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Abstract: Capacitive power transfer (CPT) technology is an effective and important alternative to
the conventional inductive power transfer (IPT). It utilizes high-frequency electric fields to transfer
electric power, which has three distinguishing advantages: negligible eddy-current loss, relatively
low cost and weight, and excellent misalignment performance. In recent years, the power level and
efficiency of CPT systems has been significantly improved and has reached the power level suitable for
electric vehicle charging applications. This paper reviews the latest developments in CPT technology,
focusing on two key technologies: the compensation circuit topology and the capacitive coupler
structure. The comparison with the IPT system and some critical issues in practical applications
are also discussed. Based on these analyses, the future research direction can be developed and the
applications of the CPT technology can be promoted.
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1. Introduction

Wireless power transfer (WPT) technology utilizes energy-contained fields to deliver electric
power from the transmitter to the receiver side, removing the direct metal-to-metal contact [1–4].
The typical structure of a WPT system is shown in Figure 1.
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transmit to the secondary side. In the power transmission process, a medium is not always required, 
but its appearance usually contributes to improve the system performance. At the secondary side, 
the receiver device can convert the fields back into electric power and provide it to the load through 
another auxiliary circuit. 

Figure 1. Typical structure of a wireless power transfer system.

At the primary side, an auxiliary circuit is usually required to convert the electric power into a
proper form to excite the transmitter device, which can generate the corresponding fields and transmit
to the secondary side. In the power transmission process, a medium is not always required, but its
appearance usually contributes to improve the system performance. At the secondary side, the receiver
device can convert the fields back into electric power and provide it to the load through another
auxiliary circuit.
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According to the category of fields, the current WPT systems can be classified into acoustic power
transfer (APT) [5–7], optical power transfer (OPT) [8], microwave power transfer (MPT) [9], inductive
power transfer (IPT) [10], and capacitive power transfer (CPT) [11], as shown in Figure 2, which are
suitable for different applications.
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Among all the power transfer systems, the CPT technology has been widely studied in recent
years. The typical structure of a CPT system is shown in Figure 3.
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The CPT system in Figure 3 is also a practical implementation of the WPT system in Figure 1.
The auxiliary circuits are realized by power electronics converters and the corresponding compensation
networks, including inductors and capacitors. The transmitter and receiver are realized by metal plates.
Usually, four metal plates are required in a CPT system to form a capacitive coupler. Two plates are
used at the primary side as a power transmitter, and the other two plates at the secondary side act as a
power receiver, resulting in at least two coupling capacitors to provide a power flow loop.

Different CPT systems can be realized by different coupler structures. For example, in Figure 3,
since there are two pairs of plates in the coupler, it is also called a bipolar structure. In some other
applications, one pair of plates can be realized by the stray capacitance from a receiver terminal to
a transmitter terminal, resulting in a unipolar structure that is similar to a single-wire system [12].
The value of coupling capacitance depends on the plate area, distance, and the dielectric material
between the plates. Since the permittivity constant ε0 of air is as small as 8.85 × 10−12 F/m, the value
of coupling capacitance is limited. Therefore, it usually requires resonances in the circuit between the
compensation networks and the coupler, producing high voltages on the plate to generate sufficient
electric fields for power transfer.

The advantages of the CPT technology lie in its low cost, low weight, and low eddy-current loss
in nearby metals [13]. According to recent studies, it can be used in short distance and low power
applications, such as integrated circuits (IC) [14], biomedical devices [15,16], LED lighting [17,18],
USB and mobile device charging [19–21]. In addition, its power can be increased to kW level and
applied to high power areas, such as synchronous machine excitation [22–24]. As a duality to inductive
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machine, the Lorentz force in a CPT system can be used to realize an electrostatic rotating machine
for motor driving [25,26]. Moreover, the transfer distance and power can be further increased to
charge the electric vehicles, or even realize dynamic charging while the vehicle is moving along the
roadway [27–30]. Based on these developments, this paper will review all the latest progresses in the
CPT technology, especially for the long-distance and high-power electric vehicle charging applications.
The theoretical analysis and detailed implementations will be presented, aiming to promote the
practical applications of the CPT technology.

2. Fundamental Working Principle

2.1. General Mathematical Model of CPT System

To analyze its fundamental working principle, the structure of a CPT system can be further
simplified as the circuit topology in Figure 4.
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The input and output sides are represented by two sinusoidal sources V1 and V2, neglecting
the high-order harmonics in the circuit. The input and output side currents are defined as I1 and I2,
respectively. The capacitive coupler acts as a two-port network for the primary and secondary sides.
Generally, the capacitive coupler can be represented by its equivalent behavior source model, including
two capacitors and two voltage-controlled current sources, as provided in [31]. In a capacitive coupler,
there are multiple coupling capacitances between plates, which can increase the complexity of the
working principle analysis. Therefore, it needs to be simplified as an equivalent mutual capacitance CM
and two equivalent internal self-capacitances Cin1 and Cin2, as shown in Figure 4. The simplification
process and definitions of the equivalent capacitances will be provided in Section 4 in this paper.

In Figure 4, the capacitive coupling between the primary and secondary sides is represented by
two voltage-controlled current sources IM1 and IM2, where IM1 is used to transfer power and IM2 is
used to receive power [32]. Therefore, the apparent power SM1 absorbed by IM1 is expressed as

SM1 = VC1 · (−IM1)
∗ = VC1 · (−jωCMVC2)

∗ (1)

where the asterisk notation means the complex conjugate; SM1 is a complex power, including real and
imaginary part defined as PM1 and QM1, respectively; VC1 and VC2 are the voltages across the primary
and secondary capacitance Cin1 and Cin2; ω is the angular switching frequency of the input and output
sources. The primary voltage VC1 is selected as the reference phasor, and the phase difference of VC2 is
defined as θ, resulting in

VC2 = |VC2| · (cos θ + j sin θ) (2)

According to Equation (2), the apparent power SM1 is further expressed as

SM1 = PM1 + jQM1 = ωCM · |VC1| · |VC2| · sin θ + jωCM · |VC1| · |VC2| · cos θ (3)
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Therefore, the active and reactive power absorbed by the current source IM1 is expressed as{
PM1 = ωCM · |VC1| · |VC2| · sin θ

QM1 = ωCM · |VC1| · |VC2| · cos θ
(4)

At the receiver side, the apparent power SM2 that provided by the secondary current source IM2

is expressed as
SM2 = VC2 · I∗M2 = VC2 · (jωCMVC1)

∗ (5)

Similarly, the real and imaginary part of SM2 is defined as PM2 and QM2, respectively. Then, the
apparent power SM2 is further expressed as

SM2 = PM2 + jQM2 = ωCM · |VC1| · |VC2| · sin θ − jωCM · |VC1| · |VC2| · cos θ (6)

Therefore, the active and reactive power provided by the current source IM2 is expressed as{
PM2 = ωCM · |VC1| · |VC2| · sin θ

QM2 = −ωCM · |VC1| · |VC2| · cos θ
(7)

Comparing Equations (1) and (5), the magnitude of apparent power can be expressed as
|SM|=|SM2|=|SM1|. In addition, comparing Equations (3) and (6), it shows that the active power
absorbed by IM1 is equal to the active power provided by IM2, which is consistent with the universal
energy conservation law. Then, the active power is further defined as PM = PM1 = PM2. It also needs
to be emphasized that the reactive power QM1 absorbed by IM1 does not equal to the reactive power
provided by QM2, but they are opposite to each other. Then, the reactive power is further defined as
QM = QM1 = −QM2. To summarize, the apparent power SM can be illustrated in Figure 5, where the
x-axis is the reactive power and y-axis is the active power.
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Figure 5. The apparent power SM transferred to the secondary side.

