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Abstract

Since the end of the 20th century, portable electronic devices (computers, tel-
ephones, etc.) have become increasingly present in our daily lives. Although
popular, these electronic devices are highly dependent on the short operating
time of their power supply (batteries). For the user, the convenience of porta-
ble electronics is gradually being compromised by the need to recharge the
batteries almost all the time. For devices that cannot be connected to a charger,
the problem of battery replacement becomes even more delicate. To provide a
solution to this problem, this article proposes a wireless power transfer system
using inductive coupling. It uses the resonance phenomenon to optimize the
system efficiency and the power transferred to the load. Using Visual Studio
Code software, which is a cross-platform code editor developed by Microsoft,
based on the Electron framework and primarily written in TypeScript, an en-
hanced version of JavaScript, five cases have been proposed and simulated ac-
cording to the characteristics of the passive components of the system, namely
inductance, capacitance and resistance. These are the following configura-
tions: 1) non-resonant circuit, 2) circuit with series resonance in the primary,
3) circuit with series resonance in the secondary, 4) circuit with series-series
resonance in the primary and secondary, and 5) circuit with parallel resonance
in the primary and series resonance in the secondary. This last configuration
is a new, improved configuration proposed. The results obtained show that
the power transferred to the load (2034 W) by the proposed improved config-
uration, is 1.04 times higher than that transferred by the circuit with series
resonance in the primary and secondary (1940 W), and 3228 times higher than
that transferred by the non-resonant circuit (0.63 W). The efficiency of the
proposed improved configuration is 70%. It is 3 times higher than that of the

DOI: 10.4236/jpee.2026.143002 Mar. 19, 2026 27

Journal of Power and Energy Engineering


https://www.scirp.org/journal/jpee
https://doi.org/10.4236/jpee.2026.143002
https://www.scirp.org/
https://orcid.org/0000-0002-2361-2136
https://orcid.org/0000-0002-1128-9538
https://orcid.org/0000-0001-6052-8315
https://doi.org/10.4236/jpee.2026.143002
http://creativecommons.org/licenses/by/4.0/

B. Taguia Kana et al.

non-resonant circuit (22%). These results also show that with a judicious
choice of inductance, capacitance values and frequency, it is possible to obtain
a theoretical efficiency of 99.981% and a theoretical power transferred to the
load of 7027.97 W.

Keywords

Mobile Electrical System, Energy, Wireless Transmission, Resonant Circuit,
Optimization

1. Introduction

Energy is an important factor in country’s development. It is also a tool for social
stability. It plays a fundamental role in reducing extreme poverty and hunger and
in ensuring basic education for all in both urban and rural areas. Cameroon, like
most countries in sub-Saharan Africa, faces a serious problem of access to elec-
tricity. According to a report published on 11 August 2017 by the Cameroonian
Agency for Rural Electrification (ARE), 2960 out of 13,634 localities are electrified,
arate of 21.7% [1]. This situation is mainly due to two factors: insufficient energy
supply and losses due to the joule effect on the transmission and distribution net-
works. In addition, recent years have seen the massive development of a wide
range of portable electronic devices, both in the consumer sector, such as
smartphones or tablets, and in industrial applications, such as wireless sensor net-
works or medical applications. A study carried out shows that by 2023, 70% of the
world’s population will own a smartphone in 2023, or five billion six hundred
million people [2]. The general trend is to move more and more towards minia-
turization of devices in order to facilitate their portability and integration into
everyday life. One of the most sensitive issues to be addressed is the power source
for these devices. In most cases, the use of power cables is not an option, due to
the “nomadic” nature of these devices. The majority of today’s portable devices
use batteries as their power source. In the case of compact devices, batteries tend
to take up most of the available volume, making further miniaturization almost
impossible, while adding mass and increasing cost [3]. The autonomy of such de-
vices is limited by the trade-off between the amount of available power and size.
Batteries need to be replaced or recharged regularly. This almost constant recharg-
ing, which must be carried out several times a day, is bulky, heavy and disruptive
to our working hours. In addition, the fact that these recharges are wired means
that these electronic devices are increasingly losing their portable character and
require us to be in the presence of an electrical outlet or power source throughout
the day.

Even more worrying is the environmental impact of all these batteries in the
world, because when they decompose, they release greenhouse gases into the at-
mosphere, contributing to global warming. According to the Swedish Agency for
Research and the Environment, each kWh of batteries produced generates the
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equivalent of 150 to 200 kg of CO; [4]. It is important to emphasize that in some
areas of applications, batteries simply cannot be used because of their size (bio-
medical micro-implants) or their inaccessibility (strain sensors implanted in con-
crete structures for 40 years), and these cannot be continuously powered by an
electric wire because of their location and use. Nevertheless, given their im-
portance, it is necessary to power these devices.

