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The output voltage of capacitive power transfer (CPT) system will change if
the load resistance is varied. This paper presents a method to regulate the
output voltage using a controller that is located on the primary side, known as
the primary side control technique. It does not require any additional
components and wireless feedback, which lowers the cost and complexity of
CPT system compared to the conventional control technique. Instead of
directly measuring the output voltage on secondary side, it is estimated
through the measured capacitor voltage on primary side. Modified sine wave
control of the full-bridge inverter is adopted to regulate the output voltage.
The proposed control technique is validated by the simulation via PSIM
software using the practical parameters of capacitive coupler presented in the
literature. Simulation results of the output voltage control against the step
change in desired output voltage and load resistance indicate the performance
of proposed control technique.
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1. INTRODUCTION

Capacitive power transfer (CPT) is a novel technique for wirelessly transmitting electrical energy
across an air gap through electric field between conductive plates. Safety, convenience, and automated
operation can be obtained from this technique. It has lower cost, weight, and loss compared to the inductive
power transfer (IPT) technique [1]-[3]. Nowadays, it has been adopted in various applications, such as
biomedical implants [4]-[6], portable devices [7]-[9], electric vehicles [10]-[13], unmanned aerial vehicles
(UAVs) [14]-[16], autonomous underwater vehicles (AUVS) [17]-[19], and rotary applications [20]-[25].

In practical CPT system, variation of the load is inevitable, e.g., the change in state of charge (SOC)
of battery while it is charging. This causes the equivalent load resistance to vary which resulted in fluctuations
of output voltage and output power. Therefore, the close loop control is indispensable to this system. The close
loop control technique presented in previous research can be categorized by the location of controller as
primary side control, secondary side control, and dual side control. The dual side control technique is
introduced in [23] where the full-bridge inverter in primary circuit is used to perform frequency tracking. The
compensation circuits on both primary and secondary side are controlled to perform the impedance matching,
which is done by using the additional controllable inductors. The combined frequency tracking and matching
network can regulate a target current to the secondary side at best power transfer conditions. However, this
technique needs controllable inductors which are costly and difficult to control. The secondary side control
technique is presented in previous research [24] which uses the half-bridge inverter in primary side. The extra

Journal homepage: http://ijpeds.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 1309

DC-DC buck-boost converter is added in the secondary side to control the equivalent output resistance.
Although the optimal equivalent resistance against the load variations can be achieved via tracking the
maximum power point, it requires an additional circuit which increases the component counts, cost, and loss
to the system. The primary side control technique is presented in [25]-[29]. The class E inverter is adopted in
[25] and [26]. The transferred power is controlled by switching extra capacitors parallel to the inverter switch
[25]. This also increases the component counts and complexity to the system. Lu and Nguang [26] proposed
any extra component is added to the circuit, but it needs wireless feedback to enable the control. Similarly,
wireless communication between primary and secondary side is required in [27] and [28] to control the active-
clamped half-bridge (ACHB) inverter and full-bridge inverter, respectively. A three-phase bridge inverter is
used in the primary circuit [29]. The burst-mode current control is adopted to regulate the dc output current.
Although wireless feedback is not required, three current sensors are needed in this technique.

As discussed earlier, the control technique introduced in previous research requires additional
components on primary and/or secondary circuit and wireless feedback, which increases the cost, complexity,
and loss to the system. To overcome this issue, the primary side control technique for CPT system without
need of additional components and wireless feedback is presented in this paper. It requires only one voltage
sensor in the proposed control technique. Instead of directly measuring the output voltage on the secondary
side and wirelessly feeding it back to primary side, the output voltage is estimated through the measured voltage
across a capacitor on the primary side. The output voltage is regulated via the full-bridge inverter with modified
sine wave control. The proposed control technique is verified by the simulation results using the practical
parameter of capacitive coupler [30]. For comparison purposes, the proposed control technique is compared
with the previous control techniques as listed in Table 1.