Figure 5 shows that, when θ is in the range of (0◦, 180◦), there is PM1 > 0, which means active
power is transferred from the primary to secondary side. When θ is in the range of (−180◦, 0◦), there is
PM1 < 0 and the power transfer direction is reversed. In a CPT system design process, the active power
PM is usually known to satisfy the power requirement. Then, the corresponding reactive power QM is
expressed as

QM = PM · cot θ (8)

Then, the relationship between the active power PM and reactive power QM is shown in Figure 6.



Energies 2017, 10, 1752 5 of 30

Energies 2017, 10, 1752  5 of 30 

 

 
Figure 6. The relationship between reactive power QM and active power PM. 

Figure 6 shows that the reactive power QM relates to the phase angle θ between VC1 and VC2. 
For example, when θ = 90°, QM = 0, which means there is no reactive power transferred to the 
secondary side. When θ = 45°, QM = PM, which means the transferred reactive power is equal to the 
active power. When θ approaches to 0°, the reactive power QM is dramatically increased to be much 
larger than the active power PM. 

According to Equations (4) and (7), when the required active power PM is known, increasing 
sinθ can help reduce the voltages |VC1| and |VC2|. Therefore, in a practical system design, the phase 
angle θ can be designed to be close to 90°. In this way, the reactive power circulating in the circuit is 
reduced to almost zero, and the corresponding conduction loss is also minimized. It needs to be 
clarified that the phase angle θ can be adjusted through compensation circuit design, which will be 
presented in Section 3. 

Meanwhile, Equations (4) and (7) also show that the system power is proportional to the 
switching frequency ω, the mutual coupling capacitance CM, and the voltages |VC1| and |VC2| on 
the metal plates. In a CPT system, these values can be increased to achieve high power transfer. The 
parameter sinθ can be designed to be 1.0 to maximize the system power. As an example, the 
coupling capacitance CM is 10pF, the maximum achievable system power PM at different switching 
frequency fs (fs = ω/2π), and the plate voltage |VC1| is shown in Figure 7. In this analysis, it is 
assumed that |VC1| = |VC2| for simplification purpose. 

 

Figure 7. The maximum achievable system power PM at different fs and |VC1|, when CM = 10 pF and 
|VC1| = |VC2|. 

Figure 7 shows that the magnitude of the plate voltage |VC1| needs to be increased to kV level 
to achieve kW power transfer. For example, in a vehicle charging application, when fs is 1 MHz, 3 
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Figure 6 shows that the reactive power QM relates to the phase angle θ between VC1 and VC2.
For example, when θ = 90◦, QM = 0, which means there is no reactive power transferred to the
secondary side. When θ = 45◦, QM = PM, which means the transferred reactive power is equal to the
active power. When θ approaches to 0◦, the reactive power QM is dramatically increased to be much
larger than the active power PM.

According to Equations (4) and (7), when the required active power PM is known, increasing sinθ

can help reduce the voltages |VC1| and |VC2|. Therefore, in a practical system design, the phase
angle θ can be designed to be close to 90◦. In this way, the reactive power circulating in the circuit
is reduced to almost zero, and the corresponding conduction loss is also minimized. It needs to be
clarified that the phase angle θ can be adjusted through compensation circuit design, which will be
presented in Section 3.

Meanwhile, Equations (4) and (7) also show that the system power is proportional to the switching
frequency ω, the mutual coupling capacitance CM, and the voltages |VC1| and |VC2| on the metal
plates. In a CPT system, these values can be increased to achieve high power transfer. The parameter
sinθ can be designed to be 1.0 to maximize the system power. As an example, the coupling capacitance
CM is 10pF, the maximum achievable system power PM at different switching frequency fs (fs = ω/2π),
and the plate voltage |VC1| is shown in Figure 7. In this analysis, it is assumed that |VC1| = |VC2|
for simplification purpose.
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Figure 7 shows that the magnitude of the plate voltage |VC1| needs to be increased to kV level to
achieve kW power transfer. For example, in a vehicle charging application, when fs is 1 MHz, 3 kW
system power requires |VC1| to be 7 kV. This high voltage can induce potential safety issues in a
practical application, which will be discussed in Section 6. Theoretically, according to Equations (4)
and (7), the CPT technology can also be used in an extremely high power system. For example, the
plate voltage |VC1| at different CM, and fs of a 200 kW CPT system is shown in Figure 8. Similarly, it
is assumed sinθ = 1 and |VC1| = |VC2|.
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Comparing Figures 4 and 9, the external capacitances Cex1 and Cex2 in the compensation 
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Increasing the switching frequency fs is an effective way to acquire higher power. With limited
coupling capacitance CM, fs needs to be increased to 10s of MHz to achieve 10s or even 100s of kW
power transfer. The high frequency and high power working condition usually require wide bandgap
(WBG) power electronics devices, such as silicon carbide (SiC) and gallium nitride (GaN) MOSFETs, to
build up the power converters.

2.2. Maximum Achievable Efficiency of a CPT System

The previous section presented the system power property for an ideal CPT system where the
losses are neglected. However, the efficiency property is also an important concern. Especially in a
long-distance and loosely-coupled CPT system, it is meaningful to study its efficiency to maintain
effective power transfer. Since the coupling capacitance CM is limited, it is necessary to increase the
plate voltage for sufficient power transfer. Auxiliary circuits, either resonant or non-resonant, are
required to work with the capacitive coupler. According to Figure 4, its equivalent circuit is shown in
Figure 9 for efficiency analysis. This equivalent circuit can be realized by multiple methods, resulting
in different compensation circuit topologies, which will be discussed in Section 3.
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Comparing Figures 4 and 9, the external capacitances Cex1 and Cex2 in the compensation networks
are combined with the internal capacitances Cin1 and Cin2 of the capacitive coupler, resulting in an
equivalent capacitive coupler with C1 = Cin1 + Cex1 and C2 = Cin2 + Cex2. The capacitive coupling
coefficient kC is further defined as

kC =
CM√
C1C2

(9)

Then, two inductive networks are used at both the primary and secondary sides to form resonances
with the capacitances. The output voltage source V2 is represented by a resistive load RL to analyze
the system efficiency. Considering the power losses of the resonant circuit components, Figure 9 is
further simplified as Figure 10.
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In Figure 10, the input source V1 is represented by an equivalent source V1eq, and the output
load RL is represented by an equivalent conductance GLeq. The power losses of the capacitances are
represented by parallel-connected conductances GC1 and GC2. The inductive networks in Figure 9 are
represented by two equivalent inductances L1 and L2, and their power losses are also represented by
two parallel-connected conductances GL1 and GL2, respectively. It needs to be emphasized that the
derivation of the equivalent inductances is a simplification of the inductive networks. Regardless of
the complexity of the inductive networks, they can be simplified as equivalent inductances with their
losses, which mean this analysis is independent of the circuit topology [33–35].

