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Abstract 

 
The goal for our project was to investigate, design and develop a class EF power converter for                 
wireless charging of electric scooters. The intention was that this device could be used to wirelessly                
charge devices like the e-scooters in order to improve the usability of commuting devices that can                
utilize renewable energy sources. The objective of the project was to build a wireless converter that                
can charge devices up to a distance of 10cm in order to provide true wireless charging and allow                  
less strict positioning for the devices that will be charged.  
We first simulated coil designs and solved the component values needed for the specific application               
criteria. Then we simulated the components using LTspice to verify that the circuit is working as                
intended and to confirm that the current and voltage levels and performance was acceptable. We               
achieved a theoretical efficiency of 90% for the required power level. 
 
During the business pitch of the project, we analysed the markets for the proposed solution and                
identified the key competitors for the device. Most of the competitors that tried to do some wireless                 
charging were using a more traditional way of wireless charging, therefore they could be turned into                
potential customers. The market for this type of wireless charger is completely new and the amount                
of devices where this could be applied is constantly growing. 
 
After the simulations, we designed the schematics and the PCBs. However, due to the Coronavirus,               
we could not access the laboratories just after we had made the component orders. Therefore, we                
redefined the goal of the project to work on a better solver for the component values as well as                   
simulate a system that does not do a simple one way on-off switching but uses push-pull                
configuration to make the voltages and currents symmetrical during the operation. 
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1. Introduction 
 

These Scooters are used widely for short commutations, across Europe and the USA and their               
market is expected to grow largely with time. The usage policy is such that the user can locate them                   
through a mobile application, book it for themselves, drive it to a place and leave it there itself. The                   
dropping location need not be a dedicated area by the service provider. Thus, it becomes difficult                
and needs investment by the service provider to locate individual scooters and carry them to a                
charging station before they run out of battery in an abandoned location. 
Thus, a wireless charging station can facilitate the proper docking of these scooters at a given                
station and save expenditure for the company with some initial investments. Also, this can allow the                
number of scooters to go up exponentially as well due to availability of a good infrastructure. 
The benefit of using a Class EF inverter at high-frequency in MHz range is that it offers                 
zero-voltage switching and load independent operation. Therefore, multiple different devices can be            
supported and charged with the same wireless charger without re-tuning regardless of the electrical              
characteristics of the target devices as long as the power level needed is the same. 
 

2. Objective 

 
The objective for the project was to build a class EF power converter for wireless wireless charging                 
applications. The first step was to decide on a real application that the wireless charger would be                 
used for so that we could decide on the dimensions and the power level of the device, then we                   
simulated the components of the circuits and designed the needed schematics and PCBs. However,              
due to the Coronavirus, we had to change our goal into improving the solver for the component                 
values and simulating a two-way switch setup, as we were denied access to laboratories. 

3. Project plan 
 
Project plan was divided into following sub tasks, the more precise plan can be found in Appendix 
A. 
 

3.1. Implementation of equations and simulation 
 

The initial step after deciding the key parameters, such as the power level, charging distance and the                 
maximum voltage level, was to analyse the system equations so that an optimal device can be                
designed and built for the respective power transmission and reception. In order to carry out the                
analysis and simulations, we used Matlab [1], LTSpice [2] and COMSOL [3]. As a result, we were                 
able to have a toolchain for computing and verifying the values of the different electrical               
components in the circuit. 
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3.2. Component selection and PCB design 

 
Next, we designed the schematic and layout of the PCB for the electrical circuit. The selection of                 
the components for the circuit was important to carry out carefully as all the components needed to                 
be usable at the power and voltage levels and preferably have their electrical characteristic nearly               
constant at the point of operation. The PCB design was a complex task at a high switching                 
frequency of 6.78MHz due to the dominance of the parasitic impedances. There were two separate               
PCB circuits designed, the inverter for the transmitter, and a rectifier for the receiver. We used                
Altium Designer and KiCad as our CAD tools for the PCB design. 
 

3.3. Order of components and PCB 

 
The designed PCB and the components were ordered for the hardware build. We received the               
components in time with respect to the project plan, however, due to the Coronavirus situation, the                
project course was changed to be completely remote, therefore, we did not order the PCBs as we                 
could not test and build the circuits anyway. 
 

3.4. Discarded tasks 

 
Due to all work being remote after the component order, the tasks PCB assembly and Circuit testing                 
were discarded. Therefore, we came up with new goals to replace these that we were able to do                  
remotely. 
 

3.5. Solver improvements 
 

Initially, we were unable to get the equations solved and had to refer to a paper [2] and use their                    
readily calculated constraints in the table to design our component values. This meant that we were                
locked to the D, q1 and k values. However, due to all work having to be remote, there was now more                     
time available for the solver and we finally managed to solve the equations so that the values for D,                   
q1 and k can be freely selected. 
 

