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Abstract: Misalignment is a common issue in wireless power transfer systems. It shifts the reso-
nant frequency away from the operating frequency that affects the power flow and efficiency from
the charging station to the load. This work proposes a novel capacitive wireless power transfer
(CPT) using an 8-plate multi-resonant capacitive coupling to minimize the effect of misalignments.
A single-active switch class-E> power converter is utilized to achieve multi-resonance through the
selection of different resonant inductors. Simulations show a widening of the resonant frequency
band which offers better performance than a regular 4-plate capacitive coupling for misalignments.
The hardware results of the 8-plate multi-resonant coupling show an efficiency of 88.5% for the 20.8 W
test, which is 18.3% higher than that of the regular 4-plate coupling. Because of the wider resonant
frequency band {455-485 kHz}, compared with the regular 4-plate coupling, the proposed design
minimized the output voltage drop by 15% for a 10% misalignment. Even for large misalignments,
the 8-plate performance improved by 40% compared with the 4-plate coupling.

Keywords: wireless power transfer; capacitive-wireless power transfer; class-E? power convertor;
coupling misalignment; multi-resonant coupling

1. Introduction

Wireless power transfer (WPT) is proven to be an effective method to charge battery-
powered devices by positioning the device over the charging pad. WPT eliminates the
requirement of cables and offers convenience to the users. In the present market, the utiliza-
tion of battery-powered devices has resulted in extensive research on WPT in various fields
such as electronic devices [1], automobile [2], underwater [3], medical [4], and unmanned
aerial vehicles (UAVs) [5]. Also, owing to the development of wide band-gap semicon-
ductor components, the power ratings of the WPT systems have expanded. Over the
years, several WPT techniques have been introduced. Most of the research is on inductive-
wireless power transfer (IPT) and capacitive-wireless power transfer (CPT). IPT is widely
applicable in the present market for its high-power transfer capability with a greater than
90% efficiency [6]. However, in recent years, capacitive-wireless power transfer (CPT) has
gained attention because of its compact, cost-efficient, and flexible coupling nature [7].
Compared with IPT, CPT utilizes high frequency (MHz) electric fields to deliver power
from the transmitter to the receiver [8]. A typical CPT system is categorized into primary,
coupling, and secondary sections. The primary or transmitting end consists of a high-
frequency inverter topology to generate an AC signal to the coupling section. The coupling
section consists of capacitive couplers with/without the compensation network, the com-
pensation network function as a two-port voltage gain network on the transmitting side,
and the current gain network on the receiving side. A secondary section consists of a
high-frequency rectifier topology for battery charging, as presented in Figure 1.
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Figure 1. Fundamental block diagram of CPT.

CPT technology has evolved in the last decade with few limitations. One of them
is related to electric fields; they are difficult to shield compared with magnetic fields [8].
Due to the low power density, capacitive couplers demand high-power and high-frequency
voltage pulses [9]. CPT is often used for applications with a low transmission range and
low power, such as unmanned aerial vehicles (UAVs) [5,10]. Misalignment is one of the
common issues in any WPT system. The power transfer degrades when the coupling coils
or plates are misaligned.

Several methods are applied to minimize the effects of misalignments in the WPT
system. Of the two wireless power transfer methods, the inductive-wireless power transfer
(IPT) offers a better performance than the capacitive-wireless power transfer (CPT) for
misalignments. However, IPT requires bulky and expensive cores. The capacitive couplers
provide flexibility in designing the coupling section. One of the methods is by identifying
the optimal coupling structure. The vertical 4-plate coupling structure minimizes the effects
of circular misalignment compared with the 4-plate horizontal coupling structure [11].
However, it requires a high electric field to generate identical power, which leads to safety
concerns around the coupling plates. The power variation of the round plates is over 20% for
rational misalignments over square plates [12]. In [13,14], a capacitively coupled matrix was
used to absorb misalignments under variable coupling conditions, but its implementation
is complicated as it requires complex control logic to adjust the plates along with their
respective parasitic and main capacitances. Another method to handle misalignment is by
adding the compensation network at the secondary side. To compensate the reactive power
for the misaligned system, [15-17] used a hybrid inductive and capacitive WPT system.
The IPT and CPT couplers in this system are employed to compensate for each other
for the misalignments, but circuit performance is limited to 10% misalignments. In [18],
a closed-loop control strategy for dynamic capacitive-wireless power transfer was utilized.
This approach implements the dynamic reactive compensation under misalignments. This
method requires an active variable reactance rectifier (AVR), which increases the complexity
of the secondary circuit.