One solution to the various problems mentioned above is wireless energy trans-
fer. This process allows energy to be transferred from one point to another with-
out the need to connect them with an electrical cable [3]. Non-contact energy
transfer is now a proven technology with undeniable advantages in terms of safety
(no direct electrical contact) and ergonomics [3] [5]. Magnetic induction energy
transfer has many applications, ranging from mobile electronics (charging of
smartphones, laptops, GPS, etc.), to transport (cars, buses, trams, etc.), including
active medical implants (pacemakers, defibrillators, hearing aids, insulin pumps,
brain valves, etc.) [3] [6]-[8]. Several authors have worked on wireless power
transmission. One of the pioneers of wireless transmission was Nicola Tesla in
1896. He worked on long-distance power transmission by transmitting a radiof-
requency signal over a distance of almost 50 km in 1896 [9] [10]. In 1899, he also
succeeded in transmitting a very high voltage to power 200 light bulbs and an
electric motor more than 40 km away. However, the electric arcs generated by the
use of very high voltages made the application dangerous for nearby users [9] [10].
In the 1960s, William C. Brown began experimenting with wireless energy transfer
(WET) using microwave tubes such as magnetrons and klystrons [11]. Then in
1963, he developed a rectifier antenna to receive electromagnetic waves and con-
vert them into DC voltage, with an output power of 4 W and 7 W, with efficiencies
of 50% and 40% respectively [11]. Also in 1964, he performed a demonstration on
a 2.3 kg electric helicopter model powered by a microwave beam from the ground.
It flew for 10 hours at an altitude of 18 m [11]. This demonstrated the usefulness
of microwave energy transfer and launched several research campaigns to trans-
mit high power over long distances. Concepts were even developed for powering
satellites in orbit around the Earth, using very high power with directional beams
[12]. Based on the work of Nicola Tesla and William C. Brown, NASA successfully
tested 34 kW over a distance of 1.55 km using microwaves at 2.45 GHz with an
efficiency of 54% in 1975 [11]. In 2006, Soljacic and the MIT (Massachusetts In-
stitute of Technology) research laboratory were able to light a 60 W bulb at 2 m,
with an efficiency of 40% [13] [14]. In 2014, Ahathaf Amine ef al, propose a wire-
less charging scheme for mobile phones, but the efficiency does not exceed 40%
[15]. In the same year, Wang Wei worked on wire power transmission (WPT)
based on magnetic coupled resonance, where the transmission distance could
reach more than 2 or 3 times the dimension of the transmitter [16]. However,
when the coupling factor is low, a large part of the energy is lost [16]. In 2017,
Boudjema notes that the voltage and power strongly depend on the electrical char-

acteristics (frequency, compensation capacity) and the geometrical characteristics
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of the coils (coil dimension, relative distance of the coils) [17]. In 2018, Zhang et
al., proposed an improved 3-coil wireless power link to increase the spacing dis-
tance and power of the system. The results of their work show that the transmis-
sion power can reach 120 W at a distance of 2.5 m [18]. In 2020, Yan et al, worked
on a wireless energy transmission system based on a coil structure, with the aim
of powering a drone. The results of their studies show that they were able to trans-

mit a power of 65.77 W and achieved a system efficiency of 62.44% [19]. In 2022,

Taoutaou et al, studied and simulated a resonant energy transfer system, where

they managed to track the frequency, which allows to have the resonant frequency

which in turn controls the active power produced [20]. This resonant frequency
helps to maintain the power at its maximum point in order to have an optimal
energy transfer. In 2023, Tag worked on pulse waveform optimization for wireless
energy transfer, where he managed to optimize the output capacitor by setting the

RC constant of the circuit [21]. In the same year of 2023, Yadav and Bera worked

on the effect of ferrite shielding and its thickness, enabling optimization of wire-

less energy transmission. In their study, they achieved an efficiency of 98.88% to

99.7360% at a frequency of 6.78 MHz for a rectangular ferrite coupler 5 mm to 50

mm thick [22]. In 2024, Nebrida demonstrated the importance of coupled reso-

nance in a wireless transmission circuit. In his study, he showed that at the reso-

nance frequency, the system is optimized [23].

From the various studies carried out on wireless energy transmission, two con-
clusions can be drawn:

- Far-field energy transmission technology has a high health impact according
to the ICNIRP (International Commission on Non-Ionizing Radiation Protec-
tion) standard, which specifies the average SAR (Specific Absorption Dose)
values that can be tolerated by the human body depending on the operating
frequency. According to this standard, for a frequency in the range 100 kHz -
10 GHz, the average SAR over the whole body for the public is 0.5 W/kg [24]
[25].

- Near-field power transmission technology, which has no impact on health, has
an efficiency not exceeding 50% and the power available at the secondary load
is low [26]-[29].

Based on these findings, and considering that the far-field power transmission
technology is dangerous to nearby users, the research work focuses on the near-

field power transmission technology.

2. Methods/Experimental

Knowing that in the previous specific case of technology, studies have shown that
the efficiency does not exceed 50%, the aim of the present work focuses on opti-
mizing the efficiency and the power transmitted to the load using the resonance
phenomenon. To achieve this goal, a coupled resonance is created between the
transmitter and the receiver in order to transmit the maximum power and mini-

mize losses. Different cases are studied: 1) circuit without resonance, 2) circuit
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with series with resonance in the primary, 3) circuit with series resonance in the
secondary, 4) circuit with series-series resonance in the primary and secondary,
and 5) circuit with parallel resonance in the primary and series resonance in the
secondary; a new improved configuration is proposed. The rest of the work is
structured around the principle of wireless energy transmission (Section II.1); the
modelling of the wireless energy transmission system (Section II.2); the modeling
of the different cases of the wireless energy transfer system (WETS) by inductive
coupling (Section II.3); the results and discussion (Section III) and a conclusion
(Section VI) will summarize the main results of the work developed. To simulate
each of the presented scenarios, we will use Visual Studio Code, a cross-platform
code editor developed by Microsoft, based on the Electron framework and pri-
marily written in TypeScript, an enhanced version of JavaScript. Two libraries will
be used: “numpy as np” and “matplotlib.pyplot as plt”, which respectively repre-
sent the basic library for numerical computation and the standard library for data
visualization. The first allows manipulation of multidimensional data arrays, and
the second allows the generation of high-quality graphs (curves, histograms, scat-
ter plots, 3D graphs).

