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Abstract— In this work, a control strategy for a Class-E 

inverter for Capacitive Wireless Power Transfer (CWPT) 

application is proposed. The presented approach allows to 

stabilize the output power regulating the components values of 

the resonant tank. A matrix of capacitors is used to adjust the 

values of capacitances and the magnetic design procedure for 

the variable inductor is proposed. The obtained performances 

are evaluated through Plecs simulations and compared with the 

case without a control strategy. 

Keywords — Capacitive Wireless Power Transfer, Class-E 

Inverter, Variable Inductor, Magnetics. 

I. INTRODUCTION 

Wireless Power Transfer (WPT) is assuming a role of 
primary importance in numerous sectors. This technique is 
already widely used for electric vehicle battery charging[1]-
[3], underwater robotics [4][5], biomedical plants [6][7] and 
railway applications [8]-[10]. Thanks to the possibility of 
transferring power through an air gap, it avoids the use of 
bulky cables making the system simpler and lighter [11]-[12]. 
Two main group of WPT system can be identified: inductive 
(IWPT)  and capacitive (CWPT) wireless power transfer 
systems. The IWPT exploit the magnetic induction between 
two coils, while CWPT systems exploit the electric field 
generated between two metal plates. While IWPT is already a 
mature technology and numerous devices are already 
available in the market, CPWT systems are still a relatively 
new technology. Since in a CWPT the power is transferred 
using cheap metallic plates and does not require high-cost 
magnetic cores and litz wires, it represents a cheaper solution 
with respect to IWPT [13]. In addition, since the power is 
transferred through an electric field between the metal plates, 
this technology is characterized by lower electromagnetic 
emissions with respect to IWPT systems where the magnetic 
field between coils tends to propagate in any direction [14]. 

One of the most critical wireless power transfer systems 
problems is the misalignment between plates and the variable 
operating conditions. Since resonance is created to reduce the 
reactive power circulating in the power converter and 
maximize the active power transmission, a small variation of 
couplings or load variations can significantly affect the power 
converter's output power and efficiency [15]-[17]. Most of the 

efforts available in literature are focused on the analysis of 
innovative circuit topologies able to obtain high efficiency 
under a particular operating condition [18]. Several different 
topologies have been used for CWPT. Usually, the most used 
topology for high power applications to impress a high-
frequency voltage to the resonant tank is the full-bridge 
inverter [19][20][21]. Other single switch topologies have 
been used for CWPT, such as Buck-Boost, Cuk, Zeta and 
Sepic [22]. In [23], a Buck-Boost converter for CWPT has 
been proposed reaching up to 1kW output power. The Class-
E inverter represents a suitable topology for CWPT. This 
topology is made up by a single switch. If the system is 
adequately designed, the power MOSFET can operate under 
Zero Voltage Switching (ZVS) and Zero Current Switching 
(ZCS), leading to low switching power losses and high 
conversion efficiency. This topology has been widely used for 
CWPT [24][25][26]. An extensive overview of Class-E 
inverter topologies for CWPT is shown in [27]. These 
topologies differ by the resonant compensation used to create 
resonance and maximize the power transmission. As shown in 
[27], the LC compensation represents a good compromise 
between simplicity and performance. However, the output 
power and the conversion efficiency are highly affected by 
coupling misalignment. For this reason, in this paper, a control 
strategy able to maintain high performance under coupling 
variations is presented. 

Several efforts have been made to propose control 
strategies to maintain optimum operation under variable 
operating conditions. For example, in [28], two control 
strategies able to maintain the Class-E inverter operating in 
ZCS/ZVS under load resistance variation are presented. These 
approaches consist of changing a resonant tank component 
value and the operating frequency. Unfortunately, operating 
with variable frequency does not allow for the optimization of 
the filter components and usually produces electromagnetic 
emission issues. For this reason, techniques which operates 
are constant frequency are preferred for this application.  

In this paper, a control strategy able to maintain the power 
MOSFET operating at ZVS/ZCS conditions under capacitive 
coupling conditions is proposed. The technique adapts the 
resonant inductor Lr, the resonant capacitor Cr and the shunt 
capacitor Cshunt according to the operating condition. While 
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the variable capacitances can be easily realized through matrix 
of capacitors, the realization of variable inductance is more 
challenging. For this reason, particular attention is placed on 
the magnetic design of the variable inductor. 

