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Abstract: Capacitive technology for wireless power transmission has been shown to be a good option
for charging the batteries of electric vehicles. It offers better coupling between the transmitter and
the receiver than inductive power transmission. On the other hand, it has some disadvantages; for

example, it is very sensitive to the distance between plates. Several ideas have recently been proposed

E:edcali(t?sr to overcome this disadvantage. However, a proper analysis methodology is still lacking, as is a

L . proper design procedure for the circuits used in capacitive transmission. In this paper, an analysis
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and design methodology is presented for applying the Z-tank resonant circuit to capacitive power
transmission, and the theoretical design methodology is based on normalized equations with respect
to the operating resonance frequency. The analysis methodology and design procedure result in a
circuit where the resonance frequency remains constant despite changes in the distance between the
capacitive plates. The simulation results validate the proposal; to ensure robust, realistic simulation
results, parasitic elements were considered in all reactive components, and robust models were built
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characteristic of the circuit achieves maximum energy transfer and high efficiency.
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1. Introduction

Capacitive power transmission (CPT) is commonly applied in different technologies,
for example, medical equipment, electronic equipment, transportation battery recharging,
and home appliances [1-6]. CPT technology transfers electric power through plates that
generate an electric field. It presents advantages compared to inductive power transmission
(IPT) [7-9], such as lower cost, a reduction in the dispersion of Eddy currents, a lack of
susceptibility to external factors, and the fact that it is unaffected by liquids.

To transfer energy between metal plates, [10] proposes a scheme that uses a two-plate
coupling interface on the primary side and has an inductor on a secondary coil to receive
the transferred power. In [11], the authors present a single-wire scheme that uses one pair
of coupling plates instead of a traditional design with two pairs, thus allowing for a larger
variation in the distance between plates. In [12], a CPT system with an F-type compensation
circuit is used to reduce the stress on the inverter semiconductor devices when energy
moves through the plates.

CPT systems are also included in various high-power applications and are already
being employed in electric vehicle charging. In [13], an LCLC compensation circuit in a
40/). CPT scheme is presented in a 2.4 kW prototype with an efficiency of 90.8%; in [14], a CLLC
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compensation circuit in a 2.57 kW prototype with an efficiency of 89.3% is presented. In [15],
a six-plate topology is used to reduce the radiation loss, allowing for a power transfer
with an efficiency of 91.6% in a 1.97 kW prototype. In [16], the authors present a near-field
phased array that is properly distributed with a cancellation scheme in order to obtain a
high power-density, thus achieving a radiation loss reduction. In [17], a multi-modular CPT
system uses the parasitic capacitance between the plates to achieve a high-performance,
high-power system. In [18], the authors describe a design methodology that uses double-
sided LC compensation in the system and takes inductance detuning into consideration.
Removing the inductance allows for a soft-switching operation in the converter, thereby
reducing stress on the semiconductor devices.

Although the research discussed above forms the basis for the analysis and design
of CPT systems, in practical applications, the coupling between capacitive plates is still a
problem. Since the energy transfer takes place through the air and its dielectric value is
small, the capacitance is just a few tens of picofarads when the distance increases. Therefore,
it is necessary to raise the voltage and the resonance frequency on the coupling capacitance
to achieve a high-power transfer. Furthermore, the CPT system is sensitive to parameter
changes due to the high value of its quality factor, Q. For these reasons, further research is
necessary to establish a systematic method of analysis, achieve the reduction in voltage
stress, determine the optimal load impedance, and reduce the impact of operating frequency
changes on energy transmission efficiency [19,20].

Some topologies have been proposed to compensate for the resonant frequency.
Among these topologies are LCLC, LCL, and LC; in particular, it has been shown that a
double-sided CL compensation grid can be used to achieve a high-power energy transfer
and long-distance variation and to simplify the compensation circuit [21-23]. It also has
been found that in the same way as in IPT applications, in CPT there is also an optimal
load to ensure maximum power transfer. However, a systematic design procedure for this
compensation method is still lacking.

