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ABSTRACT: Magnetic Coupled Resonant (MCR) Wireless Power Transfer (WPT) is typically used for electrical charging, offering high
tolerance to misalignment and wider transmission range. However, MCR-WPT is assumed to be a two-port circuit, including transmitter
(Tx) and receiver (Rx), and exhibits lower efficiency than conventional inductive power transfer. Various studies have been proposed to
increase the 4-coil MCR-WPT efficiency, but further challenges remain due to the turn technology complexity. A relevant and simple
design solution is developed in the present paper that enables the optimization of Power Transfer Efficiency (PTE) by minimizing imple-
mentation cost. To achieve that goal, the transfer- and resonator-distances, 7D and RD, respectively, were optimized through theory,
both circuit and 3-D electromagnetic (EM) simulations via 3-D modeling and experimentation. The validation PTE results obtained from
analytic calculation, simulation, and experimentation affirm that the maximum efficiencies of 94.10, 90.15%, and 69.35% were obtained
at optimal positions around RD = 7.5mm and 7D = 100 mm, respectively. The slight difference of the obtained PTE among theory
and simulation with experiment is due to the setup instrument imperfection. The performed study is useful for WPT charging systems,
such as electronic sensors, wearable devices, and communication systems.

1. INTRODUCTION

Nowadays, Wireless Power Transfer (WPT) systems are
among the most widely used for charging electronic,
portable [1-3], and medical devices [4]. By analyzing power
intensity, WPT systems are categorized into two distinct
groups as very low-voltage (LV) systems, referenced in [5-7],
and high-voltage (HV) systems, discussed in [8—11]. In the
category of low-voltage WPT systems, Near-Field Commu-
nication (NFC) [5] is a practical, everyday technology due to
its integration into wearable objects in both passive and active
modes. NFC WPT is more convenient to operate in Radio
Frequency (RF), particularly in the megahertz (MHz) range
[6]. The NFC WPT is integrated in portable devices, such
as smartphone applications, and it can be designed to avoid
electromagnetic interference (EMI) by using a metal-cover
technique [7]. In the field of HV systems, WPT is increasingly
used to charge electric vehicles [8—11], where the position
between the source and load is a critical point and remains a
focus of research in electrical and electronic engineering.
From a perspective of a topological circuit, there are two pri-
mary types of WPT systems: inductive [5,7,10,11] and ca-
pacitive [12], as detailed in [13]. The Inductive Power Transfer
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(IPT) system enables energy transmission with free-positioning
of the electric battery [14, 15]. The IPT system works with elec-
tromagnetic (EM) mutual coupling between the energy trans-
mitter (Tx) and receiver (Rx). The IPT is now emerging as a
modern trend in electric transportation applications [16]. The
HV IPTs cover a wide range of applications, such as underwa-
ter engines [17, 18] and unmanned aerial vehicle (UAV) charg-
ing platforms [19]. The practical use of charging systems in
omnidirectional and free-positioning applications has led to the
study of the design and analysis of the constituent coils for
WPTs [20,21]. The definition of electrical, EM, and mechan-
ical parameters that affect the efficiency of WPTs remains a
challenge for design and manufacturing engineers. For exam-
ple, an estimation method of mutual inductance in a WPT sys-
tem was formulated [22]. A relevant study enabling the choice
ofthe configuration [23, 24] and the modeling of the electric cir-
cuit, including the equivalent impedance [25] for WPT applica-
tions, is necessary. In addition to the configuration, the IPT cir-
cuit loss must be taken into account [26, 27], including the skin
effect, which can be particularly significant at RF ranges [28].
Specific attention must be focused on how to maximize the
Power Transfer Efficiency (PTE) of WPT in function of its
constituting parameters [29, 30]. Therefore, methods were pro-
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posed to model and optimize the topology of IPTs [31, 32] and
also include the magnetic shielding [33].

