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Abstract 

Inductive power transmission is very useful, not only for systems where energy transfer 

should take place in hazardous, humid and wet areas, but also for mobile and very small 

systems. It finds today a widespread use in several fields, such as industry, automotive, 

medicine and smart buildings. For a good efficiency and a high-power transmission, the 

sending and the receiving coils should be perfectly aligned and close to each other. A 

misalignment between the sender and the receiver becomes unavoidable especially for 

systems with movable parts. 

This thesis aims to improve the transmitted power, the mutual inductance, the power at the 

load, and consequently the power transmission efficiency in case of lateral misalignment 

between the sending and receiving coils and at large coil-to-coil distance. For this purpose, 

we adopt a multi input single output (MISO) coil system able to orientate the issued 

magnetic field to the receiving coil by powering the neighbouring sending coils of the 

active ones with a weak current in the opposite direction. Furthermore, an analytical 

model of the used coils and an accurate three-dimensional model of the system have been 

developed to calculate the induced voltage, the induced current, and the equivalent mutual 

inductance. Both simulation and experimental results prove that the proposed multi-coil 

inductive system having an hexagonal arrangement and the sending coils, which have the 

half diameter of the receiving coil, is able to improve significantly the transmitted power 

in case of lateral misalignment and big air gap. The novel MISO system reaches better 

efficiency beginning with an air gap of 50% of the sending coil diameter, and a 

misalignment of 28% of the sending coil diameter. It reaches the double of the transmitted 

power of the conventional two-coil inductive system at 50 mm air gap (corresponding to 

166% of the sending coil diameter) and at 10 mm lateral misalignment (corresponding to 

33% of the sending coil diameter). 

In order to improve the equivalent mutual inductance between the primary and secondary 

sides and to avoid energy losses, we propose a receiver detection method using the 

sending coils themselves as detectors. Thereby, only the sending coils, under the receiver, 
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are activated and the others remain switched off. For that, the peak of the AC current of 

the sending coils, is measured and then compared to a detection threshold. The excitation 

strategy of the active sending coils is optimized corresponding to the receiving coil 

position. The novel excitation strategy increases the mutual inductance by 85% and the 

induced voltage by 13% at perfect alignment and by 30% and 10% respectively at 10 mm 

lateral misalignment, in comparison to the MISO system without a receiver detector and 

coil-excitation strategy.  

In order to increase the transmitted power by resonance, different system topologies have 

been investigated, such as series-series SS, series-parallel SP, parallel-series PS, and 

parallel-parallel PP topologies for different levels of load impedance. The results show 

that a multi-coil inductive system with parallel-parallel PP topology realizes a higher 

transmitted power than the other topologies for both high and low load impedance values.  

The proposed multi-coil inductive system is suitable for low-power systems, such as 

wireless sensors and biomedical implants, but can be also applied to higher range of power 

at a flexible position of the receiver. 

 

Keywords: Inductive power transmission, multi-coil systems, lateral misalignment, large 

air gap, movable receiver, equivalent mutual inductance, detection method, excitation 

strategy, energy management, topologies. 
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Kurzfassung 

 

Die induktive Energieübertragung ist interessant, nicht nur für Systeme, bei denen die 

Energieübertragung in rauen, feuchten und nassen Bereichen erfolgen soll, sondern auch 

für mobile und sehr kleine Systeme. Diese Art von Energieübertragung findet heute eine 

breite Anwendung in verschiedenen Bereichen, wie z.B. Industrie, Automobil, Medizin 

und intelligente Gebäude. Um eine gute Effizienz und eine hohe 

Energieübertragungsleistung zu realisieren, sollten die Sende- und Empfangsspulen 

perfekt ausgerichtet und nahe beieinander sein. Insbesondere bei Systemen mit 

beweglichen Teilen ist jedoch eine Fehlausrichtung zwischen Sender und Empfänger 

unvermeidlich. 

 

Diese Arbeit zielt darauf ab, die übertragene Leistung, die gegenseitige Induktivität, die 

Leistung an der Last und damit den Wirkungsgrad der Leistungsübertragung im Falle 

einer seitlichen Fehlausrichtung zwischen Sende- und Empfangsspule und bei großem 

Abstand von Spule zu Spule zu verbessern. Zu diesem Zweck wird ein Multi-Input Single-

Output (MISO)-Spulensystem vorgeschlagen, das in der Lage ist, das ausgegebene 

Magnetfeld auf die Empfangsspule auszurichten, indem die benachbarten Spulen der 

aktiven Sendespulen mit einem schwachen Strom in der entgegengesetzten Richtung 

versorgt wird. Darüber hinaus wurde ein analytisches Modell für die verwendeten Spulen 

und ein genaues dreidimensionales Modell für das System entwickelt, um die induzierte 

Spannung, den induzierten Strom und die äquivalente gegenseitige Induktivität zu 

berechnen. Sowohl die Simulation als auch die experimentellen Ergebnisse belegen, dass 

das vorgeschlagene induktive Mehrfachspulensystem mit hexagonaler Anordnung und die 

Sendespulen, die den halben Durchmesser der Empfangsspule haben, in der Lage sind, die 

Sendeleistung bei lateraler Fehlausrichtung und großem Luftspalt deutlich zu verbessern. 

Das neuartige MISO-System erreicht einen besseren Wirkungsgrad, beginnend mit einem 

Luftspalt von 50% des Sendespulendurchmessers und einer Fehlausrichtung von 28% des 

Sendespulendurchmessers. Sie erreicht bei 50 mm Luftspalt (entspricht 166% des 
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Sendespulendurchmessers) und bei 10 mm seitlichem Versatz (entspricht 33% des 

Sendespulendurchmessers) das Doppelte der Sendeleistung des herkömmlichen Zwei-

Spulen-Induktivsystems. 

 

Um die äquivalente gegenseitige Induktivität zwischen Primär- und Sekundärseite zu 

verbessern und Energieverluste zu vermeiden, schlagen wir ein Verfahren zur Detektion 

des Empfängers vor, bei dem die Sendespulen selbst als Detektoren verwendet werden. 

Dabei werden nur die Sendespulen unter dem Empfänger aktiviert und die anderen bleiben 

ausgeschaltet. Dazu wird der Scheitelwert des Wechselstroms der Sendespulen gemessen 

und mit einem vorgegebenem Schwellenwert verglichen. Die Anregungsstrategie der 

aktiven Spulen wird entsprechend der Position der Empfangsspule optimiert. Die 

neuartige Anregungsstrategie erhöht die gegenseitige Induktivität um 85% und die 

induzierte Spannung um 13% bei perfekter Ausrichtung und um 30% bzw. 10% bei 10 

mm seitlichem Versatz, im Vergleich zum MISO-System ohne Empfängerdetektor und 

Spulenanregungsstrategie. 

  

Um die übertragene Leistung durch Resonanz zu erhöhen, wurden verschiedene 

Systemtopologien untersucht, wie z.B. Serien-SS, Serien-Parallel-SP, Parallel-Series-PS 

und Parallel-Parallel-PP-Topologien für verschiedene Stufen der Lastimpedanz. Die 

Ergebnisse zeigen, dass ein MISO System mit parallel-paralleler PP-Topologie eine 

höhere Sendeleistung realisiert als die anderen Topologien für hohe und niedrige Last-

Impedanzen.  

Das vorgeschlagene induktive Mehrspulensystem eignet sich für Systeme mit geringer 

Leistung, wie drahtlose Sensoren und biomedizinische Implantate, kann aber auch 

flexibler Position des Empfängers in einen höheren Leistungsbereich angewendet werden. 

 

 

Schlagworte: Induktive Kraftübertragung, Mehrspulensysteme, seitlicher Versatz, großer 

Luftspalt, beweglicher Empfänger, äquivalente Gegeninduktivität, Detektionsschaltung, 

Erregungsstrategie, Energiemanagement, Topologien. 
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Chapter 1 

Introduction 

Wireless power transmission is getting more attention since the end of 19th century as an 

alternative, energy efficient power energy supply for contactless and wireless systems.  

This was in 1891, when Nicolas Tesla demonstrated that the transmission of electrical 

energy without wires depends on electrical conductivity [1]. Afterwards, in 1893, Tesla 

succeeded in the illumination of vacuum bulbs, wirelessly, for power transmission during 

the World Columbian Exposition in Chicago. Despite its success, Tesla’s experiment 

didn’t find a commercial implementation because it was judged to be not environmentally 

friendly, cost effective and low efficiency. Tesla’s experiments pushed researchers to 

investigate deeply alternative wireless power solutions and thus, they focused more on 

wireless technology due to their interesting advantages, such as sending power to movable 

devices, underwater applications, inflammable environment and micro and nano devices. 

Starting from the last decades, the use of wireless power transmission technology has been 

growing increasingly, to include many important applications, such as electric vehicles, 

aerospace, oil field, industrial robotics, military, wireless sensor networks, medical 

devices, automotive, underwater operations, smart buildings and many other applications. 

This is why, more studies and investigations should be attributed to wireless power 

transmission as an alternative solution for powering wireless systems. 

1.1 Motivation 

1.1.1 Wireless power transmission 

In this context, different methods are available to wirelessly transfer the power to the 

desired system. Based on the state of art, four main methods can be adopted: Lasers [2-5], 

electromagnetic waves (including radio frequency “RF”) [6-9], electrostatic induction 

(capacitive link) [10, 11] and electromagnetic induction (inductive link) [12-14]. These 
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techniques can be categorized based on their fundamental mechanisms, power ratings, and 

transmission range. Thus, two main classes of wireless power transmission can be 

identified with consideration of the distance transfer between the transmitter and the 

receiver, which are far field methods and near field methods (see Fig. 1.1). In the case of 

far field transmission, laser and electromagnetic waves have their advantages. Where, in 

case of near field transmission methods, capacitive and inductive links are possible. 

 
Fig. 1.1: Classification of wireless power transmission techniques 

The main differences between wireless energy transmission methods, which are decisive 

for their practical use, are the typical level of transmitted energy and the power 

transmission distances.  

Table 1.1: Typical transmitted energy and power transmission distance for different 
wireless power transmission techniques [1-50] 

Type of WPT Typical transmitted 
Energy 

Typical transmission 
distance 

Electromagnetic 
waves 
& 
Radio Frequency 

LF 1 W – few kW < 50 cm 

HF 30 - 40 W up to 2 m 

UHF 1 - 3 W 3.5 m - 10 m 

Microwave up to 30 kW up to 1.54 km 

Laser 530 W 30 – 200 m 

Capacitive link up to 1 - 3 W < 5 mm 

Inductive link 1 mW - few kW < 2 m 
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Table 1.1 compares wireless energy transmission methods based on these properties. The 

results show that, capacitive and inductive power transmission systems have in general 

higher power transmission efficiency comparing to the other types. 

Wireless systems with different requirements need appropriate wireless power 

transmission techniques. For this, investigating the properties of each method is important 

to choose the suitable technique to power a certain targeted system.  

Table 1.2: Overview of wireless power transmission techniques [1-50] 

Technique Advantages Disadvantages Typical applications 

Laser 

- High energy 
transmission distance 

- No radio frequency 
interference to 
existing radio 
communication 

- Line-of-sight necessity 
- Difficult energy transfer to 

movable devices 
- Strict human safety issues 

even at low power level 
- Low energy conversion 

efficiency (high losses) 

- Military applications 
- Aerospace 

applications 
 

Electrom-

agnetic waves 

- Energy transmission 
over  high distances 

- Possible energy 
transfer to movable 
devices 

- Direction change of 
energy transfer 

- Strict human safety issues 
- Sensitivity to interferences 
- Challenging power 

management 
- Low power transmission 

efficiency 

- Wireless sensor 
networks 

- RFID 
- Underwater 

applications 
- Mines 

Capacitive 

link 

- Insensitive to  
magnetic flux 

- No heat generation 
- Necessity of high 

voltage 
- Wide charging area 

- Short energy transmission 
distance necessary 

- Necessity of alignment 
between the primary and 
the secondary plates 

- Low energy level 

- Battery recharging 
of small electronic 
devices 

Inductive link 

- Safe energy transfer 
- Possible energy 

transfer to movable 
devices 

- Possible energy 
transfer to micro and 
nano devices 

- High energy transfer 
surface in comparison 
to other methods 

- Energy losses due to flux 
leakage 

- Heating losses 
- Eddy currents in metallic 

parts in the environment of 
the sending coils 

- Dependency of the 
efficiency on lateral and 
vertical distances 

- Battery recharging 
of electrical vehicles 

- RFID transponders 
- Biomedical implants 
- Portable consumer 

electronic products 
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Table 1.2 gives an overview of available wireless power transmission methods, where 

advantages, limitations and examples of typical applications are illustrated. Based on 

Table 1.2, the choice of the appropriate power transmission method should respect the 

level of needed power and the distance separating the sending side and the receiving side. 

It should also respect the application’s environment, where the system is implemented. 

1.1.2 Inductive power transmission systems 

In general, for inductive power transmission systems, energy transfer takes place between 

two or more coupled coils via electromagnetic induction. The transfer mechanism is 

similar to the transformer principle. An alternating current supplies the primary and 

sending sides, which can be composed by one or more coils. This produces a changing 

magnetic field, which reaches the receiving side, which can be also composed by one or 

more coils. The receiving coils are flooded by the magnetic field and this leads to an 

induced voltage and a current flow through the connected load. The induced voltage in the 

receiving coil is in the opposite direction of the voltage at the sending coil. 

Inductive power transmission has many advantages compared to other methods. Indeed, 

this power transmission technique is robust and is not sensitive surrounding external 

factors such as, the dirt and moisture, due to the use of galvanic isolation. It is considered 

as a relative safe energy transfer methods through which, power can be sent to mobile 

receivers. Also, the generated power can be sent to micro and nano devices [15, 16]. 

Referring to Table 1.1, wireless power transmission via inductive link has a wide range of 

applications. It is used for high, medium and low power ranges including battery recharge 

of electrical vehicles [17-22], biomedical implants [23-26], portable electronic devices 

[27-30], wireless sensors [31-34] and other various applications [35 - 41]. 

1.2 Problem statement 

Despite that, inductive power transfer offers various advantages, this technique shows in 

the same time some critical limitations, mainly related to the distance between the receiver 

and transmitter and the strong dependency of the power transmission efficiency on both 

vertical (axial) and lateral distances. In fact, for inductive wireless transmission, a good 
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efficiency can be reached at small vertical distance, which is smaller than the sending coil 

diameter, and in case of a perfect alignment between the sending and receiving coils axis. 

Otherwise, there is a high magnetic flux leakage and consequently only a very low power 

is transmitted (see figure 1.2). 

Placing the sending and the receiving coils in a perfect position is a challenging task, 

which is not realistic in every application scenario. In fact, lateral misalignment of coils is 

persistent, an important decrease of the energy transmission efficiency of the system 

occurs. Thus, the placement of the receiving and sending coils is critical for the 

performance of the whole system. 

Flux leakage at large 
vertical distance

Flux leakage at lateral 
misalignment

Coil 2

Coil 1

Magnetic flux leakage

Linked magnetic field

Coil 2

Coil 1

 
Fig. 1.2: Magnetic flux leakage in IPT systems 

In order to choose and set the adequate parameters of the used coils and to optimize, in 

general, the inductive system, it is necessary to have an accurate and simple analytical 

model. Nevertheless, most of the analytical models presented in the state of the art are 

more complicated or dedicated to the conventional two-coil systems. Therefore, having a 

simplified and accurate analytical model for a multi-coil inductive system is highly 

requested. 

Furthermore, inductive systems with multiple senders present an important level of power 

consumption and a high emission of magnetic field to uncoupled regions caused by the 

fact of powering all employed sending coils at the same time. This leads to high energy 
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losses and thereby, decreases the power transmission efficiency of the system. Therefore, 

a position detector of the receiver must be implemented to activate only the sending coils, 

which are under the receiver and keep the other sending coils switched off. For that, an 

additional sensor is required, thereby increasing its complexity and cost. So, an alternative 

solution to reduce the cost and the complexity of the system must be implemented. 

1.3 Research objectives 

This thesis focuses on the design of an efficient multi-coil inductive system that solves the 

problems of large air-gap misaligned coils systems with movable receiver, which are 

described in section 1.2. In this work, we aim to improve the transmitted power, the 

mutual inductance, the power at the load, and consequently, the power transmission 

efficiency of the inductive system in case of lateral misalignment between the sending and 

receiving sides and at large coil-to-coil vertical distance. In this context, several objectives 

are defined: 

1- Proposing a simple and accurate analytical model for circular air-core coils 

constructed by copper wires, so that the use of finite element modelling could be 

avoided and the calculations could be simplified. 

2- Design and implementation of a multi input single output MISO coil system 

configuration with optimized coil’s size and arrangement in case of a large air-gap 

misalignment between the sending side and the receiving side. 

3- Developing a novel detection method for movable receiving coil in order to switch 

off inactive sending coils and power only the coils underneath it independently of 

the receiver’s position and speed.  

4- Developing a novel coil excitation strategy to maintain a uniform magnetic field 

distribution and high equivalent mutual inductance between the active sending 

coils and the receiving coil along the coil matrix. 

5- Energy management of the multi-coil inductive system by studying possible 

system topologies and load impedance values to realize the resonance and to 

increase thereby, the power transmission efficiency of the system. 
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1.4 Thesis overview 

This thesis is structured in eight chapters (Fig. 1.3). Chapter 1 is devoted to the general 

introduction of the thesis. In the first part, an overview of wireless power transmission 

techniques is presented. The inductive power transmission systems and their typical 

applications are also introduced. In the second part, the limitations of the inductive power 

transmission systems, the contribution, and the research objectives are presented.  

Chapter 2 covers the fundamental laws of electromagnetism that are applied to analyse 

and model the inductive system. The mutual parameters applied for the inductive system 

are then, presented, which are the mutual inductance and coupling factor. The last part is 

devoted to some safety guidelines for limiting the exposure to electromagnetic field. 

In chapter 3, a literature review about multi-coil inductive systems and receiver detection 

techniques are presented. A classification of different inductive system is proposed and 

thoroughly explained. This chapter also, presents a comparison of the performance of 

some inductive systems in terms of power transmission efficiency, which considers the 

type, size and shape of the used coils. In the second part, we present some examples of the 

detection techniques applied to multi-coil inductive systems. The thesis proposal and the 

followed approach are presented in the last part of the chapter. 

Chapter 4 focuses on the modelling of circular air-core coils used in experiments. 

Important parameters such as self-inductance, resistance, quality factor and coupling 

factor are estimated. The simplicity and the accuracy of the mathematical model of the 

coils are needed to provide guidelines in the choice of design parameters, system 

performance indices as well as for the efficiency optimization of the inductive power 

transmission systems. The second part of this chapter covers some rules for the choice of 

coil’s properties in order to improve the power transmission efficiency. 

In chapter 5, a multi-coil inductive system with oriented magnetic field is presented. This 

system presents a potential solution for large air gap misaligned system. An analytical 

model and a three-dimensional model for the studied system are proposed followed by 

both simulations and experimental verifications. The second part of this chapter is 

addressed to the investigation of different system topologies in case of multi-coil inductive 
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system. Hence, the expression for compensation capacitors, transmitted power and system 

efficiency are explored.  

Chapter 6 is devoted to the study and implementation of different receiver detection. Some 

of them are based on the use of additional sensors to the circuit and others without adding 

any sensors. In the second part, a suitable activation (excitation) strategy for primary coils 

is described in order to decrease the magnetic field losses increasing thereby the coupling 

between the coils and consequently the system efficiency. 

Chapter 7 addresses the energy management of the multi-coil inductive system. The aim is 

to realise the resonance by setting the appropriate topologies of the primary and the 

secondary circuits in order to improve the transmitted power and reduce losses. 

Simulations and experimental investigations of different system topologies are carried out. 

The second part of this chapter is addressed to the study of the effect of the load 

impedance value on the transmitted power for different system topologies. 

Chapter 8 includes the general conclusions from the simulation and experimental results 

of the previous chapters. 
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Fig. 1.3: Thesis overview 
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Chapter 2 

2Theoretical background 

Inductive power transmission consists of the transfer of energy between two or more 

coupled coils in order to provide power to a load. It is also known as electromagnetic 

induction. The involved mutual parameters between the sending and the receiving coils 

are the magnetic field, the mutual inductance and the coupling factor. For the modelling of 

the inductive systems, fundamental laws of electromagnetism are applied. As all wireless 

power transmission systems, the use of inductive systems has some safety rules limiting 

the exposure of the human body to time-varying electric and magnetic fields.  

The first part of this chapter covers the fundamental laws of electromagnetism, which are 

applied to analyse and model the studied inductive power transmission system. We present 

also the mutual parameters applied for the inductive system. In the second part, the safety 

guidelines for limiting exposure to electromagnetic field are presented. 