According to Figure 10, the system efficiency is expressed as

η =
|VC2|2GLeq

|VC1|2G1 + |VC2|2G2 + |VC2|2GLeq
(10)

where G1 and G2 are defined as {
G1 = GC1 + GL1

G2 = GC2 + GL2
(11)

Generally, at both the primary and secondary sides, the matching networks are designed to
compensate the impedance of the capacitive coupler. To eliminate the reactive power circulating in the
circuit and maximize the system efficiency, L1 and L2 need to be designed to perfectly resonate with C1

and C2, respectively. In this way, the secondary side voltage VC2 is expressed as

IM2 = (G2 + GLeq)VC2 = jωCMVC1 (12)

By substituting Equation (12) into Equation (10), the system efficiency is rewritten as

η =
1

(G2+GLeq)
2

ω2C2
M

G1
GLeq

+ G2
GLeq

+ 1
(13)
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By substituting Equation (9) into Equation (13), the efficiency is simplified as

η =
1

α+ 1
α +2

k2
CQ1Q2

+ 1
α + 1

(14)

where α is defined as load ratio, and Q1 and Q2 are defined as the quality factor of the primary and
secondary circuit, respectively. It needs to be clarified that Q1 and Q2 have included the power losses
in both the capacitors and inductors. They can be expressed as

α =
GLeq

G2
, Q1 =

ωC1

G1
, Q2 =

ωC2

G2
(15)

Equation (14) shows that the system efficiency is determined by the coupling coefficient kC, the
quality factor Q1 and Q2, and the load condition α. According to Equation (14), for a certain coupling
coefficient and quality factor, there exists an optimum αηmax that can maximize the system efficiency,
which can be expressed as

ηmax =
k2

CQ1Q2

(1 +
√

1 + k2
CQ1Q2)

2 (16)

The optimum αηmax is further expressed as

αηmax =
√

1 + k2
CQ1Q2 (17)

In a practical CPT system, the quality factors Q1 and Q2 at the primary and secondary sides
are usually close to each other, which can be assumed to be Q = Q1 = Q2. In this way, the efficiency
Equation (14) can be simplified, and the product of kCQ can be considered together. At different values
of kCQ and load condition α, the system efficiency is shown in Figure 11.
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Figure 11 shows that increasing the value of kCQ helps improve the system efficiency. In addition,
for a certain value of kCQ, a maximum achievable efficiency that relates to the load condition α, which
is consistent with Equation (16), exists. To clarify, at different values of kC and Q, the maximum
achievable efficiency is shown in Figure 12.
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Figure 12 shows that a CPT system can achieve a high efficiency even with limited value of kC, as
long as the quality factor Q of the components is high enough. For example, when Q is higher than
400, the system can realize 90% efficiency with a coupling coefficient kC as low as 0.05. Therefore, in
a practical CPT system, the quality factor of the capacitors and inductors needs to be increased to
improve the system efficiency. It needs to be pointed out that the efficiency discussed in this section
only considers the power losses in the resonant components, including the capacitive coupler and
compensation networks. The efficiency of a practical system should be slightly lower, considering the
losses in the power electronics converters.

It also needs to be clarified that the above derivation of the power and efficiency in a CPT system
is in a general form and it does not rely on a specific circuit topology. For example, Equations (4)
and (7) show that the system power depends on the voltage stresses on the plates, regardless how these
voltages are generated by the compensation circuits. In addition, Figure 11 shows that the topology of
the compensation circuits does not affect the calculation process of the system efficiency as in Equation
(14), as long as the reactive power in the circuit is fully compensated.

The power and efficiency analysis of a CPT system indicates a close relation with the conventional
IPT system [33]. In fact, a CPT system performs as a duality of an IPT system, such as the electric
fields are used to transfer power instead of the magnetic fields. Therefore, the fundamental working
principle of a CPT system is similar to an IPT system, and the previous research methods and results
of an IPT system can also be applied in a CPT system, which can promote the theoretical study and
practical application of the CPT technology.

3. Compensation Circuit Topology

Different CPT systems can be distinguished by their compensation circuit topologies, which
determine the system power capability, efficiency, and frequency properties with specified input and
output conditions. For example, a good compensation circuit should be able to increase the voltages
on metal plates for high power transfer [34]. In addition, it needs to achieve a high coupling coefficient
kC and an optimum load ratio α to maximize the system efficiency [35]. Moreover, it is better to be
robust to frequency and parameter variations for practical applications [36].

The recent compensation circuit can be classified as non-resonant and resonant topologies. It needs
to be emphasized that the compensation networks in Figure 4 do not necessarily need to be resonant
circuits, as long as the voltages on plates can be established for power transfer. The non-resonant
circuit is usually a pulse width modulation (PWM) converter with intermediate capacitors as a
capacitive coupler, and its working principle is similar to a regular PWM converter. The resonant
topology can be realized by high-frequency power amplifiers or a full-bridge inverter with auxiliary
components. Therefore, the compensation circuit topologies are summarized in three categories: PWM
converter based topology, power amplifier based topology, and full-bridge inverter based topology, as
presented below.
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3.1. PWM Converter Based Topology

The PWM converter with a single active switch, such as Buck-boost, Cuk, Sepic, and Zeta
converter, can be used to realize a CPT system [37]. For example, the circuit topology of a CPT system
based on sepic converter is shown in Figure 13.
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In Figure 13, there are two coupling capacitances, CM1 and CM2, as a capacitive coupler, which
is different from the conventional sepic converter. These capacitances work as the energy storage
components and also provide the isolation between the primary and secondary sides. When switch
S turns off, the mutual capacitances CM1 and CM2 are charged by the input source and inductor
L1. When S turns on, the capacitances are discharged, and power is transferred to the load. In this
design, the coupling capacitance and switching frequency should be large enough to realize significant
power transfer and avoid discontinuous working mode. For example, when the coupling capacitance
increases to 24 nF and the switching frequency is 200 kHz, the sepic converter realizes more than 1 kW
power transfer with 90.3% DC-DC efficiency [38].

The advantage of the PWM converter based CPT system is that the system performance is not
sensitive to circuit parameter variation and the system efficiency is relatively high due to the large
coupling capacitances. In real applications, the physical size and distance between the plates can
change the coupling capacitance. In addition, it is common to have up to±10% variations in the values
of resonant components, such as inductors and capacitors [39]. In a PWM converter, as long as the
parameters are large enough to maintain a continuous current working mode, these variations cannot
affect the system power.

However, the limitation of this circuit topology is that it can only be used in short distance
applications. Since the relatively large coupling capacitances are required for energy storage purpose,
the distance should be even lower than 1 mm, and dielectric coating is used on the surface of the plate
to further increase the capacitances [40]. These factors affect the convenience in the usage of WPT
technology. In addition, the soft-switching condition of the MOSFETs cannot be achieved at all load
conditions in a PWM converter, unless special soft-switching technique is applied [41]. Therefore,
the system efficiency is significantly reduced and the conductive EMI problem increases. Moreover,
since there is only one active switch in the circuit, the power level of a CPT system is limited by the
performance of the switch. Therefore, to increase the system power level, multiple PWM converters
can be connected in parallel, and the interleaved control strategy can be applied to improve the system
performance [42]. In addition, a push-pull PWM converter with two power switches can be used as a
power excitation to increase the system power [43].

3.2. Power Amplifier Based Topology

High frequency power amplified, such as class D, class E, class EF, and class φ converters [44],
can also be used to realize a CPT system. For example, the circuit topology of a CPT system based on
the class E converter is shown in Figure 14.