In this paper, an analysis methodology and a systematic procedure for using a modified
Z-multi-resonant circuit in capacitive wireless power transmission are presented. The
proposed design is based on normalized graphs that allow for calculating the parameters
of the compensation circuit for maximum energy transfer.

This paper is organized as follows: In Section 2, the problem to be solved is described.
The proposed method for multi-resonant circuit analysis is presented in Section 3. In
Section 4, our proposal for a design procedure is presented. In Section 5, the simulation
results that validate the design methodology are presented. Finally, the conclusions are
presented in Section 6.

2. Capacitive Wireless Transmitter

Although there have been significant advances in the research on wireless charging
systems with capacitive coupling, the technology is certainly still behind that based on
inductive coupling. In capacitive coupling, energy is transferred through an electric field
between capacitive plates; the energy transfer happens without electromagnetic radiation.

Figure 1 shows a block diagram of a capacitive power transmitter. One of the biggest
problems with this device is the high dependence of its resonance frequency (f() on the
distance between the capacitive plates. In this type of resonant circuit, distance (d) between
plates modifies the resonance frequency according to Expression (1):

fo= 1 M)

\/ L- Cplates

A solution to the high dependence of f on d is to replace the resonant circuit with a
multi-resonant circuit. This multi-resonant circuit, also called a stabilization circuit, aims to
keep f constant even when the distance between the capacitive plates changes.
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Figure 1. Circuit with capacitive power transfer.

Several multi-resonant circuits have been described [24]; however, their use is limited
by the design complexity and the lack of an appropriate methodology for determining the
values of the components that ensure the maximum power transfer and high resonance
frequency stability. In this paper, we propose a multi-resonant circuit analysis and a
design methodology for integrating the multi-resonant circuit into the capacitive wireless
transmitter without these limitations.

3. Proposed Multi-Resonant Circuit

The multi-resonant circuits are composed of a combination of three or more reactive
components, such as inductors and capacitors. As a result, one of their most important
characteristics is the capacity to produce more than two resonance frequencies; stated an-
other way, the interconnection among reactive components results in several characteristics
based on impedance, voltage, and current, thus rendering the circuits suitable for use in
different applications.

In [24], thirty-six multi-resonant circuits with three components are proposed, with
an analysis of each one in the context of the wireless power transfer application based
on capacitive coupling and considering a voltage source as input. All of them satisfied
two conditions:

e  The capacitors must not be connected in parallel to the voltage source;
e  One capacitor must be connected in series to the output.

Considering these conditions, only two multi-resonant circuits from the thirty-six men-
tioned in [24] are feasible for CPT applications. Their configurations are shown in Figure 2.

A

c L C

a) b)
Figure 2. Feasible multi-resonant circuits for CPT system applications: (a) X-Tank; (b) Z-Tank.

In this paper, in order to achieve a frequency compensation due to coupling capacitance
changes, the Z-tank of Figure 2b is modified as shown in Figure 3.
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Figure 3. Z-Tank modified.

Figure 4 shows the equivalent circuit where Cy, Ly, and R; are regrouped in Z; C
and Cyp are now in series. To enable the analysis of the modified multi-resonant circuit
shown in Figure 4 and to obtain a design methodology, we propose the use of an equivalent
circuit where coupled capacitors C,; and Cy; are represented by an equivalent capacitor
Ceq, as shown in Figure 5. From this figure, it can be observed that C, is given by:

= 2 @
1 Cp1 +Cp2
| i
L1 i Cpr o
LAY
DU
v, CI—D c== | |a
L
o
: Cr2 :
Figure 4. Equivalent circuit of Z-Tank modified.
Li Ceq L.
A\ @ C —”— — o R
1
Figure 5. Equivalent Z-Tank modified.
Considering Cp = Cy1 = Cpp, Expression (2) can be rewritten as:
2
_CnCe G G .

“ Cp1—|—Cp2_2~Cp: 2

4. Modified Multi-Resonant Z-Tank Design

For the multi-resonant circuit design, a theoretical analysis of the total impedance
(Z1), the total voltage gain (Gyr), and the total current gain (G;r) is performed to obtain
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normalized graphs. Having a normalized graph allows us to determine the conditions of
maximum energy transfer regardless of the value of its elements.