2.1 Electromagnetic induction 

A changing magnetic field produced by a coil induces an electric field in the other coil. 

Similarly, a changing electric field circulating in a coil produces a magnetic field issued 

from this coil. These phenomena are expressed mathematically through Maxwell's 

equations. 

Faraday’s law [42] states that a changing magnetic flux through a surface A induces an 

electromotive force (emf) in any boundary path of that surface, and a changing magnetic 

field B  induces a circulating electric field E : 

SC
AdB

dt
dldE                                                      (2.1) 

Where C is a conductor loop, ld is an incremental segment of path C, Ad is the differential 

of surface area, and E is the induced electric field at each segment ld  of the path. 

The differential form of the Faraday’s law is given by: 



12 
 

t
BE                                                          (2.2) 

It states that a circulating electric field is produced by a magnetic field that changes with 

time. 

The Ampere-Maxwell law states that a magnetic field is produced along a path if any 

current is enclosed by the path or if the electric flux through any surface bounded by the 

path changes over time. 

C A
AdE

dt
dIldB 00                                              (2.3) 

Where, 0 is the vacuum permeability, I is the enclosed electric current, 0 is the electric 

permittivity of vacuum. 

The differential form of the Ampere-Maxwell law is: 

t
EJB 00                                                 (2.4) 

Where, J  is the total electric current density. 

Equation 2.4 states that by an electric current and by an electric field that changes with 

time, a circulating magnetic field is produced [42]. 

In inductive system, the conductor loop is a circular air core coil. The alternating current 

in the sending coil produces a changing magnetic field and induced an electric field in the 

receiving coil.  

The Gauss’s law for electric fields states that electric charge produces an electric field and 

the flux of that field passing through any closed surface is proportional to the total charge 

contained within that surface. The integral form is generally expressed as follows 

S

encqAdE
0

                                                        (2.5) 

Where: qenc is the amount of charge contained within the closed surface.  

The Gauss’s law for magnetic field states that the total magnetic field flux passing through 

any closed surface is zero. The integral form of Gauss’s law is generally expressed as 

follows: 

C
AdB 0                                                       (2.6) 
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That does not mean that zero magnetic field lines penetrate the surface, it means that for 

every closed surface it must be a magnetic field line leaving that volume. 

2.2 Magnetic field 

2.2.1 Biot-Savart’s law 

The Biot-Savart’s law [42] allows the determination of the magnetic field vector B due to 

wire-shaped conductors of arbitrary geometry. Referring to Fig. 2.1, the contribution at a 

specific point P from a small element of electric current is given by: 

20 4
ˆ

r
rldIBd                                                          (2.7) 

Where I is the current, ld is a vector with the length of the current element and pointing in 

the direction of the current, r̂ is a unit vector pointing from the current element to the point 

P at which the field is calculated and r is the distance between the current element and P. 

 
Fig. 2.1: Biot-Savart’s law geometry [42] 

2.2.2 Magnetic field produced by a circular current loop 

Figure 2.2 depicts a circular loop of radius R carrying a current I. In Cartesian coordinates, 

'r is expressed as follows: 

)ˆ'sinˆ'(cos' jiRr                                                   (2.8) 

Consequently, the differential current element dlI in Eq.2.7 can be written as, 
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)ˆ'cosˆ'sin('')'/'( jiIRdddrdIldI                          (2.9) 

The relative vector position r  of the field point P, which is located at the axis of the loop 

at a distance z is given by 

kzjRiRrrr p
ˆˆ'sinˆ'cos'                                        (2.10) 

Using Eq. 2.10, the distance between point P and the differential current is given by 

22222 )'sin()'cos( zRzRRrr                                   (2.11) 

x

y

z

R

I dl

'

P

I

r

r‘

rp

 
Fig. 2.2: Circular current loop 

Then, the unit vector pointing from the current element to the point P at which the field is 

calculated can be written as 

'

'
ˆ

rr

rr
r
rr

p

p                                                             (2.12) 

Referring to the Biot-Savart’s law, the contribution at a specific point P from a small 

element of electric current is given by 

3
0

3
0

2
0

'

)'(
44

ˆ
4 rr

rrldI
r

rldI
r

rldIBd
p

p                      (2.13) 

Note that, the cross product )'( rrld p  can be written as 

)ˆˆ'sinˆ'cos()ˆ'cosˆ'sin(')'( kzjRiRjiRdrrld p  

        )ˆˆ'sinˆ'cos(' kRjzizRd                                              (2.14) 

Substituting Eq. 2.14 in Eq. 2.13, we obtain 
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2/322
0

3
0

)(

ˆˆ'sinˆ'cos
4'

)'(
4 zR

kRjzizIR

rr

rrldIBd
p

p                    (2.15) 

Finally, the magnetic field at point P equals 
2

0
2/322

0 '
)(

ˆˆ'sinˆ'cos
4

d
zR

kRjzizIR
B                                   (2.16) 

The x and y components of the magnetic field can be shown to equal zero, 

0'sin
)(4

''cos
)(4

2

0
2/322

0
2

0
2/322

0

zR
IRz

d
zR

IRz
Bx                (2.17) 

0'cos
)(4

''sin
)(4

2

0
2/322

0
2

0
2/322

0

zR
IRz

d
zR

IRz
By               (2.18) 

However, the z component of the magnetic field is different from zero and it is equal to 

2/322

2
0

2/322

2
0

2

0
2/322

2
0

)(2)(
2

4
'

)(4 zR
IR

zR
IRd

zR
IRBz                (2.19) 

In this work, coils are modelled as the sum of multiple circular loops of radius r carrying a 

current I.  Referring to Biot-Savart’s law, the magnetic field equation for a circular coil 

placed in the xy plane, at a distance z along the z-axis is given as follows: 

z
zr

rINB ˆ
2 322

2
0                                                       (2.20) 

Where: N and r are the number of turns and the radius of the coil, respectively. 

2.3 Mutual parameters 

2.3.1 Mutual inductance 

Inductive links are strongly dependent on the mutual inductance between the sending and 

the receiving coils. Many researchers proposed different direct methods to compute the 

mutual inductance of circular coils. The most important expression is given by Neumann’s 

formula [46]. Figure 2.3 depicts the considered configuration.  
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Coil 2

Coil 1
1dS

2dS

12r d

 
Fig. 2.3: Inductive system with misaligned coils 

For two coils in parallel planes with number of turns N1 and N2 respectively, separated by 

a distance d and having a lateral misalignment Δ, the mutual inductance is given as 

follows: 

12

21
21

0 .
4 r

dSdSNNM
                                         

(2.21) 

drdS 11                                                             (2.22) 

drdS 22                                                              (2.23) 

)cos(cos2cos2 2121
222

2
2

112 rrrrdrrr            (2.24) 

After defining the parameters, Eq. 2.21 takes the form: 

12
2121

0 cos
4 r

ddrrNNM
                                       

(2.25) 

After simplification of the double integral by means of trigonometric manipulations as 

demonstrated in [46], the mutual inductance expression becomes as follows: 

)(
21

21210 hG
rr

rrNNM
                                             

(2.26) 

Where:             
22

21

214
drr

rrh
                                                 

(2.27) 

)(2)(2)( hE
h

hKh
h

hG
                                                 

(2.28) 
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K(h) and E(h) are the complete elliptic integral of the first and the second  

kind, respectively [47]. 

Using Eq. 2.26, the mutual inductance between two coils could be estimated with an error 

less than 10% of the exact value. Similar formulas are presented in [48]. 

Figure 2.4 depict the mutual inductance between a sending coil with 3 cm diameter and 4 

turns and a receiving coil with 6 cm diameter and 8 turns. The axial and lateral distances 

vary from 1 cm to 5 cm and from 0 cm to 2.5 cm, respectively. 

 
Fig. 2.4: Mutual inductance for variable axial and lateral distances 

2.3.2 Coupling factor 

The coupling factor ‘k’ is defined as the amount of magnetic flux penetrating the receiving 

coil compared to the whole generated flux. It could be measured by the following 

expression: 

21LL
Mk

                                                            
(2.29) 

Here M is the mutual inductance between two coils having respectively self-inductances 

L1 and L2. The coupling factor depends on the axial distance separating the two coils as 

well as on the lateral misalignment between them. Figure 2.5 depicts the coupling factor 

between a sending coil with a radius of 15 mm and a receiving coil with a radius of 

30 mm. 
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Fig. 2.5: Coupling factor for different coil to coil distances 

2.4 Safety guidelines limiting the exposure 

Applications with wireless systems via electromagnetic induction should comply with 

certain safety norms (basic restrictions) because there are both direct and in indirect 

effects with the human body while dealing with time-varying electric, magnetic, and 

electromagnetic fields. These restrictions were issued by several organizations such as the 

International Radiation Protection Association (IRPA) and the International Commission 

on Non-Ionizing Radiation Protection (ICNIRP) [49, 50]. 

Human’s body is directly interacted to time-varying electric and magnetic fields through 

different coupling mechanisms known as: Coupling to electric fields, coupling to magnetic 

fields and absorption of energy from electromagnetic fields. 

2.4.1 Effect of electric fields 

The exposure of the human body to time-varying electric fields leads not only to the issue 

of electric charges (induced currents) in the body but also to the reorientation of electric 

dipoles that are already present in the tissue. These effects are dependent generally on the 

electrical conductivity and the permittivity of the body, which vary from person to person, 

with the frequency of the applied field and the type of body tissue. They also depend on 

the shape, the size, and the position of the body in the field. 
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2.4.2 Effect of magnetic fields 

The exposure of the human body to time-varying magnetic fields leads to both induced 

electric fields and flowing electric currents. The amplitudes of the induced electric field 

and the current density are proportional to coil’s radius, the electrical conductivity of the 

body tissue, and the amount and amplitude of the magnetic flux density. 

2.4.3 Energy absorption from electromagnetic fields 

The physical interaction of electric and magnetic fields with human body at low 

frequencies results in very low energy absorption and no increase of temperature measured 

in the body. However, a physical interaction of electric and magnetic fields with human 

body at frequencies above 100 kHz leads to important energy absorption and a remarkable 

increase of temperature in the body. Referring to Durney et al. 1985 [51], the absorption 

of energy from electromagnetic fields can be divided as shown in Table 2.1. 

Table 2.1: Energy absorption from electromagnetic fields [51] 

Frequency range Energy absorption 

100 kHz - 20 MHz High absorption in the trunk and possible absorption in the neck and legs 

20 MHz – 300 MHz Absorption in whole body, higher values in the head 

300 MHz – 10 GHz Non-uniform absorption 

More than 10 GHz Absorption occurs at the body surface 

Table 2.2 presents the basic restrictions for general public exposure to time varying 

electric and magnetic fields for frequencies up to 300 GHz. These restrictions on current 

density and specific absorption rate SAR are destined to protect against intense exposure 

effects on central nervous system. As can be seen, strict limitations are imposed for higher 

frequencies. 
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Table 2.2: Energy absorption from electromagnetic fields [49, 50] 

Frequency 
range 

Magnetic 
flux density 

(mT) 

Current 
density 

(mA/m²) 

Whole body 
average SAR 

(W/Kg) 

Localized 
SAR ( head 
and trunk) 

(W/Kg) 

Localized 
SAR 

(Limbs) 
(W/KG) 

Power 
density   
(W/m²) 

0 Hz 40 - - - - - 

>0-1 Hz - 8 - - - - 

1-4 Hz - 8/f - - - - 

4-1000 Hz - 2 - - - - 

1-100 kHz - f/500 - - - - 

0.1-10 MHz - f/500 0.08 2 4 - 

0.01-10 GHz - - 0.08 2 4 - 

10-300 GHz - - - - - 10 

2.4.4 Reference Levels 

The reference levels are derived from the basic restrictions by mathematical investigations 

and referring to some experimental results done in laboratory at specific frequencies. They 

are presented for the condition of maximal coupling of the field to the exposed body, 

consequently providing the highest protection. A summary of reference levels is provided 

in Table 2.3. 

Table 2.3: Reference levels for general public exposure to time-varying electric, magnetic 
and electromagnetic fields [49, 50] 

Frequency range 
E-field 

strength 
( V/m) 

H-field strength 
(A/m) 

B-field 
( T) 

Equivalent plane 
wave power density 

( W/m²) 

0-1 Hz - 3.2  104 4  104 - 

1-8 Hz 10 000 3.2  104/f² 4  104/f² - 

8-25 Hz 10 000 4000/f 5000/f - 

0.025-0.8 KHz 250/f 4/f 5/f - 

0.8-3 KHz 250/f 5 6.25 - 

3-150 KHz 87 5 6.25 - 

0.15-1 MHz 87 0.73/f 0.92/f - 

1-10 MHz 87/ f 0.73/f 0.92/f - 

10-400 MHz 28 0.073 0.092 2 

400-2000 MHz 1.375 f 0.0037/ f 0.0046 f f/200 
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Chapter 3 

3State of the art of multi-coil inductive 
systems and detection techniques 

 

 

 

Multi-coil systems have been investigated to maximize the transmitted power, to supply 

movable devices, to enlarge the misalignment tolerance, and to increase, in several cases, 

the system efficiency. We can classify the multi-coil systems to two categories: 

Stationary multi-coil systems where the receiver is not moving during the power 

transmission phase (operation), and dynamic multi-coil system where the receiver is in 

movement or it has a variable position during the power transmission phase.  

The high emission of the magnetic field, caused by powering all sending coils at the same 

time, leads to high energy losses and decreases thereby the power transmission efficiency 

of the multi-coil inductive systems. Therefore, a position detector of the receiver must be 

implemented to activate only the sending coils under the receiver and keep the other 

sending coils switched off. 

The first part of the chapter covers some examples from the literature of multi-coil 

inductive systems and their limitations. In the second part, we present some detection 

techniques used for the detection of the receiver. The last part is devoted to the proposal 

and approach. 

3.1 State of the art of multi-coil inductive systems 

Based on literature, different types of multi-coil system are studied. Some of them are the 

three-coil systems, others are the four-coil systems and the rest are just called multi-coil 

systems and they could be noted as MISO (Multi-Input Single-Output), SIMO (Single-

Input Multi-Output) and MIMO (Multi-Input Multi-Output). 
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3.1.1 Three-coil systems 

A multi-coil system was proposed by MIT [52] consisting of adding a third coil that 

resonates at the same resonance frequency of the traditional two-coil system. The sending 

and receiving coils are placed vertically and don’t have a direct magnetic coupling 

between them. However, they transfer energy through the intermediate coil as shown in 

Fig.3.1 (a). The added coil has a strong coupling with both sides. Investigation shows that 

the added coil improves two times the transfer efficiency from 29% to 61.2% [52]. 

A similar three-coil system is proposed in [53] and shown in Fig. 3.1 (b). The additional 

coil (coil 2) improves the transfer efficiency when the distance and the angle θ between 

the sending coil 1 and the receiving coil are increased. Here, the out-of-phase excitation, 

in which the two sending coils are excited in opposite direction, leads to a good efficiency. 

         
                            (a)                                                         (b) 

Fig. 3.1: Examples of three-coil systems with intermediate coil [52, 53] 

Another three-coil system is studied in [54]. Authors proposed a method to extend the 

misalignment tolerance of inductive charging system by adopting two receiving coils 

placed orthogonally as shown in Fig. 3.2.  

 
Fig. 3.2: Three-coil system consisting of 2 receiving coils placed orthogonally [54] 
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This solution improves the misalignment tolerance in a limited extent. However, it 

increases the coil manufacturing difficulty and controlling complexity of the inductive 

system. 

3.1.2 Four-coil systems 

Many studies focused on the four-coil systems. In [55] a four-coil concentric system (see 

Fig. 3.3 (a)) consisting of two sending and two receiving coils is designed to improve the 

transfer efficiency through an axial distance of 10 to 20 mm. Here, a low coupling 

coefficient between driver and load coils, caused by the increase of the operating distance, 

is compensated by using two compensation coils of 64 mm diameter having a high-quality 

factor. The driver coil and the load coil have both a diameter of 22 mm, where the driving 

frequency of the link equal to 700 kHz. Investigation shows that by using a four-coil 

system, the power-transfer efficiency is improved by the double of the conventional two-

coil system. 

   
             (a)                                                               (b) 

Fig. 3.3: Examples of four-coil systems [55, 56] 

A similar four coil system is investigated in [56] and shown in Fig. 3.3 (b). Here, Li et al. 

proved that the power transfer efficiency of a micro implantable medical device is 

improved by adding magnetic enhanced resonators. The diameter of the two primary coils 

(L1 and L2) and the two secondary coils (L3 and L4) equal respectively to 34 mm, 36 

mm, 14 mm and 16.5 mm. The operation frequency equals to 742 kHz. Obtained results 

show that the efficiency of the four-coil system at the distance of 1.5 cm is 1.9 times 

higher than the efficiency achieved by the two-coil system.  
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Fig. 3.4: Asymmetric four-coil system [57] 

An asymmetric four-coil system, shown in Fig. 3.4, is proposed by Moon et al. [57]. The 

primary side consists of three sending coils: One source coil and two intermediate coils. 

These coils are placed in the same plane. The idea behind the design of this system is to 

improve the coupling coefficient, have a longer transfer distance and to provide a wide 

operation frequency range. 

 

Table 3.1: Efficiency comparison between two-coil and four-coil systems [57] 

Load condition 1.1 kW 2.2 kW 3.3 kW 

Conventional two-coil 
system efficiency in % 

89.80 90.31 90.45 

Asymmetric four-coil 
system efficiency in % 

95.63 96.21 96.56 

Improvement in % 6.00 6.13 6.32 

Referring to Table 3.1, it is clear that the asymmetric four-coil system has better efficiency 

than the conventional two-coil system. It reaches an improvement of more than 6% for all 

load conditions.  

3.1.3 Multi-coil systems 

A multi-coil system presented in [58] consists of a sending side composed by multiple 

coils, where each one has a ferrite core and the receiving has a ferrite plate. The idea is to 

guarantee that at any direction of the receiving coil, it encloses at least one small 

transmitter coil that should be able to provide enough energy to the load. For those 

reasons, the receiving coil should be larger than the sending ones. This system is able to 
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provide power to the receiving coil having different shapes such as rectangular, oval or 

hexagonal. Figure 3.5 depicts the proposed multi-coil system. 

 
Fig. 3.5: Multi-coil system with ferrite core and plates [58] 

A multi-coil system studied in [59] deals with multiple transmitter and/or receiver coils 

(multi input single output “MISO”, single input multi output “SIMO” or multi input multi 

output “MIMO”). Here, the authors investigated the impact of the coupling between the 

sending coils and/or between the receiving coils on the driving frequency yielding to the 

maximum efficiency.  

 
Fig. 3.6: Different multi-coil system configurations 

The authors show that the systems with multiple sending or receiving coils have higher 

transferred power and efficiency than two-coil systems. Additionally, they show that in 

case of SIMO or MIMO coils systems, the coupling between receiving coils reduces the 

driving frequency and consequently the maximum efficiency, which was also reported in 

[29, 60]. However, the coupling between sending coils in MISO coils system doesn’t have 

any significant influence on the required driving frequency that leads to the maximum 

efficiency. 
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In [61, 62], a multi input single output “MISO” coils system composed by three layers of 

the sending printed coils has been studied. At each layer, coils are placed in a hexagonal 

arrangement as shown in Fig.3.7. This structure guaranties, at each position of the 

receiver, three small sending coils underneath it and contributing to energy transmission. 

 
Fig. 3.7: Multi-coil system with three layers of sending coils [61, 62] 

Single input multi output “SIMO” coils systems have been investigated in [63] by 

applying a coil array to a receiving coil instead of a conventional single coil to improve 

the wireless power transmission efficiency in case of coils misalignment. They propose 

the study of 2×2 and 3×3 coil arrays as shown in Fig. 3.8 (a). Experimental results of 

Fig.3.8 (b) show that the highest efficiency was reached by a 3×3 coil array. Here, the 

WPT efficiency was improved by 56.45% as compared with the conventional two-coil 

system (1×1). 

   
            (a)                                                               (b) 

Fig. 3.8: Examples for SIMO coils systems [63] 
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A similar SIMO coil system is investigated in [64]. The designed system consists of a 

single circular sending coil with a ferrite core and an array of circular receiving coils, also 

with a ferrite core. The two sides are very close to each other. The system serves for 

charging electric vehicles at a small air gap and over a wide range of coils’ displacement 

(see Fig. 3.9).  

 
Fig. 3.9: Multi-coil system for charging electric vehicles [64] 

A MISO coil system with vertical-and-horizontal secondary coil was proposed in [65]. 

The sending side consists of a matrix of air core circular coils having an alternate winding 

design as shown in Fig. 3.10. Each coil has a diameter of 150 mm and a height of 8 mm. 

