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Abstract—Wireless Power Transfer (WPT) technologies are
most popularly based on inductive coupling (IPT), using
magnetic fields as transfer interface. Recently, studies have
been published on capacitive coupling (CPT), through
electric fields. CPT has small power density, due to low
coupling capacitance, however, it also features reduced EMI
shielding requirements, coupling through metal barriers,
simpler coupling structure, lightweight and lower cost. This
paper presents a mobile device charging application for the
capacitive WPT technology. Using LC resonance, the system
achieves 90% simulated efficiency with 5.7pF coupling
capacitance. The power level for this application is 5W.

Index Terms—capacitive power transfer, mobile device
charging, wireless charging, wireless power transfer

I.  INTRODUCTION

Wireless Power Transfer (WPT) has been gaining a lot
of attention as an easy-to-use and effective way of
delivering energy to devices without the use of cables.
Reaching from low power applications (below 5W) to
higher powers of charging electric vehicles, near-field
WPT systems are either inductive or capacitive coupled.
Most applications currently focus on the inductive
technology and use magnetic fields between coils to
transfer energy. Capacitive, on the other hand, couples
through electric fields, allowing reduced EMI shielding
requirements and the capability of transferring energy
through metal barriers. In addition, there is no complex
coil configuration or need for flux guidance materials,
which makes the system less expensive and possibly
more compact [1].

Previous research results show low-power transfer
with higher coupling capacitance (above 60pF) and
highlight difficulties when using small capacitive
interfaces [2]-[4]. However, the approach described in
this paper is based on a recent research that introduced a
new capacitive WPT system and features 5.7pF coupling
capacitance that would allow up to 30W transfer power
[1].

Wireless power is especially appealing because it
makes charging mobile devices as easy as dropping them
down on a predetermined place, not requiring the user to
have a cord to plug it in; especially if made cheap,
efficient and effective. Therefore, capacitive WPT,
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opposed to inductive, is cheaper, simpler and more
efficient.

Current similar commercial products use inductive
technology and show around 85% efficiency using “Qi”
standards [5] over a gap of typically 5mm to 40mm.

In this paper, a mobile device charging application will
be presented for the recently introduced Capacitive
Wireless Power Transfer System with low coupling
capacitance [1]. That includes low power theory and
software simulation aiming for the described power
transfer density of 6.36kW/m=and power transfer per unit
capacitance of 5.52WI/pF.

II. COMMERCIAL INDUCTIVE WIRELESS POWER
CHARGERS

Most current commercial products use the inductive
approach, and consist of a transmitter and a receiver
circuit, separated by an air gap, as the example shows in
Fig. 1. Typically, the transmitter consists of a power
supply (either AC or DC) followed by a power
conversion unit that feeds a controlled frequency AC
signal into a coil, generating a magnetic field. Secondly, a
receiver coil must be aligned with the transmitter at a
given distance in order to have electric current induced by
that magnetic field. That current is once again converted
into either AC or DC and filtered in order to provide an
output voltage and current [6].

The transmitter and receiver must be aligned and
should have some flux directing material, such as ferrite,
to maximize magnetic coupling and power transfer.
Shape and size of the inductors must also be taken into
account for the same reason [7]. The receiver device must
have the appropriate hardware to support wireless
charging. A device without the appropriate coil cannot
charge wirelessly. [8]
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Figure 1. Wireless inductive power transfer example [9].

Furthermore, any metal object between the coils will
disturb the power transfer and possibly disrupt it
completely.
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Currently, similar versions of this architecture are
being commercialized by major companies such as
Microsoft, Samsung and LG, and use one of the three
most common standards available: Qi, PMA (Power
Matter Alliance) Powermat, and A4WP (Alliance for
Wireless Power). Fig. 2 shows commercial examples of
the inductive approach.
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Figure 2. Examples of commercially available inductive chargers: (a)
LG [10], (b) Nokia (Microsoft) [11], (c) Samsung [12].

All of the examples given above follow Qi standard.
Microsoft states that its Nokia charger has standby power
consumption of less than 30mW. Another product
“QiPack” [13] declares 90pW of standby power
consumption.

I11. CAPACITIVE WIRELESS POWER TRANSFER
ARCHITECTURE AND LIMITATIONS

Capacitive power transfer architecture is similar to the
inductive. However, it uses parallel plates and electric
field coupling between transmitter and receiver modules.
That allows it to transfer power even if metal barriers are
placed in the gap. In addition, less EMI shielding is
necessary due to electric field’s relatively directed nature.
“Capacitive  WPT systems are also potentially Iess
expensive and more compact, as they do not require
ferrite materials for flux guidance and can be operated at
higher frequencies without excessive ferrite core losses.”
[1].

