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Abstract— A well-performed capacitive power transfer (CPT)
system highly depends on its compensation to achieve load-
independent (LI) output and zero phase angle (ZPA) operation.
It is particularly meaningful to maintain these objectives under
various misalignments. This paper is devoted to a general and
comprehensive method to study and explore all the potential high-
order compensations. The coupler parameter variation is evalu-
ated under different types of misalignment, and misalignment-
insensitive (MI) parameters are properly designed for MI reso-
nance. A general and straightforward decomposition and synthe-
sis method is then proposed to generate the high-order resonant
tanks. With the help of inverse ABCD parameters, all tank
candidates are further judged by their capability for LI output
and ZPA operation. Finally, two example CPT systems are built
to verify the LI output and ZPA operation under misalignment.

Index Terms— Capacitive power transfer, high-order compen-
sation, misalignment insensitive resonance, zero phase angle
operation, load independent output.

I. INTRODUCTION

W IRELESS power transfer (WPT) has been widely
applied in many scenarios, such as modern automa-

tion systems, consumer electronics, and implantable devices
[1]–[4]. Currently, inductive power transfer (IPT) and capac-
itive power transfer (CPT) based on near-field coupling are
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most attractive for mid-range high-efficiency power transfer.
Although IPT has been well developed in the last decades, its
limitation is also very clear, i.e., being sensitive to conductive
objects [5]. As a duality solution, CPT utilizes the electric
field to transfer the power, which can pass through conductors
without significant power loss. Since the magnetic cores are
no longer needed, CPT enables a low-cost and lightweight
solution, and is becoming a promising competitor for specific
WPT applications [5]–[7]. The main issue of CPT is the small
coupling capacitance (usually picofarad range) due to the low
permittivity of the air. Therefore, it is particularly important
to apply proper compensation to increase the power transfer
capability.

The performance of a CPT system highly depends on
its coupler structure and compensation network. In the
past years, different coupler structures are proposed to
improve the power delivery capability and coupling efficiency
[8], [9]. In order to study these couplers, the induced current
source (ICS) model and induced voltage source (IVS) model
are developed to simplify the circuit analysis and guide the
design of compensation networks [8], [10]. There are many
prior arts on the design and analysis of compensation. For
example, the LCCL and CLLC compensation is analyzed in
the frequency domain [11]. The LCLC-CL compensation is
proposed in [12] to optimize the voltage distribution. The
LCL compensation is proposed in [13] with load-independent
characteristic. A double-sided LC compensated CPT topology
is presented in [14] for zero phase angle (ZPA) operation.
However, the above compensations are studied case by case,
and it still lacks a general and comprehensive method to guide
the compensation design and selection.

SA CPT system is a typical high-order resonant converter,
just like its IPT counterpart. The successful compensations
of IPT can be introduced to CPT technology. For IPT
system, the LI output characteristic has been well studied
in past years [15], [16]. The basic compensation network
was summarized in [17] and [18] for LI output. Using the
transformer model, large number of new compensations are
developed in [19] and [20]. However, it is still difficult to ana-
lyze the resonance mechanism if the misalignment-sensitive
components were involved in resonance design (like the
leakage inductance, mutual inductance, or magnetizing induc-
tance). This issue is addressed by using the IVS model
because the misalignment-insensitive self inductors are used
for resonance design [21], [22]. Under various misalignments,
the model parameter variations are clear for inductive cou-
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Fig. 1. A typical CPT system.

pler, which helps the compensation design. However, the
misalignment-insensitive feature of the capacitive coupler
model is not clear, especially considering the variety of coupler
structures. In [23], it developed a family of compensations and
analyzed the coupler capacitor and compensation as a whole,
which naturally could lead to the resonance frequency shift
under misalignment. Therefore, it is still a challenging issue
to explore the high-order compensations for misalignment
insensitive (MI) resonance, LI output, and ZPA operation.