Table 1. Comparison between proposed control technique and previous control techniques

Sources Inverter topology Control Additional Additional Wireless Number of
technique components on components on feedback sensors
primary side secondary side
[23] Full-bridge Dual side Controlled inductor Controlled inductor No 5
[24] Half-bridge Secondary side None Buck-boost No 2
[25] Class E Primary side Switching capacitor None Yes 1
[26] Class E Primary side None None Yes 1
[27] ACHB Primary side None None Yes 1
[28] Full-bridge Primary side None None Yes 2
[29] Three-phase bridge Primary side None None No 3
This work Full-bridge Primary side None None No 1

2. SYSTEM ANALYSIS
2.1. System description

The proposed capacitive power transfer system is shown in Figure 1. A full-bridge inverter circuit is
used to convert a smooth DC voltage (Vqc) into a high-frequency AC voltage (Vin). The capacitive coupler
consists of four conductive plates which are Py, P2, P3, and P4. The plate P, and P; are located on the primary
side whereas P3; and P, are located on secondary side. Using the practical capacitive coupler as presented in
[30], the plate length () and the air gap between plates (d) can be defined as 300 mm and 180 mm, respectively.
Since the capacitive coupler requires a reactive power to wirelessly transfer the electrical energy across an air
gap between plates via electric field, the double-sided LC compensation circuit (created by L1, C, L, and Cy)
is adopted to compensate for the required reactive power. If this compensation circuit is properly tuned, the
system will operate at resonance state. Equivalent series resistance (ESR) of resonant inductor L; and L, are
defined by Ry and Ry, respectively. A resistor (R.) on secondary-side is a load of the system. In this proposed
system, the output voltage (Vou) can be regulated by the controller on primary side, known as primary side
controller, without need of any measurement on secondary side and wireless communication between both
sides. Only the voltage across capacitor C; on primary side (V1) is measured and sent to the controller. After
the output voltage is estimated and compared with the desired (reference) value, the controller will send gate
signals to the full-bridge inverter circuit to adjust the effective magnitude of inverter voltage (Vin). This will
regulate the output voltage.

2.2. Circuit analysis

To simplify the analysis, it is based on some assumptions: The circuit is considered as high-quality
factor (high Q) circuit where the inverter current (l;y) is sinusoid. Therefore, the first harmonic approximation
(FHA) can be applied. Since equivalent series resistance (ESR) of resonant inductors are increasing with
frequency due to the skin effect, they are included in the analysis. The ESR of resonant capacitors are neglected
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due to the multilayer ceramic chip capacitors (MLCCs) which have very low dissipation factor and very low
ESR at high frequency are adopted and All switches are ideal.

The simplified equivalent circuit of proposed capacitive power transfer system is shown in Figure 2,
based on the two-port model of capacitive coupler. The inverter voltage is replaced by its fundamental
component, which is denoted by Vin 1. The capacitors C, and C;s are defined as primary capacitor and secondary
capacitor, respectively. The voltage-controlled current sources I, and Is can be expressed as (1) and (2).

ip = ijmVZ 1)
[ = joCyV, ¥
Where Cp, is the mutual capacitance. As referred to the practical capacitive coupler presented in [30], the value

of Cyp, Cs, and Cr, can be specified as 9.8 pF, 9.8 pF, and 2.8 pF, respectively. Each element in secondary circuit
can be represented in terms of its admittance. Their parallel connection can be shown in Figure 3.

Capacitive Coupler

Vac T Vin
Gate signals
L Primary side [~

Controller

} Primary side I Secondary side I

Figure 1. Proposed capacitive power transfer system
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Figure 2. Simplified equivalent circuit of proposed CPT system
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Figure 3. Parallel connection of the admittance in secondary circuit
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Each admittance in Figure 3 is defined by (3)-(6).

Ye, = joC; 3)
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Y, = jwC, 4)
v _  —JjoL
e = gl ®
v Rre
Yp, = m (6)

Where R;., = R, + Ry, is the equivalent load resistance. The equivalent secondary admittance (Y2r) which is
the parallel combination of each admittance in the secondary circuit can be obtained by (7).

. 2 2
= Riegt ((u3CSL%+w3CZL%+wCsRLEq+wCZRLeq—(uLz)

Yor =

()

2 272
Rleqtw*L5

The imaginary part of Y7 will be equal to zero if the system operates at resonant frequency (wo). This can be
achieved by tuning the value of C; by (8).

2712 2
La—CswL3~CsRLeq

2 272
RLeq+w0L2

C; = (8)

Parallel connection of the admittance in primary circuit is shown in Figure 4 where the current source i, is
derived from the source transformation technique.