To increase the PTE, several design approaches have been
explored by research designers. Nevertheless, so far, many of
the IPT design studies remain an open research topic. For ex-
ample, so far, the WPT implementation with multiple coils [34—
37], including the influence of Magnetic Coupled Resonant
(MCR) EM energy transfer distance [38] between Tx and Rx, is
a hot topic. Different enhancement techniques were designed
to optimize the PTE [39—41]. Simulation methods were also
proposed by using designers operating under EM full-wave
solvers [4,42]. For the case of four-coil-based WPT, further
study is expected to optimize the PTE. The present research
work investigates the design of optimal 4-coil-based MCR-IPT,
including EM full-wave simulations and measurement versus
the transfer distance (7'D) between transmitter (Tx) and re-
ceiver (Rx) coils, combined with resonator distance (RD) be-
tween Tx and drive (Dx) coils or Rx and load (Lx) coils. To
do this, the paper is organized as follows. Section 2 covers the
literature review, including the topological study and specifi-
cations of the 4-coil MCR-WPT structure. Section 3 explores
the design theory and modeling, combined with the optimiza-
tion approach for the 4-coil MCR-WPT PTE. Section 4 focuses
on the proof-of-concept (PoC) design of the 4-coil MCR-WPT
after selecting parameters optimized for the physical distance.
Section 5 validates the PTE study through S-parameters ob-
tained from full-wave simulations using a commercial tool, as
well as the experimental testing of a prototype with a vector
network analyzer (VNA). Finally, Section 6 presents the con-
clusion.

2. LITERATURE REVIEW ON COUPLED-COIL STRUC-
TURE OPTIMIZATION

The literature review, specifications, design, and optimization
approach of the 4-coil MCR-WPT topology are introduced in
this section.

2.1. Preliminary on the 4-MCR-WPT Coil Design

The conductor coil constituting the Tx and Rx structure is the
most crucial component of a WPT. Understanding coils’ oper-
ating principle related to Tx-Rx coupling coefficient k requires
basic knowledge, such as Faraday’s law, eddy current, skin-
and proximity-effect. The resistivity of the conductor wire in-
creases due to the reduction of the effective cross-sectional area
available for electron flow, which is the consequence of skin
and proximity effects [28]. Resonance at an appropriate fre-
quency can be exploited to improve the EM PTE in the 4-coil
MCR-WPT as illustrated in Fig. 1.

Among existing WPT studies, few were focused relatively
on each element positioning. The system in Fig. 1 is supplied
by input voltage v;,, through drive coil Dx and loaded by re-
sistor R producing output v,,,; across the load coil Lx. The
4-coil WPT topology includes capacitors C; and C,. acting as
Tx and Rx compensators, respectively, with inner diameter D;,,
and outer diameter D,,,;. For a 4-coil MCR-WPT system, the
operating frequency is pushed to MHz to achieve a more com-
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FIGURE 1. Topology of 4-coil MCR-WPT.

pact coil design [6]. To be specific, for safety reasons, Indus-
trial Scientific Medical (ISM) frequencies, such as 6.78, 13.56,
and 21.12 MHz, are proposed [43]. At those frequencies, skin
and proximity effects become significant in most conductive
materials. Furthermore, switching losses can be reduced by
using wide-bandgap semiconductors, such as Silicon Carbide
(SiC) and Gallium Nitride (GaN) [44, 45]. An important advan-
tage of 4-coil MCR-WPT systems is the ability to increase the
transfer distance (7'D) between Tx and Rx coils while main-
taining good tolerance to misalignment. However, the WPT
system’s power transfer capability is strongly affected by vari-
ations in T'D [6]. This work develops an efficiency optimiza-
tion approach without increasing system cost. To achieve this,
attention is given to coil impedance as well as to the distances
between Dx and Tx, and between Lx and Rx resonators, re-
ferred to as RD. Before presenting the analytical investigation
of the 4-coil MCR-WPT circuit, a topological optimization is
provided in the following subsection.

