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RESUMO 

 

SPAGNOL TRENTO, Nilton. Desenvolvimento e Avaliação de um Sistema de 

Transferência de Energia Transcutâneo para Aplicações Médicas, 2017. 140f. 

Dissertação de mestrado do Programa de Pós-Graduação em Engenharia Elétrica e 

Informática Industrial da Universidade Federal do Paraná, UTFPR Curitiba e do Programa de 

Mestrado em Tecnologia da Informação da Universidade de Ciências Aplicadas de 

Mannheim, do estado de Baden-Württemberg, Alemanha. 

Sistema de transferência de energia transcutânea (TET) é uma tecnologia de transferência de 

energia sem fio, utilizada para fornecer energia eléctrica através da pele para dispositivos 

implantados, de uma forma não-invasiva. Tais sistemas podem ser considerados como uma 

das mais promissoras soluções em termos de fornecimento de energia para implantes médicos 

de longa duração, uma vez que podem integrar tanto a transmissão de energia quanto de 

informação, assim como suprir a demanda de energia de implantes médicos sem as limitações 

apresentadas pelas baterias implantáveis. O projeto de pesquisa descrito nesta tese tem como 

principal objetivo contribuir para o desenvolvimento de sistemas TET baseado em métodos 

indutivos por meio de uma introdução substancial nos temas mais relevantes relacionados 

com às suas aplicações médicas e implementação, em conjunto com o desenvolvimento e 

avaliação de um protótipo capaz de transferir até 20W de energia. Os resultados apresentados 

demonstraram uma solução promissora em relação à topologia utilizada e das suas 

características de controle, principalmente devido à sua tolerância à desalinhamentos e alta 

eficiência energética. Embora os requisitos de temperatura no lado do secundário não foram 

alcançados, principalmente devido as perdas de potência elevadas obtidas nos elementos 

passivos, é provável que uma versão seguinte possa obter valores de temperaturas 

operacionais dentro dos valores propostos pelas respectivas normas de segurança, tornando 

viável o use do protótipo para futuras experiências em animais. 

Palavras Chave: Transferência transcutânea de energia. Transferência sem fio de energia 

baseada em indução magnética. Desenvolvimento e avaliação de protótipo. Implantes 

médicos. 

  



 

ABSTRACT 

 

SPAGNOL TRENTO, Nilton. Development and Evaluation of a Transcutaneous Energy 

Transfer System for Medical Applications, 2017. 140 pgs. Master thesis presented as a 

partial requirement for the degree of Master of Technology in Electrical Engineer and 

Industrial Informatics at the Graduate Program in Technology of Federal Technological 

University of Parana (UTFPR) and Master of Science in Information Technology at 

University of Applied Science of Mannheim. 

Transcutaneous energy transfer system (TETS) is a wireless power transfer technology used 

to deliver electrical energy through the skin to implanted devices in a non-invasive manner. It 

presents a promising solution for powering chronically medical implants since it can integrate 

transmission of power and information, as well as supply the required power without the 

constraints presented by the implantable batteries. The research project outlined in this thesis 

aims to contribute to the development of inductive-based TET systems by the means of a 

substantial introduction of the most relevant topics related to its medical applications and 

implementation, along with the design and evaluation of a TETS prototype able to transfer up 

to 20W. The results have demonstrated a promising solution regarding the topology used and 

its control characteristics, mostly due to its misalignment tolerance and achievable power 

efficiency. Although the temperature requirements in the secondary-side were not 

accomplished as a result of the high power losses obtained in the passive elements, it is very 

likely that a next version could accomplish lower operational temperatures values required by 

the respective safety standards, making it feasible to use the created prototype in future 

experiments with animals. 

Keywords: Transcutaneous energy transfer (TET) system. Medical applications. Wireless 

power transfer technology based on magnetic induction. 

  



 

Zusammenfassung 

 

SPAGNOL TRENTO, Nilton. Entwicklung und Bewertung eines transkutanen 

Energieübertragungssystems für medizinische Anwendungen, 2017. 140 Seiten. 

Masterarbeit präsentiert als Teilbedarf für den Abschluss von dem Masterstudium an dem 

Graduiertenprogramm im Bereich Elektroingenieur und Industrieinformatik an der föderalen 

Universität der Technologie von Paraná (UTFPR) und von dem Masterstudium in 

Informationstechnik an der Hochschule Mannheim. 

Das transkutane Energieübertragungssystem (TEST) ist eine drahtlose 

Energieübertragungstechnologie, die verwendet wird, um elektrische Energie durch die Haut 

zu einem implantierten Gerät zu liefern, in einer nicht-invasiven Weise. Es stellt eine 

vielversprechende Lösung für die Energieversorgung der chronischen medizinischen 

Implantate dar. Es integriert nicht nur die Übertragung von Energie und Daten, sondern stellt 

auch die notwendige Leistung, ohne die Einschränkungen, die bei den implantaten Batterien 

bestehen. Das in dieser Arbeit skizzierte Forschungsprojekt soll bei der Entwicklung von 

TET-Systemen, durch eine wesentliche Einführung der wichtigsten Themen, im 

Zusammenhang mit seiner medizinischen Anwendungen und Implementierung beitragen. 