The following conditions are considered for the analysis:

C= C] = C2 ;

L=L1 =Ly
e A relationship “m” between capacitances is proposed: m = C%q ;

e All graphs will be based on the absolute value of the obtained expressions.

4.1. Impedance Analysis

The impedance analysis is performed using a series—parallel reduction in the circuit in
Figure 5, as shown in Figure 6.

L4 Caq L1 Ceq

| Y Y\

I
Vi Ci—— == C; V1® Ci =
a) b)
L1 I-1
@ T Q@ |
c) d)

Figure 6. Modified Z circuit reduction process: (a) Equivalent Z-Tank modified; (b) Z; and C, in
parallel are reduced to Z5; (c) Ceq and Z; in series are reduced to Z3; (d) C; and Z3 in parallel are
reduced to Zy4.

From Figure 6, expressions for Z1, Z,, Z3, Z4, and Zr can be obtained through FHA
(First Harmonic Approximation) analysis, where the network is analyzed only for the
first harmonic:

Zy =Ry + XLy =R+sL (4)
1 sL+R
Zo=Z|Xe, =Z|| == 5—=—
27 AP T A5 T 2LC+sRC+ 1 ©)
1
Z:),:Zz-i-XcmZZz—i-fC (6)
S
7 s?LC[m + 1] +sRC[m + 1] +m )
T sC(s2LC +sRC + 1)
1
Zs = Z5||Xc, = Zs||—
4= Z3|| Xc, 3| 5c (8)
g s?LC[m +1] +sRC[m + 1] +m ©)
+ 7 SC(s2LC[m + 2] + sRC[m + 2] + [m +1])
Zy =Zy+ Xy, = Zy+sL (10)

To facilitate the analysis and obtain normalized expressions, the following relation-
ships are defined:
fapemtion ) .

7
fresonance

e v =Normalized resonance frequency (
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fopemtian .
fcutfoff_RC !
e w = Angular frequency (277 foperation)-

e ¢ =Normalized cut-off frequency

To obtain a normalized graph, Zr is rewritten as:

YAm+2] =292 [m + 1] + m + jp{[m + 1] — *[m + 2] }
jwC([m +1] — y2[m + 2] + jp[m + 2])

Zr = (11)

Impedance Zt can be expressed as:
Zr = XcZnor (12)

where
1

= 1
€= jaC (13)
YAm+2] = 292 [m + 1] + m + jop{[m + 1] — y*[m + 2] }
[m+1] — y2[m + 2] + jp[m + 2]
Because both the numerator and denominator of Expression (14) are complex expres-
sions, we propose obtaining the magnitude of both expressions as follows:

(14)

Znor =

(Y4 [m + 2] — 292[m + 1] + m)* + ¢2([m + 1] — 72[m + 2])?
V(im+1] = 12[m +2))2 + ¢2[m + 2]

|Zn0r| = (15)

Figure 7 shows the graph corresponding to Expression (15), where - is a vector with a
range from 0.5 to 1.5, ¢ is a vector with a range from 0 to 0.1, and m = 50. It can be observed
that the magnitude of the normalized impedance is near 0 when working near resonance
(7 = 1) regardless of the value of ¢. If ¥ slightly decreases from 1 and ¢ = 0, then Z reaches
its maximum value, but if ¢ > 0, then Zr decreases to 0. As a result of this observation, it
can be concluded that the value of |Xc|must be large to compensate for the normalized
impedance magnitude so that the total impedance does not affect the circuit efficiency.

Normalized impedance (Znor)
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Figure 7. Normalized impedance in the function of -y, ¢, and m = 50.
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To increase Xc, w or C should decrease; however, at a low frequency, this is not a
good alternative as it would increase both the value of plate capacitance and conduction
losses. As a result, we now analyze the optimal operating frequency for working with low
capacitance values.

