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Resumo 
 

A pesquisa sobre novas formas de carregar um veículo elétrico (VE) é um tema de pesquisa 

popular. Carregamento sem fios é uma das muitas tecnologias atualmente a ser investigadas e 

selecionadas para uma variedade de aplicações. Com esta tecnologia não existe nenhuma conexão física 

entre o VE e a estação de carregamento, proporcionando uma experiência agradável entre o veículo e o 

usuário.No entanto, levanta-se a questão sobre o quão bem esta se comporta em comparação com outras 

tecnologias de carregamento de VE.  

Esta tese estuda o comportamento de um protótipo de um sistema de transferência de energia sem 

fios para VE’s  que foi projetado e construído para analisar e compreender o processo de carregamento 

sem fios. 

Uma primeira análise foi feita sobre os princípios de operação da transferência de energia sem fios 

apoiada no estado da arte das tecnologias utilizadas atualmente. O carregamento ressonante sem fios foi 

selecionado como o melhor candidato para o modelo de protótipo com base nas demandas físicas e de 

energia. Foram mencionados conceitos importantes relacionados a essas tecnologias, como redes de 

compensação e comutação com tensão zero e corrente zero. 

Um protótipo de carregador indutivo de 100 W usando um tanque ressonante foi projetado e 

testado usando o software Simulink e Matlab.Dimensionou-se e simulou-se um controlador para controlar 

a tensão de carga. Foi construído um protótipo à escala realizaram-se testes experimentais para validar a 

topologia proposta e o controlador. Os resultados obtidos foram analisados e as conclusões foram tiradas 

em relação ao desempenho geral do carregador indutivo ressonante. 
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Abstract 

 

The research regarding new ways of charging an electric vehicle (EV) is a treading research topic. 

Wireless charging is one of many technologies currently being investigated and preferred for various 

applications. With this technology, there is no physical connection between the EV and the charging station, 

providing a pleasant experience between the vehicle and the user. However, the question arises about how 

well it performs compared with other technologies of EV's.  

This thesis studied the behavior of a prototype of a wireless power transfer system for EVs that was 

designed and built to analyze and understand the wireless charging process. 

A first analysis was made on the operating principles of wireless power transfer supported on the 

state of the art of the currently used technologies. The resonant wireless charging was selected as the best 

candidate for the prototype model based on physical and power demands. Important concepts related to 

these technologies were mentioned, such as zero voltage and zero current switching and compensation 

networks. 

A 100 W inductive charger prototype using a resonant tank was designed and tested using the 

Simulink and Matlab software. A controller was dimensioned and simulated to control the load voltage. A 

prototype was built to scale, and experimental tests were carried out to validate the proposed topology and 

controller. The experiment data was analyzed, and conclusions were drawn regarding the resonant inductive 

charger's overall performance. 
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1. Introduction 
 

The need for sustainable means of transportation, caused by the depletion of fossil fuels, has led 

to the growth in Electric Vehicle (EV) technologies' research and innovation. According to 2020 Global EV 

Outlook [1], an annual publication that identifies and discusses recent electric mobility developments 

worldwide, EVs' sales continue to rise. In 2019, 2.1 million were sold, surpassing 2018, registering a 40% 

year-on-year increase, which leads to the assumption that EV’s are a solution to continue to grow over the 

following years. A global EV forecast [2] predicts a total EV sales growing from 2.5 million in 2020 to 11.2 

million in 2025, then reaching 31.1 million by 2030. 

Carbon emissions raise severe challenges for the sustainability of future generations. Part of this 

risk is due to the transportation industry [3]. According to the Health World Organization, transportation 

accounted for about 23% of global carbon dioxide emissions in 2010 and 27% of end-use energy emissions, 

with urban transport accounting for about 40% of end-use energy consumption [4]. 

One solution to lower the carbon dioxide emissions caused by the urban transportation sector is to 

replace fossil-based fuels with green sources such as electrical energy [5]. Vehicles that use electrical 

energy as their primary source of power are the so-called electrical vehicles. An EV can be categorized 

broadly into Battery electric vehicle (BEV), which runs solely on electricity and the hybrid electric vehicle 

(HEV) that combines the electric energy with other sources of renewable energy or in many cases they have 

a standard internal combustion engine that runs in fossil-fuel [6].  Nowadays, these vehicles mainly use Li-

Ion batteries [7]. Most of the current EV chargers are cable-based. However, wireless power transfer (WPT) 

solutions are becoming more attractive as the power and conversion efficiency has increased in the last few 

years. The global wireless electric vehicle charging market was valued at 7.6 million dollars in 2019, with 

expectations to reach 210 million dollars by 2030 [8]. 

Wireless charging consists of transferring energy from the source to the load without the need for 

any wires. WPT is not new, as Nikola Tesla had patented WPT over 100 years ago [9]. Nowadays, WPT 

systems are used both on short and long-range applications. There are some examples of electric 

toothbrushes on short-range applications that use inductive charging and, more recently, smartphone 

chargers. The WPT systems used on EV’s are considered long-range applications. 

Besides this classification of long and short-range, wireless charging systems (WCS) can be used 

in a static mode where the battery is charged when the vehicle is parked, or in a dynamic model where the 

battery is being charged when the EV is in motion [10]. This thesis focused on stationary WCS. 

The large majority of the WPT systems are inductive power transfer (IPT) systems. According to 

[11], IPT systems are defined as systems where energy is transferred from a primary winding to a secondary 

using a magnetic field. Such systems can be divided into two categories: 1) closely coupled IPT systems 
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and 2) loosely coupled IPT systems. In closely coupled IPT systems, the magnetic coupling between the 

primary and the secondary side is perfect, i.e., the leakage inductance is small compared to the magnetizing 

inductance in the system. The second system is the opposite: the magnetic coupling between both sides is 

low, and the leakage inductance is usually much higher than the magnetizing inductance of the system, 

resulting in low efficiency of the charging process. 

The main goal of all the research being done on this topic is to study the wireless charging process 

and draw conclusions based on experiments performed in a real designed prototype. 

 

1.1. Objectives 

The following objectives are defined for this work: 

 Review on the background and state-of-art of WPTS; 

 Establish the link between the thesis topic and the state-of-art; 

 Design of a loosely coupled IPT system based on current WPT technologies to optimize 

the general efficiency of the process; 

 To design a simulation model of an inductive charger; 

 Design a control system to command the semiconductors; 

 Design and build an experimental prototype to validate both the designed controller and 

the selected topology; 

 Provide results and documentation for the future development of this technology. 

1.2. Thesis outline 

In the first chapter, an introduction to the motivation and the objectives for this thesis is made. It is 

mentioned why having renewable energy sources is essential and why they should be used for powering 

vehicles. It is explained the concept of a WPTS. And finally, a detailed list was elaborated, stating all 

objectives intended to be achieved by the end of the research. 

The second chapter presents a brief review of the state-of-art of the WPTS and a generic 

explanation of how IPT systems work, including normalized models with mathematical formulations. The 

introduction is mentioning the main topologies currently used for WPT systems.  Important topics were 

explained, like compensation networks and zero voltage and zero current switchings. And finally, it is 

presented a general overview of the advantages and disadvantages of all the topologies mentioned before 

and some examples of real WCS currently in the market or current development. 
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In the third chapter, to understand the working principle of WPTS better, a simulation of an inductive 

charger was performed. Each block of the simulation was explained, including how the control system 

controls the semiconductors.  

The fourth chapter presents the simulation results, which are analyzed, documented, and 

considered when building the physical inductive charger. 

The fifth chapter explains the building process of the PCB’s. Two boards, one for the converter on 

the primary side and the other for the converter on the resonant tank's exit. A process of selecting each type 

and model of the semiconductor and substantial additional circuitry was mentioned, such as the gate drivers 

and the voltage and current sensors. Lastly, there are some pictures of the final PCB assembled as well of 

the prototype built ready to perform experiments 

In chapter six, after performing the simulation and building the prototype, some experiments were 

made to study the charging process, and the results of the experiment were showed and analyzed. 

Finally, in chapter seven, conclusions were drawn about the developed work regarding the 

objectives outlined at the beginning of the thesis and some future work suggestions. 
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2.  Background and State-Of-Art 
 

The standard block diagram of a WPT system used for an Electric Vehicle (EV) is illustrated in 

Figure 1 [10]. This early stage of the work let this generic block diagram represent an IPT system used in 

most WPTS. Even though the figure shows the power transferred by two coils, it is possible to use different 

energy transfer methods. 

 
Figure 1-Basic block diagram of WPT (Courtesy of C.Panchal et al.). 

In this specific typology, the grid's AC voltage is converted first to DC and then to high frequency 

(HF)AC voltage. The compensation network improves the overall efficiency of the charging process. This 

compensation network includes both the receiving and transmitting sides, which can have different 

configurations. On the vehicle side, the receiver coil delivers the transmitter coil's power to the on-board 

charger. This process comprises 3 essential parts: 

• The transmitting and receiving coils. These coils may assume different shapes and types 

of materials that influence the charging process's overall efficiency, as is going to be shown in later sections. 

• The compensation networks. 

• The power electronics converters. 

A simplification was made, where the power electronics converters, for now, are not considered, 

and the compensation networks are only shown as a white box where the power goes through. 

 
Figure 2-Two-coil WPT system (Courtesy of S.Li et al.). 
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By looking at Figure 2, it is possible to identify 𝐿1 which is the self-inductance of the primary side or 

transmitting coil and  𝐿2 represents the self-inductance of the secondary side or receiving coil. 𝐼1̇and 𝐼2̇  are 

the currents in the two coils, �̇�12 is the voltage in the secondary coil that is induced by the current in the 

primary side, �̇�21 is the voltage in the primary coil induced by the secondary coil current due to coupling or 

mutual inductance between the primary and secondary coils. S1 and S2  are the apparent power provided by 

the power converter. �̇�12 and �̇�21represent the apparent power exchanged between the two coils. For this 

analysis, the coil resistance and magnetic losses are neglected and, from 𝐿1 and 𝐿2, it is possible to 

formulate the equations of the exchanged complex power: �̇�12 (1) and �̇�21 (2), where I1 and I2 are the root, 

mean square values of the currents and 𝜑12 is the phase difference between 𝐼1̇ and 𝐼2̇. 