Zusätzlich wurde ein Entwurf und die Auswertung eines Prototyps bearbeitet, der bis zu 20W 

übertragen kann. Die Ergebnisse demonstrieren eine vielversprechende Lösung in Bezug auf 

die Topologie und ihre gezeigten Regeleigenschaften. Der ausschlaggebende Vorteil der 

Topologie ist die Fehlausrichtungstoleranz und die erreichte Leistungseffizienz. Obwohl die 

Temperaturanforderungen in der Sekundärseite, aufgrund der hohen Leistungsverluste in den 

passiven Elementen, nicht eingehalten wurden, ist es möglich, dass eine nächste Version 

niedrigere Betriebstemperaturen vorweist. Werden die vorgeschriebenen Sicherheitsstandards 

bei zukünftigen Prototypen eingehalten, können Experimente mit Tieren vorgenommen 

werden. 

Stichwort: transkutanes Energieübertragungssystem (TET). Medizinische Anwendungen. 

Entwicklung und Bewertung eines Prototyps. Technologien der drahtlosen 

Energieübertragung basiert auf der magnetischen Induktion.  
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 INTRODUCTION 1

Research and development in wireless power transfer (WPT) technologies, such as 

inductive power transfer (IPT), have recently witnessed a growth due to the availability of 

highly developed analytical methods, measurement techniques, power electronics 

technologies, advanced numerical simulation tools, and an increase in practical business 

demand (KIM, 2012). They have become a reliable option for most of battery-powered 

applications ranging from electric vehicles to mobile devices. 

Such fast-growing technologies bring benefits in a variety of different areas, but it is in 

the field of medical devices that WPT systems based on magnetic induction have the potential 

to revolutionize (AGBINYA, 2012). With the advance in nanotechnologies and electronic, 

modern implantable devices are getting smaller, dedicated, and highly complex systems, but 

still such applications are highly dependent on battery technologies, mostly when considering 

long term implantation (LAZZI, 2005). The possibility of wireless powering is a significant 

breakthrough for modern implant devices, since it offers an unlimited remote power source 

solution, and it improves the system‟s overall features (SUN; XIE; WANG, 2013). 

In the medicine field, IPT systems are usually referred as transcutaneous energy 

transfer system (TETS). They are used to refer the inductive-based wireless technology 

designed to deliver power to medical implants, particularly when the power requirements of 

the application restrain the use of implanted batteries (SLAUGHTER; MYERS, 2010). In 

most medical applications, transcutaneous energy transfer systems (TETS) seem to be the 

most promising solution for powering chronically medical implants. For instance, the 

batteries of pacemakers and implantable defibrillators (ICDs) will last longer if they could be 

non-invasively recharged, which will avoid surgery procedures for replacement. In addition, 

in high power medical implant applications such as total artificial heart (TAH), and 

ventricular assistant device (VAD), TET systems are able to supply power to the device 

without the constraints presented by the implantable batteries, allowing the implementation of 

fully implanted medical devices (SLAUGHTER; MYERS, 2010). 

The research project outlined in this thesis aims to contribute in the development of 

TET systems medical implants. The main objective was to develop a prototype of a possible 
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TETS that is able to transfer up to 20W, focusing on the design and evaluation of a highly 

power efficiency circuit with minimal power losses particularly in the implanted circuits. For 

this purpose, a hardware prototype of a TETS consisted of a series-parallel LCCL 

compensation circuit and a full bridge with phase-shift control in the primary-side, along with 

a parallel compensation circuit and a forward rectifier in the secondary-side. The evaluation 

of the circuit topology and control method was performed under four operational points that 

take in consideration basically the maximum and the minimum requirements of power 

transfer and coupling coefficient of the inductive link. 

The results have demonstrated a promising solution regarding the topology used and 

its control characteristics, mostly due to its misalignment tolerance. Although the temperature 

requirements in the secondary-side were not accomplished as a result of the high power losses 

obtained in the passive elements, it is likely that a next version could easily accomplish lower 

operational temperatures values required by the respective safety standards, consequently 

making it feasible the use of the prototype in future experiments with animals. 

 METHODOLOGY 1.1

The design of TET systems involves a complex process mainly because the majority 

of variables and parameters are inter-related. Increasing the switching frequency, for example, 

will reduce the volume of the passive components used. In other hand, it will increase the 

switching losses (ALI; AHMAD; KHAN, 2009). Because of that, the most common 

methodology employed to research and to develop TET systems uses software optimization 

process for maximizing the inductive link and power efficiency of the circuit, followed by the 

implementation and evaluation of the prototype for results comparison.  

For this research project, due to time constraints, instead of focusing on the 

optimization of the whole system, the main objective is the development of a TETS prototype 

for topology evaluation purpose. The methodology implemented is pictured in Figure 1. 
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Figure 1: Representation of the methodology used in the project. 

The project had six months of duration and it was divided by the following phases: firstly, the literature research 

was made and the engineering requirements were set. During the second phase, the TET system was designed 

and both the hardware of the prototype and its software were implemented. After the PCB was manufactured, 

tests in specific operational points and measurements of power efficiency were performed in order to evaluate 

the topology. The last step was the documentation. 

Source: Own source. 

