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Abstract: This paper presents the design and analysis of load and coupling variations for a current Wireless Power Transfer
(WPT) technique, known as Capacitive Power Transfer (CPT). Due to its strength, CPT becomes an effective and essential
alternative to conservative technique, which is Inductive Power Transfer (IPT). It can compete with IPT in industrial demand
since it has a small number of component usage, uncomplicated topology, increases electromagnetic interference (EMI)
shielding performance and robust to surrounding metallic elements. Class E power amplifier with the presence of 71b matching
resonant circuit is applied in this work as a high frequency ac power source since it has the ability to perform dc-to-ac inversion
efficiently. It supports the CPT system to attain a maximum power transmission. MATLAB software is used to design and
simulate the CPT circuit; and the analysis is made up from the results. This proposed system able to generate 1W of output
power by maintaining up to 98% efficiency at 6.78MHz operating frequency for Biomedical Implantable Device application.
The analysis of load variation is in the range of 50Q until 1kQ; meanwhile for coupling variation is between lmm to 15mm.
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1. INTRODUCTION

Nowadays, the development of Wireless Power Transfer
(WPT) technology grows so fast since its market demand is
increasing for wireless charging devices, applications, tools
and equipment. Thus, direct metal-to-metal contact method
leaves off [1-5]. Until today, Inductive Power Transfer (IPT)
has fulfilled good performance and be the most popular
technique for this technology; nevertheless, this technique
has a few of drawbacks which can be countered by Capacitive
Power Transfer (CPT). Foremost, since IPT utilize magnetic
field as transfer interface, thus it is unable to penetrate
through metals shielding environment. Therefore, it is
irrelevant to apply in condition which metal barriers exist
between the power sources and loads; indirectly, this
technique is inapplicable for Biomedical Implantable Devices
(BID) applications because most of the device’s elements are
made up of metals. In addition, due to electromagnetic field
is applied as the “energy carrying medium”, it may cause in
electromagnetic interference (EMI). Hence, the CPT
technique is introduced in order to overcome the disabilities
of IPT. It used electric field as transfer interface which has
the ability to penetrate through metal shielding environment
[6-8]. Besides, it has good anti-interference ability of
magnetic field [9-11].

Power amplifier is one of the essential elements in

transmitter part of CPT system since it regulates the complete
system outcomes. Class E power amplifier is proposed for
this system due to its special characteristics. It has simple
topology and a good efficiency performance which has the
capability to achieve 100% switching condition named Zero-
Voltage Switching (ZVS) [12-14]. Therefore, this power
amplifier is the most preferable for WPT system. The
overlapping throughout the switching time intervals between
switch current and voltage waveform must be prevented;
hence, it will attain magnificent efficiency since switching
losses are nearly zero besides choose the perfect value of
components usage [15].

Impedance matching is defined as a technique to illustrate
the source and load are effectively equal [16]. This technique
is applied in order to match a load resistance to a source aims
for achieving highest power transfer [16]. It is commonly
added in power transfer system to increase efficiency of the
system [17] and expand the ability of power transfer to the
load [18-23]. By applying this process, the system will attain
maximum efficiency [17, 19]. A few types of impedance
matching that commonly used in WPT circuits are nla, ntlb,
n2a and n2b matching resonant circuit.

For BID application, mlb matching resonant circuit is
chosen for this proposed system due to its strength which is
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more superior compare to other impedance matchings. It suits
perfectly for the application which needed smaller size of
receiver unit and smaller value of components usage which
cannot be handled by other impedance matchings. This
concern is due to consideration for human friendly and safety
which required the smallest size of device to implant in

human body. Reducing size and weight in order to produce a

BID is a strong trend to make sure it is compatible with

normal human activities and increase comfort for the host

[24].
6.78MHz operating frequency is preferable for this

proposed system. This is referring to the most current

researches which WPT system and BID application safe and
suit to operate at the Industrial Scientific Medical (ISM) band

6.78MHz [25-30].