4.2. Resonance Frequency Analysis

In [25], it is mentioned that, if the parallel capacitors are larger than the coupling
capacitor, the parallel capacitors will dominate the resonance frequency. However, the
authors do not indicate how much greater this relationship should be. To find the optimal
ratio value from Expression (11), the behavior of Expressions (16)—(18) is analyzed:

7Hm+2] (16)
Vlm+1] (17)
Y2 m + 2] (18)

Considering that operation in the resonance frequency is a requirement, the value of y
needs to be 1. In Expressions (16)—(18), v is multiplied by different factors; therefore, the
approximation error is analyzed when Expressions (16)-(18) are equal to the relation with

m according to:
oy om m m
rY_\/m—i—ZN\/m—i-l \/m+2 (19)

Table 1 shows a comparison of the values obtained with Expressions (16)—(18) by using
v =1 for different values of m.

Table 1. Behavior of Expressions (16)—(18) with = 1 with different “m” values.

4 /T / /_m y
M m+2 7mn-1+1 m+2 YoError

@ (b) © @Vsy () Vsy © Vs
10 0.9554 0.9535 0.9129 4.46% 4.65% 8.71%
20 0.9765 0.9759 0.9535 2.35% 2.41% 4.65%
30 0.9840 0.9837 0.9682 1.60% 1.63% 3.18%
40 0.9879 0.9877 0.9759 1.21% 1.23% 2.41%
50 0.9902 0.9901 0.9806 0.98% 0.99% 1.94%
60 0.9918 0.9918 0.9837 0.82% 0.82% 1.63%
70 0.9930 0.9929 0.9860 0.70% 0.71% 1.40%
80 0.9938 0.9938 0.9877 0.62% 0.62% 1.23%
90 0.9945 0.9945 0.9891 0.55% 0.55% 1.09%
100 0.9951 0.9950 0.9901 0.49% 0.50% 0.99%

The normalized resonance frequency approaches 1 when the value of m increases, and
for values of m > 50, the approximation error in Expressions (16)—(18) is below 1%, so it
can be concluded that working with a value of m = 50 allows for a proper stabilization
of the resonance frequency. Expression (16) has the lowest error rate, so it is used for
future calculations.

4.3. Voltage Gain Analysis

To obtain the voltage gain expression (Gy), the voltage divisor method and the expres-
sions obtained in the impedance analysis are used; the resulting expression is shown in
Expression (20). However, since magnitude is required to obtain a normalized graph, the
expression used is shown in Expression (21):

_ ¢
Cv = Al + 2] — 292 [m + 1] + m + j¢{[m + 1] — v2[m + 2]} (20)
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Gyl = ? (1)
V(4 m+2] = 292[m + 1] + m)? 4+ 2([m + 1] — 12[m +2))°

The normalized graph for |Gyrlis shown in Figure 8; the magnitude increases when the
variable ¢ moves away from 0 and 7y tends to 1. The multi-resonance effect can be observed
when ¢ is near to 0, where a second resonance peak appears beside the original resonance
peak. Therefore, this type of compensation circuit presents a multi-resonance effect.

Normalized voltage gain (Gy)

N
RSN

.‘.‘ ‘\\\\\\ \:‘\“\‘

\-\\\\\\\\\\\\ \\\\\\\\\“

1.02

2D

|

\
P

Q\
R
LSS

0.98

Qa

0.01

Figure 8. Normalized voltage gain in the function of vy, ¢, and m = 50.

To achieve a design that meets the resonance condition, it is important to obtain the
correct value of ¢ to ensure the correct operation of the system.

4.4. Current Gain Analysis

Analogous to the Gyt analysis, the current divisor method and the expressions ob-
tained from the impedance analysis give us the mathematical expression for the total
current gain in Expression (22):

1

[+ 1] = 2+ 2] + jgm + 2] (22)

G =

From Expression (23), the normalized Gj response is obtained as shown in Figure 9;
the behavior is similar to that of the normalized impedance graph since the magnitude
increases when ¢ is near 0:

1
V([ +1] = 72[m +2])% + ¢2[m + 2]

G| = (23)

The design methodology requires an optimal value of ¢ to avoid an abrupt current
demand and to stay close to the main resonance peak.
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Figure 9. Normalized current gain in the function of -y, ¢, and m = 50.