The article is structured as follows. In Section II, the Class-
E inverter for the CWPT application is presented. The design 
procedure is shown. In Section III, the inductor design is 
presented. In Section IV the simulation results using Plecs are 
shown, while in Section V the conclusions are discussed.  

II. CAPACITIVE WPT CLASS-E INVERTER 

The Class-E inverter for CWPT is shown in Fig. 1. The 
DC input voltage Vi is used to supply the circuit. The classic 
Class-E inverter topology consists of a choke inductor Lf, a 
power MOSFET S, a shunt capacitor Cshunt, a resonant 
inductor Lr and a resonant capacitor Cr. The ZVS/ZCS 
condition is reached when the equivalent impedance ZR is 
purely resistive. The equivalent six capacitors shown in [29] 
are used to model the electrical coupling between the four 
plates. It is assumed that the cross-coupling capacitances 
between the plates can be neglected. Thus, the coupling 
between plates can be simplified with a simple capacitance 
CM. Then, an LC compensation is used, represented by the 
capacitors C1, C2 and the inductors L1 and L2. The equivalent 
impedance of the CWPT is Zeq. To obtain a purely resistive 
impedance ZRL=Req, an external impedance Xext is added to 
cancel the reactive part, such that Xeq=-Xext.  

A. Design Procedure 

Studying the circuit shown in Fig. 1(a), the real and imaginary 
part of the equivalent impedance Zeq = Req+jXeq can be 
calculated 
 

( ) ( )( ) ( )2 2 2 2 22 2 2 2 1L L M M M

eq

R R C R R C C C L C C C C
R

β ω δ ω ω δ

α β

 + + + + + + + − =
+

                                                                                          (1) 

( )( ) ( )( )( )

( )

2 2 2 2 2

2

2 2 1 2 2M M L M L

eq

C L C C C C C R R C C R R
X

β ω δ ω ω δ ω

ω α β

 + + + − − + + + =
+

                                                                                              (2) 
where 

 ( ) ( )
2 22 2 2 MC R RL C Cα β ω+ += +   (3) 

 2 2 22 M MLC C LC C Cβ ω ω= − − + +   (4) 

 2

2 2 LL R R Rδ ω= − + +   (5) 

 

The capacitors C1 and C2 are designed to resonate with 

the inductances L1 and L2 

 1 22 2

0 1 0 2

1 1
,C C

L Lω ω
= =    (6) 

The plates are assumed to be identical, thus symmetrical 
stricture can be assumed R1=R2=R, L1=L2=L and C1=C2=C. 

To reduce the reactive power, the reactive part of the 

equivalent impedance Xeq must be cancelled by adding an 

external reactance Xext in series, leading to Xext = - Xeq. 

Under this condition, a purely resistive equivalent impedance 

is obtained Zeq = Req at CM = CM
opt. Depending on the coupling 

capacitance CM, a positive or negative imaginary part Xeq can 

occur, as shown in Fig. 1(b). 

 

(a) 

 

(b) 

Fig. 1. Class-E inverter topology for CWPT. (a) Circuit with capacitive 
wireless power system. (b) Equivalent circuit. 

 If Xeq<0, an external inductor must be placed as 

 
2

1 1
ext

eq eq

L
X Cω ω

= − =   (7) 

If Xeq>0, an external capacitance must be connected as 

 
2

1 1
ext

eq eq

C
X Lω ω

= =   (8) 

Assuming that the load resistance RL, the operating frequency 

ω0, and the output power Po values are known as design 

specifications, the expressions for the components needed to 

reach the ZVS condition at CM=CM
opt are given by  
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R
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f
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The constraints of the system analysed in this paper are 
shown in Table I.  Using equations (9)-(13), the values of the 
components shown in Table II can be obtained. 