3.6. Expansion to push-pull topology 

 
LTSpice simulations were also expanded to analyse a push-pull topology circuit. That is, instead of               
one switch switching the current on and off, there are two switches that work in an exclusive OR                  
pattern in the opposite directions. The normal Class EF inverter has zero voltage switching but the                
current is not exactly centered. However, the push-pull topology corrects this behaviour as it makes               
the modes of the circuit symmetric. 
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4. Analysis of the equations of the system 

 
Figure 4.1: The Class EF inverter circuit, figure from the paper by Aldhaher et. al. [1] 

 
In order to get an understanding of the system dynamics and solve the optimal component values                
for the circuit components, we needed to analyse and solve the current and voltage equations of the                 
system. For the regular Class EF converter, the circuit has two modes: the ON and OFF mode,                 
depending if the switch in the circuit is on or off. Both these cases have their own set of equations                    
that are needed for the solution, as well as the constraints for the boundary cases when the switch                  
changes the mode. 
In order to reduce development time, we used [1] and [2] for some guidance and for obtaining the                  
needed equations. However, there were some contradicting values and logical holes in the paper so               
we needed to carefully follow them both and figure out the correct information by ourselves. 
The greatest challenge was that the amount of solutions for the circuit is infinite. Therefore, we                
needed to fix some of the equation variables and choose which ones we want to be solved to satisfy                   
the fixed variables. This resulted in many iterations on the solver until we were able to create a                  
solver that was functioning correctly. The Matlab live script code is available in Appendices B and                
C. 
We used the values in reference [1] to validate our solver for the general scenario. After having a                  
correctly functioning solver, we were able to freely select our input values for the solver. This                
resulted in greater freedom for designing the system. 
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4.1. Validation of the results 

Figure 4.2: Current and voltage waveforms with q1=2, D=0.35 and k=10, on the left is the 
figure from the paper [1] and on the right is the figure produced by our solver 

 
As we can see from Figure 4.2, the obtained solution with the same input values is identical to the                   
one in the paper. Both current waveforms have similar shape and peak at around 4.2 Amperes and                 
the voltage waveform has two peaks of around 2 Volts and 2.2 Volts. The variables that were                 
solved also had identical values to the ones in the paper with these inputs. 
 

4.2. Solver 1 - Solving as a function of q1, D and k 
 

The component values referenced in this section refer to the components in Figure 4.1. The first                
solver created solves the component values as a function of q1, duty cycle D, and the ratio of C1                   
with respect to C2 as k, where q1 is the ratio of the resonant frequency of L2C2 to the switching                    
frequency and is given by [4]: 
 

n q1 =  =  1
ω√L C2 2

 

This allows for calculating the optimal values for the C1, C2, and L2 values for the network                 
components. In addition, if the maximum load RL and the output network quality factor Q L are                
known, the solver is also able to solve the C3 capacitance for capacitance tuning of the coil branch                  
network. The solver takes approximately 13 seconds to run on an default clocked AMD 3950x. 
 

4.3. Solver 2 - Solving as a function of q1, D and p 

 
An attempt was also made to create a solver as in the second paper by Aldhaher et. al. [5]. This                    
version would allow the use of the loading factor p instead of the capacitance ratio k as the final                   
parameter. However, the equations are much more complex to solve with p as a fixed value. 
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The solution requires a lot of computer resources and even after some speed performance              
optimisations to the code, the bottleneck on a home computer will be the stack memory space that                 
Matlab is able to allocate from the Windows Operating system. By reducing the solution accuracy               
to one decimal it is possible to observe that the solutions produced by the solver are hovering on the                   
correct magnitude. However, increasing the solution accuracy to a reasonable accuracy causes the             
code to run for multiple days on a home computer due to the memory heavy operation of the solver. 
 
Therefore, after running the code for over 72 hours on an AMD 3950x, we were unable to verify                  
that the second solver is producing correct results. It seems that in order to verify the code in a                   
feasible amount of time one would need access to a proper computing server.  
 

5. Coil simulations 
 
This section presets the simulations of the coil design of this project. At high frequencies, skin                
effect and proximity effect could result in non-homogeneous current crowding in the conductor,             
increasing AC resistance and decreasing transfer efficiency [6]. The purpose of the simulation was              
to optimize the coil design with highest inductance over resistance ratio which is also known as the                 
Q factor. The simulation method is briefly introduced and the results are mainly presented and               
discussed. After the simulations, a few good designs with high quality factor are proposed for the                
following circuit design and built for the final WPT product. 
 

5.1. Methods 
 
The simulation was done using software COMSOL Multiphysics 5.5. The coil was built in a cut                
plane in the 2D axisymmetric space and simulated using the AC/DC magnetic field solver. The               
simulation schematics is shown in Figure 5.1. 
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Figure 5.1: Coil simulation schematics 

 
The schematics shows a simulation model of a copper 2-tun tube coil in free space using the                 
cylindrical symmetry. The grey semicircle in Figure 5.1 is the simulation domain. The outer part is                
defined as the infinite element domain to realize infinite boundary condition. The concentric circles              
represent the tube coil boundaries. The circles are representing circular turns of the coil, which are                
at maximum 50mm away from the central axis. Turns number and locations are modified later in                
the simulations. The whole semicircle area is filled with air and the spaces between the coil                
boundaries are overridden with copper. 
  