4.5. Maximum Energy Transfer

Once the Gy and Gy expressions are found, the optimal load value is calculated to
ensure the maximum power transfer from the compensation circuit to the load.

As presented in the previous analyses, the Gy and G; graphs present opposite behav-
iors with respect to the variable ¢; due to this, we propose overlaying both graphs to obtain
the optimal values of ¢ and < to ensure the maximum energy transfer. In Figure 10, the
behavior of Gyt and Gjr is shown for different values of m where it is possible to obtain the

particular values of ¢ and .

Paoints of maximum encrgy transfer

2 G Gy
— M=50  y=0.0002 ©=0.01922

\ —— M=37.5 y=0.987T0 ©=0.02533

- M=25  y=0.9809 ©=0.03705
. M=125 ym0.0635 (u( 06804

15} \, f

Magnitude
=
T

0 0.02 0.04 0.06 0.08 0.1
o

Figure 10. Points of maximum energy transfer.



Energies 2022, 15, 2252

10 of 19

In Figure 11, the behavior of Gy and Gy is shown at frequency variations for different
values of m. The multi-resonance phenomenon can be observed: when fyeration MOVes
away from fresonance, the second resonance peak moves away from the desired resonance
frequency and Gjr decreases; this behavior is always present for different values of m. To
ensure the maximum energy transfer, the value of -y for a given m must be calculated.

1.5
M=50 y=0.9902 ®=0.01922
——M=37.5 y=0.9870 ®=0.02533
———M=25 y=0.9809 ®=0.03705
Gyr M=12.5 y=0.9635 ®©=0.06894
I4I \ ..,"f
1r f A
[ .||| i/ \ \
‘g . |I \
§1 'I / |
© Gir [/ |
= II,” |
0.5F /f
|/ / 5\\
ot \ \\
__/'// i \\___ N
e / N\ e
e ) / N ey
_ — - g T —
p= ' ' —
0.9 0.95 1 1.05 1.1

Figure 11. Compensation circuit behavior for frequency variations.

To obtain the load, the cut-off frequency definition is used as:

1
fcut-off—RC = 27-R-C (24)
Solving feurorc from the ¢ definition and substituting into Expression (24), C is
obtained according to:
¢
= (25)
27TRfopemtion
Using Expression (25), and the parameter fyertion Obtained in Table 1 and in the
definition of v, the parallel capacitance values C; and C,, and the coupling capacitances
that ensure maximum energy transfer can be calculated.

5. Design Methodology

According to the expressions obtained for Z7, Gy, and Gjr, a design methodology for
calculating the reactive and optimal load components is proposed. The design methodology
can be summarized in ten steps:
1.  The output power (P,) is defined;
2. The output load is determined by using the power, voltage, and current in the load
(Po, Vo, and I,);
The optimal capacitor ratio, m, is determined;
Optimal values of ¢ and -y are obtained from Figure 10 and Table 1, respectively;
The resonance frequency is determined;
The operation frequency is obtained according to foperation = Vfresonance;

Req is obtained with Rey = 7317? ;
rec

The value of the parallel capacitance is estimated with Expression (25): C = W% ;
operation

® NSOk w
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9. The values of the equivalent capacitance (Ce;) and the coupling capacitors are obtained
with Cpy = % and Cp1 = Cpp = 2Cy;
10. Inductor L is calculated with the resonance frequency of Expression (1).

To validate the design methodology, the multi-resonant circuit values were calculated

using the parameters shown in Table 2. Three case studies were considered at different
power values. These cases allow validation of the proposed design methodology for
different power consumption scenarios.

Table 2. Modified Z-tank values for output power 50 W, 200 W, and 1 kW, considering m = 50,
= 0.9902, ¢ = 0.0192, fresonance = IMHz, and foperation = 990.2 kHz.

