LC-compensated CPT circuit and the proposed CPT circuit.

Parameters Circuit 1 Circuit 2
C, / 2.21 nF
L, / 8.6 uH
L, / 37.7 uH
L 94.21 pH /
L, 94.21 pH 227 uH
Cexi 632 pF 2.16 nF
Con 632 pF /
™ f— U5 =
"R T . T U
\— \—d \— o
Uyp
AN
[
presrey - [ - [l
=
T . A T
@R, =15Q
==y = ““\;r—\ fieeemy
sl | f | Y \ | \
" 1\.- / \v / Lt
I Uyp
L‘ \ ‘- {
il i | | il
1eb [U / ‘
ST . B i
l‘b’ :m,a.a sooveavl 00wl soovaw g :cnn;,i_
ek cwlm wm  anm  so T e
(b)R,=30Q

FIGURE 10. Experimental waveforms ugg, ugg. iy, and Ig of the
proposed CPT circuit.

input ZPA. The experimental waveforms ugs, usg, ijv, and Ip
of the double-sided LC-compensated CPT circuit at full load
R; =30 2 is shown in Figure 11. The nearly input ZPA, the
soft-switching of MOSFET, and the constant output current
of 2A are all realized.

Figure 12 shows experimental waveforms ugs, uap, iy,
and Ip of the proposed CPT circuit under coupler mis-
alignments. When the distant of the coupler misalignment
is 75 mm, the output current Ip is basically remained
unchanged which is still around 2 A. Thus, the proposed
LCLC-L-compensated CPT circuit has high performance of
anti-misalignment.

To further demonstrate the superiority of the proposed
CPT circuit, the output currents of the double-sided LC-
compensated CPT circuit and the proposed CPT circuit with
different distant of the coupler misalignment are shown
in Figure 13. The output current of the double-sided LC-
compensated CPT circuit corresponds to the unoptimized
curve and the output current of the proposed CPT circuit

VOLUME 12, 2024
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FIGURE 11. Experimental waveforms ugg, ugg, iy, and I of the
double-sided LC-compensated CPT circuit at full load R; = 30 Q.

lo/
1
Freq(cy
e I ,
0 oo I el ool s e B2
= T 0w 1
B A e e, so e

FIGURE 12. Experimental waveforms ugg, uypg, iy and Ig of the
proposed CPT circuit under coupler misalignments.

5
< Optimized curve
<4 e B
= === Unoptimized curve =
£ —
57 .
2 -
1Y — ) —
=2
o
[}
£ 1

0

0 15 P = - |

The distance of the coupler misalignment (mm)

FIGURE 13. The output currents based on different compensation circuits
and misalignments.

corresponds to the optimized curve. According to TABLE 1,
when the misalignment happens, Cj decreases while
Cp — Cy and Cs — Cy increase. Besides, equation (3)
and (8) are not applicable, and the output currents of
the double-sided LC-compensated CPT circuit and the
proposed CPT circuit follow (2) and (9) respectively.
By substituting the values of Lj, Lp, and equivalent
capacitances from TABLE 1 into (2), as well as the
values of Lij, L, and equivalent capacitances from
TABLE 1 into (9), the output currents could be drawn
as Figure 4. If the compensation inductance is L, the
output currents of the double-sided LC-compensated CPT
circuit under different misalignments are circled in red. If the
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TABLE 3. Compensation for recent CPT systems and this work.

Reference Environment I;)Il(; .tgsf No. 2;(3:2113 ZthsSatlon Misalignment Control ACy AP, or Al n
2 capacitors+2 N o N o
[4] underwater 6 transformers 9.4% Unused 12.2 % 18%(Pour) 84.3%
[27] air 4 4or6 15.6% Unused / 50%(ZLour) /
6 capacitors/
[28] air 4 inductors+ Buck and 45% Used / 0%(Pour) 75%
Boost converters
4 capacitors/
[30] air 4 inductors + 1 45% Used 29.5% 8.3%(Pour) 88.29%
transformer
This work air 4 5 15% Unused 55% 6%( Lou) 86%

compensation inductance is Ljj, the output currents of the
proposed CPT circuit are circled in purple. To sum up, we can
draw the conclusion that as the distance of the coupler mis-
alignment increases, the output current of the double-sided
LC-compensated CPT circuit changes dramatically, which
would reduce the lifetime of the load and even make circuits
overheat or burn, and the output current of the proposed
CPT circuit is basically constant. Figure 13 provides further
evidence for the analysis mentioned earlier and is consistent
with the findings presented in Figure 4. Therefore, unlike the
unoptimized curve, the proposed CPT circuit possesses high
performance of anti-misalignment.

The maximum efficiency of the proposed CPT converter is
measured around 89 % and the efficiency under misalignment
condition is around 86 %. The losses are mainly distributed
in the coupler plates, magnetic inductors, and rectifier diodes,
which is not the key and omitted in this paper.

Table 3 shows the comparison between this work and the
previous studies. As mentioned in Introduction and shown
in [27], when significant misalignments occur, the equiva-
lent capacitances of the CPT couplers would also undergo
dramatic changes. Besides, several researches use complex
control strategies or hybrid power transfer systems to improve
the anti-misalignment performance. For this work, no control
strategy is needed and the structures of the CPT coupler and
the compensation network are all relatively simple. Further-
more, the maximum variation of the output current is 6% even
if Cys changes dramatically (55%), indicating that the output
current remains constant.

V. CONCLUSION

Inspired by the double-sided LC-compensated CPT circuit,
this paper proposes an LCLC-L-compensated CPT system.
After a systematic analysis, one load-independent constant
current (CC) frequency with the nearly input zero-phase angle
(ZPA) are derived. A parameter design method is also pro-
posed in this paper to reduce the influence of the coupler
misalignment and realize the soft-switching of MOSFETs.
To demonstrate the superiority of the proposed CPT circuit,
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the double-sided LC-compensated CPT prototype and the
proposed CPT prototype are all built. Experimental results
have validated the theoretical analysis well and the output
current of the proposed CPT circuit is basically impregnable
even though the coupler has a relatively large misalignment.
Thus, without complex control strategy, the double-sided
LCLC-L-compensated CPT circuit possesses high perfor-
mance of anti-misalignment.
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