The mesh settings have to be adjusted so as to adapt to the skin effect. The coils are designed to                    
carry a 6.78MHz current, whose skin depth is only 25μm at the outer surface of the conductor,                 
therefore, mesh size at the tube outer surface needs to be as small as possible and must be less than                    
25μm. The calculation mesh (with the help from the instructor) is shown in Figure 5.2. 
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Figure 5.2: Surface mesh allocation 

  
In Figure 5.2, the meshes for tube cut plane and free space are marked with different colours. 20                  
boundary layers are applied to the tube outer surface and the boundary edge is set to 10μm                 
maximum size. These settings cover the 20μm skin depth of the 6.78MHz surface current area,               
which ensures the accuracy of the results. The maximum mesh size of the free space is set to 5mm                   
and minimum 5μm. Maximum growth rate is 1.25 and curvature factor is 0.25. 
  
Three different sizes of copper tube are simulated with different winding parameters such as              
number of turns, and gap between turns. The winding parameters include the turns in radial and                
axial direction and their tube interval distances. These parameters are illustrated in Table 5.1 and               
Figure 5.3. 
  

Table 5.1: Simulation parameters 

Name Expression Value Description 

ro 5 mm 0.005 m tube outer radius　 

ri 3.9 mm 0.0039 m tube inner radius 

Ro 0.045-(rt-1)*2*rtd*ro 0.045 m coil outer radius plus tube thickness 
limited to 50cm 

I1 2 A 2 A excitation current 

rt 1 1 r turns 
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zt 1 1 turns along z-direction 

rtd 1.5 1.5 r array gap distance rtd*ro 

ztd 1.5 1.5 z array gap distance ztd*ro 

z1 -25 -25 coil bottom location 

 

 
(a) 

 
(b) 

Figure 5.3: Illustration of main simulation parameters. (a) Ro: coil outer diameter. (b) ro and 
ri: tube outer and inner radius, zt  and rt : axial Z and radial R direction turns, ztd  and rtd : Z 

and R direction gap distance expressed as ratio over tube diameter 
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Recorded simulation results include AC coil resistance, coil inductance and the derived quality             
factor (Q factor). The expressions used in COMSOL simulation are shown in Table 5.2.  
  

Table 5.2: COMSOL simulation expressions 

Description Expression Unit 

Coil resistance (AC) mf.RCoil_1 mΩ 

Coil inductance mf.LCoil_1 nH 

Q Factor 2*pi*freq*mf.LCoil_1/mf.RCoil_1 1 

  
The resistance and inductance expressions are built-in COMSOL commands that directly calculate            
the wanted parameter value.. Q factor is a derived value based on its definition and the simulation                 
results. Q factor is defined as the ratio between reactive impedance of the inductor and its AC                 
resistance as: 
 

.Q = R
ωL = R

2πfL  
 

5.2. Results 
 

Table 5.3: simulation results, 10mm diameter 1.1mm thickness copper tube, interval 
1.5OD 

Axial 
turns  

R(AC) 
(mΩ) 

H 
(nH) 

Q 
Factor 

R(AC) 
(mΩ) 

H 
(nH) 

Q 
Factor 

R(AC) 
(mΩ) 

H (nH) Q 
Factor 

4 41.756 1266.7 1292.3 　 　 　 　 　 　 

3 28.803 830.95 1229 91.712 1887.2 876.62 　 　 　 

2 16.923 447.37 1126.1 48.387 1022 899.75 96.983 1216.9 534.54 

1 6.9438 148.14 908.85 16.399 337.18 875.89 28.981 418.53 615.21 

Turns 1 2 3 Radial 

 
Table 5.3 shows the simulation results of the AC resistance, inductance and Q factor of the coils                 
made with 10mm outer diameter copper tube, 1.1mm wall thickness and gap interval of 1.5 times                
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tube outer diameter, which is 15mm. This set of simulations aims to investigate the difference of the                 
three key parameters with different turns allocation. 
  
 

Table 5.4: simulation results, 4.75mm diameter 0.9mm thickness copper tube, interval 
1.5OD 

Axial R(AC) 
(mΩ) 

H 
(nH) 

Q 
Factor 

R(AC) 
(mΩ) 

H 
(nH) 

Q 
Factor 

R(AC) 
(mΩ) 

H (nH) Q 
Factor 

4 85.591 1966.4 978.7 283.79 5999.9 900.66       

3 58.708 1239 899.02 179.83 3754.8 889.46       

2 34.507 634.61 783.46 94.668 1898.8 854.46 183.48 3282.6 762.13 

1 14.331 196.2 583.22 33.401 569.3 726.11 56.735 976.35 733.1 

Turns 1 2 3 Radial 

 

The simulations in Table 5.3 was repeated on a 4.75mm outer diameter copper tube. The change of                 
the results has the same trend to the 10mm diameter one. The AC resistance is about 2 times higher                   
and coil inductance increases are between 1.2 to 3 times. The Q factor performance of this smaller                 
tube is poor with all designs no more than 900. 
 