Output Power =50 W

Output Power = 200 W Output Power =1 kW

Vs =45V, R=40.5Q

Vs =100V, R =50 Q V=180 V,R=324 O

Reg = 7= ~ 3370 Ry = 7o ~ 4110 Reyg = 7o ~ 2660
C = yuk = 9167 pF C = yiks = 7516 pF C = sk = 11613pF
rc = 0.05Q rc = 0050 rc = 0.050
Cpt = Cpp = 2 = 3.67pF Cpt = Cpp = % = 3pF Cp1 = Cpp = % = 465pF
GCl T GCl =300 rcpl :11’CP1 = 30Q) GCl =1 GCl = 30Q)
- (znf}’(’SOPZRVICL’)ZC ~ 276.32 HH L - (znfTL’SDVmVICL’)ZC ~ 337 HH - (27TfVL’SUTIIZI1(‘C)2C ~ 218.12 'J'H
r, = 0.1Q r, = 0.10Q r, = 0.10Q

To validate the proposed design procedure, a simulation was performed considering
frequency and capacitance variations in the circuit operation.

6. Simulation Results
6.1. Frequency Analysis

A frequency analysis of the circuit shown in Figure 12 was performed under different
operating frequency conditions to verify that the maximum energy transfer was achieved.

= 3
S L, CFi1I L, S
— Y Y Y Y'Y Y\
276.32uH J 276.32uH
3.67pF
V1@ ci—= — R
91.67pF 91.67pF  33.7Q
Cp:
||
|l
3.67pF

Figure 12. Proposed circuit for frequency simulation.

The behavior of Gy and Gj is shown in Figure 13; it can be noted that the maximum
energy transfer takes place at 990.26 kHz, similar to the theoretical expected value. The
presence of the multi-resonance phenomenon is also consistent with the theoretical analysis
presented in this paper.

To validate that the system is stable under C,, variations, a simulation was performed
maintaining the value of all other variables and changing C, to greater and smaller values
than the nominal. Figure 14 shows the behavior of Gy and G for C, values of 2 pF, 4 pF, and
6 pF; it can be corroborated that the compensation circuit does not allow for the frequency
to change dramatically from the nominal value.
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12 V(V_out,V_out_ref)/V(v_in) I(R1)/(L1)
1.0
0.8
0 0 T i H H H T — —
. I 1 | | I 1
0.90MHz 0.92MHz 0.94MHz 0.96MHz 0.98MHz 1.00MHz 1.02MHz 1.04MHz 1.06MHz 1.08MHz 1.10MHz
Figure 13. Gy and G; behavior.
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Figure 14. Gy and Gy behavior for different Cp values.

6.2. Time Analysis

To perform a time analysis, the circuit in Figure 15 was simulated. According
to [26], the rectifier, filter, and output load can be replaced by an equivalent resistor R,
obtained with:

8- Ry,
Ry = 26
“ 2. Hrect (26)
1
Nrect = U7 (27)
Vo

where ¢ is the rectifier efficiency and is calculated with Expression (27), vris the forward
diode voltage, and V, is the output voltage. For all the case studies, the circuit used is
shown in Figure 15.
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Figure 15. Complete circuit diagram.

6.2.1. Case Study: P, =50 W

With the parameters obtained in the design methodology and the data shown in Table 2
for P, = 50 W, a simulation was performed to obtain the input and output voltage and
current waveforms in the multi-resonant circuit; the main results are shown in Figure 16.

Co——

o V|N_m=44.5:4\f and ly_ms=1.4A 21A
A0V L—_'____—‘ ~‘ —F 1.4A
20V : ~Al 0.7A
ovd. . Y
20V pee =-0.TA
40V L) —-1.4A
-60 ; r— -21A
50\ Vg m=l;l7.90\r' and ly_m,:=1.26A 214
OV L 144
20V - 0.7A
v+ - 0.0A
-20V+ --0.7A
40V S le-1.4A
-60V- T T T T T T T T T 2.1A
1.8954ms 1.8959ms 1.8964ms 1.8969ms 1.8974ms 1.8979ms 1.8984ms 1.8989ms 1.8994ms 1.8999ms

Figure 16. Input voltage (red), output voltage (blue), input current (red), and output current (blue)
for P, =50 W.