2.1. Diagram of the Principle of the Wireless Energy Transmission

Wireless power transmission consists of a transmitter part powered by an AC

power source and a receiver part connected to a load, as shown in Figure 1.

R, L, kM R, L,

U, T Load

Emitter Receiver

Figure 1. Schematic representation of the principle of the wireless energy transmission [17].

The principle of wireless energy transfer by inductive magnetic coupling is
based on the electromagnetic induction phenomenon. When an alternating cur-
rent powers the transmitter coil, a magnetic field is created, and since the current
is alternating, the magnetic field created is variable. The receiver coil, immersed
in this variable magnetic field, generates an electromotive force (EMF) at the ter-
minal of the receiver coil in accordance with the Lenz-Faraday law. Therefore, this
EMEF is used at the secondary level to power loads (telephones, computers, televi-
sions, light bulbs, etc.) [30].

2.2. Mathematical Model of the Wireless Energy Transmission
System

The coupling relationship between the currents of the different windings “ p and
q” is given by Equation (1) [17] [31].
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With
- I(p) and u(p) are respectively the elementary current and voltage of the
“ p” winding.
- r( p) and s( p) are respectively the radius and the surface of the receiving
point
- 0 : Electrical conductivity
- H,: Magnetic permeability of vacuum
- : the electrical pulsation
- G( D q) : Electric induction
Applying Equation (1) to the two coils gives Equation (2):

(M+M%Z&n@§j¥ﬂnﬂy+M%Z&4@E:dew U,

)
(p)"‘jwﬂozgilrz (p)z;vjl G, (paQ)j[z +J.wﬂozgilrz (P)Zf,v; G, (p’Q) =U,
Therefore, the system equation is:
(R + jLo)I, + jMol, =U, 3)
Mol +(R, + jL,w)1,, =U,

With:
- N :Number of coils; @ =2mf : Electrical pulsation; f : Frequency;
- R, R,:Internal resistance of the coils; L,, L,: Self-inductance of the coils;
- M : Mutual inductance between the coils.
- U, and U,: the primary and secondary voltages, respectively.
» Coil 1 parameters [17] [31]:

R=Y) ()

(4)
L=y n(p)X) G (p.q)
» Coil 2 parameters [17] [27]:
R=Y) 25 ()
N (5)
Ll = ﬂozpzer (P)qul GZ (p,q)
» The mutual between coils 1 and 2 is given by Equation (6) [17] [31]:
M=M12=le=wﬂoZ:Lm(P)Z;V§Gu(Psq) ©)

Ny Nj
= a’ﬂozp 11 (p)zq:ll Gy (p.9)
When the system output is connected to a resistive load, the output voltage is
by Equation (7) [17] [27]:
(R +jLo)I,+ jMwl, =U, (a)

Mol +(R+R,+ jL,w)I, =0 (b) (7)
U, =-RI, (c)
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Then
_ - jMRw U
M?&* +(R + jLo)+(R+R, + jLo) '

U, (8)

2.3. Modeling of Wireless Energy Transfer System (WETS) by
Inductive Coupling

The following basic parameters are used in the remainder of this paper:

- The mutual inductance M (which we will assume to be positive) is written:

M=K\LL, 9)

With: K : the coupling coefficient; L, and L,: the inductance of the trans-
mitter and receiver

Throughout the modelling, as the aim is to optimize wireless transmission
when the primary and secondary coils are as far apart as possible, a very low cou-
pling coefficient is used. Let K =0.1.The mutual inductance is used in the equa-
tions for the transmitter and receiver circuits in the various wireless energy trans-
fer schemes.

In the following, the coils used in the simulation have the following character-
istics: Length L =45m, and section S =1.5mm’.

2.3.1. WETS with Non-Resonant Magnetic Coupling

The coil is modelled by the series connection of a self-inductance and a resistance,
which is assumed to be independent of the frequency. The electrical circuit of this
energy transfer system is shown in Figure 2.

L

I Iy 12
- — — >
> 1 I I, >
) TCD L] éé L2 ﬁ RC
M

Figure 2. Electrical diagram of inductive coupling with a real coil, without resonance.

Let I, and I, be the complex amplitudes of the current intensities in the
two circuits. In sinusoidal regime of pulsation ®, the mathematical model of the
wireless energy transfer system (WETS) with non-resonant magnetic coupling for

the transmitter and receiver circuits are given by Equations (10) and (11).

E=(jLo+r)l, +jMol, (10)
0=(jLo+nr+R. )1, + Mol (11)

The following parameters can be derived from these equations:

- Current at the transmitter

I E(jLw+r,+R.) (12)
=
B (lea)+r1)(jLza)+r2+RC)+(Ma))2
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- Current at the receiver
I, = Mok (13)
P (jLo+n)(jLo+r+R.)+(Mo)

- The power provided by the transmitter
Pl:lRe(E-Il):lRe((lemrl)Il+jMa)12)1l (14)
2 2

- The average power transmitted to the load resistance

Pz:%Rchr (15)

2.3.2. WETS with Magnetic Coupling with Resonance in the Secondary
The electrical circuit for this wireless power transmission mode has a capacitor

connected in series with the load as shown in Figure 3.

I

T I I,
>
Cy
EIC) L1 L2 RC
M

Figure 3. Electrical diagram of inductive coupling with resonance in the secondary.

The mathematical model describing the operation of the circuit of the wireless
energy transfer system (WETS) with inductive coupling and resonance at the sec-
ondary is given by Equations (16) and (17).