2.2. MCR-WPT Topological Optimization

The most effective way to improve WPT efficiency is to tune
the value of k. This parameter can be evaluated theoretically,
through simulations, and experimentally. Additionally, the im-
pact of practical environmental factors can be characterized
experimentally by minimizing imperfections and undesirable
EMLI. For instance, Finite Element Analysis (FEA) simulation
in a 3D design enables optimization of k for WPT by combin-
ing a DD-type coil with a solenoid-type coil [9]. However,
adding a solenoid coil to the design increases the length and
weight, leading to higher costs. So far, many pad configura-
tions have been found, but the 4-coil MCR-WPT illustrated in
Fig. 1 stands out from the conventional coil type with its high
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TABLE 1. Review of four-coils design, optimization techniques, and results

Coil characteristics Frequency Optimization parameter Ratio Mmax
Circular D;, = 10cm; T'D = 4 cm [42] 14.17 MHz Resonance frequency 0.4 72.5%
Square width W = 5cm; T'D = 5 cm [27] 13.56 MHz Minimize material losses 1 66%
Circular D;, = 10cm; T'D = 3-15cm [38] 20MHz T D with multiple Secondary (Rx, Lx) 0.3 < 60%
Square W = 80cm; TD = 20cm [8] 90 kHz Asymmetric four coil 0.25 | 96.56%
Circular D;, = 50cm; T'D = 30 cm [39] 100kHz L-matching Network 0.6 66.8%
Circular Doyt = 30cm; T'D = 25 cm [40] 13.56 MHz | T'D with multiple D, for Lx and Dx 0.83 93.3%
Circular Doyt = 60cm; T'D = 35cm [23] ~ 7TMHz Lx and Dx position with T'D 0.58 82.5%
Circular Doyt = 82cm; T'D = 3cm [4] 9.1 MHz Dy for Lx and Tx 0.035 33%
Helical D;, = 15ecm; TD = 11.67cm [26] 589kHz Resistive loss in Tx and Rx 0.78 72%
Pentagon W = 20cm; 7D = 12cm [41] 13.56 MHz k12 and T'D or k34 and T'D 0.6 35%

tolerance to misalignment, long range of T'D capability [10].
Regarding the circular 4-coils, EM simulations allow for reach-
inga PTE n = 72.5% at the resonance frequency of 14.17 MHz
[42]. However, the optimization work was only focused on the
frequency. Another attempt proposes a printed square shape of
4-coil WPT for compact WPT from different materials to ana-
lyze the material losses, and they achieved n = 66% with 57%
of the losses being resistive and 37% ohmic [29]. Addition-
ally, the simulation of multiple Rx coils of 4-coil MCR enables
obtaining maximum PTE below 60% [38]. Moreover, in [48],
parameters like N, s, i, Dy, and D;,, are taken as variables
to optimize power output and transfer efficiency; however, this
work concerns a two-coil topology, and the application for 4-
coil structure is missing. Further optimization approaches are
discussed in the following subsections.

2.3. Optimization by Distance Adjustment

This type of optimization involves mechanically adjusting RD
and T'D. However, this technique indirectly affects the WPT
circuit impedance. As an example of distance adjustment, the
resonator position is rearranged through a combination of in-
side and outside placements. It was found that PTE trends sim-
ilarly. For example, as reported in [23], the experimental work
gave a maximum efficiency of 82.5% with T'D = 35cm and
D,y = 60cm. Another method to address the spatial varia-
tion between turn-through simulation and experimentation was
proposed to improve PTE by 10% and reduce sensitivity to an-
gular and lateral misalignment [21]. In this research, PTE opti-
mization is elaborated by varying RD while holding T'D fixed
to optimize PTE, and vice versa. Additionally, to follow the
standard proposed for the ISM band [6], the AirFuel Alliance
frequency, specifically 6.78 MHz, is fixed to be reached as the
resonance frequency.