 

*
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

   (2) 

From (1), the active power transfer from the primary side to the secondary can be maximized by 

assuring that the phase difference between both current, 𝜑12 , is around 90 º as expressed: 

 12 1 2 12sinP MI I   (3) 

Assuming 𝜑12 = 
𝜋

2
, means that the total complex power that goes into the two-coil system is then 

given by: 

 

* *

1 1 1 21 2 1 22

2 2

1 1 2 2 2 1 2

2

1

( ) ( )

( 2 cos )

S I I I I I IS S j L M j L M

L I L I MI Ij

   

 

       

    

  

  (4) 

Therefore, the reactive power Q that goes into the two-coil system is: 

 2 2

1 1 2 2 2 1 12( 2 cos )Q L I L I MI I      (5) 

From the fundamentals of traditional transformers, reactive power represents the magnetizing 

power. Thus, higher magnetizing power results in higher copper and core losses. When computing the 

efficiency of transformers, two essential parameters come to play. One is the coupling coefficient of the 

windings or the quality of the magnetic circuit usually expressed by k, and the other is the quality factor QL. 

The coupling coefficient appears in the expression of the mutual inductance M: 
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 1 2M k L L  (6) 

  

The coupling coefficient k ranges from 0 to 1, where 1 means that all the magnetic flux produced 

from one coil passes through the other coupled coil, and so the efficiency becomes higher. The inductor 

quality factor QL  is given by the ratio between the inductor reactance and its resistance at a given frequency: 

 
L

L

L

Q
R


  (7)

  

The quality factor QL is also related to the efficiency of the process since higher QL means the coil's 

behavior is closer to an ideal inductor. For stationary EV wireless charging, the coupling between the two 

coils is usually around 0.2.  

2.1. Coil Systems Design  

The shape, size, location of the magnetic core material and winding play a crucial role in the WPT 

efficiency. The typical coil systems are the two-coil structure shown in Figure 1 and the four-coil system 

[12], represented in Figure 3. 

 
Figure 3-Four-Coil structure (Courtesy of Z.Liu et al.). 

Compared to the two-coil system, the four-coil system offers the advantage of having two degrees 

of freedom where the source coil can be mounted and coupled with the sending coil to adjust the system 

input impedance, and the same logic can be used for the load coil that when coupled with the receiving coil, 

adjusts the equivalent load resistance. A four-coil system is suitable for mid-range applications, while a two-

coil system performs better for short-range applications [12]. 
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Figure 4-Wireless Transformer (a) exploded view (b) Top view (c) Cross-section (Courtesy of Z.Liu 
et al.). 

 

 

Figure 5-Coil shapes (a) Circular (b) Square (c) Rectangular (d) Double D (e) Bi-polar (Courtesy of 
Z.Liu et al.). 
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In EV applications, the transmission distance, or air gap, ranges from 100 mm to 300 mm [13]. 

Since the coil dimension is always bigger than the transmission distance, the two-coils system is preferred. 

Besides the coils, it is necessary to have a material to guide the magnetic flux and provide magnetic 

shielding. The typical material used for guiding the magnetic flux is ferrite bars or plates, and for the 

shielding, aluminum shields are often used. The shielding is essential to reduce the magnetic leakage from 

the magnetic flux produced by the coil system. 

To guarantee maximum power transfer efficiency and lower EMI, the transmitter and receiver pads 

must be designed with multiple component layers, as shown Figure 4 [10]. The three highlighted 

components of the wireless transformer pads are the coils, shielding material (ferrite and aluminum plate), 

and the proactive and supporting layers. 

As shown in Figure 5 [13], different coil shapes can be used for WPT applications. It is possible to 

use circular, rectangular, or even hybrid arrangements used to improve performance and solve 

misalignment problems. 

Wireless coils are divided into polarized pads (PP) and Non-polarized pads (NPP). The PP is 

created from multiple coils and generate perpendicular and parallel components of flux, while the NPP is 

made from one single-coil shape and produce only perpendicular components of flux [14].  

 

Figure 6-Ferrite shapes (a) Circular (b) circular striated (c) square (d) rectangular (e) T-core (f) U-
core (G) E-core (h) Double U (i) striated blocks(Courtesy of Z.Liu et al). 

The shapes of the magnetic ferrites also play an essential role in how efficient the power transfer 

process is since the ferrite will be responsible for the magnetic flux's conduction. The choice of ferrite shape 
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and material influences efficiency, but it is also a safety measure since magnetic leakage can negatively 

impact personal health [10] . The way the ferrite core is chosen depends on multiple factors such as size, 

shape permeability, operating frequency, and cost. Basic ferrite shapes are shown in Figure 6. 

Aluminum plating is used in Wireless Electric Vehicle Charging Systems (WEVCS) to reduce the 

flux leakage and improve Wireless Charging Systems (WCS). Since, in most cases, the transmitter pad is 

mounted underneath the concrete structure of the road, this pad needs to handle the car’s weight and 

additional vibration of the vehicle. Therefore, PVC plastic sheets are used in the bottom and top layers to 

improve structure stability [10]. 

 

2.2. Permanent Magnet Coupling Power Transfer (PMCPT) 

 
Figure 7-Co-rotating PM cores inside a two coil-system (Courtesy of L.Weilai et al). 

As shown in Figure 7, this topology uses the coupling of two permanent magnets (PM). For this 

method to work, the PMs are positioned side-by-side and are synchronized with each other. The energy 

transferred from one magnet to the other is done by applying torque from the PM on the PM's primary side 

on the secondary. This produces mechanical energy that is transformed into electrical energy. When both 

PMs are synchronized, the primary PM works as a generator, and the secondary PM receives the power 

delivering to the power electronics that is responsible for supplying the battery of the EV. 

An advantage of this method is that the inherent losses are very negligible. By rotating the primary 

PM at a constant speed, produces a time-varying magnetic field. Then this magnetic field is used to rotate 

the secondary PM. This rotation of two synchronized PMs consumes very little power, assuming no eddy 

currents or hysteresis losses. Compared to other WPT systems, this method operates with much lower 

frequencies, 2-3 orders of magnitude lower, not having the difficulties of high-frequency operation. [15].  



13 
 

It is possible to better understand the power transfer process between the transmitter and receiver 

sides by looking at Figure 8. 

 
Figure 8-Power flow of the proposed method (Courtesy of L.Weilai et al.). 

The following steps can describe this process: 

1. An electric current is delivered to the transmitting winding. The current produces a mechanical 

torque on the Transmitter PM, initializing its rotation. This process is like the one of a motor because 

electrical energy is being transformed into mechanical energy. 

2. By placing the receiver PM close enough to the transmitter PM, the primary PM produces a torque 

in the secondary PM, causing it to rotate synchronously with the transmitter PM. The power is 

transferred across the air gap, as shown in the figure. 

3. The PM inside the receiving winding rotates, producing a time-varying magnetic flux creating an 

induced current. Then the mechanical power is converted to electrical power. 

2.3. Capacitive Wireless Power Transfer (CWPT) 

 

Figure 9-Diagram of CWPT (Courtesy of M. Fariborz et al.). 
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This topology uses geometric and mechanical structures of coupling capacitors. The CWPT 

systems use coupling capacitors to couple or link together both sides of the circuit. The DC component of 

the AC signal originated from the primary side is blocked thanks to this capacitor, passing only the signal's 

AC component. As shown in Figure 9, the remaining of the power conversion system remains the same as 

the conventional IPT system. This capacitive interface can bring down the cost and size of the galvanic 

isolation using this method [16]. However, this thesis aims to study WPT systems for high power 

applications, which is not the right solution since CWPT systems are used for lower power devices such as 

wireless cell phone chargers or wireless toothbrushes chargers. 

2.4. Resonant Inductive Power Transfer (RIPT) 

pC

pLsV
sL

sC

M

 

Figure 10-Resonant inductive charger. 

RIPT is the most popular WPT technology [16]. This technique uses two or more tuned resonant 

tanks, based on LC circuits, resonating at the same frequency. A typical example is shown in Figure 10, 

where both sides of the charger have a capacitor and an inductance. 

Using resonant circuits bring many advantages, such as: 

 Maximizing the transferred power; 

 Optimizing the transmission efficiency; 

 Controlling the transmitted power by frequency variation;  

 Creating a specific source characteristic (current or voltage source); 

 Compensating variation of the magnetic coupling; 

 Compensating the magnetizing current in the transmitter coil to reduce generator losses; 

 Matching the transmitter coil impedance to the generator; 

 Suppressing higher harmonics form the generator; 

From the schematic diagram, it is possible to see how the power flows from the grid to the EV 

batteries. The primary AC voltage is converted into HF AC voltage being transferred to the secondary side. 

Then the power is converted to DC to supply the batteries, using a diode bridge rectifier. 

The capacitors added to the system are usually called compensation capacitors. They are placed 

in series and/or parallel combinations on both sides to create the RIPT. Different types of combinations can 

influence the charging process. 
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On [16], the efficient resonant magnetic coupling can be achieved at distances up to 40 cm. 

Compared to the traditional IPT, RIPT has significant advantages, including the increased range, reduced 

EMI, higher frequency operation, resonant switching of the inverter and the receiver rectification circuitry, 

and higher efficiency. The main advantage of this method is that it is possible to operate with frequencies 

in the order of tens of kHz to MHz. 

2.5. Compensation Networks 
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Figure 11-Compensation Topology (a) Series-Series (b) Series-Parallel (c) Parallel-Series (d) 
Parallel-Parallel. 