This paper studies the misalignment insensitive charac-
teristics of the coupler model, based on which a general
decomposition and synthesis method is proposed for high-
order systems. The MI capacitances in the coupler model
are utilized as the resonance components. In this way, the
resonance frequency of the system will keep fixed under mis-
alignment condition which means MI resonance is achieved.
This paper would in-depth explore the MI parameters for
various coupler structures, and the parameter characteristics of
both IVS and ICS are evaluated under vertical and horizontal
misalignment. For specific movements, the coupler parameters
are numerically shown to be misalignment insensitive. Based
on these MI parameters, this paper uses the IVS model as an
example to develop the decomposition and synthesis method
for high-order compensations. The whole resonant tank is
effectively divided to well deal with the coupling variations.
All the tank candidates enabling MI resonance are generated
for both transmitter (TX) and receiver (RX) side. With the
help of inverse ABCD parameters, a simple judgment is given
to narrow down the tank candidates for LI output and ZPA
operation. The proposed method is general and dramatically
simplifies compensation analysis, design, and selection. For
verification purposes, two example compensations (CLL-L and
CLL-CLL) are analyzed and used to experimentally evaluate
the design objectives (including MI resonance, LI output, and
ZPA operation) under misalignment.

II. MISALIGNMENT INSENSITIVE (MI) RESONANCE

A. Circuit Model

Fig. 1 shows a typical CPT system, in which the capacitive
coupler is able to deliver power through the electric field.
Usually four conductive plates (i.e., Pa , Pb , Pc, and Pd )
are required to build such a coupler. Considering the mutual
coupling, a six-capacitor model as shown in Fig. 2 (a) is able
to represent the coupler, where Cab, Cac, Cad , Cbc, Cbd , and
Ccd are the mutual capacitances.

The variation of six capacitors under misalignment are
simulated and discussed in [24]. From the circuit perspective,
the six-capacitor model is too complicated and not convenient
for analysis. Therefore, the equivalent induced source model
has been derived accordingly. For example, the induced current
source (ICS) model as shown in Fig. 2 (b) is able to represent

Fig. 2. Capacitive coupler models. (a) Six-capacitor model. (b) Induced
current source (ICS) model. (c) Induced voltage source (IVS) model.

the coupler with a pair of the induced current sources (i p1,
i p2) and shunt capacitors (Cp1, Cp2) [8]. In this paper, Ip1 is
the phasor for i p1, and Ip1 means the magnitude. This rule is
applied for any other variables. In the ICS model, the coupling
between TX and RX is described by{

Ip1 = jωCpm Vcd

Ip2 = jωCpm Vab,
(1)

where Cpm is the coupling capacitor. As a duality of ICS
model, the induced voltage source model (IVS) was proposed
in [10] [refer to Fig. 2 (c)]. It includes a pair of induced voltage
sources (vt x , vrx ) and self-capacitors (Ct x , Crx ), and vt x and
vrx are derived as ⎧⎪⎪⎨

⎪⎪⎩
Vt x = 1

jωCm
Ir x

Vr x = 1

jωCm
It x

(2)

Here Cm is the coupling capacitor for IVS model. Although
Cm �= Cpm , the coupling coefficient k is same for both model
and is defined as

k =
√

Ct xCrx

Cm
= Cpm√

Cp1Cp2
. (3)

The detailed conversion among these models has been dis-
cussed in [10]. From the circuit points of view, both IVS and
ICS models are equivalent and can be used to simplify the
design of the resonant tank. Thus, it is meaningful to discuss
the misalignment sensitivity of the induced source model.

B. Misalignment Sensitivity of the Model Parameters

In a CPT system, both TX and RX compensations are
required to resonate with the coupler for various objectives,
such as maximizing the power transfer capability, lowering
the voltage/current stress, enhancing efficiency, and providing
good controllability. Compared to the original six-capacitor
model, the IVS or ICS model is much easier for resonance
analysis and design. However, the variation of coupler para-
meter would naturally cause the resonance frequency shift and
depreciate the system performance. For example, all the capac-
itors of Fig. 2 (a) are determined by the plates position and will
change under misalignment. If these misalignment-sensitive
capacitors join the resonance, the resonance frequency will
inevitably shift. If the IVS or ICS model is used for design, it is
particularly meaningful to discuss the misalignment sensitivity
characteristics of the model parameters (i.e., Cp1, Cp2, Ct x ,
and Crx ).