As can be seen from Table 5.3 and 5.4, both resistance and inductance increase as total turns                 
increase. The changes are non-linear. The increases in resistance and inductance is more than the               
turns increases from 1 turn to 2 or more. Compared to the 1 turn winding, the growth rate is 2.36                    
times for 2 turns and 4.16 times for 3 turns in both R or Z direction. The resistance is 6 times higher                      
with a 4-turn winding in Z direction. For multiple layer coils the growth rate is similar. The 2*2,                  
2*3 and 3*2 designs have resistances of 48.39, 91.71 and 96.98mΩ AC resistance relatively.              
Growth rates are 6.97, 13.21 and 13.97 respectively. The inductance has a similar trend. 1-turn               
inductance is 148.14nH. Growth rate of the inductance is faster than the turns increase as well. It                 
can be seen that the increase of new turns in axial (Z) direction has more effectiveness on increasing                  
the coil induction than increasing in radial (R) direction. 
  
The Q factor values are calculated based on its definition which is angular speed times inductance                
over AC resistance. Among the simulated designs, the Z-direction 4-turn one has the highest Q               
factor, which is nearly 1300. The lowest one is 534.54 with 3*2 design. For one-layer coils, the                 
increase of turns in axial (Z) direction can increase the Q factor slightly while the increase in radial                  
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(R) direction significantly decreases the coil performance. Q factors of multiple-layer coils are             
899.75 for 3*2 and 876.62 for 2*3 designs. The values do not have much difference. 
 
From Table 5.3 and 5.4, it could be observed that both the AC resistances and inductances increase                 
with turns. Q factor increases with turns generally, however, axial turn increases contribute more to               
it compared with radial turns and with too many turns the Q factor may even drop. The resistance                  
increases because more turns means longer conductor length, which is not quite sensitive to turns               
directions as for the same total turn numbers the resistance is almost the same. The inductance                
follows a similar way with a small difference in direction sensitivity. More turns could provide               
higher current-turn value and more magnetic flux through them, which leads to higher inductance of               
the coil. The axial turns could maximize the magnetic field within the windings area compared to                
radial turns which have some areas wasted by the inner turns. So for the same turns, axial allocation                  
brings more inductance than radial turns. Generally, the AC resistance is proportional to the total               
length of the conductor and, therefore, number of turns. It is also greatly affected by skin and                 
proximity effect and a detailed model could be made and calculated as in [6]. For inductance, its                 
overall growth is also influenced by multiple factors but it is mostly propositional to the square of                 
turns number [7]. 
 

Table 5.5: simulation results, 10mm diameter 1.1mm thickness copper tube, R direction 
2-turn 

Interval(center to center) *OD Coil resistance (AC)   
(mΩ) 

Coil inductance  
(nH) 

Q Factor 

1.1 20.697 383.66 789.67 

1.2 18.918 371.91 837.48 

1.3 17.854 360.09 859.21 

1.4 17.053 348.48 870.53 

1.5 16.399 337.18 875.89 

1.6 15.842 326.22 877.25 

1.7 15.354 315.62 875.68 

1.8 14.92 305.39 871.92 

1.9 14.528 295.51 866.49 

2 14.17 285.98 859.77 

  

Table 5.6: simulation results, 10mm diameter 1.1mm thickness copper tube, Z direction 
2-turn 
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Interval(center to center) *OD Coil resistance (AC)   
(mΩ) 

Coil inductance  
(nH) 

Q Factor 

1.1 18.34 474.12 1101.3 

1.2 17.928 466.9 1109.4 

1.3 17.554 460.05 1116.4 

1.4 17.219 453.55 1122.1 

1.5 16.923 447.37 1126.1 

1.6 16.662 441.49 1128.8 

1.7 16.433 435.91 1130 

1.8 16.232 430.61 1130.1 

1.9 16.054 425.56 1129.3 

2 15.897 420.77 1127.6 

  
The effect of tube interval was investigated after the overall simulations. Two designs with              
relatively high Q factor were chosen. The results are as shown in table 3 and 4. For radial wound                   
coils, the Q factor reaches the maximum when the interval is 1.6 times outer diameter. The value for                  
axial wound coils falls at about 1.8 times outer diameter. The influence of tube interval on the Q                  
factor performance is not significant though. For radial design the drop is 10% from 1.6OD to                
1.1OD and for axial design the value is only 2.5%. The changes in AC resistance and inductance is                  
obvious. Both resistance and inductance decrease as interval increases. The AC resistance is at              
minimum when the tubes are at the farthest while inductance is the contrary. 
 
