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Abstract

To address the issues of high latency and poor reliability caused by the reliance on wireless
communication feedback in traditional capacitive power transfer (CPT) systems, this paper
proposes a prediction algorithm for the output voltage and current of the receiver based on the
electrical parameters of the transmitter. This algorithm can accurately estimate the output state of
the receiver using only real-time measurement information from the transmitter. Based on this
prediction result, an autonomous constant-voltage (CV) and constant-current (CC) control strategy
without feedback from the receiver is further implemented. An experimental prototype is
constructed, and constant output voltage of 25.2V and constant output current of 2A are achieved
at different transfer distances, with the maximum efficiency 91.4%. This verifies the accuracy of the
proposed prediction algorithm and the feasibility and effectiveness of the proposed CV and CC
control strategy.

Keywords: capacitive power transfer; constant-voltage and constant-current; prediction

1. Introduction

Capacitive power transfer (CPT) is a non-contact energy transmission technology based on
electric field coupling. Its basic principle is to utilize a high-frequency alternating electric field to form
a displacement current path between the transmitting plate and the receiving plate, thereby achieving
wireless transmission of electrical energy. Specifically, when a high-frequency alternating voltage is
applied to the transmitting plate, an alternating electric field is formed around it. This electric field
induces a corresponding high-frequency voltage in the receiving plate through capacitance coupling,
and then forms an electric current in the load circuit, thereby achieving the transfer of energy from
the transmitting end to the receiving end [1,2]. Compared with the traditional inductive (magnetic
coupling) power transfer technology, CPT has several prominent advantages, including a simpler
structure, lower cost, lighter weight, less electromagnetic radiation interference, and less sensitivity
to nearby metallic objects [3-5]. This is mainly because the electric field energy is mainly confined
within the limited space between the coupled plates, and will not induce significant eddy current
losses in the surrounding metal structures, thereby effectively avoiding the common shielding
problems and energy losses in magnetic field-based wireless power transfer systems [6-8]. Thanks to
these characteristics, CPT technology demonstrates unique advantages in application scenarios with
high requirements for space, safety and anti-interference performance, such as implantable
biomedical electronic devices, underwater detection and operation devices, and static or dynamic
wireless charging systems for electric vehicles, etc. [9-12].

However, the CPT system still faces several key challenges on its way to practical application.
To achieve efficient battery charging, the system usually needs to automatically switch between
constant current and constant voltage output modes based on the battery status. However, due to the
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generally small equivalent coupling capacitance of the CPT coupling mechanism, large inductance
value components are often introduced in the compensation network to achieve system resonance
and efficient power transmission [13,14], or multi-stage composite compensation topologies such as
LC-CL and LCC are adopted to enhance performance [15-19]. Although these designs can improve
the transmission efficiency to a certain extent, they also make the system extremely sensitive to the
positional offset of the coupling mechanism. Once misalignment occurs, the output performance will
decline significantly. To enhance the system’s anti-offset capability, some studies have attempted to
use high-order compensated topologies [20-22], F-type compensation networks [23], or design
methods based on parity-time symmetry [24], but these solutions often encounter problems such as
efficiency reduction, output instability, and increased voltage and current stress on components
when there is a frequency mismatch, temperature drift of component parameters, or load changes.
Furthermore, in terms of system control, to achieve efficient and reliable energy transmission and
simplify the structure of the receiving end, a strategy that does not require feedback information from
the receiving end and relies solely on the transmitting end for one-way control has become an ideal
choice. However, traditional CPT systems mostly depend on the receiving end to sample voltage or
current signals and send them back to the transmitting end controller via wireless communication.
This in-band or out-of-band communication method not only introduces signal delay, increases
system complexity and instability, but also faces problems of significant communication attenuation
and low reliability in special environments such as underwater. Therefore, developing a transmitter
autonomous control strategy that does not rely on feedback from the receiving end and has strong
robustness has become one of the key issues that need to be urgently broken through for the practical
application of CPT technology at present.

To address the issue of excessively high communication delay in current CPT systems, this paper
proposes a prediction algorithm for the output voltage and current at the receiver based on the
electrical parameters on the transmitter. This algorithm can accurately estimate the output state at
the receiver by only using the real-time measurement information on the transmitter. Based on this
prediction result, this paper further deduces and implements an autonomous constant-voltage (CV)
and constant-current (CC) control strategy that does not require feedback from the receiver. Finally,
experiments are conducted to verify the accuracy of the proposed prediction algorithm and the
feasibility and effectiveness of this control strategy in practical operation.

2. System Structure and Model

2.1. System Structure Based on Unilateral Control

Figure la shows the circuit topology of the proposed unilateral control CPT system. The
transmitter consists of an inverter and a compensation network. The receiver consists of a
compensation network and a rectifier circuit. The transmitter and receiver are connected by a coupler,
which consists of plates P1-Pa.