For any near-field coupler, the model parameters represent
the energy storage and transfer capability of the electromag-
netic field. The misalignment of the coupler will naturally
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Fig. 3. Layout illustration of capacitive coupler. (a) Horizontal capacitive
coupler. (b) Vertical capacitive coupler.

affect the field distribution, and then lead to coupler para-
meters variation. In the past years, many well-performance
IPT systems have been developed by using MI self-inductance
for resonance. However, it should be noted that such a
constant-inductance assumption is only valid for specific cou-
pling conditions, such as the loosely coupled coils under
limited position variation. It means the self-inductance appears
to be misalignment insensitive from circuit perspective instead
of physical perspective. Similarly, for a capacitive coupler, its
circuit parameter is closely related to the relative position of
the coupling plates and must be misalignment sensitive. From
circuit point of view, it is possible and meaningful to explore
the misalignment insensitive parameters, based on which the
design of the CPT system can fully utilize the success of its
IPT counterpart.

The parameters of a capacitive coupler are determined by
the relative plate position, and they are naturally coupling-
dependent. For specific coupling conditions and misalignment,
the parameters of different models would show to be stable,
and this feature is defined as MI. The MI characteristics of the
model parameters are closely related to the coupler structure.
Currently, different couplers are selected according to the
power level and requirement of space freedom. As shown
in Fig. 3, two coupler structures are widely used. When the
same-side plates (such as Pa and Pb) are placed horizontally,
the TX-RX coupling is strong and this structure is defined
as horizontal capacitive coupler (HCC) [refer to Fig. 3 (a)].
The other coupler as shown in Fig. 3 (b) places same-side
plates vertically, and thereby is named as the vertical capacitive
coupler (VCC). The merits of different couplers have been
discussed in [8]. Based on the finite element analysis (FEA),
the simulation helps explore the MI parameters, based on
which the resonance can be designed accordingly. The coupler
size parameters of this paper are purposely used to have
a better comparison between the HCC and VCC, instead
of creating a special setup to highlight the MI parameters.
Therefore, this discussion is also meaningful for other couplers
with different sizes.

An example HCC shown in Fig. 3 (a) is evaluated with
l1 = 350 mm, l2 = 920 mm, and dl = 220 mm. If the
ICS model is used, the model parameters will change under
lateral or vertical misalignment as shown in Fig. 4(a), and
all these parameters (i.e., Cpm and Cp1) are sensitive to the
misalignment.

This paper would devote to studying the MI characteristics
of IVS parameters for large lateral and vertical misalign-
ment. According to Fig. 4(a), large misalignment would cause

Fig. 4. Misalignment sensitivity of model parameters for HCC. (a) ICS
model parameters. (b) IVS model parameters.

Fig. 5. Misalignment sensitivity of model parameters for VCC. (a) ICS
model parameters. (b) IVS model parameters.

significant drop of k, and both Cp1 and Cpm are sensitive
to misalignment. Using the IVS model, the misalignment-
sensitive Cm will increase, which actually leads to a drop of
capacitive impedance. It is interesting to find that Ct x (=Crx ) is
insensitive to both the vertical and horizontal misalignment in
Fig. 4(b). Based on (3), a constant Ct x and increasing Cm leads
to a decreasing k. This simulation can extend the conclusion
of [10] for a more general case.

Fig. 3 (b) gives an example VCC with l1 = 920 mm,
l2 = 610 mm, and dc = 10 mm. Using the ICS model, Cp1 is
still shown to be misalignment sensitive under vertical distance
change, but is relatively stable under horizontal misalignment
[refer to Fig. 5(a)]. Using the IVS model, the results of
Fig. 5 (b) are similar to those of Fig. 5 (a).
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TABLE I

THE MODEL PREFERENCE FOR DIFFERENT COUPLERS

Fig. 6. CPT system decomposition. (a) Using IVS model. (b) Using ICS
model.

Based on the results of Fig. 4 and Fig. 5, both IVS and ICS
model can provide MI parameter under a specific misalign-
ment, and then the MI resonance can be purposely designed
through proper compensations. For example, EV charging
usually suffers from horizontal misalignment. If VCC is used,
both IVS and ICS model can offer MI parameters for system
design [refer to Fig. 5]. If HCC is used, the IVS model
is preferred. Table I summarizes the model preference for
different couplers under various misalignment. A specific
application should choose a suitable model according to the
practical misalignment.

