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Abstract

This paper presents an effective and time saving procedure for designing a three-coil resonant
inductive wireless power transfer (WPT) link. The proposed approach aims at optimizing the
power transfer efficiency of the link for given constraints imposed by the specific application
of interest. The WPT link is described as a two-port network with equivalent lumped elements
analytically expressed as function of the geometrical parameters. This allows obtaining a
closed-form expression of the efficiency that can be maximized by acting on the geometrical
parameters of the link by using a general purpose optimization algorithm. The proposed
design procedure allows rapidly finding the desired optimal solution while minimizing the
computational efforts. Referring to the case of an application constraining the dimensions
of the receiver, analytical data are validated through full-wave simulations and measurements.

1. Introduction

In recent years, wireless power transfer (WPT) is gaining a growing interest both in academic
and industrial research as a promising technology which enables the wireless recharge of
electronic devices [1-5].

In fact, WPT allows overcoming problems related to the use of recharge based on a cable
connection to the power source, this being crucial in all the applications where it is compli-
cated, or even impossible, to physically access the device to be charged.

In this context, particularly attractive is the use of WPT for recharging embedded devices
such as medical implants [6-19] or sensors [20, 21]. For these applications, a crucial aspect is
the variability of the electric properties of the propagation channel. In this regard, the
best choice appears to be the use of a WPT link based on a resonant inductive coupling
[16-23]. In fact, the adoption of a resonant scheme combined with a magnetic coupling allows
maximizing the efficiency of the link while minimizing the dependence of the performance on
the electric properties of the surrounding environment.

Additionally, in order to improve the performance of the inductive resonant WPT link, a
viable strategy consists in using one or more relay elements (i.e. an additional coil not directly
connected to the source or to the load) [24-27].

In this regard, even though the case of a resonant inductive WPT link using three or four
resonators has been deeply investigated in the literature, to the best knowledge of the authors a
closed-form expression of the efficiency in terms of the geometrical parameters of the link has
not been yet derived for the general case.

In more detail, in most papers only the coupling between adjacent coils has been taken into
account. However, for recharging embedded devices, the most suitable configurations are the
ones where one or more relays are coplanar to either the transmitting or the receiving resona-
tors. For these configurations, all the couplings among the coils have to be taken into account.

In this regard, interesting results have been reported in [28], where a four-resonator link
has been considered. More specifically, the link analyzed in [28] consists of two pairs of copla-
nar resonators having a planar structure and a square geometry.

In this paper, the results reported in [28] have been extended to the case of a three-coil link
using a circular loop geometry. In more detail, a closed-form analytical expression of the effi-
ciency is derived. The derived formula is valid for any position of the relay element between
the transmitting and the receiving resonators, this comprising the case where the relay element
is coplanar to either the transmitting or the receiving resonators. This enables the optimization
of the efficiency by using general purpose optimization tools and in a negligible computational
time, thus representing an attractive alternative to the optimization of the link through time-
consuming full-wave simulations [18, 19].

As per the adoption of the presented algorithm for optimizing WPT links for embedded
devices, it is worth underlining that, in view of the adoption of a magnetic coupling, the per-
formance of the link is independent of the electric properties of the propagation channel. In
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other words, the performance of the link is not affected by the
medium interposed among the resonators, be it a human tissue,
cement or air. For instance, referring to a link for recharging a
medical implant, in [19] it is demonstrated that the performance
of the link is strongly affected by the distance between the two
resonators while it is independent of the presence of the human
tissues. These results suggest that the presented algorithm can
be adopted as it is for optimizing the link in air; possible effects
on the performance of the specific electric properties of the
propagation channel, which could be induced by a parasitic cap-
acitive coupling, could be verified just before realization.

In order to validate the effectiveness of the proposed algo-
rithm, numerical and experimental data referring to an applica-
tion imposing specific constraints on the dimensions of the
receiving resonator are reported and discussed.

