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1. INTRODUCTION 
1.1 Historical development of electromagnetic study 

The electromagnetic field and its properties have been experimented and interpreted since 

the 18th century, the following is a brief chronological overview of the main contributors of this 

field, representing the acknowledgment of their particularly important contribution to the 

technological benefits we experience today: Michael Faraday [1]; Joseph Henry [1]; David 

Edward Hughes [1]; James Clerk Maxwell [1]; Sir Oliver Joseph [1], [2]; Nikola Tesla [1], 

[3]; Heinrich Rudolf Hertz [1]; Jagdish Chandra Bose [1], [4]; Aleksandr Stepanovici Popov 

[1]; Jozef Murgaš [5]; Guglielmo Marconi [6], [7]. 

 

1.2 The current state of wireless power transfer development 

In 2019, researchers from the Department of  Wireless Energy at Imperial College, London, 

successfully tested a wireless charging drone, functioning in a new environment - at sea [9]. Also, 

in 2017 the Wärtsilä technology group successfully tested the first automated wireless charging 

system for a ferry in Norway [10]. Volvo Cars is integrating and testing new wireless charging 

technology in a real urban environment for future electric cars [11].  

The first stage of WPT use in the marketplace has been powering the phones and tablets 

niche since 2012, with a market growth of around $1 billion, in 2015. In 2022 the WPT division 

was estimated at a market value of five billion dollars with a foreseable  increasing interest in the 

automotive and industrial areas [8]. 

1.3 State the challenge and research objectives 

The main objectives of this PhD thesis are to design, realize and improve a WPT system 

of an independent base used to power naval aerial drones. 

 
Fig. 1.1. The floating base overview (with a renewable energy source) used for wireless charging naval 

aerial drones [15] 

The research aims to realize the concept of a Wireless Energy Transfer System, the one 

shown in Figure 1.2. 
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Fig. 1.2. The general concept of the autonomous aerial drone power supply base 

In order to increase the efficiency and transferred power of the naval drone wireless power 

system, the following research guidelines will be followed. 

High-frequency inverter 

Study and simulation of inverters used in wireless power transfer in order to choose the 

optimal design. 

Mutual resonant inductive coupling of two coils used in WPT 

Mathematical modeling of two mutually coupled coils belonging to a wireless transfer 

system. 

Coils used in wireless power transfer 

Defining the parameters of planar loop coils and planar spiral coils, the adjustment, design, 

and exact establishment of  equations used for calcuating the mutual and self-inductances by 

comparing the results with actual measurements for validation. 

 

Shields used in wireless energy transfer  

Experiments on the use of shield versions made of materials with different electrical and 

magnetic properties and the development of the sandwich shield concept for magnetic field 

reflection. 

Determine the overall wireless transfer efficiency 

The overall DC to AC conversion efficiency, wireless transfer, AC to DC conversion 

determining, powering the receiving circuit load using different resistances to determine critical 

coupling and maximum transfer efficiency. 
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1.4 Energy dimensioning of the wireless drone charging base 

The independent platform’s electrical energy required to power the aerial drone can be 

obtained from a variety of unconventional sources, the most practical seems to be the photovoltaics 

one. 

The energy balance of the charging base PV system is designed in relation to the energy 

requirements of the drone. 

Thus, to be able to provide some charge cycles for the drone, the storage capacity of the 

batteries must be related to the average solar exposure time of the PV panels [15]. An energy 

balance has to be performed for: 

-Drone energy system, 

-Photovoltaic (PV) module battery system, 

-Photovoltaic panel battery voltage and charge regulator system, 

-Photovoltaic panel system. 

 An important element for photovoltaic panel dimensioning is the number of hours of 

sunshine per day (24h). Along the Romanian coast, the average is shown in Table 1.1 [20]. 

Tabel 1.1. The monthly average no. of hours of sun exposure on the Constanta coast 

 

The darkest scenario should be considered, as the photovoltaic panels should cover the 

energy consumption needs given 3 hours of energy production time. 

 

 

1.5 Wireless energy transfer phenomena 

To get an overview of both the propagation phenomena of electromagnetic waves and the 

design characteristics of the transmitting and receiving coils and also of the inverter, an experiment 

was carried out before the research conducted in this paper. This sub-chapter represents 

introductory research on efficiency improvement and optimization of WPT. 

 
Fig. 1.3. The overview of the WPT system using a class E inverter [24] 

This experiment consists of supplying an LC resonant oscillator circuit from a high-

frequency mono-alternance voltage source and observing the variation of the WPT efficiency as 

the ratio between the energy consumed in the transmission coil and the energy received in the 

reception coil.  
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Results and discussion 

To determine the best wireless power transfer efficiency, different waveforms with 

different frequencies are used, resulting in three experiments.  

In experiment 1, the transmiting coil is supplied at a frequency of f=17.86 kHz, and a 

transfer efficiency of about 91% is obtained, the best result of all experiments in this chapter. 

In experiment 2, to show the clear influence of voltage waveform on wireless transfer 

efficiency, the transmiting  coil is supplied with the same frequency as in experiment 1 (17.86 

kHz), but a different voltage waveform was used. The waveform of the voltage in experiment 2 

shows less attenuation of the positive alternation period compared to experiment 1. In experiment 

2, a transfer efficiency of about 45% was obtained, the lowest of all experiments in this chapter. 

In experiment 3, the influence of frequency on transfer efficiency is revealed by supplying 

the transmitter coil with a voltage of approximately the same waveform as in experiment 1 but 

with a lower frequency, of 12 kHz, resulting in a transfer efficiency of 79%.  

To perform a comparative study of the waveform parameters of the transmitter coil supply 

voltage, the experiments with the highest efficiency (experiment 1) and the lowest efficiency 

(experiment 2) were chosen, the waveform parameters of the voltages are shown in Figures 1.4, 

1.5. 

  
Fig. 1.4. Supply voltage waveform parameters for 

experiment 1 

Fig. 1.5. Supply voltage waveform parameters for 

experiment 2 

In experiment 1, the corresponding periods for Rise and Fall are significantly reduced and 

almost equal, compared to experiment 2. Referring to the +Wid and -Wid periods, in experiment 

1 the +Wid/-Wid ratio ≈ 2.2 compared to experiment 2, where the +Wid/-Wid ratio ≈ 1.18.In 

experiment 1, the parameters +Duty and -Duty have a double ratio on the positive versus negative 

alternation, compared to experiment 2, where the ratio is almost equal. 

 

1.6 Conclusions 

 According to the three experiments, the propagation efficiency of electromagnetic waves 

depends on several aspects of the transmitter coil supply voltage waveform: 

- the shorter the transition periods (Rise, Fall) of the emission voltage waveform, the higher the 

efficiency of wireless power transmission; 

- the longer the propagation period of one alternation (+Wid or -Wid) compared to the other 

alternation, the more efficiently the electromagnetic waves propagate through the air (this is 

influenced by the duty cycle). 

- the more harmonics an alternation contains (without reversing the polarity of the alternation), the 

more efficient the propagation will be on that alternation, due to the continuous variation of the 

voltage. 
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2. THEORETICAL STUDY OF WIRELESS ENERGY TRANSFER 
2.1 Introduction 

Wireless power transfer systems categories 

  The first classification of wireless power transfer methods is the two types of fields, near 

and far, as shown in Figure 2.1 [33]. 

 
Fig. 2.1. Clasificarea tipurilor de transfer wireless [33] 

Considering the specifics of this PhD thesis, the wireless near-field magnetic energy 

transfer will be used, as shown in Figure 2.1. 

 

2.2 Mathematical modeling of the equivalent circuit associated with wireless energy transfer 

Wireless power transfer by resonant magnetic circuits 

For wireless energy transfer, the resonant magnetic coupling between LC oscillating 

circuits belonging to the primary (transmission or source) circuit and the secondary (receiving) 

circuit will be used, which can be configured in four topologies as shown in Figure 2.2. 

 
Fig. 2.2. Topologies of magnetically resonant coupled oscillating circuits [43] 

The equivalent circuit of magnetically resonant coupled oscillator topologies 

For a uniform approach to all types of magnetically coupled circuits, the Figure 2.3 

diagram, generalizes the different connection topologies [43], [44]. 

 
Fig. 2.3. Type T equivalent quadripol [43], [44] 
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After defining the two circuits’ reflected impedances (primary and secondary), they are 

inserted into the two circuits diagram, as shown in Figure 2.4. 