First, a literature research covering TET systems, wireless/inductive power transfer 

topologies, its design and optimization, as well as its development and implementation were 

reviewed. Based on the study, a background of information was summarized in order to 

conceptualize, along with specific characteristics of the target application, the design 

parameters and engineering requirements of the prototype. In the concept phase, suitable 

topologies were analysed and compared with each other using circuit simulations with 

software PLECS in order to select the most promising topology considering its power 

efficiency, modes of control, and misalignment behaviour. 
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After understanding the topology, the third step was the components and technologies 

selection to develop the hardware. The inductive link, the topology, and the passive 

components were designed mainly for achieving high power efficiency and to minimize the 

losses in the implant part. The appropriate coil design was made taking in consideration 

simulations using 2D-FEMM (Finite Elements Method for Magnetics). For the resonant tank 

inductor and the output choke, multilayer planar inductors integrated with the PCB were 

design in order to minimize size and losses. The software for generating the PWM signals and 

the phase-shift method was made using a development board, where a button for adjusting the 

phase-shift, along with an interface for easy setup and variables visualization was 

implemented. For future experiments, current and voltage values from the hardware prototype 

can be read and used for programming power transfer control techniques. 

The fourth step was the assembling and testing of the boards, evaluating its power 

transfer efficiency and performance under variations of coupling factor. In the end, the project 

was documented, covering the most important topics related to TETS, and taking in 

consideration its applications in high power medical implants. 

 AIMS AND OBJECTIVES 1.2

1.2.1 Main Objective 

The main objective of this project is to implement a TET system able to transfer up to 

20W of power, and to evaluate the related power efficiency and misalignment robustness of 

the topology selected. 

1.2.2 Specific Objectives 

The specific objectives are: 

I. Create a literature database with the most relevant scientific publications 

related to TET systems, including technical aspects and its applications. 

II. Basic analysis and comparison of power electronics topologies suitable for 

TETS. 

III. Selection of technologies for designing the TETS.  
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IV. Development of a TET prototype with the preferred topology, taking in 

consideration mostly the power losses in the secondary-side and its 

misalignment susceptibility. 

V. Software programming of a phase-shift control method in the primary-side. 

VI. Evaluation of the topology in specific operational points regarding output 

power and misalignment. 

VII. Power efficiency and thermal measurements. 

 THESIS STRUCTURE 1.3

The chapter two of this dissertation discusses the most important topics related to 

TETS and its application in medical implant devices. It is the result of a literature research 

conducted from November 2015 to April 2016. The research was performed based on 

publications found in the IEEE Xplore Digital Library, ASAIO journal publications, as well 

as books related to TETS. Some examples of terms used for the research included “wireless 

power transfer” and “inductive power transfer” separately and linked with medical 

applications, “transcutaneous energy transfer system”. 

The following literature review has the purpose to: 

a. Present a briefly overview about wireless methods of energy transmission, 

focusing in the inductive power transfer systems and design challenges. 

b. Introduce the heating mechanisms problems associated with medical implants. 

c. Review the design concepts of TET systems, as well as the description of state of 

the art devices. 

On the third chapter, the development and implementation of a TETS prototype is 

described, starting with the engineering requirements for the desired operational points and 

the analysis of promising topologies until its construction. In this chapter, the steps made in 

order to analyse the topologies, design the inductive link, the hardware, and the software 

implementation of a primary-side control were explained. 

The fourth chapter delineates the experiments with the prototype, reporting the 

measurements performed to evaluate the topology in terms of power efficiency and 

temperature rise. The last chapter summarizes the most important information related to the 

work, suggesting possible improvements, further experiments, and developments.  
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 WIRELESS POWER TRANFER SYSTEMS TECHNOLOGIES 2

Since the beginning of the electrical engineering applications, the use of conductive 

materials is the preferred method for transferring electric power between the source and the 

load (ALDHAHER, 2014). The conduction of the electric current in the wires is facilitated 

due to the free electrons found in its materials, such as copper for example. When an electrical 

potential difference is applied across the conductor, electric current flows from lower to 

higher electrical potential, allowing the transference of electric energy. Although it is a low-

cost, practical, and quite efficient way for powering the majority of today‟s applications, there 

are a few cases where the use of a physical connection between the source and the load can be 

inconvenient, hazardous, or even impossible (TATE; ABKOWITZ, 2011). In such cases, the 

ideal solution would be transmitting energy wirelessly. 

Wireless power transfer (WPT) is the generic term used to refer power transmission 

technologies that use no means of physical contact to deliver the electrical energy between the 

power source and the load (SUN; XIE; WANG, 2013) (SHINOHARA, 2014). Nowadays, 

with the dramatic increase in the use of portable electronic devices (e.g. laptops, cell phones, 

digital cameras, etc.), along with the use of electrical energy for driving vehicles, the 

inductive-based WPT, known as inductive power transfer (IPT), seems to become a 

prominent and efficient solution for transmitting energy wirelessly. Today‟s state of art IPT 

system has expanded the possibilities of its use, finding application also in factory 

automation, security systems and in medical applications (COVIC; BOYS, 2013). Interesting 

to note is that such systems have been considered one of the most promising technology since 

the great developments in wireless power transfer made by Nikola Tesla in the end of the 19th 

century. Historically, in addition to the high complexity and the security concerns, the 

development of IPT systems had a steady growth because of the high costs of the electronic 

components, and also because most of the research done in the past had focused more in 

power transfer technologies for long distance. 