The receiving coil is composed by both horizontal and vertical windings. The length and 

the height of the vertical windings equal to 65.5 mm and 22.5 mm, respectively. Besides, 

the length and the height of the horizontal windings equal to 58 mm and 15 mm, 

respectively. 

 
Fig. 3.10: MISO coil system with vertical-and-horizontal secondary coil [65] 

In addition to the continuous powering method for movable target, the proposed multi-coil 

system first, increases the magnetic field density (see Fig. 3.11) and consequently, the 
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capability of transferring power to the secondary side and, secondly, the acquisition of 

energy especially in the region above coils’ gap. 

 
Fig. 3.11: Magnetic field density [65] 

In [63], a multi-coil system is designed to power wireless sensors installed in a conveyor 

element. The sending side is composed by an array of sending air core coils connected in 

series and excited in the same direction. The receiving coil is in movement above the 

sending coils in a parallel plane. It has a constant speed, so its position is known at each 

time interval.  

Fig. 3.12 depicts the studied system. The system provides a permanent powering for 

wireless sensors over a 30 mm coil to coil distance.  

 

Fig. 3.12: Multi-coil system for powering wireless sensors [66] 
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The investigation in [67] deals with a multi-coil inductive system, in which the sending 

side consists of an array of concentric air-core coils (see Fig. 3.13). In fact, building a 

system with three concentric sending coils increases the magnetic field density and orient 

it to the receiving coil. Thus, the mutual inductance between the two sides increases 

leading to the improvement of the transmitted power. 

For demonstration, the diameters of the three concentric coils equal to  

80 mm, 65 mm and 46 mm, respectively, and the diameter of the receiving coil equals to 

80 mm. The sending and the receiving coils have 9 turns. 

 
Fig. 3.13: Inductive system consisting of an array of concentric coils 

Fig.3.14 shows the simulation results of the mutual inductance. The obtained results 

prove, that by adopting an array of concentric coils, the mutual inductance is increased 

more than 3.5 and 2 times at a distance of 10 mm and 50 mm between the sending and 

receiving coils, respectively. 

 
Fig. 3.14: Mutual inductance comparison 
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The proposed multi-coil inductive system in [68, 69] consists of a matrix of printed 

sending coils having a spiral hexagonal shape, two layers and 12.5 mm radius. The 

receiving coil is also a printed sending coil with the same shape but it has only one layer 

and its radius equals 20 mm. The number of turns per layer equals 13 and 23 for the 

sending and receiving coils, respectively. As illustrated in Fig.3.15, this CET desktop is 

suitable for powering and recharging one or multiple small electronic devices at very close 

distance. The objective is to find the maximum mutual inductance between the primary 

and secondary windings increasing thereby power transmission efficiency. In addition to 

that, the authors proposed a receiver detection method that allows a free positioning of the 

receiver. 

 
Fig. 3.15: Contactless energy transfer [68] 

3.1.4 Evaluation 

Different solutions have been proposed for inductive power transmission systems with 

large air gap, lateral misalignment and movable receivers. However, there is no recent 

investigation dealing with all these problems at the same time. 

Three-coil systems [52-54] succeeded to improve the power transmission efficiency at 

large air gap and lateral misalignment. However, they are not suitable for systems dealing 

with movable receivers. They show not only a strong dependency on the position of the 

receiver and its orientation but also a high controlling complexity. 

Four-coil systems present also an improved solution to extend the misalignment tolerance 

at a certain limit, while increasing the axial distance between the sending and receiving 

sides [55-57]. Like the three-coil systems, they are not suitable for systems with movable 

receiver and they show a high dependency on the position of the receiver. They present 



 

31 

also a high cost solution as the manufacturing process of coils with high quality factor is 

relatively expensive.   

The majority of multi-coil systems presented in [61-62, 64-67] are suitable for the systems 

with movable receiver. They realize energy transfer at variable receiver position [61, 60, 

63, 65, 68, 69] or a position detection of the receiver [68, 69].  

Some investigations are dealing with large air gap using air-core coils, while others focus 

only on printed coils. By considering such properties, increasing both the complexity of 

the controllability and the manufacturing cost of the systems becomes possible. 

Table 3.2 presents selected examples from the state of the art of multi-coil systems. In 

order to evaluate these systems, important criteria are proposed, such as the sensitivity to 

lateral misalignment, the capability to send power at large air gap, the dependency on the 

receiver, the design and control complexity, the cost, and the efficiency. 

Table 3.2: Selected examples of SOA multi-coil inductive systems 

Criteria 
References 

52 53 54 55 54 56 58 61/62 63 64 65 66 67 68/69 

Large air-gap x   x x x     x x x  

Misalignment tolerance  x x x    x x x  x   x 

Movable receiver          x x x x  

Dependency on receiver x x x x x x   x      

Free positioning        x x  x x x x x 

Receiver detection        x     x x 

Sending 
coils  

Selection        x     x x 

Activation 
strategy 

              

Design complexity - + + + - - - + + + + + + + + + + + 

Control complexity - + + - + + + - + + + + + + - + + + 

Cost - - + - + - + + + + + - + + 

Efficiency + + + + + + + + + + + + + + 

The performance comparison of SOA multi-coil-systems is shown in Table 3.3 with a 

focus on power transmission efficiency in dependence of the type, the size and the shape 
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of the coils. The inductive systems have different coils’ size and different coil-to coil 

vertical distance (i.e. the gap between the sending side and the receiving side), making the 

comparison not evident. Therefore, in order to compare the system’s efficiency of the 

different inductive systems, we propose to introduce a normalized parameter τ defined as 

the factor of the sending coil’s diameter over the coil-to-coil vertical distance:  

                                      
(3.1) 

For example, investigations in [72] and [77] have both a system efficiency of 22%. On the 

other hand, τ equal to 8.62 and 3.46 respectively. The system described in [77] 

outperforms the second system presented in [72] because it has lower value of τ. 

Table 3.3: Performance’s comparison of selected inductive systems from the SOA 

Coil Type Coil shape τ Frequency Load power Efficiency Reference 
Ferrite 

core Circular 0.6 < 150 kHz 90 mW 20% [70] 

Air core Circular 0.3 9.9 MHz 60 W 40% [71] 
Air core Circular 1 6 MHz 95 W - [79] 
Printed Square 8.62 1 MHz 10 mW 22% [72] 
Printed Circular > 20 2 MHz 1 W 30% - 40% [80] 
Printed Square 2 1 MHz 10 mW 18.85% [73] 
Printed Circular > 13.33 500 kHz 1.2 W - [74] 
Air core Circular 1.27 742 kHz - 24% [56] 
Air core Circular 2 700 kHz 24mW 72% [55] 
Air core Circular 3 4.5 MHz 10 mW 54% [75] 
Air core Circular 2 700 kHz 50 mW 36% [76] 
Planar Spiral 3.46 6.78 MHz 50 mW 22% [77] 

Air core Circular 2 2 MHz - 40% [78] 

Investigations dealing with large coil-to-coil distance have smaller values of  

0 < τ ≤ 1. Under this condition, low power transmission efficiency, low mutual 

inductance, and very weak coupling coefficient are expected. For higher value of τ, higher 

values of the parameters are expected. 

These studies prove that the inductive systems with circular coils have better efficiency 

than the inductive systems with spiral or square coils. Besides, the inductive system with 

air core or ferrite core coils have better efficiency compared to the inductive systems with 
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printed or planar coils. Based on that, circular air core coils are suitable for inductive 

systems dealing with large distance between the sending and receiving sides. 

3.2 State of the art of detection techniques 

There are two different types of detection techniques. The first is the static detection, 

where the receiver is in a fixed position during the energy transmission phase. This 

technique is generally used for charging systems that offer a free positioning for the 

receiver. The second type is the dynamic detection, where the receiver is in movement 

during the energy transmission phase. Through literature, different types of detection 

techniques can be found [21, 80, 107-108]. 

3.2.1 Detection techniques 

The proposed method in [21] is based on the detection of small frequency deviations from 

the nominal resonance frequency, which happen when the receiver position is under the 

charging station. The control of the nominal resonance frequency is performed by Self-

tuning controllers. The proposed circuit has not been experimentally implemented and 

only a finite element analysis is presented. 

A method is used when the receiver coil is covered by soft-magnetic material (ferrite) to 

provide shielding and flux guiding [80]. The circuit consists of sensor inductor located in 

each transmitter coils as shown in Fig. 3.16.  

 
Fig. 3.16: Inductive system incorporating a sensor coil in every sending coil [80] 

Its principle is based on the detection of soft-magnetic material causing changes of the 

inductance of the sensor inductor due to the soft-magnetic shielding in the receiver. The 
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resonant circuit is connected to a current source having a fixed operation frequency below 

the idle resonant frequency. If the resonance frequency of the circuit changes to lower 

frequencies, the output voltage of the sensor circuit increases. If it rises above a certain 

trigger level known as “Detection limit”, the sensor resonant circuit detects a receiver 

device and the related transmitter coil is activated. In case of a non-magnetic metallic 

device placed above the sending coils, the inductance of the sensor reduces and the 

resonance frequency change to higher frequencies. In this case, the output voltage 

decreases and does not set off the corresponding transmitter coil. 

The sensor coil is considered as one part of a parallel resonant circuit. Due to the ferrite in 

the receiving coil, the inductivity of this sensor coil increases causing the redaction of the 

resonance frequency.  

In [107] a load-detection method is proposed to reduce the power consumption of an 

inductive system by analysing the transmitting coil voltage and supply current space using 

a microcontroller with a built-in ADC. To extract the coil voltage, a high impedance half 

wave rectifier is used. A current sense resistor was used to extract the supply current. 

Their aim is to turn off the sending coils when no valid receiving devices are placed on the 

transmitting platform. If the supply current is below 0.3 A, the sending coil voltage must 

be in the range of 32 and 64 V. If it is above 0.3 A, the sending coil voltage must be in the 

range of 32 and 80 V. For these two conditions, the corresponding sending coil is 

activated and a valid receiving coil is present. For any other value of the supply current, 

which is higher as 0.85 A, it is considered that there is no valid receiving coil and the 

system would switch off the corresponding sending coil. 

The method, explained in [108], uses the sending coil as sensor coils. It is named load 

detection method. The principal is to scan every sending coil, at the same time, measuring 

and evaluating their equivalent impedances. By using this method, it is also possible to 

identify the load type if it is conductive material or soft-magnetic material. 

The load detection method takes place in three different stages defined as: calibration, 

load-position detection and load-type estimation. In the calibration stage, the equivalent 

winding impedances are estimated by measuring for every sending coil its current 

amplitude, relative current phase, voltage amplitude and voltage phase, when the sending 



 

35 

system doesn´t have any load devices. During the second stage, every sending coil is 

excited individually, for a short duration between 1 and 2 seconds. Simultaneously, its 

current amplitude, current phase, voltage amplitude and voltage phase are measured and 

stored. After the sending coils are scanned, measurements are the converted to impedance 

value and are compared against the calibrated values of the first stage.  

The changes in impedance phases and amplitude can be calculated as  

)100()1/( CS                                             (3.2) 

Where, C and S are the impedance phase measured in the calibration stage and stored in 

the second stage, respectively. 

)100()1/( CS                                             (3.3) 

Where, C  and S  are the impedance amplitude measured in the calibration stage and 

stored in the second stage, respectively. 

Any deviations outside ± 5% of the impedance phases and ± 10% of the amplitudes 

indicate that a load device is placed above the corresponding sending coil. 

In the last stage, by analysing the change in the impedance amplitude and phases, the load 

type is estimated if it is a valid resonant load, conductive material or soft-magnetic 

material. 

If the load is a valid resonant load, there is no extra shift between the current and the 

voltage. In this case, only the impedance amplitude is changed. In the case of a conductive 

material, the impedance phase is decreasing and becoming increasingly negative and its 

amplitude increases. In the case of a soft-magnetic material, both the impedance amplitude 

and phase increase. 

3.2.2 Evaluation 

A brief comparison between the proposed detection circuits is presented in Table 3.4. The 

detection method in [80] presents some advantages, such as its low-cost analogue devices 

and the safety mechanism, which prevents power delivery to the metallic objects. It has 

also some drawbacks such as the low detection height of only 2 mm and the difficulty to 

regulate the trigger level of each sending coil. 
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Table 3.4: Evaluation of detection circuits 

Properties Detection technique 
Reference  [21] [80] [107] [108] 

Movable receiver no Yes yes yes 
Use of extra sensors no yes no no 

Use of extra microcontroller yes no yes yes 

Dependency on the receiver’s 
material 

yes yes no no 

Influence of external material yes yes no no 
Detection height high very low very low very low 

Design complexity medium medium high very high 
Cost medium low medium medium 

Power saving no no yes yes 

Detection methods presented in [107, 108] are similar to each other’s. The low detection 

height of these methods presents their major limitation. The first detection method has less 

complexity than the second one because it controls only the coil voltage and the supply 

current. On the other hand, the second detection method controls the phases of the coil’s 

voltage and the coil’s current in addition to their amplitudes. 

3.3 Proposed approach 

The efficiency of IPT systems depends on both the vertical (axial) and lateral distances 

between the sending and receiving coils. Placing the sending and the receiving coils in a 

perfect position is generally difficult. Thus, a lateral misalignment is unavoidable and 

leads to a sharp decrease of mutual inductance, coupling coefficient and transmitted 

power. Consequently, the efficiency of the IPT system drops dramatically. This is due to 

the high magnetic field losses occurred during the power transmission phase. 

One of the proposed solutions to overcome these problems is the use of multi-coil 

systems. In this context, we suggest to improve the transmitted power, the mutual 

inductance, the power at the load, and consequently the power transmission efficiency of 

an inductive system in case of lateral misalignment between the sending side and the 

receiving side and at large coil-to-coil vertical distance. To reach this objective, a multi 
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input single output MISO coil system able to orientate the issued magnetic field to the 

receiving coil is designed. The orientation of the magnetic field is assured by the 

neighbouring coils of the active sending coils, which are powered with weak current and 

in the opposite direction (see Fig. 3.17).  

For comparison matter, the sending coils are settled to occupy the same surface occupied 

by a bigger sending coil in a conventional two-coil system. For the investigation, we 

propose the use of circular air core sending coils in a hexagonal arrangement and having 

the half diameter of the receiving coil. Thus, an analytical model of the used coils and an 

accurate three-dimensional model of the system have been developed to predict the values 

of induced voltage, current and mutual inductance. For the experimental investigations, air 

core coils have been fabricated by copper wire and have been characterized using an 

impedance analyser.  A multi-coil inductive system consisting of a matrix of 16 air core 

sending coils and a receiving coil has been designed. 

In order to improve the transmitted power to the secondary side and consequently the total 

system efficiency at resonance, it is proposed the use of compensation capacitors in series 

or in parallel in the primary and/or in the secondary circuits. The selection of the adequate 

topology depends on the system requirement. Hence, four main compensation topologies 

are investigated, which are the series-series (SS), series-parallel (SP), parallel-series (PS) 

and parallel-parallel (PP) topologies. 

 
Fig. 3.17: Proposed multi-coil inductive system 

In case of movable receiver, we propose to implement a detection method for the 

receiving coil without adding additional sensors to the circuit. Here, only the sending 
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coils, which are above the receiver, are activated and the others remain switched off. This 

novel solution uses the sending coils themselves as detector. The detection method is 

based on the measurement of the peak of the AC current of the sending coils, converts it to 

DC signal, and compares it with a detection threshold. The solution is easy to implement, 

inexpensive and it is composed of simple electrical components. It could be applied to all 

applications having movable receivers with different size and position. 

After detecting the position of the receiver, some sending coils are activated and the others 

are turned off. Powering all the sending coils, which are under the receiver, by the same 

way lead to magnetic field leakage caused due to the mismatch between the surface of 

energy exchange of the receiver and the corresponding sending coils. As a solution, we 

propose a novel excitation strategy for the active sending coils in which we excite the 

perfectly aligned coils with the receiver more than the mismatched ones. This approach is 

followed for every lateral position of the receiving coil. 
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Chapter 4 

4Modelling of circular air-core coils 

The aim of this section is to define an accurate and simple model for a circular coil. The 

simplicity and the accuracy of the analytical model of the coils are needed to provide 

guide lines in the choice of the design’s parameters, system’s performance indices as well 

as for the efficiency optimization of the inductive power transmission systems. 

The first part of this chapter is addressed to the modelling of circular air-core coils in 

which the self-inductance, coil’s resistance, self-capacitance and quality factor are 

estimated. In the second part, rules for the choice of coil’s properties are provided in order 

to improve the induced voltage and the transmitted power and consequently the power 

transmission efficiency of the inductive systems. 

4.1 Coil model  

A coil is modelled as an inductance L with a series resistance Rcoil and a capacitance CL in 

parallel to them as shown in Fig.4.1. 

LC

L
coilR

 
Fig. 4.1: Coil’s model 
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Fig. 4.2: Geometric parameters of the coils 
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For experimental investigation of the different coil models, we propose to use sending and 

receiving coils having the following parameters as presented in Table 4.1. 

Table 4.1: Coils’ parameters 

Parameters Definition Sending coil Receiving coil Extra coil 

r Coil mean radius 15 mm 30 mm 40 mm 

or  Coil outer radius 16 mm 32 mm 41.52 mm 

Ir  Coil inner radius 14 mm 28 mm 38.47 mm 

D Coil diameter 30 mm 60 mm 80 mm 

N Number of turns 4 8 9 

b Coil length 8 mm 8.5 mm 10 mm 

a Winding’s wire radius 0.5 mm 0.5 mm 0.5 mm 

m Number of layer 1 layer 2 layers 2 layers 

 
Fig. 4.3: Coils used in experimental investigations 

4.1.1 Self-inductance estimation 

4.1.1.1 Models 

Kirchhoff and Maxwell first developed formulas for the calculation of the self-inductance 

[48, 81]. The self-inductance of a coil is defined as the rates of change of the magnetic 

flux ϕ through the coil with respect to the current I. 

I
L

                                                              
(4.1) 
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The flux through the coil with N turns, a radius r and a length b is equal to: 

b
INr 224

                                                       
(4.2) 

Substituting Eq.4.2 in Eq.4.1, we got: 

b
NrL

224
                                                         

(4.3) 

This formula is accurate only for coils with extremely long length b. 

Other models have been developed in [82, 83]. One of the important models for the 

calculation of the self-inductance for circular coil with circular section has been proposed 

by Rayleigh and Niven [84] 
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For a single layer coil, the model becomes 
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(4.5) 

Another model has been proposed by Wheeler [85, 86]. In case of a single layer air core 

coil, the self-inductance of the coil is given by Eq. 4.5 and for the case of multi-layer air 

core coil the self inductance is given by Eq.4.6 as follows 

br
rNL
109

22

H                                                    (4.6) 

Note that in this equation, r and b are in inches.                                       

)(1096
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Note that in this equation, rI, ro and b are in meters. 

Another inductance’s model is presented in [87, 88] by B. B. Babani as follows 
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22
H                                            (4.8) 

Note that in this equation, rI, ro and b are in millimetres. 
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4.1.1.2 Evaluation 

The proposed models for the self-inductance are simulated in MATLAB software and then 

compared to the experimental values measured at a frequency of 1.2 MHz. For the 

experimental investigation, an Agilent impedance analyser has been used as shown in 

Fig.4.4. The obtained results are explored in Table 4.2. 

 
Fig. 4.4: Measurement set up for experimental investigations 

Table 4.2: Simulation and experimental results of coils’ self-inductance 

Formula 
Self-inductance in μH 

Sending coil Receiving coil Extra coil 

Maxwell (eq. 4.3) 0.64 9.09 16.28 

Rayleigh and Niven (eq. 4.4) 1.12 10.67 19.18 

Rayleigh and Niven (eq. 4.5) 0.69 - - 

Wheeler (eq. 4.7) 0.66 6.31 10.39 

Babani (eq. 4.8) 0.68 6.66 11.06 

Experiment 0.73 6.30 10.56 

Based on the results shown in Table 4.2, we conclude that the coil self-inductance 

expression proposed by Wheeler is more accurate than the other ones. The error between 

the experimental and the analytical values is less than 3%. So, this expression is 

sufficiently to model the sending and receiving coils’ inductance. 
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4.1.2 Resistance estimation 

The prediction of the coils' resistance is important for designing inductive power 

transmission applications, as it is one of the influencing factors that limit the capability of 

power transfer and the efficiency of inductive systems. 

4.1.2.1 Models 

Based on the literature, several methods for estimating the resistance of coils are proposed. 

One of the most important expressions was proposed by Butterworth [89]: 

G
D
duuFRR DCcoil 2

2

211
                                      

(4.9) 

Where: d is the wire diameter in centimetres, RDC is the DC resistance of the coil and all 

the other parameters are functions of coil’s diameter, coil’s length, distance between 

adjacent turns, wire’s diameter, operation frequency, and the resistivity and the 

permeability of the conductive material. They are tabulated in [89]. 