 
Fig. 2.4. Reflected impedances of mutually coupled oscillating circuits [46] 

New equivalent diagrams are revealed in relation to the primary and secondarycircuits  as 

presented in Figure 2.5, we can conclude that the influence of the primary to the secondary and 

vice versa is manifested by reflecting resistances (𝑅1→2𝑅𝑒𝑓, 𝑅2→1𝑅𝑒𝑓) and reactances (𝑋1→2𝑅𝑒𝑓, 

𝑋2→1𝑅𝑒𝑓). 

 
Fig. 2.5. Equivalent circuits involving reflected reactances and resistances 

It can be concluded that the power consumed in the primary, on the resistance reflected by 

the secondary, represents the power transferred into the secondary circuit, and has the following 

expression: 

𝑃2 =
1

2
𝑅2→1𝑅𝑒𝑓𝐼1

2 (2.1) 

where: 𝑃2 - transferred power  to the secondary circuit. 

After the power 𝑃2 determination, the total power can be expressed as follows: 

𝑃 = 𝑃1 + 𝑃2 =
1

2
𝑅1𝐼1

2 +
1

2
𝑅2𝐼2

2 (2.2) 

where: 𝑃1 - consumed power in the primary circuit. 

 

2.3 Maximum power transfer condition 

For magnetic mutual coupling, the critical coupling coefficient is defined as: 

𝑘𝑐𝑟𝑡 =
𝑋𝑀𝑐𝑟𝑡

√𝑋1𝑋2

=
√𝑅1𝑅2

√𝜔𝐿1𝜔𝐿2

=
1

√𝑄1𝑄2𝑡𝑜𝑡

→ 𝑘𝑐𝑟𝑡𝑄𝑘 = 1 (2.3) 

Maximum power transfer for reception is achieved when the maximum secondary current 

𝐼2𝑀𝑀 is reached: 

𝑃2𝑀𝑀 =
1

2
𝑅1𝐼1

2 =
1

2
𝑅1

𝑈1
2

(𝑅1 + 𝑅2→1𝑅𝑒𝑓)
2 =

1

2
(

𝑈1
2

4𝑅1
) (2.4) 

 

2.4 Maximum power transfer efficiency 

The power transfer efficiency of coupled circuits will be expressed as the ratio between the 

power received in the secondary 𝑃2 and the total power 𝑃 [39], [49], [48]: 
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𝜂 =
𝑃2

𝑃
=

𝑅2→1𝑅𝑒𝑓𝐼1
2

(𝑅1 + 𝑅2→1𝑅𝑒𝑓)𝐼1
2 =

𝑅2→1𝑅𝑒𝑓

𝑅1(1 +
𝑅2→1𝑅𝑒𝑓

𝑅1
)

=

𝑅2→1𝑅𝑒𝑓

𝑅1

1 +
𝑅2→1𝑅𝑒𝑓

𝑅1

 (2.5) 

therefore, respecting the specific equality of maximum power transfer (𝑅1 = 𝑅2→1𝑅𝑒𝑓), the 

expression of the efficiency becomes: 

𝜂 =
1

2
= 50% (2.6) 

  

2.5 The maximum transfer efficiency in terms of load resistance 

The total transfer efficiency from the primary circuit to the load is defined as [49], [50]: 

𝜂𝑡𝑜𝑡 = 𝜂𝑄𝜂2 =
𝑘2𝑄1𝑄2𝑡𝑜𝑡

1 + 𝑘2𝑄1𝑄2𝑡𝑜𝑡

(
𝑄2

𝑄𝐿 + 𝑄2
) (2.7) 

The optimal load resistance of the secondary circuit 𝑅𝐿𝑜𝑝𝑡
 is calculated (related to the 

coupling coefficient 𝑘): 
𝑄2(𝑄2 + 𝑄𝐿)

𝑄2 + 𝑄𝐿 + 𝑘2𝑄1𝑄2𝑄𝐿
= 𝑄𝐿 → 𝑄2

2 + 𝑄2𝑄𝐿 = 𝑄2𝑄𝐿 + 𝑄𝐿
2 + 𝑘2𝑄1𝑄2𝑄𝐿

2 → 

𝑄𝐿𝑜𝑝𝑡
=

𝑄2

√1+𝑘2𝑄1𝑄2
 [50] (2.8) 

the optimal load quality factor of the secondary circuit can have values of: 𝑄𝐿𝑜𝑝𝑡
≥ 0. 

 

2.6 The coupled circuits resonance 

Typically, in the case of mutually coupled circuits for wireless power transfer, it is intended 

that the value of the current in the secondary circuit to be maximum, which also ensures a 

maximum transferred power, this condition (maximum current in the secondary) is achieved by 

tuning the circuits to resonance. 

 

2.7 Defining the equations of mutually coupled circuits (series-series, parallel-parallel) 

As a study of near-field wireless energy transfer, the operating equations of the mutual 

inductive coupling of the two oscillating transmit-receive circuits will be determined. 

 
Fig. 2.6. The mutual influence of two coils [47] 

From Figure 2.6, 𝐿1 and 𝐿2 - represent the transmit and receive coils in which currents 𝐼1̅ 

and 𝐼2̅ flow, the coils are mutually influenced by mutual inductance 𝑀; the coils have the same 

winding/polarization direction, marked with *. The current 𝐼1̅ in 𝐿1 will induce  a voltage (𝑗𝜔𝑀𝐼1̅) 

in 𝐿2 , opposite to the voltage applied on 𝐿1 and consequently a current 𝐼2̅. In return, 𝐼2̅ will induce 

a voltage (𝑗𝜔𝑀𝐼2̅) in 𝐿1  opposite to the voltage induced in 𝐿2 [51], [52]. 
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Applying the equivalent T-type quadrupole theory from figure 2.3, a universal circuit can 

be created for any type of inductive mutual coupling (series-series, series-parallel, parallel-series, 

parallel-parallel) as shown in figure 2.7, (equivalent impedances �̅�1𝑒 and �̅�2𝑒). 

 
Fig. 2.7. The equivalent transmitting and receiving circuit schemes 

 

2.8 Forced oscillations in series and derivation circuits 

The voltages resonance, overvoltages [39], [56], [57] 

At resonance, the voltages of the coil and capacitor’s (series) terminals are equal in 

magnitude but vary in antiphase. At the terminals of 𝐿 and 𝐶 overvoltages occur 𝑈𝐿 = 𝑈𝐶 =
𝑄𝑠𝑒𝑟𝑖𝑒𝑈, so the series 𝑅𝐿𝐶 circuit at resonance will amplify 𝑄𝑠𝑒𝑟𝑖𝑒 times the voltage applied to the 

circuit terminals. 

𝑄𝑠𝑒𝑟𝑖𝑒 =
𝐿𝜔0

𝑅
=

1

𝐶𝜔0𝑅
 (2.9) 

The currents resonance, overcurrents [38], [56], [57]   

At resonance, the 𝐼𝐿 and 𝐼𝐶 currents have almost equal amplitudes and are shifted by about 

180°. 
𝐼𝐶

𝐼
=

𝐼𝐿

𝐼
= 𝑄𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙, 𝑄𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =

𝑅

𝐿𝜔0
 (2.10) 

Therefore, the derivation circuit amplifies at resonance with 𝑄𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 several times the 

source current. 

 

2.9 Conclusions 

The study in this chapter has demonstrated and theoretically substantiated two approaches 

to wireless energy transfer with economic and technical implications:  

- maximum power transfer (defined by critical coupling), 

- maximum transfer efficiency (defined by optimal load resistances). 

For the transfer efficiency, two theoretical calculation alternatives were demonstrated: 

- making power ratio, 

- involving the coupling coefficient and the circuit quality coefficients. 

At the same time, the exact equations necessary for the calculation were defined and 

demonstrated: the optimal resistivity for maximum efficiency, the critical coupling, and the 

maximum current in the reception circuit. 
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3. COILS USED IN WIRELESS POWER TRANSFER 
3.1 Phenomena and characteristics associated with coils 

The conductor length used in coil construction 

The conductor length used in the flat spiral coil winding is determined using Gauss's 

formula as follows: 

𝑙𝑠 = 2𝜋 [𝑁𝑟𝑖 + (
(𝑁 − 1)𝑁

2
) (𝑤 + 𝑝)] (3.1) 

where: 𝑙𝑠 - conductor length used in the construction of a flat spiral coil, 𝑤 - conductor diameter, 

𝑝 - space between turns. 

The conductor length used in the planar loop coil winding is calculated using the average 

diameter of the coil as follows: 

𝑙𝑏 = 𝑁2𝜋 (
𝐷𝑜 + 𝐷𝑖

2
) (3.2) 

where: 𝑙𝑏 - conductor length used in the construction of a planar loop coil, 𝐷𝑜 - outer coil diameter, 

𝐷𝑖 - inner coil diameter. 