C. System Decomposition for Misalignment-Insensitive
Resonance

This paper would fully utilize the misalignment-insensitive
parameters for resonant tank design. Various applications
would prefer different coupler models. For instance, the EV
chargers designed for the automatic guided vehicle needs to
focus on the lateral misalignment. Thus, the IVS model is
preferred, and this model would serve as an example to discuss
the resonant tank design. The resonant tank includes the
capacitive coupler, TX compensation, and RX compensation.
Using the IVS model, the whole resonant tank is decomposed
into three parts, i.e., Tank TX, induced source, and Tank RX as
shown in Fig. 6(a). The self-capacitance Ct x in series with the
TX compensation forms the Tank TX and so as for Tank RX.
The induced source part only includes two induced voltage
sources. For tank TX, vin and iin are the input voltage and
current respectively. For Tank RX, vo and io are the output
voltage and current respectively. Using this decomposition
method, three parts are analyzed individually, and the MI
resonance is naturally ensured since no misalignment-sensitive
capacitors join the resonance in tank TX/RX. In the same

manner, the system using ICS model can still be decomposed
into three parts as shown in Fig. 6(b) with the same benefit.

D. Objectives of Resonance

When the model parameters are constant under a specific
misalignment, the resonance will not be affected by the cou-
pling variation, and then different objectives can be achieved
by high-order compensations. For good controllability, the
load-independent output current or voltage is desired for
many applications, just like its IPT counterpart [19], [21].
In this paper, G with different subscripts is used to define the
transfer function. For example, Gcoupler,iv (=vrx /it x) means
the current to voltage (I2V) conversion ratio of the coupler.
It is well known that the induced source part has two types of
conversion, ⎧⎪⎪⎨

⎪⎪⎩
Gcoupler,iv = k

jω
√

Ct xCrx

Gcoupler.v i = jω
√

Ct xCrx

k
,

(4)

which are both load-independent. The transfer function of the
whole resonant tank is then defined by the cascaded product of
three transfer functions, i.e., Gt x Gcoupler Grx . If Tank TX/RX
can offer LI transfer functions, the overall transfer function
will be load independent as well.

Another objective is the ZPA operation of the inverter. The
ZPA operation means the output current is in phase with
the output voltage to minimize VA rating of the inverter.
Fig. 6(a) shows the port impedance of the CPT system. Zin,
Zref , Zr x and R are the input impedance of Tank TX, the
reflected impedance, the input impedance of Tank RX and final
load resistance respectively. In this paper, the high-efficiency
inverter can usually be modeled as a square voltage source
(i.e., vin ) with a small source resistance (ignored in Fig. 6).
The resonant tank is not used as the standard impedance
matching network for maximizing the inverter output power.
Instead, in order to minimize the circulating energy, Tank TX
should be able to eliminate the reactive part of Zref for ZPA
operation, i.e.,

Zref = k2

ω2Ct xCrx
× 1

Zr x
. (5)

If Zref includes the reactive part, a static TX compensa-
tion cannot ensure resistive Zin under coupling variation.
Therefore, Zref must be purely resistive for a fixed TX
compensation, which further requires a resistive Zr x. From
this point of view, when compensation is designed, both
the input and output impedance of Tank TX/RX should be
purely resistive. Finally, it should be noted that the input
impedance of resonant tank should tune to slightly inductive
when zero-voltage switching is needed for the inverter. Zin

needs to meet the requirements of ZPA first and then slightly
tune it to be inductive. Similar techniques have been widely
used in IPT systems.

III. RESONANCE TANK SYNTHESIS

A. Tank Candidates

There are four conversion types between voltage and current
(i.e., V2V, V2I, I2I, and I2V) for Tank TX/RX. This subsection
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Fig. 7. Symmetry of Tank TX and Tank RX.