As shown in Figure 11 [13], capacitors introduction on the primary and secondary sides are 

essential to eliminate the phase difference between current and voltage and minimize the reactive power in 

the power source. The compensation network is also responsible for tuning the circuit to have the same 

resonance frequency as the transmitter to maximize the power transfer. Other benefits of using 

compensation networks are the help they give to have a soft switching of power transistors, reduce switching 

losses, and have constant current and constant voltage charging [13]. It is fair then to assume that even 

though having more elements implies having a more complex topology. It is essential to have a 

compensation network when designing a WPTS since it benefits the charging process. The four main types 

of compensation network topologies are shown in Figure 11 : 

 Series-Series (SS) 

 Series-Parallel (SP) 

 Parallel-Series (PS) 

 Parallel-Parallel (PP) 

The PS and PP topologies protect the WCS if the source coil does not operate in the absence of 

the receiving coil. The misalignment is a significant factor in power transfer efficiency since a bad 

misalignment leads to a bad transfer of energy between coils. Although each of the four topologies has its 

pros and cons, the most used topology in EV is the SS because of two significant advantages [10]. On the 

SS-compensated topology, the value of the capacitor in the source and receiving sides does not influence 
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the mutual inductance and does not affect the load conditions, and so the resonant frequencies of the source 

and receiver sides depend only on the self-inductance of the primary and secondary coils [17] [18] [19]. The 

other advantage is that the power factor is maintained near one, and so higher efficiencies can be obtained 

for this compensation topology. In a general way, the four basic topologies are compared in the five following 

criteria: 

1. The maximum efficiency; 

2. The maximum load power transfer; 

3. The load-independent output voltage or output current; 

4. k- independent compensation; 

5. allowance of no magnetic coupling(k=0); 

In [20], it was found that the SS is the only compensation scheme that meets all five criteria. The 

SP was also found to be a suitable compensation alternative. It is also shown that the secondary-series and 

secondary-parallel compensation schemes are equivalent in terms of efficiency, load power, and component 

ratings, provided that the quality factor is high. Therefore, the SS and the SP are the most recommended 

compensation schemes for the IPT system. 

To achieve soft-switching in electronic power converts, the primary side of the compensation 

network is often tuned to make the primary reach zero voltage switching (ZVS) or zero current switching 

(ZCS) condition [21]. 

The series and or parallel configurations are added to both sides to create the resonant conditions 

which are achieved when the energy stored in the capacitor equals the energy stored in the inductor, i.e., 

when both components have the same impedance [22].To obtain the value of the resonant angular 

frequency 𝜔0 is obtained by equaling the inductor impedance to the capacitor impedance of the resonant 

tank : 

 
0 , 0

0 , , ,

1 1
p s

p s p s p s

L
C L C

 


    (8) 

 The linear resonant frequency 𝑓𝑟 can also be expressed by the following expression:  

 𝑓𝑟(𝑝,𝑠) =
1

2𝜋√𝐿𝑝,𝑠𝐶𝑝,𝑠
 (9) 
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Table 1-Compensations networks advantages and features 

Features Series-Series 
(SS) 

Series-Parallel (SP) Parallel-Series (PS) Parallel-Parallel (PP) 

Power transfer 

capability 

High High Low Low 

The sensitivity of 
power factor over a 

distance 

Less Less Moderate  Moderate 

Alignment tolerance High High Moderate Low 

Impedance at 

resonant state 

Low Low High High 

Frequency tolerance 
on efficiency 

Low High Low High 

Suitable for EV 
application 

High High Moderate Moderate 

 

When the resonance frequency, fr, of the primary side, p, and the secondary side, s, are matched 

together, an efficient power transfer is obtained. When using compensation networks in IPT, the operating 

frequency ranges from tens of kHz to several hundred kHz, and using this range of frequencies causes a 

significantly adverse effect on the mutual inductances and hence the reduction of the coupling coefficient 

[10]. 

Table 1 shows a comparative analysis of different topologies that are used in WPT for EV [10].



18 
 

 

2.6. Challenges and comparisons between topologies 

According to [13], a series of WPT challenges regarding efficiency, cost, and health issues can be 

summarized in Table 2. 

Table 2-Challenges of WPT technology. 

 Short description  Detailed description 

 Maintenance of dynamic alignment Lateral alignment for lane-keeping and optimal 
power transfer coupling for dynamics charging  

 Charger life and durability  Need to remain in the road without degrading 
the structure for at least 20 years and cope 
with resurfacing works every 10-12years 

 Utility power distribution  Connect and distribute the power supply to the 
point of charging event  

 The burden on the electricity grid  Multiple vehicles on charging lane and power 
flow management  

Challenges  Synchronization of energizing coils  Low-latency private and secure vehicle-to-
infrastructure communication for roadway coil 
excitation sequencing  

 Economic management  Time of use and revenue structure  

 Health and safety  Leakage fields: the magnetic and electric fringe 
fields associated with high-frequency magnetic 
resonance power transfer  

 Tolerance for diverse power 
demands  

Acceptable power levels versus different 
vehicle class types (car, trucks, busses...) 

 

Table 3 summarizes all the WPT methods mentioned until now regarding performance, price, 

size/volume, the complexity of the design, power level, and suitability for WEVCS [10]. 

Table 3-Overview of different methods of WPT. 

 

 

The IPC method has been around for some years, but due to lack of investment in the EV market 

caused by the relatively low prices of fossil fuels, it has not emerged as viable. CPT has gained popularity 

but only for low power applications since the price and size is mostly amplified compared to the other 

methods mentioned for higher power applications. PMPT offers low-frequency operation without 
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compromising that much the power level, and so inherent high-frequency problems do not exist, but there 

are other concerns as NVH (noise, vibration, and harshness) and lifetime due to the mechanical components 

used in the transmitter and receivers’ sides. Also, cost and size are some factors to be considered when 

choosing this technology. RIPT methodologies are currently the most used in WPT because they have the 

best general ratings than the other methods, as shown in Table 3. 

2.7. Power of existing WPTS 

Table 4 shows some examples of WEVCS prototypes developed by universities at the commercial 

level [10]. The charging time depends on the source power level, charging pad sizes, and air-gap distance 

between the two windings. The prices of these prototypes range from 2700 to 13000 USD. 

Table 4- Static WEVCS prototypes (Courtesy of C.Panchal et al.). 
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2.8. Single-phase full-bridge voltage source converters 

Voltage Source Converters (VSCs) are very common for wireless charging applications since most 

of the power used to charge the vehicles has to be transformed from DC to AC at least one time to supply 

the batteries inside the vehicle.  

Link
DC B

S1

S2

S3

S4

dcV A

 

Figure 12-MOSFET single-phase VSC. 

Pulse width modulated (PWM) VSCs are the most used power-electronic circuits in practical 

applications [23]. This type of converter can produce voltages of variable frequency and magnitude.  As 

shown in Figure 12, the single-phase VSC is a full bridge or H-bridge topology.  

The output voltage switches between VDC and -VDC depending on which pair of transistors are 

conducting. The possible combination is: 

 When S1 and S4 are switched ON, the voltage and the output are equal to VDC. 

 When S2 and S3 are switched ON, the output is equal to -VDC. 

 The Fourier series of the output voltage  𝑣𝑎𝑏 is given by the following expression: 

 
     

4 1 1
sin( sin(3 sin(5 ...)

3 5

d
ab

V
v t t t  


   

 (10) 

 Where ω is the fundamental angular frequency (ω = 2πf). From equation (10), it is possible to write 

the peak and RMS value of the fundamental component of the output voltage as 𝑉𝑎𝑏1 =
4𝑉𝑑

𝜋
 and 𝑉1 =

𝑉𝑎𝑏1

√2
. 
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It is essential to relate the output current of the VSC and the current at the transistors. This 

relation is crucial when accounting for the losses resulting from the switching between off and on the 

transistors' states. It is essential to consider this calculation when performing the semiconductor selection 

to ensure this has the characteristics to conduct the currents and voltages. 

The relation between the RMS value of the current in the transistor ISRMS, and the AC current IRMS 

in the VSC is: 

 2

RMS

Srms

I
I 

 (11) 

 The current that flows through the transistor at the switching moment is also essential to consider 

since it is correlated to the switching losses a well. This current has its maximum value at: 

 

 max 0SI I i  
 (12) 

 Where Δi0 is the maximum ripple current. 

2.9. Zero voltage switching (ZVS) and Zero current switching 
(ZCS) 

WPT systems require power converters such as rectifiers and inverters, to enable the charging 

process. The topologies used for the power converters require semiconductors such as MOSFET’s, IGBT’s, 

Diodes or, at higher switching frequencies, wide bandgap semiconductors as SiC (Silicon Carbide) 

MOSFETs or GaN HEMTs (Gallium Nitride, High Electron Mobility Transistors). Power switches have to 

turn-on and turn-off depending on if it is required or not to feed the load under hard-switching conditions. 

Hard switching refers to the stressful switching behavior of the power electronic devices [24]. The switching 

trajectory of a hard-switched power device can be seen in Figure 13. 
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Figure 13-Typical switching trajectories of power switches (Courtesy of M.H. Rashid et al.). 

During this hard switching, the power device has to withstand high voltage and current, resulting in 

high switching losses and stress. It is possible to have dissipative elements to reduce these switching 

losses, as shown in Figure 13, where a snubber circuit (consisting of passive elements) is used to dissipate 

some of the energy resulting from the hard switching. However, this approach results in switching power 

losses from the switch to the snubber, and as a result, the overall efficiency decreases. There is another 

factor to be considered that is the power devices switching frequency. The higher the switching frequency, 

the higher the switching losses. 

To overcome this problem regarding the switching losses, resonant converters are used. Resonant 

converter includes a resonant tank, with  an LC circuit operating at resonance frequency, to create oscillatory 

voltage and/or current waveforms so that ZVS and ZCS conditions occur. This resonant tank is also used 

to store, and transfer energy from the input to the output in a manner similar to the conventional resonant 

converter [25]. 

The ZCS operation consists of shaping the device’s currents using the resonant tank at on-time to 

create zero-current conditions for the device to turn off. In ZVS the voltage waveform is shaped so that at 

the off-time the device is in zero-voltage conditions to the device to turn on.  

Resonant converters can be categorized as follows: 

 Load-resonant converters 

 Resonant-switch converters  

 Resonant-dc-link converters  

 High-frequency-link integral-half-cycle converters 
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The load-resonant converter uses an LC resonant tank where either a series LC or a parallel LC 

circuit can be implemented. By applying an oscillating voltage and current, converters will switch at zero 

voltage and/zero current thanks to the resonant tank. The tank impedance controls the power that flows to 

the load. This impedance is obtained by comparing the switching frequency with the resonant frequency of 

the tank. 

Resonant-switching converters or quasi-resonant converters can also be used to provide ZVS and 

ZCS, but unlike the load-resonant converters, they can act as resonant converters during one switching-

frequency period and as non-resonant during another time interval. 

Resonant-dc-link converters are different from pulse width modulation(PWM) dc-ac converters, 

where a dc signal is converted to a sinusoidal output by using a sinusoidal pulse width modulation strategy. 