In this paper, the effects of misalignment in the CPT system are minimized through
a novel 8-plate multi-resonant class-E power converter. The design of power converters
is related to the power, operating frequency, and application requirements [19]. For high
frequency applications, two main classes of amplifiers are used: the trans-conductance-
based amplifiers with harmonic tuning such as class F [20], or the switching mode amplifiers
such as class E, D, and G. For power converters, to maximize the conversion efficiency by
reducing the power dissipated in the active device, a class E is commonly used. This method
follows a unique approach that uses a simple coupling structure with multiple series
LC compensation networks connected in parallel. In [21], an impedance analysis of the
class-E converter was presented. It was concluded that the optimal impedance points
for each resonant inductor overlap with a resonant point for the maximum power point
tracking (MPPT). The proposed design utilizes different resonant inductors to generate
multiple resonant points which offer benefits over the regular 4-plate coupling structure
for misalignments.
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2. Materials and Methods
2.1. Implementation of Multi-Resonance to Minimize the Impact of Misalignment
2.1.1. Frequency Splitting in WPT Systems

Identifying resonance in the circuit is key to enhancing the efficiency, as it mini-
mizes the reactance and improves the power flow. The basic compensation networks of
the WPT include series—series (SS), series—parallel (SP), parallel-series (PS), and parallel-
parallel, which are applied to eliminate the reactive component at the coupling section [22].
The selection of these compensation networks relies on the coupling capacitance and the
topologies. For example, resonant power converters such as a class-E converter con-
sist of series—series/series—parallel compensation networks. The disadvantages of the
compensation network include the sensitivity to the parameter variation due to misalign-
ment. Because of the sensitive nature, the resonance at the coupling section may require
a controller to maintain the output voltage [23]. An alternative approach is to connect
the resonant networks in a cascade to enhance power transfer [24], which requires more
components (such as an inductor) and increases the complexity of the circuit.

As mentioned earlier, misalignment shifts the resonant points. It alters the transferred
power from a single peak curve to a double peak curve while the operating frequency moves
away from the resonant frequency. This phenomenon is known as frequency splitting [25].
In the coupled model theory adopted in [26], frequency splitting is noticed in multiple
coupling systems. Many researchers focused on optimizing the WPT performance by
minimizing the frequency splitting, as it affects the power transfer and efficiency [27,28].
The frequency splitting is impractical to suppress in a WPT system, and [29] uses a control
method which makes it more complex.

In our proposed method, frequency splitting is utilized to form multi-resonance
through the series—series compensation network shown in Figure 2. The 8-plate multi-
resonant coupling structure is the modified version of the 4-plate coupling. The 8-plate
multi-resonant coupling structure is designed by adding a resonant inductor in series with a
capacitive coupling pair. The resultant series LC is parallelly connected to the regular 4-plate
coupling structure shown in Figure 2. These new compensation inductors with capacitive
coupling pairs are designed to form two additional resonant points along with a resonant
point formed by regular 4-plate coupling with a series—series compensation network.

AC @

|
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] e ||
Lr Ce
Ce AC Load
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. —
.
Il Ce PW\IJ
|| Lr H
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Figure 2. Framework of 8-plate multi-resonant coupling structure: (a) 4-plate coupling equivalent
circuit and (b) 8-plate multi-resonant coupling equivalent circuit.

2.1.2. Class-E? with a 8-Plate Multi-Resonant Coupling Structure

The class-E resonant converter is also known as a high-frequency power amplifier.
Compared with other class amplifiers, a class-E converter is a popular single switch topol-
ogy applied for CPT [30]. Class-E? as shown in Figure 3 is utilized for this work. It is
the combination of a class-E inverter and class-E rectifier. The advantages of a class-E
converter include a single active switch with zero-voltage-switching (ZVS), its applicability
for high frequencies, and that a series inductor forms resonance with the coupling plates as
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a series—series compensation network. A class-E inverter circuit is sensitive to parameter
variation [29]. For the applied input voltage, the power transfer from the transmitter to the
receiver is dependent on the resonant inductor and coupling capacitance. To maintain ZVS
for parameter variation such as coupling capacitance or load, ref. [30] uses a control strategy
by selecting a proper shunt capacitor. Some papers [21,31] also focused on maintaining
ZVS without a control strategy by designing the appropriate impedance matching net-
work. This paper follows the same approach of designing the proper impedance matching
network and a shunt capacitor to achieve ZVS for the parameter variations.