Coil resistance 

The total resistance of a coil used in wireless power transfer is the sum of the AC resistance 

including the proximity resistance and the skin effect [61]. 

𝑅𝑎 = 𝑅𝑠𝑘𝑖𝑛 + 𝑅𝑝𝑟𝑜𝑥 (3.3) 

where: 𝑅𝑎 - total resistance of the coil supplied at high frequency AC , 𝑅𝑠𝑘𝑖𝑛 - resistance due to 

skin effect, 𝑅𝑝𝑟𝑜𝑥 - proximity resistance. 

Skin effect resistance 

  
Fig. 3.1. Conductor cross-section and the alternating current depth of penetration δ [61] 

The coil’s conductor diameter used in high-frequency alternating current is subject to the 

limitation of the current penetration depth δ, as follows: 

𝑅𝑠𝑘𝑖𝑛 =
𝑙

𝜎[𝜋𝑟2 − 𝜋(𝑟 − 𝛿)2]
=

𝑙

𝜎[𝜋(2𝑟𝛿 − 𝛿2)]
→ (3.4) 

the relationship must be satisfied 2𝑟𝛿 − 𝛿2 > 0 → 𝛿(2𝑟 − 𝛿) > 0, such as:  

2𝑟 > 𝛿 (3.5) 

 To calculate the AC resistance for a Litz conductor, the equation is: 

𝑅𝑠𝑘𝑖𝑛 (𝐿𝑖𝑡𝑧) =
𝑙

𝜎[𝜋(𝑛2𝑟𝛿 − 𝛿2)]
 (3.6) 

Proximity resistance 

Equivalent currents, induced by the magnetic field’s strength, are positioned on the 

conductor’s surface and the current distribution is no longer symmetricaly circular [65]. 
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Fig. 3.2. Association between the interaction of two conductors and a sequence of conductors in a single-

layer planar spiral coil [65]. 

To simplify the proximity resistance calculation between the conductors of a planar spiral 

coil, an association (N) has been made with the interaction of two conductors passed through by 

the same current in terms of the effect in each half section. 

The proximity resistance between two parallel conductors passed by the same current is: 

𝑅𝑝𝑟𝑜𝑥 = [2
1

𝜎𝑆
𝜋2𝑟2 (

2𝑟

𝛿
− 1)]𝐻2 (Ω ∗ m) (3.7) 

where: 𝐻 - magnetic field strength. 

We can define the total length equation of conductors under the proximity resistance: 

𝑙𝑡𝑜𝑡 =
2𝜋[2(𝑁 − 1)𝑟𝑖 + (𝑤 + 𝑝) {2 (

(𝑁 − 2)(𝑁 − 1)
2

) + (𝑁 − 1)}

2
 

(3.8) 

In order to eliminate the proximity effect between the coil turns and neglect it in the 

calculations, an optimal ratio between the space between the conductors and their radius must be 

achieved: 

𝑝/𝑟 (3.9) 

where: 𝑝 - space between conductors, 𝑟 - conductor radius. This optimal ratio is demonstrated in 

the paper [70] and shown in Figure 3.3. 

 
Fig. 3.3. The optimal ratio for maximum quality factor [70] 

 

3.2 The self and mutual inductances equations 

The assumption of mutual inductance calculation between two coils at a distance ℎ from 

each other, for planar spiral and planar loop coils, both with concentric circular turns, starts from 

a basic equation calculating the mutual inductance of two coils with one turn each of radius 𝑅𝑖 and 

𝑅𝑗 at a distance ℎ [76]: 

𝑀(𝑅𝑖 , 𝑅𝑗 , ℎ) = 𝜇0√𝑅𝑖𝑅𝑗 [(
2

𝑠
− 𝑠) 𝐾(𝑠) −

2

𝑠
𝐸(𝑠)] (3.10) 
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where: 𝑀 - mutual inductance of two coils formed by one turn each, 𝑅𝑖 - radius of the transmitting 

coil of order 𝑖, 𝑅𝑗 - radius of the receiving coil of order 𝑗, 𝑠 - variable depending on de 𝑅𝑖, 𝑅𝑗, ℎ, 

𝐾(𝑠) and 𝐸(𝑠) - complete elliptic integrals of degree I and II. 

It will be noted that in the case of mutual inductance the conductor radius (𝑟) is neglected 

since 
𝑟

R
≪ 1. The calculation of the mutual inductance between two coils containing more than one 

turn is performed by the following equation [76]: 

𝑀𝑖,𝑗 = ∑∗

𝑁𝑖

𝑖=1

∑ 𝑀(𝑅𝑖, 𝑅𝑗 , ℎ) →

𝑁𝑗

𝑗=1

 (3.11) 

where: 𝑀𝑖,𝑗 - the mutual inductance of the multispiral coils, the number of turns has the following 

values - 𝑖=1,2,...𝑁𝑖 and 𝑗=1,2,...𝑁𝑗, 𝑖 ≠ 𝑗. 

The self-inductance calculation hypothesis for planar spiral and planar loop coils, both 

with concentric circular turns, satisfying the condition 
𝑟

R
≪ 1, starts from a basic equation 

calculating the self-inductance of a single spiral coil of radius 𝑅 [75], [77]:  

𝐿(𝑅, 𝑟) = 𝜇0𝑅(ln (
8R

𝑟
) − 2) (3.12) 

where: 𝑅 - radius of the coil in the emission/reception, 𝑟 - radius of the conductor in the 

emission/reception coil. 

In order to demonstrate the applicability and accuracy of the equations, all theoretical 

inductance results determined by the calculation equations/software will be verified by real coil 

inductance measurements. 

 
Fig. 3.4. Coils used in the wireless power transfer study: 1,4 - planar loop coils, 2 - planar spiral coils 

with the solid conductor, 3 - planar spiral coils with the Litz conductor [78] 

 

3.2.1 Planar loop coils 

 The self-inductance for a planar loop coil with 𝑁 turns is calculated by multiplying 

equation (3.32) by the square number of turns, and is defined as follows [76], [79]: 

𝐿(𝑟, 𝑤) = 𝜇0𝑁2𝑅(ln (
8𝑅

𝑟
) − 2) (3.13) 

Another equation for determining the self inductances for a mono spiral coil (expressed in 

Henry) inspired by the paper [39] is: 

𝐿(𝑅, 𝑟) = 2𝜋𝜇0𝐷(ln (
𝐷

𝑟
) − 0.33)10−1 (3.14) 
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The adaptation of this equation to multi-turn planar loop coils can be done by multiplying 

the equation by the number of turns 𝑁, not by the square number of turns 𝑁2, so the equation 

becomes: 

𝐿(𝑅, 𝑟) = 𝑁2𝜋𝜇0𝐷(ln (
𝐷

𝑟
) − 0.33)10−1 (3.15) 

The difference between the value of the inductance calculated using equation (3.13) and 

the measured one is: 

coil A, 85.11μH-69.1μH=15.71 μH, this resulted in an increase of measured value by 23.17%, 

coil B, 53.28 μH-45.1 μH=8.18μH, this resulted in an increase of measured value by 18.14%,   

coil C, 193.05μH-165.8μH=27.25μH, this resulted in an increase of measured value by 16.43%.  

The difference between the value of the inductance calculated using equation (3.15) and 

the measured one is: 

coil A, 111.79μH-69.1μH=42.69μH, this resulted in an increase of measured value by 69.1%, 

coil B, 69.27 μH-45.1 μH=24.17μH, this resulted in an increase of measured value by 53.59%,   

coil C, 164.53μH-165.8μH=-1.17μH, this resulted in an decrease of measured value by 0.76%. 

Total mutual coupling of planar loop coils, made up of a sequence of 𝑁 concentric turns of 

radii 𝑅𝑖(i=1....𝑁𝑖 and 𝑅𝑗(𝑗=1.....𝑁𝑗), having the following specific construction characteristics of 

the coil C: N1 = N2 =18, 𝑅𝑖 = 𝑅𝑗 = 0.101m, h = 0.015m. The mutual inductance value 9.6932e-

05≈96.932μH (mutual inductance) was obtained for a coil spacing h=0.015m. By analogy with the 

calculation of self-inductance, the mutual inductance will be decreased by 16.43%. 

 

3.2.2 Planar spiral coils 

Before calculating the planar spiral coil’s inductances, as shown in Figure 3.5, an equation 

for the turns radii calculation was defined. 

