WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

Shiyun Xie, Yugang Su, Chunsen Tang, Long Chen

Research on Meander-type Coupled Structure of Capacitively

Coupled Power Transfer System

SHIYUN XIE, YUGANG SU, CHUNSEN TANG, LONG CHEN
Automation college of Chong Qing university, China
xieshiyun1987@gmail.com, su7558@qg.com

Abstract: Capacitively coupled power transfer(CCPT)system is an alternative solution to tranditional inductive
power transfer (IPT) system in certain high Electromagnetic compatibility applications with the advantages of
being able to transfer power across metal barriers and having low standing power losses. Aiming at the problem
of low transporting capacity and efficiency of typical CCPT system based flat elcctrodes in the loosely coupled
mode, a new meander-type laminated coupled structrue was proposed in this paper. The equivalent circuit model
of the new meander-type laminated structure was established, and the simulation analysis results showed that
output power of the system with the new structure is two times higher than that of the traditional type. Finally,
the experiment results verified the availability of the new structure and the theory analysis method.
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1. Introduction

Contactless/wireless power transfer
technologies have been developed to supply movable
loads without direct electrical contacts for years.
Based on magnetic field coupling, inductive power
transfer (IPT) is widely accepted for achieving
contactless power transfer with  successful
applications in material handling systems, contactless
battery chargers, electric vehicles[1-4]. However, IPT
cannot be used to transfer power across metal barriers,
and power losses are of concern even when metal
materials are present close to the magnetic field.
Capacitively coupled power transfer (CCPT)
employs electric field to be energy carrier, so that
metal barriers and surroundings become less of an
issue[5]. In addition, CCPT also has the potential to
reduce standing power losses and pickup sizes [6].
Some successful prototypes using CCPT technology
have already been developed to supply power
wirelessly to LED lamps[7], soccer-playing robots[8],
sensors for respiratory devices[6]etc.

Fig.1 shows the coupled structure of CCPT
system that commonly used flat metal plate as
electrodes. Because the majority of electric flux
exists between the electrodes, the coupled structure
based flat elcctrode has high efficiency in the case of
tightly coupling[9]. However,when the system is
operating in loosely coupling state, the electric field
between the electrodes is composed of vertical field
component and parallel field component. With the
increase of coupling distance the density of vertical
field component drops dramatically, and the
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consistency of parallel field component become poor
at the same time. These two factors result in that the
transfer efficiency of coupling structure is extremely
low.

A new meander-type laminated coupled
structrue is presented in this paper. The transmitting
electrodes are designed as meandering windings
which are connected parallelly and effectively
improve the parallel field component of coupling
structure and enhance the strength of the vertical field
component. The equivalent circuit model of the
coupling structure is established and the simulation
analysis results show that with the new structure
output power of system is two times higher than that
of the traditional type, and the efficiency can also be
improved. Finally, the experiment results verify the
availability of the new structure and the analysis
method.

Fig. 1 shows the block diagram of a typical
CCPT charging system. A DC power supply is
converted to a high-frequency ac voltage which is
then supplied to two primary metal plates (charging
pad). When two pickup plates are placed close to
them, alternating electric field is formed between the
plates, and causes the displacement current between
the plates. Thus, power can be transferred from the
source to a load without direct electrical contacts. To
obtain sufficient amount of power as well as provide
electric isolation, good dielectric materials are
usually coated on the surfaces of the coupling plates.
A compensation inductor is usually placed in series
with the lo ad to compensate for the equivalent
coupling capacitance. Do in Fig.1 is the distance
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between plates, and S is the coupled area. In the
condition of D < S, the coupled structure can be

seen as lumped capacitor. The corresponding
equivalent  topology of typical CCPT system is
showed as Fig.2.
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Fig.1. Schematic diagram of CCPT system based
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Table.1. Parameters of a meander-type laminated
electrode
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Through the AC impedance analysis method, the
efficiency and transmission power of CCPT system

can be expressed as (1), (2) where
a)zLCs=1,Cs=Csl+CSZ-
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The transmission efficiency of the CCPT system
based flat elcctrode can be up to 90% in the tightly
coupled area as Fig.3 showed. However, with the
coupled distance Do increased, density of the coupled
electric flux drops dramatically. And the consistency
of parallel field component excited by fringe effect of
the primary metal plates gets worse, therefore the
transmission efficiency is extremely low.
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2. Meander-type Coupled Structure