£
Load []

x = Cout

vie(2)

= Cd|

Ce

Figure 3. Class-E? with 8-plate multi-resonant coupling structure.

The class-E? converter is a simple circuit with fewer components. In addition to the
shunt capacitor (Cs) and the switch, the class-E inverter consists of a choke inductor (Lp)
on the input side to minimize the current ripple. Similarly, the class-E rectifier consists
of a secondary inductor and output capacitor as a low-pass filter. Even the class-E recti-
fier can attain ZVS through a shunt capacitor (C4) connected in parallel with the diode.
The 8-plate multi-resonant coupling structure is applied to the class-E> power converter
shown in Figure 3. L, is the regular resonant inductors and L,y and L, are the additional
resonant inductors for multi-resonance. The resonant inductors L,; and L, are included
to operate as compensation inductors for low coupling capacitance due to misalignments.
The order of resonant inductor values for the 8-plate multi-resonant coupling structure
is chosen as L;» > L;1 > L, to compensate for low coupling capacitance due to misalign-
ments. Using the designed parameters, the 8-plate multi-resonant CPT system without
misalignment achieves resonance at two branches. For a 0-15% misalignment, the addi-
tional inductors can compensate by achieving resonance in one of the new branches based
on the coupling capacitance. The reactive power at the coupling section is minimized
through the parallel connection of series LC branches. Because of this, the proposed design
can increase the power transfer for a wider range of operating frequencies compared with
the regular 4-plate coupling structure.

2.2. Impedance Analysis of the 8-Plate Multi-Resonant Coupling Structure

The authors of [18] used the equivalent rectifier model for the impedance analysis of
the class-E2-based CPT system. A similar method is applied to determine the impedance
curves for the class-E? converter for both the regular 4-plate coupling and 8-plate multi-
resonant coupling structure. Figure 4 shows the equivalent circuit of the class-E2-based
8-plate multi-resonant coupling. To compare 4-plate and 8-plate coupling, the resonant
impedance equations for 8-plate multi-resonant coupling were derived to realize the power
flow from primary to secondary with respect to the frequency.

Zy = j(XLr - XCC) (1)
Zi = j(XLrl - XCC) (2)
Zr2 = j(XLrZ - XCC) (3)

Zyec = Rz‘ - jXCi (4)
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where X1,y = wx* Ly, Xpp = wx Ly, Xpp = wx Ly, Xee = wxCe, Xoi = w*C,
and w = 2+ 7w * f. C; and R; are calculated by using Equations (5)—(7), i.e., (4.7), (4.27),
and (4.20) from [32] for the duty cycle D = 0.5.

_ 1 — Cos(27mtD)
@ =atan| 5 1=D) + Sin(27D) ©)
Ci 7T
rar . 1 . 1cs . 2 (6)
Ca [ (1 — D)+ Sin(2nD) — 3Cos(29)Sin(4nD) — 5Sin(29)Sin(2D)” —
27(1 — D)Sin(2)Sin(2nD — @)
Ri .. 2
R~ 25in (@) (7)

L[b [ ) Il
Ll 1l

:2
_‘E
e

pC® Cin|
- E T s IR
_-l_ Cc Lr
- | Li2
Ce

Figure 4. Equivalent rectifier circuit of class-E? converter with 8-plate multi-resonant coupling.