Fig. 8. Generation of second-order tank candidates.

will first focus on the generation of tank candidates, and then
the objectives above will be used to narrow down the choice in
the next subsection. The study of high-order resonant converter
is not new, and there are many achievements about high-order
resonant converters. The major difference between traditional
resonant converter and resonant tank for CPT system is the
varied coupling coefficient. Different to previous study in [8]
and [25], the whole resonant tank is no longer treated as
a whole, and the varied k is decoupled from the resonance
analysis in Fig. 7. By doing so, the traditional analysis method
for resonant converters can apply to CPT systems. Several
effective methods of the early papers are modified and used
to find the candidate tanks [26], [27].

Fig. 7 shows that Tank TX and RX are symmetrical. The
potential candidates for Tank TX are also effective for Tank
RX. For example, a candidate offering Gt x,iv for Tank TX
is able to provide Grx,v i for Tank RX. As shown in Fig. 7,
a candidate for Tank TX must has a series capacitor at the
output terminal, and this capacitor serves as the self-capacitor
Ct x . Considering this, Fig. 8 lists all possible second-order net-
works for Tank TX. Each rectangular block in Fig. 8 represents
one energy element and can be filled by inductor or capacitor.
Since two capacitors cannot resonate, the second-order tank
candidates are generated by filling the rectangular block with
the inductor [refer to Fig. 8].

The third-order networks are generated based on the same
method, and the candidates must have a series capacitor at its
output terminal. All possible third-order networks are shown
in Fig. 9. Every rectangular block in Fig. 9 is filled either by
an inductor or a capacitor, and the non-resonance cases need
to be removed. As a result, Fig. 9 gives all possible third-order
resonant tanks. The proposed candidate generation method is
valid for higher-order resonant tanks, and fourth-order resonant
tanks are directly given in Fig. 10. Since the benefits for
higher-order resonant tanks are not obvious, this paper focuses
on resonant tanks up to fourth order.

B. Candidate Tanks Selection and Classification

The generated tank candidates can naturally help the system
achieve MI resonance. The objectives, like LI output and ZPA
operation, are then used to narrow down the choice in this

Fig. 9. Generation of third-order tank candidates.

Fig. 10. Fourth-order resonant tanks.

Fig. 11. Tank TX/RX: a two port network.

subsection. Since the number of candidates is large, it is
ineffective to discuss one by one. A general method, like using
inverse ABCD parameters, will be helpful. Any tank candidate
is a two-port network, as shown in Fig. 11. The inverse ABCD
parameters help define various transfer functions,[

V2
I2

]
=

[
A B
C D

] [
V1
I1

]
. (6)

Since

V2 = AV1 + B I1, (7)

V2 is only affected by V1 when B = 0. It achieves LI V2V
conversion with Gvv = A. Similarly, A = 0 enables LI I2V
conversion with Giv = B. The relationship between output
current I2 and input port (V1 and I1) can be defined

I2 = CV1 + DI1. (8)
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TABLE II

REQUIREMENTS FOR LI TRANSFER FUNCTION

TABLE III

TANK CANDIDATES WITH LI TRANSFER FUNCTION

Similar results are obtained, i.e., D = 0 gives LI V2I
conversion with Giv = C , and C = 0 gives LI I2I conversion
with Gii = D. The above conclusions are summarized in
Table II. Using this table, each candidate in Fig.8-Fig.10 can
be judged whether it meets the requirements of LI conversion,
and the results are given in Table III.

In order to achieve ZPA operation, candidates in Table III
can be further narrowed down. When the input and output
impedance are purely resistive, it indicates V2 and V1 must be
in phase with I2 and I1 respectively. For a lossless tank, it has

V1 I∗
1 = V2 I∗

2 . (9)

If a candidate can offer LI Gvv , it means{
V2 = AV1

I2 = CV1 + DI1
(10)

Taking (10) into (9) gives the requirement for ZPA operation,
i.e.,

C = 0. (11)

If R (= Re(V2/I2) = V2/I2) is defined as the load resistance,
the input impedance Zin is

Zin ≡ V1

I1
= V2/A

I2/D
= D

A
R, (12)

which shows the resistance transformation of V2V LI output
Tank TX. For the other type of conversion, the ZPA require-
ments and resistance transformation are derived in the same
way and summarized in Table IV. It helps narrow down the
candidate tanks, and candidate tanks enabling LI output and
ZPA operation are given in Table V.