Table 5.5 and 5.6 shows that an increased gap distance decreases both the resistance and               
inductance. The resistance decrease is reasonable because increased gap distance reduces the            
proximity effect between turns. The larger gaps, however, cause more flux leakage on the other               
hand, which leads to less coil inductance as the result. 
 

Table 5.7: simulation results, 10mm diameter 1.1mm thickness copper tube, 1-turn 

Ro (mm) Coil resistance (AC)   
(mΩ) 

Coil inductance  
(nH) 

Q Factor 

45 6.2798 127.14 862.44 

50 6.9438 148.14 908.85 

55 7.6078 169.77 950.66 
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60 8.2718 191.97 988.67 

65 8.936 214.69 1023.5 

  

Table 5.8: simulation results, 10mm diameter 1.1mm thickness copper tube, Z direction 
2-turn 

Ro (mm) Coil resistance (AC)   
(mΩ) 

Coil inductance  
(nH) 

Q Factor 

45 15.329 379.05 1053.4 

50 16.923 447.37 1126.1 

55 18.513 518.27 1192.6 

60 20.101 591.5 1253.6 

65 21.686 666.87 1310 

  
Two additional simulations were conducted to study the effect of coil diameter on the three               
parameters. It is found that the increase in coil diameter could improve its performance in terms of                 
Q factor. The improvement is obvious as the inductance is growing much faster than the AC                
resistance. 
 
As shown in Table 5.7 and 5.8, the increase of coil size would lengthen the conductor and,                 
therefore, increase the resistance. This increasing trend is more significant than the decreasing             
factor due to reduced proximity effect of the conductor as can be seen from the results. Contrary to                  
resistance, the inductance increases as the size gets larger. This is because the increase of size                
would increase the flux through the coil area, leading to more inductance when total current-turn               
value stays the same. The changes of resistance and inductance is different in the gap distance                
studies. 
 
A pair of 120mm diameter 1-turn coils and a pair of 120mm diameter 2-turn coils were made and                  
measured. The inductances were 190nH and 600nH respectively, which match the 191.97nH and             
591.5nH well. These results correspond well with the measurements. The manufactured coils are             
shown in Figure 5.4. 
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(a)                                                (b) 

 
(c) 

Figure 5.4: Manufactured coils. (a) 120mm 1-turn coil. (b) 120mm 2-turn coil. (c) Coupling 
of coil pair 

 

6. Circuit Simulations with LTSpice 
 

The Class-EF converter circuit comprises primarily 3 parts here. First, the inverter or the              
transmitter, which converts the input DC power to AC. It is done using a single switch and LC                  
combinations as in class E & F converters. This generates an AC current of the desired frequency                 
with low power loss due to Zero Voltage Switching (ZVS). Second, the coils, which allow the                
power to be transferred wirelessly. The coils act as a transformer (coupled inductor) with a higher                
separation than usual (5-10cm here). The AC signal is thus generated for the coils to be able to                  
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transmit and receive it. Third, on reception, the AC signal needs to be rectified so as to be used in                    
battery charging applications. Thus a rectifier or receiver forms the third part of the circuit. The                
receiver has a similar tuned LC circuit for the same frequency and a four diode rectifier whose                 
output is connected to the load. 
The schematic for the Class EF power converter [4] [5] is shown in Figure 6.1 with the three parts 
labeled.  

 
 Figure 6.1: Schematic for class EF power converter drawn & simulated in LTSpice [2]. 

 

6.1. Verification of Circuit Behaviour 
Verifying the nature of current and voltage waveforms: 
The circuit component values obtained from the analysis described in section 4, are fed in the 
simulation and behaviour is verified at various load conditions. The switch is operated at 6.78MHz 
and the various circuit signals are observed. The important ones are the AC waveforms of the coils 
and the DC output. Figure 6.2 shows the Transmitter coil current and the DC output current. 
Figure 6.3 shows Power output and Coil Current at various values of RL. The coil current can be 
seen to be fairly constant across the load resistance range. 
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Figure 6.2: Transmitting coil current (Green) & Load current IRL (Blue) 

 
It can be seen that there is a slight DC shift in the current. This is due to the single switch topology 
of the converter. This can be resolved by moving to a two switch topology (Section 6.2). 
 