The contributions of this paper can be summarized as
follows:

1) This work highlights on CPT system based on Class E
power amplifier with lb matching resonant circuit for
BID application which powered with 12V dc input supply
at 6.78MHz operating frequency in producing an idle
sinusoidal signal across the loads.

2) This system able to generate 1W output power and
maintain over 90% of power transmission efficiency in a
range of load and distance.

3) In this work, analysis of load and coupling variations for
CPT systems are shown in section III in detail.

This paper is organized as follows: Section II shows the
design of CPT system, Section III presents the results and
discussion and final section, Section IV is conclusion of this
work.

2. CAPACITIVE POWER TRANSFER SYSTEM

Figure 1 shows the proposed system of this work known as
CPT system. It consists of 2 major parts, which are transmitter
part and receiver part. In between of these two major parts,
they are separated by a medium which can be air gap, a paper,
muscle tissue, plastic, etc. In the case of this proposed system
which focuses on BID application, the 2 major parts are
separated by muscle tissues which act as a human body. The
transmitter part is outside the human body; meanwhile the
receiver part is inside the human body. The transmitter part is
inverting a high frequency voltage source which transforms
the standard frequency dc power supply into a high frequency
ac voltage and then transfer to transmitter coupling plates.
When the transmitter coupling plates are placed close to the
receiver coupling plates, the alternating electric field is
formed in the between; thus, displacement current able to
flow through it. Two capacitors are connected in series during
this CPT operation; this shows the function of electric field
coupler then resulting in power that can be transferred to the
load in receiver part without direct electrical contact. The
design of this system will be explained in detail in the next
section.
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Figure 1. The illustration of CPT system

2.1 The Design of Class E

The basic circuit of Class E power amplifier is shown as in
Figure 2. The operation of this circuit is left off since it is
explained well in [12]. Commonly, the power amplifier is
functioning in fixing the output voltage. However, the output
voltage still can be adjusted by changing the duty cycle and
switching frequency.

Lf L c2
- Y H

Vde Q 1 = 1 RL
Vs

Figure 2. Class E Power Amplifier Circuit

This basic circuit has two important elements which are
power MOSFET and load network. The power MOSFET is
operating as a switch at input frequency; while, the load
network is consisting of shunt capacitor, Ci and a series
resonant R — C2— L output circuit. Besides, choke inductor,
Lris working to force the dc current, lac and it is normally high
enough to force the dc current, Ldc.

In the case of optimum operation which duty cycle, D is
0.5, value of components in Figure 2 can be calculated as
follows:

The full-load resistance can be calculated as:

R = Rs — 8Vdc* 0.5768 Vdc? )
= (m2+4)Po Po
Next, the reactance of shunt capacitor is then:
1 ma@®+4R 5 1466R ()
“Twe, 8 7

The reactance of resonance inductor can be obtained:
X, = wL =Q,R (3)

Last, the reactance of resonance capacitor is given by:
1 m(m? — 4)
Xe=—o= [@——16 ]R
~ (Q, — 1.1525)R )

In the basic circuit of Class E power amplifier as shown in
Figure 2, impedance matching does not exist. Therefore, the
value of load resistance, R has to be exact as calculated from
(1) in order to transfer a specified amount of output power,
Po at a specified dc voltage, Vdc. Nevertheless, impedance
matching is formed in order to satisfy a range of desired load
resistances.
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2.2 rw1b Matching Resonant Circuit

The purpose of impedance matching network is to transform
the load resistance or impedance into the impedance required
to produce the desired output power, Po at the specified direct
current voltage, Vdcand the operating frequency, f. Referring
to (1), Vd,, Po and R are dependent quantities. In many
applications, the load resistance is stated and different from
(1); thus, matching circuit is needed to provide impedance
transformation either downwards or upwards.

A diagram of Class E power amplifier with matching
resonant circuit wlb is shown in Figure 3. This impedance
matching type is chosen because of the capacitor is connected
in series with the load which will be then modified to
capacitor coupling plate to fit the actual CPT system. The
reactance of shunt capacitor, Xcs and reactance of resonant
inductor, Xz values can be determined for optimum operation
at D=0.5 from (2) and (3) respectively.