In the resonant-dc-link converters, the input voltage oscillates by using an LC resonant tank so that the input 

voltage remains zero for a finite duration creating ZVS conditions. 

Finally, the High-frequency-link integral-half-cycle converters are based on bidirectional switching 

where the input of an inverter (single or three-phase) is a high-frequency sinusoidal ac signal. It is possible 

to synthesize a low-frequency ac signal with a variable magnitude and frequency of an adjustable magnitude 

dc signal, where the switches are turned on and off at the zero crossings of the input voltage [26].  

To understand how a load-resonant converter uses the LC tank to apply zero voltage and current 

switching, a half-bridge configuration is shown in Figure 14 [26]. When using a Series-Loaded Resonant dc-

dc Converter, the resonant tank is formed by Lr and Cr. 
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Figure 14-SLR dc-dc half-bridge converter. 
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On this representation of an SLR dc-dc converter, it is represented the full-wave current rectified at 

the output |𝑖𝐿|. The output voltage V0 is reflected across the rectifier input as 𝑣𝐴′𝐵. If 𝑖𝐿 is positive, 𝑣𝐵′𝐵 = 𝑉0 

and 𝑣𝐵′𝐵 = −𝑉0 for negative 𝑖𝐿. 

When the current in the inductor is positive, this means that the switch T+ will be ON; otherwise, the 

conduction is made by the diode D-. For negative values of the current 𝑖𝐿, T- and D+ acts similarly. The 

voltage 𝑣𝐴𝐵 applied across the tank is: 

For 𝑖𝐿>0: 

                                                               
𝑇+𝑜𝑛: 𝑣𝐴𝐵 = +

1

2
𝑉𝑑; 𝑣𝐴𝐵′ = +

1

2
𝑉𝑑 − 𝑉0

𝐷+𝑜𝑛: 𝑣𝐴𝐵 = −
1

2
𝑉𝑑; 𝑣𝐴𝐵′ = −

1

2
𝑉𝑑 − 𝑉0

                                                (13) 

For 𝑖𝐿 < 0 

 
𝑇−𝑜𝑛: 𝑣𝐴𝐵 = −

1

2
𝑉𝑑; 𝑣𝐴𝐵′ = −

1

2
𝑉𝑑 + 𝑉0

𝐷+𝑜𝑛: 𝑣𝐴𝐵 = +
1

2
𝑉𝑑; 𝑣𝐴𝐵′ = +

1

2
𝑉𝑑 + 𝑉0

 (14) 

The voltage 𝑣𝐴𝐵 applied across the tank depends on which semiconductor is conducting and the 

direction Figure 15 [26], where the equations (13) and (14)  are applied. 
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Figure 15-Equivalent Circuit of SLR dc-dc half-bridge converter. 

The output voltage cannot exceed the input voltage,that is, 𝑉0 ≤
1

2
𝑉𝑑.There are three possible 

modes of operation based on the ratio of the switching frequency ω𝑠 to the resonance frequency ω0 =
1

√𝐿𝑟𝐶𝑟
. 

This ratio determines if 𝑖𝐿 flows continuously or discontinuously. 

The first mode considered is the DCC, with ω𝑠 < 
1

2
ω0. Because of the discontinuous interval where 

the current 𝑖𝐿 remains zero one half-cycle of the operating frequency exceeds 360º of the resonance 

frequency. In this mode of operation, the switches turn off naturally at zero current and zero voltage since 

the current 𝑖𝐿 goes through zero. The problem is that when the switches turn on, there is also zero current, 

but not zero voltage, and the same happens for the diodes. The main disadvantage is the relatively large 

peak current in the circuit, causing higher conduction losses than the CCM.  
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On CCM, there are two different modes, one when 
1

2
ω0 < ω𝑠 < ω0 and another when ω0 < ω𝑠. 

Regarding the first CCM, both T and D conducts for less than 180º. The switches turn on at a finite current 

and a finite voltage resulting in turn-on switching losses. However, the turning-off occurs naturally at zero 

current and zero voltage. In this last mode, with ω0 < ω𝑠  the switches are forced to turn off at a finite current, 

but they are turned on at a zero current and voltage. The combined conduction intervals for T+ and D- is 

equal to one half-cycle of operation at the switching frequency of ω𝑠. This half-cycle is less than 180º of the 

resonance frequency ω0 resulting in ω0 < ω𝑠. The main advantage of operating in this mode is that the 

switches turn on zero current and zero voltage. The main disadvantage is that the switches need to force 

turn off near the peak of 𝑖𝐿, causing a large turn-off switching loss that can be partly overcome by using 

lossless snubber capacitors in parallel with the switches. 

Besides the SLR converter, the parallel-loaded resonant dc-dc converters, PLR, where the LC tank 

appears connected parallel with the output stage, is also a reliable solution. [26]. 
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Figure 16-PLR dc-dc half-bridge converter. 

 The PLR converters, in comparison with the SLR converters, differ in the following aspects: 

1. PLR converters appear as voltage sources and hence, are better for multiple outlets; 

2. PLR converters do not have an inherent short-circuit protection capability, and this is a drawback 

when compared with the SLR topology;  

3. PLR converters can be used as a step-up and step-down converter, meaning that they produce 

higher or lower voltage levels at the output, while the SLR can only act as a step-down converter. 

The voltage across the capacitor Cr is rectified, filtered, and supplied to the load. This voltage is 

represented in Figure 16 as 𝑣𝐴𝐵. The value of 𝑣𝐴𝐵 depends on which device is conducting: 
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𝑇+ 𝑜𝑟 𝐷−𝑜𝑛: 𝑣𝐴𝐵 = +

1

2
𝑉𝑑

𝑇− 𝑜𝑟 𝐷+𝑜𝑛: 𝑣𝐴𝐵 = −
1

2
𝑉𝑑

 (15) 

As it was done for the SLR, an equivalent circuit can be obtained. 
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Figure 17-Equivalent circuit of PLR dc-dc half-bridge converter. 

The current i𝐵′𝐵 direction depends on the polarity of the voltage 𝑣𝑐 across the resonant tank that 

depends on which switch is turned on. The PLR dc-dc converter can operate in many different combinations 

of the states of 𝑖𝐿 and 𝑣𝑐. Only three modes are going to be mentioned. DCM, CCM with  ω0 > ω𝑠 and CCM 

with ω0 < ω𝑠.  

For the first case, DCM, not only 𝑖𝐿  remains at zero for some length of time but also 𝑣𝑐   remains at 

zero simultaneously. The interval where both  𝑖𝐿and 𝑣𝑐 are zero can be varied to control the output voltage. 

There are no turn-on or turn-off stresses or losses on the switches or the diodes. 

In CCM with ω0 > ω𝑠, both 𝑖𝐿and 𝑣𝑐 are continuous. The switches turn on at a finite 𝑖𝐿.This results 

in turn-on losses in the switches. But there are no turn-off losses in the switches since the current that goes 

through them commutates naturally when 𝑖𝐿 reverses direction. 

In CCM with ω0 < ω𝑠, as in the previous case both 𝑖𝐿and 𝑣𝑐 are continuous. And contrary to when 

the   ω0 > ω𝑠 there are no turn-on losses since they switch on when the current naturally reverses, but this 

results in turn-off losses since the switch is forced to turn off when the current is not zero. As it was done 

for the SLR converter, it is possible to eliminate the turn-off losses by connecting a lossless snubber 

consisting of a capacitor in parallel with each switch. 
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3. Simulation of an IPTS for EV charger 
 

A flowchart is presented in Figure 18 with the steps that were followed when designing the IPTS 

prototype. A detailed explanation is also given on how each charger's component was selected and how 

the system's control was implemented. 

Requirement 
specification

Design of coil and 
compensation 

network 

Design of 
power 

converters

Design of the 
control 

algorithm

Software 
tests and 

results 
 

Figure 18-Flowchart for the design of the IPT charger. 

The main goal is to prove the importance of having a compensation network to improve the inductive 

charger's general power transfer capability while using the principle of resonant inductive coupling. 

 Before designing the prototype, it is essential to define which of the main requirements for the IPT. 

The requirements specifications are as follow: 

 The power supplied to the generic load is 100 W.  

 The supply grid has a nominal 230 V and a frequency of 50 Hz. 

 The nominal voltage at the generic load is 15 V.  

 Simple control algorithm. 

 Capacity for bidirectional power flow if any V2G was to be used. 

 The opted operational frequency for this application is 150 kHz. 
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Figure 19-Topology of the wireless charger. 
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3.1. Design of the coils and Compensation Network  

  One of the leading causes of low efficiencies is the weak coupling due to the large leakage 

inductance in both sides of the IPT Transformer. A simplified equivalent circuit of the IPT is shown in 

Figure 20. 

2 onR
pC

( )pi t

pR pL
M pL sR

SC

( )si t

LR
( )pv t

Driving 
stage

Mutual coupling 
stage

Load 
stage  

Figure 20-IPT equivalent circuit. 

The equivalent model is divided into three parts. The driving stage represents the AC source,  𝑣𝑃, 

plus a conduction resistance,  𝑅𝑂𝑁, of any converter that may appear before the IPT. The mutual coupling 

stage is modeled using a T-network. The resistance of the primary coil and secondary are represented by 𝑅𝑃 

and  𝑅𝑆. The resistance represents the load 𝑅𝐿. M is the mutual inductance between the two coils, which is 

related to k and the primary and secondary self-inductances  𝐿𝑃 and  𝐿𝑆 as it is shown in equation (6). 

An inductance is associated with the uncoupled flux or leakage flux called leakage inductance on 

typical transformers [27].  

The leakage inductances on the primary and secondary sides, 𝐿𝑃𝑘 and  𝐿𝑆𝑘 are expressed as a 

function of k: 

                                                                   
(1 )

(1 )

Pk P

Sk S

L k L

L k L

 

 
  (16)     

 

 

Figure 21- Leakage, self, and mutual inductance in a winding pair 
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Figure 21 illustrates the leakage inductance on an electric circuit with a coupled pair of windings in 

a transformer. The leakage inductance always appears as a series element, and it does not matter where 

the inductance is paced for modeling purposes since its electrical behavior is the same.  

