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) L . In this paper, a capacitive wireless power transfer link with two repeaters between the
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University of Salento, Lecce, Italy transmitter and receiver is analyzed. The performance of the system is optimized by
Correspondence maximizing the different gains. Two approaches of practical interest are analytically
*Email: ben.minnaert@uantwerpen.be studied and solved. First, the couplings between different resonators is considered

fixed and the optimal load and source of the system are determined as function of the
network characteristics. Second, the performance is optimized by varying the cou-
plings between resonators for a configuration with a given (non-ideal) source and
load. The analytical results are verified through circuital simulations. It is demon-
strated that, under certain conditions, both approaches allow for the maximization
of the different gains, resulting in more optimization options than a single repeater

configuration.
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1 | INTRODUCTION

Capacitive wireless power transfer (CPT) is an upcoming technology enabling the wireless charging and powering of mobile
devices''?. In contrary to the more technologically mature inductive power transfer (IPT), that uses the magnetic field to transport
energy, CPT applies the electric field. One of the main advantages of CPT compared to IPT are the cheap and low-cost coupling
elements: instead of bulky and expensive coils, necessary for IPT, CPT applies simple conductive plates.

Unfortunately, CPT for long distances suffers from low power density due to a low coupling capacitance'. In order to com-
pensate for this disadvantage, inspiration can be found in IPT: the use of intermediate coils (also called relays or magnetic field
repeaters) between the transmitter and receiver coil allow for2*>%

e extra degrees of freedom to maximize the system performance.
o cfficient impedance matching by highly coupled transmitter-relay or relay-receiver links.

It has been found= that two relays (i.e. four coils) for an IPT system perform better with regard to performance versus distance
than none or a single relay.

Similarly as to relays in IPT, intermediate coupling plates between the transmitter and receiver plates of a CPT setup can allow
better system performance for wireless power transfer at greater distances. These intermediate coupling circuits are referred to
as electric field repeaters™. Figure1|shows a schematic overview of a CPT system with two repeaters. Wireless power transfer
is realized from a transmitter source I to a load Y; via two intermediate electric field repeaters. Compensation circuits are
present in each of the four physically separated circuits in order to create resonance.
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Figure 1 Schematic overview of a capacitive wireless power transfer system with two repeaters.

In this work, it will be demonstrated how the repeater configuration can be applied to increase system performance. However,
other applications of the repeater topology are possible, e.g.:

e Via one or more intermediate elements, it is possible to increase the total power transfer distance*>, allowing for example
to improve the convenience and user experience of powering biomedical implants®.

e The use of multiple repeaters can allow for a change in the spatial power flow™.

e The repeater configuration can also be used to power different loads simultaneously over larger distances'Y. A practical
application could be the charging of stacked reefer containers!,

The performance of a CPT system can be described by the standard gain expressions (power gain, available gain and transducer
gain). Depending on the application, the maximization of one of the three gains is relevant'?13. For example, the transducer
gain is relevant when one wants to maximize the amount of power delivered to the load, whereas the power and available gain
are of interest if the goal is to minimize the power reflections at output or input port, respectively.

In this work, we determine the requirements of a CPT system with 2 repeaters for maximizing each of the three main gains.
More specifically, two problems are solved:

e Optimal terminations solution — The optimal terminations of the system at input and output port for each gain are
determined, i.e., the load value and the internal resistance of the source. All other components of the CPT system are
considered fixed and given, including all the couplings.

e Optimal coupling solution— The optimal coupling between transmitter and first repeater on the one hand, and between
the second repeater and receiver on the other hand are determined. All the other components of the system are fixed,
including the terminations of the system. Note that it is assumed that the coupling between the two repeaters is given. In
this way, this coupling can realize the distance requirement for the wireless power transfer.

In a practical realization, communication between transmitter and receiver can be necessary. The aforementioned optimizations
have already been done for as well four-coil IPTZ!4 as for CPT with a single repeater'#1>, but as far as we know, no solution
for a CPT system with two repeaters has yet been presented. Relying upon the duality principle between IPT and CPTUZ, the
same network formalism methodology asZ'4 is exploited.

The structure of this work is the following: first, the equivalent circuit of a CPT system with two electric field repeaters
(Section [2)) is introduced. Next, the optimal terminations are analytically determined in Section [3] by applying the conjugate
image theory. In Section[d] the optimal couplings are derived for maximizing the different gains. Finally, the analytical derivation
is validated by simulating a numerical example via an electric circuit simulator (Section 3)).