The inverter and rectifier are equivalent to a negative resistance -Rx and a load resistance Re,
respectively. The negative resistance supplies power to the system, while load resistance consumes
power from the system. The coupled capacitance Cum reflects the degree of coupling between the
transmitter and receiver. Figure 1b shows the equivalent circuit topology of the proposed CPT
system. The transmitter consists of resonant capacitance Ci, resonant inductance Li, internal
resistance Ri, and negative resistance -Rn. The receiver consists of resonant capacitance Cz, resonant
inductance L2, internal resistance Rz, and load resistance Re. The high-quality factors of the system
enable the application of fundamental wave analysis to analyze the system. Then, u1, u2, i1, and iz can
be represented by the phasors U, U, I, and L.
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Figure 1. System circuit topology. (a) Circuit topology. (b) Equivalent circuit topology.

2.2. Mathematical Model and Characteristic Analysis

According to the equivalent circuit topology and Kirchhoff’s Voltage Law (KVL), the steady-
state circuit model of the system can be written as

—Ry+R +joL, + C2.+ Co —.Cm .
JjoA jA ([1 J_O 1)
_C—m RC+R2+ja)L2+C1_+—Cm L
joA joA

where A=CiCo+CmCi1+CmC2. The transmitter’s natural resonant angular frequency is denoted as
wt=1/(L1C1)2. The receiver’s natural resonant angular frequency is wr=1/(L2C2)"2. To enhance system
efficiency, the resonant angular frequencies of the transmitter and receiver satisfy wr=wr=wo.
Typically, Li=L> and Ci=C: are used to simplify the design of system parameters. The transmitter’s
quality factor is Qr=woLt/(-Rn+R1). The receiver’s quality factor is Qr=woLr/(Ret+Rz2). (1) can be rewritten

as
07 +j @D, D (1+k) ayk .
' o jo(1+2k) jo(1+2k) L, @
ak Q'l+'£+ @, (1+k) |\ 1, =u,
jo(1+2k) e jo(1+2k)

where k=Cn/(C1C2)'2 is the coupling coefficient. According to (2), the characteristic equation of the

[Q?ﬂﬂ#w“(;%))](%l -~ Mj

system can be derived as

@, jo(1+2k a)o jo(1+2k)
2 ®)
+ Lk =0
o(1+2k)
The real and imaginary parts of the characteristic equation can be separated as
2 2
Re:0-107 - 0 o (1+k) N ak _
o, o(1+2k) o(1+2k) @
o o, (1+k)
S Sl P |
tm( 07+ 0y )[a)o o(1+2k)
According to the imaginary equation of (4), we have
Or' +0y' =0, )
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E_M=o, (6)
@, o(1+2k)
According to (6), combining the real equation of (4) with (5), the system angular frequency

k+1
—ay <L 0<k<k
A=\ ok c

2
o=y || L e | A1 L ko<ks
: 2k+1 207 ) \\2k+1 202 ) Q2

where critical coupling coefficient kc is

solution can be obtained as

, @)

20, -1
ho=—22el (8)
2(0r -1
Figure 2 shows the system angular frequency characteristics. When kc<k<1, the system exhibits
angular frequency bifurcation. When 0<k<kc, the system operates at a single angular frequency.
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Figure 2. Angular frequency characteristics.
3. System Control Strategy

3.1. Output Voltage and Current Prediction Algorithm

The measured values of output voltage and current provide a reference benchmark for the
system’s constant output control. The typical approach is the receiver samples the output signal, then
transmits the signal to the transmitter via communication, thereby controlling the system output.
However, this method suffers from high signal delay and complex system design, which increases
the complexity of system control. Therefore, an output voltage and current prediction algorithm
based on transmitter’s parameters is proposed here to address the aforementioned challenges.

According to (1), the circuit equation can be rewritten as

.C
R +Z, ) +—=-1,=0
( N 1) 1 ] WA 2
. L ©)
]_7“‘All+(Re+Zz)12:0
where the transmitter impedance Z:1 and receiver impedance Z: are respectively

2 =R +jol, + S5
jewA

c+C. (10)
Z,=R,+joL, +——=
jA
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The receiver current I, and equivalent load resistance Re can be derived according to (9), as

follows
h=—(-Ry+2,) =1, 1)
REZ_%_ . (12)
2

Combined (11) with (12), eliminated receiver current I,. The equivalent load resistance Re can
be rewritten as
R,=Re[R,]+Im[R ], (13)

where the real part Re[R¢] and imaginary part Im[R.] of the equivalent load resistance Re are as

(S (e-n)

WA R

2 R
(RN R )2 +(C2;Acm _wLJ

follows

Re[R.]=

(14)

3

3

—
Im[R, |= j[—C1;fm —a)LZJ @ @A

The resonant inductance and resonant capacitance of the transmitter and receiver are related by
Li=L>=L and C=C>=C.