 The primary and secondary resonant circuits are designed to resonate at the same frequency. The 

resonance frequency is given by (9). When the circuit is driven at the resonance frequency on both sides, 

the primary and secondary sides' leakage reactance is canceled out by the capacitive reactance. Thus, by 

introducing a compensative network with the capacitors 𝐶𝑃 and 𝐶𝑆 the overall efficiency of the charging 

process is expected to increase. 

As mentioned before, the coil design has a significant effect on the overall efficiency of the charging 

process. Factors such as the dimensions, weight, material, and the number of coils should be well analyzed. 

But since this simulation aims to prove the overall superior efficiency of using a compensation network, a 

1:1 system of coils is used. The primary and secondary coil are the same with all the specifications given in 

the datasheet [28] supplied by Wurth Elektronik. 

Table 5-Properties of the wireless coil 

Property Lp (𝜇𝐻) Ls (𝜇𝐻) 𝑀 (𝜇𝐻) 

Value 5.8 5.8 2.9 

 

The properties of the wireless coil are defined in Table 5. The value of mutual inductance 𝑀 is 

defined by the equation (6), considering the coupling factor, k, equal to 0.5. 

The compensation network selected is the series-series topology since, as it was previously 

mentioned, it is the most popular of all the topologies mentioned before. The sizing of the capacitors is 

derived from the equations (8) and(9)  which by assuming that the tank, composed of the compensation 

capacitor and the wireless inductor at each side of the charger, working at 0.9 of the operational frequency, 

𝑓𝑜 = 135 𝑘𝐻𝑧.The following expression can be deduced to arrive in the value of each capacitor: 
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 The resonant tank diagram is illustrated in Figure 22. A two winding linear transformer block with a 

turn ratio of 1:1 is used, where the values of the winding resistances were 1 % of the total losses on the 

transformer. Both windings have a series-series topology, i.e., the compensations capacitor are in series 

with the winding inductance. 

 

Figure 22- Resonant block 

3.2. Design of the Power Converters 

 The proposed topology, illustrated in Figure 23, comprises two power converters: a single-phase 

full-bridge inverter on the primary side and a single-phase full-bridge rectifier on the secondary side.  

 The primary inverter is essential to control the amount of power transferred to the resonant tank. 

This power converter's design was implemented with the Simulink block “MOSFET/DIODE,” as illustrated 

in Figure 23 and Figure 24. The diodes placed in parallel with the MOSFET provides the possibility of 

performing V2G applications since it allows current to have a direction from the charge to the grid.  

 

 

Figure 23- Inverter topology. 

 The secondary side's rectifier converts the AC signals coming from the resonant tank to a controlled 

DC voltage used to supply the load. The same concept of placing a diode in parallel with the MOSFET was 

used.  
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Figure 24- Rectifier topology. 

3.3. DC-Link Capacitance  

A DC link capacitance is used to control voltage ripples and ensure a low inductance current path 

for high-frequency currents derived from VSC switching. The capacitor acts as a storage of DC energy and 

filters out the variation of the DC voltage. This capacitor serves as a connection between the grid rectifier, 

externally connected to the PCB, to the primary VSC. 

This capacitor needs to be sized according to specifications for the ripple voltage. It takes into 

consideration the maximum current that is expected to go through the capacitor. The current is an important 

parameter to analyze when designing capacitors since they have limits for the maximum currents they can 

handle. Finally, they must also handle high current transient generated from the switching between states 

of the semiconductors on the converters. Assuming a ripple of 1% of the DC voltage, ∆𝑉𝐷𝐶, and a current 

ripple, ∆𝑖,  of 20 % of the DC link can be sized in the following way [29]: 

 
0.2 0.2 12.5

28
4 4 0.01 4 0.01 15 1500000

peak

DC DC sw

IiT
C F

V V f


 
   

    
 (19) 

 According to [30], it is essential for DC-link capacitors design and selection in VSCs since it 

contributes to the cost, size, and failure rate on a considerable scale. 
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3.4. Controller design  

The control algorithm was implemented in the secondary converter to regulate the power transfer. 

The converter controller was designed so that the phase between the primary and secondary voltage 

waveforms ensures a specific load voltage through the charging process.  

This controller measures the voltage being applied to the load to determine the phase shift and 

control the transistor switching to implement the phase shift. 

Figure 25 shows the overall control scheme. The power converter is modeled with a gain, 𝐾𝐷, and 

a time delay, 𝑇𝑑 . The voltage error is obtained by a reference voltage, 𝑉0𝑅𝑒𝑓 , and the measurement of the 

output voltage, 𝑉0 where alfa is a gain based on the instrumentation setup. The desired controller, C(s), 

gives as output the phase difference given by sin 𝛿, such that the error is 0. 

 

Figure 25- Equivalent control scheme. 

 To design the controller C(s), it is necessary to establish the relation between the power 

received from the resonant tank,  𝑃𝑖𝑛 . And the power delivered to the load, 𝑃0. In this expression, it is 

assumed that there are not any power losses at the converter: 

 
0inP P  (20) 
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Figure 26-Simplified equivalent circuit of the resonant tank 

To express 𝑃𝑖𝑛 , a simplified equivalent circuit of the resonant tank is illustrated in Figure 26. The 

voltages source 𝑉�̇� and 𝑉�̇�, which represent the primary and the secondary voltage of the resonant circuit, 

respectively, can be denoted concerning the phase angle 𝛿 as: 
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 The impedances represented in Figure 26 can be expressed by: 
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 The reactances from the equations (23)(24)(25) of each reactive component can be written as: 

 , ,
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 The current from the primary side 𝐼𝑝  ̇ can also be expressed by: 



34 
 

 

1

2
2

1 2 1 2

( )

( )

( ( )) cossin
{ }P

j

M p M s

P

M

M p M L C s M sM s

Z Z V Z V e
I

Z Z Z Z Z

X V X X X V X VX V
j






  


 

   
 

 

 (28) 

        
P P S S P P S PM L C L C L C L CX X X X X X X X X         (29) 

 

It is possible now to arrive at the expression of the active power that is being transferred from the 

resonant tank to the converter: 
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 (30) 

The expression of the power transferred to the battery, 𝑃0 , can be written only as: 

   

 0 0 0P I V  (31) 

  

Finally, since  𝑉𝑝  =  𝑉𝑠  = 𝑉  it is possible to obtain the following relation: 
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Since the controller is designed to have on his output sin 𝛿, from the equation (32), the gain of the 

system 𝐾𝐷 is: 
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The control block subsystem used in the simulation is illustrated in Figure 27. The relation between 

the voltage on the load and the reference voltage is made using a soft-starter so that the results don’t have 

any discontinuities avoiding any possible situation of instability by the controller at the beginning of the 

simulation. The controller uses the error between the load voltage and the reference voltage, and a phase-

shift is applied between the primary and the secondary converter waveforms. 

 

 

Figure 27- Control system implementation using the Simulink software. 

The control system was implemented using a proportional and integral or PI-control configuration 

to implement the phase shift. The PI controller is a ubiquitous controller in industrial control systems [31] . 

Both gains have different effects on the controller. The proportional gain provides stability and high-

frequency response, while the integral gain ensures that the average error reaches zero. An anti-windup 

technique was also used to prevent overshoots by the PI-controller's integrator, as illustrated in Figure 28. 

The PI control function can be expressed as: 
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Figure 28- PI controller. 

 Attending the system control in the closed-loop transfer function of the control system is given by: 
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 Applying the final value theorem to the closed-loop transfer function in (35), a steady-state error is 

arrived by the system amplified by the gain
1

𝛼
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 Comparing the expression(35) to the 2𝑛𝑑 order canonical form: 
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The proportional gain 𝐾𝑝 and integral gain 𝐾𝑖 are given by the following expressions: 
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The expression gives the natural frequency: 
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Where Td is the statistical delay of the converter given by Td=Tsw and 𝛼𝑧 is an adjustable gain. The damping 

coefficient 𝜉 is equal to 
√2

2
 to restrict any oscillations on the output of the controller. 
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4.Simulation Results 
 

This section presents a single-phase computational IPT model, illustrated in appendix A, to simulate 

a generic load's charging process dynamically. 

Based on the results, conclusions were drawn on the charging process performance. All simulations 

were made using the software Simulink and MATLAB [32]. 

To validate the proposed topology and controller some software tests need to be performed to 

evaluate if the model is behaving according to what is expected. 

As illustrated in Appendix A- Simulink Simulation, each part of the model is implemented with 

blocks. The grid is rectified by a diode bridge and then by using a capacitor to smooth the voltage applied 

to the primary VSC before reaching the resonant tank. The voltage coming from the resonant tank is then 

rectified and applied to a capacitor to minimize the voltage ripple once again before being applied to the 

load. 

The control block is not directly connected to the rest of the model but receives the voltage at the 

load terminal so that phase shift control can be implemented. 

Some measurement blocks are used to measure the voltage and current waveform on each part of 

the model between the power converter blocks and the resonant tank. 

Since the VSC was implemented using 4 MOSFET in a full-bridge topology, the MOSFET block 

allows measuring each device's electrical magnitudes, such as the voltage applied to the semiconductor 

and the instantaneous current. 

 

Figure 29- Current and voltage measurements on the MOSFET (primary VSC). 
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The voltage and current waveforms on the resonant tank were measured in the same scope. Figure 

30 illustrates the phase-shift between the voltage at the primary and secondary sides of the tank and shows 

that the currents on each side are in phase with their corresponded voltages, which means the power being 

transferred is mainly active, which was one of the main requirements that were intended. 

 

Figure 30- Waveforms on the resonant tank. 

The converter after the resonant tank was also implemented by using 4 MOSFETs and so it is 

possible to measure the electrical magnitudes of each device, such as the voltage applied to the 

semiconductor and the instantaneous current(Figure 31). 

 

 

Figure 31- Voltage and current measurements on the MOSFET (converter VSC) 
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Regarding the controller, Figure 32 illustrates the error between the load voltage and the reference 

voltage. It is possible to observe a correct tracking of the reference value with a small voltage ripple around 

the reference voltage. The error stays near zero until the end of the charging process. 

 

Figure 32-a) Voltage applied to the load,𝑽𝟎, and reference value of voltage, 𝑽𝟎𝑹𝒆𝒇;b) Zoom between 

2 and 3 ms to illustrate the error between the reference and the load voltage. 