2 | CPT WITH TWO REPEATERS

2.1 | Equivalent circuit

The CPT system with two repeaters can be represented by the equivalent circuit of Fig. @12. The subscripts 1 and 2 indicate the
transmitter and receiver, respectively. The subscripts 3 and 4 are used for the two repeaters.
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Figure 2 Equivalent circuit of a capacitive wireless power transfer system with two repeaters (subscripts 3 and 4) between the
transmitter (subscript 1) and the receiver (subscript 2).

The supply is represented by the current source I ¢ with internal shunt conductance G g and angular frequency . It is assumed
that the power available from the generator is constant. As a consequence, if G4 is varied, the current I is varied accordingly.
The goal of the system is to transfer energy to a load, represented by the conductance G, . Resonance is created in each circuit
by applying shunt inductors with value:

1
B a)(z)C,- -

; (1)
In this way, the four resonator circuits 1, 2, 3 and 4 are constructed. The resistive losses are given by the conductances G,
(i=1,2,3,4). Note that the series resistance of the inductors is neglected.

The electric couplings between the transmitter, repeaters and receiver can be expressed by the mutual capacitances C;;
(i1,j=1,2,3,4; i # j) between the capacitances C; and Cj, which are related to the coupling factor k; ; given by:

G,
ki = — @
Vit
The values of C; do not correspond to the capacitances physically present in the CPT system, but represent an equivalent circuit
representation'’s.
It is assumed that there is no coupling between non-neighboring circuits (k;, = k4 = k,3 = 0). They can be neglected

compared to the coupling of the neighboring circuits, due to the larger distance.

2.2 | Admittance matrix

Taken into account the peak voltage phasors V; and peak current phasors I; (i=1,2,3,4) as defined in Fig. [2] Kirchhoff’s current
laws result into the following:

I =GV + jo,CuV, ®)
I, = GV, + jw,Cy, Vs 4)
0= G3V; + jo,Cy, Vs + jo,Cy3Vy ®)
0=G,V,+jo,CyV) + jo,CyVs. ©)

The system can be modeled as a two port network (Fig. , characterized by an admittance matrix Y with elements y;;:

I Vi
[ 1] _ [J’u Y12] [ 1]. )
I yu Y| [V

From (@), @). (3) and (6), the admittance matrix elements result into:

G,G;G, + a)(z)GICZ3 + w(z)G3C124
yu = (®)

202
G3G, + w2 C,
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Table 1 Overview of the different parameters (i, j=1,2,3,4; i # j).
C;
kij = CC B, = ,C, Xij = Qinkij
CV pr— C —_—
Qi=wé_‘ ”12—\/C_; P—1+)(f3
C 9,0
Os = wéé] Oir = Q|]+ng Xira = VQirQskiy
( 0,0,
0= ch;Lz Qr =450 Xaor = VQ307ks
iy = oy = C"?)C14C43C32 ©)
=Y =TI o0
GG, + co(z)Cj3
2 2 2 2
. G,G3G, + 0,G,C, + 0;G4C5, (10)
2 G3G, + w}C2,
Note that the diagonal elements are purely real and the non-diagonal elements are purely imaginary.
The unloaded quality factors Q; are introduced:
@, C;
= . 11
0= (1)
As normalization parameter, the susceptance By, of the receiver is used:
By = 0,C;. (12)
In order to alleviate the notation, the parameters y;;, p and the transformation ratio n,, are defined:
Xij = Qinkij (13)
p=1+15 (14)
= (15)
Ny, = -_.
12 G,
An overview of the parameters can be found in Table [T}
Rewriting the admittance matrix elements as function of the aforementioned definitions results into:
Bort%2
2
yn=—-+1x) (16)
11 le 14
Yo=Y ——jﬂx X3 X a7
2=V = 14X43X32
Py o 1 Qz
yn = Lo+ 2. (18)
PO,
The input admittance Y;, and output admittance Y,,, of the two port network are given by"2:
. Y12)21
YinzGin+J'Bin=yll_y22+YL' (19)
. Y1221
Yout = Gout + J'Bout =Yn - (20)

yi+Ys
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Substituting the admittance matrix elements (I6), (I7) and (I8) into these expressions results into the input and output
conductance:

2 (.2 2 2
G = Byny, ()(14 +1) ()(32T +1) + X4
" o, p+)(322T ’

2y

G = ﬂ(ﬁm"’ 1) (1322"' 1) +1§3.
out Q2 p+){12T4

(22)

Note that the input and output admittance are real, since the internal shunt admittance and load are considered conductances.