Since the equivalent load resistance Re is a positive real number, the imaginary part Im[R.] is set
to zero, and we obtain

C+C‘“—a)L=O
2
1_(ij 1 0 .(15)
A » (C+C :
R -R )+ —/—=—oL
)

According to (15), the following relationship exists between coupling capacitance Cm and system
component parameters:

20
CwCL o psk,
2w°CL-1
Ca=1 (1-a’CL)' +&C? (Ry~-R,) : (16)

ko<k<1

s Ve =

207 L(1-0PLC)-C(Ry-R,)' ]

By combining the real part Re[Re] of (14) with (16), the analytical equation for the system
predicting equivalent load resistance is

cV 1
= —R,,0<k<k
R,= (wA] Ry-R, * c. 17)

Ry—R,—R,,k-<k<1
The coupling capacitance Cm and equivalent load resistance R. require analytical expressions to
be selected based on the operating angular frequency of the system as defined in (7). When the system
operating angular frequency satisfies w23, (16) and (17) should both be selected as kc<k<1. When the
system operating angular frequency satisfies w1, (16) and (17) should both be selected as O<k <kc.
According to (1), (16), (17), and Ohm’s Law, the expression for predicting the output current and
voltage is:
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In practical applications, the receiver load requires rectification. The system parameters before
and after rectification exhibit the following relationship:

U.="u>
4
Io=312 (19)
T
Ro Z”—Z e
8

Since the prediction algorithm derivation process is relatively complex, the system’s prediction
flowchart is shown in Figure 3 to enhance readability. To validate the feasibility of the proposed
algorithm, we constructed a corresponding system based on Simulink software for simulation
verification of the proposed algorithm. Figure 4 shows the simulation verification of the proposed
algorithm. The simulation results reveal that the proposed algorithm can predict the system’s output
voltage and current with high accuracy.
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Figure 3. Prediction Flowchart.
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Figure 4. Simulation Verification. (a) Current Prediction. (b) Voltage Prediction.

3.2. CV and CC Control Strategy

Based on the above prediction algorithm, this paper proposes unilateral control strategy for CV
and CC control, as illustrated in Figure 5. By capturing the transmitter current frequency and
comparing it with the operating frequency under negative resistance control in (7), the system
operating state can be determined. By capturing the transmitter current and voltage amplitude, the
receiver output current and voltage can be predicted using (16), (17), and (18).

Coupling
Region Judgement:
Equation(7

Weak
v Coupling

Strong
Coupling 3

Output Current and
Voltage Prediction:
Equation(16)(0<k<=kc),
(17)(0<k<=kc),(18)(19)

Output Current and
Voltage Prediction:
Equation(16)(0<k<=kc),
(17)(0<k<=kc),(18)(19)

Charging

Mode Recognition:
Y Ia <=2A N
U, PI Io PI
Control Control

L AdustDs e—0 1

Adjust Ds

Figure 5. Control Strategy Flowchart.

The primary AC voltage and the input DC voltage are related by an equation. Based on the
Fourier decomposition of the primary AC voltage, the relationship between Ug. and Uj is as

follows:
U, = éU 4 Sin(zD,) (20)
y 4

where Ds represents the PWM duty cycle of the inverter.
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The PI controller is employed to control Ds, utilizing the prediction signal as feedback input and
the target voltage or current as the PI control reference. Based on this control, the output current and
voltage of the receiver can be maintained constant at a set value.

4. Experimental Validation

4.1. Experimental Setup

The experimental prototype is depicted in Figure 6. The rectifier section employs four
IRF540NPBF P-channel MOSFETs to form a full-bridge inverter configuration, while the full-bridge
rectifier structure consists of four SSL56C Schottky barrier diodes. The coupling structure consists of
two pairs of 10x10mm capacitor plates filled with freshwater medium. The coupling capacitance
value can be adjusted by altering the distance d between the plates. The circuit parameters are
presented in Table 1.

The input DC voltage for this experiment was set to 36V, with the system operating frequency
range of 260-300kHz. Since practical wireless charging applications primarily involve charging
battery loads, which are divided into two stages: constant-voltage (CV) charging and constant-
current (CC) charging [25].

AN
‘.’./ ey

~ Full-bridge Capacitive
rectifier coupler

inverter

Figure 6. Experimental prototype.

Table 1. Parameters of the experimental prototype.