2.1 Electromagnetic Property of Meander Type
Coupled Structure

As Fig. 4(a) shows the meander-type coupled
structrue cons ists of two sub-electrodes made of N
thin copper segments whose length is W, and width is
d. The feeding point of electrodes is connectted with
the high frequency inverter link V. of the system. The
pickup electrodes is made up of two flat metal plates
whose separate distance is ds as Fig. 4(b) shows,
where A is the cross section area. The coupled
structure of CCPT system is consist of multiple layers
of meander electrodes and pickup plates. In this paper
the primary meander electrodes and pickup plates
have the same size, and dp, ds are large enough so that
cross coupling between the electrodes could be
ignored.
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Fig. 4. Structure of meander-type transmitting and
receiving electrodes

Through finite element simulation platform
Ansoft, a meander-type coupled structure is
developed which is consisted of three layers meander
electrodes without electric contact between each
other. Fig.5 is the spatial distribution of coupled
electric field excited by primary meander electrodes.
It can be seen that the vertical field component is
mostly distributed near the edge of the electrode and
parallel field component has better consistency than
that showed in the Fig.3.
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Fig.5. Electricfield distribution of meander-type
coupled structure

Under the effect of parallel field component, the
pickup electrodes obtain induced current satisfied
expression (3), where VV, g, J is potential variation,

permittivity of vacuum and current density
respectively.
Iss =IJ -dAngoAAV cos wt (3)
A

The electricfield distribution of 3cm high above
meander electrodes is showed as Fig.6(a). It can be
found that gradient of the electricfield is basically
constant in the L, dimensions. The reason is that the
charge distribution of meander electrodes is similar to
short electric dipoles. Fig.6(b) is the comparision
between the electricfield distribution of meander
electrodes and flat plate electrodes along centerline.
The variation of potential of meander electrodes
along the centerline is kept on a steady value 2.57, so
the conduction current in the corresponding pickup
electrodes can obtain stable value. As to the potential
excited by the flat plate electrodes, although it is two
times higher than that of meander electrodes, the
induced current of pickup electrodes is very low due
to the potential distribution has the parabolic type
characteristic as the Fig.6(b) showed. Compared with
flat plate electrodes, the parallel field component of
meander electrodes has a better energy transmission
characteristic.

Potential /V

() Electricfield distribution above meander
electrodes
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Fig.6. Electricfield distribution of meander-type
electrode and comparison with flat electrode

Distribution characteristics of the vertical field
component of two different type electrodes is showed
as Fig.7(a). It can be seen that the electric field
intensity of meander electrodes is higher than flat
plate electrodes when the height exceed the range
200mm. And for the meander type electrodes,
electricfield excited by the laminated structure is
more stronger than the single layer structure.
However affected by multiple factors(spacing d,
diameter r) , there is no more increase of the strength
of electricfield when the number of electrodes layer
exceeds a special values(it is three in this paper). In
addiction, magnetic flux density between the copper
arms of meander electrodes is relatively large, but it
can be ignored outside the bounds of 1cm vertical
dimension as Fig.7(b) shows. So it can be seen that
meander type electrodes have good EMC property.
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(a) Vertical electricfield distribution of meander
electrodes
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(b) Magnetic distribution of meander electrodes
Fig.7. Electromagnetic characteristic of Meander-
type electrode

2.2 Equivalent Circuit Modeling

As Fig.5 shows the electricfield excited by
meander electrodes includes vertical field component
and parallel field component which both can induce
current in the pickup plates. Due to the distribution
characteristic of electricfield is influenced by various
aspects such as copper arm spacing d, , coupled
distance Do, the potential difference of pickup plates
only can be expressed in the closed form. The
induced current in the pickup plates can be expressed
as (4) based on the distribution characteristic of
electricfield.

2[Edl
Isn S —— (4)
R +R,

According to the definition of capacitor, The
equivalent capacitor of vertical field component can
be expressed as (5) combined Gauss theorem of
electricfield.

(ﬁSgEdT

. (5)
U

Therefore the short-circuit current in the pickup
plates can be expressed as follows.
\Y
ISJ_ — AC 6
R+ (WaC,) ©
Total current in the pickup electrodes Iss is
expression (7)
2[Edl

R +R,

C

+ VAC
JRE +(L/aC, )

(")

The effect of primary electrodes on pickup plates

can be represented by induction coefficient Mc.
I

JoV e

SS

(8)

C

Hence, the equivalent circuit of meander
type electrodes can be found as Fig.8.
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Fig.8. Equivalent circuit model of meander-type
coupled structure

2.3 Comparison between Meander Type Coupling
Structure and Flat Plate Type

The equivalent circuit of flat plates coupled
structure is showed as Fig.9, where C,, Cs is coupled
capacitor of the primary electrodes and coupled
capacitor of the pickup electrodes respectively, M
represents the functions of primary electrodes on the
pickup electrodes[10].
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Fig.9. Equivalent circuit smodel of flat-type coupled
structure

Because the distance between the primary
electrodes is large enough, Cp, Cs can be ignored. The
transfer power of flat plate type CCPT system can be
expressed as (9)

RV
2
R +(VaC,)
Through vertical field component and parallel

field component, meander type coupled structure
transfers power which is showed as expression (10) .