C. System Synthesis

Given the candidate pool in Table V, many CPT systems
can be synthesized. In Table V, it shows that the Tank TX/RX
with LI V2V conversion is also valid for LI I2I conversion, i.e.,

TABLE IV

INVERSE ABCD-PARAMETERS REQUIREMENT FOR ZPA OPERATION

TABLE V

DESIRED TANK CANDIDATES WITH ZPA OPERATION AND LI OUTPUT

Fig. 12. CPT system synthesis.

Row one and Row three share the same candidates in Table V
This effect can be explained by (9) and Fig. 11. When ZPA is
ensured for both terminals, it has V1 I1 = V2 I2, and the current
gain is derived as Gii = I2/I1 = V1/V2 = 1/Gvv . The same
conclusion is also valid for the candidates of Row two and
Row four.

For simplification, the tanks of Row one and Row three are
defined as Type ‘+1’, while those from other two rows are
defined as Type ‘−1’ [refer to Table V]. Based on (4), the
induced source part belongs to Type ‘−1’. By doing so the
overall conversion type can be easily judged by a simple math
rule as shown in Fig. 12. For example, three Type ‘−1’ tanks
are cascaded connected to synthesize a system of Type ‘−1’
(because −1*−1*−1=−1). Usually, the difference between
Type ‘+1’ and Type ‘−1’ is determined by whether the load
resistance is inverted.

Based on the proposed synthesis method, a large number of
CPT topologies can be generated. Note that the IVS model is
used in [10], but only one topology is proposed. The synthesis
process is summarized in Fig. 13. Here, two examples are used
to explain resonant tank synthesis. The first example CPT is
formed by using C1 as Tank TX and A1 as Tank RX. As shown
in Fig. 14(a), the generated system belongs to Type ‘+1’ and
will ensure LI V2V or I2I conversion.
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Fig. 13. The flowchart of design process.

Using the proposed synthesis approach, the resonance con-
dition can be easily derived. Based on the definition of inverse
ABCD parameters, A of Tank C1 equals to the voltage ratio
when the input port is short. Therefore, A = ( jωLt2 +
1/( jωCt x) + jωLt1)/( jωLt1), and is further simplified as
(ω2(Lt1+ Lt2)Ct1−1)/(ω2Lt1Ct x). Other parameters of Tank
C1 could be obtained in a similar manner,⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A= ω2(Lt1 + Lt2)Ct x − 1

ω2 Lt1Ct x

B=ω2−ω2Lt1Ct1−ω2Lt1Ct x −ω2Lt2Ct x +ω4Lt1Lt2Ct1Ct x

jω3Lt1Ct1Ct x

C = −1

jωLt1

D= 1 − ω2 Lt1Ct1

ω2 Lt1Ct1
(13)

Following the constrain of Table II and Table IV, the LI
conversion and ZPA operation is ensured by A = 0 and D = 0,
i.e., ⎧⎪⎪⎨

⎪⎪⎩
1

jωCt1
+ jωLt1 = 0

1

jωCt1
= jωLt2 + 1

jωCt x

(14)

For Tank RX (i.e., Tank A1), its inverse ABCD parameters
are ⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

A = 1

B = 1

jωCrx
+ jωLr1

C = 0

D = 1

(15)

The LI conversion and ZPA operation are ensured by B =
0 and C = 0, and it means

1

jωCrx
+ jωLr1 = 0. (16)

The overall transfer characteristics are easy to explained in
Fig. 14 (a). For V2V conversion, the voltages/currents clamped
by vin are denoted with the blue color. From I2I point of
view, all the voltage or current denoted by the red color are
clamped by the input current iin . For example, Tank TX is
responsible for LI Gt x,v i (from vin to it x), the induced source
part is responsible for LI Gt x,iv (from it x to vrx ), Tank RX
is responsible for LI Grx,vv (from vrx to vo), and finally

Fig. 14. CPT system enabling MI resonance, LI output and ZPA operation.
(a) CLL-L compensation system (type ‘+1’). (b) CLL-CLL compensation
system (type ‘−1’).