 
Figure 6.3a: Power Output at varying RL 
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Figure 6.3b: Transmitter Coil Current at varying RL 

Figure 6.3: Power Output and Transmitter Coil Current at varying RL 

 

 
Figure 6.4: Verifying Load independent behaviour - Efficiency (%) & Pout (W) vs RL at k = 0.1 

Figure 6.4 portrays a clear picture of the converter operation. The efficiency stays at around 85% 
for RL > 1 Ohms, in spite of the power varying from over 500W to less than 100W. The peak power 
is delivered at RL = 0.6 Ohms and decreases with equal slopes logarithmically on either side as seen 
in Figure 6.4. The small variation in efficiency w.r.t. a large load swing verifies the load 
independent operation of the converter. 
Another parameter that can be varied to simulate some real life scenario is the parameter k. The 
coupling coefficient between the 2 coils will be dictated by the distance between them if all other 
parameters are maintained constant. In actual application, the distance between the transmitter and 
receiver may or may not be controlled. Thus, it’s important to observe the effects of its variation. 
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Figure 6.5: Efficiency (%) & Pout (W) vs k at RL = 0.6 Ohms 

 

 
Figure 6.6: Efficiency (%) & Pout (W) vs k at RL = 1 Ohms 

 
The converter was evaluated against a varying k, at RL = 0.6 Ohms and 1 Ohms, With increase in                   
RL, the peak power delivery point shifts to the right on the k axis. Also, the efficiency plot has                   
improved with the increase of RL. The efficiency has gone up for a wide range of k values. 
 

6.2.  Extending to Push-Pull Converter 
The single switch converter had a DC shift in the coil current, thus a two switch push pull approach                   
was studied. Also, with accurately tuned circuit component values, the efficiency of the push pull               
converter is better. Figure 6.7 shows such a circuit without the wireless power transfer arrangement               
[9]. The DC supply used here is 50V for the lower amount of power transfer needed. The Figure 6.8                   
shows a good efficient plot with a wide high efficiency region. The efficiency plot shifts to the right                  
on the power axis as the Vin is increased. 
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Figure 6.7: Push-Pull Converter 

 
Figure 6.8: Efficiency (%) vs Pout (W) for push-pull converter 

The efficiency here for non wireless power transfer can be seen higher than 90% for quite a large 
duration of output power. The efficiency however suddenly drops after 1100W. 
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6.3. Results 
 

1. Figure 6.3 and 6.8 verifies the generation of AC current of 6.78MHz in the Coil and                
a DC current in the load. 

2. Figure 6.4 verifies the load independent behaviour for the single switch class EF             
converter. 

3. It can be seen that the Power Output peaks at a given value of RL and decreases on                  
both the sides. This is true for both, single switch (Figure 6.4) and push-pull              
topology (Figure 6.13). 

4. The Ripple in the Load goes down with increase in load resistance as seen in Figure                
6.12. 

5. The peak load delivery point shifts to the right on the k-axis with increase in load                
resistance  RL (Figure 6.5-6.6 & Figure 6.14-6.16). 

6. The efficiency plot vs k improves with increase in RL. This is however limited by the                
total efficiency plot (Figure 6.4-6.6 & Figure 6.13-6.16). 
 

7. PCB Design 
 

In this section, we will discuss the design of printed circuit boards and the selection of components                 
for the WPT system. To create PCB:s for transmitter and receiver circuits, we first needed to design                 
schematics and select components according to the simulation results. In addition to the transmitter              
and receiver, we designed a circuit board to attach the coil. Schematics and PCB design for the                 
transmitter was done using KiCad software. The receiver and coil PCB:s were designed using              
Altium designer. Circuit's high switching frequency and relatively high power makes PCB            
designing more difficult than usual. 
 

7.1.  Transmitter schematics 

 

In designing the schematics, we used the previously mentioned Class EF switching mode circuit              
schematics as a base. Figure 7.1 shows the Class EF inverter circuit on the right side. To make                  
tuning of the resonance circuit easier, we placed the capacitor C3 into a separate coil circuit board.                 
On the left side of the Figure 7.1, the low power side of the circuit consists of MOSFET gate driver,                    
voltage regulator and other low-power components. ISM band 6.78 MHz PWM input signal is fed               
to the gate driver from a separate function generator. 
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Figure 7.1: Transmitter PCB schematics 

 
Transmitter circuit is powered with two separate power supplies, one for gate driver and the other                
one for Class EF inverter circuit. Power supplies are protected with multiple filtering capacitors and               
on the power side supply with a choke L1.  
 

7.2. Selection of components 
 

Selecting components is a challenging task because available component selection from suppliers is             
limited and we have to buy components with values as close as possible to the simulation.                
Components must also withstand high frequency. The magnitude of the peak currents and voltages              
were also determined by simulation, so components can be selected to withstand high peak currents               
and voltages. As the switch for Class EF inverter circuit, we used high frequency high power                
MOSFET from GaN systems. Non-ideal properties of the MOSFET must be considered when             
calculating LC circuit component values. As MOSFET’s gate driver, we used ISL55110IVZ gate             
driver. 
 