Then, Butterworth modified Eq. 5.9 for shorter coils with different number of turns and 

layers [90, 91]: 
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Where Un, Vn, and Wn are functions of number of turns and Ф1 is function of wire 

diameter, operation frequency, coil’s diameter, and the resistivity and the permeability of 

the conductive material as tabulated in [89-91]. 

Afterwards, Jackson [92] proved experimentally the validity of these formulas indicating 

at the same time that they are not suitable for coils of intermediate lengths. 

Since Butterworth’s expressions are very complicated, other simplified expressions for 

coil resistance, based on Butterworth’s model, are proposed. In [79], Pinuela et al. 

proposed the following expression: 

skinradcoil RRR                                                    (4.11) 

Where: Rrad is the radiation resistance [93], and RSkin is the skin-effect resistance, which 

also considers the proximity effects. They are equal to the following expressions: 
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Where: ω is the angular frequency, N and r are the number of turns and the radius of the 

coil, respectively, a and are the radius and the conductivity of the copper wire, 

respectively, 0 and 0  are the impedance and the permeability of free space, respectively, 

and d  is the free space wavelength at the corresponding operation frequency. 

In [70], two simplified models for the coil resistance have been proposed. These models 

are dependent on the operation frequency f and on the value of the skin depth δ, which 

equals to: 

f
1

                                                      
(4.14) 

where σ and μ are the conductivity and permeability of the copper wire respectively. 

Based on [94] and [95], the two models for the coil resistance are equal: 

If δ > r/2: 
4
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If δ < r/2: 
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Where, r is the radius of the coil and RDC is its DC resistance, which is estimated as in 

[96]: 
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Here, rO is the outer radius of the coil, rI is the inner radius of the coil, b is the coil length 

and a is the wire radius. 
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In case of high frequencies, that means 1
2
a  , the resistance could be estimated as in 

[97] and [98]: 

faRR DCcoil 2                                               
(4.18) 

4.1.2.2 Evaluation 

Experimentally, the resistances of the coils are measured by the Agilent impedance 

analyser. The simulations and experimental results are shown in Fig.4.5. (a), (b) and (c).  

 

 
(c) 

Fig. 4.5: Simulation and experimental results of the resistance of (a) receiving coil with 60 
mm diameter (b) sending coil with 30 mm diameter and (c) extra coil with 80 mm 

diameter 

Three different coil sizes are chosen for the verification. The Pinuela’s model is presented 

by the red curve, Ericson’s model is presented by the black curve and Terman’s model is 

(a) (b) 
Frequency in Hz Frequency in Hz 

Frequency in Hz 
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presented by the pink curve. The experimental values are presented by the blue curve with 

small triangles. 

Based on the obtained results, the model of coil’s resistance, which is proposed by Ericson 

in [97, 98] is more accurate than the other ones. Deviation between the measured values of 

the resistance and Ericson’s analytical model is less than 2%. Consequently, for the rest of 

the work we will use Ericson’s model for the estimation of the coil’s resistance.   

4.1.3 Self-capacitance estimation 

In addition to the self-inductance and the series resistance, the coil also has a parasitic 

capacitance corresponding to the inter-winding capacitance, which exists between coil’s 

turns. 

The parasitic capacitance in general occurs in parallel to the coil’s inductance provoking a 

parasitic resonance known as self-resonance, which limits the operation frequency of the 

coil. In practice, it is recommended to operate the coil at a much lower frequency then its 

self-resonance frequency. In this case, we have more current flowing through the coil 

turns and the parasitic capacitance could be neglected. At frequencies, higher than the self-

resonating frequency, the coil acts as a capacitor and no longer as an inductor. 

4.1.3.1 Models 

Based on the literature, many researches are concentrated on the measurement of the coil’s 

capacitance. The most important expressions are proposed by Palermo [99], Medhurst 

[100] and Grandi et al. [101].   

The corrected version of Palermo’s [99] is given as follows: 
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(4.19) 

Where, “D” and “b” are respectively the diameter and the length of the coil, “N” is the 

number of turns and “a” is the wire radius. 

Medhurst’s refitted formula [100] is given by Eq.4.20 
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Grandi, Kazimierczuk, Massarini and Reggiani“GKMR” [101] formula is given as 

follows: 
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(4.21) 

4.1.3.2 Evaluation 

The analytical value of the parasitic capacitance of the coils used in experiments is given 

by equations (4.19), (4.20) and (4.21). In practice, the aforementioned parameter is 

measured by Agilent Impedance Analyser. Table 4.3 depicts the obtained results. Based 

on the obtained results, we conclude that Palermo’s model [99] is the more accurate model 

among the proposed ones to determine the coil’s self-capacitance. The use of the extra coil 

for the verification is decisive. 

Table 4.3: Simulation and experimental results of coils parasitic capacitance 

Formula 
Parasitic capacitance in F 

Sending coil Receiving coil Extra coil 

Palermo (eq. 4.19) 1.6e-10 1.4e-9 1.3e-9 

Medhurst  (eq. 4.20) 2.1e-10 5.2e-10 7e-10 

GKMR (eq. 4.21) 8.5e-11 6.6e-10 4.4e-10 

Experiments 2e-10 2.8e-9 1.7e-9 

4.1.4 Coil quality factor estimation 

As definition, the quality factor of a coil is the ratio of apparent power to the power losses. 

Based on this definition, the quality factor results to: 

coilR
LQ

                                                      
(4.22) 

Where, f2  is the angular frequency and f is the operation frequency. 
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In general, the quality factor Q of coils has a value between 0 and infinity. In practice, it is 

difficult to get values higher than 1000 due to the self-resonating frequency and the 

resistance limitations of coils. On the other hand, a very low value (for example lower 

than 10) is not very useful. There are other parameters that the quality factor depends on 

such as the shape, the size and the material of the coil. 

Figure 4.6 shows the quality factor of the sending and receiving coils in both simulations 

and experiments.  

In simulations, Ericson’s model of coil’s resistance [97, 98] and Wheeler’s model of coil’s 

self-inductance [85, 86] have been used. Experimental investigations are carried out by an 

Agilent impedance analyser. 

 
 

 
(c) 

Fig. 4.6: Simulation and experimental results of the quality factor of (a) receiving coil 
with 60 mm diameter (b) extra coil with 80 mm diameter and (c) sending coil with 30 mm 

diameter 

(b) (a) 

Frequency in Hz Frequency in Hz 

Frequency in Hz 
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4.2 Effect of coil parameters on the efficiency of inductive 

link 

The geometry and properties of the sending and receiving coils have a decisive effect on 

the efficiency of the inductive power transmission systems. In this section, we study in 

details the effect of coil parameters such as the coil’s diameter, the number of turns, the 

winding’s wire diameter, and the coil’s shape on the induced voltage and the transmitted 

power to the load. An open circuit test is performed to investigate the induced voltage and 

a closed-circuit test is performed to investigate the induced current and thereby the 

transmitted power. 

4.2.1 Number of turns 

In order to investigate the induced voltage in the receiving side, an open circuit test is 

performed. Using Eq. 2.1, the induced voltage in the receiving coil is given as follows: 

dt
BdA

dt
dV

                                                   
(4.23) 

In case of a receiving coil with “N” turns, Eq. 4.23 becomes: 

dt
BdNAV

                                                           
(4.24) 

Referring to Eq.4.24, we conclude that by increasing the number of turns of the receiving 

coil, the induced voltage increases linearly. Figure 4.7 depicts the simulation and 

experimental results of the influence of the number of turns N2 of the receiving coil. For 

the experimental investigation, the distance between the primary and secondary sides is 

adjusted to 1 cm. 



50 
 

 
Fig. 4.7: Influence of the number of turns N2 of the receiving coil on the induced voltage 

At this short coil separation, a small deviation between simulation and experimental 

results is due to the fact that the close coil filaments respond more to the mutual 

inductance. 

Equation 4.24 could be written also in terms of the number of turns of the sending and the 

receiving coils N1 and N2 respectively. The resulting equation is given as follows: 

dt
dI

N
NLkV 1

1

2
112                                                    (4.25) 

Where, k12 is the coupling factor between the sending and receiving coils and L1 and I1 

are, respectively, the self-inductance and the current of the sending coil. 

Referring to Eq. 4.25, we conclude that by increasing the number of turns N1 of the 

sending coil, the induced voltage V decreases linearly. 

 
Fig. 4.8: Influence of the number of turns N1 of the sending coil on the induced voltage 
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In order to investigate the transmitted power to the receiving side, a closed loop circuit test 

was performed. For that, a load of 1 Ω was added in series to the receiving coil. 

In the first test, some parameters of the sending coil are fixed to the following values:  the 

diameter D1 equals to 7.5 cm and the number of turns N1 equals to1 turn. Then, it is 

proposed to change the number of turns N2 of the receiving coil. The diameter D2 of the 

receiving coil equals to 6.5 cm and the axial distance d between the sending and receiving 

coils equals to 6 cm. Table 4.4 depicts the obtained experimental and simulation results by 

changing the number of turns N2 of the receiving coil from 2 to 4 turns while maintaining 

the number of turns N1 of the sending coil fixed to one turn. 

Table 4.4: Influence of the number of turns N2 of the receiving coil on the transmitted 

power  

Number of turns N2 
of the receiving coil 

Transmitted power in mW 

Simulation Experiment 

2 6.9 6.8 

4 22.9 18.2 

Based on the obtained results, it is better work with a receiving coil having a number of 

turns N2 greater than that of the sending coil. In this case, as the number of turns increase, 

the transmitted power is also increased.  

In the second test, some parameters of the receiving coil are fixed to the following values:  

the diameter D2 equals 6.5 cm and the number of turns N2 equal 2 turns. Then, it is 

proposed to change the number of turns N1 of the sending coil. The diameter D1 of the 

sending coil equals 7.5 cm and the axial distance d between coils equals 5 cm. 

Table 4.5: Influence of the number of turns N1 of the sending coil on the transmitted power 

Number of turns N1 
of the sending coil 

Transmitted power in mW 

Simulation Experiment 

1 75 74.2 

2 19.8 19.2 
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Table 4.5 shows the obtained experimental and simulation results by changing the number 

of turns of the sending coil from 1 to 2 turns while maintaining the number of turns N2 of 

the receiving coil fixed to 2 turns. 

In accordance to the first test, the obtained results show that if the number of turns N1 of 

the sending coil increases, the transmitted power decreases. 

Referring to the first and the second tests, in both open and closed circuits, and in order to 

increase the transmitted power, the number of turns N1 of the sending coils used for the 

multi-coil system should be inferior or equal to the number of turns N2 of the receiving 

coil. 

4.2.2 Diameter 

In this section, it is proposed to investigate the effect of the diameter of both the sending 

and the receiving coils, first, on the induced voltage and, secondly, on the transmitted 

power. 

In the first test, the parameters of the sending coil are kept fixed to the following values:  

the diameter D1 equals 6.5 cm and the number of turns N1 equals 9 turn. Then, it is 

proposed to change the diameter of the receiving coil D2 from 4 cm to 10 cm. The number 

of turns N2 of the receiving coil equals 9 turns and the axial distance d between the 

sending and receiving coils equals 6 cm. Figure 4.9 presents the obtained results. 

 
Fig. 4.9: Influence of the receiving coil’s diameter D2 on the induced voltage 
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Results show that the induced voltage increases by increasing the diameter of the 

receiving coil. This also justified by Eq. 4.33. By increasing the surface area A, the 

induced voltage V increases. 

In the second test, the parameters of the receiving coil are kept fixed to the following 

values:  the diameter D2 equals 6 cm and the number of turns N2 equals 9 turns. Then, it is 

proposed to vary the diameter D1 of the sending coil from 4 cm to 10 cm. The number of 

turns N1 of the sending coil equals 9 turns and the axial distance d between the sending 

and receiving coils equals 6 cm. Figure 4.10 depicts the obtained results. 

 
Fig. 4.10: Influence of the sending coil’s diameter D1 on the induced voltage 

Results show that the induced voltage V starts to decrease when the diameter D1 of the 

sending coil becomes greater than the diameter D2 of the receiving coil. 

Based on the open circuit test, it is better to work with sending coils having a diameter 

inferior or equal to the receiving one. 

In order to investigate the transmitted power to the receiving side, a closed loop circuit test 

is performed. For that, a load of 1 Ω is added in series to the receiving coil. 

As for the open circuit test, the first closed circuit test is performed by keeping some 

parameters of the sending coil fixed to the following values: the diameter D1 equals 7.5 cm 

and the number of turns N1 equals 1 turn. The number of turns N2 of the receiving coil 

equals 4 turns and the axial distance d between coils equals 5 cm. 

Table 4.6 depicts the experimental and simulation results by changing the diameter D2 of 

the receiving coil from 6.5 cm to 9.5 cm while maintaining the diameter D1 of the sending 

coil fixed to 7.5 cm. 
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Table 4.6: Influence of the receiving coil’s diameter D2 on the transmitted power 

Diameter D2 of the 
receiving coil 

Transmitted power in mW 

Simulation Experiment 

6,5 cm 21.4 19.3 

9,5 cm 44.7 42 

Based on the obtained results, we conclude that by increasing the diameter D2 of the 

receiving coil, the transmitted power is also increased because the surface area A of 

exchanged power is increased.  

In the second test, the diameter D2 and the number of turns N2 of the receiving coil are 

kept fixed to 6 cm and 4 turns, respectively. Then, it is proposed to vary the diameter D1 of 

the sending coil from 6 cm to 9.5 cm. The number of turns N2 of the receiving coil equals 

to 2 turns and the axial distance d between the sending and the receiving coils 5 cm.  

Table 4.7: Influence of sending coil’s diameter D1 on the transmitted power 

Diameter D1 of the 
sending coil 

Transmitted power in mW 

Simulation Experiment 

6 7.8 7.2 

9,5 13 11.6 

Table 4.7 shows that by increasing the diameter of the sending coil, the transmitted power 

increases, because the generated magnetic field is augmented by using bigger coils. 

Referring to the first and the second tests in both open and closed circuits, and in order to 

increase the transmitted power, it is better to deal with sending coils having a diameter D1 

inferior or equal to the diameter D2 of the receiving coil. 

4.2.3 Wire diameter 

The winding’s wire diameter of the coils has a great impact on the efficiency of the 

inductive power transmission systems. In order to study its effect, it is proposed to make 

two tests. The first one is to keep the parameters of the sending coil fixed to certain values 

while varying the winding’s wire diameter of the receiving coil. In the second test, we 

make the opposite. That means we fix the parameters of the receiving coil while changing 
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the winding’s wire diameter of the sending coil. Table 4.8 shows the parameters used in 

both tests. 

Table 4.8: Parameters for the first and the second tests 

Test First test Second test 

Axial distance 5 cm 5 cm 

Parameters Sending coil Receiving coil Sending coil Receiving coil 

Diameter 7.5 cm 6.5 cm 7.5 cm 6.5 cm 

Number of turns 1 turn 1 turn 1 turn 2 turns 
Winding’s wire 
diameter 1 mm variable variable 1 mm 

Table 4.9 depicts the experimental results of varying the winding’s wire diameter of the 

sending and the receiving coils. Refereeing to the obtained results and in order to have 

more transmitted power, it is better to deal with sending coils having a winding’s wire 

diameter superior or equal to that of the receiving coil. This is justified by the fact that 

when the thickness of the wire increases, the skin effect, which limits the performance of 

the coil has a lower effect at higher frequency 

Table 4.9: Influence of the winding’s wire diameter of the receiving coil 

First test Second test 

Wire’s diameter of 
the receiving coil 

Transmitted 
power in mW 

Wire’s diameter of 
the sending coil 

Transmitted power 
in mW 

1 mm 27.4 1 mm 70.5 

2 mm 9.5 2 mm 75.5 

4.2.4 Shape 

The choice of the shape of the sending and receiving coils is very important for the 

optimization of the efficiency of the inductive links. In this section, it is proposed the 

study of four combinations of coil’s shape as shown in Fig. 4.11: a) circular-circular b) 

circular-square c) square-square and d) square-circular. The objective behind that is to find 

the best combination that offers the highest transmitted power. For the simulation study, 

the sending coils have the following parameters: the diameter D1 equals to 4 cm and the 
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number of turns N1 equal to 3 turns. On the other side, the diameter D2 and the number of 

turns N2 of the receiving coils equal to 4 cm and 5 turns, respectively. The axial distance d 

between the sending and receiving coils equals 2 cm.   

  

  
Fig. 4.11: Different combination of coil’s shape: (a) circular-circular (b) circular-square 

(c) square-square and (d) square-circular 

A three-dimensional simulation is performed by finite element simulation software and 

the obtained results are illustrated in Table 4.10. 

Table 4.10: Simulation results for coil’s shape combination 

Coil’s shape 
combination 

Transmitted power 
in mW 

Efficiency in % 

circular-circular 143 21 

circular - square 112 17 

square - square 87 13 

square - circular 54 8 

Based on these results, we conclude that a better transmitted power is achieved by using 

both sending and receiving coils with circular shape. This configuration gives a symmetric 

distribution of the magnetic field and a uniform current circulation along the coils’ 

windings as shown in Fig 4.12. 
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Sending coil

Receiving coil

: direction of the current’s circulation  
Fig. 4.12: Current’s circulation in the sending and the receiving coils with circular shape 

4.3 Discussion of the modelling results 

In this chapter, expressions for self-inductance, coil’s resistance, self-capacitance, and 

quality factor are estimated analytically and verified by experiments. An accurate and 

simple model of these coil’s parameters are proposed. The resulting model is a 

combination of Wheeler’s model [85] for the self-inductance, Ericson’s model [97] for the 

coil’s resistance and Palermo’s model [99] for the self-capacitance. The circular air core 

coils are modelled in order to provide guide lines in the choice of design parameters, 

system performance indices as well as for the efficiency optimization of the inductive 

power transmission systems. 

In the second part, we proposed rules for the choice of coil’s diameter, coil’s number of 

turns, winding’s wire diameter and coil’s shape in order to improve the induced voltage 

and the transmitted power and consequently the power transmission efficiency of the 

inductive systems. 
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Chapter 5 

5Large air-gap multi-coil inductive system 

The typical concept of an inductive system is presented in Fig.5.1. It is composed by the 

power supply, the interface power supply/coil system, the coil system, the interface coil 

system/load, and the load. The aspects that influence an IPT system are: The operation 

frequency f, separation distance d, lateral misalignment ∆, coils’ properties and geometries 

(e.g. printed, air-cored, ferrite-cored, circular, square), compensation capacitors that form 

system topologies, system configuration (i.e. two-coil system or multi-coil system), source 

impedance, the interface between power source and coil system (e.g. ADC converter, 

amplifier), the interface between the coil system and the load (e.g. rectifier, voltage 

regulator) and finally the load. 

DC power 
supply

AC power 
supply

DC/AC 
converter

AC/DC 
converter

DC/AC 
converter

Amplifier

Extra DC 
supply

AC power 
supply

M12

Power 
supply

Interface:
Power source /Coils

Inductive 
coil system

Interface: 
Coils / Load Load

Voltage 
regulator

Rectifier

RL

(a)

(b)

(c)

Matching 
circuit

Filter

 
Fig. 5.1: Typical concept of inductive power transmission (IPT) system 

In the first part of this chapter, the investigation of effects of both axial and lateral 

distances on the transmitted power is proposed. On the second part, a novel multi-coil 

system, which solves the problem of a large air-gap misalignment between the sending 

and receiving sides is designed. This problem occurs, generally, in most of inductive 

systems. Therefore, an analytical model of the multi-coil system is proposed in order to 

extract the important parameters of the system, which are the equivalent mutual 

inductance Meq, the induced voltage Vind, the induced current Iind, the coupling factor k, the 

transmitted power Pt and the system efficiency η. 
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Simulations and experiments are performed, first, to validate the proposed analytical and 

three-dimensional models of the multi-coil system and, secondly, to determine the 

transmitted power and the power transmission efficiency of the system. The last part is 

devoted to the investigation of different compensation topologies for the studied multi-coil 

system to realize the resonance and increase, thereby, the transmitted power to the load 

and, consequently, the power transmission efficiency. 

5.1 Effect of vertical and lateral distances on system 

performance 

Power transmission efficiency of inductive systems is highly dependent on the lateral 

distance ‘Δ’ and the vertical distance ‘d’ separating the sending side and the receiving 

side. Fig.5.2 depicts lateral misaligned coils at large air gap ‘d’ in case of single input 

single output SISO coil system. It shows a magnetic flux leakage caused by the increase of 

the axial and lateral distances. In this case, some parameters are affected negatively such 

as the coupling factor and the mutual inductance between the sending and receiving coils. 