 HISTORY BACKGROUND 2.1

The idea of transferring energy through a media began in 1831 with Michael 

Faraday‟s experiments where he discovered the electromagnetic induction principle. Faraday 
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predicted how a magnetic field interacts with an electric circuit to produce an electromotive 

force (EMF) in a closed circuit (THOMAS, 1992). These experiments, along with Faraday's 

descriptive theory of lines of force moving between bodies with electrical and magnetic 

properties, enabled James Clerk Maxwell to formulate in 1865 a solid theory of 

electromagnetic waves, proving mathematically that electromagnetic phenomena are 

propagated as waves through space with the same velocity as light. The experimental 

evidence came in 1888 when Heinrich Hertz succeeded showing the existence of radio waves 

which propagated both along wires, as well as through space, behaving just like light waves 

as far as their reflection, refraction, and polarization were concerned. Further investigations 

on Hertz experiments and improvements in light sparking apparatus led other scientists to 

optimize the process for communication and for power transfer purposes (IET, 2016). 

In 1895, the Russian physicist Alexander Popov was able to transfer data wirelessly 

over a distance of 250 meters. In parallel, Guglielmo Marconi, K. Ferdinand Braun and other 

scientists developed the technology of information transmission over long distances by means 

of free electromagnetic waves, starting the development of radio and television technology 

systems. In the same time, substantial advances in wireless power transfer and communication 

were made by Nikola Tesla, which was engaged in several experiments with high frequency, 

tuning circuits and methods of power regulation, with the specific aim of developing a 

method for transmission and reception of electric energy without the use of connected wires 

(DOLLARD, 1986). In 1883, Tesla was able to demonstrate the illumination of 

phosphorescent lamps without any electrical connections, using a high frequency electrostatic 

field produced by an electrical resonant transformer circuit invented by him, known today as 

the Tesla coil (SHINOHARA, 2014) (TESLA, 1919). In the following years, Nikola Tesla 

found it feasible to transmit notable amounts of energy through air strata by the means of 

ionization of the upper atmosphere. His advances in such technologies were stopped due to 

lack of financial investments (DOLLARD, 1986). 

After all these years, much of the research and development in WPT were made 

predominantly for telecommunications systems. The First and Second World War instigated 

several improvements in long distance communications, radio stations, and radar technology. 

The interest in transferring power wirelessly started to increase again during the energy crisis 

of the ‟70s, when it was considered to obtain renewable solar energy by space satellites 

(ALDHAHER, 2014). To focus on power transmission and to increase its efficiency, systems 

working in higher frequencies were required. Therefore, microwave-based WPT systems 
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started to gain attention mostly due to its potential to transfer large amount of energy over 

several kilometres for space applications (SHINOHARA, 2014). Nowadays, short distances 

power transfer for battery charging applications has been in the spotlight. Accordingly, 

inductive-based WPT systems, also known as inductive power transfer (IPT) systems, have 

appeared to be the most practical method related to costs and efficiency, for applications 

ranging from electric vehicles to mobile devices, as well as for medical implants (SUN; XIE; 

WANG, 2013) (COVIC; BOYS, 2013). 

 WIRELESS ENERGY TRANSFER METHODS 2.2

Every WPT system consists of two separate parts denominated transmitter (TX) and a 

receiver (RX), as pictured in Figure 2 (SAZONOV; NEUMAN, 2014). The transmitter is the 

part where the energy from a power source will transfer. The receiver is located where the 

load demands the power. The transfer is normally made over distances at which the 

electromagnetic field is strong enough to allow a reasonable and efficient power transmitting 

(ALDHAHER, 2014) (SUN; XIE; WANG, 2013). 

 

Figure 2: A basic diagram of a wireless power transmission system. 

Source: Modified from (SAZONOV; NEUMAN, 2014). 

There are many methods in which power can be transferred without using wire 

connections. Most of them use the propagation of electromagnetic field as the energy carrier, 

being therefore classified in two main categories: near-field and far-field (SUN; XIE; WANG, 

2013). The near-field occurs closer to the transmission antenna at a distance smaller than one 

wavelength and decays very fast (~1/r
3
), being also referred as non-radiative type of 

propagation. Within this region, the transmitted magnetic field and transmitted electrical field 

are not linked together, but their strength is relatively strong. The far-field is considered the 

radiative type, and it starts from a distance equal to two wavelengths from the antenna up to 

infinity, falling off in amplitude generally by 1/r. At this point, both electrical and magnetic 

fields are perpendicularly linked together forming an electromagnetic wave that carries energy 

and momentum (AGBINYA, 2012). Figure 3 summarizes some methods that use 
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electromagnetic field as energy carrier, and also their respective performance related to 

directivity, range, penetrability, and the power transmission efficiency. 

 

Figure 3: Wireless power transfer methods. 

They are divided in near and far field energy transfer, both with some basics characteristics. Near-field 

technologies use low frequencies for transferring the energy, and they have high power transfer efficiency in a 

short range (mm to cm). On the other hand, far-field methods have lower efficiency, but larger range, using MHz 

to THz frequencies for power transfer. 