Substituting Equations (1)—(4), resultant equation of the resonant impedance of the
8-plate multi-resonant class-E2-based CPT system with respect to the transmitting side is

S Zn*xZy ZipxZy
Zros = R s — X 8
res l+]{z,1+zr Zo+ Z, Cl} ®)
ZaxZy  ZmxZy 2
Zyes| = A |R2+ [ ZL°2r 2 — X > 9
|Zres| \/1 (Z,1+Z, Zo+ 27, ¢ ©)

It is impractical to maintain a constant output for misalignments in the WPT sys-
tem [26], but the impact can be minimized. This work adopts a method that does not
require controllers but uses multi-resonant paths to reduce the drop in output voltage for
misalignments. The misalignment drops the value of the coupling capacitance, and the
additional resonant inductors must compensate for the low coupling capacitance. The value
of the additional resonant inductors (L;1, Ly2) must now be greater than that of the base
resonant inductor (L,) to handle the misalignments. To illustrate the design procedure,
three different sets of inductors were selected as shown in Table 1. For each case in Table 1,
a set of different L,; and L,, are used to implement the impedance variation of the 8-plate
multi-resonant coupling structure with respect to the frequency. The values for L1 and L
were picked to keep the resonance for a 10% misalignment of the coupling capacitor close
to the original resonance frequency. Case (a) is for three resonant inductors with a minimal
difference of 1 uH and 3 pH in reference to L,, and the difference increases progressively
from case (a) to case (c) as shown in Table 1.
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Table 1. Cases based on additional resonant inductor values.

Case L, L Li»
a 33 uH 34 uH 36 uH
33 uH 35 uH 40 uH
4 33 uH 40 uH 45 uH

Figure 5 shows the resonant impedance (Equation (9)) plots of 4-plate coupling with a
series—series compensation network and the 8-plate multi-resonant coupling structure with
and without misalignments for three different cases. The impedance plots demonstrate the
design procedure of the 8-plate multi-resonant coupling. For the 4-plate coupling structure,
due to series resonance, the impedance is minimal only at the resonant point (which is
also the operating frequency), i.e., 470 kHz, whereas the 8-plate multi-resonant coupling
structure widens the resonant frequency band based on additional resonant inductor values
and provides a better performance for misalignments.

Lr=33uH, Lrl =34 uH, L2 =36 uH Lr=33uH, Lrl =35 uH, Lr2 =40 uH

250 250
— §-plate multi-resonant w/o misalignment = 8-plate multi-resonant w/o misalignment
....... 4-plate w/o misalignment =======4-plate w/o misalignment

200 _i\ = = &-plate multi-resonant with misalignment | | 200 ,\\ = = 8-plate multi-resonant with misalignment | |
====:4_plate with misalignment S === 4_plate with misalignment

Impedance (Ohms)
Impedance (Ohms)

Frequency (kHz) x 10° Frequency (kHz) =< 10°

(@) (b)

Lr=33uH, Lrl =40uH, Lr2 =45 uH

m——{-plate multi-resonant w/o misalignment
"""" 4-plate w/o misalignment

200 _\\ = = &-plate multi-resonant with misalignment | |
=== 4-plate with misalignment

Impedance (Ohms)

3 3.5 4 4.5 5 5.5 G
Frequency (kHz) 10

(©)

Figure 5. Resonant impedance plots of 4-plate and 8-plate multi-resonant coupling with and without
misalignment for three cases; (a—c) correspond to the inductor values in Table 1.

Figure 5a shows the impedance for three resonant inductors with a minimal difference.
The impedance plots exhibit smoother curves of the 8-plate coupling for both with and
without misalignment for this case. However, the width of the resonant frequency band
is small compared with that of case b. Comparing cases a through c, the impedance peak
within the resonance frequency band increases with the increase in inductance gap between



Electronics 2022, 11, 635

7 of 12

L, and L;1/L;p resonant inductor values. As the additional resonant points are far from
the original resonant frequency, case c generates a high impedance peak between the
additional and original resonant points which is not desirable. In our illustration, case b
is the optimum of the three cases as it exhibits a wider resonant frequency band and a
minimal impedance peak within the band. For this design, the selection of the additional
resonant inductors has a key role in generating a smooth resonant impedance curve for
misalignments. The design of L,; and L,, must provide a wider resonant frequency band
with minimal impedance peaks to maintain the output voltage for misalignments.

