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Wireless power transfer. 
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Chalmers University of Technology 

 

Abstract 

 

In this project, the power transfer and the coupling between two partially coupled coils using a 

ferrite core were studied. Some approaches of the magnetic parameters that define the 

coupling between the coils were done by analytical calculations and also by simulations with 

FEMM. Then, the system was assembled, and some real measurements were taken, so the 

calculations that were done previously were checked with the values obtained by the real 

measurements. To finish, some measurements more were done to check the influence of the 

design parameters, air gap, number of turns and frequency, in the system. 

The general conclusions of checking the analytical calculations with the values obtained by the 

real measurements are that it is possible to achieved tolerable approaches with simple 

calculations. Regarding the real measurements, it was found that when the frequency was 

varied and the other parameters were fixed, the maximum efficiency, 18 %, is achieved 

working at 50 kHz and with a load resistance around 40 Ω. When the number of turns was 

varied keeping the other parameters fixed, it was found that the greatest efficiency, 23%, is 

achieved with 20 turns and using a load resistance of approximately 20 Ω . 
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1. Introduction 

 

1.1. Aim of the project 

 

 The main purposes of this project are testing how a contactless power transfer system 

 works and how some design parameters influence it and checking some simple 

 modeling approaches with real measurements. 

 

1.2. Project layout 

 

 The content of the report is organized as follows:  

 After the introduction, in Chapter 2 the basic theory about electromagnetism, 

 magnetic circuits, and partially coupled coils that was needed to develop the project is 

 presented. 

 Chapter 3 includes the description of the system, as well as its operation and assembly. 

 Chapter 4 presents the results of the calculations, simulations and measurements done 

 in this project, as well as how they were done. 

 Chapter 5 presents the conclusions of this project. 
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2. Technical background 

 

2.1. Basis of electromagnetism  

 

The Maxwell equations are the four fundamental equations of electromagnetism: 

Gauss law for electric field, Gauss law for magnetic field, Faraday law, and Ampère-

Maxwell law. 

 

Gauss law for electric field says that the total of the electric flux out of a closed 

surface is equal to the charge enclosed divided by the permittivity, 

     

 

   # $ ⋅ & = (
)*

       (2.1) 

 

where  $ is the electric field,  &   an area differential, + the charge enclosed and �� 

the permittivity of the air.

 

  

   Figure 2.1. Gauss law for electric field 
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In the case of the magnetic field, Gauss law says that the net magnetic flux out of any 

closed surface is zero, 

 

   # , ∙ & = 0       (2.2)  

 where , is the magnetic field and &  an area differential. 

   

   Figure 2.2. Gauss law for magnetic field 

    

The line integral of the electric field around a closed loop is equal to the negative of 

the rate of change of the magnetic flux through the area enclosed by the loop. This is 

the Faraday law, which is expressed by the following equation, 

 

   # $ ∙ &� = /�01
��        (2.3) 

  

 

 where $ is the electric field, &� a line differential and �2 the magnetic flux. 
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    Figure 2.3. Faraday law 

    

In the case of static electric field, the line integral of the magnetic field around a 

closed loop is proportional to the electric current flowing through the loop. This law is 

known as Ampère law, and later Maxwell corrected this equation to adapt it to non-

stationary fields adding a new term to the equation,  

 

 

   # , ∙ &� = �� 34 + ��
�06

�� 7     (2.4)  

 

 where , is the magnetic field, &� a line differential, �� the permeability of the air, 4 

 the electric current, �� the permittivity of the air and �8 the electric flux. 

  

   Figure 2.4. Ampère-Maxwell law 
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2.2   Partially coupled magnetic circuits. 

 

When all the flux created by a primary winding is transmitted to a secondary winding, 

the magnetic coupling is perfect. But the real situation is that not all the flux created 

by the primary winding is mutual flux, instead there are some flux lines that don’t 

follow the magnetic circuit and as a result they don’t link the secondary winding. This 

flux is known as leakage flux, ϕ	. In Figure 2.5, the different magnetic fluxes through 

a partially coupled magnetic circuit can be observed: 

 

 

  

   Figure 2.5. Different magnetic flux in a magnetic circuit 

   

If it’s supposed that the magnetic circuit permeability is constant, it’s possible to 

apply superposition, 

 

   ∅� = ∅	� + ∅
      (2.5) 

   ∅: = ∅
 + ∅	:      (2.6) 

 

Mutual flux can be decomposed in the contribution of primary coil and secondary coil, 
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   ∅
 = ∅
� + ∅
:      (2.7) 

 

which allows the decomposition of the mutual flux that go through each coil in two 

components, the flux created by the own coil and the contribution to the mutual flux 

of the other coil, 

 

   ∅� = ∅�� + ∅
:      (2.8) 

 

   ∅: = ∅
� + ∅::      (2.9) 

The magnetic coupling level between primary and secondary coil can be expressed 

with the coupling coefficients, <� and <: , 

 

   <� = ∅
� ∅��=        (2.10) 

   <: = ∅
: ∅::=        (2.11) 

 

They represent the fraction of total magnetic flux created by a coil which link the 

other coil, 

 

   ∅�� = ∅	� + ∅
�      (2.12) 

   ∅:: = ∅	: + ∅
:      (2.13) 