Source: Modified from (SUN; XIE; WANG, 2013). 

In general, far-field wireless energy transmission technologies are used at high 

frequencies, such as microwaves, transmitting a low amount of energy, but with high 

directivity and transfer range, being therefore, the most suitable for telecommunication 

systems. On the other hand, near-field systems are used at lower frequencies, achieving high 

power transmitting capability and weak directivity at short distances, being mostly used in 

battery charging system (SUN; XIE; WANG, 2013) (SAZONOV; NEUMAN, 2014). Within 

the near-field methods, the capacitive coupling transfers energy through an alternating electric 

field, while the inductive method uses an alternating magnetic field for delivering the energy. 

Electric fields can be transmitted over a good distance, but can lead to high electrical 

potentials with associated risk of electrical shock. On the other hand, magnetic fields offer a 

safer alternative, but require shorter distances between the source and device due to their 

inherent loop characteristic (ROOIJ, 2015). Although the principle behind capacitive storage 

is simpler, inductive storage potentially offers much higher energy densities for power 

transferring. In addition, compared to the electric field, magnetic field causes much less 

adverse effects on human body which makes the inductive coupling method the best choice 

for biomedical application (SUN; XIE; WANG, 2013). 
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2.2.1 Inductive Power Transfer 

The fundamental principle behind IPT systems lies in the relationship between time-

varying electric and magnetic fields given by the Maxwell equations, as showed using the 

differential form and the basic fields in the Equation 1 (FLEISCH, 2008) (BOWERS, 2014). 

       ⃗⃗    ⃗   
  

  
 Gauss‟s law for electric fields 

       ⃗⃗    ⃗    Gauss‟s law for magnetic fields 

       ⃗⃗   ⃗    
  ⃗ 

  
 Faraday‟s law 

      ⃗⃗   ⃗       (       
  ⃗ 

  
) 

Ampere–Maxwell law 

Equation 1: Maxwell's equations. 

As formulated by Oliver Heaviside. The Gauss‟s law for electric fields is showed in (1) and the Gauss‟s law for 

magnetic fields is given in (2). In (3) and (4), respectively Faraday‟s and Ampere–Maxwell law, the dynamic 

relationship between the electric and magnetic field is described. Faraday‟s equation states that electric field is 

produced by a magnetic field that changes with time, and the Ampere–Maxwell states that magnetic field is 

produced by an electric current and by an electric field that changes with time (FLEISCH, 2008). 

The static behaviour of electric and magnetic fields are given by the equations (1) 

which basically states that electric field is produced by electric charge, and (2), which 

enunciates that there are no magnetic charges (or magnetic monopoles), instead magnetic field 

are generated by a configuration called dipole. The dynamic behaviour between electric and 

magnetic fields are given by Faraday‟s and Ampere-Maxwell laws, where a time varying 

electric can generate, or induce, a rotational magnetic and vice versa (FLEISCH, 2008). When 

these laws are applied in circuits, Ampere-Maxwell law states that a rotational magnetic field 

is produced around a conductor carrying electric current with a strength proportional to the 

current. Yet Faraday‟s law of induction states that an alternating magnetic field can induce a 

rotational electric field, also known as electromotive force (emf ε), in a conductor. The emf 

generated is then proportional to the magnetic field‟s strength and its rate of change, as is 

showed in Equation 2 (FLEISCH, 2008) (BOWERS, 2014). 
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Equation 2:Faraday‟s law applied in circuits. 

The IPT system uses these principles of electromagnetic induction in order to transfer 

energy wirelessly. Figure 4 presents a simplified diagram of an IPT system and illustrates 

how these two laws can be applied together to transfer power wirelessly. 

 

Figure 4: Simplified diagram of an IPT system. 

Source: Modified from (BOWERS, 2014).  

While an alternating current is passing into a coil, referred to as the primary or 

transmitting (TX) coil, an alternating magnetic field is produced. If a second coil, normally 

referred to as the secondary or receiving (RX) coil, is placed in close proximity with the 

transmitter, then this alternating magnetic field will induce an electromotive force in the 

receiver‟s coil which will create an electrical current that will flow to the load. Hence, power 

is transferred from the transmitter to the receiver circuit, from the source to the load, without 

being physically interconnected (ALDHAHER, 2014). 

The key principle behind the IPT system is therefore, the magnetic coupling between 

the primary and secondary side, TX and RX. In general, the coils are said to be magnetically 

coupled if they both affect each other through a magnetic field generated by either one of 

them. In such case, in addition to the self-inductances of each coil, an additional inductance 

exists between the two coils which are referred to as the mutual inductance (M). Depending 

on the position between the TX and RX coils, only a certain amount of the magnetic flux 

generated by the transmitter coil will penetrates the receiver coil. The more flux reaches the 

receiver, the better the coils are coupled and the more efficient is the power transmission. The 
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grade of coupling is expressed by the coupling factor k, as showed in the Equation 3 

(LENAERTS; PUERS, 2009). 

    
 

√    

 

Equation 3: The coupling factor equation. 

It gives a reference of the magnetic coupling between the coils. It is a value between 0 (where transmitter and 

receiver coils are independent of each other) and 1 (expresses perfect coupling, i.e. all flux generated penetrates 

the receiver coil). 