— —\2
. :4(jEF!-d|) X
L

(9)

RV
\/Rf +(t1ac) Y

Spacial electricfield EH, E. isa complex 3D

vector field which can be solved only by numerical
value analysis. According to Gauss theorem of
electricfield, the spacial potential of coupled structure
is satisfied expression (11), where ¢(X, y, z) is scalar
potential, (X, vy, z) is relative dielectric constant, go
is permittivity of vacuum, p, is volume charge density.
Through the Finite Elements solver in Ansoft
package, the transmission power of meander type
coupled structure can be found as follows based
Table.1

(10)
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V(gr - & V¢)=—pu (12)
The curve of the output power of the flat type
and meander type structure changes with the distance
is found as Fig.10. It can be seen that compared with
flat type structure, deterioration rate of transmission
power of meander type structure is slower when
coupled distance increasing, particularly in the range
of 2-4mm, transmission power of the meander
electrode is three times higher as that of the flat type.
Therefore, meander electrodes can essentially
improved the transmission power of CCPT system in
loosely coupled case.
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Fig.10. Transfer capability curves of meander-type
CCPT system varying with D

3. Experimental Verification

To check the validation of meander type
laminated coupled structure, a experimental
equipment based E class converter is developed as
Fig.11 shows. The parameters of system is listed in
Table.2 and the switching devices used is the
IPPO96NO3 MOSFET. Meander electrodes are
wound by Litz wries and fixed on a 20cm>20cm
cardboard. Because the output is pure resistant load,
induced current in the pickup plates can be connected
with output without rectifying circuit. The
waveforms of excitation voltage U,, pickup voltage
Us and output voltage after entered steady state is

showed as Fig.11.
T R
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Fig.11. CCPT experiment equipment based E-class
converter

Coupled
Structure

Table.2. Given parameter of experiment equipment

Parameter Value Parameter Value
VilV 19 R./Q 500
f IkHz 264 Ci/nF
L,/uH 420 C,/InF 1
L/uH 300 [
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It can be seen that the excitation voltage U, and
pickup voltage Us are relatively stable without
harmonic distortion as Fig.12 shows. The experiment
results show that CCPT system with meander type
coupled structure can work on a relatively stable state.

400
300 F..

0 5
t/us
(a) Voltage waveform of transmitting and pickup

electrodes

Us,Ups/V

t/us

(b) Drive signal Ugsand output U,
Fig.12. Experiment results of the new coupled
structure

To verify the energy-efficiency property of
meander type system, transmission efficiency and
power of the meander electrodes is analyzed and
compared with the flat type structure based on the
system parameters as Table.3 shows. As Fig.13
shows that for different conditions of coupled
distance the transmission efficiency and power of the
meander electrodes is in concordance with the result
of calculation.
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Table.3. Comparison between transmission
efficiency of meander-type system and flat-type

Ps /W Pum /W
D /mm
Caculated Experiment Caculated Experiment
Value Value Value Value
0.5 89.6 91.3 110.0 104.2
2 11.0 13.2 55.7 51.6
4 2.7 5.0 28.3 221
6 1.2 3.4 135 9.8
8 0.7 24 31 2.6
10 0.4 1.6 1.6 0.9
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Fig.13. Comparison between transmission efficiency
of meander-type CCPT system and flat-type

Experimental results were also given to confirm
the correctness of analysis and the validity of
proposed scheme. It was practically neglected that
distribution of surface charges is nonuniform caused
by the fringe effect of coupled structure, so that there
is deviation between experiment results and analysis
results. But generally speaking, meander type
coupled structure can transfer power efficiently.

4 Conclusion

For the problems of low transporting capacity
and efficiency of typical CCPT system based flat
elcctrode coupled structure, a new meander-type
laminated coupled structrue is proposed in this
paper, which can effectively increase the electric
flux density of the vertical field component and
improve the consistency of parallel field component.
Compared to traditional methods of increase of
excitation voltage and coupled area, the CCPT
system used meander type electrodes has higher
transmission efficiency and power.
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