 

From the equations (2.5), (2.6) and (2.7) it’s also possible to deduce that, 

 

   ∅� = ∅	� + ∅
� + ∅
:     (2.14) 

   ∅: = ∅	: + ∅
: + ∅
�     (2.15) 

 

If constant permeability is assumed in the magnetic circuit, it’s possible to apply Ohms 

law for magnetic circuits, 



6 

 

 

 

 ∅>� = N�i� ℛ>�=       (2.16)  

   

 ∅>: = N:i: ℛ>:=       (2.17) 

 

   ∅
� = ���� ℛ
=       (2.18) 

 

   ∅
: = �:�: ℛ
=       (2.16) 

 

ℛ
 is the reluctance of the common flux path, and ℛ	� and ℛ	: the reluctances 

associated to leakage fluxes. Substituting (2.16), (2.17), (2.18) and (2.19) in (2.14) and 

(2.15): 

 

  

   ∅� = AB�B
ℛCB

+ AB�B
ℛD

+ AE�E
ℛD

      (2.17) 

 

   ∅: = AE�E
ℛCE

+ AE�E
ℛD

+ AB�B
ℛD

      (2.18)  

   
 

If it’s supposed that all the turns of each winding link the same flux, it’s possible to 

express the total flux links with the following expressions, 

 

   �� = ���� = ABE
ℛCB

�� + ABE
ℛD

�� + ABAE
ℛD

�:    (2.19) 

   �: = �:�: = AEE
ℛCE

�: + AEE
ℛD

�: + AEAB
ℛD

��    (2.20) 

  

 

 

The expressions let us identify the components of each coil self-inductance like the 

leakage inductance and magnetizing inductance, 
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   ��� = ABE
ℛCB

+ ABE
ℛD

= �	� + �
�     (2.21) 

 

   �:: = AEE
ℛCE

+ AEE
ℛD

= �	: + �
:     (2.22) 

 

 

The third terms of (2.19) and (2.20) represent the contribution of the secondary coil 

to primary coil flux links and the contribution of primary coil to secondary coil flux 

links. These contributions are expressed using the mutual impedance, 

 

   F�: = ABAE
ℛD

       (2.23) 

   F:� = AEAB
ℛD

       (2.24) 

 

From (2.23) and (2.24), ℛG = N�: LG�
I  and ℛ G = N:: LG:

I . If we substitute these 

expressions in (2.17) and (2.18) it’s possible to express the mutual inductance like a 

function of magnetizing inductances, 

 

   F�: = AE
AB

�
� = AB
AE

�
: = F:�     (2.25) 

 

If the two equalities of (2.25) are multiplied term to term and definitions of coupling 

coefficients of (2.10) and (2.11) are used, 

 

   F: = F�:F:� = �
��
: = <����<:�::   (2.26) 

   F = <J����::       (2.27) 

 

< is known as coupling coefficient. 
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2.3. Equivalence between electrical circuits and magnetic circuits. 

 

 It’s possible to establish equivalence between electrical circuits and magnetic circuits, 

 which will be helpful to solve magnetic circuits, 

 

  Table 1. Equivalence between electrical and magnetic circuits 

Electrical circuit Magnetic circuit 

K: f. e. m ℱ: f. m. m 

R: current density ,: magnetic induction 

^: conductivity �: permeability 

$: electric cield d: magnetic cield 

�: electric current Φ: magnetic clux 

!: electric potential �: magnetic potential 
� = 1

^
�
h : resistance ℛ = � = 1

�
�
h : ieluctance 

∑K = ∑�� ∑ℱ = ∑ℛΦ 

∑� = 0 ∑Φ = 0 

        

 The Hopkinson law, 

    ∑ℱ = ∑ℛ�       (2.28) 

 where ℱ is the magnetomotive force, ℛ the reluctance and Φ the magnetic flux, and 

 the first Kirchhoff law for magnetic circuit 

    ∑� = 0       (2.29) 

  are the basis for calculating magnetic structures. In the table above, these equations, 

 as well as some magnetic parameters and their comparison with the equations and 

 parameters of the electrical circuits have been  represented. Then, a magnetic circuit 

 can be  solved as if it was an electric circuit with the analogies presented  
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   Figure 2.6. Equivalent electrical circuit of a magnetic circuit 

 

 

 2.4. Circuit diagram of mutual inductance model 

 

The equivalent electric circuit of two magnetic coupled coils is represented in Figure 

2.7.: 

 

 

   Figure 2.7. Equivalent circuit of magnetic coupled coils 

      

   ��klm = ����klm + ��
��Bk�m

�� ± F ��Ek�m
��      (2.30) 

   �:klm = �:�:klm + �:
��Ek�m

�� ± F ��Bk�m
��      (2.31) 
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2.5. Importance of frequency 

 

In partially coupled magnetic systems, due to leakage flux and low values of the 

mutual coupling coefficient, M, it´s necessary to work with high frequencies, around a 

few tens of kHz to make the power transfer with high efficiency possible. As a 

consequence, when we work with high frequencies we should take some things in 

consideration: 

 

 2.5.1. Core 

 

Sometimes for contactless applications, working with cores to increase the coupling 

between the c oils is necessary.  In the case of using a core, and specially working at 

high frequencies, iron losses, like hysteresis losses and eddy losses are something 

important to take in account. In this project, these losses have been ignored. A ferrite 

core has been used. Using a ferrite core we can improve the coupling between the 

coupled coils, without having very great losses in it. 