2.3 | Gains

The three power gains (i.e., power, available and transducer gain) will be used as figures of merit of the performance of the
network. The reader is referred to!?!® for an in-depth discussion. The power gains for the analyzed network can be easily
derived starting from the general expressions for a two—port network described by its admittance matrix'Z,

The power gain G is defined as the ratio between the power P; dissipated in the load and the active power P, into the two-
port network. It corresponds to the power conversion efficiency in the context of wireless power transfer. As function of the
elements of the admittance matrix, it is given by:

i _ ﬂ Y21
P, Gyulym+Yp

Next, the available gain G4 is given by the ratio between the maximum available load power P, and the input power P,

available form the generator. It equals:

2
Gp= . (23)

in

_ i _ & Y21
Py Goulyin +¥s
Finally, the transducer gain G is a measure for the amount of power that is delivered to a load for a fixed available input

power of the generator. It is given by:

2
G, . (24)

2

P
Gy = —L = 4G,Gy Yl (25)

AG 1+ Y)W + Y1) = 1oy
Substituting the admittance matrix elements (16), and (T8)) into the expressions for the gains (23), (24) and (23)), the different
gains for a CPT system with 2 repeaters can be obtained:

G. — ){124){4%3)(322T Oyr (26)
P — s
[y + 1) (o +1) + 235] (0 + 237) Qu
G _ % 112T4IZ3I§2 (27)
A - b
Os [()(IZT4 +1) (1322 +1) + ﬁs] (r+ )(12T4)
At X s
= Or 1r4X43 4307 O)r 28)

5 }
Os [()(12T4 + 1) ()fszzr + 1) + 1:%3] O

3 | OPTIMAL TERMINATIONS SOLUTION

It is assumed that all components and couplings of the CPT system are given, i.e., the admittance matrix is fixed. The question
arises what the optimal terminations (i.e., the internal resistance of the source and the load) at the input and the output port of
the two-port network are in order to optimize the different gains.

It is well-known that in order to maximize the gains, the conjugate matching conditions are relevant. It has been shown?
that for a general two-port network, the terminating admittances which minimize power reflections are the conjugate image
admittances Y,; = G, + jB,; (i=1,2) of the network. For a general two-port network characterized by admittance matrix
elements y;; = g;; + jb;;, they are complex quantities, given by

0

ijo
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Y =G, +JjB, =80, +j6,) —jby, (29)
Yo =G+ JjB, =800, +j6,) —jby (30)
with:
8 b
0, = 1- 1+ 31
£11822 11822
b
gb = & (32)
11822

gc+jbc = \/y12y21' (33)

Substituting the admittance matrix elements (16}, (I7) and (I8) into (29) and (30) results into the optimal terminations of a
CPT system with 2 repeaters:

2 2

Byn ptx
12 14
YvCl = Gcl = (p + 1124)2 + ) 1124133)(;2 (34)
PQ, %)
Y G B, ( 2 )2 Pt )(322 2,2 .2 (35)
2= 00 =—4|0+1x3,) + X1a X3 X5y
c c pQ2 32 P+ )(]24 14443432
One can see that the optimal terminations are purely resistive, i.e. they are image conductances: Y,; = G, and Y, = G,.

Once the conjugate image conductances are known, the maximization of the power and available gain is straightforward!23:

e The power gain G is independent on the source conductance G ¢ and is maximized for a load conductance G; = G;,,
given by (33).

e The available gain G, is independent on the load G and is maximized for a source conductance G = G, given by(34).

Regarding the transducer gain G, a distinction must be made depending on whether or not it is possible to vary both Gg and G .
If only one conductance can be varied, the optimal termination equals the input or output conductance:

o If the source conductance G is given, a maximum Gy is achieved for G; = G
G equals G 4, given by (27).

e If the load G is given, a maximum Gy is achieved for G, = G,,, given by 21). Now, G equals G p, given by (26).

given by (22). In this configuration,

out?