2.4. Optimization by Impedance Matching

In addition to the compensator circuit that regulates frequency
to resonance, impedance matching is required during load vari-
ations, for example, in a battery-charging application. As an
example, to optimize PTE, a fast-tracking optimum efficiency
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was proposed to first estimate the input impedance according to
T D, then adjust the load with an L-type matching network [39].
Despite being able to improve PTE by roughly 70% with a
TD = 25cm, this method requires adding and adjusting the
inductor, capacitor bank, and switches. That approach would
complicate the design to control and operate. Additionally, the
L-Type network is not the only method to optimize MCR-WPT;
there are T-Type and 7-Type networks as well, and they perform
better than L-Type [6]. In addition to that, for comparison pur-
poses, of several studies concerning four-coils, Table 1 is pro-
posed as a survey to list specifically the coil parameters used
for optimization, the maximum of 7 obtained, the frequency
targeted, and the ratio:

Ain,out = T-D/Din,out (1)

to estimate the performance of the coil with respect to its size.
After the survey, it can be concluded that the ratio is mostly < 1,
which can be interpreted as that the coil’s diameter is bigger
than T'D. Furthermore, very few researchers use the kHz range,
but it shows high efficiency similar to that in the MHz range.

However, the optimization technique is diversified with the
repetition of T'D analysis. The approach introduced in [41] at-
tracts our attention by optimizing k£ and T'D. However, in this
search work, we want to improve the ratio a;,, or a,,; and in-
clude the 3-D model analysis of the four coils in an EM com-
mercial tool software. The following section describes the 4-
MCR-WPT theoretical design with the considered optimization
technique.

3. THEORETICAL DESIGN OF 4-MCR-WPT VIA DX-
TX, TX-RX AND RX-LX DISTANCE OPTIMIZATION

The theoretical design of 4-coil MCR-WPT, including the Dx-
Tx, Tx-Rx, and Rx-Lx distance optimization, is elaborated in
the present section.

3.1. Design Methodology

The design methodology of the four-coil MCR-WPT system is
organized into six steps as follows:
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TABLE 2. Mathematical expression of circular coil inductance.

Coil shape Descriptions

Inductance

Circle loop [5] Single loop wire: N =1

L = N?uoprDin[In(8D;n /s) — 7/4]/2 )

Davg = (D'Ln + Dout)/za

Spiral circular [46,47] Cy=1,Cy =246,

C3=0and Cs = 0.2
for Equation (3)

P = (Dout - Din)/(zD(Wg)!

L = Npopr 222 [in (%) + Cop+Cap?| | )

* Step 1 — Mathematical modelling of coils: This step
consists of the analytical modelling of the MCR-WPT S-
parameters, considered as a two-port network, focusing on
return- (S1; and Sao) and insertion- (S12 = Sa) losses.
The model includes the computation of lumped elements,
such as self-capacitance and self-inductance, while ac-
counting for skin effect to estimate the AC internal resis-
tance of the coils.

* Step 2 — Equivalent circuit simulation: The S-
parameter simulation must include compensation
networks represented by series capacitors C, and C}
connected to the Tx and Rx coils using optimized values.

* Step 3 — PoC design and EM simulation: A 3D de-
sign and simulation of the 4-coil MCR-WPT system are
required to account for realistic EM effects. A commer-
cial software tool such as Computer Simulation Technol-
ogy (CST) Studio Suite can be used to perform full-wave
simulations. The influence of Tx and Rx compensators
can be evaluated by varying capacitor values.

* Step 4 — Optimization process: The optimization of the
4-coil MCR-WPT system involves both electrical and ge-
ometrical parameters, including wire diameter s, spacing
i, length I, T'D, RD, and number of turns N. The origi-
nality of the proposed approach lies in the combination of
analytical and simulation-based optimization.

» Step 5 — Prototyping: An experimental demonstrator is
fabricated based on the optimized PoC design obtained in
the previous step.

* Step 6 — Experimentation and analysis: The PTE eval-
uation is carried out by comparing simulation results with
experimental measurements to validate the proposed de-
sign and optimization methodology.

The analytical modeling approach is detailed in the next sub-
section.

3.2. PTE Analytical Modeling from S-Parameters

The analytical modeling initially centers on the governing equa-
tions of the constituent coils. The equivalent component values
of the coil can be adjusted according to the physical dimensions
as D, and D,,;, and also the constituting material properties,

including the permeability popu.,.. Table 2 summarizes the an-
alytical relations between the material properties and physical
dimensions of coil inductance [5, 46].