[k

! +

H
; Vins CD:A 7 7. lv. Iy =
Ip=——">— YirlY Y.V Y Y
in Ry +ijl E 1T |4 Ly C1 1 Cp) T

Loy -

Figure 4. Parallel connection of the admittance in primary circuit

Since }72T is identical to ?RL at the resonant frequency (wo), the admittance that reflects from secondary
to primary circuit, which is denoted by Y/, can be as (9):

— w3C2 (R} pg+wil3
Y, = M 9)

RLeq

The equivalent primary admittance (Y11) which is the parallel combination of each admittance in the primary
circuit can be obtained by (10).

S RLeqR1+C,2nwg(Rieq+w5L§)(R§+w(2,L%)—j[woLlRLeq—woclRLeq(Rf+w?,L§)—wochLeq(Rf+w§L§)]

i = Rpeq(R2+w3L%) (10)
The imaginary part of Y11 will be equal to zero if the capacitor C; is tuned to (11).
_ Li—CpRI-Cpliw}
G = R +w3L% (11)
The at resonant state, the voltage across capacitor C; (V1) is given as (12).
Al _ il_n _ Vin,lRLeq(R%*'w(z)Lzl) (12)

C Vit (Ri+jwoly)|RieqRi+Chwd(REeq w3l ) (RE +w3L3)]

From (12), the magnitude of voltage V1 can be obtained by the (13).
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= 2,272
Rpeq|Vinal |RE+wdLE

|| = (13)

RLequ"'Cr%m“’(z) (Rlz,eq"'("%l‘%)(R%*'w%L%)

Where |I7m1| is the magnitude of fundamental component of inverter voltage. The voltage across capacitor C,
(V2) can be expressed as (14).

- ; 7 (p2 2,2
v = Iy onCmVl(RLeq"'woLz)
, ==

YRL RLeq

(14)
Substitute (12) into (14), the magnitude of voltage V: is obtained as (15).

— woCm|‘7in,1| R%Eq+w(2)L%) Ri+wjL}
V| = ( (15)

2 2(p2 212\ (R24 0212
RLeqR1+meo(RLeq+woL2)(R1+‘U0L1)

By applying voltage division technique to the far-right loop of a circuit shown in Figure 2, voltage across the
equivalent load resistance is given as (16).

_ RLquZ __Rpeq (RLeq_jwoLz)vz (16)
Rpeq+jwolz R§9q+m3L§

VRLeq

Substitute (14) into (16), the magnitude of voltage VRLeqis obtained as (17).

7 2
woCmRreqlVina] [RE+0313 [REeq+wdi3

Ver, | = 17
| Rleal ™ RpoqRi+CEwf(REcq+whl3) (R +w]L3) (17)
From (17), the magnitude of output voltage can be calculated as (18).
7] = "l woCmR|Tin| [RE+0313 [REeq+wdi3 )
OUL T RotRL  RpeqRi+Chw3(REgq+w3L3)(RE+whLs)

It is obviously seen from (18) that the magnitude of output voltage (|I70ut|) varies with the change in load
resistance (R;). However, it can be regulated by adjusting the magnitude of an input voltage |I7m1|

3. PRIMARY SIDE CONTROL TECHNIQUE

The method to regulate the magnitude of output voltage based on the primary side controller is
presented in this paper. The measurements on the secondary side and wireless communication between primary
and secondary side are not required in the proposed technique. Only the voltage across a resonant capacitor on
the primary side is measured and taken as the feedback signal for controller. This reduces the component counts
and complexity of CPT system.