𝑅𝑁1
= 𝑟𝑖 

𝑅𝑁2
= 𝑟𝑖 + (𝑤 + 𝑝) → 𝑅𝑁𝑛

= 𝑟𝑖 + (𝑤 + 𝑝)(𝑁 − 1) 
(3.16) 

where: 𝑟𝑖 - inner coil radius, 𝑅𝑁 - spiral radius, 𝑤 - conductor diameter, 𝑝 - space between the 

coils. 

 

 
Fig. 3.5. The turns radii calculation of a planar spiral coil 

The self-inductance for a planar spiral coil formed by a sequence of 𝑁 concentric turns of 

different radii 𝑅𝑖 (i=1,2,....N) and conductor radius 𝑟, satisfying the condition 
𝑟

R
≪ 1, is defined as 

follows [76]: 

𝐿𝑡𝑜𝑡 = ∑ 𝜇0𝑟𝑖(ln (
8𝑅𝑖

𝑟𝑖
) − 2) + ∑∗

𝑁𝑖

𝑖=1

∑ 𝜇0√𝑅𝑖𝑅𝑗 [(
2

𝑠
− 𝑠) 𝐾(𝑠) −

2

𝑠
𝐸(𝑠)]

𝑁𝑗

𝑖≠𝑗

𝑁

𝑖=1

 (3.17) 
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where: 𝐿𝑡𝑜𝑡 - coil inductance, i≠j. 

It should be remembered when calculating this self-inductance that the i and j turns are of 

the same coil, and the definition of the mutual inductance in equation (3.17) is done by defining 

the mutual couplings between the turns of the same coil defined as i and j in order to make 

combinations of i, j couplings. 

Another equation for determining the self-inductance (in μH) for a planar coil (dimensions 

in inches) is [80]: 

𝐿 =
𝐴2𝑁2

30𝐴 − 11𝐷𝑖
 

𝐴 =
𝐷𝑖 + 𝑁(𝑤 + 𝑝)

2
 

(3.18) 

where: 𝐷𝑖 - inside diameter of the coil. 

Calculations according to equation (3.18) gave the following self-inductance results: 

- coil D: 161.74 μH, 

- coil E: 156.27μH. 

In order to check the accuracy of the equation's results, the inductance of the two planar 

spiral coils was measured, as shown in Figure 3.6, using an RLC Meter. 

 
Fig. 3.6. Checking planar spiral coil self-inductance (coil type D, E) 

The following self-inductances were obtained from the measurements: 

- coil D: 165.6μH, 

- coil E: 157.3μH. 

The difference between the inductances calculated using equation (3.17) and the measured 

ones are: 

coil D: 202.7μH-165.6μH=37.1 μH, this resulted in an increase of measured value by 22.4%, 

coil E: 195.3μH-157.3μH =38μH, this resulted in an increase of measured value by 24.16%. 

The difference between the inductances calculated using equation (3.18) and the measured 

ones are: 

coil D: 161.74μH-165.6μH=-3.86μH, this resulted in an decrease of measured value by 2.33%, 

coil E: 156.27μH -157.3μH =-1.03μH, this resulted in an decrease of measured value by 0.65%. 

Mutual coupling of planar spiral coils made up of a sequence of 𝑁 turns of radii 𝑅𝑖(i=1....𝑁𝑖 

and 𝑅𝑗 (j=1..... 𝑁𝑗), each coil having different radii for each turn, with the following construction 

characteristics specific to variant D: 

- N1 = N2 =44, 

- ri1 = ri2 = 0.0095m, 

- w(i) = w(j) =0.001, 

- p(i) = p(j) = 0.0011, 

- h=0.015m. 
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A mutual inductance of 8.1740e-05≈81.74μH was obtained for a coil’s spacing h=0.015m. 

By analogy with the calculation of self-inductance, the mutual inductance will be decreased by 

22.4%. Thus for h=0.015m, the theoretical mutual inductance will be ≈ 63.44μH, defining a coil 

coupling coefficient of k=0.37. 

 

3.3 Manufacture of coils and final characteristics determination 

For the practical realization of the coils, two types of copper wire enamelled separately 

(with polyurethane enamel) of different diameters will be used:  

- 1 mm solid conductor,  

- 1.2 mm Litz conductor (made by twisting 25 conductors of 0.2 mm diameter). 

Two approximately identical coils were made for each type C, D, E, with the characteristics 

shown in Table 3.1. for the next experiments in the following chapters. 

 
Fig. 3.9.  Coil construction: A - Litz conductor,  

B - planar spiral coils, C - planar loop coils 

Tabel 3.1. Coils specifications C, D, E 

No. Type 
Turns 

no. 
Di Do w p 

Conductor length 

(m) 
Coil type 

1 

D 

44 0.019 0.203 0.001 0.0011 15.39 

Solid 

conductor Planar spiral 

coil 

2 44 0.019 0.209 0.001 0.00116 15.76 

3 
E 

44 0.019 0.196 0.0012 0.0082 14.91 Litz 

Conductor 4 44 0.019 0.195 0.0012 0.008 14.79 

5 
C 

18 0.202 - 0.001 - 11.42 Solid 

conductor 
Planar loop 

coil 6 18 0.202 - 0.001 - 11.42 

Coil quality factor in terms of construction type and power supply frequency 

Six coils (pairs of two with almost identical dimensions) will be compared, the dimensions 

of which are shown in Table 3.1. Using an RLC Meter the inductance, DC resistance and quality 

factor will be measured for different frequencies (1kHz, 10kHz, 100kHz), the results are shown in 

Table 3.2. 
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Tabel 3.2. Coil parameters for different power supply frequencies: 1kHz, 10kHz, 100kHz 

No. 
Planar spiral coil (solid 

conductor) 
No. 

Planar spiral coil (Litz 

type conductor) 
No. 

Planar loop coil (solid 

conductor) 

1 

L=165.6μH Rdc=0.38 Ω 

3 

L=165.3μH Rdc=0.38 Ω 

5 

L=162.5μH Rdc=0.29 Ω 

f (kHz) Q f (kHz) Q f (kHz) Q 

1 2.84 1 2.9 1 3.7 

10 26.2 10 27.3 10 25.5 

100 126 100 257 100 54.3 

2 

L=174.1μH Rdc=0.4 Ω 

4 

L=157.3μH Rdc=0.36 Ω 

6 

L=165.8μH Rdc=0.3 Ω 

f (kHz) Q f (kHz) Q f (kHz) Q 

1 2.87 1 2.82 1 3.75 

10 26.5 10 25.3 10 27.3 

100 126 100 235 100 53.2 

  

3.4 Conclusions 
 

Following the experiments in this chapter, we can conclude the following: 

Even if the equations for calculating the self-inductance for loop or planar spiral coils 

(3.13) and (3.17) are mentioned and used in many literature articles (in the field of wireless energy 

transfer [76], [60], [81], [82], [83], [84]), they do not apply to calculations in the field of wireless 

energy transfer, where the coils do not respect the condition of the conductor diameter to coil 

diameter ratio (
𝑟

R
≪ 1), the equations being taken on from the field of radio engineering. 

The total cross-section of the Litz-type conductor of coil E is the same as the cross-section 

of the conductor of coil D, the space allocated to a turn as well as the geometry of the coils (inner 

diameter and outer diameter) being approximately identical between the two coils D and E, which 

shows that the nature of the conductor does not influence the inductance, as long as the geometrical 

parameters listed in the paragraph are respected; variant D having a larger space between the turns 

also resulted in a proportionally larger outer diameter and inductance than variant E. 

Regarding the mutual inductance (for planar loop and planar spiral coils): if identical coils 

are used in both transmission and reception, the error found in the case of the self inductances 

calculated by equations (3.13) and (3.17) - 16.43%, 22.4%, compared to the equations that gave 

exact results, is subtracted from the mutual inductance for correction.  

From the study of the quality factor of the coils in Table 3.2 we can conclude the following: 

at low frequencies up to 10kHz the quality factor Q is almost identical for all 6 coils, thus the type 

of conductor (Litz or solid) or the type of coil (spiral or loop) have no significant influence. With 

the increase of the power supply frequency of the coils to 100kHz, as expected, the planar spiral 

coil made of Litz type conductor obtained a much higher quality factor than the other planar spiral 

coils using solid conductor, about Q≈240 (100% higher), which recommends them for use in 

wireless systems operating at frequencies above 100kHz. Planar loop coils with solid conductors 

obtained 80% lower Q values than planar spiral coils with Litz conductors (for f=100kHz). In 

terms of quality coefficient, for low frequencies of around 10kHz solid coils are recommended, as 

they have a robust, and simple construction. 
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4. INVERTERS USED IN WIRELESS POWER TRANSFER 
 

This chapter presents a simulated study of inverters used in wireless power transmission: 

H-bridge inverter, half-bridge inverter, E-class inverter. 

