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Abstract—Inductive power transmission coils are more and
more used to charge devices wirelessly. In many applications,
robustness, small size and flexibility of the used coils are
required. For that, a design of flexible coil associated to a flexible
ferrite shield becomes a necessity in order to achieve an efficient
power transfer. In this paper, a new material composition for
the ferrite shield have been proposed. It guarantees a better
flexibility and performance using a simple fabrication process.
Therefore, an optimization of the ferrite shield concentrations
and thicknesses are performed. The influence of different
prepared ferrite shield on the coil self-inductance and quality
factor are investigated. Results shows that a concentration of
ferrite of about 85 wt. % present the highest efficiency in case of
high thickness with a self-inductance of 20.5 pH while in low
concentration the measured coil self-inductance is around 17.5
pH.
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. INTRODUCTION

Nowadays, various wireless charging systems are
developed [1] such as capacitive charging [2], radio frequency
energy harvesting [3], and Inductive Power Transmission
(IPT) systems [4-6] to supply different applications including
medical devices charging [7], electrical vehicles [8], costumer
electronics [9] and robot charging [10]. Comparison between
various systems shows that charging via inductive links offer
better efficiency and resistance to harsh environment.
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Fig. 1. General structure of an inductive power transmission systems.

Usually, the structure of IPT is composed by sending and
receiving sides as illustrated in Fig. 1. In the sending side, an
AC signal generator is exciting the sending coil (Ls) to
generate magnetic field. The generated magnetic field induces
voltage across the receiving coil (L) to charge the load.

Two kind of coils, air core coils and ferrite core coils can
be used in IPT systems. The air core coil is formed by only
several turns of copper wires. The ferrite core coils is
composed by an air core coil associated to an additional ferrite

shield. In [11], authors discuss the influence of metallic
material in different ranges of frequencies for IPT systems.
Results shows metallic material in low frequencies increases
the system efficiency where the high frequency decrease the
system losses due to eddy current behavior. For that, the air-
core coils [4] are used in case of high frequency application,
which requires high flexibility or/and small thickness of the
coil. However, the additional ferrite shield has several
advantages such as isolating the coil to other metallic objects
of the system and increasing the coil self-inductance and
system efficiency. However, the existing ferrite shields
possess can be high rigidity making them easy to break in case
of falls as shown in Fig.2 (a) or flexible with a short lifetime
when they are bended as mentioned in Fig. 2 (b).

>

(a) (b)
Broken commercial ferrit shileds (a) Solid shiled (b) Flexible
shiled.

Fig. 2.

In addition, there are many other challenging aspects of
ferrite shield layers was related to the IPT performance such
as the dimensions, the thickness and the used material
properties. In [12], a commercial ferrite shield with small
thickness was presented. It was characterized by their proper
reflection behavior, a reduction of the shield robustness and
thickness. In [13], authors compare between different metallic
materials such as copper and iron. Results shows that the iron
increases the transmission efficiency where copper reduce it
due to their high eddy current absorption behavior. Focusing
on shield robustness, in [14], authors present a material
composition based on soft magnetic composite which can
tolerate a fall of 1 m. However, the developed layer still has a
big thickness and a high rigidity, which reduce the integrity of
the coil in flexible system. In [15], authors developed a 3D
printed coil and a flexible ferrite material to increase the coil
flexibility with small thickness. However, it presents a small
ferrite concentration and the manufacturing proses is very
complexity and costly.

In this paper, a simple and cost-effective preparation
process of highly flexible ferrite shield layer was proposed. A
study of the influence of different ferrite thickness with
different concentrations on is presented.



Il. THEORETICAL BEGROUND OF MUTUAL IMPEDANCE

The design of the coil depends on several parameters
which define the coil. The real models of the sending and
receiving coils are composing of inductor (Ls) connected to an
equivalent resistance (Ris) with a parallel parasitic
capacitance () as presented in Fig.3.
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Fig. 3. Simplified electrical coils model.

The coil design influence in a good way on the system
efficiency. Eq.1 presents the maximum reached efficiency of
an IPT system which depends on the sending and receiving
coils quality factors (Q1, Q2 respectively) and the coupling
factor between the both coils. The quality factors of the
sending and receiving coils are presented in Eq. 2 and Eq. 3,
respectively. They depend on the working frequency and the
both coils self-inductances and internal resistances, which can
be illustrated by the quality factors of the sending and the
receiving coils, respectively.
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M is the equivalent mutual inductance between the
sending and receiving coil. It depends on several parameters
such as number of turns and different coil parameters and
geometries.