In addition to its inductance, a coil has two more important
parameters, the resistance at a given frequency R, and the self-
capacitance Clerf. R4 is proportional to f at which the coils
operate, due to the skin effect and proximity effect [28]. To
model a coil, the parameters to compute are the DC resistance
R, which is proportional to the coil length and described as:

Ry. = 4pl/(ﬂ'52) 4)

where p is the conductor resistivity (copper wire 1.68 x 1078
[€2-m] at 20°C); [ is the coil total length; and s is the wire di-
ameter. Then, the AC resistance at the resonance frequency,
which is fixed and chosen carefully to meet the ISO standard
for safety reasons, is caused by the EM exposure as stated in

[43]:
5=/p/(mfp) ®)
Rakin = Rae (14 5/0 +35/(4s)) /4 (6)
Rprox = Raer®s H? (s/6 — 1) /(212) (7)
Rae = Ropin + Rprox (8)

To minimize the frequency influence that causes the skin effect
resistance (Rskqp,) and proximity effect resistance (R0 ), the
Litz wire is used. However, it would not be recommended for
the frequency above 1 MHz [49]. After that, to compute the
coil self-capacitance of the wire that has N turns, the thickness
of the coating material and its permittivity ¢, [50] were con-
sidered. However, the ISM standard suggests the frequency of
6.78 MHz to avoid damaging living tissue and to obtain the coil
that resonates at this frequency, a compensation network made
of a capacitor with value Cy,, mounted in series, is required.
Additionally, Cse; ¢ is the neglected compared to C,. There-
fore, the values of L and C,, will be used to find the resonance
frequency f of the coil and combined with the value of R, to
predict ) as described by the following equations [5]:

Cuw =1/ [(2nfo) L] ©)

Qi=wL;/R; (10)
2.2 2 2 3/2
Mij = 0.57N; N; piopiy 21 {dij +(rs+75) (11)

kij=M;;/\/L:L, (12)
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To avoid repeating (10), (11), and (12) for each coil Tx, Rx, Dx,
and Lx, annotations ¢ and j are parameters related to coil; and
coil;. For example, k7r means the coupling factor between
Tx and Rx; Mpr is the mutual inductance between Dx and
Tx; dgy, is the distance between Rx and Lx; and rp is the Dx
radius. Moreover, because of the symmetricity of the design,
kpr = krr = kic, krr = krr = ke, Qr = Qr = Qo
and Qr = Qp = Q.. Finally, 7 is the square of insertion
loss absolute value |S;|. In other words, 17 can be expressed in
function of coupling factors k. and k;. and, quality factors Q.
and Q. [38,40,42]:

2
n= ‘521|2 =4 k?cchlcQg/ {(1 + k?chch)2+1+ngg}

(13)
po = 41 x 1077 H/m is the free space permeability; 1, is the
conductor material relative permeability; [ is the coil length;
and d;; is the air gap distance between two coils (1'D or RD).
In addition, the author in [51] experimentally investigated the
impact of system parameters on WPT PTE, emphasizing the
role of coupling and losses in practical implementations. Thus,
to validate the 4-MCR-WPT design and optimized method, a
PoC was drawn with parameters assigned in the commercial
tool as discussed in the next section.

4. PROOF-OF-CONCEPT (POC) DESIGN INTEGRAT-
ING OPTIMIZED PARAMETERS

After the numerical witness on the coil positioning optimization
from the previous theoretical approach, the design of MCR-
WPT PoC is described in the present section. The 4-MCR-WPT
validation study is carried out at the frequency fy = 6.78 MHz.

4.1. PTE Analytical Optimization for PoC Design

From Equation (11), it can be observed that the distance d is in-
versely proportional to mutual M, but the latter is proportional
to k according to (13). Therefore, increasing d will decrease k,
and that claim is proved in [41]. Fig. 2 indicates that for each
value of k., there is an optimal k;. that yields maximum effi-
ciency. Table 3 lists the characteristics of the employed coil
after calculations and the optimized value of PTE.
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FIGURE 2. PTE variation illustrating the optimization of pair (k., kic).
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TABLE 3. Coil parameters after analytical operations.