7.3. PCB layout 

When designing a PCB operating with high frequency, many things must be considered. At high               
frequencies parasitic inductances and capacitances cause loss in efficiency and performance.           
Unfortunately, they are unavoidable. However, they can be significantly reduced. Parasitic           
inductance can be reduced by using surface mount components and by keeping traces short. Also               
using a solid ground plane minimizes parasitic inductance present in the circuit. [8] With ISM band                
frequencies, vias cause little to no issues, so they can be used. 
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Figure 7.2: Transmitter circuit board layout 

A PCB usually consists of two or more parallel planes that themselves form a parasitic capacitor.                
When using a solid ground plane, the parasitic capacitance will increase. In our case we used large                 
ground planes at LC circuit while keeping power traces narrow as possible for the used current. The                 
large ground plane also works as a very good thermal conductor and it acts as a heat sink for the                    
switch and L2. Components that are more sensitive to high temperatures should be kept separate               
from the large ground plane to avoid heat spreading. It is a good idea to add lots of vias under the                     
MOSFET and L2 to improve heat transfer properties. 

The receiver circuit is a simple LC circuit connected to an AC/DC converter. The DC output is then                  
supplied to the batteries of our application. The AC/DC converter is a regular full bridge rectifier                
made using high power schottky diodes and filtering capacitors. Schottky diodes are used to              
increase efficiency by lowering forward voltage drop of the diodes. The PCB for receiver circuit is                
a single layer board with surface mount components arranged as in Figure 7.3. 
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Figure 7.3: Receiver (Rectifier) PCB Design 

 
 

8. Reflection of the Project 

 

8.1. Achieving objectives 
 
Achieving objectives was very slow in the beginning. At the start of this project it took a couple                  
weeks to get the team to work together so we started this whole project in a chase position for our                    
milestone deadlines. Analysing the equations was our first and most important aspect to complete              
and we underestimated the time needed and had to quickly adjust more manpower for analysing the                
equations. We also switched the main person in charge for the analysis. 
 
At the middle of the project we had to change our end goals due to the Coronavirus. Every team lost                    
access to the labs, therefore we could not actually build and test the device. However, the team did                  
come up with good solutions for alternative goals, we improved the solver from the original so that                 
more freedom is allowed for the design parameters and expanded the simulations to also cover the                
push-pull topology with two switches. 
 

8.2. Timetable 
 

The timeline defined at the beginning of the project was mostly followed until 28 Feb 2020 where 
simulations and calculations were mostly done and components were decided and ordered. Before 
the end of February most of the deadlines, including project plan submission, simulation outcomes 
and components decisions, were met on time with a few of them 1 or 2 days later. The workload 
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was quite much and not easy but all the group members succeeded to complete most of them on 
time with good quality.  
 
The timetable arranged for March and onwards were severely influenced by the Coronavirus 
pandemic. The university was closed and no work was permitted in the workshop. According to the 
timeline decided at the beginning, the business documentation and PCB should have been 
completed and ready by March, prototype should have been tested and ready by April and the 
presentation and reporting should have been done in May. Among all these tasks only the 
presentations and documentations were completed due to the situation that only remote work was 
permitted during the pandemic. The milestones regarding hardware were abolished and our aim 
turned to expand the project in the field of simulations and calculations. Since the aim changed to 
expand the project as much as possible under the pandemic situation, no exact new timelines and 
milestones were set. The deadlines for Final Gala presentation and documentations were perfectly 
met and the workload was divided to each team member individually to both prepare the Final Gala 
while looking for new possibilities for the project. 
 

8.3. Risk analysis 
 
During the project plan, we had listed a few risks with their severity and one of them with a High                    
severity was the PCB manufacturing factories in China to remain shut for longer duration due to the                 
Coronavirus outbreak. The solution planned for this was to explore manufacturers in Europe. The              
Coronavirus outbreak was assumed by us to be limited to China which did not happen and the                 
university shifted to remote working from mid March. This was a risk that we had taken into                 
account but did not expect such a serious impact. We had to refrain from any further hardware                 
manufacture activities and limited ourselves to extending the simulation part further due to no              
access to laboratories and equipment. 
Other risks that were anticipated were hardware failures or team members dropping out, which did               
not happen. 
 

8.4. Project Meetings 
 

Project meetings were arranged as weekly face to face meetings and we also had a few extras when                  
needed. The flow of the meeting was kept the same, first we had a round robin on who would write                    
the memo out of the meeting and then each team member told what they had done during the week.                   
After that, we discussed what is there that needs to be done next and dealt out the tasks according to                    
each team member's work load. In addition to the weekly meetings, we manufactured the coils at                
Sähköpaja workshop. 
 