When both the source conductance G and load G can be varied, the optimal terminations equal the image admittances:
G = G;; and G| = G},. In this configuration, the three gains are equal (Gp = G, = G = G,,). For the CPT system with two
repeaters with optimal terminations, we obtain the ultimate gain G, :

2
<\/<p F 220+ 23 = ol + 22)(1+ 2h) + xf3]>

G, = (36)
2 2 2
X1aX43X 3

4 | OPTIMAL COUPLING SOLUTION

In a practical setup, the source conductance G ¢ and load G are often predetermined by the application and not adjustable.
However, it is possible to modify the couplings in order to vary the performance of the system. In this section, it is assumed that
the terminations are fixed and that only the following parameters can be exploited for maximizing the gains:

o the coupling factor k, between the transmitter and the first repeater.
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o the coupling factor k5, between the second repeater and the receiver.

In order to meet the requirement for the power transfer distance, we assume that the coupling k,; between both repeaters is given
and fixed.

4.1 | Optimal couplings for maximizing the power gain

First, the influence of the coupling &, between the transmitter and the first repeater on the power gain is considered. Analysis of
(26) shows that that higher k4, the higher the power gain Gp. For high values of k,, the power gain G is nearly independent
on k.

Second, we examine the coupling k3, between the second repeater and the receiver. Deriving (26) to k3, and equating to zero
results in the optimal value that maximizes the power gain G p:

GP _ 1

? 030,

Since a coupling factor of more than one is physically impossible (i.e. k3, < 1), a solution only exists under the following
condition:

(37

0 > 5 (38)
For the optimal value k5, = k3G2P , the power gain results into:
2
Vol -vorat|
GM = =L 39)

XisXis Q.
In this expression, the first factor equals the ultimate gain G, of a CPT setup consisting only of the resonator circuits 1, 4 and
3, while the second factor represents the efficiency of the receiver circuitZ13, As a result, it can be deduced that the link between
the second repeater and the receiver (i.e., ks3,) is used as a matching network to transform the load into a reflected conductance
equal to the image conductance of the circuit formed by the first three resonators.

4.2 | Optimal couplings for maximizing the available gain

The influence of the couplings on the available gain G, is identical as the influence on G, with k, and k5, interchanged. This
is expected given the symmetry of G, and G with respect to the input and output port.

The available gain G, rises monotonically with k;,, being nearly independent of k5, at high couplings.

Equating the derivative of (27) to zero results in the optimal value for k4:

KGA (40)
The condition k;, < 1 results into:
Oir > —| ——. 41)
At this optimum point, the available gain is given by:
2
o [V - e
_ =T ) (42)

0 Xy X3

Similarly as for the power gain, the first factor equals the efficiency of the transmitter circuit, while the second factor represents

the ultimate gain G, of a CPT setup consisting only of the resonator circuits 4, 3 and 2713, Now, the link between the transmitter

and the first repeater (i.e., k4) is used as a matching network to transform the source losses into a reflected admittance equal to
the image conductance of the circuit formed by the last three resonators.
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4.3 | Optimal couplings for maximizing the transducer gain

Derivation of (28) to k, and ks,, respectively, and equating to zero results into the following optimal couplings with respect to
the transducer gain G:
4
kGT _ \/;

14 = ’ (43)
VOirQ4
4
p
KOT = L (44)
VO30
The requirements that k, < 1 and k3, < 1 lead to the following conditions:
p
0> Y. (45)
O,
p
0> Y (46)
Os

Note that the optimum k& coincides with k% in the limit of Q, to infinity. Analogously, k%" and kS are equal if O, goes to
infinity.

At the optimal couplings k% and kS

3, » the transducer gain G is maximized and equals:

v Qu (1-v0) 0y
0oy 0L
The second factor equals the ultimate gain G, of a CPT setup consisting of only the repeater resonators circuits 3 and 4. The
first and last factor represent the efficiency of the transmitter and receiver, respectively”''?. The wireless links k,, and k-, are
now used as impedance matching tools to maximize the transducer gain and realize the conjugate image conductances at both
input and output port.

It is relevant to note that, even when k, = k1G4T and k3, = k3G2T,
not equal. Indeed, calculating the input and output conductances of the input and output ports result into:

GT
G, =Gs+2G, (48)
GT
G, =G +2G,. (49)
indicating that the input and output port are not matched to the source conductance G and load G, respectively. It can be
seen that the losses in the transmitter and receiver circuit are the culprit. Even when G is maximized, the optimal values of G

and G, are not achieved. Only when the quality factors Q, and Q, limit infinity, the gains become equal and the transducer gain
equals the ultimate gain of a CPT setup consisting of only the repeater resonators circuits:

2
lim GM = (Gl .
0,,0,— T )./4%3

G (47)

the ultimate gain G, is not achieved, i.e. the three gains are

(50)

However, we will show in the next section that in practical configurations, all three gains will be close to their maxima if &k,
and ks, are optimized towards G.