Energies 2017, 10, 1752 11 of 30
Energies 2017, 10, 1752  11 of 30 

 

 
Figure 14. Circuit topology of a CPT system based on class E converter. 

In Figure 14, the coupling capacitors CM1 and CM2 can provide isolation between the primary 
and secondary sides and also act as resonant components in the CPT system. The circuit working 
principle is similar to a regular class E converter under the control of switch S. It indicates that any 
resonant converter with series-connected capacitors can be used to realize a CPT system, for 
example, the class E converter can be combined with a LCCL resonant network to establish 
resonances in the circuit, and effective power transfer can be realized [45]. 

The main advantage of the power amplifier based topology is that the transfer distance can be 
significantly increased [46–49]. There are usually resonances in a power amplifier, and the 
switching frequency can increase to a very high value, which helps reduce the required inductances 
and capacitances. The high-frequency property not only contributes to increase the system power 
capacity, but also reduce the size of the passive components. In addition, since the soft-switching 
condition can be further realized in a power amplifier, the system efficiency can be maintained at a 
high level. This circuit topology has been applied in vehicle charging applications, in which a 
conformal bumper is installed in front of a vehicle to form capacitances with the charging pad [38]. 
When the switching frequency is 530 kHz, the system can achieve 1 kW power transfer with a 
DC-DC efficiency as high as 92%. With the help of wide bandgap (WBG) devices, when the 
switching frequency increases to 10s of MHz range, the system performance can be further 
improved. 

However, the disadvantage of the power amplifier based topology is its sensitivity to 
parameter variations. In practical applications, it is common to have variations on the plate distance 
of the capacitive coupler. In addition, the primary and secondary plates could have misalignments, 
which cause a significant decrease of the capacitance value. Since the coupling capacitance is series 
connected in the circuit, all of these variations can affect the resonances in the circuit and induce a 
dramatic reduction of the system power. Meanwhile, the soft-switching condition can also be 
disturbed that might result in extra power losses in the semiconductor devices. Since the converter 
works at high frequency mode, the losses can impact the safe operation of the system. Moreover, 
since there is usually only one active power switch in a power amplifier, it is challenging to increase 
the system power level. 

3.3. Full-Bridge Inverter Based Topology 

Similar to a regular resonant circuit, the full-bridge inverter is an effective method to provide 
ac excitation to a CPT system. Usually, at the primary side, four MOSFET switches are used to form 
the inverter, which are driven by PWM signals. It is convenient to adjust the switching frequency 
and duty ratio to regulate the system power. At the secondary side, a diode rectifier is used to 
provide dc current to the load, either a resistor or a battery. The inverter is the key part to provide 
ac excitation to the resonant circuit. With the help of this full-bridge inverter, multiple 
compensation circuits can be developed to realize capacitive power transfer, for example series L, 
LC, LCL, LCLC, CLLC, etc., which will be explained below. 

Series L Compensation 
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In Figure 14, the coupling capacitors CM1 and CM2 can provide isolation between the primary and
secondary sides and also act as resonant components in the CPT system. The circuit working principle
is similar to a regular class E converter under the control of switch S. It indicates that any resonant
converter with series-connected capacitors can be used to realize a CPT system, for example, the class
E converter can be combined with a LCCL resonant network to establish resonances in the circuit, and
effective power transfer can be realized [45].

The main advantage of the power amplifier based topology is that the transfer distance can be
significantly increased [46–49]. There are usually resonances in a power amplifier, and the switching
frequency can increase to a very high value, which helps reduce the required inductances and
capacitances. The high-frequency property not only contributes to increase the system power capacity,
but also reduce the size of the passive components. In addition, since the soft-switching condition
can be further realized in a power amplifier, the system efficiency can be maintained at a high level.
This circuit topology has been applied in vehicle charging applications, in which a conformal bumper
is installed in front of a vehicle to form capacitances with the charging pad [38]. When the switching
frequency is 530 kHz, the system can achieve 1 kW power transfer with a DC-DC efficiency as high as
92%. With the help of wide bandgap (WBG) devices, when the switching frequency increases to 10s of
MHz range, the system performance can be further improved.

However, the disadvantage of the power amplifier based topology is its sensitivity to parameter
variations. In practical applications, it is common to have variations on the plate distance of the
capacitive coupler. In addition, the primary and secondary plates could have misalignments, which
cause a significant decrease of the capacitance value. Since the coupling capacitance is series connected
in the circuit, all of these variations can affect the resonances in the circuit and induce a dramatic
reduction of the system power. Meanwhile, the soft-switching condition can also be disturbed that
might result in extra power losses in the semiconductor devices. Since the converter works at high
frequency mode, the losses can impact the safe operation of the system. Moreover, since there is usually
only one active power switch in a power amplifier, it is challenging to increase the system power level.

3.3. Full-Bridge Inverter Based Topology

Similar to a regular resonant circuit, the full-bridge inverter is an effective method to provide ac
excitation to a CPT system. Usually, at the primary side, four MOSFET switches are used to form the
inverter, which are driven by PWM signals. It is convenient to adjust the switching frequency and
duty ratio to regulate the system power. At the secondary side, a diode rectifier is used to provide dc
current to the load, either a resistor or a battery. The inverter is the key part to provide ac excitation
to the resonant circuit. With the help of this full-bridge inverter, multiple compensation circuits can
be developed to realize capacitive power transfer, for example series L, LC, LCL, LCLC, CLLC, etc.,
which will be explained below.
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Series L Compensation

Since the capacitive coupler performs as capacitors, it is common to use inductors connected in
series with the capacitors to compensate them [50–55], resulting in the series L compensation circuit,
as shown in Figure 15.
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L compensation.

In Figure 15, two inductors, L1 and L2, are used at both the primary and secondary sides to
compensate the mutual capacitors CM1 and CM2. The inductors can also provide EMI suppression
function to the input side [56]. The inductance value and resonant frequency are determined by the
value of capacitances. Usually, to reduce the inductance size and volume, the switching frequency is
very high. In practical applications, to reduce the complexity of the secondary side, the two inductors
can be combined to one and placed at the primary side [57]. In addition, to increase the system power
level, the full-bridge inverter can be upgraded to a three-phase inverter with three legs, and more series
inductors are required for the extra leg [58]. Moreover, active circuit with MOSFETs and capacitors can
be used to replace the series inductors, which can perform as inductive impedance and reduce the
system size [59–61]. Since there are more extra active switches in the circuit, the system efficiency is
then reduced.

The advantage of series L compensation is its simplicity, and it can be applied in both low and
high power applications. When it is used in biomedical devices to transfer power through human
tissue, the frequency can reach hundreds of MHz, and the power is relatively low [62]. It can also be
applied in the excitation of a synchronous motor, and the system dc-dc efficiency can achieve over
90% [22,23]. Compared to the PWM converter based CPT systems, the coupling capacitances can be
relatively small and the switching frequency can be very high. The series compensation can also be
used in the electric vehicle charging applications, where the tires are used as the dielectric material
to increase the coupling capacitances [27]. However, it still requires the switching frequency to be in
MHz range to provide sufficient power capability.