 

After the secondary rectifier, a filter block containing a capacitor allows removing AC components 

remaining at the converter's output signal, reaching an almost purely dc signal to the load. This capacitor 

value can be calculated, for a 1% output voltage ripple target, by the following expression [29]: 
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Figure 33 shows the voltage and current applied to the load, which is purely resistive. A transient 

can be seen in this figure, on which the voltage at the beginning of this simulation is reaching the desired 

value of 15 V. The transient is controlled by sizing the parameters such as the proportional gain 𝐾𝑝 and 

integral gain 𝐾𝑖 so that the transient is not too long. The same transient can be detected in Figure 34 of the 

power measurement at the load. 

 

 

Figure 33- Voltage and current at the load. 

 

 

Figure 34- Power delivered to the load. 
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5. PCB design and manufacturing  
After performing the simulation and analyzing the results derived from the software tests, this 

section focus on the PCB design that contains the primary and the secondary VSCs of the charger prototype. 

Both VSCS have the same full-bridge typology, which means their design is equal, with the only difference 

being that one’s input is the other output since one converts DC to AC and the other AC to DC. Since 

MOSFETs are more adapted to high-frequency applications, both power converters were implemented 

using MOSFETs. A selection process is made from different models available at the market, evaluating their 

expected efficiency, cost, gate driving requirements, and packaging. This allowed finding the best candidate 

to be used on the primary and secondary converters. 

After selecting the MOSFET, an overview of the design for the converters main elements was made. 

The schematics and drawings of all the PCBs made are included in appendix Appendix B- PCB Schematics. 

5.1. Power Semiconductors 

The two most popular transistor technologies for switched power converters are the MOSFET and the 

IGBT. When deciding which one to use, it is common to choose IGBT if the application has high-voltages 

and current ratings and low switching frequencies, but regarding low-voltage and currents with higher 

switching frequencies, the favorite is the MOSFET. Given the high frequencies that WCS’s work, an obvious 

pick to integrate on the converter is the MOSFET since by being able to perform fast switching application, 

the turn-off losses are significantly lower than using an IGBT based converters.. 

5.1.1.Semiconductors Losses 

 MOSFET’s losses can be divided into two categories: 

• Conduction Losses - This loss relates to the RMS current that flows through the transistor 

channel. 

• Switching Losses - This loss relates to the energy necessary to create and destroy the 

conductive channel that the transistor provides. 

By adding both types of losses, conduction, and switching, it is possible to determine the total power 

dissipated by the MOSFET. 

The conduction power losses consider the MOSFET's resistance when it is conducting, RDSon. The 

instantaneous conduction power losses, 𝑃𝐶𝑂𝑁, is expressed by the expression: 

 
2( )CON DSoniR tP   (42) 

 To obtain the average of the conduction power losses on the MOSFET, from the integration of 

equation (42) : 
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Where the RMS current that goes throw the transistor while this is turn on is  𝐼𝑆𝑟𝑚𝑠:  

The switching losses, 𝑃𝑆𝑊, are the power losses during the rise and fall transition when the MOSFET 

is turned on and off. These can be calculated using the following expression [29]: 
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From equation (43) and (44), it is possible to obtain the total dissipated energy by the MOSFET: 

 D CONavg swP P P   (45) 

5.1.2.Thermal Model 

Evaluating the thermal characteristics of the semiconductors selected for any application is an important 

limitation worth considering. To perform this thermal evaluation, designing a thermal model of the devices 

becomes very useful when searching for a possible candidate to integrate on the converter design. This 

model takes into consideration the temperatures of the junction given by each manufacturer and provides a 

limit to whether the device can withstand the rise of temperature expected or not. There is evidence that a 

MOSFET's lifetime depends highly on the average temperature and the temperature fluctuations in its 

junctions [33]. 

The temperatures that each device can withstand tend to vary from manufacturers as well from the 

package used. Since there are special packages that come with thermal enhancement. Besides packages, 

there is also a possibility of using a heatsink. The heatsink is responsible for cooling the semiconductors by 

connecting the device physically to the heatsink, as illustrated in Figure 35. 
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Figure 35- Example of a heatsink connected to a MOSFET 

The model can be designed with a simplified steady-state analysis where it is assumed that 

temperature differences are propagated instantly or a transient analysis where the materials' thermal 

capacity is also taken into consideration. Since thermal models are not a point of interest in this thesis, only 

a steady analysis is made. 

This thermic model takes into account the temperatures of the junction, 𝑇𝑗 , of the MOSFET his case 

temperature, 𝑇𝑐 , the ambient temperature, 𝑇𝑎, and if used the heatsink temperature, 𝑇𝑠. The temperature 

values between each part of the component are the thermal resistance that is given by the manufacturer, 

which consists of thermal resistance from junction to case, 𝑅𝜃𝑗−𝑐 , from case to the heatsink, 𝑅𝜃𝑐−𝑠, and from 

the heatsink to the ambient,  𝑅𝜃𝑠−𝑐  measured in  ℃/𝑊. As an analogy to the Ohm law, one can compare 

the heat flux to currents on an electric circuit, the temperature differences to voltages, and the thermal 

resistances serve the same as the electric resistances, as is shown in Figure 36. 

 

Figure 36- Equivalent circuit for the thermal model. 

By analogy to ohm law, the following expressions can be written:   

 ( )j a D j c c s s aT T P R R R         (46) 
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When selecting a heatsink, the value of the thermal resistance between the heatsink and the 

ambient, equation(47), is essential to select the heatsink.  

5.1.3.Semiconductor Selection  

The MOSFETs selection process considers firstly the value of the voltage and current that goes 

through each semiconductor, then a way of evaluating a semiconductor is by performing a FOM analysis or 

“Figure of Merit.” It is a handy tool because it considers both the conductions losses and the switching 

losses. It is calculated based on the drain to source On-resistance (RDSon) times the gate charge (Qg). 

The gate charge is the charge the gate of the MOSFET needs to turn on. It is relevant to mention that the 

FOM is not a physical feature of the MOSFET. It serves only as a reference to help select a semiconductor 

for this application. After performing the FOM analysis and selecting the most efficient model, the final step 

is to look at the thermal resistance given by its manufacturer. This parameter is essential because the 

MOSFET must have a thermal resistance high enough to tolerate the power dissipated during the switching 

process.  MOSFET’s with  TO-220 packages are an excellent choice to start selecting from since they come 

with a physical feature that provides the possibility of adding a heatsink if the power dissipated becomes 

too high for the transistor to tolerate. 

 Three different models were selected to which two of which were from Infineon™ and one 

model from Fairchild-On Semiconductor™. All models have a TO-220 Full-Pak, which enables the 

connection between the MOSFET case junction to a heatsink. 

 Since the expected voltage across the DC link is around 15 V, it is unnecessary to use 

semiconductors with high breakdown voltage, which results in lower-priced semiconductors.  

Table 6-Most relevant parameters of the selected MOSFETS. 

Model RDSon 
[mΩ] 

Qg 
[nC] 

FOM 

[n] 
Rθj−c 

[℃/𝑊] 

Rθj−a 

[℃/𝑊] 

 tr 
[ns] 

tf 
[ns] 

PCon 
[W] 

Psw 
[W] 

Pd 
[W] 

FQP44N10 39 48 1.87 1.03 62.5  190 100 3.05 2.4 5.45 

IRFI4410ZPbF 7.9 81 0.640 3.20 65 
 

 27 30 0.62 0.47 1.09 

IPP180N10N3G 18 19 0.342 2.1 
 

62  12 5 1.41 0.14 1.55 

 

Table 6 lists the most relevant parameters of the three selected MOSFETS. Besides looking at each 

candidate's FOM, it is also essential to understand their capability of windstanding high temperatures 

resulting from the dissipated power from the conduction and switching losses. 



45 
 

 A thermic model can be used to find the value of thermal resistance between the heatsink used 

and the environment surrounding the semiconductor. According to (47), assuming a value of thermal 

resistance between the case and the heatsink around the 0,05 ℃/𝑊 as well as a maximum junction 

temperature of 175℃, Tj, and an ambient temperature of 25℃, Ta, it is possible to obtain the thermal 

resistance between the heatsink and the ambient. 
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 (48) 

Since all the MOSFETs, 4 in total, used in each converter are glued to one standard heatsink and 

the value obtained for the thermal resistance between the heatsink and the ambient for each MOSFET, the 

total value of the thermal resistance between the heatsink and the ambient must be divided by 4. 

 

Table 7-Parameters of the MOSFETS with the heatsink thermal resistance 

Model Rθj−c 

[℃/𝑊] 

Rθj−a 

[℃/𝑊] 

Pd 
[W] 

𝑅𝜃𝑠−𝑎 

[℃/𝑊] 

FQP44N
10 

1.03 62.5 
 

5.45 6.61 

IRFI4410
ZPbF 

3.20 65 
 

1.09 33.6 

IPP180N
10N3G 

2.1 
  

62 1.55 27.7 
 

 

The heatsink thermal resistance value must be lower or equal to the values obtained in Table 7 for 

each MOSFET selected.  

By looking at table 1 and 2, the best option for this specific application is the model 

“IRFI4410ZZPbF” from Infineon™ [34] since it shows the least losses and has a relatively small thermic 

resistance,𝑅𝜃𝑗−𝑐 . 

5.1.4.Gate Driver Design  

The gate driver was designed according to instructions presented in the datasheet of the model 

“1ED020I12-F2” [35] from Infineon™.  Each MOSFET has a gate driver responsible for supplying a signal 

turning on and off the semiconductor. This IC provides galvanic isolation between the controller circuit and 

the power circuit. 

To avoid short circuits that might occur during the converter switching, the IC has a desaturation 

circuit that can detect if a short circuit was detected and turn off the semiconductor to avoid any possible 

damage. According to the manufacturer [35], the gate driver monitors the MOSFET drain-source ( VDS) to 
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detect desaturation caused by the short circuit. If the driver's output is high VDS is above a defined value, 

and a specific blanking time has expired, the IC acts and switches off the MOSFET. 

 The passive components connected to the gate drive's output need to be sized for the specific 

values of current and voltage applied to the MOSFET selected. 

 The gate driver resistors at each IC are essential to control the speed of each transistor is trigged.. 

