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Abstract: Wireless power transfer with multiple transmitters can have several advantages, including
more robustness against misalignment and extending the mobility and range of the receiver(s).
In this work, the efficiency maximization problem is analytically solved for a capacitive wireless
power transfer system with multiple coupled transmitters and a single receiver. It is found that
the system efficiency can be increased by adding more transmitters. Moreover, it is proven that
the cross-coupling between the transmitters can be eliminated by adding shunt susceptances at
the input ports. Optimal values for the input currents and receiver load are determined to achieve
maximum efficiency. As well the optimal load, the optimal input currents and the maximum efficiency
are independent on the cross-coupling. By impedance-matching the internal conductances of the
generators, the maximum-efficiency solution also becomes the one that provides the maximum output
power. Finally, by expressing each transmitter–receiver link with its kQ-product, the maximum
system efficiency can be calculated. The analytical results are verified by circuital simulation.

Keywords: capacitive wireless power transfer; resonance; wireless power transfer; power-transfer
efficiency; multiports; multiple-input single-output

1. Introduction

Near-field wireless power transfer (WPT) represents a promising solution for wirelessly providing
power to electronic devices. Two main technologies exist: inductive and capacitive WPT, based on
resonant magnetic or electric coupling, respectively. The simplest setup consists of two resonators:
a transmitting resonator, powered by an input supply, which transfers power wirelessly to a receiving
resonator connected to the load (SISO: single-input single-output).

For certain applications, WPT from multiple transmitters to a single receiver (MISO:
multiple-input single-output) can be beneficial compared to the single-transmitter configuration:

• First, multiple transmitters targeting a single receiver results in a certain robustness against
misalignment or mispositioning of the receiver. This extends the mobility of the receiver.
If, for example, multiple transmitters are present in a planar configuration, the power transfer can
be realized for a wide possibility of planar receiver positions.

• Second, the above implies that the use of multiple transmitters can extend the range of the wireless
power transfer.
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• A decentralization of the transmitters can possibly facilitate high-power energy transfer by
applying multiple cheaper low-power input supplies.

• Multiple transmitters make the WPT system less vulnerable to foreign blocking objects.
• Last but not least, as will be shown in this work, multiple transmitters allow for a higher system

efficiency for given coupling coefficients since they allow for a higher degree of freedom for the
power input distribution.

In this work, focus will lie on capacitive power transfer (CPT), which utilizes a high-frequency
electric field as a medium to transfer energy wirelessly. Main advantages compared to inductive WPT
are low-weight and cost, a minimal eddy-current loss, and a larger robustness against misalignment.
A typical CPT coupler consists of four metal plates: two plates at the transmitter side, and two at the
receiver side, resulting in a return path for the current [1]. CPT has been demonstrated in low-power
applications such as portable electronics [2,3], integrated circuits [4], drones [5], and biomedical
devices [6,7]. However, also at higher power levels, up to several kW [8], CPT can be applied—e.g., in
automatic guided vehicles [9] and electric vehicles [10–12].

Maximizing the efficiency of an inductive WPT system with multiple transmitters has already
been solved, e.g., [13–18]. Additionally, for the general WPT system, this problem has been solved
by reducing the entire system to an impedance matrix of a multiport network [19–21]. However, this
methodology loses the internal structure of the WPT system, e.g., the coupling strengths between
transmitters and receiver. Moreover, a CPT system can be more easily described by its admittance
matrix instead of its impedance matrix.

Efficiency maximization for CPT was already solved for a single transmitter with multiple
receivers (SIMO: single-input multiple-output) [22,23], but to date, an analysis specifically for a CPT
system with multiple (coupled) transmitters (MISO) is lacking.

In this work, a CPT transfer system with any number of transmitters and a single receiver is
considered. Varying the receiver’s loads (e.g., via impedance matching) and/or the input currents
results in different values for the power-transfer efficiency (also called power gain) of the CPT system.
In this work, the load and input currents that maximize the power-transfer efficiency are determined
while taking into account, among others, the coupling strengths between transmitters and receiver.
More specifically, the contributions are the following:

• After constructing the general CPT system with N transmitters and a single receiver (Section 2),
the input power, output power, and efficiency as functions of the characteristics of the network
are determined (Section 3).