E=(jLo+r)l, +jMol, (16)

1
Oz[ - +jL2a>+r2+RCJ]2+jMa>I1 (17)
JL,0 N B

From Equations (16) and (17), the following parameters can be derived:

- Current at the transmitter

E(jLza)+rz+RC+ ! j

I = / ?“’ (18)
(JLo+rn )(jLza)+r2 +R.+ jcsz+(Mw)2
- Current at the receiver
1; _ M oE 1 (19)
(lea)+r1)(jL2a)+r2 +R.+ jCzw}L(Mw)z
The power provided by the transmitter
Pl:%Re(EJl):%Re((lea)erl)]l+jMa)1;)1l (20)
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The average power transmitted to the load resistance
1 2
PZ=5R6|IZ| (21)
2.3.3. WETS with Magnetic Coupling with Resonance in the Primary

As shown in Figure 4, in this wireless power transfer mode, a capacitor is con-

nected in series with the power source in the system circuit.

I I o) I
1
E <> L, L, Rc
M

Figure 4. Electrical diagram of inductive coupling with resonance in the primary.

The mathematical model of this circuit is given by Equations (22) and (23).

1
E:[.—+jL1a)+r1j11+jMa)I2 (22)
Juw B B

0=(jLo+r+R. )1, + Mol (23)

- From these Equations (22) and (23), the following parameters can be derived

Current at the transmitter

I - El(jLza)+r2 +R.) (24)
(]'Lla)—i-r1 +jCl](jL2a)+r2 -i—RC)+(Ma))2
- Current at the receiver
1= 1 M oE : (25)
[jL,waHr] +jqa)j(jsz+r2 +R.)+(Mw)
- The power provided by the transmitter
R :lRe(EJl):lRe((leaHrl Jr.lelJrﬂua)lle1 (26)
2 2 Co
- The average power transmitted to the load resistance
) Z%Rc |I;|2 (27)

2.3.4. WETS with Magnetic Coupling with Resonance in the Primary and
in the Secondary

In the electrical circuit of this wireless energy transfer mode system, one capacitor
is connected in series with the power source and the other in series with the load

as shown in Figure 5.
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I 19} I
— 5
C &)
SORE R 8 Rc
M

Figure 5. Electrical diagram of inductive coupling with resonance in the primary and in

the secondary.

The mathematical model of this circuit is given by Equations (28) and (29).

1
E:[.—+jL1a)+r1]II+jMa)I2 (28)
JGw - -

1
0=| jLo+r,+——+R. |1, + jMwl, (29)
JjCw = -

From these equations, the following parameters can be derived:

- Current at the transmitter

E(jLZaHr2 +.1+ch

I = 1 / C2w1 : (30)
(jL,aHr1 +jcla)]£jL2a>+r2 +jCza)+RCJ+(Ma))
- Current at the receiver
I, = 1 JMoE 1 : (31)
(jL,aHr1 +jcla)](jL2a)+r2 +jC2a)+RCJ+(Ma))
- The power supplied by the transmitter
P,:%Re(E-]])zéRe{[leaﬁrl +ﬁjll+jMw12Jll (32)
1
- The average power transmitted to the load resistance
) :%Rc |Ig|2 (33)

2.3.5. WETS with Parallel Resonance in the Primary and Series
Resonance in the Secondary

In order to increase the power transferred to the load, a new configuration has
been proposed in which a parallel LC circuit is connected to the source via a self-
inductance coil with a low internal resistance has been proposed. This configura-
tion arises from the fact that a parallel LC circuit to the primary would allow a
much larger current in the coil (this being the sum of the current from the capac-
itor in parallel and from the source). The diagram of the proposed circuit is given
in Figure 6. In the primary circuit, the capacitor is connected in parallel with the

coil. This creates a parallel LC resonant circuit connected to the source via a self-
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inductance coil L,. The aim of this configuration is to obtain, at resonance, a
current /, in the primary coil that is much larger than the current /; supplied
by the source, with most of the current being provided by the capacitor. This con-
figuration in the primary should make it possible to increase the power transmit-
ted to the load. On the secondary, a capacitor is placed in series with the load in

order to have a resonance that increases the efficiency of the circuit.

L() I'O

I, T I2 L

G

Rc

Figure 6. WETS optimization by resonance enhancement.

The mathematical model of this proposed new circuit is given by Equations (34)

to (37).
E=| s jLo+n |1,+] == 1,+(0)1 (34)
jCla) 0 0 0 ]CIQ) 1 2
E:(jLoaH'ro)Io+(jL1w+’i)Il+(jMa))]z (35)
0=(0)1,+(jMw)L,+| r,+R +—1 +jLw |1 (36)
0 1 2 C jCza) 2 2

These equations can be put in the form of a matrix as in Equation (18)
-1
_ — 0
jCo  jCo I,
JLyw+7, JLo+n Mo I |=
1 I,

jCo

JLyw+ry +

(37)

S I

0 Mo jLo+r,+R.+

From these equations, the following parameters can be derived:

- Current at the transmitter

(E—jLOIOa)—rOIO) JjLywo+r, +R.+—
JCo

. . 1
(]Lla)+r])[]L2wa)+r2 +R, +jC a)]+(Ma))2

2

I, =

1

(38)

- Current at the receiver

Mo (—E+jLOIOa)+rOIO) JL,o+r,+R. +;
jCo

I, =
N . 1 . . 1 2
(]choﬂf2 Jera)+ch{(]L]a)+rl)[]LZaHr2 +ij+RC)+(Ma)) }

2 2

(39)
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- The power supplied by the transmitter

Pllee(E-Il)lee ;+jL0a)+r0 I+ - I |1, (40)
2 =2 jCo jCo -

- The average power transmitted to the load resistance

PZ:%RC|I;|2 (41)

2.3.6. Selectionof L, L,L,,C,,C,,r,r, Coil and Capacitor Parameters

Inductances L, L,,L, of coils

Since the coils are coreless, the inductance is derived by

L= tNS (42)
/
The coils used are identical, thus, L,=L, =L,

* L :Henry inductance (H)
* 4, the magnetic constant (47-107 H-m™)
* N:the number of windings (155,000)
* S :Cable section (1.5 mm?)
* [:coil length (45 m)
- The internal resistances of the coils # and r,

R=LL 2oL (43)

S n-D?