In Figure 16, an output voltage of 47.90 V,ns is obtained for an input voltage of
44.54 Vyrys, where Gy = 1.07 with input and output currents of 1.4 A and 1.26 A, respectively,
obtaining G; = 0.9. From the same figure, it can be seen that the voltage—current mismatch
is very close to 0, which indicates that the stabilization circuit operates in resonance. With
the values V;,,, Vo, I;;;, and I, the input and output impedances are calculated to determine
the multi-resonant circuit efficiency:

Zin = -2
in IIN
Zaut = ﬂ

(47.90 V)(1.26 A

Vin

Vo

4454V

4790V

T96A — 38.01 O
)

x 100% = 96.78%

(4454 V)(14 A)

(28)

(29)

(30)
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The level of efficiency obtained corroborates the compensation circuit’s capacity for
maximum energy transfer; this demonstrates the validity of the proposed design methodol-
ogy. Figure 17 shows the value of the current and voltage at the load. The power developed

is 51.18 W.
50V : 12A
{ 1p,=1.12ADC. ; ¥
LY. RPN . O . ST L TR . WP SRR W S RN SRR PRRRTIT NS SRS . FofilitanctBe et RSN SRS H PR Suisacisrasissassnsssasssanss] 1.1A
= p ] —1.0A
—0.9A
i -0.8A
\ N\ ra N 2 4
GOV - § oo Fecrermrnsnasensnsframasessmenissmsrsinmassnssssrasmssmssssnasassares sl : ; \ L {4 \ “rosad ;/ "u / \'.‘ / \I". ,."f \ .'f \ / Lo7a
; 5 4 / ANV A VA \ /NSNS NN
i § | | \ v \ i V | (., \ \ Ll I
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0.0ms 0.3ms 0.6ms 0.9ms 1.2ms 1.5ms 1.8ms 21ms 2.4ms 2.7ms

Figure 17. Voltage (red) and current (blue) waveforms at the load.

6.2.2. Case Study: P, =200 W

A simulation was performed to obtain the input and output voltage and current
waveforms in the multi-resonant circuit with the data presented in Table 2 for P, = 200 W;
the results are shown in Figure 18.

Vin_rms=98.84V and Iy ms=2.20A

-120V-

1.9984ms

T T
1.9994ms 2.0004ms

3.6A

T T
2.0014ms 2.0024ms

Figure 18. Input voltage (blue), output voltage (red), input current (green), and output current (blue),
P, =200 W.

In Figure 18, an output voltage of 97.5 Vi is obtained for an input voltage of
98.44 Vims, where Gy = 0.98 with input and output currents of 2.2 A and 2.17 A, respectively,
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obtaining G; = 0.98. For this power scaling, operation is maintained at resonance since the
voltage—current phase shift is close to 0. With the values Vj,, V,, I;;, and I,, the input and
output impedances are calculated to determine the multi-resonant circuit efficiency:

_ Viy 9884V
Zin=1 = Z5a - 4920 (31)
Vo, 975V
Zout = 10 = 517 ~ HBO (32)
(97.5V)(2.17 A)
= 1 00 - 7 00
1= (G842 V) (22 A) © 00% = 97.69% (33)

The efficiency obtained corroborates the compensation circuit’s capacity for maximum
energy transfer and validates its application in a capacitive energy transfer topology with
scaling in power. Figure 19 shows the current and voltage at the load. The power developed

is 182.73 W.
]20\"{ H : : : : H H : H 22A
I =1.91ADC. : -2 0A
100V i : —1.8A
Ve =95.67VDC
i i —1.6A
—1.4A
| —1.2A
60V— |
= / / VA -1.0A
BT I {
H £ ;x?ﬁabms _ua'nu |£c|_2|rs |aDI’)erS_ 2800 2801 x u . —0.8A
—0.6A
—0.2A
OV T T T T T T T T T 0.0A
0.0ms 0.3ms 0.6ms 0.9ms 1.2ms 1.5ms 1.8ms 2.1ms 2.4ms 2.7ms

Figure 19. Voltage Vrr = 95.67 VDC(red) and current Iz; = 1.91 ADC (blue) waveforms at the load.
6.2.3. Case Study: P, =1 kW

A simulation was performed to obtain the input and output voltage and current
waveforms in the multi-resonant circuit with the data shown in Table 2 for P, = 1 kW. The
results are shown in Figure 20.