Flux leakage at large 
vertical distance ‘d’

Flux leakage at lateral 
distance ‘∆’

Coil 2

Coil 1

: Magnetic flux leakage : Linked magnetic field

Coil 2

Coil 1

d

∆

 

Fig. 5.2: Flux leakage in case of lateral misaligned coils at large air gap ‘d’ in SISO 

system 
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Curves in Fig.5.3 (a) and Fig.5.3 (b) present, respectively, the coupling factor and the 

mutual inductance between two coils having a variable vertical distance from 1 cm to 5 

cm and variable lateral distance from 0 cm to 2.5 cm. The diameter of the sending coil D1 

and the receiving coil D2 are equal, respectively, to 3 cm and 6 cm and their number of 

turns N1 and N2 are equal, respectively, to 4 turns and 8 turns. 

At 1 cm coil to coil vertical distance ‘d’, the coupling coefficient ‘k’ drops from 0.18 at 0 

cm lateral deviation to 0.06 at 2.5 cm lateral deviation corresponding to 83.33% of the 

sending coil diameter. At large air gap, corresponding to more than 1.6 times of the 

diameter of the sending coil, the coupling factor decreases with a low slope (i.e. it drops 

with 8% of its initial value from 0 cm to 2.5 cm misalignment) comparing to a nearby 

distance in which the coupling coefficient drops with more than 66% of its initial value. 

 

 
(a) (b) 

Fig. 5.3: Coupling factor (a) and mutual inductance (b) for different lateral and vertical 
distances 

Similar to the coupling factor, the mutual inductance is affected by both vertical and 

lateral distances. At perfect alignment, the mutual inductance drops significantly by more 

than 85% of its initial value from 1 cm vertical distance to 5 cm vertical distance. At a 

lateral misalignment of 2.5 cm, the mutual inductance is decreased by 59% of its initial 

value from 0.137μH at 1 cm vertical distance to 0.056 μH at 5 cm vertical distance.  

Additionally, in case of a large air gap lateral misalignment, not all magnetic field lines 

produced by the sending coils go through the receiving coil. As result, the induced current 
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Iind and the induced voltage Vind decrease. Consequently, the transmitted energy decreases. 

This is justified by Faraday’s law [42], which shows a proportional relation between the 

magnetic field B and the induced circulating electric field E  

Faraday’s law: 
SC

AdB
dt
dldE                                       (5.1) 

The transmitted power has been also evaluated, first, in case of variable vertical distance 

‘d’ and, secondly, in case of variable lateral distance ‘Δ’. The resulting curves of the 

transmitted power with respect to vertical and lateral distance are plotted in Fig.5.4 (a) and 

Fig.5.4 (b), respectively.  

 
(a) (b) 

Fig. 5.4: Transmitted power with respect to vertical (a) and lateral (b) distances 

By increasing the vertical distance ‘d’ from 10 mm to 50 mm corresponding to 166% of 

the sending coil diameter, the transmitted power decreases by more than 64% of its initial 

value. It also shows a very high drop of 80% of its initial value in case of lateral 

misalignment that varies from 0 mm to 20 mm, which corresponds to 66% of the sending 

coil diameter. 

Based on the results shown in Fig. 5.3 and Fig. 5.4, we conclude that IPT systems are 

highly dependent on both lateral and vertical distances. They show a sharp decrease of 

mutual inductance, coupling coefficient and transmitted power. Consequently, the 

efficiency of the IPT system drops dramatically. This is justified by the high magnetic 

field losses occurred during the power transmission phase. 

One of the proposed solutions to overcome the problem of large air gap misaligned coils, 

is the use of multi-coil systems in place of the conventional two-coil system. In this 
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context, a Multi Input Single Output MISO coil system is proposed in which the sending 

side is composed by multiple sending coils occupying the same surface of a bigger coil. 

5.2 Design of the MISO coil system  

5.2.1 Introduction 

As shown in section 5.1, inductive power transmission systems show a sharp decrease of 

more than 60% in their performance in case of large air gap misalignment between the 

sending and the receiving coils. The proposed multi-coil inductive system overcomes this 

influencing effect while the receiver is in fixed position and/or in movement during the 

power transmission phase. 

Firstly, guidelines for the appropriate choice of the number of sending coils, their diameter 

and their arrangement are presented.  

The second part is devoted to the analytical model and the three-dimensional model of the 

multi-coil system. Having a simplified and appropriate model of the inductive power 

transmission systems is highly needed in developing and optimizing any application in 

which they are used. 

5.2.2 Coil configuration 

5.2.2.1 Arrangement 

The sending side of the multi-coil inductive system consists of a matrix of circular air-

cored coils. Therefore, the magnetic field distribution is not uniform and it has a 

distribution of peaks and valleys, corresponding to the coil’s centres and edges, 

respectively. To improve the coupling between the sending and receiving coils and their 

mutual inductance, these valleys of low magnetic fields should be reduced. This is 

achievable by removing the gap between the neighbouring coils. 

First, a hexagonal and square coils' arrangement, is implemented in square surface that 

corresponds to the surface area of the receiving side (see Fig. 5.5). 
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Fig. 5.5: Hexagonal (a) and square (b) coils' arrangement 

For the hexagonal arrangement (Fig. 5.5 (a)), the area ratio between the sending side and 

the receiving side can be expressed as follows: 
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For the square arrangement (Fig. 5.5 (b)), the area ration between the sending and 

receiving sides is equal to the following expression: 
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The area ratio between the receiving side and the sending side using circular air core coils 

with the hexagonal arrangement is higher than that of square arrangement. Therefore, the 

use of a matrix of circular air-core sending coils with a hexagonal arrangement encloses 

more power transmission area and therefore less magnetic flux leakage. 

5.2.2.2 Diameter 

For the investigation the influence of lateral misalignment with different coil numbers, the 

surface area for power transmission of the sending side are set equal to that of the 

receiving one, in order to treat all cases in a standardized manner. For the demonstration, 

the receiving coil was chosen with a diameter ‘D2’ equal to 6 cm. 

To consider the MISO coil-system configuration, sending coils should have a diameter 

smaller than the receiving one. That means, for the same area occupied by a bigger coil of 

6 cm diameter, the biggest diameter of the sending coil equals to D/2 = 3 cm if we use at 

least 2 sending coils. Based on this approach, different configurations are illustrated in 

Table 5.1 and shown in Fig. 5.6. The choice of coils is based on the highest value of 
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mutual inductance between one sending coil and a receiving one. The expression of 

mutual inductance is explored in the next section. 

Table 5.1: Parameters of different coil configurations 

Diameter of the 

sending coil in cm 

Maximal possible 

number of coils 

Maximal possible 

number of turns 

D2/2 = 3  4.5 3.5 

D2/2.4 = 2.5  6.5 2.9 

D2/3 = 2  10.25 2.3 

D2/4 = 1.5  18 1.7 
 

 

Fig. 5.6: Possible coil configurations 

 
Fig. 5.7: Mutual inductance for different coil’s diameters 
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Considering the numerical simulation results shown in Fig. 5.7, the highest mutual 

inductance is achieved by using a sending coil having a diameter of 3 cm. Therefore, 

based on Table 5.1 and on the obtained results, the design of an inductive system is highly 

required. The sending side of the investigated system consists of four sending coils with a 

diameter of 3 cm and each coil has 4 turns. 

5.2.3 Analytical model 

A 3D view of the designed multi-coil inductive system is shown in Fig. 5.8. The sending 

side consists of a matrix of circular air core coils, where no magnetic or soft-magnetic 

materials are present in or around them. The receiving side consists of a receiving coil, 

which can move in a parallel plane to the sending side. A large air gap is considered 

between the two sides in which a high loss of magnetic field is expected. This scenario has 

frequently happened especially in medical applications, wireless sensors, conveyor 

systems and other industrial applications. It becomes critical for low power applications.  

 
Fig. 5.8: Proposed multi-coil inductive system 

The analytical model of the system is needed to extract the important parameters of the 

system, which are the mutual inductance, the coupling factor, the transmitted power, the 

induced voltage, and the induced current.  Moreover, this model is able to optimize the 

power transmission efficiency. 

Based on the literature, previous investigations have concentrated on the modelling of 

stationary inductive systems considering the terms mutual inductance [72, 73], the 
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coupling factor [74], resonant capacitor circuits [75, 76] and other critical parameters. 

These investigations are not suitable either for the multi-coil systems or the systems with 

movable receivers. 

The equivalent circuit of the proposed multi-coil system is presented in Fig. 5.9. L1, L2 and 

RL1, RL2 refer to the self-inductance and the resistance of the sending and the receiving 

coil, respectively. CSP, CSS, CRS, and CRP refer to the added capacitance to the sending and 

the receiving circuits to realize the resonance. Mij refers to the mutual inductance between 

the send coil ‘i’ and the other sending coil ‘j’. Mir refers to the mutual inductance between 

the sending coil ‘i’ and the receiving coil ‘r’. 

 
Fig. 5.9: Equivalent circuit of the proposed multi-coil inductive system 

5.2.3.1 Equivalent inductance 

At every position of the receiving coil, four sending coils, which are excited in the same 

direction, are responsible for power transmission and two neighbouring coils are 

responsible for the orientation of the magnetic field and are excited in opposite direction 

with respect to the sending ones. For that the equivalent inductance ‘Leq’ of the sending 

coils, which are connected in series and the same direction is given as follows: 
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ji
ij

i
ieq MLL                                                      (5.4) 

Where: Li is the self-inductance of the coil ‘i’ and Mij is the mutual inductance between 

coil ‘i’ and coil ‘j’. Expending the Eq. 5.4, we obtain the equivalent inductance: 

)(2 3424231413124321 MMMMMMLLLLLeq             (5.5) 

In case of coils that are connected in series but in opposite direction the expression of 

equivalent inductance becomes as follows: 

ji
ij

i
ieq MLL                                                      (5.6) 

Expending the Eq. 5.6, we obtain: 

)(2 3424231413124321 MMMMMMLLLLLeq              (5.7) 

By exciting the sending coils in parallel in the same direction, the equivalent inductance 

expression equals to 
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In case of coils that are connected in parallel but in opposite direction the equivalent 

inductance expression becomes as follows: 
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                                                   (5.9) 

Table 5.2 resumes the different expressions of the equivalent inductance in multi-coil 

inductive systems in which the sending coils can be connected in series or in parallel in 

the same or in opposite directions. 
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Table 5.2: Expressions of the equivalent inductance Leq 

 Coils connected in series Coils connected in parallel 

Same direction 
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Opposite direction 
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5.2.3.2 Equivalent mutual inductance 

Geometrical parameters of the system are introduced in Fig. 5.10, where the position 

presents the origin of all mathematical calculations. x1, x2, x3 and x4 are defined as the 

initial position of the centres of the sending coils along x-axis. If the receiving coil has a 

rectilinear movement along x-axis and referring to the geometrical parameters on Fig. 

5.10, the lateral misalignment Δi between the receiving coil and of the sending coil “i” is 

defined as follows: 

Coil 1 Coil 2

Coil 3Coil 4

Δ2

Δ3Δ4

Δ1

x1 x2

x3x4

x

y

Sending coils
Receiving coil

Direction of movement
 

Fig. 5.10: Geometrical parameters of the designed multi-coil system 
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Where, x is the variable relative position of the receiving coil along x-axis and ri is the 

radius of the corresponding sending coil “i”. 

The equivalent mutual inductance ‘Meq’ of the designed multi-coil inductive system can be 

derived from Eq. 2.26, Eq. 2.27 and Eq. 2.28. The resulting expression is given as follows: 
n
i ireq MM 1                                                

(5.14) 

)(
)(10 i

n
i

iri

ii
rreq hG

rr
rNrNM                           (5.15) 

Where, 

)(

)(
)(4

2)(
)(

)(4

)(
)(4

2)(

22

22

22

i

iri

iri
i

iri

iri

iri

iri
i hE

drr
rr

hK
drr

rr

drr
rr

hG

     (5.16) 

Ni is the number of turns, ri is the radius of the coil, d and Δ are, respectively, the vertical 

and lateral distances between the sending and the receiving coils. The sub-letters ‘r’ and 

‘i’ refer, respectively, to the receiving coil and the sending coil number ‘i’. 

The equivalent mutual inductance of the proposed multi-coil system equals to 

rrrri ireq MMMMMM 4321
4

1                      (5.17) 

Referring to Eq. 2.36, the analytical expression of the coupling factor is given as follows 

req

eq

LL

M
k                                                        (5.18) 

Expending the expression of the equivalent mutual inductance ‘Meq’, Eq. 5.17 becomes as 

follows: 
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For example, in the case of four sending coils connected in series and in the same 

direction, the coupling factor k equals to: 
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5.2.3.3 Induced voltage and current 

The equation of the induced voltage can be derived from Faraday's law stating that a 

changing magnetic flux through a surface A induces a voltage Vind in any boundary path of 

that surface. 

In case of a multi-coil system, the induced voltage equals to 

i

i
ir

r
rind dt

dIM
dt

dILV                                               (5.21) 

Where: Mir is the mutual inductance between the receiving coil and the sending coil i (i 

varies from 1 to n, where n is the number of the sending coils.), Ii is the current circulating 

in each sending coil and Lr is the self-inductance of the receiving coil. 

The induced voltage is measured by transforming Eq. 5.21 to the following expression: 

i
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rNrNILjV )(
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Where: Ir is the current of the receiving coil, ω=2πf is the angular frequency and f is the 

operation frequency in Hz. 

The expression of the induced current is also derived from Faraday’s law and given as 

follows 

2Z

IMj
I i

iir

ind                                                    (5.23) 
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Mir refers to the mutual inductance between the sending coil ‘i’ and the receiving coil ‘r’, 

Ii is the current of the sending coil ‘i’, ω=2πf is the angular frequency and f is the 

operation frequency in Hz. Z2 is the impedance of the secondary side that depends on 

system’s topology. This is studied in details in section 5.5. 

5.3 Finite Element Analysis 

Finite element method is a current and quite suitable method for modelling and extracting 

the important parameters from the used coils. This support the estimation of several 

parameters of inductive power transmission systems such as the magnetic field intensity, 

the mutual inductance, the induced voltage and the induced current by modelling these 

systems in a three-dimensional domain, e.g. in Comsol Multiphysics. 

5.3.1 Three-dimensional model 

A three-dimensional model of the multi-coil inductive system, as depicted in Fig. 5.8, is 

developed using COMSOL software. The system is simulated in the “frequency domain”. 

The sending coils are modelled with circular shape and rectangular section as shown in 

Fig. 5.11. ‘w’ and ‘b’ represent the coil’s width and the coil’s length, respectively, which 

are dependent on the number of turns of the coil, and the winding’s wire diameter. 

 
Fig. 5.11: Three-dimensional model of the sending coil 

Firstly, the sending coils are defined as “multi-turn coil domain”. Secondly, the coil’s type 

is adjusted as “circular”. Then, the “reference edge” for every coil is chosen. The 
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“reference edge” defines the path in which the current is flowing in the coil. It should be a 

closed loop as it is shown in Fig. 5.12. 

 
Fig. 5.12: Reference edge of one sending coil 

The reference edge of the receiving coil is generated automatically by the developed 

model and is in the opposite direction of the sending coils. In order to excite the 

neighbouring coil of the active ones in the opposite direction, the orientation of the 

reference edge needs to be changed. 

Coil’s definition

Maxwell’s 
equations

Coil’s type

Coil’s Number 
of turns

Winding’s wire 
diameter

Coil’s excitation 
and its value

Parameters for 
magnetic field

Parameters for 
electric field

 
Fig. 5.13: Sending coil S1 definition in COMSOL 
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For the coil excitation, the “voltage” is selected and its value is settled. Afterward, the 

operation frequency, which is equal to 1.2 MHz is adjusted. This frequency is chosen 

because at this level the sending coils have the highest quality factor, which improves the 

transmitted power. In the same manner, the receiving coil is defined, but for the excitation 

the “current/voltage circuit” is selected, which means that the coil is excited by the 

induced current or voltage. Fig. 5.13 explains more how the coils are defined and excited. 

After designing the coils, a boundary working space and a magnetic insulation area are 

settled in order to get converged values. For that, the air is defined as the working space 

and Maxwell's equations are included. 

In order to obtain accurate results, a finer mesh element has been chosen for the whole 

model of the system as shown in Fig. 5.14. To change the position of the receiving coil, 

which represents in the system the misalignment ∆, an automatic parametric sweep is 

developped. Due to the requirement of a computer with very high computing performance 

and to reduce the calculation time, the parametric sweep was adjusted from the initial 

position to the final position of the receiving coil in 5 steps. The last step is to adjust the 

frequency at 1.2 MHz, run the simulations, then derive the results. 

 
Fig. 5.14: 3D finer mesh element of the multi-coil inductive system 

5.3.2 Simulation results 

Different system parameters can be extracted by simulation. For example, the induced 

current, the induced voltage, coil’s power, coil’s inductance, coil’s resistance, the 

magnetic field intensity and the magnetic field distribution can be determined. All these 
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parameters can be found in the “Derived value” of the “Global evaluation” icon. On the 

other hand, there are some parameters that can be achieved by adjusting their expressions 

as input to the software. For example, in COMSOL, the mutual inductance between two 

coils is calculated as follows: 

p

coil

Ii
VM                                                         (5.24) 

Where Vcoil is the total voltage of the receiving coil, ω is the angular frequency of 

excitation and Ip is the driving current in the primary coil. Thus, the equivalent mutual 

inductance Meq is calculated using the following expression: 
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Where: Ipi is the driving current in the primary coil number ‘i’. 

The first part of the simulations gives an idea about the behaviour of the system while 

increasing the vertical distance between the sending and the receiving coils. In the second 

part, the transmitted power with respect to lateral misalignment is simulated. To calculate 

the transmitted power of both two-coil and multi-coil inductive systems and at different 

position, we determine the induced voltage and the induced current in the receiving coil. 

 
Fig. 5.15: Transmitted power with respect to the vertical distance d 
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Figure 5.15 shows the simulation results of the transmitted power with respect to the 

vertical distance ‘d’. As can be seen, at small vertical distance under 15 mm, 

corresponding to 25% of the diameter, two coil system “SISO” shows better transmitted 

power than multi-coil system “MISO” as most of the issued magnetic field passes through 

the receiving coil. However, it shows a dramatic drop of performance by increasing the 

vertical distance. For example, the transmitted power decreases about 2 times from 73 

mW at 10 mm distance to 38 mW at 50 mm distance. The efficiency is also decreased 

from 52% to 27.1%, respectively.  

Beginning with 15 mm coil-to-coil vertical distance, only MISO configuration with 

oriented magnetic field becomes better. At this distance, the system is able to transmit 68 

mW with a transmission efficiency equals to 47%. The orientation of the magnetic field is 

influenced by the neighbouring coils of the four active ones. Figure 5.16 shows the 

magnetic field lines (in red colour) before and after orientation (guidance). 

Receiving coil

sending coils

Neighbouring coils

Magnetic 
field lines

 
Fig. 5.16: Magnetic field lines before and after guidance 

Before guidance, a lot of the magnetic field lines are not oriented to the receiving coil and 

the transmitted power equals to 23 mW. After orientation, the transmitted power is 
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improved by powering two neighbouring coils with les excitation and becomes equal to 43 

mW. 

Figure 5.17 depicts the transmitted power in case of the conventional two-coil system 

SISO (blue lines with circle), multi-coil system MISO (red lines with starts), and MISO 

coil system with oriented magnetic field (pink colour) with respect to the lateral 

misalignment Δ at 50 mm coil-to-coil vertical distance. 

 
Fig. 5.17: Transmitted power with respect to the lateral misalignment Δ at 50 mm coil-to-

coil vertical distance 

Results show that at small lateral deviations less than 10 mm, SISO configuration has 

better performance compared to the MISO configuration by realizing about 27.1 % of 

power transmission efficiency. As expected, for larger misalignment, the multi-coil system 

becomes better. This is justified by the fact that the magnetic field in SISO configuration 

is concentrated only at the centre of the sending coil. However, in the case of MISO 

configuration, each sending coil has a concentrated magnetic field at its centre. Therefore, 

the resulting magnetic field is distributed along the whole surface of the sending coils. For 

example, at 10 mm misalignment, the MISO configuration is capable to send 17.5 mW 

realizing 12.5 % of efficiency instead of SISO configuration that can send only 13 mW 

realizing 9.2 % of efficiency. That means the MISO configuration offers 130 % 

transmitted power compared to that of SISO configuration. It can be also seen that the 

MISO configuration with oriented magnetic field has the highest transmitted power. At 
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perfect alignment, the system can transmit 43 mW, which correspond to the 110 % of the 

transmitted power reached by the SISO configuration. At 10 mm lateral misalignment, it 

gives the 200% of the transmitted power reached by SISO configuration. Table 5.3 gives 

an overview of the obtained simulation results. 