TABLE I.  CWPT SYSTEM CHARACTERISTICS 

Parameter Value 

Output Power Po  50 W 

Load Resistance RL 5 Ω 

Operating Frequency fs 200 kHz 

Quality Factor QL 10 

Coupling Capacitance CM
opt  200 pF  

Inductances Parasitic Resistances  
ESRLf1, ESRLf2, ESRL1, ESRL2 

100 mΩ 

Primary and Secondary Inductance L1, L2 100 µH 
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TABLE II.  RESONANT COMPENSATIONS PARAMETERS 

Parameter Value 

External Inductor C1, C2 6.3 nF 

External Capacitance Cext 327.3 nF 

Resonant Inductances Lr 14.9 µH 

Resonant Capacitances Cr 48 nF 

 

The impedance ZR=RR+jXR under coupling capacitance CM 
variation is evaluated as shown in Fig. 2(a). As can be seen, 
both the real and imaginary parts increase as the coupling 
increases. In particular, the imaginary part XR is equal to zero 
at the optimum coupling capacitance CM = 200 pF. Then, it 
acts as an inductor Lr=Xr/ω for couplings CM > CM

opt, while it 
acts as a capacitance Cr=1/( ω Xr) when the coupling is CM  < 
CM

opt . This reactance is anyway negligible. In fact, as shown 
in Fig. 2(a), the maximum value is approximately Xr

max=0.1 
Ω, leading to an equivalent inductance LR=79.5 nH. Since the 
resonant inductance Lr=14.9 µH and it is connected in series, 
its contribution can be neglected LR<<Lr. On the other hand, 
the minimum reactance value is approximately Xr

min= - 0.25 
Ω, leading to an equivalent capacitance CR = 3.2 µF. Since the 
resonant capacitor Cr = 48 nF is connected in series, its 
contribution can be neglected CR>>Cr. For this reason, the 
main effect on the Class-E inverter is related to the variation 
of the resistive part of ZR. 

As shown in (9), (10) and (11), the values of capacitances 
Cr and Cshunt and inductance Lr required to maintain the Class-
E inverter operating at ZVS/ZCS depend on the equivalent 
load resistance RR. For this reason, this paper proposes a 
control strategy to maintain the power converter operating in 
ZCS/ZVS in a wide range of coupling capacitance variations. 
In Fig. 2(b), the required value of inductance for different 
coupling capacitance is shown. The following section 
describes the procedure used to design the variable inductor.  

 
     (a) 

 
  (b) 

 
(c) 

 
 (d) 

Fig. 2. Effect of coupling coefficient variations. (a) Resistive and reactive  
part of the impedance ZR. (b) Resonant inductance Lr required for different 
coupling. (c) Required resonant capacitance Cr. (d)  Required shunt 
capacitance Cshunt. 

In Fig. 2(c), the variation of Cshunt is presented. A variable 
capacitance between 60nF < Cshunt < 110nF is required. A 
matrix of capacitance represents the simplest solution to solve 
this issue. This approach has been already widely used in a 
Class-E inverter for WPT applications. The range of 
variations of CM is divided into three parts, and depending on 
the operating condition, a particular capacitor is selected, as 
shown in Fig. 2(c). Finally, the same approach can be used to 
realize the variable capacitance Cr in the range 37nF < Cr < 

69nF, as shown in Fig. 2(d). 

III. VARIABLE INDUCTOR DESIGN 

Different approaches have been proposed to create 
variable inductors. The simpler solution to obtain a variable 
inductor consists of switches that select different inductors 
values. However, this solution is expensive and bulky since 
several components are required. In [30], a variable 
inductance is obtained, varying the air gap by inclined or 
stagger aperture structure mode. However, its manufacturing 
is not simple, resulting in higher costs.  For this reason, the 
most used approaches consist of changing the magnetic 
permeability of the material using an additional magnetic 
polarization flux in addition to the main inductor magnetic 
flux, shifting the magnetic induction [31]. This approach has 
been widely used to control LLC converter [32]- [37]. 

The principle of a controlled variable inductor is the 
variation of the differential permeability of a ferromagnetic 
material, defined as  

 d
0

1 d
.

d

B

H
µ

µ
=  (14) 

The variation of the applied magnetic field strength leads the 
magnetic material to operate in the different regions of the 
magnetization curve, from a linear region, where the 
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differential permeability shows a near-constant profile, to a 
roll-off region, in which the permeability rapidly decreases, 
finally to a saturation region, where the minimum value of the 
differential permeability is obtained, and the material is fully 
saturated [36]. Fig. 3 represents the magnetization curve and 
the differential permeability profile of a Mn-Zn ferrite, 
highlighting the three different operating regions. 