S | NUMERICAL VERIFICATION

In order to validate the analytical derivation, a numerical example is simulated by using the commercial simulator NI AWR
Design Environment. We consider a CPT setup with two repeaters, characterized by the parameters listed in Table [2] The
configuration topology corresponds to the equivalent circuit of Fig.[2} The system operates at a frequency f, of 10 MHz.

An overview of the calculated parameters can be found in Table[3] The shunt inductors are calculated from (I) in order to create
resonance in each circuit at the operating frequency f,,. The coupling factors, quality factors, and transmission ratio are derived

from @), (I1)) and (13).
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Table 2 Given parameters for the analyzed CPT system with two repeaters.

Quantity Value Quantity Value
G, 0.100 mS (of 300 pF
G, 0.100 mS (o 250 pF
G, 0.500 mS C, 350 pF
G, 0.200 mS C, 300 pF
fo 10.0 MHz Cy3 100 pF

Table 3 Calculated parameter values for the simulated CPT system with two repeaters.

Quantity Value Quantity Value

L, 0.844 uH 0, 188

L, 1.013 uH 0, 157

L, 0.724 uH 0, 44

L, 0.844 uH 0, 94

B, 15.7 mS nyy 1.095
kys 0.309

First, the optimal terminations solution is verified by setting Gy = G, and G; = G,,, which are calculated from (34)
and (33)). Circuital simulation results achieved by varying G; for Rg = 1/G¢ = 1/G,; =52.55Q (i.e., Gg = G,; =19.0 mS) are
presented in Figure [3] while Figure[d]depicts the different gains for R, = 1/G; = 1/G,, =214.44 Q,ie. G| = G, =4.66 mS,
and varying Gg. In both cases the values assumed for the gains are: k,=0.5, k3,=0.338, k,;=0.309. It can be seen that Gp
and G 4 do not depend on G4 and G, respectively, while G is dependent on both. Additionally, it is clear from the simulations
that all the three gains are maximized for the calculated image conductances Gy = G,; =19.0 mS and G; = G,, =4.66 mS,
attaining an ultimate gain G, of 87.93%.

Second, the optimal coupling solution is considered by varying k,, and k5, for fixed (non-optimal) terminations. The different
gains are plotted in Figures [SH7|for Gg =20.0 mS and G; =10.0 mS. For these values, the optimal couplings can be calculated
from , , and . By fixing k, at 0.4, from it can be derived kBGZP =0.557, resulting in G%2=88.9%. Simi-
larly, for the available gain, le4A =0.512 if ks, is fixed at 0.4, resulting in G ,=88.5%. The transducer gain is maximized for
le4T =0.474 and kg =0.539, resulting in G;=89.1%. By observing Figures it can be seen that the simulation results con-
firm the analytical derivation. Moreover, from Figure [7)it can be observed that G depends on both couplings. Regarding G,
Figure|[6]shows that for a given value of ks, it is not possible to maximize G p by varying k,. Similarly, from Figure[]is it clear
that for a given value of k,, it is not possible to maximize G 4 by varying k,.

In the previous section, it was shown that even when k, = kIG4T and k5, = k3GZT, the ultimate gain G, is not achieved, i.e. the
three gains are not equal, due to the losses in the transmitter and receiver circuit. However, when the quality factors Q, and Q,
are high, which is often the case in a practical setup, all three gains will be close to their maxima. This is also reflected by the
simulation, for which Q=189 and Q,=157:

e When G is maximized (i.e., k4, =0.474 and k3, =0.539), the gains equal: G, = G, = G =89.09% (see Figure ),
e For k, =0.474, G p is maximized for k3,=0.552 and equals 89.10% (see Figure[9).
e For kj, =0.539, G 4 is maximized for k,=0.496 and equals 89.13% (see Figure ).

It can be concluded that all the three gains are very close to their maxima for k, = kIG4T and k3, = k3GZT.
Note a significant difference in these results compared to a single repeater system''212, If we consider a single repeater con-
figuration with one coupling fixed in order to fulfill the requirement of power transfer distance, there is only one coupling left to
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Figure 3 Results obtained by varying R; = 1/G, for R¢ = 1/G4 = 1/G, =52.55Q,i.e. Gg = G,; =19.00 mS. The values
assumed for the couplings are k,=0.5, k5,=0.338, k,;=0.309.