• The optimal current–voltage relationships at the transmitter and receiver ports are
calculated (Section 4). From these relationships, closed-form expressions for the optimal load,
input current ratios, and the maximum efficiency are analytically determined (Section 4).

• By matching the internal shunt admittance of the generators to the system,
the maximum-efficiency solution coincides with the configuration that maximizes the
output power (Section 4).

• It is shown that the cross-coupling between the transmitters does not influence the value of
the maximum efficiency or optimal load: by including a reactive part at the transmitter side,
the impact of cross-coupling can be neutralized. Moreover, the efficiency of the CPT system can
be increased by adding extra transmitters (Section 5).

• It is demonstrated that the maximum efficiency of the multiple transmitter system can be estimated
by measuring the individual transmitter–receiver links (Section 5).

• Finally, the analytical solution is demonstrated on an example equivalent circuit of a CPT system.
The results are verified by numerical circuit simulation for a system with three transmitters and a
single receiver (Section 6).
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2. Problem Description

Figure 1 depicts a CPT system with N transmitters (on the bottom, subscripts 1 to N) and a single
receiver (on top, subscript 0). The transmitters are powered by a power supply control circuit. Each
transmitter can operate at a different voltage and phase, but the operating angular frequency ω0 is the
same for all transmitters. The resistive and reactive components within each transmitter are described
by the conductances gnn and susceptances bnn (n = 1, . . . , N), respectively. In the remainder of this
work, the subscript n always counts from 1 to N.
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I1

Power supply control circuit

  

V2

 

I2

  

VN
 

IN...

I0 V0

 

Compensation 

network

Load
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Figure 1. A general capacitive wireless power transfer system with N transmitters (bottom) and a
single receiver (top). The (desired) electric couplings between transmitters and receiver are depicted by
the full arrows. The undesired cross-couplings between the transmitters themselves are indicated by
the dashed arrows.

Energy is transferred wirelessly to the load of the receiver, represented by the admittance YL
0

(including a possible compensation circuit). The conductance g00 and susceptance b00 correspond to
the resistive and reactive part of the receiving resonator, respectively.

The strength of the electric coupling between each transmitter and the receiver is given
by the coupling factor k0n, a dimensionless number which can vary from zero (no coupling)
to unity (maximum coupling). In a practical CPT system, the electric coupling between the
transmitters and receiver is desired to realize wireless power transmission. However, an undesired
(nonzero) electric cross-coupling can be present between the transmitters themselves, represented
by knm (n, m = 1, . . . , N; n 6= m). The coupling factor is defined as [24,25]

kij =
Cij√
CiCj

, (1)

for i, j = 0, . . . , N; i 6= j, where Cn is the transmitter capacitance of the n-th transmitter, C0 is the
receiver capacitance, and Cij is the mutual capacitance, corresponding to the electric coupling. Note
that C0 and Cn do not correspond to the capacitance between the physical transmitter and receiver
plate, but to an equivalent circuit representation of electric coupling [25]. The measurement procedure
to determine the value of these capacitances is described in [24].

The CPT system can be considered as a multiport with N input ports (the N transmitters) and one
output port (the receiver). The multiport is indicated by the dashed rectangle in Figure 1. Notice that
this (N + 1)-port network is linear and reciprocal due to the passive components it is constructed from.
The currents through and voltages at the (N + 1) ports are given by the peak current phasors Ij and
peak voltage phasors Vj, as defined in Figure 1 (j = 0, . . . , N).
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The problem description is the following: given the network of Figure 1 (with given and fixed
values for the components of the CPT network and coupling factors), determine the values of the
load admittance YL

0 and input currents In that maximize the power-transfer efficiency η. The problem
can be reduced to finding the current and voltage phasors at the ports, corresponding to the optimal
efficiency configuration. Therefore, any remote electronics external to the wireless link (e.g., rectifiers,
matching networks, actual passive loads,. . . ) can be ignored, since it can be taken into account once
the optimal current–voltage relationship at the ports are determined.

3. Power and Efficiency of the CPT System

First, the (normalized) admittance matrix, input power, output power, and efficiency will be
expressed as functions of the characteristics of the network. The efficiency is not yet maximized in
this section.

3.1. Admittance Matrix

The CPT system can be fully characterized by its admittance matrix Y . The admittance matrix Y
describes the relation between the port currents and port voltages:

I = Y · V , (2)

with the (N + 1)×1 matrices V and I defined as

V =


V1

V2
...