Fig.4 (a), shows an illustration of ferrite core sending coil
with an air core receiving coil. Fig.4 (b) present the presented
coil cross sections of the used system with their parameters.
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Fig. 4. (a) lllustration of the coil (b) cross section

In [13], authors develop an analytical model of the mutual
inductance in case of finite substrate thickness and with pure
ferrite shield can be defined in Eq. 5 to Eq. 11.

Zij=joMj+ Zsypij (5)
Zsubij = RZsupij + J1Zsypij (6)
M =M, + 22l )

In fact, the equivalent mutual inductance as presented in
Eqg. 8 depends on two major parameters M; ;and [Zg,, ; ;
where M; ; the mutual inductance between two air coils is and
1Zg,p,; present the inductive reactance due to the presence
of ferrite materiel under the coil. In fact, IZg,;,;; is the
imaginary part of the additional impedance ( Zsyp;; )
presented in Eq. 10. The total system impedance presented in
Eq.6 present equivalent the mutual inductance and the losses
due to the eddy current between the coil and the shield
illustrated by the real part Zg,,, ; ;. The air core coils mutual
inductance is defined in Eq. 9 using elliptic integrals [4] where
K(f) and E(f) are the first and the second kinds of the complete
elliptic integrals, respectively.

My = o [(1- ) - 5] ®
Where
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The additional impedance Z,;,; ; is presented in Eq.10 to
Eqg.16, which depends on used ferrite materials such as
thickness and material properties.
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Equations shows that the mutual inductance depend on the
ferrite shield substrate characteristics such as thickness,
conductivity and permeability. In this case, the conductivity
and the permeability of the ferrite shield vary due to their
different concentration on the integrated shield. For that, an
experimental investigation of different concentration and
thickness has been proposed in this paper.

I11. DESIGN OF INDUCTIVE POWER TRANSMISSION FERRITE
SHIELD

To investigate the ferrite influence on the coil behavior,
different ferrite concentrations has been studied. The ferrite
powder (Fe) concentration is expressed in Eg. 17, which
depends on the ferrite weight (m,) and the polymer weight

(Mporymer ). BY increasing the ferrite concentrations, the



obtained solution characteristics vary such as the material
fluidity which limit the maximum investigated ferrites
concentration to 85 wt. %.

m
C= ! .100 an

mPolymer + mf

A fabrication of ferrite shields with different two
thicknesses and variable concentration is presented. To
increase more the thickness of the ferrite shield, multi-layers
of shields are associated together with minimum of air
between them.
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Fig. 5. Experimental setup (a) Proposed flexible shield (b) Thickness
measurement.

A prototype of the obtained ferrite shield is presented in
Fig.5 (a). For that, a thickness of shieling is measured to verify
the final samples thickness (Fig.5 (b)) and to measure the error
range and their influence on the final coil parameters.

a4 Tl (18)

n
E = max(|T; — Arli=1.n) (19)

Table | present a summary of the measured thickness in
case of different samples (S1 to S10) concentrations, the
average of thickness (A ) presented in Eq.18 and the
maximum thickness error between the designed samples (E)
presented in EQ.19 where T; the thickness of the sample
number i.

TABLE I. MEASURED THICKNESS FOR DIFFERENT CONCENTRATIONS

Ferrite shield parameters

Thicknesses
T1 (mm) T2 (mm)

Tested samples Concentration

(wt. %)

SO 0

Ferrite shield parameters
. Thicknesses
Tested samples CO,}?A?%“O” 1 (m) 2 )
S1 33.33 0.26 041
S2 375 0.27 0.47
S3 41.17 0.31 0.39
S4 50 031 0.37
S5 57.14 0.21 0.37
S6 65 0.25 041
S7 70 0.26 0.42
S8 75 0.22 04
S9 80 0.23 0.5
S10 85 0.34 0.49
Average of thickness (Ar) 0.27 0.42
Maximum thickness error (E) 0.07 0.08

IV. EXPERIMENTAL SETUP AND RESULTS

A. Measurement procedure

To measure the coils parameters such as mutual
inductance, self-inductance and quality factor, an Impedance
Analyzer (IA) has been used. The used sending and receiving
air core coils radius are 10 mm and 6 mm, respectively where
their measured self-inductances are 21 puH and 17.1 pH,
respectively. The used coils quality factor in case of no shields
was equal to 18.16. During the investigation, the sending coil
was place placed above the designed shields as shown in
Fig.8.