The coupling factor specifies the strength of coupling between two coils by comparing 

the mutual inductance to their self-inductances, and it depends only on the geometrical 

properties of the two coils, such as the number of turns and the radii (ALDHAHER, 2014) 

(ALEXANDER; SADIKU, 2007). The coupling coefficient is a number between 0 and 1, 

where 0 represents no coupling between the two coils, i.e. the magnetic flux produced by 

either coil does not enter the other, and 1 is when there is a perfect coupling between the two 

coils, i.e. all of the magnetic flux produced by either coil enters the other. For values of k 

lower than 0.5, the two coils are said to be „loosely coupled‟, and for values of k higher than 

0.5, the two coils are said to be „tightly coupled‟. 

2.2.1.1 Inductive Power Transfer Standards 

With the recent increase of products using IPT systems and the several potential 

applications that may benefit from this technology, some standards concerning data and 

power transfer have been developed to allow a better integration, mostly for battery charging 

devices. There are three dominant standards that have been widely used for new IPT 

technologies: Wireless Power Consortium WPC (the close-coupled Qi Standard), the Alliance 

for Wireless Power A4WP (the loosely-coupled WPT Magnetic Resonance) and the Power 

Matters Alliance (PMA). The Table 1 summarizes some of the most important parameters of 

each standard. 
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Table 1: Some parameters of the three dominant standards developed for wireless power transfer applications.  

Standard 
   

Frequency 6.78 MHz ~ 201 – 315 kHz ~ 100 – 205 kHz 

Power Up to 22 W 5 W 

5 and 15 Watts with 

plans to develop 

classes up to 2.5 kW 

Coupling 
Loose < 50 mm 

Resonance 

Tight < 5 mm 

Inductive 

Tight < 5 mm 

Inductive 

Communication 
2.4 GHz 

(LP Bluetooth) 
In-Band In-Band 

Source: Adapted from (ROOIJ, 2015). 

The Alliance for Wireless Power (A4WP) uses magnetic resonance (tuned transmitting 

and receiving coil) and works at relatively large distances in the z direction, typically 50 

millimetres. In this standard one transmitter can supply energy for more than one receiver at 

the same time and the communication is done using Bluetooth. The Wireless Power 

Consortium is currently the most established solution on the market with over 230 approved 

devices. It uses inductive coupling for transmitting the energy over short distances (in the 

millimetre range) and different power classes. Power Matters Alliance (PMA) is a similar 

solution to WPC, since it uses short distances inductive coupling. Recently, A4WP and PMA 

announced the signing of the merger agreement between the two organizations, and now the 

A4WP/PMA established a core charging standard supporting a wide range of consumer, 

medical, military, and industrial applications (HANTSCHEL, 2013) (WIRELESS POWER 

CONSORTIUM, 2016) (AIRFUEL ALLIANCE, 2016) (PMA & A4WP, 2016). 

These standardization processes are considered important for wireless charging 

systems since the technology can be used in many different applications. One of the many 

areas that benefits from increased research and development in wireless power transfer 

systems for battery charging purpose is the medical field. Nowadays, most of the implanted 

devices rely either on external power sources or on implanted batteries. With the advancing of 

the technology, most components of electronic medical implants can be made smaller and 

designed to operate with very low power consumption. Yet, the implanted battery normally 

has to be replaced from time to time. For low power medical implants, such as pacemakers, 

wireless power transfer systems have the potential to avoid the surgical procedures needed to 

replace the battery, thus reducing the risk for patients.  
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 TRANSCUTANEOUS ENERGY TRANSFER SYSTEMS 2.3

Wireless power transfer brings benefits in a variety of different areas, but it has the 

potential to revolutionize the field of medical devices (AGBINYA, 2012). It is a significant 

breakthrough for modern implant devices since it offers an unlimited remote power source 

solution, and it improves system overall features (SUN; XIE; WANG, 2013). Inductive Power 

Transfer (IPT) technology seems to be the most promising solution for powering medical 

implants that need continuous high power consumption. In medical applications, inductive-

based wireless technologies designed to deliver power to medical implants, particularly when 

the power requirements make impractical the use of implanted batteries, are referred as a 

transcutaneous energy transfer system (SLAUGHTER; MYERS, 2010). 

The transcutaneous energy transfer system (TETS) is designed to deliver power from a 

primary source to a secondary implantable device through a dermal skin in a non-invasively 

manner. It provides an effective means of supplying power to chronically implantable devices 

such as, total artificial heart (TAH) and ventricular assist devices (VAD) with the advantage 

of avoiding the risk of infections associated with drivelines (invasively method) (GARG; 

SRIDEVI, 2015). It may utilize different methods to transfer the energy wirelessly such as 

ultrasound, but the most common way used for transferring the energy is by means of the 

magnetic induction produced in an inductive link. 

Robustness, portability, and life quality improvements are some of the advantages of 

using inductive-based TET systems in medical implants. Figure 5 shows a simplified diagram 

block of an inductive-based TET system. 
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Figure 5: Simplified block diagram of an inductive-based TET system.  