The paper is organized as follows. In section “Analytical model”,
the analyzed problem is briefly described and analytical formulas
are reported for the relevant quantities. In section “Optimization
process” the proposed optimization algorithm is described.
Analytical and numerical results are given in section “Analytical
results” and “Full-wave and circuital simulation results”, respect-
ively. Experimental data are reported in section “Experimental
results” and some conclusions are drawn in section “Conclusions”.

2. Analytical model

The equivalent circuit of the analyzed problem is illustrated in
Fig. 1. It is a 3-coil WPT link consisting of a transmitting (TX)
coil, a receiving (RX) coil, and a relay coil, in the following
denoted by 1, 2, and 3, respectively.

It is assumed that the source is a sinusoidal voltage generator
with angular frequency w, and internal resistance R¢ and that the
load is a resistor R;.

The circuital elements R; and L;, denote the resistance and the
inductance of the iy, coil. The lumped capacitors C; are used to
tune the resonance frequency to the desired value. The coupling
coefficient between the i™ coil and the j™ coil is denoted by ki
(i=1,2,and 3, j=1, 2, and 3).

Furthermore, it is assumed that the three coils are synchronous
(i.e. they have the same frequency of resonance f, = 13.56 MHz).

The quality factor of the i™ coil (i= 1, 2, and 3) is defined as
follows:

_woil;

Q= R

(i=1,2,3), (D
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Fig. 1. Equivalent circuit of the 3-coil WPT link.

while the load quality factor (Qr) and the loaded quality factor of
the receiving coil (Q,;) are given by:

ol
Q= R 2
QQL
=—. 3
Qx 0+ Q1 3)

Referring to the practical implementation of the link illustrated
in Fig. 2, in the next section, the analytical expressions of the cir-
cuital parameters are derived for the case where each resonator
consists of a circular loop loaded by a lumped a series compensat-
ing capacitor.

3. Analytical expressions of the circuital parameters

Referring to Figs 1 and 2, the total resistance R; of the i™ loop
(i =1, 2, and 3) consists of the radiation resistance, R;,,4 and
the loss resistance, R, [29]:

R; = Riohm + Rirad (l =1,2, 3), (4)

ri .
Righm = fVMop%i (i=1,2,3), 5)
Ccl

4
Ripug = 320#5(@) (i=1,2,3), (6)

c

where (1 is the free space magnetic permeability, p is the material
resistivity, fo; is the resonance frequency, r; and r,; are the radius
and the cross-sectional radius of the i™ loop.

While, the equivalent inductance of the i™ circular loop (L;,
i=1, 2, and 3) can be calculated according to the following
formula [29 30]:

Li = pori [ln(?) — 2] (i=1,2,3). )

ct



128

I

lumped capacitor

Giuseppina Monti et al.

relay resonator

Cll
Y e

—

ZT i ——bil4=

' d
—p
«— RXresonator

TX resonator —» 1 dx'l d2‘2 v
7 ]:

e ==

d)r= d2=d/2
(a) (b)
relay resonator —— %

d <+ RX resonator

TX resonator —s
'-'Qz Zo [
-~ X
d;: O, dp:d
(c)

Fig. 2. (a) Geometrical parameters of the single
loop; the distance between the TX and the RX reso-
nators is d = 80 mm, the radius of the RX coil is r,
=50 mm +r,, while r. is 1.35 mm. (b), (c), and (d)
Geometries of the three analyzed cases: (b) test
case #1 (25 = d, 213 = 253 = d; = d/2); (c) test case
#2 (2 = d, 213 =0, z,3 = d); and (d) test case #3
(z12=d, 213 = d, 23 = 0).

The capacitors C; are set so to make the loops resonating at the
desired angular frequency w, (i.e. @ = 27tfo):

Ci=—— (=123 8)

wyL;

As per the mutual inductances M;; between the coils i and j
(i =1,2,and 3,j = 1, 2, and 3), they are related to the coupling
coefficients by the relation Mj; = ki;,/L;L;.

