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Abstract: Electric field-coupled wireless power transmission utilizes the electric field applied between the physically
separated metal plates. In this application, how to provide the regulated output voltage through the resonant LC link are
challenging task. In this paper, analysis and control design of such system are investigated. Following small signal and
high Q approximation, transfer function of the overall power stage including the transmitter and receiver circuit is
extracted and the control loop is designed in the frequency domain. The theoretical results are verified by PSIM

simulation for a 10V/0.5A prototype system.
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1. INTRODUCTION

Capacitively-coupled wireless power transmission
(CPT) utilizes the electric field applied between the
physically separated metal barriers. The link
capacitance formed between both sides of the barrier is
a doubled-edged sword because it not only provides the
ac current path through the barrier but also decreases the
power factor and thus deteriorates the power transfer
efficiency of the overall system.

In order to cancel out the capacitance to improve the
efficiency, many researches has been performed and
they add extra inductive reactance in series with the link
capacitor and drive the transmitter circuit resonantly [1].
However, most of the works are about the circuit
topology and there are few works on its control issue.
The reason is because they consider only battery
charging application, but it does not cover all aspects of
emerging wireless power technology.

Actually, wireless power application can be divided
into two categories. First one is hybrid wireless power
system which admits intermittent power transmission
because the receiving object has a sufficient battery
energy supply in it. Applications such as charging
stations for cell phones, vacuum cleaners, or robots fall
into this group. In this case, battery itself has a large
time constant inherited from chemical reaction and does
not need fast control. It needs just flow control of
charging sequence between the constant current /
constant voltage (CC/CV) modes whose time constants
are more than a few tens of minutes [2,3].

On the contrary, the other application which needs
continuous power transmission through the wireless
energy link can be categorized as full wireless power
system. It has no battery inside the target object.
Therefore, regulating the output voltage in the receiving
circuit are challenging task to be investigated. Moreover,
because the transmitter and receiver are physically
separated, the control loop should be implemented by
the wireless feedback link. In this paper, a surface
wireless power system based on coupled electric field is
analyzed and small signal modeling of the overall power
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stage is performed. In order to obtain the regulated
output voltage in the absence of battery power in the
target object, the guideline for the control loop
implementation is also presented.

2. SYSTEM DESCRIPTION

Figure 1 shows the block diagram of the target
system. It consists of transmitter, receiver, energy link,
and the control circuitry. From the dc input voltage,
transmitter provides the high frequency ac voltage
waveforms to the energy link and the receiver rectifies
the ac waveforms and restores the dc voltage with a
pre-determined dc voltage gain.

The dotted line in the center of the figure depicts the
physical barrier between the transmitter and the receiver.
The system contains two separate energy link locations
and they provide the link capacitances which admit high
frequency currents to flow through them. Each link
capacitance can be formed by a pair of metal structure
in any shape like plane, cylinder, or sphere etc. For
example, if a pair of square plates with dimension of
10cm x 10cm separated by 0.15mm air gap constitutes
about 500pF. Considering the two locations of the
energy link, the effective link capacitance is the series
combination of those two capacitances and is almost
half of each capacitance value.

The most appropriate circuit topology is the half
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Fig. 1 Full wireless power system based on CPT
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Fig. 2 Power stage topology for CPT

bridge structure with double matching transformers
which was proposed in [4] and is shown in Fig. 2. In
this configuration, transmitter contains two power
MOSFETSs turning on alternatively with 50% duty cycle
to provide the ac voltage waveforms. The series
inductor, L,, is introduced to compensate the reactance
of the effective link capacitance, C.. The input
transformer, TX1 provides the impedance matching to
provide zero voltage turn-on features to the main
switches and minimizes the switching loss. Meanwhile,
the resonant waveforms are restored to dc voltage by the
full-wave rectifier on the load resistance, Ry, and output
filter capacitor, Cg, in the receiver circuit. The output
matching transformer, TX2 is adopted to increase the
effective output load impedance seen by LC resonant
tank.

3. POWER STAGE MODELING

3.1 Power stage

1) DC characteristics
To analyze the power stage, starting point will be
obtaining dc voltage transfer gain. Because power
conversion takes advantage of the resonant
characteristics of the LC series tank, it is possible to
assume the fundamental harmonic approximation
techniques given in [5] and simple circuit analysis
produces the output voltage, vo, given by the following
relation.
vo = N-mlq,fy) vs (M

The v is the half of the input voltage, N is the overall
transformer turn ratio, and m(-) is the gain function
given by

o
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In this equation, q is the load function which is
commonly named as load quality factor and fy is the
relative frequency ratio between the switching
frequency, f;, and the resonant frequency, F,, of the LC
tank. Eqs. (4) to (6) define those quantities.
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Fig. 3 Characteristics of gain function, m(q,f\)
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As shown in Fig. 3, the gain function depends heavily
on the switching frequency and the load quality factor.
The dependency indicates that, in order to regulate the
output voltage despite of the disturbances in the input
voltage and the load, the switching frequency itself is
the control variable that can be used in feedback control.

Fy =

2) Low frequency characteristics

With small signal assumption, introducing Taylor
series expansion up to the first derivative decomposes
the system input and output variables as follows.
v =V, +7,

"0:[0""?\ (7)
q=0,+4q
fs=F+f,

Vo = VO + vo
The first term in Eq. (7) denotes the bias point and the
second term is the differential term.