While designing the class-E>-based CPT system, the operating frequency will be
the resonant frequency. Therefore, the operating frequency of the class-E?-based CPT
system is 470 kHz for 4-plate and 490 for 8-plate coupling. The concept is to keep the
operating frequency constant for misalignment such that additional controller setup is
avoided. The performance of both the 4-plate and 8-plate multi-resonant coupling circuit is
evaluated for misalignments. For 4-plate coupling, the resonant point shifts to 495 kHz from
the original resonant point for a 10% misalignment. The shift in the resonant point increases
the resonant impedance at the operating frequency for 4-plate coupling. It affects the power
transfer and results in the lowering of the output voltage. For the same misalignment,
due to the wider resonance frequency band, the proposed 8-plate multi-resonant coupling
resonant impedance is lower at its respective operating frequencies compared with the
4-plate coupling. The 8-plate multi-resonant coupling provides better power transfer
with and without misalignments compared to the 4-plate CPT. Additionally, through the
proposed coupling design, the impedance away from the resonance point (i.e., at 350 kHz
or 600 kHz) is almost half of the impedance of a regular 4-plate with an SS compensation
network. The following section presents the results of simulation and hardware tests.

3. Results and Discussions

The coupling setup for the drone charging is shown in Figure 6. The charging pad
consists of four transmitting plates. They are placed to match the sequence of drone legs as
shown in Figure 6. The receiving plates are attached to the drone legs. Here, the drone is
projected to land on the charging pads using the reference points of the charging station to
form coupling plate pairs.

A

.(.‘harging station
<>

Capacitive
plates

Figure 6. Drone charging using 8-plate coupling plates.

The coupling is formed when the drone lands on the charging station. A high coupling
capacitance is achieved with a low transmission range. The coupling pairs are positioned
far from each other, which eliminates the cross-coupling and self-coupling capacitance.
The equivalent model of the coupling plates will be the ideal capacitor. This setup forms a
series LC network at each resonant branch. The experimental setup of the 8-plate multi-
resonant class-E? converter is shown in Figure 7. For the 100 W tests, SiC MOSFET
(SCT3160KLGC11) is utilized because of low switching and conduction losses for the class-
E inverter circuit. The hardware tests are performed for different operating frequencies
with an input of 20 V as the input impedance varies with respect to the operating frequency,
resulting in the variation of input power. Using the formulas from [21], the parameters of
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the circuit are presented in Table 2. The maximum output power of 20.8 W is generated at
the frequency of 470 kHz using the class-E? 8-plate multi-resonant coupling structure.

Figure 7. Experimental set of 8-plate capacitive coupling.

Table 2. Parameters of class-E? power converter with 4-plate and 8-plate multi-resonant coupling.

Components Parameters Values for 4-Plate Values for 8-Plate

DC link/input capacitor Cin 100 nF 100 nF
Choke/primary inductor Ly 33 uH 33 uH
Shunt capacitor at MOSFET Cs 1nF 1nF

Coupling capacitor Ce 3.75nF 3.75nF

L, 33 uH

Resonant inductors Ly 33 uH 37 uH
Ly 40 uH
Shunt capacitor at diode Cy 1nF 1nF
Secondary inductor L 33 uH 33 uH
Output capacitor Cout 1 uF 1uF
Load resistor Ry 240 240

Since the design was for a 10% misalignment, the quantitative experimental results
presented here are for the 10% misalignment case. Some qualitative observations are also
provided for higher misalignments. Figure 8a,b displays the test results of the 4-plate and
8-plate multi-resonant coupling without and with the 10% misalignment. The coupling
capacitance of the PZT plates with a 5 cm diameter and 1.5 mm thickness was calculated to
be 3.7 nF. For misalignment, the coupling capacitance was found to be 3.45 nF. The output
voltage of the 4-plate coupling circuit is shown in Figure 8a, from which we can conclude
that the 4-plate has a narrow resonant frequency band {460-465 kHz}. The class-E? power
converter with 4-plate coupling has a single peak that varies with respect to the resonance
at the coupling section. The MPPT occurs when the operating frequency is equal to the
resonant frequency of the coupling branch. The impedance away from the resonant fre-
quency increases significantly, which results in low power transfer. One of the approaches
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to handle the misalignment is by increasing the width of the resonant frequency band.
Decreasing the quality factor can widen the resonant frequency band, but the circuit with a
low-quality factor will decrease the efficiency.

Output voltage of 4-plate Output voltage of 8-plate

10 10

8 8
S S

26 o 6
oh j=l1]
s &

= 4 =4
> =

2 2

0 0

350 400 500 550 600 350 400 450 500 550 600
Frequency (kHz) Frequency (kHz)

Vout (4-plate)
Vout (4-plate misalignment)

Vout (8-plate)
----- Vout (8-plate misalignment)

(a) (b)

Figure 8. Output voltage of class-E? CPT with and without misalignments: (a) 4-plate coupling and
(b) 8-plate coupling.