In this paper the expression reported in equation (7) of [31] is
assumed for M;;.

In more detail, the most crucial case occurs when the two
loops are coplanar. In this case, equation (7) of [31] leads to a
large error that can be reduced by expanding the formula to a
higher order [28]. For instance, the expression of M;; provided
by equation (7) of [31] when an expansion up to the 50" order

-y

':_' " <— relayresonator

— +—— RX resonator
o
’ X
d}=30,d2=0
(d)
is used is:
T 2
15 15015 )
142 22222 06 1 40,0347
X( T3 Yitessze it T ﬁ)

(i=1,23 j=12,3)
where 7; (r;) is the radius of the i ( jth) coil, z; is the distance
between the i™ and j® coil, and 7 is expressed by [28]:

2r;t;

Swrneg (Sh2i=h23)
1 J ij

As a general rule, the expansion is stopped at the n™ order
when the parameter 'yzf‘j*Z < 0.01, i.e. when yg’z ~ 0. In this
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paper a limit of 68 has been assumed for the expansion order, i.e.
Amax = 608.

3.1. Three-coil power transfer efficiency

In the context of WPT, the efficiency is usually defined as the
ratio between the active power delivered to the load, P;, and the
power entering the two-port network, Ppy [32]:

P
Ms—coil = - 1n
According to this definition, the efficiency of the link coincides
with the power gain of the two-port network [33].
As demonstrated in [32], for the 3-coil WPT link of Fig. 1 the
following expression can be derived [32] for 75 i

. (k2,Q1Q3)(k2,Q3Qar) + (k,Q1Qa1) y %

-coil — (12)
Mol = S0+ VA B
where A, B, and 0 are defined as follows:
A=1+k,Q1Qs +k3;Q:Qu + k2,Q:1 Q. ,
B =2Q:Q3Qurkizkasks, (13)

6 = tan"!(B/A).

From (12) and (13), it can be noticed that the power transfer
efficiency depends on the load resistance R; while it is independ-
ent of the generator impedance Rg. By using (1)-(9) in (12) and
(13), it is possible to analytically express the efficiency in terms of
the geometrical parameters of the link. This expression is suitable
to be used in general purpose optimization algorithms in order to
find the geometrical parameters of the link providing the best effi-
ciency for given constraints.

From equations (11) and (13), the power delivered to the load
P; can be extracted by multiplying the efficiency 7s_,; for the
power entering the two-port network Ppy (i.e. Vé /2Ry):

V_é(k%3Q1Q3)(k%3Q3Q2L) + (K,Q1Qa1) y QL
2R, A2+ B QL

Pr 3ol = (14)

where Vg is the driving voltage (see Fig. 1 and [32]).

4. Optimization process

The developed algorithm allows the optimization of all the variables
on which the efficiency depends. However, in order to illustrate its
effectiveness, the case of a link where the size of the receiving reson-
ator is given, while the dimensions of the transmitting and the relay
resonators can be optimized, is analyzed. This could be the case of
an application constraining the dimensions of the receiving coil. The
analyzed example is representative of the case of a WPT link for a
medical implant or for a mobile device, where the space available
to house the receiving coil has to satisfy specific constraints in
terms of dimensions and sometimes also geometry.

The details on the specific analyzed cases and on the assumed
constraints are reported in the following part of this section. For
all the analysed cases a value of 50 Q has been assumed for the
load impedance (R; = 50 Q).
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4.1. Analyzed cases

The adopted objective function is the power transfer efficiency
expressed as in (12). The solvers GlobalSearch (GS) and
MultiStart (MS), both available in the MATLAB® (Math-Works,
Natik, MA) environment, have been exploited for finding the
desired optimal solution [34].

The following three test cases have been considered.

(1) Test case #1: the relay coil is evenly spaced between the TX
and the RX (i.e. zj3 = 253 = dy = d, =d/2), see Fig. 2(b).