Lf
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i
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7

Figure 3. Class E Power Amplifier with 71b Matching
Resonant Circuit

The components value in Figure 3 can be obtained by
referring to part A and applying these formulas:

The design equation for the reactance of capacitor Csis:

This given the design equation for the reactance Xc2 as:

="~

wC,
R[(Q, — 1.1525)% + 1]
_ - (6)
Q; —1.1525 — \/R[(QL 1.}%L525)2 1] .

3.RESULT AND DISCUSSION

The design specifications were set up as follows in order to
satisfy the output requirement: Dc power supply, Vic= 12V,
operating frequency, f = 6.78MHz, Q = 10, D = 0.5, and
output power, Po = 1W. The circuit parameters are set up
based on the equation as stated in section II and also from the
design specifications. MATLAB/Simulink software is used to
simulate the circuits in order to analyse the load and coupling
variations for complete CPT system. The circuit
performances can be studied and analysed for both variations.
The matching resonant circuits are proposed to the system in
order to achieve the satisfactory of circuit performance which
able to generate 1W output power since biomedical
implantable device, such as pacemaker requires only in the
range of 10uW to ImW output power [31] and maximizing
the efficiency of power transfer over 90%. The comparison in
term of receiver part size is one of the most vital purposes of
matching resonant circuit.

3.1 Load Variations

Figure 4 shows the simulation circuit of load variations. The
value of load resistance, RL is changed started from 502 until
1000Q2. The data of the load variations is tabulated in Table
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Figure 4. Class E Power Amplifier with ©1b Matching Resonant Circuit for Load Variations
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Table 1. Load variations of Capacitive Power Transfer

Input Output
Load Efficiency (%)
Resistance, Input |Input Current,| Input Power, | Output |Output Current,| Output Power,
Rroaa (€2) Voltage, Li(mean) (mA) Pi (W) Voltage, To-p) (mA) Py, (W)
Vi(V) Vopp (V)

50 12 24.67 0.296 10.59 211.9 0.281 94.9
100 12 46.24 0.555 20.74 207.4 0.538 96.9
150 12 63.40 0.761 29.99 199.9 0.749 98.4
200 12 75.89 0.911 37.95 189.7 0.897 98.5
250 12 83.00 0.996 44.39 177.6 0.985 98.9
300 12 84.06 1.009 49.04 163.5 1.002 99.4
350 12 81.60 0.979 51.81 148.0 0.958 97.9
400 12 78.74 0.945 54.11 135.3 0.915 96.8
450 12 76.67 0.920 56.04 124.5 0.872 94.8
500 12 74.91 0.899 57.69 1154 0.832 92.5
550 12 73.06 0.877 59.12 107.5 0.794 90.5
600 12 71.87 0.862 60.38 100.6 0.759 88.1
650 12 71.34 0.856 61.48 94.59 0.727 84.9
700 12 69.60 0.835 62.47 89.24 0.697 83.5
750 12 68.94 0.827 63.35 84.46 0.669 80.9
800 12 67.79 0.813 64.15 80.18 0.643 79.1
850 12 67.17 0.806 64.87 76.32 0.619 76.8
900 12 66.25 0.795 65.53 72.82 0.596 75.0
950 12 65.76 0.789 66.14 69.62 0.576 73.0
1000 12 65.34 0.784 66.70 66.70 0.556 70.9

From Table I, when the value of load resistor is increasing
from 50Q to 1000Q2, the input power for the system is
increasing starting from 50Q until 300Q, and then it is
decreasing from 350Q until 1000Q2. The pattern is
remaining the same for output power and also efficiency,
which are increasing from 50Q until 300Q and then
decreasing from 350Q until 1000Q. The maximum output
power that can attain by the system is 1.002W with 99.4%
efficiency, which the load resistor is 300Q2.