Table 5.3: Transmitted power and efficiency of SISO, MISO, and MISO with oriented 
magnetic field coil systems [32, 110, 111] 

Coil system 
Vertical 
distance 

 ‘d’ (mm) 

Lateral 
misalignment 

‘Δ’(mm) 

Transmitted 
power (mW) 

Efficiency 
(%) 

SISO 
10 0 73 52 

50 
0 38 27.1 

10 13 9.2 

MISO 
10 0 68 47 

50 
0 26 18.5 

10 17.5 12.5 

MISO + 
oriented 
magnetic field 

10 0 70 49.6 

50 
0 43 29.2 

10 26 17 
15 20 12.9 

5.4 Experimental investigations 

5.4.1 Experimental setup 

An experimental setup for both the two-coil system “SISO” and the multi-coil system 

“MISO” are described in Fig. 5.18 and Fig. 5.19, respectively. Coils are made in the 

laboratory using copper coils and tested by an Agilent impedance analyser. An AC power 

source is used to feed the sending coils and an additional one is used to feed the 

neighbouring coils, which are mounted in the opposite direction. 

The lateral position of the receiving coil, which represents in the proposed system the 

lateral misalignment, is adjusted manually from 0 mm to 20 mm in 5 mm steps. 
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Fig. 5.18: Experimental setup of the two-coil inductive system “SISO” 

 
Fig. 5.19: Experimental setup of the multi-coil inductive system “MISO” 

In case of the multi-coil system MISO, the initial position of the receiving coil as shown in 

Fig. 5.8 is adjusted. At this position, the four sending coils (S1, S2, S3, and S4) that are 

under the receiving coil are activated and the other coils are switched off. In addition, the 

two nearest neighbouring coils with less current and in the opposite direction are activated 

(see Fig. 5.8). To activate the two nearest neighbouring coils of the four active ones with 

weak current and in out-of-phase excitation, a second source voltage is needed (Fig. 5.19). 

To ensure that neighbouring coils are fed in out-of-phase, a simple and practical method is 

employed. As all sending coils are similar and have the same properties and number of 
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turns. The direction of the windings of the neighbouring coils is changed. That means the 

direction of current's circulation in the windings of the sending coils is in the opposite 

direction comparing to that of the neighbouring coils. 

For both cases, SISO and MISO, a Series-Series topology for primary and secondary 

circuits is considered because the primary side compensation capacitor doesn’t depend 

either on the coupling factor k or on the load RL. 

The receiving coil is connected to a pure resistive load. A resistor of 12 Ω is selected. As 

the components of the secondary side are connected in series, they have the same current. 

Consequently, the secondary side induced current ‘Ir’ can be determined by measuring the 

voltage across the resistor satisfying the following equation 

V = R . I                                                                  (5.27) 

Where R is the resistance and I is the current across the resistor. 

By a simple mathematical calculation from Eq. 5.27, the induced current can be deduced. 

Then, the voltage across the receiving coil is determined, by using a digital oscilloscope, 

in order to obtain its received power that satisfies the following expression 

P = V . I                                                                   (5.28) 

Where P is the resulting power, I is the current across the coil and, V is the coil’s voltage. 

5.4.2 Experimental results 

The source impedance Rs, the equivalent resistance of the sending coil Req and the 

receiving coil resistance are measured by Agilent impedance analyser. Their experimental 

values at a frequency of 1.2 MHz are equal to 50 Ω, 0.243 Ω and 0.31 Ω, respectively. 

Experimental results are illustrated in Fig. 5.20 with solid lines, which show the received 

power as a function of the lateral misalignment at 5 cm coil-to-coil vertical distance. 

Similar to the simulation results, at perfect alignment case, two-coil system “SISO” shows 

good results in which the received power equals to 32 mW and realizes 22.8% of 

efficiency whereas multi-coil system “MISO”, which realizes only 16.7% of efficiency, as 

the received power is 23.5 mW.  

Beginning with 9 mm of lateral misalignment, corresponding to 30% of the sending coil 

diameter, losses increase in SISO configuration due to the high magnetic flux leakage. 
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Consequently, the coupling between the sending and the receiving side becomes very 

weak. At this position, multi-coil system “MISO” becomes better. It offers more flexibility 

and it is less sensitive to the misalignment. 

These results are improved more by adopting a MISO oriented system (Fig. 5.20, pink 

lines) where the two nearest neighbouring coils of the four active ones are excited by an 

opposite and lower current. It shows better performance, comparing to SISO and MISO 

without oriented magnetic field, at both ideal and lateral misalignment cases. 

Even at high degree of misalignment, corresponding to 50% of the sending coil diameter, 

the received power equals 18 mW and achieves 14% of the efficiency. This meets the 

power consumption requirement of low-power application systems such as the sensor 

systems. 

Deviation between simulation and experimental results equals 12.73%, 13.78% and 8.47% 

for SISO, MISO and MISO with oriented magnetic field configurations, respectively. This 

is caused by the presence of other type of losses in the inductive system such as coils’ 

interference, heat losses of used wires, and the influence of experiment’s environment on 

the distribution of the magnetic field 

 
Fig. 5.20: Simulation and experimental results of the received power at the receiving coil 

for different coil system configurations at 50 mm vertical distance 
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The received power is optimized more by adjusting the appropriate circuit topology. For 

that, compensation capacitors are involved in series and/or in parallel to realise the 

resonance. This is studied in detail in the next section. 

5.5 Investigation of compensation topologies 

In order to improve the transmitted power to the secondary side and consequently the total 

system efficiency, the use of compensation capacitors in primary and/or in secondary 

circuits to work in resonance is proposed. The selection of the adequate topology depends 

on the system requirements. For that, four main topologies are suggested: Series-series 

(SS), series-parallel (SP), parallel-series (PS) and parallel-parallel (PP) topologies. 

The equivalent circuit of magnetically coupled resonators is shown in Fig. 5.21.  

 
Fig. 5.21: Equivalent circuit of magnetically coupled resonators 

Leq and Lr represent, respectively, the equivalent inductance of the sending coils and the 

self-inductance of the receiving coil. RLeq is the equivalent resistance of the sending coils 

and RLr is the receiving coil resistance. The capacitors Cs and Cr are added in series (CSS, 

CRS) or in parallel (CSP, CRP) to the primary and secondary circuits, respectively, to work 

in resonance. The load is modelled as a resistor RL. V1 and Rs represent the source voltage 

and its resistance, respectively. M is the mutual inductance between the sending side and 

the receiving side and ω=2πf is the angular frequency where f is the frequency of the 

inductive system. 
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5.5.1 Primary side compensation 

5.5.1.1 Series compensation 

The equivalent circuit of the primary side with series compensation with respect to the 

secondary side topology is shown in Fig. 5.22. 

 
Fig. 5.22: Equivalent circuit of the primary side with series compensation CSS 

Where: rZ  is the secondary side impedance reflected to the primary side and it is given by 

2

2

Z
MZr

                                                         
(5.29) 

Where: M is the mutual inductance between the primary and secondary sides and 2Z  is the 

total impedance of the secondary side that equals to: 

r
rrLL Cj

LjRRZ 1
2 , in case of SS topology                        (5.30) 

L
r

rrL

R
Cj

LjRZ
1

1
2 , in case of SP topology                        (5.31) 

The equivalent circuit of the primary side with series compensation in resonance is shown 

in Fig. 5.23. Based on that, the primary coil current IS is expressed by: 

reqLS
S RRR

VI 1                                                 (5.32) 

Where, rR  is the expression of rZ at resonance that depends on the circuit topology. 

By assuming that
eqLS RRR1 the primary coil current becomes 

r
S RR

VI
1

1                                                         (5.33) 
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Fig. 5.23: Equivalent circuit of the primary side with series compensation in resonance 

The expressions of the source power and the transmitted power from the sending side to 

the receiving one are given in Table 5.4. 

 

Table 5.4: Source power and transmitted power for primary series compensation circuit 

Parameter Expression Equation number 

Source power SS IVP 1  

r
S RR

VP
1

2
1  

Eq. 5.34 

Eq. 5.35 

Transmitted 

power 
rSt RIP 2  

r
r

t R
RR

VP
2

1

1  

Eq. 5.36 

Eq. 5.37 

5.5.1.2 Parallel compensation 

The equivalent circuit of the primary side with parallel compensation with respect to the 

secondary side topology is shown in Fig. 5.24. 

 
Fig. 5.24: Equivalent circuit of the primary side with parallel compensation CSP 

Where:  is the secondary side impedance reflected to the primary side and its expression 

is given by Eq. 5.29. The equivalent circuit of the primary side with series compensation 

in resonance is shown in Fig. 5.26, where Z1 is expressed as follows 
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eqeqLr
SP

S jLRZ
jC

RZ //1
1                                 (5.38) 

 
Fig. 5.25: Equivalent circuit of the primary side with parallel compensation in resonance 

By assuming
eqLr RRR0 , 21 eqSPLCA and 0RCB SP , the expression of Z1 

becomes equal to: 

22
0

221 BA

BRAL
j

BA

RR
RZ eqeqLr

S
                                  

(5.39) 

At resonance, from the equation 5.39 of Z1, the expression of the equivalent resistance of 

the primary side noted R1 can be easily determined by: 

221 BA

RR
RR eqLr

S
                                              

(5.40) 

Thus, the primary current  of the sending coil equals 

 eqLrS
S RRBAR

VBA
R
VI

)(
)(

22
1

2

1

1

                                     

(5.41) 

The selection of the value of the primary capacitorrrrrr  CSP in order to nullify the reactance 

of Zeq is determined by solving  Im(Zeq) = 0. The resulting expression is 

given by 

2
0

2 RL

L
C

eq

eq
SP                                                  (5.42) 

The source power of the primary side with parallel compensation can be defined as  

SS IVP 1                                                              (5.43) 

Subsisting IS by its expression; the source power becomes equal to: 
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Fig. 5.26: Power distribution at primary side 

At resonance, the power is consumed by the resistive load. Fig. 5.27 shows the different 

types of power in the primary circuit that are:  

i. The source power Ps that equals to: 

tLRRS PPPP
SS

                                                  (5.45) 

ii. The transmitter power Pt from the sending side to the receiving side that equals to: 

reqLt RIP 2

                                                       
(5.46) 

iii. The power dissipated by source impedance  that equals to: 

S
S

SSSR R
R
P

RIP
1

2                                                    (5.47) 

iv. The power consumed by the resistance of the sending coil that equals to: 

eqL
r

t
eqLeqLeqR R

R
PRIP

L
2

                                         
(5.48) 

 

Referring to the equations mentioned above, the expression of the source power can be 

expressed as: 

S
S

eqL
r

t
tS R

R
PR

R
PPP

1                                              
(5.49) 

That gives: 
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(5.50) 

Substituting the expression of PS from Eq. 5.50 to Eq. 5.49, the expression of the 

transmitted power from the primary side with parallel compensation to the receiving side 

becomes as follows: 

11
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1 1
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R

RRR
RVP S

Lr

r
t

eq                                              

(5.51) 

5.5.2 Secondary side compensation 

5.5.2.1 Series compensation 

The equivalent circuit of the secondary side with series compensation with respect to the 

primary side topology is shown in Fig. 5.27. 

 
Fig. 5.27: Equivalent circuit of the secondary side with series compensation CRS 

Where: Zr is the secondary side impedance reflected to the primary side. Its expression is 

given by Eq. (5.29). In this case Z2 is given as follows: 

RS
rLL Cj

LjRRZ
r

1
2                                      (5.52) 

The equivalent circuit of the primary side with series compensation in resonance is shown 

in Fig. 5.28. At resonance, we have the imaginary part of Z2 equals to zero 

(i.e. 0Im 2Z ). This leads to the following equations: 

rLL RRRZ 22                                                (5.53) 

2

2

R
MRZ rr                                              (5.54) 
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Fig. 5.28: Equivalent circuit of the secondary side with series compensation CRS 

At resonance frequency, the transmitter power Pt from the sending side to the receiving 

side is only consumed by the load RL and the resistance of the receiving coil rLR . Its 

expression is given as follows 
2

rLLRRt IRRPPP
rLrL                                  (5.55) 

 Where: LRP the power at the load and its expression is equals to 

22
rLLLR IRIRP

L
                                                (5.56) 

From Eq. 5.55, the expression of the secondary side current Ir equals to 

LL

t
r RR

PI
r

2                                                        (5.57) 

Substituting the expression of Ir of Eq. 5.57 into Eq. 5.56, the expression of the power at 

the load becomes as follows: 

t
L

R P
R
RP

L
2                                                        

(5.58) 

5.5.2.2 Parallel compensation 

The equivalent circuit of the secondary side with parallel compensation with respect to the 

primary side topology is shown in Fig. 5.29. 

 
Fig. 5.29: Equivalent circuit of the secondary side with parallel compensation CRP 
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Where: Zr is the secondary side impedance reflected to the primary side and its expression 

is given by Eq. (5.29). In this case Z2 is given by 

L
RP

Lr R
jC

RjLZ
r

//1
2                                  (5.59) 

The equivalent circuit of the secondary side with series compensation in resonance is 

shown in Fig. 5.30. We define Zeq as the equivalent impedance of the receiving side 

2

2

2 11 RPL

LRP
S

RPL

L
Leq

CR
RCLj

CR
RRZ

r
                 (5.60) 

 
Fig. 5.30: Equivalent circuit of the secondary side with parallel compensation in resonance 

A maximum power is delivered to the load can be reached by adjusting the value of the 

compensation capacitor CRP is in order to nullify the reactance of the equivalent 

impedance of the secondary side. That means CRP is determined by solving the equation 

Im{Zeq} = 0. This leads to 0
1 2

2

RPL

LRP
S

CR
RCL  and consequently to 

02222
SLRPSLRP LRCLRC                                    (5.61) 

By solving the equation 5.61 of second degree we obtain 

22

242

2

2

Lr

rLLL
RP

RL
LRRR

C
                                    

(5.62) 

It can be remarked that for a real value of CRP, a particular range of load RL is required that 

should fulfil the following condition 

02 24
rLL LRR                                           (5.63) 

Hence,  

RL > 2 ω Lr                                                       (5.64) 



90 
 

To have a maximum power at the load, at resonance, the compensation capacitor RPC and 

the load LR should fulfil conditions 5.61 and 5.64 respectively. Therefore, the total 

impedance of the secondary side 2Z and the reflected impedance to the primary side rZ  

equal respectively 

222
1 rL

L
L

CR
RRRZ

r
                                       (5.65) 

2

2

R
MRZ rr                                                   (5.66) 

At resonance, the received power from the primary is dissipated by the load and the 

resistance of the receiving coil. Thus, the expression of the received power from the 

primary side Pt is given as follows: 

LrL RRt PPP
                                                    

(5.67) 

Where: 
rLRP is the power dissipated by the receiving coil resistance and its expression is 

given as follows: 

t
L

R P
R
R

P r
rL

2                                                   
(5.68) 

5.6 Concluding remarks 

In this chapter, a multi-coil inductive system overcoming the problem of misalignment 

between the sending and receiving sides and at large air gap is proposed, which offers 

more flexibility by increasing the interval of misalignment tolerance till 50% of the 

sending coil diameters. This system can orientate the issued magnetic field to the 

receiving coil by exciting the nearest neighbour coils of the active ones with less current 

and in the opposite direction. The investigation is confirmed in simulation and by 

experiments.  

In the second part, different circuit topologies are studied in order to realise resonance 

conditions and enhance thereby the transmitted power and consequently the power 

transmission efficiency. 
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Chapter 6 

6Activation strategy 

Inductive power transmission has an important use especially in applications where the 

receivers are in movement, having different positions during the power transmission phase 

or are not in the right position with respect to the transmitters. The independence from a 

stationary power supply enables more flexibility to these inductive systems. In fact, a 

detection of the receiver is required not only to guarantee the good operation of the system 

but also to save power by switching off the coils which are not under the receiver 

increasing thereby the system efficiency. 

In the first part of this chapter, different receiver detection techniques are proposed. Some 

of them use additional sensors and others use the sending coils themselves as detectors. A 

detection of the receiver coil based on the measurement of their influences on the sending 

coil are proposed. In the second part, an excitation strategy has been proposed to supply 

the active sending coils S1, S2, S3 and S4 (see Fig. 6.1) aiming to limit the magnetic field 

losses and improve thereby the power transmission efficiency by increasing of the mutual 

coupling between the sending and the receiving coils. 

Receiving coil

Coil S1

Coil S2

Coil S3

Coil S4

Sending coils

Neighbour
coils

 
Fig. 6. 1: Studied multi-coil inductive system 
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6.1 Receiving coil detection 

In order to reach a high system performance, a suitable detection circuit is selected based 

on the application requirements. For that, three different techniques to detect the receiver 

coil are presented and described in the diagram presented in Fig. 6.2. The first detection 

method is suitable for the systems with movable receivers and having both constant speed 

and linear path. The second detection method is applied for the systems with movable 

receivers and having variable speed and linear path. The third proposed detection method 

is used for systems with movable receiver independently from their position and speed. 

 
Fig. 6.2: Summary of the proposed detection methods 

6.1.1 Constant speed 

When the receiving coil has a constant speed and a linear path, their reached positions are 

known during the energy transmission phase. In fact, the receiver comes above the 

powering coils at a fixed time interval. Here, the sending coils are switched on and off at 

the same time sequence matched with that of the receiving coil speed. In the proposed 

circuit, this time sequence operation is achieved by an IC timer circuit, such as the NE555. 
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Figure 6.3. depicts the proposed detection circuit with the three important times intervals 

for a sending coil A which defined by:  

-Time 1: It represents the time that the receiving coil takes to reach all the sending 

coils separately. It represents also the delay needed in the circuit for the first switch on 

of the corresponding sending coil.  

-Time 2: It represents the time that the receiving coil takes to pass over the respective 

sending coil. It represents also the activation time of the corresponding sending coil. 

-Time 3: It represents the time during which the sending coil is kept switched off. 

 

A

Receiving coil
sending coils

Delay TON TOFF

Time 2 Time 3Time 1

 
Fig. 6.3: Detection method for a receiver with constant speed  

To implement the proposed detection method, every sending coil needs a time delay 

circuit followed by a square wave circuit connected with a relay to activate the valid 

sending coil.  The “Time 1” is presented by the “Delay”. It is implemented using NE555 

integrated circuit (Figure. 6.4) and it can be designed by the proper choice of the capacitor 

C1 and the resistor R1. Its expression is given as follows: 

Delay (s) = 1.1 R1 (Ω) C1 (F)                                        (6.3) 

The square wave generator circuit is responsible to present the “Time 2” and “Time 3”. It 

uses a NE555 integrated circuit to generate highly accurate free running waveforms in 

which the output frequency can be adjusted by introducing an externally connected RC 

tank circuit consisting of two resistors R2 and R3 and a capacitor C3 (Figure. 6.4). The 

“Time 2” presented by the ON time “TON” and the “Time 3” presented by the OFF time 

“TOFF” of the oscillator can be determined by the proper design of R2, R3 and C3. They are 

given as follows: 

332ON C )R + (R 0.693 = T                                                (6.4) 
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33OFF C R 0.693 = T                                                     (6.5) 

By using this method, every sending coil should be connected with the respective control 

circuit and with a proper time sequence design which increase the complexity of the 

circuit. If the receiving coil is changed by another one having different size or speed, all 

the parameters of the control circuit which are the delay, the TON and the TOFF should be 

adjusted from the beginning and this presents the main disadvantage of this method. 

 
Fig. 6.4: Control circuit for a multi-coil system with constant speed 

6.1.2 Variable speed and rectilinear path 

The scenario of a receiver with variable speed and linear path can be found in conveyor 

systems, transportation systems, and special case of electric trains. A detection method 

using additional sensors is applied to a multi-coil system consisting of an array of sending 

coils is shown in Figure. 6.5. 

A B C D

Receiving coil Sending array

Sensor 1 Sensor 2 Sensor 3

Light emission (e.g. Laser)  
Fig. 6.5: Detection method of a receiver having a rectilinear path 
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The objective is to switch on one sending coil when the receiving coil is moving above it. 

The following sending coils’ names are: coil A, coil B, coil C and coil D.  

The control circuit of the sending coils is realized as shown in Figure. 6.6 (a). The coils 

are switched separately and each one is connected with a relay. The relay is controlled by 

a sensing circuit based on photo-resistor sensor called also a light dependent resistor 

“LDR” as shown in Figure. 6.6 (b). Depending on the position of the receiving coil, the 

respective relay turns on to activate the corresponding sending coil.  

Coil 
1

Coil 
2

Coil 
3

Coil 
n

    
                                    (a)                                                          (b)  

Fig. 6.6: Control circuits: (a) of the sending coils, (b) of the relay  

The detection principle is as follows; When the laser light is falling on the photo-resistor 

due to the absence of a receiver, so that no base current flows through the transistor. The 

relay keeps off and the corresponding sending coil is disactivated.  