Coil parameters Tx and Rx (c) Dx and Lx (Ic)
Coil diameter Doywt = 13cm D;, =10cm
Conductor diameter s = 1mm
Number of turns N =10 N=1
Inductance L. =21.25uH L. = 310nH
Mutual inductance M. = 610nH M;. = 31.29nH
Length lc =3.6128 m lic = 314mm
Rac(fo) R, =790.85m | R;. = 68.8mf2
SS capacitor C. = 25.93pF Cic = 1.78nF
Skin depth (fo) 0 = 25.05 um
Maximum efficiency n=94.1%

In other word, there is an optimal RD (resp. T'D) for each
specific value of T'D (resp. RD). An MCR-WPT PoC was
designed to verify the relevance of the optimization approach.
The next subsection describes the PoC designed with the CST
tool.

4.2. PoC CST Design

Figure 3 shows the 3-D design of the 4-coil MCR-WPT PoC, in-
cluding the Tx and Rx lumped ports representing the C; and C'.
compensators, whose values were calculated from Equation (9).

FIGURE 3. PoC of 4-coil MCR-WPT CST design.

In this 3-D CST design, we have four coils constituted by
two resonator coils for Tx connected to the feeding source con-
nected to drive coil Dx, and Rx associated with the load coil
Lx. Many software programs can be used to compute coil per-
formance, such as ANSYS HFSS and COMSOL Multiphysics.
The choice to design the PoC by using the commercial tool
CST was to compute the S-parameters of the coupled coil and
the possibility to compare that result using a VNA tester on
the prototype. The conductor material used is copper, and the
wire diameter is set to s = 1mm. Then, the resonator coils
Rx, Tx, Dx, and Lx diameters are fixed to D;,, =100 mm and
D,y = 115mm. The coupling physical distances 7D and
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FIGURE 4. 4-coil MCR-WPT electrical circuit equivalent.
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FIGURE 5. PTE optimization when (a) RD = 17mm and (b) 7D = 100 mm.

RD are gradually changed to enhance 7. Fig. 4 schematizes
the electrical circuit equivalent to the PoC of 4-coil MCR-WPT,
which includes the models of R;, L;, and C; constituting com-
ponents.

The input parameters of the simulation were set to match the
experimental coils as closely as possible. The maximum num-
ber of turns IV is set to be 10 because a higher turn number
would be time-consuming, and the available resource limits us
to 10, then decreased to 8, and finally to 5, to see its effect
on the efficiency. The prototyping and validation results from
simulation and measurement are discussed in the next section.

5. OPTIMIZED 4-COIL MCR-WPT PROTOTYPING, EX-
PERIMENTATION AND DISCUSSION ON VALIDATION
RESULTS

Using the previous design and optimization methodology, the
analysis of 4-coil MCR-WPT prototyping and validation results
is the main focus of the present section.

5.1. Simulation Results

After running the frequency domain solver (FDS), one obtains
the S-parameter results. Then, the PTEs were derived by Equa-
tion (13). The obtained abacuses for two cases, RD = 17 mm
fixed and optimized T'D varied from 95 mm to 155 mm, plotted
in a line chart in Fig. 5(a). Similarly, the PTEs for optimized
RD from 5.5 mmto 12 mm at a fixed 7’D = 100 mm are shown
in Fig. 5(b). We can remark on two aspects from the optimiza-
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TABLE 4. Maximal PTE versus pair (N, T'D).

Fig. 5(a) 5(b)

RD 17 mm 11 mm ‘ 9mm ‘ 7.5 mm
TD | 110mm | 130mm | 135 mm 100 mm

N 5 8 10 5 8 10
Nmax | 71.88% | 79.25% | 81.85% | 84.02% | 89.33% | 90.15%

tion. On one hand, as indicated in Table 4, from Fig. 5(a) (resp.
5(b)), when RD = 17mm (resp. TD = 100 mm) is fixed,
Tmax 15 obtained when varying N and T'D (resp. RD). How
to optimize distances by adjusting RD and T'D to reach higher
efficiency is clear from the demonstration graphics illustrated
by Fig. 5.