To size this resistance, an RLC was considered. Rg being the gate resistance, Lpa the parasitic inductance 

of the path to the gate of the device, including the physical connecting between the transistor and the PCB 

where it was mounted, and the input capacitance Cs. The gate resistance was selected considering a 

damping ratio of 
1

√2
 proving a faster response: 
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The input capacitance can be calculated using the manufacturer capacitance parameters and the 

relation between the drain to source and gate to source voltage: 

 5DS
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Assuming a width of 1.57 mm of the PCB, the parasitic inductance is estimated to be around 23.07 

nH  reaching the value: 
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 (51) 

The short circuit protection is achieved according to the desaturation circuit provided by the 

manufacturer [35] of the gate driver. The circuit is illustrated in Figure 37: 
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Figure 37-Short circuit protection circuit (Courtesy of Pedro Costa et al.). 

The IC provides the 500µA precision current when the voltage at the capacitor Cdesat exceeds the 

reference voltage of 9V. This capacitor can be sized in the following way: 
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The 𝐼𝑑𝑒𝑠𝑎𝑡 is the current of the current source, 𝑉𝑟𝑒𝑓 is the reference voltage of 9V  and 𝑡𝑑𝑒𝑠𝑎𝑡 is related 

to the maximum short circuit time in the following way : 

 
sc desatt t  (53) 

 

Where  𝑡𝑠𝑐 is the short circuit withstand the time of the transistor. According to the datasheet of the 

MOSFET selected “IRFI4410ZPbf”  [34],a relatively good short circuit time that gives the maximum safe 

operating area is around 3 ms obtaining the value of the capacitor Cdesat  : 

  

 0.116desat desat
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The Zener diode Z1 is used to protect the input pin. The Zener diode Z2 complements the drain to 

source voltage so that the reference voltage can be achieved in a short circuit. The short circuit time's value 

assumed that the drain to source voltage is around 5V, making the Zener diode Z2 selected to have a 

forward voltage of 5.1V. 

 

 

5.2. Voltage and Current Sensing  

The current measurement is done using a current transducer from BROADCOM,” ACHS-7123” [36], 

which can measure current both in DC and AC. It has galvanic isolation between the control and power 

circuits. The IC uses a closed-loop hall effect technique for the measurement of the current. The current 

passing through the primary coil is estimated from the secondary current originated from the hall effect 

sensor. This transducer comes with many advantages such as excellent accuracy, excellent linearity, low-

temperature drift, optimized response time, wide frequency bandwidth, no insertion losses, and high 

immunity to external interference and current overload capability. This model allows measuring current on 

a range of ± 36A. The schematic of the current sensor is illustrated in Figure 38. 

 

Figure 38- Current sensor schematic (Courtesy of BROADCOM LIMITED [36]). 

 

Unlike the current measurement, in which its output signal is directly connected to the 

microcontroller, the voltage measurement is achieved by first using a voltage divider converting the high 

voltage supply from 0 to 15V  to a lower range of 0  to 12V. After the voltage divider, the signal is fed to a 

reinforced isolated amplifier, ISO224 [36] from Texas Instruments, so that it can be modulated by a delta-

sigma modulator and then demodulated to a differential analog output of ± 4V. This isolated amplifier comes 

with an isolation barrier between control and power circuit with high immunity to magnetic interference, 

providing galvanic isolation of up to 5 kV. It is necessary to use an operational amplifier so that the differential 

signal coming from the isolated amplifier can be converted to a single-end signal so that the ADC of the 

microcontroller can read the voltage measurements. The operational amplifier used is incorporated in the 
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IC of “ADA4177-2” [37] from Analog Devices that features a dual-channel amplifier with low offset voltage 

and drift, low input bias current, low noise, and low current consumption. The voltage sensing circuit 

described is placed on the primary converter's input and the secondary converter’s output. Figure 39 shows 

a schematic of the voltage sensing circuit. 

R1

R2 µCISO224

HV+

HV-

5V

 

Figure 39- Voltage sensing schematic. 

5.3. PCB Design  

The PCB was designed using the open-source software KiCad EDA Suite [38]. KiCad is used for 

electronic schematic drawings and the creation of a printed circuit board. After specifically selecting each 

component, the next phase is the layout. In this layout phase, it is necessary to consider essential details. 

Many of the components selected, such as the MOSFETs, the voltage and current sensor, and the gate 

driver, need additional passive elements connected to them.  

One of the most important factors to consider when designing a PCB is handling the maximum 

values of voltage and current expected during the charging process. First, to guarantee that the current isn’t 

going to damage the board, ensuring that the trace width selected for the power connection is thick enough 

is crucial, and then the low voltage signals should also be well suited for the maximum current expected. 

KiCad comes with a feature that makes it possible to calculate the recommended trace width given the 

expected current and the desired temperature rise using the standard IPC 2221 [39] :    

 
0.44 0.725( )I K dT W H     (55) 

Where 𝐼 is the maximum current in amps, 𝑑𝑇 is the temperature rise above ambient in deg 𝐶º, 

𝑊, 𝐻 are the width and thickness in mm, and K  is a constant for if the tracks are internal or external. Since 

the RMS current coming from the DC link is around 7.5 A and setting a temperature rise of no more than 50 

deg Cº o the trace width recommended is 0.9 mm, and so, the traces width were set to 1.5 mm, while the 

low voltage signal was set to 0.250 mm since the current is very low for control signals. The PCB has 2  

layers in total, a width of 90.13 mm and a height of 78.45 mm. The outer layer copper foil is 35 µm, which is 

enough to sustain the currents at the board for the trace width selected previously. 
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On the layout of the components, two relevant details are worth being mention. The first is that the 

heatsink was placed alongside the MOSFETs in a way that would be possible to connect them physically 

to the heatsink through the feature that the selected MOSFET comes. Finally, some special attention was 

given to the gate driver circuitry layout because the signal that commands the gate of each MOSFET of the 

converter must have the minimum inductance possible. All the gate drivers were placed near their respective 

semiconductor to ensure a driving signal's low inductance path. 

 

              

 

  In Figure 40, both 2D and 3D files of the PCB can be observed. All the layout of the components 

selected were made to produce the most compact solution possible. Small changes on trace paths and 

components placement might make a more compact solution, but the obtained solution is good enough for 

what it is intended.   

5.4. PCB Assembling  

The PCB was ordered on Eurocircuits™. Eurocircuits is a company based in Belgium that 

specialized in manufacturing and assembling prototype and small series PCB’s. After finishing all the PCB 

design, all the details containing the board's physical dimensions and features were sent to Eurocircuits™, 

which dispatched two printed boards, one to be used on the primary side and the other on the secondary 

side of the transformer. A picture of one of the printed PCBs from the bottom and top view before the rest 

of the components were soldered into the board is shown in Figure 41. 

Figure 40- KiCad PCB files  

a) 2D view b) 3D view 
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The components such as the MOSFETS, connecters, and heatsinks were placed on one side of 

the board, the top layer according to the configuration on KiCad, and the rest of the components were on 

the other side. This was done with the intention that all the components with a relevant height were placed 

on the same side of the board to avoid any complications when performing the experiments. 

The SMD components were the first elements to be soldered in the board, and after that, the 

connectors were soldered. In this way, it was possible to test for any possible error regarding the low voltage 

systems' supply and correct it before soldering the MOSFETs and performing the charging tests. After the 

low voltage systems were tested, the high voltage circuitry composed of the MOSFETs and the heatsink 

was soldered on the board and then tested for any possible error. The complete assembly of both boards 

can be seen in Figure 42.  

Figure 41- PCB’s before electric components 
were weld. 

 

a) Top view b) Bottom view 
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Figure 42-Total assembly 

 Some minor modifications were manually made on the board, given a couple of errors made when 

designing the PCBs regarding the gate drivers' control signals and the capacitors in the DC input entrance. 

These errors were later corrected, and the PCB schematics were updated.   
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6. Experimental Results  
 

In this chapter, all the results from the experimental tests of the charger prototype are shown. 

To test the converters, a PWM generator was programmed using a microcontroller. The 

microcontroller used was the model dsPIC33EV256GMM106 [40] placed on an evaluation board from 

Microchip [41]. For this specific application, a square wave is generated, switching between a voltage (on) 

and zero (off). By changing the portion of time that the signal spends on and off, usually designated by duty-

cycle, which was set to 50 % of the wave period. 

The phases between each PWM module, which this microcontroller has 3, is controllable by the 

user [40].In this way, it was possible to implement a phase-shift control similarly to the PI controller designed 

in chapter 3. The waveforms of the PWM signals generated by the microcontroller can be seen in Figure 

43. 

 

Figure 43-PWM signals-PWM1H (Yellow); PWM2H (Blue). 

The microcontroller's PWM signals can be easily modified from a different range of frequencies 

available by the microcontroller [40]. Figure 43 illustrates the PWM signal with a frequency of 150 𝑘𝐻𝑧 .The 

yellow square wave is the PWM1H and the blue square wave is the PWM2H. Since it is used a single-phase 

full-bridge topology for both converters, four signals are necessary to trigger the converter’s arms. PWM1H 

and PWM1L for the converter on the primary and PWM2H and PWM2L for the converter on the secondary 

side. Also, to avoid triggering two MOSFETs of the same arm, a dead-time was set between each high and 

low signal. 



54 
 

Before assembling the final setup, preliminary tests were performed to ensure that the PWM 

generator's signals trigger the MOSFETs so that the converters on both boards work according to what is 

expected. The test was performed on both boards. A DC power supply was connected to the board's DC 

input, and a resistive load placed on the output. Two measurements were made: one was the PWM signals 

responsible for triggering one arm of the converter and the load current, illustrated in Figure 44. The results 

were the same for both boards, ensuring that the converters are working correctly. 

 

 

  

 

Before selecting the switching frequency, it is essential to measure the resonant tank's wireless 

coils' self and mutual inductance. Having this new measurement helped in deciding which should be the 

switching frequency. Using an LCR Meter, the following values of self and mutual inductance of the wireless 

coils were measured: 

Table 8- Measures of the wireless coils using an LCR instrument 

Property Lp (𝜇𝐻) Ls (𝜇𝐻) 𝑀 (𝜇𝐻) 

Value 7.11 6.8 3.95 

 The values in Table 8 were taken considering a gap between the primary and secondary coil of 

5mm and that both coils were symmetrically aligned. These values are somehow different from the ones of 

the manufacture datasheet [28], since the magnetic circuits of each coil, namely the ferrite plates, influence 

Figure 44- Measurements and test setup. 