(2) Test case #2: the relay coil is coplanar to the TX (i.e. z;3 = 0,
z,3 = d), see Fig. 2(c).

(3) Test case #3: the relay coil is coplanar to the RX (i.e. z;3 = d,
zy3 = 0), see Fig. 2(d).

For all the analyzed cases, the optimization process acts on the
values assumed by the coil radii of the TX and the relay element
(i.e. r; and r3).

4.2. Bounds and constraints

The optimization process is carried on assuming the following
constraints:

(1) operating frequency coincident with the frequency of reson-
ance fy = 13.56 MHz;

(2) distance between the TX and the RX coils z;, = d, with
d = 80 mmy;

(3) load resistance R; = 50 Q;

(4) cross-sectional radii r,; = r.=1.35mm, i = 1, 2, and 3;

(5) RX coil radius r, = 50 mm.

(6) Tmin <7 < Tmax Tmin = 10 mm, ry,, =101.35 mm.(i=1, 3)

In addition, for the tests cases #2 and #3, where the relay elem-
ent is coplanar with either the transmitting or the receiving coil,
the following additional constraints are imposed

(7) Test case #2:

(15)

r3 > 11+ Tdistance

(8) Test case #3:

16)

3 = 12 + Tdistance

where the parameter ruiance (Tdistance = Te + Tgaps Tgap = 2 MM)
denotes the minimum distance between the coplanar coils.

The presence of these constraints and bounds guarantees the
practical implementation of the solutions provided by the opti-
mization process.

It is worth observing that the numerical values assumed for
some of the variables of interest (i.e. the distance between the
two resonators, coil radii, etc.) are mostly related to the fabrication
process. In more detail, considering that the specific values
assumed by the relevant parameters do not influence the effective-
ness of the proposed approach, values simplifying the realization
of the coils have been chosen.

5. Analytical results

Taking into account the application requirements and bounds
described in section “Optimization process”, the results of the
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Table 1. Optimized parameters

Optimized variables

Tests cases Solver ry (mm) r; (mm) 13-coit (%)
#1 GS 74.07334 64.34240 86.0830
MS 74.07336 64.34241 86.0830
#2 GS 91.94311 94.94417 52.3031
MS 91.94409 94.94409 52.3031
#3 GS 99.99917 64.16094 95.9906
MS 99.99917 64.16094 95.9906

optimization process are summarized in Table 1. In particular, the
optimal values provided by the optimization process for r; and r;
and the corresponding power transfer efficiency are reported in
the table.

As can be observed, the optimal values provided by the two
solvers (the GS and the MS) are coincident; thus confirming
that the achieved maximum value of the efficiency is clearly a
global maximum.

5.1. Test case #1

For test case #1, the optimal values of the coil radii r; and 75 are
74.07 and 64.34 mm, respectively.

The 3-D surface representing the 73 ., as function of r; and r;
is illustrated in Fig. 3. When r; and r; are set to their optimal
values, 773.c,; assumes its maximum equal to about 86% (see
Fig. 3). Additionally, from Fig. 3 it can be observed that the
efficiency is nearly independent of r;.

5.2. Test cases #2 and #3

In this subsection, the analytical results obtained by the optimiza-
tion process for the test cases #2 and #3 are detailed.

When the relay coil is coplanar to the TX coil (Test case #2), the
optimal values of r; and r; are of about 91.94 and 94.94 mm,
respectively (see Table 1, and Fig. 4). The optimal values of r; and
r3 correspond to a maximum of the power transfer efficiency of
about 52.30%. The efficiency behavior as function of r; and r; is illu-
strated in Fig. 4. It can be seen that the efficiency is mainly affected
by r3; in fact, for a given value of r; the efficiency is nearly constant.