The primary and secondary coils being identical, we have # =r,

*  p:resistivity of copper (17 x 107 Q-m)
* L :Length of copper wire (45 m)

¢ S :Cable section (1.5 mm?)

- The capacitances of capacitors C,, C,

In order to create coupled resonance phenomenon between the transmitter and
the receiver, it is essential that the two capacitors have the same characteristics.
Thus, C, =C,.

In addition, the capacitor must be selected to give a resonant frequency in the
order of kHz.

At resonance, the capacitance of the capacitor is derived by Equation (44).

€= 41:21sz (44

L : coil inductance

f : resonance frequency

The design values for the wireless transmission circuit components are given in
Table 1.

Table 1. Characteristics of the equipment constituting the WETS system.

Equipment Values
Inductance L, of the primary coil 0.001 H
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Continued

Inductance L, of the secondary coil 0.001 H
Self-inductance L, 0.001 H

Internal resistance 7 of the coil from primary 05Q

Internal resistance r, of the coil from secondary 05Q

Capacitance of the primary capacitor C, 0.5 uF

Capacitance of the secondary capacitor: C, 0.5 uF

Load resistance R. 15Q

3. Results and Discussion

The Visual Studio Code software, which is a code editor for the computer devel-
opment of applications, software, websites, and application services in Javascript,
TypeScript, Python, Java, Markdown, C/C++, JSON, PowerShell, HTML/CSS, C#,
PHP, or YAML, is used to model the wireless power transfer with inductive cou-
pling. Different simulations were performed for the five configurations presented
above, namely: 1) non-resonant circuit, 2) circuit with resonant in the primary, 3)
circuit with resonant in the secondary, 4) circuit with resonant in the primary and
in the secondary, and 5) circuit with resonance enhancement.

The simulations were performed in the worst case possible, 7.e. when the cou-
pling coefficient between the two coils is as low as possible ( K =0.1). The low
value of this coefficient also reflects the fact that the transmitter and receiver coils
are as far apart as possible. When the coils are very close to each other, 7e. K =1,
the system characteristics (efficiency and power) are optimal, which reduces the
transmission distance, because the receiver must be very close to the transmitter
in all circumstances. Since the aim of this work is to optimize the transmitted
power and the system efficiency when the transmitter and receiver are far apart,
the value of the coupling between the transmitter and receiver coils is taken to be
K =0.1. This value reflects the fact that the two inductances are very far apart.
The characteristic curves of the current, powers and efficiency are plotted as a
functionof E.Thevalue £ =100V waschosen.Itallowshaving the maximum
values of the current, powers and efficiency. We chose this value Ebecause, given
that the efficiency and power at the emitter and receiver are proportional to Z, it
is important to choose a high value for £to obtain good output values and also to
ensure that this value is more or less realistic in both simulation and practice.

As for the resonant frequency, it is determined by the inductance and capaci-
tance values. Since the inductance and capacitance values are the same at the emit-
ter and secondary windings, the resonant frequency of the primary is identical to

that of the secondary. In this case, we speak of coupled resonance.

3.1. Non-Resonant Circuit

The variations as a function of frequency of the current (a), the active powers on
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the primary and secondary (b), the phase shift between the current and the voltage
(c), and the system efficiency (d) in the case of inductive coupling without reso-

nance are given in Figure 7.
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Figure 7. Current (a), powers (b), current-voltage phase shift (c), and efficiency (d) of the electrical circuit of inductive coupling
with a real coil, without resonance.

From Figure 7, it is seen that the current in the primary and secondary (Figure
7(a)) decreases as the frequency increases. Also, the powers in the primary and
secondary (Figure 7(b)) decreases with the frequency. As the frequency increases,
the efficiency increases (Figure 7(d)), until it reaches 20%. At maximum effi-
ciency, the frequency is worth f =5kHz. The currents and powers in the pri-
mary and secondary are respectively: [, =3.2A, [,=028A,and B =32W;
P, =0.63 W . Note that the current in the secondary is very low and the current
in the primary is 11.4 times higher than that in the secondary. This means that the
power not transferred to the load is dissipated by the Joule effect.

3.2. Circuit with Inductive Coupling and Resonance in the
Secondary

The curves in Figure 8 show the variations as a function of the frequency of the
current (a), the active powers on the primary and secondary (b), the phase shift
between the current and the voltage (c), and the efficiency of the system (d) in the
case of an inductive coupling with resonance in the secondary.
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Figure 8. Current (a), powers (b), current-voltage phase shift (c) and efficiency (d) of the electrical circuit with inductive coupling

and resonance in the secondary.