Referring to Table 1, in the range of 250Q2 until 3500,
the input and output power almost reach 1W; meanwhile
the efficiency is above than 97%. Figure 5 shows the
plotted graph from the data in Table 1. The graphs show
the relationship between load resistances towards
efficiency.

Load Resistance versus Efficiency
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Figure 5. Load resistance, RL versus efficiency, n at 6.78MHz operating frequency
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3.2 Coupling Variations

Figure 6 shows the simulation circuit of coupling
variations. The data of the load variations is tabulated in
Table 2. For coupling variation mlb impedance matching
resonant circuit, Capacitor 3, C3 is manipulated variable
meanwhile the system specifications and all the
component values are fixed as shown in Figure 6. The
Capacitor 3, Csis defined by
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Where the €o0is 8.854 x 10-12 F/m, meanwhile the area, 4 is
0.063cm2. While, the distance, d is changed in order to
analyse the coupling variation in the range of 1mm to

15mm.
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Figure 6. Class E Power Amplifier with £1b Matching Resonant Circuit for Coupling Variations
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Table 2. Coupling variations of Capacitive Power Transfer

Voltage

Input Output
Distance, d | Capacitive Efficiency
(mm) Coupling | Input |Input Current,| Input Power,| Output |Output Current,|Output Power, (%)
Plate, C3 |[Voltage,| Iiimean) (MA) P; (W) Voltage, | Iypp) (MA) P, (W)
(pF) Vi(V) Vopp (V)
1 85.5 12 21.92 0.263 16.24 54.14 0.110 41.8
2 42.8 12 20.02 0.240 18.88 62.94 0.149 62.0
3 28.5 12 21.83 0.262 23.12 77.07 0.223 85.1
4 214 12 35.56 0.427 31.60 105.30 0.416 97.4
5 17.1 12 84.02 1.008 49.04 163.50 1.002 99.4
6 14.3 12 163.00 1.956 66.03 220.10 1.817 92.9
7 12.2 12 185.30 2.224 58.57 195.20 1.429 64.3
8 10.7 12 161.20 1.934 43.10 143.70 0.774 40.0
9 9.5 12 136.20 1.634 31.73 105.80 0.420 25.7
10 8.6 12 119.10 1.429 24.93 83.09 0.259 18.12
11 7.8 12 106.50 1.278 20.05 66.83 0.167 13.07
12 7.1 12 97.08 1.165 16.54 55.13 0.114 9.79
13 6.6 12 91.40 1.097 14.39 47.98 0.086 7.84
14 6.1 12 86.45 1.038 12.50 41.66 0.065 6.26
15 5.7 12 82.59 0.991 11.14 37.13 0.052 5.25
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From Table 2, the efficiency of power transfer is
increasing starting from lmm until Smm then achieve
maximum efficiency which is 99.4%, meanwhile the
efficiency is starting decreasing when the distance between
two plates is increasing, which started from 6mm until
15mm.

Figure 7 shows the plotted graph from the data in Table
II. The graphs show the relationship between distances, D
towards efficiency, n.

Efficiency versus Distance
100 ,/?‘\\

~ 80
)
£ 60
=
9
£
=2 40 A
=
b=

0

1 2 3 4 5 6 8 9 10 11 12 13 14 15
Distance, D (mm)
Figure 7. Distance, D versus efficiency, n at 6.78MHz operating frequency
4. CONCLUSION [2] Kazmierkowski, M.; Moradewicz, A. Unplugged but

As a conclusion, from the analysis of load variations, the
optimum range for load resistance at 6.78MHz operating
frequency is from 250Q to 350Q. The range for input
power is 0.979W to 1.009W, while the output power is
from 0.958W to 1.002W with maintaining 97.9%
efficiency and above. Meanwhile, for the coupling
variations, the best working distance is between 4mm to
6mm, which achieve above than 90% of power transfer
efficiency. This shown, the efficiency of CPT system still
can be achieve over 90% and satisfied 1W output power
even the load resistance and distance changed in a certain
range. For future works, CPT system with self-tuning
feedback controller will be proposed in order to enhance
the power transfer efficiency directly reduce the power
losses.
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