As per the test case #3, the optimal values of r; and r; are
100 and 64 mm, the corresponding efficiency is 96%. The effi-
ciency as function of r; and r; is illustrated in Fig. 5; in this
case it can be seen that the efficiency exhibits a similar depend-
ence on r; and r3.

The difference of the realizable maximum power efficiency
obtained for the two test cases can be explained as follows. In
both the analyzed cases, the relay coil acts as a matching network.

For the Test case #2 where the relay is coplanar to the TX coil,
the optimization process allows to minimize the mismatch between
the transmitting resonator and the generator impedance Rg.

Similarly, for the Test case #3 where the relay is coplanar to the
RX colil, the optimization process allows to minimize the mismatch
between the receiving resonator and the load impedance R;.
However, the efficiency as defined in (12) only depends on R,

Giuseppina Monti et al.

while it is independent of R. In more detail, by using the scattering
parameters of the link the efficiency can be expressed as:

152112

=, 17
TRk 1—|Sul? 1

The above reported equation highlights that, according to the
definition commonly adopted in the context of WPT, the
efficiency only depends on the mismatch at the output port of
the WPT link. This explains the difference between the results
achieved for the efficiencies for the test cases #2 and #3.

Accordingly, it can be concluded that when the goal is to
maximize the efficiency as defined in (12), or equivalently in
(17), the best configuration is the one corresponding to the test
case #3. This configuration will be numerically and experimen-
tally analyzed in the following section.

6. Full-wave and circuital simulation results

The optimal configuration of the link corresponding to the test
case #3 has been analyzed by means of full-wave simulations per-
formed with CST Microwave Studio (see Fig. 2(d)). A Tower
Workstation HP Z230 was used for carrying out the numerical
analysis. The machine was equipped with, a i7-4790 CPU @
3.60 GHz, 16 GB of RAM, an HD of 1 TB, and a graphic board
NVIDIA Quadro K620 (GPU with 2 GB dedicated). The operat-
ing system installed on the HP Z230 was Microsoft Windows 10
Pro.

The adopted design parameters are summarized in Table 2; the
distances between the three coils are: z;, = z,3 = d = 80 mm,
z13 = 0.

By using the simulated scattering parameters of the link in (17)
the results reported in Fig. 6 have been obtained for the efficiency;
according to full-wave simulations the maximum of ngg_gr is of
about 95% which is very close to the value expected from the the-
ory (i.e. 96%).

Figure 6 also shows the results achieved from circuital simula-
tions. In more detail, simulations have been performed by using
the circuital simulator AWR for analyzing the equivalent circuit
of the link illustrated in Fig. 1; the values assumed for the para-
meters are the ones provided by the analytical formulas. From
Fig. 6, it can be noticed that a very good agreement has been
obtained between full-wave and circuital simulations, thus con-
firming the accuracy of the values provided by the analytical for-
mulas for the parameters of the link.

In order to give an idea of the advantages of the proposed
algorithm, it is worth underlining that the computation of the
optimal solution through the optimization of (12) takes few sec-
onds. As per the time required for a full-wave simulation, it
depends on the adopted solver. The computation time is of
about 1 h with the frequency domain solver, while it is of about
a week when the time domain solver is used. Obviously, in
order to perform an optimization through full-wave simulations
it is necessary to perform several simulations.

Finally, referring to the equivalent circuit illustrated in Fig. 1,
Table 3 compares the values of the parameters provided by the
analytical formulas and those extracted from full-wave simula-
tions. It can be observed that they are in an excellent agreement.

A flowchart describing the optimization process of a WPT link
through the proposed algorithm is illustrated in Fig. 7. As it can
be seen, by exploiting (12), the optimization of the efficiency with



Wireless Power Transfer

given constraints can be afforded starting from the analytical
results and by using full-wave simulations only for verification
before fabricating the coils.

In the following section, experimental data are reported and
discussed.