  

4.1 Simulation of experimental inverter models 

Two types of converters can be used to power oscillating circuits designed for wireless 

power transfer: DC-A.C. or DC-DC (semi-alternating signal) powering LC (series or parallel) 

oscillating circuits designed for wireless power transfer. 

 

4.1.1 Full bridge H inverter  

 The H-bridge inverter component consists of four switching elements with two 

inverted signal outputs (Low and High), as shown in Figure 4.1. 

 
Fig. 4.1. Full bridge H inverter 

 

4.1.2 Half bridge inverter 

The half-bridge inverter component consists of two switching elements with two inverted 

signal outputs (Low and High), as shown in Figure 4.2. 

 
Fig. 4.2. Half bridge inverter 

4.1.3 Class E inverter  

The Class E inverter component consists of a switching element, as shown in Figure 4.3. 

 
Fig. 4.3. Class E Inverter 
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4.2 Conclusions 

Following the simulations carried out on the operation of the inverters, the data obtained 

has been summarised in Table 4.1 for interpretation and conclusioning. 
Tabel 4.1. Inverter simulation data centralizer 

Inverter type Resistive load 

Full bridge H 

inverter 

𝐼𝑟𝑚𝑠1 𝑈𝑟𝑚𝑠1 𝑃1 𝑇𝐻𝐷𝑐𝑢𝑟𝑒𝑛𝑡1 𝑇𝐻𝐷𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒1 

0.608𝐴 13,38𝑉 8.135W 47,71% 47,71% 

Half bridge 

inverter 

𝐼𝑟𝑚𝑠3 𝑈𝑟𝑚𝑠3 𝑃3 𝑇𝐻𝐷𝑐𝑢𝑟𝑒𝑛𝑡3 𝑇𝐻𝐷𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒3 

0.3055𝐴 6.721𝑉 2.05W 47,71% 47,71% 

Class E inverter 
𝐼𝑟𝑚𝑠5 𝑈𝑟𝑚𝑠5 𝑃5 𝑇𝐻𝐷𝑐𝑢𝑟𝑒𝑛𝑡5 𝑇𝐻𝐷𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒5 

0.3055𝐴 6.721𝑉 2.05W 48,33% 48,33% 

Inverter type  LC oscillating load - parallel 

Full bridge H 

inverter 

𝐼𝑟𝑚𝑠2 𝑈𝑟𝑚𝑠2 𝑃2 𝐼 𝑟𝑚𝑠 
𝑏𝑜𝑏𝑖𝑛ă 𝐴

 𝑇𝐻𝐷𝑐𝑢𝑟𝑒𝑛𝑡2 𝑇𝐻𝐷𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒2 𝑇𝐻𝐷 𝑐𝑢𝑟𝑒𝑛𝑡 
𝑏𝑜𝑏𝑖𝑛ă 𝐴

 

0.84𝐴 13.34𝑉 11.2W 1.13𝐴 215.94% 47,71% 12,13% 

Half bridge 

inverter 

𝐼𝑟𝑚𝑠4 𝑈𝑟𝑚𝑠4 𝑃4 𝐼 𝑟𝑚𝑠 
𝑏𝑜𝑏𝑖𝑛ă 𝐵

 𝑇𝐻𝐷𝑐𝑢𝑟𝑒𝑛𝑡4 𝑇𝐻𝐷𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒4 𝑇𝐻𝐷 𝑐𝑢𝑟𝑒𝑛𝑡 
𝑏𝑜𝑏𝑖𝑛ă 𝐵

 

0.53𝐴 6.71𝑉 3.56W 0.569𝐴 52.16%, 47,56% 12,11% 

Class E inverter 
𝐼𝑟𝑚𝑠6 𝑈𝑟𝑚𝑠6 𝑃6 𝐼 𝑟𝑚𝑠 

𝑏𝑜𝑏𝑖𝑛ă 𝐵
 𝑇𝐻𝐷𝑐𝑢𝑟𝑒𝑛𝑡6 𝑇𝐻𝐷𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒6 𝑇𝐻𝐷 𝑐𝑢𝑟𝑒𝑛𝑡 

𝑏𝑜𝑏𝑖𝑛ă 𝐶
 

0.6𝐴 18.41𝑉 11.1W 1.501𝐴 150.96% 52.4% 45,66% 

Inverter type RLC oscillating load - series 

Full bridge H 

inverter 

𝐼𝑐𝑢𝑟𝑒𝑛𝑡2𝑠 𝑈𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒 
𝑏𝑜𝑏𝑖𝑛ă2𝑠

 𝑈 𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒 
𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙ă2𝑠

 𝑇𝐻𝐷𝑐𝑢𝑟𝑒𝑛𝑡1𝑠 𝑇𝐻𝐷𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒 
𝑏𝑜𝑏𝑖𝑛ă1𝑠

 𝑇𝐻𝐷 𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒 
𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙ă1𝑠

 

5.72𝐴 68.21𝑉 6.12𝑉 2.84%, 5.79% 52,73% 

Half bridge 

inverter 

𝐼𝑐𝑢𝑟𝑒𝑛𝑡2𝑠 𝑈𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒 
𝑏𝑜𝑏𝑖𝑛ă2𝑠

 𝑈 𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒 
𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙ă2𝑠

 𝑇𝐻𝐷𝑐𝑢𝑟𝑒𝑛𝑡2𝑠 𝑇𝐻𝐷𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒 
𝑏𝑜𝑏𝑖𝑛ă2𝑠

 𝑇𝐻𝐷 𝑡𝑒𝑛𝑠𝑖𝑢𝑛𝑒 
𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙ă2𝑠

 

5.67𝐴 69.27𝑉 6.16 3.66%, 5.94% 53,02% d 

Class E inverter - 

According to Table 4.1 we can conclude the following: 

a. resistive load 

- unlike the H-bridge inverter, the half-bridge and E-class inverters obtained the same low values 

of voltage and current, with a slight increase in current and voltage THD for the E-class inverter, 

- the H-bridge inverter achieved double the voltage and current values compared to the other two 

inverters, using all the energy of the voltage source, which recommends it over the other two 

inverters for powering resistive loads. 

b. Parallel LC load 

- H-bridge inverter, provides the highest current through the coil, creating the strongest magnetic 

field, which is desirable for wireless magnetic induction transfer, 

- Class E inverter, applies the highest voltage across the coil, which is recommended for wireless 

electric field transfer. 

c. Series RLC load 

- The Class E inverter can not operate in this configuration because the DC output voltage, in 

theory, but also in simulation, can not pass through the series capacitor, 

- in the case of full H-bridge and half-bridge inverters, an increase in the voltage applied to the 

coil is observed and therefore a much higher current flows through the coil, values which are 

significantly higher than in all experiments, which recommends them for supplying oscillating 

series RLC loads. 

In terms of the power factor of inverter loads (cos( 𝜑)), it is influenced by the current 

THD, according to the paper [88]: 
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Power factor = cos( 𝜑) √
1

1 + 𝑇𝐻𝐷𝑐𝑢𝑟𝑒𝑛𝑡
2  (4.1) 

It is confirmed the theory from chapter 2.8:  

- in the case of series LC oscillating circuits, the voltage applied to components L and C is 

amplified with respect to the generator voltage, 

- in the case of parallel LC circuits, the current through the branches containing the L and C 

elements is amplified with respect to the main current at the inverter output. 

We can thus confirm that the LC elements in the transmitter circuit must be connected in 

parallel if wireless transfer by magnetic induction is desired. 

 

4.3 Inverters construction 

 

Following the simulated theoretical study of inverters in the previous chapters [92], H-

bridge and E-class inverters were selected for practical realization. Figure 4.4 shows the control 

topology of the inverters. 

 
Fig. 4.4. The general topology of an H-bridge or E-class inverter used in  

practical realization in this paper [93] 

 

4.3.1 Full bridge H inverter 

For H-bridge inverters, MOSFET transistors with high side (H) and low side (L) switching 

are required. 

Operation of MOSFET transistor drive using IR2112 driver [98], [100] 

Control of the MOSFET transistor drivers is achieved by applying to the HIN and LIN 

inputs (belonging to IR2112) the signals Signal 1 and Signal 2 transmitted by CD74HC14 (Figure 

4.5). 

 
Fig. 4.5. Complete wiring diagram of the H-bridge inverter [100] 
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Component group D1, C1, C2 form the bootstrap circuit for U1 (IR2112) as do D4, C5, C6 

for U2 (IR2112). 