An extensive study of current capacitive systems is
reported in [1]. It shows a maximum power per unit
capacitance of 0.27W/pF, compared to 5.52W/pF of the
proposed system.

. N +
High o Lo High 1
Vin Frequency C Ly Frequency oUT
Inverter I Rectifier

Figure 3. Conventional capacitive WPT system architecture [1].

As seen in Fig. 3, this topology consists of an inverter
in the primary side, followed by compensating inductors
and flat conductive plates as a transmitter. The secondary
side also possesses conductive plates as receivers of the
electric field, forming a coupling capacitance (1),
followed by a rectifier.

The compensating inductors are designed to tune out
the capacitive reactance in the resonant tank, therefore
increasing power transfer capability. Neglecting fringing
fields, the capacitance, C, of the coupling interface is
given by:
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here, K is the relative permittivity of the dielectric
(approx. 1 for air), g is the permittivity of space
(8.854x10™2) [F/m], A is the overlap plate area [m3and d
is the distance between the plates [m].

For a mobile device charging application, the surface
available is limited by the size of the devices’ surface.
Also, in order to have truly contactless power transfer,
this architecture requires two pair of plates (Fig. 3).

From [1], the maximum power transfer to be achieved
by the system is given in (2), using fundamental
frequency analysis and considering inverter operation
close to the resonant frequency of the tank, for effective
power transfer.

Pmax = ”'\lz' Krec 'VOUT -C 'VC,max ’ fs 2

In this equation, Vour is the output voltage of the
system, f; is the inverter switching frequency, C is the
coupling capacitance of each pair of plates, V¢ max is the
peak voltage across the capacitive interface and K is the
resistance transformation ratio of the rectifier. The value
of K. depends on the type of rectifier. For a full bridge
application, K. is 8/n2. A derivation of this equation is
available in [1].

It can be seen in (2) that the maximum power transfer
of the system is directly related to the coupling
capacitance of the plates, thus to the surface area
available and the distance between transmitter and
receiver. ‘“Power transfer in such systems can be
enhanced by increasing the switching frequency, or by
using high output voltages. However, increased switching
frequency can negatively impact system efficiency, and
high input voltages are required if high output voltages
are used. The combination of high input voltages and
high switching frequencies can also make it harder to
achieve soft-switching of the inverter switches.” [1].

Power transfer is also limited by the maximum allowed
coupling plates voltage, V¢ max- This value is determined
by two factors: the magnitude of the electric field directly
between the plates, limited by the voltage breakdown of
the dielectric and the fringing fields, limited by safety
regulations of electric field exposure [14]. Fig. 4 shows
the electric field limit for a given frequency of operation.
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Figure 4. ICNIRP guidelines: for limiting exposure to time-varying

electric, magnetic and electromagnetic fields (up to 300 GHz)’ [12].
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IV. PROPOSED CAPACITIVE WPT DESIGN FOR
MoBILE DEVICE CHARGING APPLICATION

Fig. 5 shows the proposed circuit for this application.

This paper assumes an effective transfer surface area
available of 50cm= plausible for a typical smartphone
size. Therefore, the area of each pair is 25cm=2
Considering the plate separation to be the thickness of the
smartphone casing summed with that of the prototype,
the value used in this paper is 2mm.

Using (1), the coupling capacitance results in 11pF.

Inductors L1 and L2 are designed to resonate with the
plates capacitances C1 and C2 (Fig. 5), creating a close to
zero impedance loop, which increases the system
efficiency and allows higher power output, allowing most
of the voltage drop to happen on the load.
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Figure 5. Main circuit structure proposed for a low power mobile
device charging application.

Consider the angular frequency w=2-7-f, . The
impedance of the capacitor plates Z:
1 1
" wC 27 f,-C
The impedance of an inductor Z,:
Z =w-L=2-7-f,-L 4)
The resonant point occurs when the impedance of the

capacitor plates Z¢ and that of an inductor Z, are equal in
magnitude and cancel each other (Z¢c = Z,). Using (3) and

(4):

®3)
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Solving for L:
1
L= ©
(2-7- 1) -C

Following the application in [1], the switching
frequency fs is LMHz. Using (6), the value of the inductor
can be calculated as 2mH.

Therefore, the circuit proposed is as follows in Fig. 5.

In this circuit, a rectifying bridge and filter are
included to illustrate the application.