 

 2.5.2. Conduction losses 

 

 In DC, the current density is homogenous in the entire conductor but working in AC, 

 and with increasing frequency, there is higher accumulation of current density on the 

 surface than in the center of the wire. This phenomenon is known as skin effect, and it 

 causes an effective conductive area reduction in the wire, as well as a resistance 

 increment. In this work, Litz wire has been used. Litz wire consists of several thin wire 

 strands twisted together and each strand is thinner than the skin depth.  

 Skin depth is the distance below the surface where the current density has fallen 1/K, 

 

  � = �
Jpqr	      (2.32) 
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Figure 2.8. Skin effect in a conductor 

 

 

Therefore, Litz wire homogenizes the current density and optimizes the effective 

area of the wire, reducing AC losses at high frequency. Some other benefits of 

using Litz wire are: 

 

• Increase of efficiency 

• Reduction of skin and proximity effect 

• Lowered operating temperatures 

• Weigh reduction 

 

 

    Figure 2.9. Litz wire 

      

 2.5.3. Switching losses 

 

 When transistors and diodes are turned on and off there are always losses. These 

 losses are known as switching losses. At the switch-on, the current rises and the 

 voltage drops at the same time, and in the switch-off, the voltage rises and the current 

 declines. Current and voltages waveforms produce overlapping switching losses. This 
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 losses increase rapidly according to the increase of frequency. This is called hard 

 switching and it can be seen in Figure 2.10. 

   

  

    Figure 2.10. Switching losses due to hard switching 

        

However with a proper coupling design and a compensation system it´s possible to 

transfer power with high efficiencies. 

 

 

 

 

2.6. Compensation 

 

To ensure that the power transferred to the load is as high as possible, it’s necessary 

to work in resonance in the secondary. It’s also advantageous that the total 

impedance from the source is completely resistive in order to reduce the current 

absorbed by the converter, which will reduce also the switching losses; this is possible 

using compensation in the primary. So, resonance should be used in both sides. 

The classic methods of compensation are formed by two capacitances, C1 for the 

primary side and C2 for the secondary side. Depending of the capacitance 

connections, there are four different basics topologies that are represented in Figure 

2.11, 2.12, 2.13 and 2.14. 

 

• Series in primary-secondary in series 

• Series in primary-secondary in parallel 
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• Parallel in primary-secondary in series 

• Parallel in primary-parallel in secondary 

 

The selection of the topology is made according to the application behavior since 

each topology behaves differently to the variations of parameters (frequency, load, 

air gap...). 

 

  Figure 2.11. Series-series compensation       Figure 2.12. Series-parallel compensation 

  

  

  Figure 2.13. Parallel-series           Figure 2.14. Parallel-parallel   

 compensation             compensation 
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3. Case set-up 

 

3.1.  Introduction 

  

 The complete system is presented in Figure 3.1. It consists in a DC source that powers 

 a DC/AC converter, whose output is a square signal of high frequency that will feed the 

 primary winding. The magnetic flux flows from the primary winding to the secondary 

 winding and induces a current in the secondary side. The AC signal will be rectified to 

 DC, and then feed to the load resistance. 

  

   

      Figure 3.1. Complete system 

 

 Figure 3.2 shows the system assembly in the lab. 
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    Figure 3.2. Complete system assembly in the lab 

  

3.2.  Primary side 

 

The primary side of the transformer will be fed with a square wave signal of high 

frequency. A DC/AC converter, powered by a DC source, is used to generate this 

square wave.  To control the transistors in this DC/AC circuit, two square waves with a 

shift between them are needed. Figure 3.3 shows a scheme of this primary side:
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Figure 3.3. Primary side scheme 

  

 

3.2.1. Dspace system 

A Dspace system has been used to generate two square signals, VH1 and VH2, 

like the ones that are in Figure 3.5, with a 0,5 constant duty cycle, a frequency 

of 50 kHz and a phase shift of 90º between them. These signals will be used to 

control the MOSFETs triggering of the DC/AC converter. The square waves 

have been modeled using a Dspace PWM block in Simulink, which is in Figure 

3.4, and they are generated by PWM outputs, SPWM and SPWM2, in Figure 

3.6. 

   

    

     Figure 3.4. PWM block in Simulink 
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     Figure 3.5. Triggering control signals 

      

   

     Figure 3.6. Dspace PWM outputs. 

 

 

3.2.2. DC/AC converter 

 

This converter DC/AC in Figure 3.7 consists of several power MOSFET half bridge 

connected in cascade and it’s controlled by a power MOSFET and IGBT driver. 

The dead time is 1 us. 
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    Figure 3.7. DC/AC circuit 

      

 

The converter is fed with constant voltage, VDC, and the output is a square wave 

between +VDC and –VDC, as in Figure 3.8. 