VN
V0

 , I =


I1

I2
...

IN
I0

 . (3)

The admittance matrix Y of the CPT system can be written as [25]

Y =


g11 − jb11 −jb12 . . . −jb1N −jb10

−jb21 g22 − jb22 . . . −jb2N −jb20
...

...
. . .

...
...

−jbN1 −jbN2 . . . gNN − jbNN −jbN0

−jb01 −jb02 . . . −jb0N g00 − jb00

 , (4)

with bij = ω0Cij, (i, j = 0, . . . , N; i 6= j). Since the network is reciprocal, Y is symmetric: bij = bji.
In practical applications, the admittance matrix Y can be measured. Note that each transmitter and the
receiver have a self-susceptance expressed by −bjj.

A normalization matrix n is defined:

n =


1√

ω0C1
. . . 0 0

...
. . .

...
...

0 . . . 1√
ω0CN

0

0 . . . 0 1√
ω0C0

 , (5)



Energies 2020, 13, 3482 5 of 18

in order to normalize the admittance matrix:

y = n · Y · n =


1

Q1
− jk11 . . . −jk1N −jk10
...

. . .
...

...
−jkN1 . . . 1

QN
− jkNN −jkN0

−jk01 . . . −jk0N
1

Q0
− jk00

 , (6)

with quality factor Qi of the coupled resonators (i, j = 0, . . . , N):

Qi =
ω0Ci

gii
(7)

and

kij =
bij

ω0

√
CiCj

. (8)

For i 6= j, the parameter kij corresponds to the coupling factor between circuits i and j.
The voltages and currents are normalized as follows:

i = n · I, (9)

v = n−1 · V . (10)

The normalized current–voltage relationship is thus given by

i = y · v. (11)

The real and imaginary parts of the (normalized) current and voltage phasors can be explicitly
written out: in = ire

n + jiim
n and vn = vre

n + jvim
n . Without loss of generality, we choose v0 as the reference

phasor, i.e., vre
0 = v0, vim

0 = 0.

3.2. Input Power

The input power Pn (n = 1, . . . , N) for the n-th transmitter system is given by

Pn =
1
2
<(vni∗n), (12)

where i∗n is the complex conjugate of in, and <(vni∗n) is the real part of vni∗n. This result for Pn is

Pn =
1
2
(vre

n ire
n + vim

n iim
n ). (13)

The total input power Pin of the entire CPT system is

Pin =
N

∑
n=1

Pn. (14)

Substituting the currents from Equation (11) into the above equation results in the total
input power Pin:

Pin =
1
2

N

∑
n=1

1
Qn

[(vre
n )

2 + (vim
n )2] +

1
2

N

∑
n=1

kn0v0vim
n . (15)

The input power Pin is expressed as function of the parameters of the network and the
port voltages.
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3.3. Output Power

Analogously, the output power can be determined as a function of the network variables and
port voltages.

Applying the passive sign convention, the output power Pout can be written as

Pout = −
1
2
<(v0i∗0) = −

1
2

v0ire
0 . (16)

Substituting the currents from Equation (11) into the above equation, the normalized output
power Pout is determined:

Pout = −
1

2Q0
v2

0 −
1
2

v0

N

∑
n=1

k0nvim
n . (17)

3.4. Efficiency

The power-transfer efficiency η or power gain of the CPT system is defined as

η =
Pout

Pin
, (18)

with the expressions for Pin and Pout given by Equations (15) and (17). Hence, η is written as a function
of the parameters of the circuit and the port voltages.

4. Maximum-Efficiency Solution

In the previous section, the general expressions for input power, output power and efficiency
were found. Now, the configuration at maximum power-transfer efficiency will be considered.
The notation ηmax is applied in this section to indicate that the power-transfer efficiency equals
its maximum attainable value.