The primary side is composed by the DC power source and the power inverter that generates the AC signal 

which is used in the coils to create the time-varying magnetic field required for the energy transfer. In the 

secondary-side, there is the pick-up (receiver) coil, the rectifier that converters the AC to DC signal and the 

power management circuit that controls the power that is delivered to the system load. For a reliable operation of 

the implanted circuit, a power control system is normally required, being usually located in the primary-side. A 

data communication link is also frequently used in order to have a feedback control loop. 

Source: Adapted from (BOSSETTI, 2009). 

Although the design of a TETS involves many complexities, the working principle 

behind it is quite simple. As showed in Figure 5, a TET system is composed by an external 

circuit known as the primary-side, and the implanted circuit known as the secondary-side. The 

primary-side (or external circuitry) is composed by the power supply, the power inverter 

DC/AC and the transmitter coil. The main objective of this part is to generate an alternate 

current (AC) signal for creating a time-varying magnetic field necessary to couple the TX and 

RX coils. This task is mainly done by the power inverter which converts the DC voltage from 

the power supply to an AC signal. The magnetic flux produced by the transmitter coil (TX) 

due to its magnetic field will, accordingly with the Faraday‟s law, induce an electromotive 

force (emf ε) in the pick-up coil (receiver coil RX). 

The secondary-side circuit is then responsible for rectifying the AC signal produced by 

the induce emf to a stable DC signal that, in the end, will provide the power for the system 

load (BOSSETTI, 2009). In most TET systems, the load is a set of rechargeable batteries 

and/or a system designed to perform a certain action, an actuator such as a motor 

(SLAUGHTER; MYERS, 2010). In order to have a reliable power delivered to these loads, a 

power management circuit is usually required in the secondary-side. This circuit is 
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responsible for the control and regulation of the power flowing to the load. The control part of 

the circuit may involve both primary and secondary-side, therefore a wireless communication 

channel is used to enable feedback control of the power transferred.  

Historically, transcutaneous energy transfer systems were initially idealized in the 

early 60‟s to power blood pumps for fully implantable total artificial heart (TAH) purposes. 

Therefore, TETS implementation parallel the development of devices designated for replace 

or assist the heart, which are referenced as mechanical circulatory support devices (MCSD). 

Since that time, one of the main design constrains were the heating generated by the 

implanted circuitry inside the body. 

 HEATING MECHANISMS AND SAFETY STANDARDS 2.4

The heat transfer process in biological systems is relevant for diagnostic purposes and 

therapeutic applications. With the increased use of medical implants, the temperature rise 

caused by its devices has also instigated many researches in this field (GOWRISHANKAR et 

al., 2004). Temperature rise in tissue has been studied for a long time, and it is known to 

cause cell death if not limited (DAVIES et al., 1994). The safe use of implanted devices 

depends in part on its power transfer efficiency and its ability to dissipate the heat generated 

without damaging the tissue. Therefore, the understanding and determination of the chronic 

effect of heat on tissue is a fundamental step for developing TET systems.  

As commonly stated in thermodynamics, the process by which the energy transport 

takes place is known as heat transfer and what is in transit is defined as heat. All heat transfer 

processes involve the exchange and/or the conversion of energy within the agreement of the 

laws of thermodynamics. In general, three distinct modes of heat transmission can be 

recognized: conduction, radiation, and convection (KREITH; MANGLIK; BOHN, 2011). 

 Conduction is the heat flowing from the higher temperature to the lower 

temperature region existing on the occasion that a temperature gradient exists. The 

rate of the heat flow is proportional to the temperature gradient and the area through 

which the heat is transferred. 

 Radiation is the energy transfer by the emission of electromagnetic waves 

which carry energy away from the emitting object. The quantity of energy leaving a 
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surface as radiant heat depends on the absolute temperature and the nature of the 

surface. 

 Convection is basically the heat transfer by mass motion of a fluid when the 

heated fluid is caused to move away from the source of heat, carrying energy with it. 

Regarding the medical implanted devices, the temperature rise is mainly created due to 

the heat transmission by conduction and radiation modes of internal and external components. 

There are both direct and indirect safety concerns that have to be considered when 

continuously transferring power through the skin. Direct safety concerns include thermal 

tissue damage caused by exposure to the electromagnetic fields, coil heating effects, and 

potential unwanted nerve stimulation. Indirect concerns are those caused by potential 

interference of the TET system with other implanted devices (GARG; SRIDEVI, 2015).The 

heat sources associated with the implanted device can be, therefore, divided into electric and 

electromagnetic heating.  

2.4.1 Electric Heating 

The electric heating is the process in which the electrical energy is converted to heat 

due to power losses in the circuit and is the ultimate contributor to increasing temperature of 

the tissue surrounding the implanted device (BOSSETTI, 2009). Figure 6 shows an 

illustrative example of the potential causes of temperature increase caused by the electric 

heating of a total artificial heart (TAH) device that uses TETS (DISSANAYAKE et al., 

2008). 
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Figure 6: Thermal illustration of medical implanted devices components for total artificial heart applications. 

The TET system has basically two sources of electronic heating, the primary and secondary coils, and the 

implanted electric circuit. When the whole TAH system is considered, the motor that pumps the blood and the 

back-up batteries necessary for powering the system in emergencies have to be also considered. Temperature 

colours are not in scale. 