During Coronavirus lockdown we continued meetings remotely via Skype and we had only one              
week with no meeting due to exams. The content of the meetings remained the same. Remote                
meetings were helpful and we managed to do all deliverables. 
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9. Discussion and Conclusions 

 

Aniket 
 
I gained a lot of experience on the team working part with this project apart from all the technical                   
aspects. The tasks were neatly divided for individual and group works, meetings were scheduled              
weekly to discuss the progress and following the deadlines agreed upon earlier was sincerely done. 
The electromagnetics is a domain which mainly comprises tuned LC circuits. The project work              
helped me learn about such circuits, their operations and simulation. 
The main motivation for me selecting this project topic was to be able to build hardware and                 
perform some testing. But due to the Coronavirus situation that did not happen. And we had to                 
change our plans and stick to the simulation part with no hardware related activity during the later                 
half of the project schedule. 
I had experience of testing converters of high power but low frequency before. With this project, I                 
had expected to learn a lot of new stuff about testing of such high frequency converters. The                 
challenges faced at higher frequencies are completely different and I wanted to experience them. 

Olli 
 
Before the course I had some experience in designing and testing power electronics. However,              
almost all the parts of this project were completely new to me. The reason I chose the topic of this                    
project was the desire to learn how to simulate and design power electronics circuits. I was also                 
interested in the design of coils related to wireless power transmission. My part in the project was to                  
create schematics and design a PCB for the transmitter circuit. I had very little experience with PCB                 
design at the beginning of the course, but I learned a lot during the project. Now I can quite                   
confidently use the PCB designing skills I have learned in my own projects. 
 
During the project, I also learned a lot of teamwork skills and I believe they will be useful in the                    
future in working life. Dividing the workload into more accessible parts is an important tool in                
project activities and we have been able to utilize it when doing this project. I feel like I learned a                    
lot with this course, but unfortunately we couldn’t finish the project. 
 

Pyry - Project Manager 
 
As I had no proper previous experience from electromagnetic devices nor designing of small              
electrical devices this project was very eye-opening in what kind of phenomena exist with high               
frequency AC currents, what it requires for the components and what are the necessary steps in                
designing and producing an electrical device. 
 
I worked mainly on solving the equations, managing the project as well as being the main driving                 
force in the business phase and documentation of the project and assisted on other tasks as well as I                   
just could. Equation solving in Matlab was not new to me by itself, however I had never used fsolve                   
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earlier in solving such a complex set of equations as we had in this project so learning how to use                    
the fsolve properly and efficiently was something new to me. 
 
Unfortunately we were not able to build the actual device, which was something I really looked                
forward to. However, during the business phase we had to search for what kind of certificates and                 
standards would be needed as well as what one can do to protect their devices from others so that it                    
will be harder to copy the actual device, and I found that it was very useful information to be aware                    
of these requirements. 
 
I have been project manager in smaller and bigger projects before, so being a project manager was                 
not that new to me. However, what was new was managing the team remotely during the                
Coronavirus quarantines, so in the end, that was also a very good and valuable experience. 
 
I was also hoping that I could have tried a bit of the PCB design as I had no prior experience in it.                       
However, due to the equation analysis taking so much more work hours than what we originally                
planned for, I did not have time to learn PCB design and we had to assign the PCB design task                    
completely to the already somewhat experienced members of the team in order to speed up the                
design process. 
 

Xiaowei 
 
My main tasks in this project was to simulate the coils and try to find the best coil designs. The field                     
of wireless power transfer at MHz frequencies is completely new to me. I learned a lot about the                  
high frequency current behaviours and the design strategies related to it. I also learned to use the                 
simulation tool COMSOL which I had never used before. The learning process is quite beneficial               
and I got to know some basic design rules of coils, the principles behind them and how to use a                    
simulation tool to model and test the setups. 
 
By choosing this project, I was also looking forward to learning something about the PCB               
manufacture and the testing procedures of a hardware prototype. These parts were no longer              
possible due to the Coronavirus pandemic. Although as an alternative goal, I looked further a bit                
into the performance of PCB coils at high frequencies, my work was still limited to the software                 
simulation field and did not have experience on hardware. I may in the future look for more                 
opportunities to take part in the hardware works and make up the experience. 
 

Conclusions 
 
The Class EF converter is a very interesting device with clear benefits over products currently in the                 
market. In the business phase of this project we realised that no current solution could compete with                 
a device that was built with this topology, so there is some real market value in this device. 
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The product that was aimed to be built, was designed with thorough analysis and understanding of                
the operating principles of the topology. Several simulations were done in every aspect of the               
project, including circuit equation analysis, circuit analysis and coil design analysis. 
The coil simulation and design part is important for this project. A good Q factor reduces the energy                  
lost in the coil part and improves the overall transfer efficiency. Operation under high frequencies               
provides a lot of benefits but it also comes with its own constraints due to the skin effect. 
This was a very interesting topic and all of us learnt a lot of things with a very strong support from                     
our instructor.  

List of Appendices 

● The Project Gantt Plan 
● Solver 1 
● Solver 2 
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Appendix A: The Project Gantt Plan 
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Appendix B: Solver 1 
Unfortunately, a Matlab livescript can only be attached as an image to a paper. 
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Appendix C: Solver 2 
Unfortunately, a Matlab livescript can only be attached as an image to a paper. 
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