The output voltage at the operating frequency of 460 kHz for the 4-plate coupling with-
out misalignment is noted as 6.15 V. At the same operating frequency, the output voltage
with the 10% misalignment is noted as 3.92 V. For the 4-plate coupling circuit, the output
voltage drops by 37% for the 10% misalignment. On the other side, using 8-plate coupling,
the output voltage at the operating frequency is noted as 7.05 V, whereas for the 10% mis-
alignment it is noted as 5.5 V. A 22% voltage drop is noticed due to the 10% misalignment
using the 8-plate multi-resonant coupling. The proposed method minimizes the impact of
the misalignment by 15% compared with the 4-plate coupling. Additionally, the 8-plate
output voltage is double that of the 4-plate at an operating frequency far from the resonant
frequency, meaning it provides better performance for larger misalignments compared
with the 4-plate coupling.

Figure 9 shows the waveform plots without and with the 10% misalignment from the
hardware tests. From the plots, it can be seen that the ZVS is maintained for ideal cases, i.e.,
when there is not a misalignment. As class-E is sensitive to parameter variation, the ZVS
condition is lost for misalignments at the same operating frequency. The design of the
optimal secondary section, such as the selection of the secondary inductor and load to
achieve the ZVS for misalignment, can be the future work of the proposed coupling.

Figure 10 displays the power efficiency of 4-plate and 8-plate multi-resonant CPT
with and without misalignment. At their respective resonant frequencies, the efficiency is
expected to be high for both 4-plate and 8-plate multi-resonant coupling. The efficiency
of the 4-plate class-E? CPT system is measured as 70.2%, whereas for the 8-plate multi-
resonant coupling it is noted as 88.5% at 460 kHz, which is 2.2% higher than the separated
circular coupling plates used for drone charging [5]. The proposed multi-resonant coupling
enhances efficiency by 18.3% using the same components of the 4-plate coupling class-E?
setup. Additionally, the efficiency of the 8-plate coupling remains over 60% for most of
the frequencies within a range of {350-600 kHz}. The parallel connection of the series LC
resonant network minimizes the impedance of the coupling section, which improves the
power transfer.
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Figure 9. Waveform of the class-E> with 8-plate multi-resonant coupling (blue: gate signal, purple:

voltage across MOSFET, orange: voltage across diode) (a) without misalignment and (b) with
10% misalignment.

Efficiency of 4-plate Efficiency of §-plate
100 100
—. 80
g% S
2 60 2 60
= =
o RS
‘g 40 5 40
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= 20 = 20
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Figure 10. Efficiency of class-E2 CPT with and without misalignments: (a) 4-plate coupling and
(b) 8-plate coupling.

4. Conclusions

Misalignment decreases the coupling capacitance and adds reactive power to the
circuit, which reduces the output voltage and the overall efficiency. The proposed novel
8-plate multi-resonant coupling overcomes the effect of misalignment without the need
for control schemes. The proposed design is suitable for a 100 Ah drone battery charging
circuit. The coupling is achieved when the drone lands on the charging pad. With a
short transmission range, the CPT system is operated in the hundreds of kHz frequency
range for the coupling capacitance in nano-farads. The proposed coupling design en-
hances the efficiency to 88.5% using the class-E2-based CPT for a 20.8 W hardware test.
Through the multi-resonance, the resonance frequency band of the class-E>-based CPT sys-
tem is increased from 5 kHz to 30 kHz. Because of the parallel connection of series—series
compensation, the reactance of the coupling section is minimized over a broad range of
frequencies, which minimizes the loss of performance due to misalignments. The proposed
8-plate multi-resonant coupling improves the output voltage of the class-E?>-based CPT
system by 15% compared with the regular 4-plate coupling for 10% misalignments. Even at
an ideal coupling, i.e., without misalignment, the 8-plate multi-resonance coupling’s effi-
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ciency is 18.3% higher than that if the regular 4-plate coupling. For large misalignments,
the 8-plate multi-resonant coupling circuits have a 40% better performance than that of the
4-plate coupling.
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