In order to simulate the full functioning diagram (appendix 1) not having power transistors 

assembled, a trick was consisting of : pins 5 (Vs) of the IR2112 drivers being connected to minus 

(as can be seen in figure 4.6) to charge the capacitors (bootstrap) was used. 

 
Fig. 4.6. Assembling H-bridge inverter board elements and testing without power transistors 

The power transistors and cooling radiators were installed, the first functional tests were 

performed, the circuits were tinned and 1.5 𝑚𝑚2 conductors were installed on the power circuits 

(Figure 4.7). 

 
Fig. 4.7. Mounting of radiators, tinning and thickening of power circuits, H-bridge inverter testing 

 

4.3.2 Class E inverter 

The following figures 4.8 and 4.9 briefly present the stages in the verification and 

construction of Class E inverters. 

 
Fig. 4.8. Checking the IR2112 driver output signal without mounting the power transistor 

 
Fig. 4.9. Construction of class E inverters 
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4.4 Conclusions 
 

Improving the square waveform and limiting voltage spikes at the output of the H-bridge 

inverter can be achieved by: 

1. using a separate power supply for the control stages (hex inverters, drivers) from the power 

stage, 

2. mounting a shock coil on the power stage supply circuit to limit current shocks,  

3. installing RC or LC filters on the power supply of the control stages (hex inverters and drivers) 

4. increasing the supply voltage of the drivers from 12VDC to 15VDC to reduce the switching 

losses of the MOSFETs (full open power transistors), 

5. replacing the diode on the control input of the inverter hex with a fast diode and filtering the 

control signal with RC or LC filter. 

6. mounting a 1 nF capacitor between the Gate control of the power transistors and ground. 

Regarding the construction steps of the H-bridge inverter, it is very important to check the 

driver signals (LO and HO) before connecting the power transistors; an error in the timing of the 

power transistor control will cause irreversible damage to the inverter.  

Another aspect related to the safety in the inverter operation is not to supply the power 

stage (power transistors) without activating its control. 

In the practical experiments on efficiency and wireless transferred power in the following 

chapters the H-bridge inverter will be used, the study about the use of the E-class inverter being a 

future research premise. 
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5. OPTIMISATION OF MAGNETIC COUPLING SYSTEMS 

USING SHIELDS 
5.1 Defining the properties of the shields used 

The research in this chapter is based on conducting experiments to increase wireless power 

transfer efficiency by shielding and reflecting electromagnetic waves from the transmit coil. 

 
Fig. 5.1. Shields used in the emission coil shielding process 

 

5.2 Shielding Effectiveness (SE) 

Shielding is the property of a shield to attenuate the passing of an electric, magnetic or 

electromagnetic field by: A - Absorption Loss, R - Reflection Loss and M - Multiply Reflection. 

The Shielding Effectiveness (SE) comprises the sum of the three terms (A, R, M) each representing 

one of the physical phenomena corresponding to shielding, thus [108]: 

𝑆𝐸 = 𝑅 + 𝑀 + 𝐴[dB] (5.1) 
  

5.2.1 Near fields and far fields 

Relating the distance between the field source and the shield to the wavelength of the field, 

shielding falls into two categories [108], [116]: 

 near-field shielding, where the distance between source and screen (r) versus wavelength (λ) 

must satisfy the condition 𝑟 ≪ 𝜆/2𝜋, 

 the shielding for the plane wave far field shall satisfy the condition 𝑟 ≫ 𝜆/2𝜋. 

 

5.2.2 Reflection shielding 

Magnetic field reflection 

In the case of the magnetic field, reflection occurs at the output boundary of the wave from 

the screen, but in order for reflection to be produced, the wave impedance of the medium from 

which the field comes out (the screen surface) must be greater than the impedance of the medium 

into which the wave enters from the output of the shield. 

Magnetic field reflection losses are [108], [110]: 

𝑅𝑚 = 14.57 + 10 log
𝑓𝑟2𝜎𝑟

𝜇𝑟
 (5.2) 

where: 𝑓 - frequency (expressed in Hz), 𝜎𝑟 - relative conductivity of the material, 𝜇𝑟 - relative 

permeability of the material, 𝑟 - distance of the source from the screen (expressed in m). 
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If negative values of 𝑅𝑚 are obtained, the term equals 0 and successive reflections M are 

neglected. If the value of 𝑅𝑚is close to 0, an error occurs based on the non-compliance of the 

reflection-specific condition 𝑍1 ≫ 𝑍2 [108], [110].  

 

5.2.3 Successive reflection shielding (multiplied) 

If the screen thickness 𝑡 is not bigger compared to the penetration depth δ, then successive 

reflections and transmission may be important. If (t ˃ δ), the impact of successive reflections is 

negligible since the absorption losses are significant, if (t ˂ δ) then the attenuation by successive 

reflections is negative and the shielding effectiveness decreases, the attenuation caused by 

successive reflection is defined as follows: 

𝑀 = 20 log (1 − 𝑒−
2𝑡
𝛿 ) [dB] (5.3) 

  

5.2.4 Absorption shielding 

Absorption screening is a property exclusively of the screen material, it is identical for both 

the electric or magnetic near field and the far field (plane waves), the absorption is independent of 

the nature of the field source [114]. The depth limit in the screen material up to which absorption 

screening occurs is represented by the penetration depth [111], [109], [118], [114]. Absorption 

attenuation is defined as follows [108]: 

𝐴 = 131 𝑡√𝜇𝜎𝑓  (5.4) 

where: 𝑡 - screen thickness (in m). 

Following documentation in the literature, the full SE coefficient equation for magnetic 

fields is: 

SE = A → 131 𝑡√𝜇𝑟𝜎𝑟𝑓 + 𝑀 → 20 log (1 − 𝑒−
2𝑡
𝛿 ) + 𝑅𝑚 → 14.57 + 10 log

𝑓𝑟2𝜎𝑟

𝜇𝑟

 (5.5) 

  

5.3 Determining the distribusion of magnetic field strength of coils 

Three types of coils (planar loop with solid conductor, planar spiral with solid conductor 

and Litz) of identical diameters and inductances were used to define the magnetic field strength 

and distribution, which were supplied at a high-frequency alternating voltage (about 6kHz) and 

tuned to the resonant state by capacitor banks. 

 

 
Fig. 5.2. Measurement of magnetic inductance disposition 
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Fig. 5.3. The comparison of average magnetic induction for the three coils 

 

5.4 Constructive shielding solutions 
 

 In Table 5.1 the magnetic wave impedance (𝑍𝑊𝑚
), and for each shielding material the 

characteristic medium impedance (𝑍𝑆) (shield) and penetration depth (δ) were calculated for an 

operating frequency of f=10.42kHz at a distance between shield and coil of r≈0.6mm (thickness 

of the coil paper substrate). 

 
Tabel 5.1. Shield impedance (𝑍𝑆)), shield-specific penetration depth (δ), magnetic wave impedance 

(𝑍𝑊𝑚
) for a frequency f=10.42kHz 

 

 

 

 

 
 

4.4.1 Emission coil shielding 

The shielding effectiveness of the transmission coil in a wireless transfer system must 

contain as high a proportion of the reflection component as possible to increase the magnetic field 

on the coil extrados. Figure 5.4 shows stages during magnetic induction measurements for different 

types of shield structures. 

 
Fig. 5.4. Magnetic induction measurements for shields  

f 10.42kHz 

Ecran 1 2 3 4 5 6 7 8 

δ 1237.10 45.17 0.00013 0.00064 2.10E-05 0.00064 0.00080 0.00080 

𝑍𝑆 215690.58 590.69 0.00075 3.76E-05 0.0067 3.75E-05 4.66E-05 4.66E-05 

𝑍𝑊𝑚
 4.93138E-05 
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Magnetic inductance measurements for each shield were carried out from point to point 

(13 points), lateral to the center of the coil, at 1 cm intervals. In order to highlight the edge effect 

of the inductor measurements, intervals of 0.5cm were chosen on the outside area of the coil (9, 

9.5, 10, 10.5 - relative to the center of the coil). Measurements were made at the minimum distance 

from the coil plane ≈0mm, the assembly arrangement being shield-coil-probe measurement, the 

results are shown in Table 5.2. 