TABLE VI

CIRCUIT AND COUPLER PARAMETERS OF CLL-L COMPENSATION IN [10]

the overall resonant tank will offer LI V2V conversion. The
transfer functions are derived as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Gt x,v i = jωCt1

Gcoupler,iv = k

jω
√

Ct xCrx

Grx,iv = 1

Gvv = kCt1√
Ct xCrx

(17)

The parameters of CLL-L compensation are listed in
Table VI for case study. Based on (17), the conversion ratio
of tank TX, coupler, and Tank RX are 0.022, 92.8, and
1 respectively. The overall system conversion ratio Gvv equals
to 2. Another example system proposed in [28] is analyzed
in Fig. 14(b). Tank C1 is applied to both sides to form a
double-sided CLL compensation. The resonance condition for
LI conversion and ZPA are derived in the same way,⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

jωCt1
+ jωLt1 = 0

1

jωCt1
= jωLt2 + 1

jωCt x
1

jωCr1
+ jωLr1 = 0

1

jωCr1
= jωLr2 + 1

jωCrx

(18)

The overall transfer function is

Gv i = ωkCt1Cr1√
Ct xCrx

. (19)
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TABLE VII

SYSTEM PARAMETERS

The proposed synthesis method is comprehensive and general,
and other high-order compensated CPT systems can be gen-
erated and analyzed in the same manner.

D. Benefits of High-Order Compensations

More resonant components could naturally bring more free-
doms for the transfer function. The candidates of Table V
can all provide LI output and ZPA operation under coupling
variation. The lowest-order system could be synthesized by
using A1 at both sides, i.e., the traditional SS compensated
system. The transfer gain of SS compensation system is
Giv = jω

√
Ct xCrx /k. There is no design freedom once the

coupler is given since the Ct x , Crx , and k are fixed. For
the high-order CLL-L compensation in Fig. 14 (a), it has
Gvv = kCt x/

√
Ct xCrx . Here the primary compensation para-

meter (i.e., Ct1) helps tune the voltage gain according to the
final load condition. Given the coupler size and parameter
limitation, a higher-order system would be helpful from the
design perspective. However, it does not mean the higher
the better. When more components join the resonance, both the
circuit and design would become more complicated. The most
appealing condition is to have sufficient instead of redundant
freedoms for a CPT system. Given the design objectives in
this paper, the candidates of Table V would satisfy the major
needs of the practical CPT systems.

IV. EXPERIMENTAL VERIFICATION

A. Parameter Variation Under Misalignment

Two example CPT systems discussed in Fig. 14 are imple-
mented as shown in Fig. 15. The same vertical capacitive
couplers are used in both systems [refer to Fig. 3 (b)]. The
first system uses CLL-L compensation for LI V2V conversion
and the second one uses CLL-CLL compensation for LI V2I
conversion. All the system parameters are given in Table VII
at a 2-MHz resonant frequency. Both systems use the same
inverter and rectifier.

For the demonstrated VCC, the misalignment-sensitivity
of the model parameters are analyzed in the simulation.
The six capacitors Cab, Cac, Cad , Cbc, Cbd , and Ccd are
directly extracted in simulation as shown in Fig. 16, then
the IVS model parameters could be calculated. It is should

Fig. 15. Bird view of experimental setup. (a) CLL-L compensation.
(b) CLL-CLL compensation.

be noted that the six-capacitor model parameters cannot be
directly measured in a real coupler, but it is applicable
to directly measure the IVS model parameters. For exam-
ple, by properly opening or shorting certain terminal, the
induced voltage or current can be used to derive the para-
meters. The measured model parameters are compared with
simulation-based ones in Fig. 17 to justify the claimed MI
feature. Note that the MI characteristics of the HCC has
been experimentally verified in [29]. Under horizontal mis-
alignment, both Cp1, Ct x , and k are measured for ICS and
IVS model respectively. As shown in Fig. 17, although k
decreases with the increasing misalignment, Cp1 (=Cp2) and
Ct x (=Crx ) are almost constant. Therefore, these capacitances
can be used to build a system with misalignment-insensitive
resonance.