4.1. First-Order Necessary Condition

To find the output voltages at the maximum system efficiency configuration, the first-order
necessary condition is applied to generate a system of 2N equations [20,26]:

∂η

∂vre
n

= 0, (19)

∂η

∂vim
n

= 0. (20)

The optimal input voltages vn are the solution of the above system. Unfortunately, solving
the system directly is not straightforward. First, the quotient rule for derivatives is applied.
With Equation (18), the system becomes

Pin
∂Pout

∂vre
n
− Pout

∂Pin
∂vre

n
= 0, (21)

Pin
∂Pout

∂vim
n
− Pout

∂Pin

∂vim
n

= 0. (22)

Substituting the derivatives of Equations (15) and (17) to vre
n and vim

n into the system
Equations (21) and (22), and taking into account Equation (18), the solution for the optimal normalized
input voltages vopt

n = vre,opt
n + jvim,opt

n at each input port is found.

vre,opt
n = 0, (23)
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vim,opt
n =

k0nQn(ηmax − 1)
2ηmax

v0. (24)

If the values of the normalized input port voltages vn (n = 1, . . . , N) equal Equations (23) and (24),
the maximum attainable efficiency ηmax is reached. It is important to note that the voltages here are
not only expressed as a function of the parameters of the circuit network (which are known and fixed)
and the reference output voltage v0, but also of the maximum efficiency ηmax, which is (for now) an
unknown value. In Section 4.3, the value of ηmax will be determined.

4.2. Optimal Input and Output Power

By substituting Equations (23) and (24) into Equations (15) and (17), the input power Popt
in

and output power Popt
out at the maximum efficiency configuration are determined:

Popt
in =

v2
0(1− η2

max)α
2
N

8Q0η2
max

, (25)

Popt
out = −

v2
0

2Q0

[
1 +

(ηmax − 1)α2
N

2ηmax

]
, (26)

where the following notation is introduced

α2
N =

N

∑
n=1

α2
n, (27)

with
αn = k0n

√
Q0Qn. (28)

The parameter αn is named the extended kQ-product of the link between the n-th transmitter and
the receiver, analogous to [27–29]. The variable αN is called the system kQ-product, a naming borrowed
from [14,15,29]. The introduction of these variables seems artificial at this point, but will be further
discussed in Section 5.

The value of ηmax is still unknown and will be determined in the following subsection.

4.3. Maximum Efficiency

A quadratic equation in ηmax is found by substituting Equations (25) and (26) in Equation (18):

η2
max −

(
2 +

4
α2

N

)
ηmax + 1 = 0. (29)

In order to alleviate the notation, the symbol γ is introduced:

γ =
√

1 + α2
N . (30)

The quadratic Equation (29) results in two solutions:

ηmax,1 =
γ− 1
γ + 1

, (31)

and
ηmax,2 =

γ + 1
γ− 1

. (32)

Equation (32) is physically not possible since 0 ≤ ηmax ≤ 1. The maximum attainable
power-transfer efficiency ηmax is therefore expressed by Equation (31).
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The maximum efficiency ηmax is now determined as a function of the characteristics of the circuit
parameters only, which implies that the optimal input voltages Equations (23) and (24), input Equation
(25), and also output power Equation (26) are expressed as functions of the circuit characteristics only.

For example, the optimal output and input power are given by

Popt
out =

γ

2Q0
v2

0, (33)

Popt
in =

Popt
out

ηmax
=

γ

2Q0

γ + 1
γ− 1

v2
0. (34)

4.4. Optimal Input Voltages, Currents, and Admittances

Combining Equations (23), (24), and (31), the optimal normalized input voltages
vopt

n = vre,opt
n + jvim,opt

n are found:
vre,opt

n = 0, (35)

vim,opt
n =

k0nQn

1− γ
v0. (36)

From Equations (11), the optimal normalized input currents iopt
n = ire,opt

n + jiim,opt
n follow

ire,opt
n =

v0

1− γ

N

∑
i=1

k0ikinQi, (37)

iim,opt
n =

γk0n

1− γ
v0. (38)

The optimal normalized input admittance yin,opt
n at port n thus equals

yin,opt
n =

iopt
n

vopt
n

=
γ

Qn
− j

1
k0nQn

N

∑
i=1

k0ikinQi. (39)

From this equation, it can be concluded that the cross-coupling between the transmitters can be
compensated by a normalized shunt inductance bS

n equal to

bS
n =

1
k0nQnn

N

∑
i=1

k0ikinQii, (40)

or unnormalized

BS
n =

gnn

b0n

N

∑
i=1

b0ibin
gii

. (41)

Equation (39) implies that the optimal input conditions can be obtained by a set of N independent
current generators operating in maximum power-transfer conditions. The internal normalized shunt
admittances of these generators are

yS
n = (yin,opt

n )∗ =
γ

Qn
+ j

1
k0nQn

N

∑
i=1

k0ikinQi, (42)

and their normalized currents are

iS
n = iopt

n + yS
nvopt

n = 2jk0n
γ

1− γ
v0. (43)
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In this way, maximum power transfer from the generators to the network is achieved. At this point,
the maximum-efficiency solution also becomes the one that provides the maximum output power.