In Figure 20, an output voltage of 171.65 Vs is obtained for an input voltage of
176.65 Vims, where Gy = 0.97 with input and output currents of 6.05 A and 5.98 A, re-
spectively, obtaining Gj = 0.988. With the values V,, V,, I;;;, and I,, the input and output
impedances are calculated to determine the multi-resonant circuit efficiency:

Viy 17665V
Zip = AN _ 17000V 59190 34
" TIn  605A G4
VW, 17165V
Zout = 1= 5%A = 28.70 Q) (35)
(171.65 V) (5.98 A)
— l 00 - . 400
1= (17665 V) (5.08 A) < 1007 = 96.04% (36)

The efficiency obtained corroborates the compensation circuit’s capacity for maximum
energy transfer and validates its application in a capacitive energy transfer topology with
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Vin_rms=176.65V and Iy_ms=6.05A

scaling in power. Figure 21 shows current and voltage at the load. The power developed
is 910.54 W.
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Figure 20. Input voltage (blue), output voltage (blue), input current (red), and output current (green),
P, =1kW.
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Figure 21. Voltage Vg = 171.80 VDC (red) and current Iz; = 5.30 ADC (blue) waveforms at the load.

A comparison between the simulation results for the proposed converter and similar
topologies, Refs. [8,27-32] is summarized in Table 3. The proposed converter provides
the highest efficiency, and the number of energy storage elements is similar to that of the
converters proposed in [31,32]. The high switching frequency operation (1 MHz) is a factor
that may reduce the dimensions of the prototype.
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Table 3. A comparison between the simulation results for the proposed converter and
similar topologies.

Parameter Proposed [8] [27] [28] [29] [30] [31] [32]
Output
power 1kW 280 W to 380 W 2.84 kW 3.33W 1.88 kW 350 W 1.5 kW 160 W
Efficiency 96.04% 87% 94.45% 83% 85.87% 74.1% 85.5% 88.2%
Input 180V 80V 310V 20V 270 V 100 V 200 V=300V~ 140 V-340V
voltage
Output 171.80 V - a0V 1292V 270V 132V 125V 180 V
voltage
Inductors 2 5 4 3 4 2 3 2
Capacitors 3 5 4 5 3 6 3 2
Switching 990 kHz 6.78 MHz 1 MHz 1MHz 1 MHz 1MHz 1 MHz 83 kHz
frequency
Capacitance
of the 4.65 pF 4'86?;2“%0 96.1 pF 250 pF 380.9 pF 134 pF 380 pF 25nF
couplers ’

7. Future Work

Future work involves the development of an experimental prototype to validate the
design methodology and the efficiency of the entire system. To reach the targeted power
density per plate area, we will work with plate capacitance arrays, which will enable us to
increase the transmitted power and the apply it directly to the battery charge.

8. Conclusions

The main contribution of this paper is the development of a design methodology
for a modified multi-resonant Z-tank circuit that yields design equations for developing
a capacitive coupling that can achieve resonance frequency stability despite capacitive
coupling changes, for example, distance changes between capacitive plates. In addition,
this paper allows us to determine the minimum value of C/C,; and its impact on the
proposed design. The methodology establishes the optimal operating frequency and the
values of reactive elements necessary to ensure the maximum energy transfer.

Simulation results showed a compensation circuit efficiency of more than 90% with a
Total Harmonic Distortion of 0.25%, which is considered sufficient for capacitive wireless
transmission applications. To validate the proposed methodology, simulations were carried
out at different power values, and the results obtained validated the objective of operating
at maximum energy transfer. The multi-resonance phenomenon exhibited by this type of
circuit and its dependence on the parameters of normalized frequency and normalized
cut-off frequency were also validated.

Finally, the phase shift that occurs between the voltage and the current in both input
and output was close to 0, which validated the correct operation at resonant frequency.
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