Tabel 5.2. The results of measurements and calculations of magnetic induction amplification in dB for  

each type of shield 
Measured values 𝐵𝐴1

 𝐵𝐴2
 

Shield type 0 A B C D E F G H I J K L M N O P 

Distance from  

the  

centre of coil 

0 3.4 4.1 5.8 5.8 5.7 4.1 4.7 4.3 4.3 4.9 4.5 5 5.1 5.2 7 6.4 5.3 

1 3.2 3.7 5.5 5.5 5.4 4 4.6 3.8 3.9 4.6 4.3 4.8 4.9 4.7 6.4 6 5.1 

2 2.2 2.9 4.6 4.4 4.6 3.2 3.9 3.1 3.1 3.7 3.7 3.8 4.1 3.7 5.2 5 4.1 

3 2 2.3 3.7 3.6 3.5 2.5 3.2 2.5 2.5 2.8 3 3 3.3 2.9 4.1 4 3.2 

4 1.2 1.7 2.7 2.6 2.6 1.9 2.6 1.9 1.9 2.2 2.3 2.2 2.5 2.1 3.2 3.1 2.6 

5 1.1 1.4 2.1 1.9 1.9 1.5 2 1.4 1.4 1.6 1.8 1.9 2 1.6 2.4 2.3 2.1 

6 0.7 0.9 1.4 1.2 1.3 1 1.6 1 1 1.1 1.2 1.3 1.4 0.9 1.7 1.6 1.4 

7 0.5 0.6 0.9 0.8 0.7 0.6 1 0.6 0.6 0.9 0.7 0.8 1 0.7 1.4 1.1 1.1 

8 0.2 0.1 0.5 0.3 0.3 0.2 0.3 0.1 0.1 0.4 0.2 0.3 0.3 0.2 0.5 0.4 0.5 

9 0 0.2 0.1 0.1 0.3 0.1 0.1 0.3 0 0 0.1 0.1 0.1 0 0.2 0.2 0 

9.5 0.2 0.5 0.6 0.6 0.8 0.4 0.7 0.8 0.5 0.2 0.7 0.5 0.6 0.6 0.9 0.7 0.5 

10 0.4 0.8 1.2 1.2 1.5 0.7 1.2 1.2 0.8 0.7 1 0.8 1 1.1 1.5 1.3 0.8 

10.5 0.4 0.6 1.3 1.4 1.3 1 1.2 1 1 0.8 1.1 0.6 1 1 1.2 1.5 1 

Average magnetic field 1.19 1.52 2.33 2.26 2.3 1.63 2.08 1.69 1.62 1.83 1.89 1.93 2.1 1.9 2.74 2.58 2.13 

Amplifying ( dB) 1.06 2.93 2.78 2.85 1.36 2.43 1.52 1.34 1.88 2.01 2.09 2.46 2.02 3.62 3.36 2.52 

Tabel 5.3. The inductance variation of coil L1 for each type of shield used and  

specific amplification in dB 
Ecran A B C D E F G H I J K L M N O P 

Amplif. 

(dB) 
1.06 2.93 2.78 2.85 1.36 2.43 1.52 1.34 1.88 2.01 2.09 2.46 2.02 3.62 3.36 2.52 

L 165.4 196.8 196.2 197.5 152.9 180.2 177.8 199.2 192.4 285.8 279.4 266.6 194 278.7 285.1 283.1 

  

5.5 Conclusions 

Following the theoretical study and experiments in this chapter we can conclude the following: 

- by identifying the magnetic field strength arrangement of the coils, it is clear that loop coils 

have a lower tolerance to misalignment as compared to planar spiral coils (when using identical 

transmit and receive coils); 

- the varying arrangement of the average magnetic field strengths for different coils suggests that 

the loop or planar spiral coil type causes a different critical coupling point (critical coupling 

dependent on coil spacing). 

Remark The difference in magnetic field amplification between screen A and E is due to the fact 

that in screen A, due to the crossing of the Ni layer, losses occur ( shielding by absorption) 

preceded by reflection, whereas in screen E the reflection occurs at the first interaction of the 

wave with the shield, although the inductance produced by shield E is lower compared to screen 

A. Another justification is the difference in thickness, screen A has a thickness of 0.8mm (higher 

losses in the successive-multiplied reflection), while screen E is only 0.2mm thick (lower losses 

in the successive-multiplied reflection). 
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6. EFFICIENCY AND POWER  

TRANSFERRED WIRELESS - EXPERIMENTAL DETERMINATIONS  
Two assumptions on the charging times of drone accumulators are highlighted:  

A. Maximum transfer efficiency 

B. Maximum power transferred 

In order to highlight the effects of load on efficiency and transferred power, optimal load 

resistances were calculated by setting a range of coupling coefficients k between 0.3-1.  Thus at 

an operating frequency of f=10.42kHz, the optimum load resistances were calculated for coupling 

air-supported coils, L1 (165.6μH, 𝑅𝐿1
= 0.38𝛺) with L2 (174.1μH, 𝑅𝐿2

= 0.4𝛺) and for coupling 

coils having the shield N attached to the back side of the L1 emission coil with new specific 

parameters (278. 7μH, 𝑅𝐿1
= 0.38𝛺) with L2 (174.1μH, 𝑅𝐿2

= 0.4𝛺). The results are shown in 

Table 6.1 according to which three values of the load resistances R_L were chosen and used for 

the following experiments: 31Ω, 11 Ω, 5.6Ω; representing approximately the maximum, minimum 

and, respectively under-minimum values of the resistances in Table 6.1.  
Tabel 6.1. Theoretical determination of the optimum load resistances reported to the coupling coefficient 

between coils (k) 
𝑘 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

L1 (165.6μH, 𝑅𝐿1
= 0.38𝛺) și L2 (174.1μH, 𝑅𝐿2

= 0.4𝛺) 

𝑅𝐿𝑜𝑝𝑡
(Ω) 37.7 28.3 22.7 18.9 16.24 14.2 12.6 11.37 

𝑀 50.9 67.9 84.9 101.9 118.9 135.8 152.8 169.79 

L1 (278.7μH, 𝑅𝐿1
= 0.38𝛺) și L2 (174.1μH, 𝑅𝐿2

= 0.4𝛺) 

𝑅𝐿𝑜𝑝𝑡
(Ω) 29.1 21.9 17.5 14.6 12.5 11 9.7 8.77 

𝑀 66.1 88.1 110.1 132.2 154.2 176.2 198.2 220.27 

 

6.1 Planar spiral coil coupling 

Two stages were carried out comprising the coupling behavior of the two coils for a fixed 

operating frequency and for a variable frequency determined by the maximum received power. 

 
Fig. 6.1. Planar spiral coils - the study of the shield in the emission circuit and the load  

in the reception circuit 

 

6.2 Planar loop coil coupling 

Two stages were carried out which include the coupling behavior of the two coils for a 

fixed operating frequency and for a variable frequency determined by the maximum received 

power. 
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Fig. 6.2. Planar loop coils - the study of the shield in the emission circuit and the load in the reception 

circuit 

 

6.3 The influence of the shield-emission coil distance on the efficiency and transferred power 

In order to identify the effect of the distance between the shield and the emission coil on 

the magnetic field reflection, with the goal of increasing the transfer efficiency and received power, 

experiments were performed for the 5.6Ω load used with planar spiral coils, a load that determined 

the maximum transferred efficiencies and powers in previous experiments (where the distance 

between the shield and the emission coil was approximately 0). The distances used in the 

experiments, between the shield and the emission coil are 2mm, 4mm and 8mm, both for the fixed 

frequency of 10.42kHz and for the frequency determined by the maximum power transferred in 

the receiving circuit. 
I. Influence of the distance between the shield and the emission coil at a fixed operating frequency 

II. Influence of the distance between the shield and the emission coil at a variable operating 

frequency 

 

6.4 Conclusions 

Following the results of the experiments carried out in this chapter, the conclusions are presented. 

Coupling of planar loop coils 

Regarding the study and experiments on wireless power transfer using planar loop coils 

(both without magnetic support and with the use of N-shield for the emission coil), the respective 

coils produced much lower results in terms of maximum power transfer and transfer efficiency 

compared to the experiments using planar loop coils. 

Planar spiral coil coupling with respect to the load resistance 

In all experiments that define the wireless energy transfer between two planar spiral coils, 

the maximum values of efficiency and transferred power were obtained for the load resistance 5.6 

Ω, which is low compared to the optimum resistances defined for the ideal coupling of k=1, 11.37Ω 

for the air core coils and 8.77Ω for coils using shield in the emission circuit. For both coil coupling 

models, the maximum values of efficiency and transferred power were obtained for the load 

resistance 5.6 Ω. Within the use of load resistors with values of 11 Ω or 31 Ω, exceeding or equal 

to the 11.37Ω and 8.77Ω resistances specific to the k=1 coupling in Table 6.1, the maximum values 

of efficiency and transferred power were recorded for increasing coil distances correlated with 

increasing load resistance.  