The disadvantage of series L compensation lies in its requirements on inductance size and its
sensitivity with parameter variations. Especially in long distance and high power scenarios, the
inductances should be large enough to establish resonance or the switching frequency needs to be high
enough. Similar to the power amplifier based CPT system, when the coupler capacitance changes, the
resonances in the circuit can be disturbed and the power transfer process is then terminated, which
limits its practical applications.

LC Compensation

The main challenge in capacitive power transfer comes from the conflict between the extremely
small coupling capacitances and the system power requirements. Therefore, to increase the equivalent
coupling capacitance, external capacitors can be used to connect in parallel with them, resulting in a
double-sided LC compensation circuit [35], as shown in Figure 16.
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Figure 16. Circuit topology of a CPT system based on full-bridge inverter with double-sided
LC compensation.

In Figure 16, the parallel capacitors Cex1 and Cex2 are usually much larger than the mutual
capacitances CM1 and CM2, which dominate the equivalent capacitance of the network. The inductor
L1 and L2 resonate with the equivalent capacitances at the primary and secondary sides, respectively.
Since the capacitances are increased, the required inductances L1 and L2 are also decreased, so as their
size and volume.

The advantage of the double-sided LC compensation circuit is its feasibility in long distance and
high power applications [63–65]. Regardless of the mutual capacitances CM1 and CM2, the external
capacitances Cex1 and Cex2 can be relatively large. In addition, the resonances in this system is
not sensitive to distance and misalignment variations in the capacitive coupler. Since the mutual
capacitances CM1 and CM2 are small, their variations do not have significant influence to the resonances
in the circuit and the system performance can be maintained.

The disadvantage of double-sided LC compensation is that its system power is reversely
proportional to the coupling coefficient [66]. The system power increases with an increasing distance,
however, the system efficiency decrease dramatically with the distance. In addition, a higher power
means a higher voltage and current stress on the circuit components, which can affect the safe operation
of the CPT system. In addition, since the system power relates to the coupling coefficient, the system
efficiency cannot be improved through circuit parameter optimization [35].

By combining the series L and LC compensation together, it can result in a double-sided LCL
compensation topology [67], as shown in Figure 17.
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LCL compensation.

In Figure 17, the series inductances Ls1 and Ls2 compensate only parts of the mutual capacitances
CM1 and CM2, and the remaining parts are compensated by the LC networks. It can provide the
flexibility to tune the system power through designing the inductance ratio of L1 and Ls1, so as the
ratio of L2 and Ls2. However, the system power is still reversely proportional to coupling coefficient,
and it still requires a relatively large value of series inductances.
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LCLC Compensation

To overcome the limitation of LC and LCL compensation networks, a double-sided LCLC
compensation topology [68] is proposed, as shown in Figure 18.Energies 2017, 10, 1752  14 of 30 
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Figure 18. Circuit topology of a CPT system based on full-bridge inverter with double-sided
LCLC compensation.

In Figure 18, two external capacitors Cex1 and Cex2 remain the same with the previous LC
compensation circuit. Extra LC networks Lf1-Cf1 and Lf2-Cf2 are used at the primary and secondary
sides to convert the voltage sources V1 and V2 into current sources for the resonant circuits. There are
multiple resonances in the circuit; for example, Cf1 can resonate with both Lf1 and L1, which are used
to increase the voltage in the capacitive coupler for sufficient power transfer.

The advantage of the double-sided LCLC compensation circuit is that the system power is
proportional to the coupling coefficient, and the system power can be regulated through circuit
parameter design without affecting the coupling coefficient [68]. Therefore, it is possible to maintain a
high coupling coefficient for efficiency consideration while fulfilling the power requirements. It also
has the merit of the LC compensation circuit that the resonant inductances L1 and L2 can be significantly
reduced by the external capacitors Cex1 and Cex2.

The disadvantage of the double-sided LCLC compensation circuit is its complexity. Since there
are eight passive components in the circuit, the system cost and weight is then increased. In addition,
more components can cause extra power losses in the circuit that can reduce the system efficiency.
Therefore, the system design should pay attention to the efficiency optimization. As an alternative, the
LCLC compensation can also be reconfigured as a CLLC topology [69] as shown in Figure 19.
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CLLC compensation.

In Figure 19, the positions of Lf1 and Cf1 are exchanged at the primary side, and the position of
Lf2 and Cf2 are exchanged at the secondary side. The other component positions remain the same.
In addition, the resonant relationship is not affected in the circuit. Usually, the inductors L1 and L2

have the largest volume, and the CLLC compensation can help reduce the required inductances of L1

and L2 which can reduce the system volume.
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By comparing the L, LC, and LCLC networks and their variations, it shows that there are different
compensation topologies that can be used to realize a CPT system. The only principle is that their
equivalent inductance should provide resonant condition with the mutual capacitances. Since the LC
circuit can be treated as a basic cell of the compensation circuit, the network can be extended to m × n
LC compensation [70–73], as shown in Figure 20.Energies 2017, 10, 1752  15 of 30 
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Figure 20. Circuit topology of a CPT system based on full-bridge inverter with m× n LC compensation.

In Figure 20, there are m LC cells at the primary side and n LC cells at the secondary side. It should
be pointed out that m and n do not need to be equal, and an asymmetrical circuit topology can also be
used to realize a CPT system. In addition, the position of inductor and capacitor can also be swapped,
which can results in different system performance [74–77]. The number of LC cells determines the
system power and efficiency, which needs to be optimized according to practical requirements [78].
For example, a larger number of LC network can provide more design flexibility, but the power losses
might increase and the system efficiency can be lower. Besides, the LC network can also be twisted,
resulting in a Z-impedance network similar to the regular resonant converter which has been studied
in a CPT system [79].

Considering different compensation circuit topologies presented above, they are compared from
different aspects, as shown in Table 1.

Table 1. Comparison of different compensation circuits.

Category Inductance Output Type Output Expression Output Power

Sepic CPT [42] * L1, L2 >> 1
ω2CM

Voltage source Vout =
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(

D
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· 1

RL

Class E CPT [80] ** L1 >> 1
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Voltage source Vout = 0.76Vin Pout = (0.76 ·Vin)
2 · 1

RL

Series L CPT [22] L1, L2 ≈ 1
ω2CM

Voltage source Vout = Vin Pout = V2
in ·

1
RL

LC CPT [35] L1, L2 ≈ kC
ω2CM

Current source I2 = ωCM · 1
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(
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LCLC CPT [68] L1, L2 ≈ kC
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* In a sepic CPT system, D denotes the duty ratio of the PWM signal. ** In a class-E amplifier with 50% duty ratio,
zero voltage and zero derivative at switch on instant, there is Vout = 0.76 Vin.

Table 1 provides the comparison according to the inductance design and output properties. Since
the mutual capacitance CM is usually very small, a good CPT system should be able to reduce the
required resonant inductances. It shows that the sepic, class E, and series L compensation need
relatively large inductances, which means they are more suitable for the short distance applications.
In the LC and LCLC compensation, since the coupling coefficient kC is usually much smaller than 1.0,
the required resonant inductance can be significantly reduced. Besides, the output property shows
that they perform as current sources for the output, which is suitable for vehicle charging applications
with a battery load. The comparison of LC and LCLC shows that Cf1 and Cf2 provide the flexibility to
regulate the system power without affect the coupling coefficient, which means the LCLC system can
achieve a higher coupling coefficient, so as the system efficiency.
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4. Capacitive Coupler Structure

The capacitive coupler consists of multiple metal plates that are used to generate electric fields to
transfer power. There are coupling capacitances between each pair of plates, and different structure of
the capacitive coupler results in different coupling model. The coupling capacitances determine the
power transfer performance, which will be discussed in this section. Depending on the coupler
structure, there are two-plate coupler structure, four-plate parallel structure, four-plate stacked
structure, six-plate structure, and repeater structure, which will be discussed in following.