The measurement of the coupling factor was done for a
fixed frequency equal to 100 kHz in case of ideal alignment
and minimum distance between sending and receiving coils.
The measurement procedure was described in [13] and
illustrated in Fig.6, starts by measuring the sending coil self-
inductance Lagpen, Lashore in case of open circuit and short-
circuited receiving coil, respectively (Fig.6 (a) and (b)). Then,
it is the required position a measurement of the receiving coil
self-inductance Liopen When the sending coil is open circuited

as presented in Fig.6 (c).
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Fig. 6. Coupling factor measurement procedure (a) Measurement of Lagpen
(b) Measurement of Lasart () Measurement of Ligpen

The experimental equivalent mutual inductance (M) and
coupling factor (k) is then calculated as presented in Eq.20 and
Eq.21.

M= \/(LZOpen - LZShort)Llopen (20)
K= \/Lzopen_Lzshort (21)

JVLzopen



B. Results and investigations

To investigate the proposed shields influence on the
inductive power transmission system, a measurement of
coil self-inductance (Fig.7 (a) and (b)), quality factor (Fig.8
(a) and (b)) for different ferrite powder concentrations and
thicknesses (T1 and T2) in a frequency of 100 kHz was
presented. Results shows that by increasing the ferrite
concentrations presented in Table I, the measured coil-
inductance increases from 17 pH in case of air-core coil to
19.5 pH for the sample 10 with a thickness T1 and a
concentration of 85 wt.% of ferrite powder. In case of
thickness T2 and under the same ferrite concentration the
measured self-inductance was equal 20 pH. The equations
of linearization of the measured self-inductances with
different samples concentrations for the both thickness T1
and T2 are shown in Eq.20 and Eq.21, respectively. An
error of self-inductance around +2.5% and +3% for the
thicknesses T1 and T2 respectively. These errors can be due
to many factors especially the non-linear increasing of the
concentration and thicknesses of the investigated samples.
Based on Eq.20 and Eq.21, increasing the coils thicknesses,
the coil self-inductance decreases of about 0.1 puH.
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Fig. 7. Measured self-inductance for different samples concentration (a)
Thickness T1 (b) Thickness T2

The measurement of the coils quality factors with T1
and T2 shields thicknesses has been presented in Fig.8 (a)
and (b), respectively. Results shows that the increasing of
the ferrite powder concentrations increases the system
quality factor linearly with 6% as maximum of error for
both samples thicknesses.
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Fig. 8. Measured quality factor for different samples concentration (a)
Thickness T1 (b) Thickness T2

Increasing the coil thickness increases the quality factor
of about 0.1 as presented in linearity Eq.22 and Eq.23 for
the thickness T1 and T2, respectively.

Qry; = 0.394 S; + 9.85 (22)
Qry = 048 S; +9.72 (23)

The error on the linearity can be due to the ferrite shields
preparation, which present no linear steps of samples
concentration and the error of the used samples thicknesses.

Fig.9 presents the measurement of the coupling factor
of the prototypes with air-core coil and coils with associated
ferrite powder thickness T2 and concentrations equal to
33.33 wt. %, 57.14 wt. % and 85 wt. %. The measured
coupling factor increases almost linearly by increasing the
ferrite powder concentrations.
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As presented in Eq.1, coil with high coupling factor and
quality factor present the highest transmission efficiency.
For that, a sending coil with a ferrite shield of 85 wt. % and
thickness of 0.49 mm has been selected.

V. CONCLUSION

In this work, an investigation on flexible ferrite shields
with different ferrite powder concentration and thicknesses is
presented. A measurement of transmitter coil self-inductance
and quality factor with different shields has been presented.
Results shows that increasing the ferrite concentrations



increases the self-inductance from 17.5 pH to 19.5 pH in the
concentration 33 wt. % and 85 wt. %, respectively. With 85
wt. % of ferrite concentration, the self-inductances increase
about 11.57 % and 15 % for thicknesses about 0.34 mm and
0.49 mm respectively. The IPT system efficiency depends
especially on the coils quality factor and the coupling factor
between transmitter and receiver coils. For that, a
measurement of the coupling factor between air-core coil and
shielded coil has been established. The increasing of the ferrite
concentrations increases the coupling factor between the
sending and the receiving coils from around 0.51 to 0.59.
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