 

In Table 2  how the DC/AC converter works is shown: 

 

Table 2. Operation of the converter 

 

VH1 VH2 Output 

0 1 -VDC 

1 0 +VDC 

       

 

 

    Figure 3.8. DC/AC system output square wave 
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The value of the input voltage will be 10 V, so the output is supposed to be a 

square wave that oscillates between +10V and -10V 

 

   

 

3.3.  Transformer 

3.3.1. Core 

3.3.1.1. Geometry and dimensions 

   

 An ETD 49 core, like the one that can be observed in Figure 3.9 is used in  

  this project. 

 

   

    Figure 3.9. ETD core with coilformers and clips 

   The dimensions of the used core in this project are in Figure 3.10:  
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          Figure 3.10. ETD49 core dimensions 

       

     

The coilformer has been divided in two pieces, in order to leave an air gap 

between the primary side and the secondary side of the core. This is shown in 

Figure 3.11.j 

 

    

   Figure 3.11. ETD49 core with an air gap between the two parts of the core 

   

3.3.1.2. Influence of ferrite. 

 

The presence of a ferrite core for contactless power transfer can add 

advantages due to the improved conduction of magnetic flux and the lower 

reluctance of the magnetic circuit. The coupling between the coils increases 

and less turns of wire are needed to get the same inductance than in an air 

core transformer. However, the possibility of using a ferrite core depends 
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on the application and despite the advantages that it provides, it can’t be 

used in all the applications due to limitations of weigh, size...Figure 3.12 

and Figure 3.13 presents the magnetic flux lines that are created when a 

current is run through the primary winding of coupled coils, the first in the 

air, and the second using a ferrite core. 

 

 

   

     Figure 3.12. Magnetic flux in coils without core 

      

 

   

    Figure 3.13. Magnetic flux in coils using a ferrite core 

As it can be seen in the figures above, 3.12 and 3.13, when a ferrite core is 

used instead of an air core, the magnetic flux is concentrated and directed 

through it. In Figure 3.14 it is possible to see the decrease of the coupling 

coefficient according to the increase of the air gap for equal coils, one of them 

with air core, and the other winded around the central column of an ETD core, 

that will be the one used in this project. Using a ferrite core, the coupling 

coefficient is higher than for coils just in the air. 
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   Figure 3.14. Coupling coefficient VS Air gap for coils with ferrite core and coils  

  in the air calculated with FEMM.  

   

3.3.1.3. Design of the transformers 

 

The principal purpose to design this kind of converters is reducing the 

system power losses and improving the power transfer, so the transformer 

design is quite important.  

The principal actions to reduce magnetizing losses resulting due to the 

transformer design are the following: 

• Increasing the transformer coupling. 

A low coupling means that to get enough energy in the secondary it’s 

necessary to manage high energy in the primary. That means that a high 

current flows through the primary winding, generating losses in the 

conductors. To increase the transformer coupling, we should focus on 

the transformer design, planning a good winding strategy and analyzing 

the possibility of using a magnetic core to concentrate magnetic flux 

lines. 

• Reducing windings resistance. 

The conductor losses can be reduced if we work with lower resistances,   

 i.e. using thicker conductors, winding lower number of turns to make 

 the wire’s length shorter… 
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Some of these tasks are contradictory, as it is possible to note in Figure 

3.15, and we should get an arrangement between one option and the other 

to improve the efficiency. For example, to increase the inductance value, 

we can raise the number of turns, but as a consequence, the conduction 

losses increase too; to work with contactless transformers it´s necessary to 

work at high frequencies, but this also causes an increment of the 

conduction losses, as well as the core losses. 

 

 

 

   Figure 3.15. Contradiction problems in the design 

 

3.4.  Secondary side 

 

The secondary side consists of the secondary coil, a rectifier and the load resistance. 

The magnetic flux flows through the ferrite core from the primary side to the 

secondary side, where the magnetic flux induces a current in the secondary winding. 

This AC signal is rectified by a diode full bridge rectifier to a DC signal, and finally there 

is a load resistance that it´s fed with the DC signal. The electrical scheme of the 

secondary side, as well as the real assembly is presented below in Figure 3.16 and 

Figure 3.17. 
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    Figure 3.16. Scheme of the secondary side 

 

   

    Figure 3.17. Assembly of the secondary side 

      

3.5. System losses 

  

 The efficiency of a system is defined as: 

 

  $ss�t�Kutv kwm =  xyz{|}
x~|}{|}

= xyz{|}
xyz{|}�x�~����

 

  

 In this specific system the main losses are: 

� Conduction losses in the windings 

� Losses in the core 

� Hysteresis losses 

� Eddy currents 

� Leakage inductance 

� Losses in the DC/AC converter 
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� Conduction losses 

� Switching losses 

� Losses in the diodes of the rectifier 

� Conduction losses 

� Switching losses 

 The losses have not been calculated, since the aim of the project is not the losses 

 calculations.  
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4. Analysis part 

 

4.1.  Analytical calculations 

 

An accurate analytical calculations of the fluxes produced in a magnetic circuit is 

generally very complicated, solving the Maxwell equations for specific conditions and 

complicated geometries would be necessary and that is very difficult. However it is 

possible to solve the problem in an approximated way by simplifying the problem. In 

Figure 4.1 it is possible to observe the distribution of the different fluxes through the 

ferrite core when a current is run in the primary winding. 