The corresponding unnormalized values of the shunt admittances and currents of these generators
are (Figure 2a)

YS
n = γgnn + j

gnn

b0n

N

∑
i=1

b0ibin
gii

, (44)

IS
n = 2jb0n

γ

1− γ
V0. (45)

Since v0 was chosen as reference phasor, the condition for the input current sources can be
practically achieved by imposing that the ratios of the input currents must satisfy

iS
G

k01
=

iS
2

k02
= . . . =

iS
N

k0N
(46)

or
IS
1

b01
=

IS
2

b02
= . . . =

IS
N

b0N
. (47)

 In Yn
input 
port	n  

output 
port

(a) transmitter n (b) receiver

jb00 ��g00S S

Figure 2. Maximum-efficiency solution for (a) the transmitter ports with generator IS
n and internal

shunt admittance YS
n , and (b) the receiver port with the optimal load susceptance and load conductance.

4.5. Optimal Load Admittance

Finally, it is possible to determine the optimal load that realizes the maximum-efficiency solution.
The optimal normalized load admittance is given by

yL,opt
0 = gL,opt

0 + jbL,opt
0 = −

iopt
0

vopt
0

, (48)

where gL,opt
0 and bL,opt

0 are the optimal normalized load conductance and susceptance, respectively.
From Equation (11), it follows that

ire,opt
0 =

v0

Q0
+

N

∑
n=1

k0nvim,opt
n , (49)

iim,opt
0 = −k00v0 −

N

∑
n=1

k0nvre,opt
n . (50)

Substituting Equations (35) and (36) results into

ire,opt
0 = − γ

Q0
v0, (51)

iim,opt
0 = −k00v0, (52)

which leads to the optimal normalized load conductance gL,opt
0 and load susceptance bL,opt

0 as functions
of the parameters of the network:

gL,opt
0 =

γ

Q0
, (53)
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bL,opt
0 = k00. (54)

The corresponding unnormalized values are (Figure 2b)

GL,opt
0 = γg00, (55)

BL,opt
0 = b00. (56)

5. Discussion

In order to practically achieve the maximum attainable efficiency ηmax, three conditions must be
met simultaneously:

1. The value of the input current sources must satisfy Equation (47) (Figure 2a).
2. Shunt susceptances with value found in Equation (41) must be connected to each input port

(Figure 2a).
3. The output load conductance and susceptance must equal Equations (55) and (56),

respectively (Figure 2b).

Additionally, if the internal shunt admittances of the generators equal Equation (44),
the maximum-efficiency solution also becomes the one that maximizes the output power.

The first condition indicates that, the higher the coupling between transmitter n and
the receiver, the lower the necessary value of the current source for that transmitter. From
Equations (35), (36), and (45), it follows that the phasors of the optimal current sources and optimal
voltages of all input ports are orthogonal to the reference output voltage V0.

Instead of applying current sources at each transmitter, one could also apply voltage sources for
which the ratios must satisfy

V1 : V2 : . . . : Vn =
b01

g11
:

b02

g22
: . . . :

b0n

gnn
. (57)

The optimal input voltages are in other words determined by the ratios between the
transmitter–receiver coupling strength and the resistive losses of the transmitter.

The second condition, the insertion of shunt susceptances at the input port, is necessary to
compensate for the cross-coupling between the transmitters. If no cross-coupling is present, no shunt
susceptances have to be inserted, as can be seen by Equation (41).

Under the optimal conditions, the maximum efficiency ηmax given by Equation (31) is reached.
Notice that ηmax is independent on the cross-coupling between the transmitters; the optimization
of input voltages Vopt

n and load admittance YL,opt
0 eliminates the influence of the cross-coupling.

Nevertheless, the presence of the shunt susceptances at the input ports is necessary for achieving ηmax

and to ensure that the optimal voltages Vopt
n are reached from the current sources IS

n that supply the
power for the CPT system.