It can be seen that when a capacitor is placed in series on the secondary, the
power curve on the primary decreases between 0 and 5 kHz, before increasing
slightly between 5 kHz and 7.12 kHz, and then decreasing again between 7.12 kHz
and 10 kHz. As for the secondary power, it first increases to a maximum 7.12 kHz
and then decreases slightly between 7.12 kHz and 10 kHz. The efficiency is initially
constant and equal to zero between 0 and 2 kHz. It then started to increase from
2 kHz until it reached its maximum value of 70% f =7.12 kHz. Around this fre-
quency, the efficiency increases significantly. This frequency is the resonant fre-
quency of the secondary circuit. At the resonant frequency, the primary and sec-
ondary currents and powers are as follows: [, =22A, [,=0.65A, and
B =449 W; P, =3.14 W.When there is resonance in the secondary, the power
in the load is 5 times greater than when there is no resonance. Similarly, the effi-
ciency resonance in the secondary is 3.5 times higher than that without resonance.

From these results, it can be concluded that in a wireless power transmission
system, resonance in the secondary circuit allows a significant improvement in
power efficiency but its effect on the power transmitted to the load is weak. This
result is justified, because the phase shift between the current and the voltage (at
the source terminals) in the primary circuit remains very close to —n/2. Thus, the
impedance seen from the source remains quasi-inductive despite the resonance in

the secondary circuit.
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3.3. Circuit with Inductive Coupling and Resonance in the Primary

Figure 9 shows the variations as a function of frequency of the current (a), the
active powers at the primary and secondary (b), the phase shift between the cur-
rent and the voltage (c), and the system efficiency (d) in the case of an inductive
coupling with resonance in the primary. It can be seen that when a capacitor is
placed on the primary, the primary and secondary currents increases until they
reach the values /, =154 A and I, =15A respectively, at the resonance fre-
quency of 7.12 kHz. From this frequency, the two curves decrease until they reach
thevalues /, =8.5A and I, =0.81A.The power of the primary increases until
it reaches the maximum value B =7.72kW at the resonance frequency of 7.12
kHz, and then decreases until it reaches the value F =140 W . The power of the
secondary follows the same curve as the primary, with the difference that at the
resonance frequency, P, =1.7kW . The efficiency increases from 0 to 10 kHz,
until it reaches its maximum value of 22%. Thus, when there is resonance in the
primary of a wireless power transmission system, the power delivered to the load
is approximately 541 times higher than the power in the load for a circuit with
resonance in the secondary, and 2698 times higher than the power for a circuit
without resonance. On the other hand, the efficiency of the system with resonance
in the primary is 3 times lower than the efficiency of the circuit with resonance in

the secondary.
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Figure 9. Current (a), powers (b), current-voltage phase shift (c) and efficiency (d) of the electrical circuit with inductive coupling

and resonance in the primary.
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These results show that the resonance in the primary does not provide any gain
in efficiency, but it does allow for significant values of the power transmitted to
the load and the current in the load. In fact, the phase shift between the current
and the voltage (at the source terminals) in the primary circuit is zero at reso-

nance, which maximizes the power transmitted at this frequency.

3.4. Circuit with Inductive Coupling and Resonance in the Primary
and in the Secondary

The variations as a function of frequency of the current (a), the active powers at
the primary and secondary (b), the phase shift between the current and the voltage
(c), and the system efficiency (d) in the case of an inductive coupling with reso-
nance in the primary and in the secondary are given in Figure 10. When capaci-
tors are placed on the primary and secondary, it is observed that the primary and
secondary currents increase until they reach the maximum values /, =55.8 A
and 7, =16.02 A respectively, at the resonance frequency of 7.12 kHz. The pow-
ers at the primary and the secondary increase until they reach the maximum val-
uesof P =228kW and P, =1.94kW respectively.
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Figure 10. Current intensities (a), powers (b), current-voltage phase shift (c), and efficiency (d) of the electrical circuit with inductive

coupling and resonance in the primary and in the secondary.
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The efficiency at the resonance frequency is 70%. From these results, it can be
concluded that the resonances on the primary and secondary allow a power trans-
fer to the load almost equal to that of a circuit with resonance in the primary. This
power is 617 times greater than that of the circuit with resonance in the secondary.
The efficiency of the system with resonance in the primary and secondary (cou-
pled resonance) is the same as that of the system with secondary resonance. It is 3
times higher than the efficiency of the circuit with primary resonance. From these
observations, it can be conclude that a coupled resonance between the primary
and the secondary can increase both the efficiency and the power transmitted to
the load.

3.5. Circuit with Improvement of the Resonance

Figure 11 shows the variations as a function of frequency of the current (a), the
active powers at the primary and secondary (b), the current - voltage phase shift
(c), and the system efficiency (d) in the case of an inductive coupling with reso-
nance improvement. When a capacitor with a self-inductance coil is placed in par-
allel with the primary, a parallel LC resonance is created. At the frequency of 10.1
kHz, the current in the primary reaches the highest value 7, =92.18 A com-
pared to all the circuits previously studied. The primary and secondary powers
reach their maximum values £, =4352W and P, =2034 W at the resonance
frequency f =10.1kHz . The efficiency reaches its maximum value of 70% at the
frequency f =7.32 kHz, which is different from the frequency at which the max-

imum power in the load is obtained.
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Figure 11. Current (a), powers (b), current-voltage phase shift (c) and efficiency (d) of the electrical
circuit with inductive coupling and resonance enhancement.
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From the above, it can be concluded that the proposed model with improved
resonance allows a power transfer to the load that is approximately 1.04 times
higher than that of the circuit with series resonance in the primary and secondary,
and approximately 3228 times higher than that of the circuit without resonance.
The efficiency is maximum and identical to that of the circuit with series reso-
nance in the primary and secondary, and 3 times higher than that of the circuit
without resonance. However, this circuit highlights two notable frequencies, f,
which maximizes the efficiency ( f, =7.32kHz) and f, which maximizes the
currents and the power transmitted to the load ( f, =10.10 kHz ). This means that
the operating frequency is always chosen between the two frequencies in order to
maximize either the efficiency or the power in the load. A comparison of the study
parameters of the different modelled and simulated circuits is presented in Table
2.