4.1. Two-Plate Structure

In a CPT system, at least two metal plates need to be used to form a capacitive coupler, and it can
also be called a unipolar structure. One plate is placed at the primary side as a power transmitter and
the other plate is placed at the secondary side as a power receiver. The mutual capacitance between
the two plates provides the path for the current to flow forward to the load, and a conductive path is
then required to allow the current flowing back to the primary side. Therefore, a typical structure of a
two-plate capacitive coupler is shown in Figure 21.
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Figure 21. Structure of a two-plate capacitive coupler.

In Figure 21, the capacitive coupler can be applied in both short and long distance applications.
It also needs to be pointed out that the plate size can be different, especially in an asymmetric
coupler structure. The conductive path can be realized by metal-to-metal connection, resulting in
a quasi-wireless CPT system. For example, one receiver terminal can be directly grounded. In the
application of the propulsion of a high-speed train, the metal wheels can be used as the returning path,
which can replace the conventional pantograph and improve the system reliability [34]. In addition,
since it is easy to get access to the earth ground in most applications and there are usually parasitic
capacitances between the plates to the earth ground, the earth ground is therefore used as the
conductive returning path. For example, the receiver terminals can be floating from the ground,
and the stray capacitance can then be used to transfer power. In the scenario of electric vehicle
charging, the parasitic capacitance between the vehicle chassis and the earth ground is used to conduct
current. One critical concern is to increase the conductivity of earth ground, and reduce the system
losses [81].

The advantage of the two-plate coupler structure is its simplicity. The recent study also shows
that it has a good tolerance to large misalignment, which is named as a single-wire CPT system [82,83].
In addition, experiments show that effective power transfer can be achieved by two plates even when
their parasitic capacitances with the ground are extremely small. All of these promote the theoretical
study in CPT system, which attempts to explain the phenomenon from the aspect of fundamental
physics. For example, the standing-wave theory assumes that the length of the inductor is equal to the
quarter wavelength of the electromagnetic wave, which means the CPT system works as an antenna
system [84]. Although this two-plate structure is the most basic method to realize a CPT system, the
recent investigation is far from sufficient.
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4.2. Four-Plate Parallel Structure

The four-plate parallel structure is the most common way to realize a capacitive coupler [85], and
it can also be called a bipolar structure, which includes two pairs of metal plates as shown in Figure 22.
It is named because the two pairs of plates are parallel arranged. Considering the vehicle charging
applications, the transmitter plates P1 and P2 are placed on the ground side in the same horizontal
plane, and the receiver plates P3 and P4 are placed at the vehicle side and also in the same horizontal
plane. Therefore, this structure can also be called a four-place horizontal structure [32].
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Figure 22. Structure of a four-plate parallel capacitive coupler.

In Figure 22, there is a coupling capacitance between each pair of plates, totally resulting in six
capacitances, in which C13 and C24 are defined as main coupling capacitances; C14 and C23 are defined
as cross coupling capacitances; C12 and C34 are defined as the self-coupling capacitances. Different
from the conventional coupling model, this six-capacitance model is more effective and accurate.
Usually, when the plates are well-aligned and the plate distance is short, the main couplings dominate
the capacitive model and the other couplings can be neglected to simplify the circuit analysis. However,
when the plates are misaligned and the plate distance is long, the cross couplings are relatively large
and they need to be considered in circuit analysis. Since the six-capacitance model is very complicated,
the equivalent behavior source model [86] is a more effective and convenient method to model the
capacitive coupler as shown in Figure 23.
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Figure 23. Equivalent behavior source model of a capacitive coupler.

In Figure 23, the capacitive coupler is treated as a two-port network with the input port at the
primary side and the output port at the secondary side. It needs to be emphasized that this two-port
network can be used as the equivalence of different coupler structures. For example, it has been used
in Figure 4 as a general capacitive coupler to analyze the fundamental working principle of a CPT
system. Specifically, in this four-plate coupler structure, the relationship between the capacitances in
Figure 22 and the equivalent capacitances in Figure 23 is shown below [31,87].

CM = C12C34−C14C23
C12+C34+C14+C23

Cin1 = (C13+C14)·(C23+C24)
C12+C34+C14+C23

+ C12

Cin2 = (C13+C23)·(C14+C24)
C12+C34+C14+C23

+ C34

(18)
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It shows that the equivalent mutual capacitance CM is determined by the main and cross coupling
capacitances, while, the self-capacitances Cin1 and Cin2 also relate to the self-couplings. In this four-plate
parallel structure, the capacitances C12 and C34 are usually very small, which limits the self-capacitances.
Therefore, external capacitors are required to be connected with the coupler to increase the equivalent
self-capacitances, as shown in Figure 9. However, the external capacitances usually take extra space in
the system [68]. Moreover, this parallel structure is sensitive to angular misalignment. For example,
when there is 90◦ angular shift between the transmitter and receiver, the system power can reduce to
zero, which limits its practical applications.

4.3. Four-Plate Stacked Structure

To increase the self-capacitances and eliminate the external capacitances, the primary plates P1

and P2 are placed close to each other [88,89]. Similarly, the distance between secondary plates P3 and
P4 is also reduced, as shown in Figure 24. Since all the plates are stacked together, it is named as a
four-plate stacked structure. When it is used in the vehicle charging application, all the plates are
vertically arranged that is also called a four-plate vertical structure [31].
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In Figure 24, the size of P1 and P3 is larger than that of P2 and P4 to ensure the coupling between
each pair of plates. Since the distance between the same-side plates is small, the capacitances C12 and
C34 can be significantly increased. The coupling model of this stacked structure is the same as that of
the parallel structure in Figure 22, and it can also be simplified as the two-port behavior source model
in Figure 23 using Equation (18). Compared to the four-plate parallel structure, since the plates P2 and
P4 are inserted between P1 and P3, this stacked coupler is much more compact. In addition, since all
the plates are center aligned, it is robust to angular misalignment. Specifically, when the plates are in
circular shape, the angular rotation has no influence to the coupling capacitances.

However, one limitation of the stacked coupler is its relatively small mutual capacitance. Since
the coupler is more compact, the cross-coupling capacitances C14 and C23 are increased. According to
Equation (18), the equivalent mutual capacitance CM is therefore reduced. Another important concern
in the stacked coupler is the voltage stress between the same-side plates. Especially in long-distance
power transfer scenario, the voltage stress between the adjacent plates is usually very high. Therefore,
reliable insulation should be applied on the surface of the plates.

4.4. Six-Plate Structure

The four-plate parallel and stacked structures can be combined together [90,91], resulting in a
six-plate coupler structure, as shown in Figure 25.
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In Figure 25, a four-plate parallel structure is placed between two large plates P5 and P6. The plates
P1, P2, P3, and P4 work as active plates to transfer power, and the plates P5 and P6 work as auxiliary
plates to increase the equivalent self-capacitance and serve as electric field shielding. When it is used
in a CPT system, the active plates have direct connection with the compensation components, and
the large plates are in floating status. If the primary side plate P5 is connected to the earth ground,
the secondary side plate P6 is also equivalently connected to the ground, resulting in a significant
reduction of the electric fields emission to the surroundings. Therefore, the large plates also work as
the shielding to electric fields, which is an important advantage of this structure.