Applying partial differentiation on Eq. (1), the
differential output voltage is represented as
Wy o Wy~ I Iy 2

+ .
o 0, T o
The individual multiplier in each term in Eq. (8) is the
differential gain evaluated on the bias condition, and
will be referred as Gyg o, Zyi o, and Gy respectively.
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The above equations are derived from Eq. (1) which
assumes power balance and thus are valid only up to the
frequency range where the output filter does not start to
prevail.
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Fig. 5. Frequency modulation and beat frequency

3) High frequency characteristics
Figure 4 shows the equivalent circuit including the
output filter dynamics. By the circuit time constant
analysis, we can know that there exits low pass filter
which generates single pole in the following location.
- 1 (12)
Jw = 2nC, (R, 112,)

Moreover, the LC resonant tank acts as a high pass
filter and generates an additional two more pole into the
system which is given by the beat frequency between
the bias switching frequency, F,, and the resonant
frequency, F, [6]. For example, when the switching
frequency is perturbed with a modulation frequency, f,
(f>0), there will be a side band in the response of the
driving frequency and resonance phenomenon occurs in
the additional natural frequency, f;,, given by
fpn =Fs—Fye

Thus, control to output transfer function G,((s) is
given by

(13)

(14)
1
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where o, and o, are the angular frequencies of the
corresponding pole locations. If F; is well above F,, the
system can be approximated as a first order system. The
dominant pole assumption fails if F is very close to F,.

Gvf(s)= G

3.2 Control loop design guideline

The control block diagram of the overall power stage
is shown in Fig. 6. In the figure, Ky is the feedback
sensing gain and Kyco is the gain in the voltage
controlled oscillator and C(s) is the compensator block
to be designed here. The loop gain of the negative
feedback system is

T(s)= Ko - K- - G, (5)- Cls) (15)
If the switching frequency is well above the resonant
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Fig. 6 Control block diagram

frequency and the bias load quality factor, Qg is
sufficiently high, proportional-integral (PI) controller,

(16)

where k, and £; are proportional and integral coefficients,
can be designed by the following design guideline. At
first, the first compensator zero is placed at the low
frequency output filter pole to cancel out the power
stage pole in the following way.

k, 1 an

k, (RIlz,),

Then the control loop bandwidth frequency is placed
well below £, to prevent additional phase lag and avoid
conditional stability situation which may deteriorate the
phase margin in the loop gain. If the control loop
crossover frequency, f; (<<f},) is selected, the following

condition holds.
| . . 1 18
|T(J27?FJ = Ko - Ky 'Gv/,o 'ki % =1 ( )

Therefore, combining Eq. (17) and Eq. (18), &, and £;
can be determined. In this case, both are negative
numbers.

Cls)=k, + 5
S

4. VERIFICATION

Figure 7 is the implementation of CPT system in
PSIM circuit simulator [7]. The power stage is designed
to transmit SW power through a pair of square plates
with dimension of 10cm x 10cm separated by 0.15mm
air gap and supplies the output voltage of 10V up to
0.5A load current. Table 1 shows the parameters used in
the system construction.

The theoretical study on the power stage transfer

Fig. 7 Simulation setup
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Table 1 System parameters

Vg 19v Vg 9.5V
Ce 256pF Io 0.5A
L, 23uH Qo 10Q/ Q
N, 9.0 Fs 250kHz
N, 3.9 Vo 10V
Cse 10uF Fo 230kHz
Kyvco 57kHz/V Ky 0.1V/V
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Fig. 8 Control to output transfer function, Gvf(s)

function given by Eq. (14) predicts that the low
frequency pole and the high frequency natural poles exit
in 1.07kHz and 20kHz, respectively. Fig. 8 shows the
comparison between the theoretical analysis and
numerical calculation results performed by the swept
sine analysis on the PSIM circuit simulator and two
graphs show good agreement. Moreover, the resonant
frequency and operating frequency are well separated
and the power system can be approximated by the
dominant pole approximation. Therefore, the controller
design approach explained in the previous section can
be directly applied to this system.

Solving Eq. (17) and Eq. (18) with f.=2kHz, £;
=-5700, k,=-0.86 are obtained. Fig. 9 shows the Nyquist
plot of the loop gain including the PI controller that has
been designed. The compensator provides the phase
margin of 60 degree and gain margin of 10dB to the
power stage at the full load condition. Fig. 10 shows the
step response when the load current is slightly increased
by 10% and then decreased by 10% from the 0.5A full
load condition, and the system shows good performance
in the output regulation.

5. CONCLUSIONS

This paper analyzed the power stage of the CPT
system which involves resonant LC link to transmit
power through the physically isolated metal barrier.
Applying small signal and high Q approximation to the
double matched half-bridge power stage which is
widely accepted in this application, it is shown that the
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Fig. 9 Nyquist diagram of T(s)
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Fig. 10 Output voltage regulation when load changes

power stage transfer function is modeled as a three-pole
system and can be further simplified into a single-pole
system when the switching frequency and the resonant
frequency are well separated. The theoretical results are
successfully verified by PSIM simulation for a
10V/0.5A prototype system. Moreover, the control loop
design by the suggested guideline shows good
performance even in the disturbance. Because the
transmitter and receiver are physically separated, the
control loop should be implemented wirelessly and thus
the effect of the wireless control link will be included in
the subsequent work that is still under study.
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