When the receiving coil comes in the way, the light path is blocked and the photo-resistor 

sensor gets triggered. Consequently, a base current flows through the transistor and switch 

on the respective sending coil. The diode across the relay is connected to prevent the flow 

of current in the opposite direction through the relay and in turn it holds on the mechanical 

switch. Figure 6.7 shows the realized sensing circuit, which should be connected to each 

sending coil. This detection method is simple, easy to implement, inexpensive and it is 

composed of simple electronic components. In case of the size of the receiving coil is 

bigger than the sending coil, the transmitted power decreases because the power source 

feeds more than one sending coil in parallel. Another disadvantage of the proposed 

method is that the receiving coil should move in a rectilinear path during the energy 

transmission phase 
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LDR SensorRelay
Transistor

Diode

Variable 
resistance for 

calibration

Resistance  
Fig. 6.7: Realized sensing circuit 

6.1.3Variable speed and arbitrary path 

A detection method for inductive systems with movable receiver, independently from its 

position and speed has been proposed. The solution overcomes the use of any additional 

sensors or coils, which can be realized by introducing only simple circuits and using the 

sending coils themselves as detectors. The proposed solution is applied to the designed 

multi-coil inductive system shown in Figure. 6.1.  

6.1.3.1 Detection principle 

The detection method is based on the measurement of the peak of the AC current of the 

sending coils, which shows a significant difference between invalid receiver (metallic 

targets or no targets) and valid receiver (the receiving coil), and then compare it to a 

detection threshold.  

 
Fig. 6.8: Detection principle 
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As presented in Figure. 6.8, the threshold voltage limit is dependent on the receiver 

positions and distances and on the sending coil current 

In order to define the detection threshold, three-dimensional finite element simulations of 

the multi-coil system are performed to predict the variation of the current value of every 

sending coil. The coils are excited by sinewave signal with an amplitude of 5 Vp-p and a 

frequency of 1.2 MHz. During simulations, the distance between sending and receiving 

coil is kept constant to 50 mm with variable lateral misalignments. The obtained 

simulation results of the current of the sending coils S1, S2, S3 and S4 are presented in 

Figure. 6.9 and Figure. 6.10. 

  
    (a)                                                               (b) 

Fig. 6.9: Current of the sending coil S1 (a) and the sending coil S2 (b) 

   
      (a)                                                                 (b) 

Fig. 6.10: Current of the sending coil S3 (a) and the sending coil S4 (b) 
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Results show that the current amplitude of the sending coils decreases only in case of the 

presence of the receiving coil in their proximity. Based on that, a detection threshold can 

be chosen between 0.61 A and 0.7 A at every lateral position of the receiver. It is better to 

choose a value in the middle of this range to avoid circuit’s ripples. Hence, a threshold 

current of 0.65 A was chosen. 

The designed detection circuit design is presented in Figure. 6.11. Its connected in series 

to each sending coil. Their principle is as follows: Via a toroidal transformer, the sending 

coil current is transferred to a galvanically separated circuit. The measured AC current in 

the secondary side of the toroidal transformer is converted to DC voltage noted Vcoil by a 

simple peak detector based on diode rectifier circuit and then compared to the detection 

voltage threshold noted Vref. In order to periodically test for valid loading conditions 

(presence of the receiving coil) when the sending coils is switched off, a timer and flip-

flop memory circuit are added. The time interval for detection is controlled by the 

capacitor C2 and the resistances R3 and R4.  

 
Fig. 6.11: Proposed detection circuit for movable receiver [109] 

6.1.3.2 Practical implementation and evaluation 

A laboratory set-up for the detection method is shown in Fig. 6.12. A ferrite ring (Ferrox 

cube TN23/14/7-3C90) is used for the toroidal transformer. Two integrated circuits 

NE555 are used for the timer and flip-flop memory circuit, respectively. An LM311P is 

used as a comparator.  
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Fig. 6.12: Detection circuit [109] 

In order to evaluate the detection method, two currents values corresponding to the 

sending coil current are generated. After the toroidal transformer and the AC/DC 

conversion, two voltage values are obtained: 1.5 V present the valid load and 3.4 V 

present the either no load or invalid load (see Figure. 6.13, black curve).  

 
Fig. 6.13: Simulation results of the implemented detection method [109] 

A short time interval was chosen for the evaluation of the circuit to clearly identify these 

two operation modes. The timer and flip-flop are also programmed to test at each time 

interval for valid loading conditions (the presence of the receiving coil). As mentioned 

before, the interval time can be adjusted to the receiving coil speed. The green lines in 

Figure. 6.13 represents the output signal of the proposed detection method which present 

the input signal to the driver of the signal generator inverter. 
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When Vcoil>Vref, the output voltage is equal to zero (Vout = 0 V), which means no 

receiver or other conductive material is present in the coils. When Vcoil<Vref, the output 

voltage Vout = 1 V which indicate the presence of a valid receiving coil. 

6.1.3.3 Influence of the receiver position 

During power transmission, some obstacles can be present in the top of the sending coils 

which impose a vertical distance ‘d’ between the sending side and the receiving side 

changes or a small angular misalignment (Figure. 6.14 (a)). This may affect the detection 

threshold. Figure 6.14 depicts the different possible deviations of the receiver that can be 

happen during its movement.  

S1
S2S4

S3

S1
S2S4

S3

receiver

S1
S2S4

S3

receiver
dd

d
d1>d

d1<dd1<d
d1>d

(a) (b) (c)
 

Fig. 6.14: Position deviations of the receiver 

In order to investigate the behavior of the proposed detection method into vertical 

receiving coil deviation, three-dimensional finite element simulations in COMSOL 

software are performed with an excitation signal characterized by 1.2 MHz of frequency 

and 5 Vp-p of amplitude. The aim is to determine the current level at every sending coil 

while varying the lateral and vertical positions of the receiver. The receiver can be the 

valid receiving coil or an invalid receiver such as a metallic plate. Figures 6.15 and 6.16 

show the simulation results of the sending coils’ current at different vertical distances (40 

mm, 50 mm, and 60 mm) of a conductive material and a valid receiving coil, respectively. 
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Fig. 6.15: Sending coils current for different vertical distances in case of conductive 

material in the proximity 

  

  
Fig. 6.16: Sending coils current for different vertical distances in case of valid receiving 

coil in the proximity 
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Results shows that there is no significant change of the sending coils current, first, at 

different vertical distance of the receiver between 40 mm and 60 mm and, secondly, along 

its lateral misalignment. Therefore, a detection threshold between 0.611 A and 0.697 A 

can be chosen. As conclusion, the detection current threshold of 0.65 A is not affected by 

the change of the vertical distance of the receiver (valid or invalid one) from 40 mm to 

60 mm and it can be maintained along the receiver’s displacement. 

6.1.4Evaluation of the detection methods 

In this section, we proposed three different detection methods. Method 1 is limited to 

movable receivers having constant speed and rectilinear path. Method 2 is limited to 

systems 

Table 6.1: Evaluation of the proposed detection methods 

Properties Detection method 
 Method 1 Method 2 Method 3 
Movable receiver x x x 

Receiver movement 
Rectilinear x x  
Arbitrary   x 

Use of extra sensors  x  
Influence of external obstacles  x  

Receiver speed 
Constant x   
Variable  x x 

Detection height + - + 
Design complexity - + + 
Detection response (rapidity) + + + 
Cost - + + + 

With movable receivers having variable speed and rectilinear path and method 3 is used 

for systems with movable receiver independently from their position and speed. A brief 

comparison between the proposed circuits is presented in Table 6.1. Referring to that, we 

conclude that the circuit 3 is the suitable detection method applied to the designed multi-

coil inductive system. By introducing this detection method, the receiver has more 

freedom to move and change its position, path and height.  
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6.2 Sending coils activation 

The emission of electromagnetic field within an uncoupled region should be avoided, not 

only to eliminate unsafe exposure but also to increase the induced voltage and the 

equivalent mutual inductance between the coupled regions increasing thereby the energy 

transmission efficiency. In this context, a primary coils excitation strategy is proposed. 

6.2.1 Principle 

As demonstrated in the section 5.3.2, a good system configuration is to work with multiple 

sending coils having a hexagonal arrangement and occupying the same surface area 

occupied by a bigger sending coil. Figure 6.17 depicts both 2D and 3D view of the studied 

multi-coil inductive system. The position of the receiving coil shown in Fig. 6.17 is 

assumed as its initial position for all next calculations. 

 
(a)                                                            (b) 

Fig. 6.17: 2D (a) and 3D (b) views of the proposed multi-coil inductive system 

Initially, the four sending coils S1, S2, S3 and S4 are powered equally as they are 

connected in series and they have the same properties. That means every coil are excited 

by 25% of the total system excitation independently from the lateral position of the 

receiving coil. In this case, the region above coils S2 and S4 is not be completely coupled 

(see Fig. 6.17). This leads to magnetic field leakage caused by coil S2 and S4. As solution, 

we propose to reduce the excitation power of these two coils and power more the coils S1 
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and S3. This approach which reduces the excitation power for the less covered coils will 

be followed for every lateral position of the receiving coil. 

For example, at 10 mm of lateral misalignment, a high magnetic flux leakage between the 

receiving coil and the sending coil S4 is expected. Therefore, the excitation is 

concentrated on coils S1, S2 and S3 rather than S4. In order to realise the optimal coil-

activation strategy, different possibilities are suggested in Table 6.2 and simulated in 

COMSOL software.  

Table 6.2: Distribution of excitation power on sending coils 

Lateral distance of the 
receiving coil 

Excitation in % 
Coil S1 Coil S2 Coil S3 Coil S4 

0 mm 

25 25 25 25 
30 20 30 20 
35 15 35 15 
40 10 40 10 
45 5 45 5 

5 mm 

25 25 25 25 
25 25 30 20 
25 25 35 15 
25 25 40 10 
30 20 45 5 

10 mm 
25 25 25 25 
25 30 35 10 
20 30 40 10 

15 mm 
25 25 25 25 
15 40 40 5 
9 45 45 1 

6.2.2 Excitation circuit 

To excite the sending coils by a certain percentage of the total system excitation, as shown 

in Table 6.2, intermediate components should be introduced between the power supply 

and the coils. For that, variable resistances (P1, P2, P3, and P4) are added in parallel to 

each resonant sending coil as shown in Fig. 6.18. As can be seen, the sending coils are 

connected in series. If they are connected in parallel, a different excitation circuit should 

be designed. In order to evaluate the output of the proposed excitation circuit, simulations 

in LTspice software are performed with a full bridge inverter to generate a voltage of 10 

Vp-p, at a system frequency of 1.2 MHz. 
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Fig. 6.18: Excitation circuit for the proposed system 

Figure 6.19 depicts the simulation results of the excitation circuit for the sending coils at 

the initial position of the receiving coil. The case presented in Fig.19 has the following 

configurations: the first primary coil S1 is excited by 40%, the coil S2 is excited by 30%, 

the coil S3 is excited by 10% and the coil S4 is excited by 20% of the total system 

excitation. 

 
Fig. 6.19: Simulation results for the proposed excitation circuit 

6.2.3 Model based evaluation 

A three-dimensional model of the studied multi-coil inductive system is presented in 

Fig.6. 20.  Neighbouring coils are also included in the model but they are not powered. 

This is to consider their influencing effect and to keep the simulations as close as possible 

to the real case. The two sides are separated by 50 mm vertical distance. The sending and 
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receiving coils are modelled in 3D space. In order to obtain accurate results, a finer mesh 

element was chosen. The sending coils are modelled as multi-turn coil domains excited by 

the proposed excitation-strategy as discussed in section 6.1.3. The receiver coil is 

modelled also as a multi-turn coil domain excited by the induced current and voltage. To 

change the lateral position of the receiving coil a “parametric sweep” was programmed 

from 0 mm to 15 mm in 4 steps. Other important parameters of the simulations are 

presented in Table 6.3. 

 
Fig. 6.20: 3D COMSOL model of the multi-coil inductive system 

Table 6.3: Design of the sending and the receiving coils in COMSOL 

Coil Receiving Sending 
Number 1 4 
Coil's material Copper 
Core Air-core 
Coil's type Circular 
Radius 30 mm 15 mm 
Coil's domain Multi-turn coil domain 
Number of turns 8 4 
Winding's wire diameter 1 mm 1 mm 

Coil's excitation Induced current, 
Induced voltage Proposed strategy 

The sending coils are excited differently, as shown in Table 6.4, in order to find the 

optimal excitation of every coil at every lateral position of the receiving coil and 

consequently to increase the equivalent mutual inductance and the coupling between the 

primary and the secondary sides. Simulation results of the equivalent mutual inductance 

and the induced voltage are presented in Table 6.4. 
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Based on the obtained results, we conclude that the equivalent mutual inductance between 

the sending and the receiving coils and the induced voltage are strongly dependent on the 

lateral position of the receiving coil. Additionally, at every lateral position of the receiving 

coil, there is a specific coil-excitation strategy that gives much more induced voltage and 

mutual coupling between the coils. 

For example, at 0 mm displacement of the receiving coil, if we excite the coil S1 and the 

coil S3 each by 45% of the total system excitation and the coil S2 and the coil S4 each by 

only 5% of the total system excitation, the induced voltage and the equivalent mutual 

inductance equals 0.981 V and 1.208 μH, respectively. On the other hand, they are equal 

to 0.868 V and 0.65 μH, respectively, if we excite the coils each by 25% of the total 

excitation. Thus, an improvement of more than 13% and 85% of the induced voltage and 

the equivalent mutual inductance, respectively, is achieved 

Table 6.4: Simulation results of the mutual inductance and the induced voltage for 
different coil excitations 

Lateral position of 
the receiving coil 

Excitation in % Simulation results 

Coil S1 Coil S2 Coil S3 Coil S4 Equivalent mutual 
inductance (μH) 

Induced 
voltage (V) 

0 mm 

25 25 25 25 0.650 0.868 
30 20 30 20 0.690 0.897 
35 15 35 15 0.770 0.925 
40 10 40 10 0.919 0.953 
45 5 45 5 1.208 0.981 

5 mm 

25 25 25 25 0.639 0.857 
25 25 30 20 0.666 0.879 
25 25 35 15 0.800 0.925 
25 25 40 10 0.714 0.902 
30 20 45 5 0.989 0.945 

10 mm 
25 25 25 25 0.616 0.826 
25 30 35 10 0.779 0.906 
20 30 40 10 0.805 0.917 

15 mm 
25 25 25 25 0.581 0.778 
15 40 40 5 1.777 0.982 
9 45 45 1 0.533 0.716 
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Figure 6.21 and Fig. 6.22 depict the magnetic field density at each lateral position of the 

receiving coil without and with adjusting the coil-excitation strategy, respectively.  

 

 
Fig. 6.21: Magnetic field density without coil-excitation strategy at different lateral 

positions of the receiver 

 

  

  
Fig. 6.22: Magnetic field density with coil-excitation strategy at different lateral positions 

of the receiver 
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The coloured scale from dark blue to dark red indicates a very low magnetic field density 

(1.69 10-8 T) and a very high magnetic field density (5.86 -8 T), respectively. 

Referring to Fig. 6.21, without coil-excitation strategy, the yellow colour indicates that the 

magnetic field is distributed evenly above the four sending coils. However, with coil 

excitation strategy at 0 mm lateral position (Fig. 6.22), the orange/red colour of the 

sending coils S1 and S3 indicates that the magnetic field is concentrated above them while 

the light blue colour indicates less magnetic field density above the sending coils S2 and 

S4. 

 
Fig. 6.23: Equivalent mutual inductance with and without the proposed excitation strategy 

 
Fig. 6.24: Receiving coil voltage with and without the proposed excitation strategy 

Figures 6.23 and Fig. 6.24 show the equivalent mutual inductance and the receiving coil 

voltage with and without the proposed coil-excitation strategy, respectively. Referring to 

obtained results, a great improvement of the equivalent mutual inductance and the 

receiving coil voltage is achieved. At perfect alignment, the equivalent mutual inductance 
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and the induced voltage increase by 85% and 13%, respectively, comparing to their initial 

value without implementing the excitation strategy. They are improved by 30.58% and 

10.98% at 10 mm misalignment, respectively.  

Table 6.5 presents the percentage of enhancement of the induced voltage and the 

equivalent mutual inductance between the primary and secondary sides at different lateral 

positions of the receiving coil.  

Table 6.5: Percentage of the improvements at different lateral position of receiving coil 

Lateral position of 
the receiving coil 

% of the improvement of 
the equivalent mutual 

inductance 

% of the improvement of the 
induced voltage 

0 mm 85.72% 13.07% 

5 mm 54.67% 10.34% 

10 mm 30.58% 10.98% 

15 mm 205.66% 26.21% 

Mean value 94.15% 15.15% 

A remarkable increase is detected at 15 mm of the lateral misalignment (lateral position of 

the receiving coil with respect to its initial position shown in Fig. 6.17). It shows an 

enhancement of 205.66% of the equivalent mutual inductance and 26.21% of the induced 

voltage. At this specific position, three sending coils contribute to energy transmission 

with 99% of the total system excitation. That means, at this lateral position of the 

receiving coil, the sending coil in the neighbourhood of the coil S3 noted N, should be 

activated to contribute to the energy transmission as shown in Fig. 6.25. 

 
Fig. 6.25: Magnetic field density in case of the activation of the neighbouring coil N 
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6.2.4 Adaptation of the detection threshold 

In this part, we propose the study of the effect of the sending coils excitation strategy on 

the detection threshold of the detection method, which is dependent on the sending coils 

currents. For that, three-dimensional simulations of the optimal excitation strategy are 

carried out in COMSOL software in order to extract the current value of each sending coil. 

Figure 6.26 depicts the obtained results. 

 
Fig. 6.26: Sending coils current in case of the selected coil-excitation strategy 

We conclude that by applying the selected coil-excitation strategy along the lateral 

displacement of the receiving coil, the sending coils current becomes variable. For 

example, the current of the sending coil S1 varies from 0.85 A at the initial position of the 

receiver to 0.23 A at 15 mm lateral displacement of the receiver. On the other hand, the 

detection threshold of the detection method is equal to 0.65 A. That means, when the 

sending coil current exceeds this value, the detection method switches off automatically 

the corresponding sending coil. In this case, a programmable detection threshold must be 

implemented with respect to every lateral position of the receiver. 

In order to implement the excitation circuit together with the detection method, extra 

sensor and components must be incorporated in the circuit. For that, a solution is proposed 

but we didn’t implement it experimentally. The solution is based on incorporating a 

voltage sensor via a microcontroller for each sending coil and a DAC converter. The 

microcontroller controls the variable analogue voltage of the sending coils and decides 
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which threshold limit should be given to the comparator and the DAC converter converts 

the digital output voltage of the micro controller (which represents the detection threshold) 

to analogue one. The new detection principle is described in Fig. 6.27. The analogue input 

pins of the micro controller read the analogue voltage of each sending coils. Depending on 

the read value, the microcontroller adjusts the detection threshold and its output digital 

voltage is converted to the comparator through a DAC converter. The rest of the circuit 

remains the same as shown in Fig. 6.11. 

 

Fig. 6.27: Detection circuit in case of variable detection threshold 

6.3 Concluding remarks 

In this chapter, a detection method for the receiving coil is implemented independently 

from its position and speed. The detection method is based on the measurement of the 

peak of the AC current of every sending coil and compares it to a detection threshold. The 

detection method is able to differ between valid receivers (the receiving coil) and invalid 

ones (no receiver or any other conductive material) and it is not affected by small angular 

and/or vertical deviations of the receiver.  
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In the second part, we proposed a novel excitation strategy of the active sending coils in 

order to improve the induced voltage and the equivalent mutual inductance between the 

sending and the receiving coils. Results show an improvement of more than 13% and 85% 

of the induced voltage and the equivalent mutual inductance, respectively, comparing to 

their value without using the excitation strategy.  

In order to implement the excitation circuit together with the detection method, a control 

circuit for the variable detection threshold using microcontroller is proposed. 
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Chapter 7 

7Energy management 

Energy management is important for increasing the transmitted power of the proposed 

inductive multi-coil system. In the first part of this chapter, a concept for energy 

management is proposed by setting up different resonant topologies. Analytical and 

experimental investigations of the impact of these resonant topologies, which are the 

series-series (SS), the series-parallel (SP), the parallel-series (PS), and the parallel-parallel 

(PP) topologies, are carried out. In the second part of this chapter, the effect of the load 

impedance values on the transmitted power for different system topologies is studied. The 

last part addresses the quantitative evaluation of improvement to the state of the art. 