As discussed in section 2, the magnitude of output voltage can be regulated by controlling the
magnitude of fundamental component of inverter voltage (|I7l-n,1 |). This can be done by adjusting the waveform
of inverter voltage (Vin). To achieve this waveform shaping, the modified sine wave control technique for full-
bridge inverter is adopted in this work which can be shown in Figure 5. The waveform of inverter voltage
obtained in this technique is identical to the phase-shift (PS) control strategy [31]-[33], which is a modified
sine wave. In PS control, the duty cycle of each gate signal is fixed at 50 percent and the shape of inverter
output voltage is adjusted by shifting the phase between the gate signals. On the other hand, in modified sine
wave technique presented in this paper, duty cycle of each gate signal is varied. Gate signals of switch S; (V1)
and switch S, (V) are active for DT seconds where D is a duty cycle and T is a switching period. The phase
difference between Vg1 and Ve is fixed at 180 degrees. Gate signals of switch S3 (Vg3) and switch S4 (V)
operate in the complementary manner to Vg1 and Vg;, respectively. If Vgs and Veq are active at the same time,
the inverter voltage (Vin) will be equal to zero. The duty cycle of V1 and Ve, range between 0 (0%) and 0.5
(50%). When D = 0.5, the Vi, is a square wave. If 0 < D < 0.5, it will be a modified sinewave. It is noted that
the switching frequency is constant throughout the operation.
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Figure 5. Timing diagram of the full-bridge inverter with modified sine wave control

As referred to Figure 5, the magnitude of fundamental component of inverter voltage can be controlled
by adjusting the duty cycle (D) of gate signals Ve1 and Vg2, which can be calculated by (19).

[Vina| = %2 cos (5 — D) (19)

As considered in (13) and (18), load resistance and the magnitude of output voltage can be estimated through
the measured value of voltage V1. The estimated values of load resistance and the magnitude of output voltage are

defined as R#S¢ and |V, | yest | respectively. By substituting (19) into (13), load resistance can be estimated by (20).

Rt =a(f+.y+6+p)—R, (20)
Where a, 8,7, 8, and p are defined as (21)-(25).

-1

T e A | G 1)
B = Ry|V; (— - nD) JRZ + w22 (22)
y = —4CA LBV, |" — 8CALZIZRZ W8V, | (23)
5 = —4CHIZR} S|V | + w212 [* (— - nD)]z +R2|7| (24)
p = —8R,|Vy| "< cos (5 - nD) RE + wZLZ + R} [ cos (5 - nD)]2 (25)

If the estimated value of load resistance is obtained, the magnitude of output voltage can be estimated using
(18) as (26).

4V
~ woCmRESH[2 d”cos ——nD /R2+w3L2 (R +RE) 40313
|Vest| — (26)

(Ro+RESE )Ry +CEw3((Ry+RESE) +w§L2)(R1+wOL21)
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It is noted in (20) and (26) that load resistance and the magnitude of an output voltage can be simply estimated
by measuring the magnitude of voltage across the capacitor C; (|I71|), which can be done on primary side.
The workflow of proposed primary side control technique for CPT system is shown in Figure 6. First,
the signal of voltage across the capacitor C; (V1) is sent to the peak detector circuit to obtain its magnitude.
Then, resistance of the load is estimated by using (20)-(25). After the load resistance is identified, the
magnitude of output voltage is then estimated by using (26). Next, the estimated value of output voltage (|l7:5§ |)
is compared with the desired or reference value ( Ao*ut ). The error is then sent to PI controller to adjust the
duty cycle of the gate signals Va1 and V. Finally, gate signals for the full-bridge inverter circuit are obtained.

= Peak Estimate R, »| Estimate IVﬂm‘ Pl
Detector using (20)-(25) using (26) Control

Y

— Gate Signals
(Ve1—Vea)

Ve

Figure 6. Block diagram of the proposed primary side control technique for CPT system

4.  SIMULATION RESULTS AND DISCUSSION

To validate the proposed primary side control technique, computer simulation of the CPT system is
performed as shown in Figure 7 through PSIM software. The two-port model of capacitive coupler is replaced
by the equivalent 7-model where C,, = C,, — C,, and Cs = Cs — C,,. The voltage sensor is used to measure the

voltage across the capacitor C; (V1). By multiplying the rms value of V1 with /2, the magnitude of V; (|I71|)
is obtained. The duty cycle (D) is extracted from the gate signal of switch S; (Ve1). The estimation of load
resistance and magnitude of an output voltage is implemented in the Simplified C Block. This block receives
two signals which are |I71| and D. The output signal from this block is the estimated magnitude of output voltage

(|l7;,f§|). This signal will be compared with the desired value ( Vgut|). After sending their error to PI controller,
the command signal which is the duty cycle of gate signals V1 and Vg, of full-bridge inverter are obtained.
By comparing this signal with a sawtooth signal through the comparator circuit, the square wave pulse is
obtained which is taken to be the gate signal. The NOT gate is adopted to invert the gate signals (V3 is opposite
to Va1 and Vg4 is opposite to Ve2). The circuit parameters used in the simulation are listed in Table 2. It is
noted that the value of C,, C,, and Cy, are from the practical capacitive coupler presented in [30]. The value of
C; and C; are calculated using (11) and (8), respectively. The switching frequency of inverter circuits (fs) is set
to constant and identical to the system resonant frequency.