Table 2. Comparison of the secondary current and power, and the efficiency of the circuits
studied.

Circuit with

Circuit Circuit with Circuit with . Circuit with
. . . resonancein
without  resonance in resonance in improved
. the secondary
resonance the secondary the primary . resonance
and primary
Current in
the secondary 028 A 22A 15A 16.02 A 16.68 A
(1)
Power in the
0.63 W 3.14 W 1700 W 1940 W 2034 W
load ( P,)
Yield () 20% 70% 22% 70% 70%
10.1 kHz
frequency 5 kHz 7.12 kHz 7.12kHz 7.12kHz
and 7.32 kHz

From this table, it can be seen that the efficiencies for circuits with the reso-
nance in the primary, the resonance in the primary and secondary and circuit with
enhanced resonance have the same maximum efficiency of 70%. Circuits without
resonance and with resonance in the primary have lower efficiencies with maxi-
mum values of 20% and 22% respectively.

The power transferred to the load with the enhanced resonance circuit is higher
than all others in the different cases studied.

It is important to remember that all the results of our study were obtained for a
very low coupling coefficient K= 0.1. The value of this coefficient indicates that
the transmitter and receiver coils are very far apart. If we bring the two coils closer
together, Ze. approaching kto 0.5 or 0.9, we will obtain very high efficiency and
power values in the receiver, 7.e. 1.5 to 2 times greater compared to those obtained

in our study where we considered the most unfavorable case.
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3.6. Comparison of the Proposed Configuration with the LCC-S, SP
and LCC-LCC Topologies

Table 3 below presents a comparative study between the configuration proposed
in this work and the S-P, S-S, LCL-LCL, LCC-S and LCC-LCC topologies, The

coupling coefficient is low in each case.

Table 3. Comparison of the proposed configuration with different topologies.

Topology Output Power (Pout) Efficiency (n)  Thermal Stability
S-P (Series-Parallel) 0.1-03kW ~45% - 55%  Critical (High Heat)
S-S (Series-Series) 0.4-0.7kW ~60% - 68% Stable
LCL-LCL 1.0 - 1.3 kW ~75% - 79% Excellent
LCC-S 0.6 - 0.9 kW ~70% - 76% Stable
LCC-LCC 1.2 - 1.5 kW ~78% - 82% Excellent

configuration proposed
(parallel LC circuit in the
primary and series 2034 KW 70% Excellent
resonance in the
secondary)

Based on studies [32]-[34], we recorded the maximum power values at the re-
ceiver and the efficiency for each of the -P, S-S, LCL-LCL, LCC-S and LCC-LCC
topologies.

The table above shows that, with a low coupling coefficient, the proposed con-
figuration allows for a higher power output at the receiver than the maximum
values of the S-P, S-S, LCL-LCL, LCC-S, and LCC-LCC topologies. Regarding ef-
ficiency, it is higher than the maximum range of the S-P, S-S topology and is ap-
proximately in the same range as that of the LCC-S topology, and lower than that
of the LCL-LCL and LCC-LCC topology.

3.7. Influence of Variations in the Parameters (L, C and r) of
the Transmitter and Receiver

From the previous results, it can be concluded that by creating a parallel resonance
associated with a self-inductance coil with a low internal resistance value in the
primary on the one hand, and a series resonance in the secondary on the other
maximum efficiency and power values in the load can be obtained. For this elec-
trical circuit with inductive coupling and resonance improvement, it is essential
to work with the most optimal values of the transmitter and receiver components.
This is the aim of this section.

Using the Visual Studio Code software, code was written with the parameters
L,,L,L,,C,C,,5,r, , and the simulations were carried out keeping the coupling
coefficient K'at 0.1. Table 4 gives the ranges and steps of variation of the different

parameters.
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Table 4. Ranges and steps of transmitter and receiver parameters.

Parameter Range Step (300 divisions)
L, [0.5 mH; 2.0 mH] 0.167 mH
L [0.5 mH; 2.0 mH] 0.167 mH
L, [0.5 mH; 2.0 mH] 0.167 mH
h [0.1Q;1Q] 0.1Q
) (0.1 051Q] 0.1Q
G [0.1 uF; 1 pF] 0.1 uF
C, [0.1 uF; 1 pF] 0.1 uF

The combinations made between different parameters allowed for obtaining
nearly 77,960 results, among which were the optimal values of the efficiency and
the power transmitted to the load. Thus:

- Forthevalues L,=L =L,=1mH, C =05pF; C,=0.1pF;
n=r=05Q et f=2292492Hz, the maximum value of the yield is ob-
tained, i.e. 7=0.99981.

- For the values Ly=L =L,=1mH; C =05pF; C,=05pF; n=03Q;
rn=05Q et f=10123.12 Hz, the maximum value of the power in the load
is obtained, 7.e. P/ E* =0.702797 for an efficiency of 7 =0.88813. Taking into
account the value £= 100 V used during simulations allows to access the value
of the power transferred to the load: 7, = 7027.97 W.

From these observations, it can be concluded that in order to further optimize
the system, a careful choice of inductances, capacitances and frequency values
must be made and can allow reaching 99.981% theoretical efficiency and 7.02797
kW of theoretical power transferred to the load.