 

a) PWM signal (Yellow); Load 

Current (Blue). 
b) Test setup 
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the other coil self-inductance. Figure 45 shows the wireless coil setup. An acrylic piece was used between 

the coils to fix the air gap height at 5 mm. 

 

 

 

Figure 45- Wireless coils setup. 

The series capacitors of the resonant tank were added on both the primary and secondary boards 

to maintain the initial designated value of 0.47 𝜇𝐹. Using (8) again, the new resonant frequency can be 

obtained for both sides: 

  

 

1
87

2
p

p p

f kHz
L C

 
 (56) 

 
1

88
2

s

s s

f kHz
L C

   (57) 

 Both sides' frequencies are not equal because, even though similar, both coils have a different value 

of inductance, making the resonant frequency not precisely equal in both tanks. 

a) Wireless coils setup b) Primary and secondary coils 
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Figure 46- Full setup for the experiments. 

The full setup of the experiment can be seen in Figure 46. This setup uses two DC supplies, one 

for the power transfer and the other to supply the low voltage to feed all the circuitry in both boards. A 

temperature sensor was connected to both heatsinks to ensure that temperature limits were not exceeded. 

There are two currents clamps, one in the input of the resonant tank and the other in the output, to obtain 

the current waveforms. At the output, two variable resistors were used, in this way, it is possible to adjust 

the load while doing the tests, and later they were used to test the controller's response to step on the load. 

A multimeter is used to measure the output voltage and the input voltage, and finally, to control the voltage, 

an isolated voltage transducer from LEM [41] was used to provide the DC voltage to the microcontroller the 

closed-loop control could be done. 

To find the switching frequency that would lead to the best results, higher and lower frequencies 

relative to the resonant frequencies were set, tested, and analyzed individually regarding the relation 

between input and output power and quality of the current waveforms. As illustrated in Figure 47, the 
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frequencies with higher gain in power are between 85 and 98 kHz. The three phases in Figure 47 are the 

phase shift between the primary and secondary converter. As expected, the highest the phase shift 

produces the highest the output power, since demonstrated in equation (3), the active power is proportional 

to the phase shift between the primary voltage and secondary voltage of the resonant tank. 

 

Figure 47- Power gain for three different phases 

After testing for a set of frequencies between the ranges of 85 to 98 kHz, the frequency of 96 kHz 

seemed to be the one that produced better waveforms of current in the resonant tank combined with lower 

noise on the DC output, which is essential when applying the close control loop. 

For the frequency of 96 kHz, to serve as another prove that higher phases produce higher output 

power values, Figure 48 shows the relation between the input and output power plotted against the phase 

shift between the command signals for the converters. The maximum value of power being delivered to the 

load is around 75 % of the power being supplied, ranging from the typical nominal efficiencies for wireless 

chargers [42]. 
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Figure 48-Power gain between phase shifts of 10º to 90 º 

An example of the acquired data used to plot the graph in Figure 48 can be seen in Table 9. The 

frequency was fixed to 96 kHz, and then the phase shift between the primary and secondary was the only 

variable that was changed.  

Table 9- Acquired data for 96 kHz and variable phase shift 

    𝑃ℎ𝑎𝑠𝑒[º]     𝑉𝑖𝑛[𝑉]     𝐼𝑖𝑛[𝐴]     𝑉𝑜𝑢𝑡[𝑉]     𝐼𝑜𝑢𝑡[𝐴]     𝑃𝑖𝑛[𝑊]     𝑃𝑜𝑢𝑡[𝑊] 

10 5 0.31 1.98 0.20 1.55 0.40 

20 5.02 0.66 3.89 0.42 3.31 1.66 

30 5.04 1.21 5.88 0.66 6.09 3.88 

40 5.04 1.97 7.63 0.87 9.92 6.66 

50 5.05 2.78 9.26 1.07 14.03 9.97 

60 5.05 3.58 10.66 1.24 18.07 13.23 

70 5 4.2 11.54 1.35 21 15.61 

80 5.06 4.62 12.14 1.43 23.37 17.39 

90 5.02 4.83 12.23 1.45 24.24 17.74 
  

Before testing the closed-loop controller, the current and voltage waveforms in the resonant tank 

can be seen in both Figure 49-a) and Figure 49-b). In Figure 49-a), the voltages were measured at the DC 

stage of both the primary converter and secondary converter where the controller is phase-shifting the input 

voltage waveform of the secondary converter and the output voltage of the primary converter. In Figure 49-

b), the voltage measurement at the load stage had some considerable noise, even though this the controller 

was able to maintain the voltage at the reference value. 
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a) 

 

b) 

Figure 49- a)-Input current of the secondary converter (orange), Output current of the resonant 
tank (blue), Input voltage of the secondary converter (purple), Output voltage of the primary 

converter (green);b)- Input current of the resonant tank (orange), Output current of the resonant 
tank (blue), Input voltage of the secondary converter (purple), Output voltage at load (green). 

 

The controller was designed to track a reference output voltage. A load was connected in parallel 

with a manual switch to test the controller's response to an applied step in power. By turning on the switch, 

a resistive load is placed in parallel with the load stage, causing the output current to increase. The controller 

must adjust the phase shift between the primary converter and the secondary converter to maintain the load 
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voltage. Figure 50 and Figure 51 illustrate the controller's response to the increase of current when the 

switch is turned on and the decrease of current when the switch is turn off, respectively. Also, in Figure 52, 

it is possible to see both transients with an increase of the load current and a decrease of the load current. 

According to Figure 49, the controller takes proximally 2.50 ms to correct the voltage change at the load, 

which is considered acceptable since it is close to the controller's time response when designed and tested 

in the Simulink, as illustrated in Figure 32. 

 

Figure 50- Turn on-Current (Orange); Voltage (Blue). 

 

Figure 51-Turn off-Current (Orange); Voltage (Blue). 
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Figure 52-Turn on and off-Current (Orange); Voltage (Blue). 
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7. Conclusion  
 

All the research done in this master thesis was aimed to understand better the process of designing 

and implementing a wireless inductive charger. After reviewing which current technology of wireless 

charging seemed, the more promising a prototype was developed. 

The wireless charging prototype simulation was essential to understand the limitations of the 

converters' operational frequency and the overall efficiency of the charging process using the selected 

series-series compensation technology. The results obtained by the simulation were used as a base to 

decide which semiconductors technology to be used in the prototype. The phase-shift between the primary 

and secondary converter implemented by the PI controller showed a relatively simple way of guaranteeing 

a maximum transfer of power during the charging process. 

With all the results gathered from the simulation, the PCB's design and manufacture were made. 

The PCBs had to be given minor adjustments due to some mistakes made during the design and the lack 

of time to correct the schematics and order a new version of both boards. Despite this, all the electric circuitry 

implemented in the board seemed to be working according to plan except the voltage sensor. The signal 

coming from the voltage sensor wasn’t correct due to some error made during the sensor circuitry design, 

which caused the controller not to work correctly. To circumvent this, an additional isolated voltage sensor 

was added, which resolved the issue.     

 The experiments were limited to the equipment available at the Laboratório de Máquinas of 

Alameda Campus of Instituto Superior Técnico, which was enough given the relatively simple tests chosen 

to perform. The experiments of the prototype showed very high sensitivity to selected switching frequency, 

in a way that only a specific range of frequencies should be selected to guarantee the highest gain possible 

of energy transferred, serving as proof of the concept of wireless charging using a resonant tank to enable 

the power transfer. 

7.1. Achievements  

The main achievement obtained in this master thesis was the design and development of a 

prototype of a wireless charger. To truly understand the principles of how a wireless charger works, by 

building a prototype to simulate the wireless charging process, it was possible to analyze and understand 

the details that go through when planning and designing a real wireless charger. 

The objectives achieved in this thesis were: 

 The state-of-art of WPTS were reviewed, and one technology was selected to further 

investigated;  
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 Designed a prototype of a Wireless Charger using a Series-Series Compensation topology; 

 The selected topology was analyzed in both simulation and experimental testing; 

 A control system was designed to command the semiconductors; 

 Design and build an experimental prototype to validate both the designed controller and the 

selected topology; 

 Results of both analytical and experimental tests were included in the master thesis, along 

with the schematics and documentation regarding the prototype so that a platform is 

created for future improvement. 

  7.2.Future work   

 During the development of this master thesis, the primary goal of building and testing a wireless 

charger was always maintained even though some modifications had to be made regarding the number of 

experiments and simulations that was initially planned because mainly of time restraints and prolonged 

times of waiting for parts of both PCB circuitry that were essential to complete the experiments.  

 Regarding the simulations performed to test the inductive charger, besides controlling the voltage 

at the load, it would be beneficial also to control the current being supplied to the load in this way fully model 

of a battery could also be tested, becoming an even more realistic simulation of a wireless charger. 

 In what concerns the experimental measurements, it would also be interesting to analyze the 

charger's behavior when misalignments and changes of high between the coils are introduced since, in a 

realistic setting, this usually occurs.  

 Some results obtained from these experiments did not go through further investigation, such as 

noise in some of the measurements. This was overlooked due to the small power injected by the source, 

which didn’t produce a high enough ripple to impair the controller from working correctly, but if testing for 

higher power ratings, this is an eventual obstacle that should be further studied. 

Finally, other possible experiments that should be done for further data collection are experimenting 

with other compensation topologies such as series-parallel, parallel-series, parallel-parallel, or other more 

sophisticated combinations to observe the behavior of the charger when switching topologies. The 

capacitors containing the resonant tank should be placed outside from the PCBs to be more convenient to 

alternate between topologies without needing to change the PCB’s layout completely. 
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Appendix  

Appendix A- Simulink Simulation  

 

A.1 – Simulation block diagram 
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Appendix B- PCB Schematics  

 

B.1 - Input Connections Schematic 
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B.2 - Gate Driver Schematic 
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B.3 - Voltage and Current Sensor Schematic 
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B.4  - Inverter Schematic 
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Appendix C- PCB Board Drawings   

C.1- Top Layer  
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C.2- Bottom Layer  
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