 

 

  

   Figure 4.1. Magnetic fluxes through the ETD core 

 

 

An analog electrical model of the circuit has been done using the equivalence 

between the electrical circuits and magnetic circuits, and selves-inductances, mutual 

inductance and coupling coefficient have been calculated. In this analog electrical 

model, the reluctance of the ferrite core has been neglected, because it’s much lower 

than air gap reluctance, since the permeability of magnetic core is about thousand 

units higher. 
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   ℛ��� = ���� �� ���=       (4.1)  

   ℛ���� = ����� ������� ����=      (4.2) 

   ����� ≫ ��  →   ℛ���� ≪ ℛ���     (4.3) 

 

 

Then, the analog electric circuit when we run a current in the primary is in Figure 4.2: 

 

    Figure 4.2. Equivalent electrical circuit 

 

where ℛ� is the leakage reluctance, ℛ��� is the central column air gap reluctance and 

ℛ��� is the lateral column air gap reluctance. It’s possible to do the same in the 

secondary side running a current through the secondary winding, but since both sides 

of the core are symmetric, and the number of turns is the same for both windings, the 

values of the reluctances, as well as the values for the different inductances, will be 

the same. 

 

 

If the circuit in Figure  is simplified, finally the simple circuit in Figure 4.4 is obtained. 
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   Figure 4.3. Equivalent electrical circuit simplification 

     

   

   Figure 4.4. Simplified equivalent electrical circuit 

 

Once the electrical circuit is simplified, the values of the different reluctances in the 

circuit can be calculated as: 

 

   ℛ� = �� �� �=         (4.4) 

   ℛ��� = �� �� ���
I       (4.5) 

   ℛ��� = �� �� ���
I       (4.6) 

   ℛ
 =  ℛ��� + ℛ��� 2=       (4.7) 
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 With the reluctances calculated, it’s easy to know the values of the different 

 inductances in the circuit and the coupling coefficient: 

 

   ��� = ��: ℛ� 2=I       (4.8) 

   �:� = �:: ℛ� 2=I       (4.9) 

   ��
 = ��: ℛ

I        (4.10) 

   �:
 = �:: ℛ

I        (4.11) 

 

 L� = L�� + L�G     

 

 L: = L:� + L:G     

  

 

 M = N�N: RG=           

 

 k =  M
JL�L:I  

 

  

 

4.1.1. Fringing effect 

 

  When there is an air gap in a magnetic circuit, the flux through the air gap is 

 non-uniform, it decreases outward, and the effective air gap area increases. It 

 also disturbs the core flux pattern to some depth near the gap. This is called 

 fringing effect and it´s shown in Figure 4.5. This effect of fringing 

 increases with the air-gap length, so it’s necessary to do some  corrections due 

 to it. 
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    Figure 4.5. Fringing effect 

      

 For circular cross sections, the area it’s increased by adding a gap length to the 

 diameter of the cross section: 

 

     � = �k� + ��m:
4=      (4.12) 

 For rectangular cross sections, the area it’s increased by adding a gap length to 

 each of the two sides: 

 

     � = k�� + ��mk�� + ��m    (4.13) 

 

4.1.2. Leakage inductance 

 

 The consideration of the leakage inductance is required if a good analysis 

 of a magnetic circuit is desired, since all the flux induced by a winding is not 

 mutual flux. In Figure 4.6, a part of the flux, the leakage flux, doesn´t flow to 

 the secondary side of the core, and instead, it flows through the core windows 

 to the lateral columns and remains in the primary side.  
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    Figure 4.6. Leakage flux in an ETD core 

 

  It’s possible to calculate the leakage flux if the reluctance of the core window 

 is known, 

 

    �� = �� �� �=        (4.14) 

     ,    

     � = ��� ∙ ��:       (4.15) 

 

  In Figure 4.7 the length and the area that were used to calculate the leakage  

  are presented, 

 

   

   Figure 4.7. Window dimensions 
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The magnetizing reluctance will be about 10-20% of the leakage reluctance for an air 

gap of 1 mm. When the air gap distance increases this proportion will be higher, that 

means, that the leakage flux will increase according to the increase of the air gap. 

    

4.2.  FEMM simulations 

 

 FEMM (Finite Elements Methods Magnetics) is a finite elements program for solving 

 magnetics and electrostatics 2-D or axisymmetric problems. In case of a planar 

 problem, it’s possible to edit a depth specification. This is the length of the geometry in 

 the “into the page” direction. 

 

4.2.1. FEMM model 

 

Since the problem’s geometry is not circular, a planar problem is used in this 

work. Then a depth of 1.6 cm is applied to the problem. To compensate for the 

increased area in the central column of the ETD core, due to the square cross 

section in the FEMM model instead of a circular cross section, the length of X-

dimension of the central column has been reduced in order to get an effective 

area value close to the real in the ETD core. 

   

    

  

   A������ kdm > A���������kdm  

 

 

 

  Figure 4.13 presents the model that has been done in FEMM. 
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      Figure 4.13. FEMM model 

       

  The materials have been defined to do the simulations are presented in Table  

  3. 