The third condition refers to the terminating load. The optimal load conductance GL,opt
0 of the

receiver is proportionate to its parasitic conductance g00. For high coupling (αN >> 1) between
the transmitters and receiver, the optimal conductance can be approximated by GL,opt

0 = g00αN .
The output load susceptance must equal Equation (56) and thus cancels out the self-susceptance of the
receiver resonator.

The optimal terminating load admittance corresponds to the value found in scientific literature
for a CPT system with a single transmitter (N = 1) coupled to a single receiver [30–32].

Notice that not only the maximum efficiency ηmax, but also the optimal load and input current
ratios are independent on the cross-coupling between the transmitters. For an uncoupled system,
the maximum efficiency ηmax and optimal load are the same as for a coupled system, since the shunt
susceptances at the input ports compensate for the cross-coupling. This does not imply that the
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efficiency is not influenced by cross-coupling for a general CPT system; it is the maximum efficiency that
is invariant for cross-coupling for an optimized system towards efficiency.

The efficiency rises with higher couplings between transmitter and receiver, and lower
conductances g00, g11, . . . , gNN of the system.

It is not surprising that the maximum efficiency ηmax is expressed as a function of a single variable;
it is a general property of any reciprocal power transfer system that the efficiency can be stated as a
function of a single scalar [28]. In the context of WPT with multiple transmitters and/or receivers, this
variable is often called the system kQ-product [14,15,20,23]

From Equation (27), it can be concluded that the square of the system kQ-product equals the sum
of the squares of the kQ products of each individual transmitter–receiver link. Determining the kQ
product for each single transmitter–receiver pair thus results in a prediction for the entire system’s
power-transfer efficiency.

The higher the system kQ-product αN , the higher the efficiency of the system, as can be seen by
Equations (27), (28), and (31). The maximum efficiency ηmax of the CPT system can thus be increased
by adding more transmitters to the system, even if the transmitters themselves are coupled. Indeed,
the cross-coupling between the transmitters can be compensated by the shunt susceptances BS

n at
the input ports. There is no optimal number of transmitters. The more transmitters, the higher the
maximum attainable efficiency ηmax.

6. Numerical Verification

In order to validate the theory, an example of CPT system with three transmitters (N = 3) and
a single receiver is considered; it is assumed that there is a cross-coupling present between the
transmitters themselves (Figure 3a). The parameters within the dashed rectangle are assumed to
be given and fixed, including the coupling strengths. They can be represented by the admittance
matrix Y . In order to optimize the CPT system towards efficiency, it is possible to act on the value of
the load YL

0 = GL
0 + jBL

0 , the supply current sources IS
G, and the input shunt susceptances BS

n .
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I1

 V1 I1
	 jB1

	

g22 L2 C2

I2

 V2 I2
	 jB2

	

g33 L3 C3
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Figure 3. (a) Equivalent circuit of a capacitive wireless power transfer system with 3 transmitters
(left) and a single receiver (right). The (desired) electric couplings between transmitters and receiver
are depicted by the full arrows. The (undesired) cross-couplings between transmitters themselves
are indicated by the dashed arrows. (b) Applied equivalent circuit for the simulation of the
capacitive coupling.
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The numerical values indicated in Table 1 are considered, the operating frequency is f0=10 MHz.
No specific design consideration is assumed; a range of different desired and undesired coupling
factors (Table 2) were chosen to verify the analytical derivation. Further, it is assumed that the receiver
and the first transmitter have a self-susceptance C00 and C11, respectively.

Table 1. Given network simulation parameters for the analyzed numerical example.

Quantity Value Quantity Value

f0 10.0 MHz IS
1 100 mA

g00 1.00 mS C0 350 pF
g11 1.00 mS C1 350 pF
g22 1.50 mS C2 300 pF
g33 0.50 mS C3 275 pF
C00 500 pF C11 500 pF

Table 2. Coupling factors of the analyzed example.

Desired Couplings Value Undesired Couplings Value

k01 14.3% k12 6.2%
k02 46.3% k13 16.1%
k03 32.2% k23 3.5%

Electric coupling is realized by the coupled capacitors Cj (j = 0, 1, 2, 3). In each transmitter and in
the receiver, a resonant circuit is constructed by adding a shunt inductor Lj with value

Lj =
1

ω2
0Cj

. (58)

The corresponding values are given in Table 3.
In order to verify the analytical formulas, the numerical example has been simulated in AWR NI.