As seen in Fig. 5, the inverter is represented by a
square wave generator V;,. It is configured to +12V and -
12V in a 50% duty cycle with a switching frequency of
1MHz. The input voltage is connected to the
compensating inductor L1, followed by capacitor C1 that
represents one pair of coupled plates, forming a resonant
tank. The loop will be then closed with another resonant
tank formed by C2 and L2, representing the transmitter
portion of the system. As a load, forming the receiver, a
full bridge passive rectifier and a filter capacitor C3 are
connected parallel to the Load resistor.
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V. SOFTWARE SIMULATION

Simulation software is designed to approach reality as
much as possible, through accurate mathematical
modeling of the components. Therefore, LTSpice is used
for a first step validation of theory, providing useful
information before designing and building a prototype.

Only the LC tanks and a load resistor (LCR), compose
the circuit used for the first simulation (Fig. 6), in order
to tune the switching frequency as close as possible to the
resonating point. A 2200Q resistor represents the load for
all simulations. The frequency response analysis returns a
resonating frequency of 1.066MHz. If the circuit is
operating on any point below or above the resonating, the
output response will drop dramatically (Fig. 7). That is
due to a higher impedance of the LC tank, occurring in a
higher voltage drop across those elements instead of the
load. For the second simulation (rectified), the circuit is
modeled with a full bridge passive rectifier and a filter
capacitor C3 as seen previously (Fig. 5). Table I shows
the parameters used for the simulation.
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Figure 6. LCR circuit simulated to verify resonating frequency.
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Figure 7. Voltage waveforms as output vs. input for LCR circuit at
frequencies: (a) 975kHz, (b) 1.066MHz and (c) 1.4MHz.

TABLE I.  SIMULATION RESULTS
Parameter Value Unit
Circuit LCR Rectified

Plates Voltage (Vc,max) 94.3 105 Vi
Switching frequency (fs) 1.066 1.066 MHz

Input VVoltage 11.99 11.99 \V/
Input Current 4.79 5.42 mA
Input Power 51.64 56.7 mw

Output Voltage (Vouw) 10.55 10.59 Vi
Output Current 4.79 4381 mA
Output Power 50.57 51 mw

Efficiency 97.9 89.9 %
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V1. PROTOTYPE DESIGN AND EXECUTION

A simple small prototype built to validate each
previous theory and simulations consists on the elements
previously mentioned. First, two compensating inductors
L1 and L2, two capacitors C1 and C2 simulating coupling
capacitance and a load resistor (Fig. 8).

Figure 8. Prototype LCR circuit with load resistor.

However, due to component availability at the time,
the inductors used have 1mH inductance and the
capacitors are 12pF. That influences the resonating
frequency, according to (5) and solving for f,. After
sweeping using the frequency generator, the value for
optimal output was 1.018MHz.

Component size and soldering techniques must be
observed, since the switching frequency is close to 1
MHz and long conduction paths may cause significant
parasitic inductance.

The same frequency variation comparison is made on
the prototypes for comparison purposes and shows how
the output power responds to frequency variations
without (Fig. 9) and with rectifier (Fig. 10).
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Figure 9. Voltage waveforms as output vs. input for LCR prototype at
frequencies: (a) 1.018MHz, (b) 975kHz and (c) 1.4MHz.

The square wave represents the input voltage, as the
orange sine-like wave is the output load voltage.

After acquiring the waveforms for the first case,
another prototype is built with a rectifier and C filter (Fig.
11). The diodes used in the rectifier are 1N4148.
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For this prototype, the frequency response is as follows
(Fig. 10). With the addition of the rectifier and its
elements, the resonant frequency shifts slightly to
1.137MHz.

Tek Ak @ Stup+

A N A .

\ If \ 1,137 MHz
\J \

M 250ns EHNGO
26-May-15 16:37 1,10063MHz

(@)

MEASURE Tk . @St MPosi0000s  MEASURE
v

i Pos: 0,000s MEASURE

o0,

M 25008 A 7 00 M 2500 4 7 001
26-May-15 1638 102030 Z5-May-15 1638 146617141

(b) ©)

Figure 10. Voltage waveforms as output vs. input for LCR prototype at
frequencies: (a) 1.137MHz, (b) 996kHz and (c) 1.4MHz.

Figure 11. Prototype LCR circuit with Load resistor, rectifier and C
filter.

VII. CONCLUSION

This paper presents a specific application for a newly
introduced capacitive power transfer system technology.
In comparison to the inductive systems already
commercially available, it shows a potential of achieving
higher efficiency levels, as well as allowing reduced EMI
shielding requirements and the capability of transferring
energy through metal barriers, amongst other advantages.
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