Table 3. Material definition in FEMM 

  Conductivity  [MS/m] Relative permeability 

Air 0 1 

Core 0 1500 

Litz 58.5 1 

 

     

 

4.2.2. FEMM calculations 

  

The way of calculating the self-inductance of the primary coil in FEMM is 

running a current in the primary winding and once that the problem is 

analyzed (Figure 4.14), the value obtained for the flux linkage of the primary 

winding, Ψ��, is saved. The self-inductance can be calculated then as,  
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L� = Ψ��
I�

 

   

 

    
 

  

  

 

 

    

 

  Figure 4.14. Run FEMM model when a current is running in the primary   

  winding. 

 

If now, we run current through both windings, primary and secondary, and the 

problem is analyzed (Figure 4.15) we can save the total flux linkage of the 

primary winding, and the mutual inductance can be calculated as,  

 

M = Ψ� − Ψ��
I�

= Ψ�:
I�
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  Figure 4.15. Run FEMM model when a current is running through primary and  

  secondary windings.  

  Finally the coupling coefficient can be calculated as, 

 

  k =  M
JL�L:I  

 

4.3. Real measurements   

  

4.3.1.  Open circuit analysis 

 

The aim of the opened circuit test in Figure 4.17 is to measure the coupling 

coefficient, k, and the self-inductance of the primary side to verify the analytic and 

FEMM calculations that were done previously. 

 

  

   

    Figure 4.17. Open circuit scheme of the transformer together with  

   sensors 
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4.3.1.1. Coupling factor k. 

 

  The coupling coefficient, k, indicates how much flux created by the primary coil 

  links the secondary coil. It´s possible to calculate k, as the in the secondary coil  

  divided  by the voltage in the primary coil, 

 

    < = �E*
�B*

        (4.16) 

 

 

4.3.1.2. Inductances 

 

The voltage in the primary side, U��, and the current flowing through the 

primary coil, I�, will be measured, and according to the Kirchhoffs law and 

Ohms law, it is possible to calculate the value of the self-inductance,   

    
   V�� = I�Z¢ = I�kR� + jX¢m 

   Z¢ = ¥B*
¦B

 

 

  Assuming that the intrinsic resistance of the primary coil, R�,  is very small, the  

  self-inductance can be determined as,  

   L = ¥B*
§∙¦B

= ¥B*
:¨©∙¦B

 

 

4.3.1.3. Measurements considerations 

 

� Vª� = 20V«« 

The AC voltage in the input terminals of the primary coil has been 

always kept to 20Vpp.  

 

� f = 50 kHz 

 

� N� = N: = N 

The number of turns is the same in both coils, primary and secondary. 

This test has been done by running a current through the primary 
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winding, so the values of the self-inductance are for the primary coil. It 

was assumed that the values of the self-inductance of the secondary 

coil were the same, since both coils are symmetric.  

 

4.3.1.4. Results of the open circuit analysis 

 

4.3.1.4.1. Coupling coefficient 

 

In Figure 4.18, it is possible to observe the real values of the coupling coefficient, for 

different number of turns of the coil, in comparison to the values that were calculated 

previously by analytical methods and by simulations in FEMM. According to the 

simulations done with FEMM and the analytical calculations, the coupling coefficient is 

independent of the number of turns of the coils. Therefore, the coupling coefficient for 

each number of turns of the symmetric coils should have the same values, instead, the 

results that have been acquired in the real measurements show that the coupling 

coefficient varies when the number of turns changes. The coupling coefficient has 

higher values when the number of turns is higher. For 25, 20 and 15 turns, the coupling 

coefficient has similar values that also are close to the values calculated with FEMM 

and analytical methods, but for lower number of turns, 10 and 5, the coupling 

coefficient is much lower. 
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  Figure 4.18. Coupling coefficient VS air gap for real measurements 

A low coupling involves managing high energy in the primary side to get the 

needed energy in the secondary side. When the air gap increases, the coupling 

coefficient decreases, and the required current in the primary side to get a 

particular current in the secondary side is higher. A higher current in the 

primary involves higher losses in the conductors and in the DC/AC transistors. 

   

 

 

4.3.1.4.2. Self-inductance 

 

In Figure 4.19, it is possible to see the values of the self-inductance for the real 

measurements and the analytical and FEMM calculations. The self-inductance 

calculated by the real measurements follows a very similar trend to the FEMM  

simulations and analytical calculations: for short air gaps, 1, 2, 3 mm the self-

inductance decreases rapidly, but for longer air gaps it remains quite stable. If 

the FEMM values and the analytical values are compared, it can be noticed 

that the values calculated analytically are for all the number of turns and all 

the air gap distances higher than the one calculated by FEMM. This difference 

of values is almost the same when the air gap is varied for a specific number of 

turns, and it is higher according to the increase of the number of turns. 

Regarding the values calculated by the real measurements, these are in 
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general higher than the other two, but closer to the analytical values than to 

the FEMM values. For short air gaps, 1 and 2 mm, the trend of the curves 

calculated with the real measurements are a little different than the trend of 

the curves calculated by the other two methods, getting for these air gaps and 

for a specific number of turns (20 and 25) lower values or similar values to the 

FEMM and analytical calculations. From 2 mm onwards, like it has been told 

some lines above, the difference between the different values is quite constant 

and the trend that they follow is similar. 