7.1 Investigation of system topology 

One of the proposed solutions to increase the transmitted power is to realize the resonance 

compensation topologies [112-117]. For that, series or parallel capacitors are added to the 

primary side and/or secondary side to realise the resonance by nullify the reflected 

impedance from the secondary side to the primary side. Different types of topologies can 

be applied, such as series-series (SS), series-parallel (SP), parallel-series (PS), and 

parallel-parallel (PP) topologies. The different configurations of the compensation 

topologies are shown in Fig.7.1. 

CrpCsp
Crs

Css CssCrs
Crp

Csp

Lr

Leq

Leq Leq

LeqLr Lr

Lr

SS topology

PS topology

SP topology

PP topology

 
Fig. 7.1: Compensation topologies of the multi-coil inductive system 
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The selection of the adequate topology depends on the system requirement. In [112], a 

comparison between SS and SP topologies is carried out for a two-coil system at a 1 MHz 

frequency. Results show that the SP topology leads to a better transmission efficiency. 

Similar results have been reported in [113]. Here, the authors have presented the design 

considerations of compensation capacitors in SP topology to have a maximum delivered 

power. However, Campi et al. have demonstrated in [114] that the selection of 

compensation topologies should be done dependently on the frequency. They 

demonstrated that the appropriate topologies are the SP configuration at a frequency of 

300 kHz and the SS configuration at a frequency of 13.56 MHz. A comparison between 

both one-side and two-sides compensation topologies was carried out in [116]. 

Investigation shows that the parallel compensation of both primary and secondary sides 

has much better performance than compensating only in one-side. The practical evaluation 

of the different compensation topologies shows that the PP topology has better 

performance than the other studied topologies. 

In this context, we propose to study the different compensation topologies on both primary 

side and secondary side to improve the transmitted power. The proposed compensation 

topologies are: The series-series (SS), the series-parallel (SP), the parallel-series (PS), and 

the parallel-parallel (PP) topologies. For the verification and the comparison, a resistive 

load at the secondary side at a system frequency of 1.2 MHz is chosen. 

7.1.1 Analytical study 

In this section, an analytical study of the resonant topologies is carried out in order to 

parametrize the compensation capacitors and to calculate the impedances in resonance in 

both sending and receiving sides, the power at the load, the transmitted power and the 

system efficiency for the studied topologies. 

Figure 7.2 depicts the equivalent circuit of the studied multi-coil inductive system. V1 is 

the source voltage, Li represents the self-inductance of the coil i, Req is the equivalent 

resistance of the four in series connected sending coils, RL is the resistive load, and Cij 

represents the compensation capacitor where the sub-letter (i) refers to the sending (s) or 
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the receiving (r) side and the sub-letter (j) refers to the series (s) or the parallel (p) 

connection of the capacitor on the circuit. From here, four possible compensation 

topologies could be defined: SS, SP, PS and PP topologies. 

 

Fig. 7.2: Equivalent circuit of the studied multi-coil inductive system 

Table 7.1 presents the different expressions of the compensation capacitors Css, Csp, Crs 

and Crp, of both the sending side and the receiving side at the resonance frequency.  

Table 7.1: Values of compensation capacitors at resonance 

Topologies Compensation capacitor Value of R2 

Series compensation 
on the sending side eq

ss L
C 2

1
 - 

Parallel compensation 
on the sending side 

22
eqreq

eq
sp RRL

L
C  

Where 2
eqr MR  

- 

Series compensation 
on the receiving side 

r
rs L

C 2
1

 LL RRR
r2  

Parallel compensation 
on the receiving side 

2

242

2
2Re

Lr

rLLL
rp RL

LRRR
C

 

22 1 rpL

L
L CR

RRR
r
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Table 7.1 shows that the selection of the value of compensation capacitor should be done 

in dependence on the selected topology. For example, if the SP topology is chosen, the 

capacitors values of series compensation on the sending side and parallel compensation on 

the receiving side should be selected. That means Css and Crp should be chosen. The same 

way is applied to select capacitors of the other topologies. 

For series compensation, the choice of capacitors doesn’t depend either on the load or on 

the coupling factor, which is dependent on the mutual inductance (Meq). However, the 

values of compensation capacitors show a dependency on both the load and coupling 

factor in case of parallel compensation. In order to evaluate the multi-coil system, the load 

RL is kept fixed to 330 Ω. This value was chosen to fulfil the condition (5.64): RL ≥ 2ωLr. 

The expressions of the equivalent resistances R1 and R2 on the sending side and the 

receiving side, respectively, the transmitted power, the power at the load and the system 

efficiency are given in Table 7.2. 

Table 7.2: Analytical expressions of transmitted power, power at the load and system 
efficiency 

Topologies 
Transmitted power Pt  
Power at the load PL System efficiency η Value of R1 and R2 

Series 
compensation 
on the sending 
side 

2
1

2
1

1 RR
RVP

r

r
t  

Depending on the 
receiving side 
compensation 

eqs RRR1  

Parallel 
compensation 
on the sending 
side 

2
1

2
1

2

eqr

r
t RRR

RVP  
Depending on the 

receiving side 
compensation 

221 ))(( speqr
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RR  
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The results in Fig. 7.3 show the simulation results of the power at the load for a multi-coil 

system with a 50 mm of distance between the sending side and the receiving side. The y-

axis is represented in logarithmic scale in order to have a clear presentation and 
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comparison between the different topologies. During the simulation, the used self-

inductances and mutual inductances values for different misalignments values are defined 

from the results of the FEM simulations. 

Based on the obtained results, the highest level of power at the load is achieved by using 

the PP compensation topology along the lateral misalignment from 0 mm to 25 mm. The 

second best performance was reached by the SP topology.   

 
Fig. 7.3: Simulation results of the power at the load for different topologies 

7.1.2 Experimental verification 

The power at the load for the different compensation topologies is evaluated 

experimentally. Fig. 7.4 depicts the experimental setup of the studied multi-coil inductive 

system. The operation frequency is adjusted to 1.2 MHz by an AC power source and a 

resistance of 330 Ω has been chosen for the load verifying condition (6.64). The signal 

wave generator has a series impedance of 50 Ω and generates a voltage with a peak-to-

peak amplitude of 10 Vp-p . 

The sending and receiving coils are made of copper wire of 1 mm diameter. The distance 

separating the two sides equals to 5 cm using a plastic holder. Misalignment was adjusted 

manually from 0 cm to 25 mm in 6 steps. The load voltage across the load is controlled 

with a digital oscilloscope in order to measure the received power. 
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Digital Oscilloscope
AC Power supply

Multi-coil 
inductive system

Compensation 
capacitors

 
Fig. 7.4: Experimental set up for topologies investigation 

The analytical and experimental values of the compensation capacitors are given in Table 

7.3. Because of the unavailability of standard commercial values of capacitors that equal 

the analytical ones, near values are used in experiments. 

Table 7.3: Analytical and experimental values of the used compensation capacitors 

Topologies Analytical value Experimental value 

Series compensation on 
the sending side Css = 6.6243 nF Css = 6.8 nF 

Parallel compensation 
on the sending side Csp = 6.6227 nF Csp = 6.8 nF 

Series compensation on 
the receiving side Crs = 2.7628 nF Crs = 2.2 nF 

Parallel compensation 
on the receiving side Crp = 1.3814 Crp = 1.5 nF 

The obtained curves in Fig. 7.5, which are represented by solid lines, show the 

experimental results of the power at the load. In accordance with the numeric simulation 

results, the PP compensation topology has the highest power at the load at perfect 

alignment and at lateral misalignment cases that varies from 0% to 84% of a sending coil’s 

diameter. Experimentally, the multi-coil system with PP compensation topology is able to 
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transfer 72 mW at perfect alignment, 62 mW at 10 mm of lateral misalignment and 32 

mW at 25 mm of lateral misalignment.  

As it is expected, good performance is given by the PP topology followed by the SP one. 

The obtained results of the multi-coil system are similar to the investigations performed 

with two-coil system in [112-114] that prove that the SP and PP topologies offer the best 

performance, respectively.  

Deviation between the analytical and experimental results of the power at the load is 

caused by the small difference between the analytical and experimental values of the used 

capacitors as shown in Table 7.3. There are also other factors that could affect the 

experimental study of the multi-coil system such as the heat loses of the wires forming the 

coils, the neighbouring coils, and the magnetic field interference of the four active sending 

coils 

 
Fig. 7.5: Experimental (exp) and analytical results (sim) of the power at the load for 

different topologies 

7.2 Load impedance 

The transmitted power is not only dependent on the topology of the system, but also on the 

load value. In this section, the effect of the load value on the transmitted power for 

different system topology has been investigated. The load value should fulfil the condition 

(5.64). Two resistances values representing low resistive loads at 15 Ω and high resistive 

loads at 330 Ω have been chosen. Simulation results are shown in Fig. 7.6 and Fig. 7.7. 
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Fig. 7.6: Power at a 15 Ω pure resistive load 

As can be seen in Fig. 7.6, until 18 mm of lateral misalignment, maximum power at the 

load is reached by PP topology. For a higher degree of misalignment, more than 18 mm, 

PS topology becomes better. Despite their good transmitted power to the load, PP and PS 

topologies show a high dependency on lateral misalignment unlike SS and SP topologies 

that show a small decrease of power at the load along the receiver misalignment. 

For higher load value, depicted in Fig. 7.7, the maximum power at the load is reached by 

PP topology followed by SP topology. For both topologies, the power level is sharply 

decreased by increasing the lateral misalignment between the sending and receiving coils. 

On the other hand, the lateral misalignment has a small effect on SS and PS topologies. 
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Fig. 7.7: Power at a 330 Ω pure resistive load 
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A comparison between the received power at the load for different system topologies and 

load values is provided in Fig. 7.8.  It shows that the highest power at the load is achieved 

by PP and PS topologies at small load value and by PP topology for high load value that 

fulfils condition (Eq. 5.64). 

The obtained results show that the optimal configuration is the PP topology because it 

gives the highest amount of power for both low and high load value. It gives also more 

flexibility to the user for the choice of the load value. SP topology can also be chosen but 

only for low load value. 
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Fig. 7.8: Power comparison at 15 Ω and 330 Ω of purely resistive loads 

7.3 Discussions 

Different system topologies are studied to optimize the transmitted power at the load. Base 

on the simulation and the experimental results, we conclude that the system topology has 

an important impact on the transmitted power to the load. 

Despite of its dependency on the lateral position of the receiver, the PP topology offers 

higher transmitted power at the load comparing to the other system topologies in case of 

high and low load impedance values fulfilling condition (5.64). Only in case of low load 

value and at large lateral misalignment corresponding to 58% of the sending coil’s 

diameter, the parallel-series PS topology presents higher power at the load than the PP 

topology. This is due to the double dependency of the compensation capacitors of the PP 
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topology on the mutual inductance and the load impedance value. On the other hand, the 

compensation capacitors of the PS topology are dependent only on the load impedance 

values (see Table 7.1). 

At low load impedance value, the SS and the SP topologies are less sensitive to 

misalignment between the sending side and the receiving coil. The investigation shows 

that the SS and the PS topologies are less sensitive to misalignment between the sending 

side and the receiving coil in case of high load impedance values. 

7.4 Quantitative evaluation 

The transmitted power and the transmission efficiency of the inductive systems depends 

on the following parameters: The vertical coil-to-coil distance, the lateral misalignment 

between the sending side and the receiving side, the properties of the implemented coils, 

the circuit’s topology, the position and the type of the receiver, the power source, the 

frequency, the interfaces on the sending and on the receiving side. Most of the 

investigations have concentrated on the optimization of IPT systems by studying one or 

two influencing parameters and ignoring the others or they kept them in perfect 

conditions. The investigation carried out in this thesis has taken the majority of these 

parameters into consideration and proposes a novel system that is able to operate, even 

under non-perfect conditions. 

The novel system proposal has many improvements in comparison to the state of the art. 

The main one is the proposal of a multi-coil system in which the conventional big sending 

coil is replaced by multiple smaller sending coils occupying almost the same surface in an 

hexagonal arrangement. Furthermore, the proposed system is able to orientate the 

magnetic field lines by powering the two nearest neighbouring coils of the active ones 

with a weak current in the opposite direction. The system offers therefore more flexibility 

in case of a lateral misalignment occurring often in inductive power transmission systems. 

We proved that the multi-coil inductive systems with orientated magnetic field are more 

efficient than the conventional two-coil systems to transmit power at a large air gap 

between the sending and the receiving coils and beginning with a lateral misalignment of 

29% of the sending coil diameter. 
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Table 7.4: Comparison between the proposed system and selected SOA systems 

Criteria 
References 

22 23 24 25 14 27 28 31 
32 33 34 35 36 37 38 

39 
This 
work 

Large air-gap x   x x x     x x x  x 

Misalignment tolerance x x x    x x x  x   x x 

Movable receiver          x x x x  x 

Dependency on receiver x x x x x x   x       

Free positioning       x x  x x x x x x 

Receiver detection        x     x x x 

Sending 
coils 

Selection        x     x x x 

Activation 
strategy 

              x 

Design complexity - + + + - - - + + + + + + + + + + + - 

Control complexity - + + - + + + - + + + + + + - + + + - 

Cost - - + - + - + + + + + - + + - 

 

In order to evaluate the proposed system, a comparison of the conventional two-coil 

system and the most promising proposed solutions for multi-coil system from literature 

[22- 78], is carried out. Table 7.4 and Table 7.5 show a quantitative improvement of the 

proposed solution in comparison that of the state of the art. 

The proposed system is less sensitive to lateral misalignment even at lateral misalignment 

that equals to 50% and is able to transmit sufficiently power even at a large air gap. This 

represents a significant achievement because the usual lateral misalignment is in the range 

of 5% to 10% of the sending coil diameter and a high misalignment has been reported as 

20% of the sending coil diameter [31-39]. The proposed system shows almost no 

dependency on small angular deviations or small misalignments of the receiver and can be 

realized at low costs. 

The novel activation strategy of the sending coils shows an improvement of the mutual 

inductance of 94.15% and an improvement of the induced voltage of 15.15% in 

comparison to conventional systems. 
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Table 7. 5: Comparison between the proposed system and selected SOA systems with air 
core and circular shape in terms of efficiency, load power and the proportion of the coil 

diameter over the coils distance τ 
τ Frequency Transmitted 

power 
Efficiency 

in % 
Reference 

0.3 9.9 MHz 60 W 40 [71] 

1 6 MHz 95 W - [79] 

1.27 742 kHz - 24 [56] 

2 700 kHz 24 mW 72 [55] 

3 4.5 MHz 10 mW 54 [75] 

2 700 kHz 50 mW 36 [76] 

2 2 MHz - 40 [78] 

0,6 1.2 MHz 43 mW 29.2 This work 

In order to realize a high system efficiency, τ should be higher than 2. For a lower value of 

τ, the efficiency drops dramatically below 20%. An exception was made by MIT for high 

power range [71], where they succeeded to reach more than 40% efficiency at τ = 0.3. In 

this work, we focus more on low-power applications. At τ = 0.6, the efficiency of the 

designed inductive system equals 29.2%, which represents a significant improvement of 

efficiency in comparison to [56], which reached only 24% of efficiency at a high 

proportion of the coil diameter over the coils distance τ = 1.27.  

In terms of transmitted power, the proposed multi-coil system is able to transmit 43 mW 

to the receiving side at τ = 0.6, which is a good value if we compare it to the results in 

[55, 75] that reported about only 24 mW at τ = 2 and 10 mW at τ = 3, respectively. 
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Chapter 8 

Conclusion 

Inductive power transfer is very useful as a safe, low-maintenance and reliable wireless 

power transmission technique. It is also very important for low-power applications such as 

wireless sensor systems and biomedical implants that have power consumption in the 

typical range between μW to tens of mW. In the practical use, a misalignment between the 

sending and the receiving coils is often unavoidable. It results in a sharp decrease of the 

transmitted energy and consequently to a decrease of the power transmission efficiency. 

At a large coil-to-coil vertical distance, the magnetic field issued by the sending coils is 

not completely enclosed by the receiving coil and consequently the transmitted power 

becomes not sufficient. 

The main focus of this thesis is the improvement of the transmitted power, the mutual 

inductance, the power at the load, and consequently the power transmission efficiency of 

the inductive system in case of lateral misalignment between the sending and receiving 

sides and at large coil-to-coil vertical distance. For that, a multi-coil inductive system with 

optimized coil’s size and arrangement is designed. The idea is to orientate the magnetic 

field of the sending coils by powering the nearest neighbouring coils of the active ones 

with a weak current and in the opposite direction. 

Simulation and experimental results show that, beginning with an air-gap corresponding to 

50% of the sending coil diameter and a lateral misalignment corresponding to 29% of the 

sending coil diameter, the proposed MISO coil system with oriented magnetic field shows 

a better performance than the conventional two-coil system (SISO). At 50 mm air gap, 

corresponding to 166% of the sending coil diameter, and at perfect alignment, the 

proposed solution offers 110% of the transmitted power reached by the SISO coil system. 

At a lateral misalignment corresponding to 33% of the sending coil diameter, it reaches 

the double of the transmitted power as the SISO coil system 
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Suitable models for the self-inductance, the resistance, the self-capacitance and the quality 

factor are proposed in order to extract the important parameter of the multi coil inductive 

system such as the equivalent mutual inductance and the coupling factor. Experimental 

results show that Wheeler’ model is suitable for modelling of self-inductance, Ericson’s 

model is suitable for the modelling of the resistance and Palermo’s model is suitable for 

modelling of the self-capacitance. 

In order to avoid the excessive emission of magnetic field and to increase the power 

transmission efficiency of the system, a receiver detection method and an activation 

strategy are proposed to activate, in a suitable manner, only the sending coils, which are 

above the receiver and switch off inactive coils. The novel detection solution is based on 

the measurement of the AC current peak of every sending coil and its comparison to a 

given detection threshold. The proposed detection method can be used for large air gap, is 

low cost as in needs simple electronic components and no communication between the 

sending side and the receiving side. It can differentiate between the receiver coil and the 

case of other conductive materials or no receiver. The novel activation strategy for the 

active sending coils guarantees a good magnetic field distribution along the active sending 

coils and high equivalent mutual inductance between the sending side and the receiving 

side at every lateral position of the receiver. Simulation results show an improvement of 

more than 94% of the mutual inductance and 15% of the induced voltage comparing to the 

system without the selected activation strategy. 

Energy management of the multi-coil inductive system is also very important to reach 

high system efficiency through by maintaining resonance conditions and realizing 

impedance matching. For this purpose, compensation capacitors in Series-Series (SS), 

Series-Parallel (SP), Parallel-Series (PS) and Parallel-Parallel (PP) topologies are 

investigated. Simulation and experimental results prove that the multi-coil inductive 

system with Parallel-Parallel compensation topology with high or low load impedance 

value reaches a higher transmitted power compared to other system topologies in both 

coaxial and lateral misalignment cases. 
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The proposed multi-coil inductive system is suitable for low-power systems, such as 

wireless sensors and biomedical implants, but can be also applied to higher range of power 

at a flexible position of the receiver. 
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Appendix A 

Complete elliptic integrals of the first and the second kinds 
A.1 Definition of elliptic integral 

If  

y
xRxRyxR )()(),( 2

1                                               (A1) 

is a rational function of x and y in which 2y  equals to a cubic or quartic polynomial in x, 

the integral: 

dxyxR ),(                                                          (A.2) 

is called an elliptic integral. 

A.2 Complete elliptic integral of the first kind 

The complete integral of the first kind noted K(k) can be defined as follows 
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Where k is the elliptic modulus, ),
2
1( kF is the incomplete integral of the first kind and 
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12 kF  is the hypergeometric function [119-121]. 

The complete elliptic integral of the first order satisfies the following identity 
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kP  is a Legendre polynomial [87-89]. 
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A.3 Complete elliptic integral of the second kind 

The complete integral of the first second noted E(k) can be defined as follows 
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Where ),
2
1( kE , ):1;

2
1,

2
1( 2

12 kF and ),( kudn are the incomplete elliptic integral of the 

second kind, the hypergeometric function, and the Jacobi elliptic function, respectively 

[119-121].  

The complete elliptic integral of the second kind satisfies the following Legendre relation 

2
1)()()()()()( kKkKkKkEkKkE                             (A.11) 

Where K(k),E(k),K'(k) and E'(k)are respectively the complete elliptic integral of the first 

kind, the complete elliptic integral of the second kind, and the complementary integrals 

[119-121]. 

The complete integral of the second kind is related to the complete elliptic integral by the 

following mathematical expression 

k
kKkE

dk
dE )()(                                                (A.12) 

To measure the complete elliptic integral of the first and the second kind, we define the 

parameter m satisfying 2km [119-121].  

Figure A.1 depicts the numerical value of the complete elliptic integrals of the first and 

second kind. 
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Fig. A.1: Complete elliptic integrals of the first and second kind 

First kind 

Second kind 
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