On the other hand, concerning Si; and S,;, at the optimal
efficiency, which is the highest magnitude of S, the reflec-
tion coefficient S;; reaches the lowest one. It means that the
maximum power is transmitted from Tx to Rx. For example,
three cases where RD = {7.5mm, 9mm, 11 mm} with TD =
100 mm show where So; reached its peak when N = {10, 8,
and 5}, respectively. Therefore, it can be emphasized from the
S-parameter results of the simulation that higher NV improves
the efficiency, but compared to lower T'D, wider T'D is less
efficient, which is confirmed by the results found in [10, 13].
Furthermore, for a fixed T'D, RD can be adjusted to enhance
7 and the maximum transmitted power.
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b
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FIGURE 7. Photos of Tx and Dx MCR-WPT prototypes.

This optimization enables the choice of relevant specifica-
tions of the 4-coil MCR-WPT PoC. Then, according to the fab-
rication facilities, the prototype was manufactured. The ob-
tained validation test results are treated in the following sub-
section.

5.2. Prototyping and Experiment Test Setup

To prototype a WPT demonstrator, a 3-D virtual structure
was designed with the commercial tool FreeCAD software.
The corresponding 3-D perspective highlighting the assembly
parts of the 4-coil MCR-WPT virtual prototype is presented in
Fig. 6(a).

The design files from FreeCAD were exported to the 3-D
printer to manufacture the real prototype. One feature of the
experimental test was a support designed to facilitate the 7'D
and RD adjustment. However, the turn number, wire diam-
eter, and space were fixed to N = 10, s = 1mm, and
i = 0.5mm, respectively. Fig. 6(b) shows a photograph of
the 3D printer employed during the prototype manufacturing
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process. The Tx and Rx real capacitors having nominal val-
ues Cy, = Cp,, = 27pF and the Dx capacitor 1.8 pF were
chosen from the E-24 series of existing components available
in our laboratory. The photos of the Tx and Dx coils consti-
tuting the experimented 4-coil MCR-WPT prototype are dis-
played in Fig. 7. The synoptic diagram and a photograph of the
experimental setup of the fabricated four-coil MCR-WPT pro-
totype are shown in Fig. 8(a) and Fig. 8(b), respectively. During
the test, the MCR-WPT device was connected to a VNA using
SMA connectors. A Keysight N9916B FieldFox Microwave
Analyzer, operating over the 30 kHz—14 GHz frequency range,
was used to measure the PTE of the four-coil MCR-WPT pro-
totype.

After performing a standard Short-Open-Load-Thru (SOLT)
calibration, the measured S-parameters were recorded in
Touchstone format and subsequently converted into PTE
values. In addition, measurement uncertainties must be
considered when the experimental results are analyzed. These
uncertainties arise from several sources, including calibration
residual errors of the VNA, connector repeatability, cable
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FIGURE 8. (a) Synoptic diagram and (b) photo of experimental setup for the MCR-WPT S-parameter measurement.
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FIGURE 9. Insertion losses results comparison from experiment and simulation: (a) (77D = 100mm, RD = 6 mm), (b) (T D = 100mm, RD =
7.5mm), (c) (T'D = 100 mm, RD = 10mm), (d) (T'D = 100 mm, RD = 12mm), (e) (I'D = 100mm, RD = 17 mm) and (f) (T’D = 140 mm,

RD = 17mm).

losses, and environmental variations. The accuracy of the
Keysight N9916B analyzer, particularly in the considered
frequency range around 6.78 MHz, also contributes to mea-
surement deviations. Moreover, imperfections in the SOLT
calibration procedure and mismatch effects at the SMA
interfaces can introduce additional uncertainty in the measured
S-parameters. These combined factors partly explain the
discrepancy observed between simulated and experimental
PTE results and should be taken into account when interpreting
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the performance of the proposed WPT system. The compar-
ison among calculated, simulated, and measured results of
the four-coil MCR-WPT prototype is presented in the next
subsection.

5.3. Discussion among Calculated, Simulated, and Experi-
mented PTE

The experimentation process consisted of measuring the 4-coil
MCR-WPT S-parameters from f;n = 5.5MHz to fix =
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TABLE 5. PTE from calculation, simulation, and measurement results.