 

 

 

  Figure 4.19. Self-inductance VS air gap for real measures and analytical and FEMM 

 calculations 

The difference between the different methods is due to the difficulty of calculating 

the inductances and the coupling with an accurate and reliable analytical method 

and then need of doing some simplifications to facilitate the resolution. As well, 

some corrections have been done for the air gaps, that are only proper for short air 

gaps, but not for long air gaps. The values performed with FEMM are not accurate 

too, due to the use of a 2-D model and to the model simplicity. 
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4.3.1.4.3. Mutual inductance 

  

  An estimation of the mutual inductance has been done also, according to the  

  equation () 

   k = ¯
J¢B¢E

 → M = kJL�L: 

which relates the coupling coefficient with the selves and the mutual 

inductances. Since the primary coil and secondary coil have the same number 

of turns, it is assumed that the value of the self-inductance is the same for 

both coils, so, 

M = kL 

As it can be seen in Figure 4.20, the values of the mutual inductance calculated 

by the real measurements are higher than the values calculated by FEMM and 

analytically. The trend of the curves is again similar to the FEMM simulations 

and analytical calculations, but the values calculated by real measurements are 

always higher for all the different air gaps and all the different number of 

turns. The difference between both values, FEMM and real measurements, is 

more noticeable for higher number of turns. For low number of turns, the 

values are quite similar.    
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  Figure 4.20. Mutual inductance VS air gap for real measurements and analytical and 

 FEMM calculations 

 

 

 

 

4.3.3. Measurements with load resistance. 

 

 The circuit implemented is the one schematic in Figure 4.21: 

 

  

 Figure 4.21. Complete scheme of experimental circuit with used   

 sensors indicated 
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 The main results that are presented in this work are the following: 

� Efficiency 

The efficiency has been calculated like: 

 

 Efciciency =
±²³´µ³´

±¶·µ³´
∙ 100 

 

where P¹º�«º� and Pª�«º� are defined like: 

 

 P¹º�«º� = V�¹�� ∙ I: 

 

 Pª�«º� = V� ∙ I� 

 

V�¹�� is the voltage drop in the load resistance, I: is the effective current 

through the load resistance, V� is the input voltage to the primary coil and I� 

the effective current through the primary winding. 

  

� Output power, »¼½¾¿½¾.  

� Primary current, ÀÁ 

� Secondary current, ÀÂ 

 

 

 

 

4.3.3.1. Influence of the frequency. 

   All the measurements in this epigraph have been done with a fixed number of  

  turns of 25 in the coils and a fixed air gap distance, 1mm. 

    �� = �: = � = 25 

     �i ÃÄÅ = 1ÆÆ 

   Vª� = 20Vpp 

 

The AC voltage in the input terminals of the primary coil has been kept at 

20Vpp for all the measurements at different frequencies. This means that the 

DC voltage in the input of the converter was adjusted for each frequency to 

keep 20Vpp in the converter output. Therefore, this DC voltage was higher 

when the operating frequency also was higher due to the switching losses, 

which are more notable when working at high frequencies. In Table 4, the 

values of the DC voltage needed to have 20Vpp are presented. 
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Table 4. Required DC voltage depending on the frequency 

Frequency DC voltage 

30 kHz 10,48548 

40 kHz 10,71811 

50 kHz 10,81549 

60 kHz 11,22334 

    

   

   

4.3.3.1.1. Efficiency 

  

In the Figure 4.22, it is possible to see how the efficiency changes according to 

the load resistance. The system efficiency starts increasing according to the 

increase of the load resistance until it reaches to the load resistance which 

makes it work at the highest efficiency, and then, for higher load resistances, 

the efficiency decreases again. 

    

 

 

  Figure 4.22. Efficiency VS load resistance for different frequencies 
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It can also be observed that for each frequency, the value of the load 

resistance that makes the system work at the highest efficiency is different. 

The value of the load resistance is higher when the frequency increases. For 30 

kHz, the load resistance which gives the maximum efficiency would be around 

16 Ω, for 40 kHz, it would be around 28 Ω, for 50 kHz it would take a value 

around 38 Ω, and for 60 kHz it would be around 47 Ω. The achieved efficiency 

also is different depending on the operating frequency. The frequencies that 

seem to achieve highest efficiencies are 40 and 50 kHz. 

     

4.3.3.1.2. Output power 

 

In Figure 4.23 we can see how the power output changes according to the 

variation of the load resistance for different operating frequencies. 

   

 

  

   Figure 4.23. Output power VS load resistance for different frequencies 

 

The output power starts increasing according to the increase of the load 

resistance until its maximum value, and then it decreases again for higher 

values of the load resistance. For each frequency, the maximum output power 
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value is different and also the load resistance which makes the output power 

maximum is different. The output power is higher for lower frequencies and 

the load resistance needed to achieve the maximum output power has higher 

values when the frequency is higher. 

   

 

4.3.3.1.3. Currents 

 

In Figure 4.24, we can see the primary currents for different load resistances 

and for different operating frequencies. The primary current decreases 

according to the increase of the load resistance. 

  

 

 

  

  Figure 4.24. Current in primary side VS load resistance for different frequencies 

 

Working at high frequencies means that lower currents are needed on the 

primary side. A lower current in the primary side means lower conduction 

losses in the DC/AC converter and in the coils. But using high frequencies also 

has some consequences that must be taken into account, like skin effect or 

proximity effect, and switching losses in transistors. 
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   Figure 4.25. Current in secondary side VS Load resistance for different   

  frequencies 

 

  The current in the secondary also decreases according to the increase of the  

  load resistance, and it is lower working at higher frequencies. 