Since there is capacitive coupling between each two plates, there are totally 15 capacitances in this
six-plate coupler. In an approximate model, only the main and self-couplings are considered and the
cross couplings can be neglected. In an accurate model, all the capacitances should be included and
the two-port behavior source model can be used to represent the coupler. The relationship between
the full-capacitance and two-port model is discussed in [90].

4.5. Electric Field Repeater

The aforementioned capacitive couplers provide the fundamental method to realize a CPT system,
and they can be used in both short and long distance applications. When the transfer distance needs to
be further increased, the concept of electric field repeater is then proposed. For example, the two-plate
structure can be used to realize a repeater system as shown in Figure 26.
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In Figure 26, the metal plate P1 is used as a power transmitter, P2 is used as power receiver #1,
and P3 is used as power receiver #2. Electric field is used between plates to transfer power. It needs
to be pointed out that the receiver can also work as a repeater to continuously increase the transfer
distance. In this example, each stage has direct connection with the earth ground, which utilizes the
earth as the current returning path. Because of the connection with earth, this two-plate coupler based
system is a quasi-wireless repeater system. When the four-plate parallel coupler structure is used to
realize a repeater system [92,93], its structure is shown in Figure 27.
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Figure 27 shows that the connection between the transmitter and receiver is eliminated, which is a
pure wireless repeater system. The most critical challenge in a repeater system is the transfer efficiency.
Especially in a long-distance application, when the number of repeater stage increases, the power loss
in the system could increase dramatically. The other important research topic in a repeater system
is to balance the consumed power and transferred power of each stage. It is important to ensure
that sufficient power is transferred to the next stage without affecting the power requirement of the
local stage.

The repeater system represents a newly generated research direction in the WPT technology, which
is the multiple inputs and multiple outputs WPT system (not only CPT, but also IPT). There are already
some pioneering works, such as the matrix transmitter and multiple pickup CPT systems as presented
in [94,95]. In the future, the study on these systems can be a very promising research direction.

5. Comparison of CPT and IPT Technology

The CPT technology is the duality of the conventional IPT technology [96], and the CPT technology
has been developed from achievements in IPT systems. The IPT system utilizes magnetic fields to
transfer power, while the CPT system uses electric fields. There is inductive coupling in an IPT system,
while the capacitive coupling dominates a CPT system. Capacitive matching networks are used in
an IPT system, while inductive compensations are used in a CPT system to establish resonances
with the coupler. For example, the series-series compensation circuit in an IPT system is similar
to the double-sided LC compensation circuit in a CPT system, and they have the same frequency
property [97]. The double sided LCC compensation in an IPT system also has the same input and
output performance with the double sided LCLC compensation in a CPT system [98]. Although
the CPT and IPT systems have many similarities, there are also differences between them that can
distinguish them from different applications.

5.1. Advantages of CPT Technology

Compared to the conventional IPT technology, the CPT system mainly has three advantages:
negligible eddy-current loss, low cost and weight, and good misalignment performance, which will be
explained as follows.

First, in an IPT system, the high-frequency magnetic fields can generate eddy-current losses in the
nearby metal, causing significant temperature rise in both low and high power applications. Especially
when it is used in the vehicle charging application, the system power can reach up to 10s of kW, and
the magnetic fields can induce a large amount of heat in the nearby metal object, which is a dangerous
fire hazard. However, in a CPT system, where the electric fields are used to transfer power, there is
no concern about the eddy-current loss. Therefore, it can be used in the area that has unavoidable
metal materials.

Second, in an IPT system, the inductive coupler contains two coils that work as a loosely coupled
transformer. Since the coupling coefficient is usually very small, we need to increase the current
circulating in the coils to transfer enough power. Considering the skin depth of the conductor at
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very high frequency, a large amount of Litz-wire is required to build the coils, which increases the
system cost and weight. In addition, the conductive losses in the coil can be significant in high power
application. Moreover, to enhance the magnetic coupling, magnetic plates made by ferrite iron are
used at both the primary and secondary sides, which increase the system cost and weight even further.
However, in a CPT system, only several pieces of metal plates are used to build the capacitive coupler.
The material and thickness of the plates do not affect the system performance very much. For example,
the aluminum sheets can be used to realize a CPT system [68], and a thickness of 2 mm is sufficient
to transfer 2.4 kW power. Since the aluminum plate is much cheaper and lighter than the Litz-wire
made by copper, the system cost and weight can therefore be significantly reduced. In low power
applications, the PCB board can be used as the plate. The shape of the coupler plate does not affect the
power transfer performance, as long as the total area is achieved.

Third, the experimental results show that the CPT system has much better misalignment
performance than the IPT system. For example, in a CPT system with 610 mm × 610 mm metal
plates, the system can maintain 89.4% of the well-aligned power with 300 mm misalignment [68].
However, in a comparable IPT system with a 600 mm × 800 mm inductive coupler, the system power
drops to 56% of the well-aligned value with 310 mm misalignment [99]. Therefore, it can be concluded
that the CPT technology is suitable for electric vehicle charging applications where the misalignment
is relatively large and unavoidable.

5.2. Limits of CPT Technology

Compared to the IPT system, the recent CPT technology still needs a long way to mature and
there are some limitations to overcome: low power density, low efficiency, and strong magnetic field
emissions, which will be explained as follows.

First, in an IPT system, a 450 mm × 450 mm inductive coupler can achieve 7.7 kW power transfer
for vehicle charging application, resulting in a power density of 38.0 kW/m2 [100]. However, in a
CPT system, when the size of the capacitive coupler is 914 mm × 914 mm, it can achieve 1.87 kW
power transfer for vehicle charging application, which means the power density is only 2.2 kW/m2.
Therefore, in long distance applications, it shows that the power density of a CPT system is much
smaller than that of an IPT system. It is because that the coupling capacitance is usually in the pF range
when the transfer distance is in 100s of mm range. According to the power analysis in Equations (4)
and (7), for a given capacitive coupler, the effective method to increase the power density is to increase
the plate voltage and the switching frequency. Therefore, in future research, the compensation circuit
topology and parameters can be optimized to further increase the plate voltage, and the insulation
between plates needs to be improved. In addition, the switching frequency can be increased to 10s of
MHz level to acquire high power.

Second, in an IPT system [99], the DC-DC efficiency from the dc source to dc load can achieve 97%,
while a CPT system can realize a DC-DC efficiency of 91.6% for electric vehicle charging application [90].
The power loss in a CPT system mainly comes from the conductive loss in the compensation inductors.
Since the switching frequency is usually higher than 1 MHz, the skin effect of the wire becomes
apparent and extra losses can be induced. If the switching frequency increases even further, the power
losses can be more significant. This is an important concern in the system design. In addition, in
the recent design, the inductors have air core to eliminate the magnetic losses [68], but the volume is
too large, which is difficult for practice use. In future design, high frequency and low loss magnetic
material can be adopted to reduce the power loss and volume of the inductors.