TD [mm] | RD[mm] | Dtheory [%0] | nesT [Y0] | Nexp [%]
6 86.27 88.51 55.40
7.5 94.10 90.15 69.35
100 10 87.84 86.90 60.13
12 74.83 79.98 54.53
17 32.18 55.46 41.28
140 17 82.57 81.10 50.53

8MHz for different values of 7D and RD. The series of
practical tests were carried out by fixing and increasing one
of the distances T'D and RD gradually. Two different phases
were considered: (i) Phase 1: The first phase consisted in set-
ting T'D = 100 mm and measuring S2; for different positions
RD = {6 mm, 7.5 mm, 10 mm, 12 mm, 17 mm} and (ii) Phase
2: The other phase was performed by fixing RD = 17 mm and
measuring So; for varied positions 77D = {100 mm, 145 mm,
155mm}. The insertion losses spanned from fuin t0 fmax,
which were tested with the VNA and compared with the sim-
ulation results from CST. Furthermore, the efficiency (1) was
quantified based on the insertion losses with respect to relation
(13). Therefore, we obtain the comparative plots of S;, illus-
trated in Fig. 9. We remark that: (i) Good agreement between
simulated and measured insertion losses is observed within the
frequency band. (ii) Additionally, S>; tends to become nar-
rower for higher T'D values, with a similar effect observed
for lower RD values. (iii) The family of curves confirms the
relevance of the proposed optimization methodology. When
a valley or flat region appears at the peak of .Sy, efficiency
can be optimized by either increasing 7'D or decreasing RD.
(iv) The experimental results show lower efficiency than sim-
ulations due to parasitic losses in the wires, connection resis-
tances, and the permeability of the plastic support. Moreover,
Table 5 presents the PTE values obtained from theoretical anal-
ysis, simulation, and experimental measurements. The follow-
ing points can be noted: The proposed design method for the
four-coil MCR-WPT system, which optimizes PTE (n) by ad-
justing RD and T'D, is validated experimentally. For TD =
100 mm, 7 reaches its maximum when RD = 7.5mm. The
numerical calculation of 7 using Equation (13) yields a maxi-
mum efficiency of 94.1%. However, CST simulations provide
approximately 90.15%, while measurements reach 69.35% for
TD = 100mm and RD = 7.5mm. The difference between
the maximum PTE at f, obtained from simulations and that
measured experimentally is due to the presence of plastic fixing
components used in the prototype. The obtained results high-
light the strong influence of physical parameters on system per-
formance, offering valuable insights for the design of compact
and efficient wireless charging solutions. These combined fac-
tors partly explain the discrepancy observed between simulated
and experimental PTE results and should be considered when
the performance of the proposed WPT system is interpreted.
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6. CONCLUSION

An investigation on the design, optimization, and implemen-
tation of the 4-coil MCR-WPT is proposed. The theoretical
design method enabling reaching maximal PTE is elaborated.
After expressing the S-parameters in terms of efficiency, 3-
D full-wave CST simulations of PoC confirm that the perfor-
mance was improved by the tuning process, reaching as high
as 90.15% and the ratio T'D/D,,; = 0.77. Moreover, through
coils optimization, it has been found that for each value of RD,
there is an optimal distance 7'D that maximizes the efficiency,
but for smaller 7'D, there are better results. The research work
results enable us to state that increasing the number of coil turns
enhances the PTE. Despite the validation of the 4-coil MCR-
WPT design and optimization methodology, a prototype was
fabricated with 3-D printing via a CAD tool, intended to oper-
ate at fo. The maximal PTEs were identified at optimal val-
ues of physical distances RD and T'D. However, it is found
that the experimental results are less efficient than calculation
and simulation due to the fabrication imperfections. For future
work, this research could be useful to design an automatic max-
imum power tracker of the WPT system by varying the distance
RD. Moreover, the proposed method can be extended to other
coil geometries, offering additional flexibility for diverse appli-
cations. Future developments may also benefit from Al-based
optimization techniques to enhance performance and enable au-
tomated design.
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