B. System-Level Verification

Using the IVS model, the VCC is used to build a CLL-L
system and a CLL-CLL system respectively. Since the input
voltage is fixed at 36 V, the output of both systems are
clamped by the input. A nominal load resistance is defined
to ensure 50-W input power. According the achieved LI
Gvv and Gv i , the nominal load resistances are 14 � and
15 � for the CLL-L and CLL-CLL systems respectively.
At nominal condition (Pin = 50W ), the experiment waveforms
are measured as shown in Fig. 18, and the system efficiency
of CLL-L compensation and double-sided CLL compensation
are 85% and 83% respectively. The perfect ZPA operation
should be avoided and ZVS is achieved by having a slightly
inductive input impedance. In the test, the resonant compo-
nents in series with the input port are slightly tuned to have
an inductive Zin . Fig. 18 shows iin lags vin , and ZVS is
achieved.
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Fig. 16. Six capacitors under X-axis misalignment. (a) Cab and Ccd . (b) Cac and Cbd . (c) Cad and Cbc .

Fig. 17. Coupler parameters under X-axis misalignment. (a) Ct x in IVS model. (b) Cp1 in ICS model. (c) Coupling coefficient k.

Fig. 18. Input and output waveforms. (a) CLL-L compensation. (b) CLL-CLL
compensation.

When the input voltage is fixed, the Gvv of CLL-L com-
pensation and the Gv i of CL-CLL compensation are measured
under different load resistance. The measurement results are
shown in Fig. 19. When the load resistance changes in
the CLL-C compensated system, load-independent Gvv is
achieved in Fig. 19(a). Due to the influence of parametric resis-
tance, small variation is also observed. For CLL-CLL com-
pensation, the load-independent Gv i is realized in Fig. 19(b).
Like its IPT counterpart, such an unregulated CPT system
can only roughly offer a stable output current or voltage. For
accurate output regulation, an additional control scheme is still
necessary.

According to (17) and (19), when the coupling varies, the
resonance frequency will not change, and the achieved Gvv

and Gv i is proportional to k. Under the X-axis misalignment,
the conversion ratio of both systems are measured and given in
Fig. 20. The coupling coefficient k under X-axis misalignment
is also given in Fig. 17(c). The decreasing of Gvv and Gv i are
consistent with the decreasing of k.

C. Design Method Comparison

Many compensation topologies of CPT system have been
proposed in the last few years, such as double-sided CLLC
compensation [28], double-sided LCLC compensation [30],

Fig. 19. Load-independent characteristics. (a) Gvv of CLL-L compensation.
(b) Gvi of CLL-CLL compensation.

and double-sided LCL compensation [31]. In these papers,
the circuit analysis methods are similar, i.e., applying the
superstition theory to get the resonant condition, and using
power conservation theory to obtain the conversion ratio.
These methods are effective for specific typologies, but cannot
provide the general rule for topology synthesis and analysis.
What is more, these works treat the resonance tank as a whole
and don’t notice the MI resonance concept. In a different
manner, this paper analyzes the misalignment sensitivity of
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Fig. 20. Conversion ratio under X-axis misalignment condition of CPT
systems (a) Gvv of CLL-L compensated CPT system. (b) Gvi of double-sided
CLL CPT system.

the coupler model first, and then proposes the MI reso-
nance. By taking this advantage, a general and comprehensive
method is developed to guide the compensation design and
selection.

V. CONCLUSION

A novel analysis method for high-order compensated CPT
systems is proposed in this paper. The circuit model parame-
ters of capacitive coupler are evaluated and fully utilized to
realize MI resonance. The MI capacitance of the model are
aborted by both side compensations, and then the high-order
CPT resonant tank is no longer be treated as a whole. The
proposed decomposition can well deal with the coupling
variation, based on which high-order tank candidates are gen-
erated effectively. The desired Tanks TX/RX with LI and ZPA
capability are simply selected by inverse ABCD parameters.
Finally, a large number of high-order CPT typologies can
then be synthesized. In this paper, two CPT systems are
selected as examples and the experimental results are coherent
with the theoretical analysis. The proposed decomposition
and synthesis method are also effective for IPT systems and
ICS-model-based CPT systems.
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