1.0

Gains

0.0 ,

0 50 100 150 200 250 300
Rs(Q)

Figure 4 Results obtained by varying Rg = 1/Gg for R, =1/G; =1/G,, =214.44Q, i.e. G; = G, =52.55 mS. The values
assumed for the couplings are k,,=0.5, k3,=0.338, k,;=0.309.

be varied. As a result, it is not possible to maximize all three gains, contrary to the two repeater system that has an extra degree
of freedom (i.e. two varying couplings). Indeed:

o If the coupling between transmitter and the repeater is varied to optimize the single repeater CPT setup, it is only possible
to maximize G .

o If the coupling between repeater and receiver is varied as optimization parameter, it is only possible to maximize Gp.
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Gains

Figure 5 Results obtained by varying ks, for k;, = 0.4. Simulations have been performed assuming non-optimal values for the
terminations: Gg =20.0 mS and G; =10.0 mS.

Gains

Figure 6 Results obtained by varying k,, for k3, = 0.4. Simulations have been performed assuming non-optimal values for the
terminations: Gg =20.0 mS and G; =10.0 mS.

Accordingly, only a local maximum for the transducer gain G and output power is achievable, analogous to an IPT configuration
with a single intermediate coill%.,
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Figure 7 Results obtained for the transducer gain by varying k, and k5, for Gg =20.0 mS and G; =10.0 mS.

Gains

1.0

Figure 8 Results obtained for the gains by varying k, when ks, = kS = 0.539. The termination impedances are Gy =20.0 mS
and G; =10.0 mS.

6 | CONCLUSION

A capacitive wireless power transfer system with two repeater elements allows for better performance with regard to efficiency
versus distance than a system with none or a single repeater. We analytically solved two problems applying a network formalism.

First, the optimal terminations were determined for a two repeater system with given components and fixed couplings be-
tween the different resonators. It was found that in order to maximize the three main gains, the optimal values of the source
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Figure 9 Results obtained for the power gain when k,, = le4T = 0.474 and for the available gain when k5, = kSGZT = 0.539. The
termination impedances are G =20.0 mS and G; =10.0 mS.

conductance G4 and load G; must equal the conjugate image conductances. In this configuration, the ultimate gain G,, can be
attained.

Second, the optimal couplings k, and k, were calculated for a system with given (non-optimal) terminations. By varying
the couplings, impedance matching can be realized. However, it was found that the optimal coupling values are not the ones
which realize a network with image conductances G¢ and G ;. We demonstrated that:

e The power gain G p is maximized with respect to k5, when the load admittance, as seen by the circuit formed by resonators
1, 4 and 3 equals its output image conductance.

e Analogous, the available gain G , achieves a maximum with respect to k, if the source admittance, as seen by the network
formed by resonators 4, 3 and 2 equals its input image conductance.

e The maximum of the transducer gain G, with respect to both couplings k,, and k5, is achieved when the source and load
admittances, as seen by the circuit formed by the two repeaters, are equal to their respective image conductances.

Due to the resistive losses in transmitter and receiver, the ultimate gain can not be attained for non-optimal terminations, even
when the couplings k4 and k5, can be optimized.

In conclusion, the two repeater CPT system can overcome the intrinsic limitation of a single repeater configuration which
only has one degree of freedom, i.e., the coupling between the single repeater and either the transmitter or receiver. As a result,
the single repeater system only allows for a single gain to be maximized at once. In contrast, the extra degree of freedom of the
CPT system with two repeaters allows for the maximization of all three power gains.

Conflict of interest

The authors declare no potential conflict of interests.

Data availability statement

Data sharing is not applicable to this article as no datasets were generated or analyzed during the study.



14

| Ben Minnaert ET AL

Orcid
Ben Minnaert: https://orcid.org/0000-0001-8534-0220; Giuseppina Monti: https://orcid.org/0000-0003-0595-2310

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

. LuF, Zhang H, Mi C. A review on the recent development of capacitive wireless power transfer technology. Energies 2017;

10(11): 1752.

Lecluyse C, Minnaert B, Kleemann M. A Review of the Current State of Technology of Capacitive Wireless Power Transfer.
Energies 2021; 14(18): 5862.