 

 

4.3.3.2. Influence of the air gap. 

 

The measurements have been done by varying the air gap from 1 to 10 mm in 

order to know the influence of this parameter. The rest of the parameters, 

number of turns and frequency, are fixed. 

  N� = N: = N = 25 

  f = 50 kHz 

  The AC voltage in the input terminals of the primary coil was kept to 20 Vpp. 

  Vª� = 20 Vpp 
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4.3.3.2.1. Efficiency 

   

When the air gap is varied, we can see in Figure 4.26, that the efficiency for the 

different air gaps increases until its maximum value and then it decreases 

again. In this case, the load resistance that makes the system work at the 

highest efficiency seems to be very similar for all the values of the air gap, 

around 20 Ω. Obviously, the efficiency takes higher values when the air gap is 

shorter, than when the air gap is longer. 

    . 

  

 

    Figure 4.26. Efficiency VS load resistance for different air gaps 

 

 

4.3.3.2.2. Output power 

   

In Figure 4.27 it can be noted that the output power, as well as efficiency, are 

higher for shorter air gaps distances when the air gap is varied. It seems to 

reach its maximum also with a similar value of the load resistance for all the air 

gap distances, and the value of this load resistance is very similar to the one 

that makes the system work at the highest efficiency. 
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    Figure 4.27. Output power VS load resistance for different air gaps 

 

 

4.3.3.2.3. Currents 

 

Figure 4.28 and Figure 4.29 show the currents through the primary and 

secondary side of the transformer. When the air gap is shorter, lower currents 

are needed from the source than when the air gap is longer. The current also 

decreases when the load resistance increases, so for higher values of the load 

resistance, the current needed in the primary is lower. Regarding the current 

through the secondary, we can see that for shorter air gaps, the current is 

higher than for shorter air gaps. Therefore, the ratio 
I: I�=  is higher when the 

air gap gets shorter. 
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   Figure 4.28. Current in primary side VS load resistance for different air gaps 

 

 

  

  

  Figure 4.29. Current in secondary side VS load resistance for different air gaps 
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4.3.3.3. Influence of number of turns 

4.3.3.3.1. Efficiency 

 

Figure 4.30 shows the achieved efficiency for different values of the load 

resistance and for coils with different number of turns. The value of the 

efficiency is different for each number of turns, and also the load resistance 

needed to get this maximum efficiency is different when we work with 

different number of turns. The maximum efficiency is achieved working with 

coils of 20 turns, and with a load resistance around 22.2-27.9 Ω .   

  

 

 

  

  Figure 4.30. Efficiency VS load resistance for different number of turns 

 

4.3.3.3.2. Output power 

 

In Figure 4.31 we can observe that working with coils of 25 and 20 turns, the 

output power increases according to the increase of the load resistance until 

its maximum value, and afterwards it decreases again for higher values of the 

load resistance. But for coils of 15, 10 and 5 turns, the output power is quite 

high for the load resistances having low values, and it decreases as the load 

resistance increases. 
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 Figure 4.31. Output power VS load resistance for different number of turns 

 

 

4.3.3.3.3. Currents  

 

Regarding the currents in the primary side in Figure 4.32, it is deduced that the 

currents needed in the primary to get the currents in the secondary, which can 

be seen in Figure 4.33, are higher when we working with coils formed by less 

turns. It is also possible to observe that the current in the primary is very stable 

when the load resistance is varied, its value remains quite constant. 
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 Figure 4.32. Current in the primary VS load resistance for different number of turns 

 

  

 Figure 4.33. Current in the secondary VS load resistance for different number of turns 
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5. Conclusions 

  

 The first main conclusion of this project is that it is possible to do quite good 

 approximations of the magnetic parameters that define a wireless power transfer, 

 such as self-inductances, mutual inductances and coupling coefficient by analytical 

 calculations. Although it is difficult to achieve accurate results by this method 

 because of the complexity of the magnetics and the geometry, in this work, quite 

 tolerable approaches were done with very simple calculations, so if a better and more 

 complex calculation method was developed, better results could be achieved. 

 The other main conclusions concern the practical part of the project. Regarding the 

 influence of the frequency in the efficiency of the system, 50 kHz was the frequency 

 which makes the system work best when the rest of parameters are kept constant 

 (1mm of air gap and 25 turns). The efficiency achieved was about 18%, using a  load 

 resistance close to 40Ω. The efficiency when operating at 40 and 60 kHz is acceptable, 

 but when the operating frequency is 30 kHz the efficiency decreases a lot 

 because the current needed from the source is much higher than for the rest of 

 frequencies. When the influence of the number of turns was studied it was found that 

 the number of turns with which the best efficiency is achieved is 20, and the load 

 resistance is about 25 Ω.  The value of the efficiency is approximately 23 %. 

 The general conclusion of the practical part is that the design parameters strongly 

 influence the system, so it is extremely important in a wireless power transfer  system 

 to have a good understanding of the design of the “transformer”, because it is one of 

 the parts of the system were the losses are considerable, besides the losses in the 

 inverter. 
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