Equivalent Tt-model
Ly R, L, R,

Sl Sz AVA' - (:ll:
I I % > s 'm
. . . .
}AJ

' @Vour
Vac @

<
I
W
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H
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w
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L
[w]
w
11
L]
(]
5
Il
i

FDJE} 547? = x M
| | =n D CBlock |

Figure 7. Simulation circuit of the proposed CPT system
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Table 2. Parameters used in the simulation circuit

Parameters Values Parameters Values
Capacitance of primary capacitor (C,) 9.8 pF Secondary compensation inductance (L;)  86.8 uH
Capacitance of secondary capacitor (Cs) 9.8 pF ESR of primary resonant inductor (R;) 1Q
Mutual capacitance (Cp) 2.8 pF ESR of secondary resonant inductor (Ry) 1Q
Primary compensation capacitance (C;) 119.9 pF  Load resistance (R.) 20-40Q
Secondary compensation capacitance (C,)  119.8 pF  Input DC voltage (Vqc) 20V
Primary compensation inductance (L,) 86.8 uyH  Switching frequency (f;) 1.5 MHz

Simulation result of the output voltage step response is shown in Figure 8. First, the desired magnitude
of an output voltage ( V;ut|) is set to 20 V. Then, it is instantly changed to 40 V at 0.5 milliseconds (0.5m). As
seen from the measured magnitude of an output voltage (|I70’ﬁ§a|), it is controlled to follow this step change.
The waveform of inverter voltage (Vin) and inverter current (lin) are modified sinewave and sinusoid,
respectively. If the pulse width of Vi, is increased, the magnitude of output voltage will be boosted up. This

can be achieved by increasing the duty cycle of V1 and V2. The magnitude of Ii, is also rising with the output
voltage.

Simulation result of the output voltage regulation against load variation is shown in Figure 9. First,
the load resistance is set to 40 Q. Then, it is instantly changed to 20 Q at 0.5 milliseconds (0.5m). The desired
magnitude of an output voltage is fixed at 20 V throughout the operation. As seen from the measured magnitude
of output voltage, it decreases for a moment when load resistance is reduced. However, with the proposed
controller, it is regulated to increase to the desired value (20 V).

Considering conduction losses in the switches and ESR of resonant inductors, efficiency of the
proposed system is analyzed from the simulation results of input power (Pin) and output power (Pout) as shown
in Figure 10. On-resistance of each MOSFET is assumed to be 100 mQ and the ESR of resonant inductor is
indicated in Table 2. The measured DC input power and AC output power are 36.1 Watts and 29.6 Watts,
respectively. Thus, the system efficiency is obtained as 82 percent.

49 [ f : ; —— I
| I |
| 1| a
) Vo
o 20 — 5
> i i
10 | i . i i
BB @.1lm B..Zm 9.3m I 0.4m 9.5m 0.6m 6..7m 0.8m I 9.9m im
Time (s)
Figure 8. Simulation result of the output voltage step response
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Figure 9. Simulation result of the output voltage regulation against load variation
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Figure 10. Simulation result of the input and output power

5. CONCLUSION

A method to regulate the output voltage of capacitive power transfer (CPT) system based on primary
side control technique is presented in this paper. Additional components and wireless feedback are not required
in the proposed control technique. Only a voltage sensor is required in the primary circuit. This reduces the
component counts, cost, and complexity of CPT system. Instead of directly measuring the output voltage on
secondary side, it is estimated through the measured capacitor voltage on primary side. This estimated value is
used as the feedback signal for the controller. The output voltage is controlled to follow the desired (reference)
value by adjusting duty cycle of the inverter switch. This is achieved by using the modified sine wave control
of full-bridge inverter. The simulation results indicate that the output voltage can be regulated against the step
change in desired value and load resistance. This validates the proposed control technique.
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