Planar spiral coil coupling with respect to shield-emission coil distance 

For the variable frequency according to maximum received power and 5.6Ω load 

resistance, a comparison was made between coils coupling with air core and coils coupling using 

the N-shield for different distances h regarding the emission coil, as shown in Table 6.2. 
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Tabel 6.2. Comparison between coil coupling in air and coil coupling using  

N-shield for different distances 

h f 
Distance 

between coils 

(cm) 

Inverter power supply 

parameters 

Reception parameters with 5.6 

ohm load 

% 

Efficiency 

Power (2)/ 

Power (1) 

% Voltage 

(1)  

(V c.c.) 

Current 

(1)  

(A c.c.) 

Power 

(1) 

(W) 

Voltage 

(2)  

(V c.c.) 

Current  

(2)  

(A c.c.) 

Power 

 (2) 

(W) 

No 

shield 

14.7 0 16 5.1 81.6 13.5 2.45 33.07 0 0.4053  

10 0.5 16 3.77 60.32 13 2.25 29.25  0.4849  

4.5 1 16 2.58 41.28 11 1.9 20.9  0.5062 0 

<1mm 

14.7 0 16 5.05 80.8 14.1 2.45 34.54 4.44 0.4275  

8.62 0.5 16 3.48 55.68 12.5 2.18 27.25  0.4894  

6 1 16 2.86 45.76 11.4 2.05 23.37  0.5107 0.88 

2mm 

14.3 0 15.6 4.92 76.75 14.1 2.44 34.40 4.02 0.4482  

9.2 0.5 16 3.49 55.84 12.25 2.14 26.21  0.4694  

4.7 1 16 2.53 40.48 10.9 1.93 21.03  0.5196 2.64 

4mm 

15 0 16 5.13 82.08 14.25 2.47 35.19 6.41 0.4288  

10.8 0.5 16 3.75 60 12.5 2.17 27.12  0.452  

6.9 1 16 2.79 44.64 11.25 1.95 21.93  0.4914  

4 1.5 16 2.3 36.8 10.4 1.84 19.13  0.52 2.72 

8mm 
14.5 0 16 5.13 82.08 14.25 2.46 35.05 5.98 0.4270  

10.6 0.5 16 3.31 52.96 12.5 2.15 26.87  0.5074 0.23 

We can conclude that by positioning the N-shield on the inside of the emission coil there 

is an increase in efficiency and maximum transferred power compared to the use of the air-

supported coupling. At the same time, there is an increase in efficiency and maximum transferred 

power with an increasing distance between the screen and the coil, with maximum values being 

recorded at a distance of 4mm. 
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7. FINAL CONCLUSIONS 
  

For wireless power transfer optimization, theoretical studies found in the technical 

literature and original experiments were carried out, resulting in an optimal constructive wireless 

power transfer system version with the following characteristics: 

- The emission coil was powered from an H-bridge inverter (supply voltage 16VDC, frequency 

range ≈2.4-20kHz); 

- Emission coil can be used with air support, or for magnetic field increase on the coil extrados, 

with an N-type shield placed at a distance of 4mm on the coil intrados; 

- Mutual coupling M, between planar spiral type emission-reception coils is calculated with 

equations (3.10), (3.11) resulting in a 22.4% reduction, which has been demonstrated in practice; 

- The receiver coil supplies a load (resistive in the experiments) through a rectifier bridge and a 

voltage stabilizer; 

- The self inductance of planar spiral coils is calculated with equation (3.18), the type of solid or 

Litz conductor does not influence the inductance at low frequencies as long as the effective 

diameters of the conductors are identical; 

- Planar loop coils offer much lower efficiency and transferred power rates than planar spiral coils, 

therefore they are not recommended in the field of wireless power transfer; 

- Optimum load in the reception is defined by the quality coefficients of the systems.  

In order to wirelessly supply a real load of 31Ω (theoretically calculated as 33.59) with a 

power of 30W ,at a distance of 1cm, a magnetic coupling of two coils L1(165.6μH) and L2 

(174.1μH) with a parallel capacitor for each coil C=1.40μF, will be used, with a frequency of 

15.6kHz; a total efficiency of 40% being obtained. Maximum efficiencies of 43% were obtained 

for a 1.5cm distance with 25.76W received and for a 2cm distance with 20W received. Each 

coupling coefficient between two coils corresponds to an optimal resistance value, if the same 

distance between coils (1cm) is maintained but a lower load resistance (5.6Ω) is used, the transfer 

efficiency will increase but the transferred power will decrease.  

Therefore, for the same coil configuration but for a 5.6Ω load at ≈0cm distance a power of 

33.7w was received (40% efficiency) and at 1cm distance a power of 20.0W was received 

(efficiency 50%); introducing the N screen, at ≈0cm distance a power of 35.19W was received 

(efficiency 42.8%), at 1cm distance a power of 21.93W was received (efficiency 49.1%) and at 

1.5cm distance a power of 19.13W was received (efficiency 52%). 

Thus, in the case of using sandwich shields on the extrados of the emission coil for 

magnetic field reflection, there was a 6.41% increase in the maximum power transferred compared 

to the experiment using air core for the emission coils. An important aspect is the distance between 

the screen and the emission coil which should be about 2% of the coil diameter. 

It should be noted that the efficiencies are global and include losses through DC-AC 

conversion (transmit inverter) and AC-DC (reset, receive stabilization). 
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8. ORIGINAL CONTRIBUTIONS 

 
The main original contributions that the author brings to the realization of this research 

thesis are presented in the following steps: 

- the first stage consisted in carrying out an analysis of the current state of wireless 

powering of various devices, a stage that was completed with a short introduction experiment 

necessary to identify and understand the phenomena and limitations of wireless power transfer; 

- before the simulations and experiments, the complete mathematical model of wireless 

power transfer was developed by demonstrating and mathematically validating the phenomena of 

reflected impedance, maximum power transfer, and maximum efficiency and calculating the 

optimal load for maximum efficiency as a function of the quality coefficients of the emission and 

reception systems; 

- the self and mutual inductances of the planar loop and planar spiral coils chosen for the 

experiments were calculated using Matlab ; limitations in the use of literature calculation equations 

were identified for the inductances of planar spiral coils; for planar loop coils, the literature 

equations were modified to match the calculated and measured inductance values; for both types 

of coils, precise calculation equations were established and validated with real measurements; 

- three types of inverters have been designed and simulated in the Matlab environment and 

the H-bridge inverter has been completely built and optimized for use in experiments; 

- clear equations were drawn from the specific literature to define the effectiveness of the 

shields, several shield designs were tested to increase the proportion of reflection shielding and an 

optimal shield model was identified in the materials under testing; 

- final experiments were carried out on efficiency and maximum transferred power, with 

clear correspondences between the distance between coils determining the critical coupling, the 

maximum efficiency versus the load resistance used in reception; 

- the influence of the distance between the shield and the emission coil on efficiency, 

transferred power and reflection shielding was determined experimentally and theoretically. 

Therefore, the personal contribution of this doctoral thesis is represented by the whole 

process of realization of the wireless power transfer system to a load, consisting of design, 

simulation, modeling and construction of coil-inverter-shield, and experimentation. 

This work contains the theoretical and practical fundamentals necessary to realize a 

wireless transfer system for a desired load and power, moreover, new scientific aspects, identified 

from the research were carried out in this thesis, which improve the efficiency and transferred 

power compared to a simple, non-optimized wireless system are presented.  

 

 

 

 

 

 

 

 

 

 

 

 



Contributions to optimizing wireless power transfer for an independent charging base 

 

30 

 

9. PERSPECTIVES FOR FURTHER RESEARCH 

 
Based on the theoretical and practical results of the research in this doctoral thesis, new 

directions for further scientific research on wireless power transfer are highlighted as follows: 

The study of wireless energy transfer as an effect of different variants of serial, parallel or 

mixed connection types of emission and reception circuits. 

Development of an automatic calculation program of the characteristics of a wireless 

transfer system for a received power, given a certain load and distance, both in terms of electrical 

parameters and physical characteristics of the coils used. 

The wireless transfer design for higher resonant frequencies above 20kHz in terms of 

propagation in different environments.  

Introduction of Class E inverters in wireless transfer systems for experiments. 

Use of shield concepts for electromagnetic field reflection using new materials, shapes or 

sequences to increase the efficiency and power transferred in a wireless system. 
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11. APPENDIX 
Anexa 1.  Complete H-bridge inverter diagram used in the experiment 
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Anexa 2. Class E (High side) inverter diagram 

 
 

Anexa 3. Class E (Low side) inverter diagram 
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Anexa 4. Class E inverter (High side) PCB wiring 

 
Anexa 5. Class E inverter (Low side) PCB wiring 

 
 

 