Symbol Values
L 146.10uF
L 146.10pF
C1 2.19nF
C2 2.19nF
R 0.210
R2 0.21Q
Cr 660uF
Ubc 36V

This paper employs a DC electronic load to simulate the CC and CV charging process of six-cell
lithium batteries connected in series. The experimental design specifies a CC charging of 2A and a
CV charging of 25.2V. According to [26], the equivalent series resistance (ESR) ranges from 9 to 12.6()
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during the CC. The ESR ranges from 12.6 to 126() during the CV. Therefore, the load design for CC
prediction experiments is 9 to 13Q), while the load design for CV prediction experiments is 20 to 1000).
The experiment was designed with three transfer distances: d=15mm, d=20mm, and d=25mm to
validate the accuracy and feasibility of the prediction algorithm and control strategy at different
transfer distances.

4.2. Experimental Results of Proposed Algorithm

To validate the accuracy of the proposed parameter prediction algorithm, prediction
experiments were conducted under different distances and loads. Figure 7 shows the predicted
voltage and current values alongside the experimental values.

2.8 T
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% 2.0 ;\.\ 1
~ 16} * 2 ’ - . .
12 d=15mm R
0.8
28
24 —— Experiment |
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Figure 7. The output current and voltage of the prediction experiment. (a) Output current. (b) Output voltage.

As shown in Figure 7, the predicted current and voltage exhibit minimal deviation from the
experimental values. At all three distances, the maximum relative error for current prediction is
7.87%, while the maximum relative error for voltage prediction is 8.46%. The experimental prediction
error falls within a reasonable range. The primary error in the current prediction experiment stems
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from the on-resistance of MOSFETs in the inverter and switching losses, which cannot be ignored at
relatively high current levels. This discrepancy between the inverter waveform and the theoretical
model leads to errors in uin. The primary error in the voltage prediction experiment stems from the
relatively low output current under high load conditions. This causes the rectifier diodes on the
receiver to conduct for longer durations, resulting in rectification waveforms that deviate from the
theoretical model. Ultimately, this leads to errors in Uo and Io. Additionally, the sampling accuracy
of the transmitter is also a significant factor contributing to prediction errors. Consequently, the
proposed prediction algorithm is both feasible and accurate.

4.3. Experimental Results of Proposed Strategy

To validate the feasibility of the proposed control strategy, this paper employed the strategy to
conduct constant-voltage and constant-current output experiments under different distances and
loads. The experiments maintained a CV output of 25.2V and a CC output of 2A. Figure 8 shows the
control current and voltage values for this experiment. Figure 9 shows the transfer efficiency of the
experimental system. Figure 10 shows the current and voltage waveforms at the input and output
terminals of the experimental system.

3'2 T T T T T T T
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24 4
<
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2.0 %, ' e
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R/Q
(a)
50.4 T T T T T T T
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3781 ——d=25mm |
315 ]

o
S}
a
[N)
»
2

0.0 1 1 1 1 1 1 1
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R/Q
(b)

Figure 8. The output current and voltage of the controlled experiment. (a) d=15mm. (b) d=20mm. (c) d=25mm.

Figure 8 is the CC and CV curves at three transfer distances under load variation. The curve in
Figure 8 demonstrates that the charging current and voltage of the simulated battery load exhibit
high stability under this control strategy. The experimental results indicate a minimal deviation
between the output current and voltage with the controlled target values. The maximum relative
error for CC charging at three distances is 7.55%, and the maximum relative error for CV charging is
7.21%, which demonstrates the feasibility of this control strategy.
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Figure 9 records the transfer efficiency throughout the experiment. As shown in Figure 9, the
efficiency during the CC charging stage increases with increasing load, while efficiency decreases as
load increases under CV control. The transfer efficiency of the system exceeds 85% at all three
distances, and the maximum efficiency is 91.4%.

Figure 10 shows the experimental waveforms for different loads at d=25mm. It can be observed
that the phase between uin and -i1 is 0° under different loads.
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Figure 9. The system transfer efficiency. (a) Efficiency under CC control. (b) Efficiency under CV control.
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Figure 10. Experimental waveforms. (a) Re=9Q. (b) Ro=13Q. (c) Ro=30Q. (d) Ro=70Q.

5. Conclusions

This paper addresses the inherent high communication latency issue in traditional CPT control
methods by proposing an output voltage-current prediction algorithm based on transmitter
parameters. This algorithm eliminates the communication requirements of traditional CPT control,
thereby resolving the high latency caused by communication. Furthermore, a CV/CC control strategy
based on this algorithm is introduced, providing a reliable solution for the CV-CC applications of
CPT. Finally, experiments validate the accuracy of the proposed prediction algorithm and the
feasibility of the control strategy.
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