It is important to note that in practice, several losses would need to be consid-
ered, which would significantly reduce the theoretically obtained power and effi-
ciency values. These losses include: skin effect, Joule heating losses (conduction),
losses in the electronics (inverter and rectifier), and losses in the compensation

networks (capacitors and inductors).

4. Conclusions

This work focuses on the study of the optimal transmission of wireless energy. A
wireless energy transmission circuit has been studied, taking advantage on the one
hand of the effect of resonance in the primary and secondary on the one hand,
and on the other hand of a variation of the values of the parameters of the trans-
mitter and receiver, in order to optimize the system in terms of efficiency and
power transmitted to the load. Five cases of electrical circuits for wireless energy

transmission were studied: a circuit with no resonance, a circuit with series reso-
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nance in the primary, a circuit with series resonance in the secondary, a circuit
with series - series resonance in the primary and secondary, and a circuit with
parallel resonance in the primary and series resonance in the secondary. These
electrical circuits were modelled and simulated using Visual Studio Code soft-
ware. This software was also used to vary the parameters of the transmitter and
receiver circuits ( L, L, L,,C,,C,, R, F, ), in order to optimize the efficiency and the
power transferred to the load. The results of the simulations carried out show that
the primary resonance allows the power transferred to the load to be to optimized,
while the secondary resonance allows the efficiency to be to optimized. The circuit
with improved resonance allows for obtaining a maximum of power transferred
to the load (about 2034 W at the frequency of 10.1 kHz), and efficiency (70% at
the frequency of 7.32 kHz). In the circuit with the proposed resonance improve-
ment, the power transferred to the load is about 1.04 times higher than the power
in the circuit with series resonance in the primary and secondary, and 3228 times
higher than in the circuit without resonance. The efficiency is maximum com-
pared to the other cases studied; it is 3 times higher than the efficiency of the cir-
cuit without resonance. The system was optimized by varying the parameters of
the transmitter and the receiver circuits. This allowed a careful choice of induct-
ance, capacitance and frequency values, resulting in a theoretical efficiency of
nearly 99.981% and a theoretical power transfer to the load of approximately
7.02797 kW. It should be noted that a study like ours, based solely on simulation,
has limitations because it does not take into account various energy losses, com-
ponent voltage ratings, or magnetic saturation. Therefore, it would be practically
difficult to obtain the optimal power and efficiency values we achieved under the
same conditions. This is why in the near future, a hardware setup of a wireless
transmission circuit using the parameters of the proposed circuit will be built to
validate the simulation results obtained in this article, and above all, to evaluate

the maximum energy transmission distance.

Availability of Data and Materials

The software used to write the codes below is Visual Studio Code, the download
link for which is as follows: Download Visual Studio Code - Mac, Linux, Windows.
- The code used to model and plot the characteristic curves of non-resonant in-

ductive coupling is available at the link:

https://drive.google.com/file/d/12R23TfBo9IBD-

TdB37V9S29bZu8vYFd6/view?usp=sharing
- The code used to model and plot the characteristic curves of inductive cou-

pling with primary resonance is available at the link:
https://drive.google.com/file/d/1wrpDOdkREZ77Z4WKhwodU2pFcyAOqb-

sLj/view?usp=sharing

- The code used to model and plot the characteristic curves of inductive cou-

pling with secondary resonance is available at the link:

https://drive.google.com/file/d/ItFVHTuwSZ1WnWegP8VTIJWgyfSV -
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eDCU/view?usp=sharing

The code used to model and plot the characteristic curves of inductive cou-

pling with resonance at the primary and secondary is available at the link:

https://drive.google.com/file/d/1D-LsATA-GpsKRkEss]crUYci2iU-

kulpW/view?usp=sharing

The code used to model and plot the characteristic curves of inductive cou-
pling with resonance improvement is available at the link:
https://drive.google.com/file/d/16MvD6drzOX-
UlINcS04ksdFFxuMbMn8zq/view?usp=sharing

The code for plotting the powers of the different couplings on the same graph

and comparing them is given by the link:

https://drive.google.com/file/d/1SP5DdCbPZI1nE-
OgGnJ1P8RaFsQMKXKUt/view?usp=sharing

The code for plotting the yields of the different couplings on the same graph is

given by the link:
https://drive.google.com/file/d/I1N8]TV cPlz8uq7IST8FB8wgal-

wifD31Jer/view?usp=sharing

The code used to generate all 77960 results by varying the input parameters

(L_o,L_1,L_2,C_1,C_2,r_1,r_2), with the aim of finding the values of the input

parameters which maximize the efficiency and the power transmitted to the load,

is given by the following link:

https://drive.google.com/file/d/1bEz-
WcMv6heqijlkjXtJRI.ts932 8EZGI9/view?usp=sharing

The 77,960 results obtained are available from the link:
https://docs.google.com/spread-

sheets/d/1nRUY3c8th UZ nOgqX2FqcKODX]bE7PBH/edit?usp=shar-
ing&ouid=112509053844273514742&rtpof=true&sd=true
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AER: Cameroon Rural Electrification Agency

ICNIRP: International Commission on Non-Ionizing Radiation Protection
SAR: Specific Absorption Dose

WETS: Wireless Energy Transfer System.

S-P: series-parallel
S-S: series-series
LCC-S: inductor-capacitor-capacitor-series

LCL-LCL: inductor-capacitor-inductor-inductor-capacitor-inductor

LCC-LCC: inductor-capacitor-capacitor-inductor-capacitor-capacitor
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