7. Experimental results

In order to verify the theory, a prototype of a WPT link corre-
sponding to the Test case #3 and having the equivalent para-
meters given in Table 3 has been fabricated. The geometrical
parameters of the coils are the ones summarized in Table 2,
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Fig. 3. Test case #1: Analytical results of 173_; for dif-
ferent values of r; and r3 (215 = d, 213 = 253 = d/2).

Fig. 4. Test case #2: Analytical results of 73_c; for
different values of r; and r; when the relay is copla-
nar to the TX coil (235 = d, 213 = 0, Zy3 = d).

while the distance between the transmitting and the receiving
resonators is 80 mm.

The realized experiment is illustrated in Fig. 8; each resonator
has been realized by using a copper cylindrical wire and a series
compensating lumped capacitor. Measurements of the scattering
parameters were performed by using a R&S ZVA 50 Vector
Network Analyzer. By using the discrete values of the lumped
capacitors at disposal of the authors, the resonators were opti-
mized in order to be synchronous and to exhibit values of the
equivalent parameters (see Fig. 1) as close as possible to the
ones reported in Table 3.

The measured values of the parameters of the coils are sum-
marized in Table 4; the frequency of resonance is 13.32 MHz.



132

Fig. 5. Test case #3: Analytical results of 3. for
different values of r; and r; when the relay is copla-
nar to the RX coil (2, = d, 13 = d, 23 = 0).

Table 2. Design parameters of the test case #3

Giuseppina Monti et al.
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Table 3. Circuital parameters (Test case #3)

Symbol TX coil RX coil Relay coil Circuital parameters Analytical model Full-wave simulations
r; 99.99 mm 50 mm 64.16 mm R, (MQ) 71.3 126.7
@ 250 pF 574 pF 434 pF R, (MQ) 36.6 61.0
Rs (MmQ) 457 48.5
. L G (pF) 250.0 250.0
= analytical ---circuital —full-wave —measured
100 C; (pF) 574.2 574.0
Cs (pF) 433.6 434.0
80
s Ly (nH) 550.9 558.0
5 60 L, (nH) 239.9 241.0
E 40 Ls (nH) 317.7 319.0
20 My, (nH) 23.1 22.0
i My (nH) 345 320
11 12 13 14 15 M3 (nH) 113.3 115.0
Frequency (MHz) ki 0.064 0.059
k 0.083 0.075
Fig. 6. Test case #3: comparison of the results achieved by means of the optimization 13
process, circuital, full-wave simulations, and measurements. kas 0.4105 0.414
o} 658.45 372.57
By comparing the values of the parameters reported in Table 3 with 0 55923 17728
the ones of Table 4, it is evident that the quality factors of the rea- 2 : :
lized resonators are definitely lower than the ones assumed during Qs 592.59 556.42

the optimization process of the link. Therefore, the realized link
exhibits lower values of the efficiency. This is evident from Fig. 6,
where the measured efficiency is compared with the results
achieved from full-wave simulations and analytical formulas corre-
sponding to the parameters of Table 3: from measurements the
maximum of 75_.; is of about 82.5% and occurs at the frequency
of resonance, i.e. 13.32 MHz. The values obtained for the efficiency
by using the various approaches are reported in Table 5.

Figure 9 compares the measured efficiency with circuital simu-
lations when the measured parameters summarized in Table 4 are

used, the value provided by the analytical formula is also reported;
a good agreement can be observed.

In order to further investigate the performance of the fabri-
cated link, the available and the transducer gain have also been
measured. In fact, as already observed, the efficiency as defined
in (11) coincides with the power gain of the link and only
depends on the output port, i.e. on the load impedance R;. In
order to complete the characterization of the link highlighting
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o fon= foax = 13.56 MHz;
ez, =d =80mm
e R, =500
* Ty =71.=135mm i=123
* 15 =50mm + 1. = 51.35mm,
®  Tiin ST S Bpax (i = 1,3), iy =10 MMyt =100 mm;
« Coplanarity and minimum distance imposed for test #2
and #3
¥
T and ry
ones
# s e —
o W ANALYTICAI
s REFINEMENTS
mmmrs
| [T
| | TNeircuitat (EQ. (17)) | -m
L 2 t NO
the circuital parameters
in agreement with the simulated
Table 4. Measured circuital parameters (Test case #3)
Ri (mQ) Ci (pF) L; (nH) Qi
TX (i=1) 234 250 571 204
RX (i=2) 1384 573.9 249 15
Relay(i=3) 201 433.9 329 137