Kuka S, Ni K, Alkahtani M. A review of methods and challenges for improvement in efficiency and distance for wireless
power transfer applications. Power Electronics and Drives 2020; 5(1): 1-25.

Zhang H, Lu F, Hofmann H, Liu W, Mi CC. An LC-compensated electric field repeater for long-distance capacitive power
transfer. IEEE Transactions on Industry Applications 2017; 53(5): 4914-4922.

Ahn D, Hong S. A study on magnetic field repeater in wireless power transfer. IEEE Transactions on Industrial Electronics
2012; 60(1): 360-371.

Kim J, Son HC, Kim KH, Park YJ. Efficiency analysis of magnetic resonance wireless power transfer with intermediate
resonant coil. IEEE Antennas and Wireless Propagation Letters 2011; 10: 389-392.

Mastri F, Mongiardo M, Monti G, Tarricone L, Costanzo A. Optimal couplings for a four-coils wpt link. In: IEEE. ; 2018:
182-185.

Sun T, Xie X, Li G, Gu Y, Deng Y, Wang Z. A two-hop wireless power transfer system with an efficiency-enhanced power
receiver for motion-free capsule endoscopy inspection. IEEE transactions on Biomedical Engineering 2012; 59(11): 3247—
3254.

Shimada A, Ito Y, Uehara H, Ohira T. Effect of hop counts on power division ratio in multi-hop power transfer via magnetic
resonance. In: IEEE. ; 2013: 179-182.

Chen T, Cheng C, Cheng H, Wang C, Mi CC. A multi-load capacitive power relay system with load-independent constant
current outputs. IEEE Transactions on Power Electronics 2021; 37(5): 6144-6155.

Liu W, Luo B, Xu Y, et al. A Multi-Load Capacitive Power Transfer System With Load-Independent Characteristic for
Reefer Container Application. I[EEE Transactions on Power Electronics 2021; 37(5): 6194-6205.

Minnaert B, Monti G, Costanzo A, Mongiardo M. Gain expressions for capacitive wireless power transfer with one electric
field repeater. Electronics 2021; 10(6): 723.

Mastri F, Mongiardo M, Monti G, Dionigi M, Tarricone L. Gain expressions for resonant inductive wireless power transfer
links with one relay element. Wireless Power Transfer 2018; 5(1): 27-41.

Mastri F, Mongiardo M, Monti G, Tarricone L, Corchia L, Costanzo A. Optimal Terminating Impadances for Maximizing
the Gains of a Four-coil WPT Link. In: IEEE. ; 2018: 1-4.

Minnaert B, Monti G. Optimal Coupling for Capacitive Wireless Power Transfer with One Repeater. In: IEEE. ; 2022:
648-651.

Wang Y, Wang M, Lin D. The Duality of Inductive Power Transfer and Capacitive Power Transfer. In: IEEE. ; 2020: 1-5.

Minnaert B, Monti G, Costanzo A, Mongiardo M. Analysis of Capacitive Wireless Power Transfer SIMO Systems based
on the Duality Principle. In: IEEE. ; 2021: 1-3.

Hong JSG, Lancaster MJ. Microstrip filters for RF/microwave applications. John Wiley & Sons, Hoboken, NJ, USA . 2004.



Ben Minnaert ET AL

15

19. Egan WF. Practical RF system design. John Wiley & Sons; Hoboken, NJ, USA . 2004.

20. Roberts S. Conjugate-image impedances. Proceedings of the IRE 1946; 34(4): 198p—204p.



16

Ben Minnaert ET AL




	Optimization of a Capacitive Wireless Power Transfer System with Two Electric Field Repeaters
	Abstract
	Introduction
	CPT with two repeaters
	Equivalent circuit
	Admittance matrix
	Gains

	Optimal terminations solution
	Optimal coupling solution
	Optimal couplings for maximizing the power gain
	Optimal couplings for maximizing the available gain
	Optimal couplings for maximizing the transducer gain

	Numerical verification
	Conclusion
	References


	Citation: This is the pre-peer reviewed version of the following article:  Minnaert, B, Monti, G. Optimization of a capacitive wireless power transfer system with two electric field repeaters. Int J Circ Theor Appl. 2023; 51(6): 2623-2637. doi:10.1002/cta.3564, which has been published in final form at https://onlinelibrary.wiley.com/doi/full/10.1002/cta.3564. This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions.