Third, in an IPT system, the magnetic fields can be easily shielded by ferrite and aluminum plates,
and the leakage fields to the surrounding area can be reduced below safety level. For example, the safe
range of a 3.5 kW IPT system is about 200 mm away from the coupler [101]. However, the electric field
emission in a CPT system is difficult to be shielded, because the electric fields can easily pass through
metal material. Since a CPT system usually requires high voltages on the plates to transfer power,
either the four-plate parallel or four-plate stacked capacitive coupler cannot reduce the electric field
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emissions. For example, in a 2.4 kW CPT system with a four-plate parallel capacitive coupler, the safe
range is about 900 mm away from the coupler, which is much larger than the IPT system. Although
the aforementioned six-plate coupler can reduce electric field emissions, its application area is limited
by the complicated structure. Therefore, in future research, more effort should be spent on the study of
electric field shielding.

5.3. Combination of IPT and CPT Technologies

The previous analysis shows that the IPT system has higher efficiency and the CPT system has
lower cost, it is meaningful to combine these two technologies together, which can promote their
applications [102]. The structure of an IPT-CPT combined system is shown in Figure 28.
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In Figure 28, the primary and secondary sides are inductively coupled by L1 and L2, and the
coupling coefficient is defined as kI. In addition, they are capacitively coupled by CM1 and CM2.
This circuit topology is a combination of the LCC compensated IPT system [99] and the LCLC
compensated CPT system [68]. The circuit parameters can be designed to maintain comparable
contribution from both the IPT and CPT parts. Since the IPT technology has been developed for a long
time and is becoming available in the market, the combination can help to promote the real application
of the CPT technology. For example, after combination, the system DC-DC efficiency is improved from
93.04% to 94.45%, and the system power is increased from 0.86 kW to 2.84 kW [103].

To improve the system power density, the inductive and capacitive coupler can be further
integrated together [104], resulting in a single coupler that can generate both magnetic and electric
fields [105]. In addition, the integrated coupler can be used to transfer power, which realizes
simultaneous power and data transmission [106]. Besides, the inductive and capacitive hybrid system
can also be used in other applications, such as remote sensing [107], electric vehicle charging [108],
DC-DC converter [109], and electric motor diagnosing [110].

6. Discussion: Practical Issues

Although the CPT technology has been rapidly developed in recent years, there are still some
important issues need to be further studied before it can be widely applied in real life, such as the
safety concerns and dynamic charging applications.

6.1. Safety Concerns

Safety is always an important concern in the WPT technology; it exists in both IPT and CPT
systems, and is becoming a major constraint in the practical applications. Although it has been proven
that a CPT system can realize effective power transfer through a considerable distance, this process
must be safe enough to be used for the general public. In CPT system, there are mainly three important
safety concerns: high voltage stress on the plates, strong electric fields emissions to the surroundings,
and foreign object influence.
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First, the calculation in Section 2 has shown that the plate voltage can increase to kV level to
achieve high power transfer, which can be a potential danger to the users. Therefore, reliable insulation
has to be applied on the surface of the capacitive coupler to prevent electric shock. This is the primary
safety concern in the high power CPT applications.

Second, the electric field emissions should be limited below the safe limitation for both high and
low power CPT systems. For example, when the CPT technology is used in biomedical devices, the
effect of electric fields on the human body, such as the heart and brain, should be considered [111].
In addition, in the high power application of electric vehicle charging, the system power is in kW
range, the electric field emission to the driver and passengers should be considered and limited [112].
For example, the aforementioned six-plate coupler structure [90] is an effective way to reduce the
emissions as shown in Figure 29.
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According the IEEE C95.1 standard, the electric field strength should be lower than 614 V/m at
1 MHz for human safety consideration [113]. It shows that although the electric field strength can be
as high as 170 kV/m in a 1.97 kW system, the leakage electric fields outside the capacitive coupler is
significantly reduced by the shielding plates P5 and P6, and the safe range is about 100 mm away from
the coupler. Besides, another effective method to reduce the electric field emissions is to use active
plates adjacent to the power transfer plates with opposite voltage potential. In this way, the leakage
electric fields to the surroundings can be limited [114].

Third, foreign objects, including conductive and dielectric materials, can have significant influence
to the operating of a CPT system. In practical applications, the foreign object can change the coupling
capacitances between the plates and affects the resonances in the circuit. The transferred power can
therefore be affected. Specifically, if a living object, such as an animal, gets access to the capacitive
coupler or run underneath an electric vehicle, the CPT system should have the ability to shut down
the power transfer process and protect the living object. These aspects should be solved before the
CPT technology can enter the real life.

6.2. Dynamic CPT Application

Most of the recent CPT systems focus on the stationary charging scenarios. An electric vehicle
should be parked over a charging pad, and the receiver should be well-aligned with the transmitter to
maximize the system power and efficiency. If there is a large misalignment between the receiver and
transmitter, the system performance can be significantly affected. However, in the future application,
it is common to have relative movement between the transmitter and receiver. For example, in the
vehicle charging applications, the transmitter is embedded on the road side and the receiver is installed
on the vehicle side, or even the vehicle chassis can be used as part of the receiver. The structure of a
dynamic CPT system can be shown in Figure 30.
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In Figure 30, a long track of metal plates is used as the power transmitter, and the receivers are
made by relatively small plates [83,115]. In the practical applications, there are several challenges that
need to be considered: high power implementation, dynamic transition process, and the stand-by
power loss. For example, when multiple receivers are powered simultaneously, the power requirement
from the primary side will increase. Considering the switching frequency of a CPT system is usually
in MHz range, it is challenging to realize a high power and high frequency converter even using wide
bandgap devices.

In addition, when the receiver switches from one transmitter to the other, the dynamic transition
process can affect both the primary and secondary sides. Considering the moving speed of the
receiver, the system dynamic should be stabilized before the receiver moves away from the transmitter.
Otherwise, effective power transfer cannot be realized and the oscillation can damage the circuit. These
will need to model the dynamic performance of the resonant circuit accurately and acquire the rapid
response solution.

Moreover, when the transmitter is becoming longer, the power pulsation at the receiver side can
be reduced. However, the stand-by losses at the transmitter side could be more significant. Besides,
the self-inductance of the transmitter can affect the resonance and power transfer process in a CPT
system. Therefore, there is a trade-off between the transmitter length and the system performance,
which needs to be considered in practical implementations.

7. Conclusions

Research on CPT technology is becoming popular in recent years. This paper reviews and
summarizes the latest progresses and developments in the CPT technology, indicating that it has been
well prepared for practical applications in the near future. Specifically, the analysis of its fundamental
working principle presents that the power of a CPT system is proportional to the switching frequency,
the mutual inductance, and voltages between the metal plates.

Therefore, the compensation circuit design aims to increase the voltages on plates through
resonances, resulting in series L, LC, and LCLC compensation topologies, while the capacitive coupler
design aims to increase the equivalent mutual capacitance, resulting in two-plate, four-plate parallel,
four-plate stacked, six-plate, and repeater coupler structures. The CPT system is also compared with
the IPT counterpart, showing that it has the merit of lower cost and weight, but the power density of
the recent CPT system is still not comparable to the IPT system.

Finally, some practical issues in CPT system implementation are also discussed. The safety
analysis presents the methods to avoid potential dangerous hazard in a CPT system, including the
high voltage stress, electric field emissions, and foreign object detection. Moreover, the discussion
on the dynamic CPT system provides a new application area of the CPT technology, which is also an
important development direction in future research.
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