Fig. 8. Experimental setup adopted for the test case #3 (a) and the re-optimization
process of the test case #3 (b). The distance between the transmitting and the
receiving resonators is 80 mm.

the behavior also with respect to a generator with impedance Rg,
two useful figures of merit are the available gain (G,) and the
transducer gain (Gp) [33].

The available gain allows to evaluate the maximum power that
the network is able to deliver to a load for a given generator (i.e. for

a given value of Rg) and it is independent of R;. The transducer
gain allows to evaluate the power that the network is able to deliver
to a given load (i.e. to a given R;) for a given generator (i.e. for a
given value of Rg). In more detail, for given values of R and Ry,
Gr coincides numerically with the active power delivered to the
load for a unitary value of the power supplied by the generator.

According to the above reported observations, G4 and Gr
depend on Rg; for the fabricated link, from circuital simulations
it has been derived that the optimal value of R for the fabricated
link is about 4 Q (Rgep: = 3.8 Q).

Figure 10 shows the measured gains as function of the fre-
quency for Rg = 4 Q and R, = 50 Q; while, the values calculated
for the output voltage are illustrated in Fig. 11. As can be seen,
being the value assumed for Rg nearly coincident with the optimal
one, the three gains are all maximized at the frequency of
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Fig. 9. Test case #3: Comparison of the results achieved by means of the 0

re-optimization process, circuital, and measurements. For the analytical
and circuital results, the measured data reported in Table 4 have been
used.

0.8

0.6

0.4

0.2

11 11.5 12 12.5 13 13.5 14 14.5 15
Frequency (MHz)

Fig. 10. Measured gains of the fabricated link for Rz =4 Q and R, =50 Q. The
efficiency 1 coincides with the power gain of the link.

1.8
1.6
1.4
1.2

Vout (%]

0.8
0.6
0.4
0.2
0
11 1.5 12 125 13 135 14 145 1
Frequency (MHz)

th

Fig. 11. Output voltage calculated for R, = 50 Q assuming on the input port a voltage
generator (Vg=1V, see Fig. 1) with internal resistance R = 4 Q. The results have
been obtained by using the measured scattering parameters of the link in circuital
simulations and by varying the frequency of the AC voltage generator.

resonance. In Fig. 12, the output voltage calculated assuming that
the link is driven by an AC voltage source having an internal resist-
ance equal to 4 Q are reported. The results have been calculated
through circuital simulations performed by modeling the link as
a black-box component described by the measured scattering
parameters.
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Fig. 12. Measured gains of the fabricated link for Rz = 50 Q and R, =50 Q. The
efficiency n coincides with the power gain of the link.
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Fig. 13. Comparison of the results achieved for the link illustrated in Fig. 8b by vary-
ing the distance (d,) between the relay element and the receiving coil.

Finally, in order to highlight the behavior of Gr and G, as
function of Rg, in Fig. 12 the measured gains for Rg = 50 Q
and Ry =50 Q are reported.

As expected, being the value assumed for R; very different
from the optimal one, G4 and G still have a maximum at the fre-
quency of resonance, but this is definitely lower than the absolute
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Table 5. Comparison between numerical and experimental results
Analytical model Circuital simulations Full-wave simulations Measurements
13-coit (%) 95.99 95.99 94.69 NA
P 13-coit (%) 82.30 82.77 NA 82.48

?Obtained by using the parameters reported in Table 3.
PObtained by using the parameters of the fabricated link summarized in Table 4.

maximum value that can be obtained for the two-port network
(i.e. about 0.82).