Figure 3b depicts the applied equivalent circuit for the simulation of the capacitive coupling [25].
First of all, the admittance matrix of the link has been calculated, obtaining the following values:

Y =


1 + 31.42 j −1.26 j −3.14 j −3.14j
−1.26 j 1.5 −0.628 j −9.42 j
−3.14 j −0.628 j 0.5 −6.28 j
−3.14 j −9.42 j −6.28 j 1 + 31.42j

 · 10−3. (59)

By using the values reported in Equation (59), the extended kQ-product αn, the system
kQ-product αN , and the inductors Lj, can be calculated from Equations (28), (27), and (58), respectively,
and are listed in Table 3.

Table 3. Calculated network simulation parameters for the example capacitive power transfer
(CPT) system.

Quantity Value Quantity Value

L0 724 nH α1 3.1
L1 724 nH α2 7.7
L2 844 nH α3 8.9
L3 921 nH αN 12.2

As per the maximum efficiency, a value of 84.9% is attainable, according to Equation (31).
The parameters at which the maximum efficiency configuration is reached are listed in Table 4.
A current source IS

1 of the first transmitter of 100 mA was chosen, resulting in the optimal current
sources of the other transmitters, according to Equation (47).
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The optimal load admittance is calculated by Equations (55) and (56). The optimal load
susceptance is negative, i.e., it corresponds to a shunt inductor LL,opt

0 .
Additionally, according to Equation (41) a shunt susceptance at each transmitter side is necessary

to compensate the transmitter’s cross-coupling. At the first transmitter, the shunt susceptance is an
inductor LS

1 . At the second and third transmitter, it is found that the shunt susceptances are capacitors
CS

2 and CS
3 . All the values calculated from theoretical formulas are summarized in Table 4.

Table 4. Calculated values for the maximum efficiency solution.

Quantity Value Quantity Value

IS
2 300 mA IS

3 200 mA
GL,opt

0 (RL,opt
0 ) 12.2 mS (81.9 Ω) LS

1 974 nH
LL,opt

0 506 nH CS
2 30.0 pF

ηmax 84.9% CS
3 17.5 pF

First, the simulation is executed at the maximum-efficiency configuration of Table 4.
The simulation program returns a power-transfer efficiency η of 84.9% and confirms that the output
voltage V0 is orthogonal to the input voltages and currents.

Next, the load conductance and load susceptance are varied, respectively, while keeping the
other parameters fixed at their optimal value given in Table 4. The simulation results are depicted in
Figures 4 and 5.

1 E - 4 0 . 0 0 1 0 . 0 1 0 . 1 1

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

Eff
icie

ncy

L o a d  C o n d u c t a n c e  ( S )

0 . 0 1 2

0 . 8 4 9

Figure 4. The simulated efficiency η as a function of varying load conductance for the given system
of three transmitters and a single receiver. The load conductance is varied, while keeping the other
system parameters at their optimal value.

0 . 0 1 0 . 1 1 1 0 1 0 00 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

Eff
icie

ncy

L o a d  I n d u c t a n c e  ( µH )

0 . 8 4 9

0 . 5 0 6

Figure 5. The simulated efficiency η as a function of varying shunt load inductance for the given
system of three transmitters and a single receiver. The load inductance is varied, while keeping the
other system parameters at their optimal value.
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Regarding effect on the efficiency of the compensating shunt susceptances LS
1 , CS

2 , and CS
3 , this is

investigated in Figures 6 and 7. The simulated efficiency confirms that maximum efficiency is obtained
by using the compensating shunt susceptances calculated by using the theoretical formulas.

0 . 0 1 0 . 1 1 1 0 1 0 00 . 4 5
0 . 5 0
0 . 5 5
0 . 6 0
0 . 6 5
0 . 7 0
0 . 7 5
0 . 8 0
0 . 8 5
0 . 9 0

Eff
icie

ncy

L S
1  ( µH )

0 . 9 7 4

Figure 6. The simulated efficiency η as a function of the compensating susceptance LS
1 . LS

1 is varied,
while keeping the other system parameters at their optimal value.