A practical topology of a controlled variable inductor is 
composed of a double E core with the main winding placed 
on the central leg and connected to the resonant tank of the 
CWPT system and two auxiliary winding placed on the outer 
legs of the core [37]. By controlling the direct current value 
in the auxiliary windings, the applied magnetomotive force in 
the core is varied, and thus the applied magnetic field strength 
in the magnetic material is controlled. The auxiliary windings 
are connected in series with opposite polarity to force the DC 
magnetic flux path only in the outer legs of the double E core. 
Instead, the central leg operates in the linear region of the 
magnetization curve and is designed to assure the component 
exhibits a linear behaviour when excited with the AC 
magnetomotive force swing.  
To this end, a concentrated air gap is adopted in the central 
leg of the selected core. Fig. 4(a) represents the arrangement 
of the considered core geometry. The equivalent reluctance 
model depicted in Fig. 4(b) can be used to compute the 
differential inductance profile referred to the main winding 
[38]. 

 
Fig. 3. Magnetization curve of a Mn-Zn ferrite. The red line represents the 
B-H curve and the blue line represents the related differential permeability 
profile. The three different operating regions of soft magnetic material are 
highlighted. 

 

(a) 

 

(b) 

Fig. 4. Description of the core and winding configuration for the variable 
inductor design. (a) Detail of the double E core gapped configuration. (b) 
Equivalent reluctance circuit. 

The air gap reluctance and the ferromagnetic path 
reluctance can be described as constant terms by 

 
fe,c

fe,c
0 fe,in fe,c

,
l

Sµ µ
ℜ =  (15) 

 
g

g
0 g

,
l

Sµ
ℜ =  (16) 

while the reluctance of the outer legs ferromagnetic path can 
be described as a function of the magnetomotive force 
applied by the auxiliary windings: 

 
fe,l

fe,l DC DC
0 fe, d DC DC fe,c

( ) .
( )

l
N I

N I Sµ µ
ℜ =  (17) 

The equivalent reluctance referred to main winding is 
defined as  

 eq DC DC fe,c g fe,l DC DC( ) 0.5 ( ),N I N Iℜ = ℜ + ℜ + ⋅ℜ  (18) 

and thus, the differential inductance can be computed as 

 

2

DC DC
eq DC DC

( )
( )

ACN
L N I

N I
=

ℜ
  (19) 

 To obtain a variable inductance profile suitable for the 
specification of the designed CWPT system, an N87 double 
E 25/13/7 core is selected, with 0.5 mm gap on the central 
leg, 12 turns on the main winding and 10 turns of the auxiliary 
windings, equally split on the outer legs. The supply of the 
auxiliary windings can be realized with a synchronous buck 
converter, and the current value to control the differential 
inductance value is obtained through a PI regulator.  

IV. SIMULATION RESULTS 

The obtained output power and transmission efficiency 
results are shown in Fig. 5(a) and (b), respectively. The blue 
dots are the simulation measurements using Plecs for the 
system employing the proposed approach with variable 
components. As shown in Fig. 5(a), the proposed method 
allows maintaining the output voltage close to the desired 
value Po=50W in the whole operating conditions. On the 
other hand, when the components are maintained fixed, the 
output power is close to the target value Po=50W only when 
the system operates close to the nominal condition 
CM

opt=200pF. The output power increases for lower couplings 
and decreases for higher couplings. The efficiency is 
analyzed in Fig. 5(b). The proposed control technique allows 
higher DC-AC conversion efficiency over the whole 

ΦDC

ℜ  fe, c ℜ fe, l ℜ fe, l 

ℜ g 

0.5 NDC IDC 0.5 NDC IDCNAC IAC

ΦDC
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capacitive coupling range since the system constantly 
operates in ZVS/ZCS. As expected, the system with fixed 
components obtains comparable efficiency close to the 
nominal condition CM

opt=200pF. 

V. CONCLUSIONS 

In this paper, a control strategy for a Class-E inverter for 
CWPT application is presented. The proposed approach 
allows to maintain a constant output power over a wide 
coupling capacitance variation range. High efficiency is 
obtained since the ZVS/ZCS condition is maintained in the 
coupling variation range. The benefits with respect to the case 
of fixed components are shown, showing a comparison in 
terms of efficiency and output power.   

 

(a) 

 

(b) 

Fig. 5. Obtained simulation results. Red points represent the measurements 
of the system with fixed values. Blue points represent the measurements with 
the proposed control strategy. (a) Output power. (b) Conversion efficiency.  
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