This result is due to the fact that the proposed algorithm optimizes
the efficiency defined as the power gain of the link; consequently, the
optimization is performed with respect to a given load independently
of Rg. In this regard, it is worth observing that, this is an intrinsic limi-
tation of the three coils configuration. In fact, as demonstrated in [33],
by using a three coil configuration it is possible to maximize either G4
or Gp; therefore, only a local maximum of Gy can be obtained. In
order to simultaneously maximize all the three gains a four coil con-
figuration has to be considered [35].

7.1. Re-optimization

The results reported in the previous subsection highlight that, in
general, it is difficult to reproduce for all the parameters of the
link the exact values assumed during the design process.

In this regard, a possible design procedure could be

(1) optimize the link taking into account the constraints of the
specific application of interest;

(2) realize the resonators so to achieve values of the equivalent
parameters as much close as possible to the ones obtained
from the optimization process;

(3) re-optimize the link by using the measured data of the reso-
nators and by acting on the “free-parameters”.

The last step should be performed taking into account the start-
ing configuration of the link and the constraints imposed by the
specific application. For instance, for the Test case #1, once the
resonators have been realized, in the case where the achieved para-
meters are different from the desired ones, a possible solution could
be to relax the constraint of equally spaced resonators and to opti-
mize d, (or equivalently d,) for given values of all the other para-
meters. Similarly, for the Test cases #2 and #3, if compatible with
the specific application of interest, a possible strategy could be to
relax the constraint on the coplanarity of the relay with the trans-
mitting (Test case #2) or the receiving (Test case #3) resonators.

In particular, for the Test case #3 a possible solution to
improve the results achieved for the efficiency of the realized
three-coil system consists in relaxing the constraint of having
the relay coplanar to the receiving resonator. In particular, simi-
larly to the Test case #1 it could be assumed that the relay is at
a distance d, from the receiving resonator which can be opti-
mized, while keeping constant all the remaining parameters.

Accordingly, the optimization procedure has been applied with
the goal of maximizing the efficiency by acting on d2 with 0 <d2
<d, being d = 80 mm. The optimization was performed by using
for the resonators the measured parameters that are reported in
Table 4.

The optimal value of d, obtained by the re-optimization process
is 6 mm; in particular, for d, = 6 mm the power transfer efficiency
is equal to 82.9%, while the value achieved for d, = 0 is 82.3%.

This result has been experimentally verified. In particular, measure-
ments were performed by measuring the scattering parameters of
the link by varying d; the experimental setup is illustrated in Fig. 8(b).

The results achieved this way for the efficiency are reported in
Fig. 13 and are compared with analytical data. As can be noticed,
a good agreement has been observed.

Measurements confirm that the maximum of the efficiency
(M3—coit = 84.80%) occurs at d, = 6 mm.

However, for the analyzed case, the measured data also con-
firm that the re-optimization process allows obtaining a very
slight improvement of the efficiency.

8. Conclusions

In this paper a design procedure for a 3-coil WPT link has been
presented.

The proposed approach aims at maximizing the efficiency of
the link by optimizing its geometrical parameters for assigned
constraints. The case of a link using synchronous resonators
each one consisting of a circular loop loaded by a lumped com-
pensating capacitor has been analyzed.

The proposed algorithm exploits the circuital equivalent
representation of the link as a two-port network; for the lumped
element equivalent circuit, appropriate theoretical formulas relating
the equivalent parameters to the geometrical ones have been adopted.

The proposed procedure considerably reduces the computa-
tional time with respect to the optimization through full-wave
simulations while finding a global reliable solution.

The achievable results are discussed referring to an application
constraining the dimensions of the receiving coil, as it happens in
most practical cases of interest. For the analyzed example, analytical
data are validated through full-wave simulations and measurements.
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