1 1 0 1 0 0 1 0 0 0
0 . 7 7
0 . 7 8
0 . 7 9
0 . 8 0
0 . 8 1
0 . 8 2
0 . 8 3
0 . 8 4
0 . 8 5

p F C S
2 ,  C S

3  ( p F )

Eff
icie

ncy  C S
2

 C S
3

3 0
1 7 . 5

Figure 7. The simulated efficiency η as a function of the compensating susceptance CS
2 and CS

3 .
CS

2 (black curve) or CS
3 (red curve) is varied, while keeping the other system parameters at their

optimal value.

Additionally, the simulation confirms that the shunt susceptances at the input ports eliminate the
cross-coupling. For the circuit without the compensating shunt susceptances and no cross-coupling,
the same maximum efficiency of 84.9% is reached.

Finally, the effect of the amplitude of the input currents has been analyzed. The achieved results
are summarized in Figure 8. It is observed that the efficiency is always lower than the optimal current
distribution from Table 4 (i.e., I2/I1 = 3 and I3/I1 = 2). For example, if all input current sources are
equal to 100 mA, an efficiency of 76.2% is attained.

The case of voltage sources has been also analyzed; in this case, by using Equation (57) and the
values of Equation (59), the optimal voltage ratios can be determined, e.g.,

V2

V1
=

b02
g22
b01
g11

= 2. (60)
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Analogously, the optimal ration V3/V1 = 4 is found. This is confirmed by circuital simulation
results summarized in Figure 9.

0 . 5 3 5

0 . 5 3 5

0 . 6 1 4

0 . 6 1 4
0 . 6 9 4

0 . 6 9 4

0 . 7 6 2 0 . 4 5 6

0 . 4 5 6

0 . 3 7 7

0 . 3 7 7
0 . 2 9 70 . 7 6 2

0 . 8 4 8

2 4 6 8 1 0

2

4

6

8

1 0

I 3 / I 1

I 2/I 1
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0 . 2 9 7
0 . 3 7 7
0 . 4 5 6
0 . 5 3 5
0 . 6 1 4
0 . 6 9 4
0 . 7 6 2
0 . 8 4 8

E f f i c i e n c y

Figure 8. The simulated efficiency η as a function of the ratio of the input currents. The efficiency is
always lower than the optimal current distribution I2/I1 = 3 and I3/I1 = 2. For example, if all input
current sources are equal (i.e., I2/I1 = 1 and I3/I1 = 1), an efficiency of 76.2% is attained.
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0 . 8 3 9 9

0 . 8 3 1 3
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0 . 8 1 3 9
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0 . 8 3 1 3
0 . 8 4 8 4
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1
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0 . 8 4 0
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Figure 9. The simulated efficiency η as a function of the ratio of the input voltages.

In conclusion, circuital simulations confirm the data provided by the theory for the analyzed
example: a maximum power-transfer efficiency is achieved for the optimal values of Table 4, calculated
according to analytical derivation.

7. Conclusions

A general CPT system with any number of transmitters and a single receiver was optimized
towards power-transfer efficiency. It was shown that in order to maximize the efficiency of a
system with given wireless links and couplings, three conditions must be fulfilled simultaneously.
First, the ratio of the input current sources is dependent on the coupling between each transmitter and
the receiver, given by Equation (47). Secondly, the undesired cross-coupling between the transmitters
themselves can be eliminated by adding appropriate shunt susceptances, given by Equation (41), at the
input terminals. Finally, the optimal load is purely resistive, equal to Equation (55), if the receiver
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has no self-susceptance. If a self-susceptance is present at the receiver’s side, a compensating load
susceptance is required.

Additionally, by conjugate-matching the internal shunt admittance of the generators,
the maximum-efficiency solution coincides with the configuration that maximizes the output power.

It was shown that the maximum achievable efficiency ηmax, the optimal loads, and the optimal
input currents are independent on the cross-coupling between the transmitters, since this unwanted
cross-coupling can be entirely annihilated with the transmitter shunt susceptances BS

n . As a result, it is
possible to increase the system efficiency by adding more transmitters, and compensating every time
for transmitter cross-coupling.

The expression for the extended kQ-factor for each transmitter–receiver link was determined,
allowing an estimate of the maximum efficiency of the CPT system via the system kQ-product.

Finally, the analytical derivation was verified by simulation of an example CPT system with
three transmitters and a single receiver. Measurements on a CPT setup with multiple transmitters are
required to confirm the accuracy of the analytical results and are part of future research.
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