Source: Modified from (DISSANAYAKE et al., 2008) (NATIONAL HEART, LUNG AND BLOOD 

INSTITUTE (NIH), 2012). 

The main sources of electric heating of TETS are the implanted electronic circuit and 

the coils used to transfer the energy wirelessly. In the case of TAH, the motor used to pump 

the blood is also a relevant source of heating, requiring therefore the use of motors with high 

efficiency conversion between electrical to mechanical energy. Another considerable source 

of heating is the implanted batteries that are used in case the TETS cannot provide the 

required energy demand. Here, the electrochemical process has to be optimized in order to 

maintain the temperature within safe limits while the batteries are either in use or being 

recharged (DISSANAYAKE et al., 2008). 

One of the most important standards that specifies the limits of temperature rise in 

implant devices is the ISO 14708-1 part 17 in which describes the general requirements for 

active implantable medical devices in order to provide basic assurance of safety for both 

patients and users. According to this standard, the outer surface of any part of an implantable 

device should not exceed 2
o
C above the normal body temperature of 37

o
C, as a result of 

normal operation or any single fault condition (BOSSETTI, 2009) (ISO 14708-1:2014, 2014). 
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The problem is, that the relation between tissue temperature rise and the maximum allowed 

dissipated power of the implanted device is very complicated to determine and it depends on 

factors like implanted site and size. Simplified design methods normally take in account data 

from animal studies in order to establish the maximum power losses of the implanted circuit 

(LUCKE; BLUVSHTEIN, 2014). 

Experiments conducted in calves have investigated the chronic effect of heat on tissue 

using implanted heating devices that produced constant heat fluxes of 40, 60 and 80mW/cm
2
. 

It has been shown that for power densities around 40mW/cm
2
, the tissue temperature increase 

was limited to a range of 2 to 3
o
C, with absolute temperatures remaining below 42

o
C. The 

Figure 7 illustrates the result obtained by (DAVIES et al., 1994) in such experiments with 

calves where heated disks were implanted adjacent to lung and muscle tissue for a period of 7 

weeks, while the temperature in the surroundings where monitored. 

 

Figure 7: Temperature versus power densities. 

The graphic shows the change in heart and lung tissue temperature during 7 weeks of experiments in calves, 

accordingly with the heat flux used. For a power density of 40 mW/cm
2
, the temperature of the lung and muscle 

tissue stays between 37
o
 and 40

o
, being in agreement with the safety standard ISO 14708. 

Source: Modified from (DAVIES et al., 1994). 

As seen in the graphic of Figure 7, there is a drop in temperature in the lungs and in 

the muscle tissue heated along the weeks. It was found that the tissue surrounded the heat 

source suffered from an adaptive response due to the additional endogenous heat, whereby 

heated tissue temperatures decrease over time. This response occurred in conjunction with a 

localized physiological process called angiogenesis, through which new blood vessels form 

from pre-existing vessels. This tissue adaptation, along with the angiogenesis, contributes to 

the temperature decreases of the tissue by increasing local perfusion and enhancing tissue heat 

transfer (SAIDEL et al., 2001). 
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2.4.2 Electromagnetic Heating 

Tissue temperature can also increase due to absorption of electromagnetic energy of 

either external or internal devices. The safety guidelines on electromagnetic field exposure are 

developed by several scientific committees of national and international organizations. These 

standards vary between the United States (US) and the European Union (EU). In the US, 

human exposure guidelines are published by ANSI/IEEE C95 (IEEE SAFETY STANDARDS 

- C95.1-2005, 2006). In the EU, the ICNIRP (International Commission on Non-Ionizing 

Radiation Protection) publishes the guidelines (LUCKE; BLUVSHTEIN, 2014) (ICNIRP, 

2010). The definition of the threshold values above which biological effects can be expected, 

such as nerve stimulation and temperature rise, are defined in most of international standards 

by the specific absorption rate (SAR) levels (LAZZI, 2005). The SAR is expressed in units of 

energy per unit time per unit mass, or W/kg, as it is showed in its definition in Equation 4 

(IEEE SAFETY STANDARDS - C95.1-2005, 2006). 
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Equation 4: Definition of the specific absorption rate (SAR). 

This equation is used for measuring the tissue absorption of electromagnetic energy for quantifying the 

maximum level of tissue exposure to electromagnetic field. 

In terms of electrical safety, the IEEE standards define as limit a peak spatial SAR of 

1.6 W/Kg and a whole body average of no more than 0.08W/Kg for general exposures, for 

frequencies as low as 3 kHz (IEEE SAFETY STANDARDS - C95.1-2005, 2006). For 

frequencies greater than 300 kHz, the Federal Communications Commission (FCC) has 

implemented guidelines. In terms of electric and magnetic field limits, according to IEEE Std 

C95.1 and the FCC, exposure should be limited to an electric field strength of 614 V/m for 

frequencies up to 1.34 MHz, and the magnetic field exposure should be limited to 163 A/m up 

to 100 kHz, 16.3 A/m from 100-300 kHz, and 1.63 A/m up to 1.34 MHz (BOSSETTI, 2009) 

(CHRIST et al., 2013). Regarding TETS applications, since the power transfer requires an 

alternating current in the primary coil in order to generate a magnetic field that induces an 

alternating field in the secondary coil, tissue damage can be caused either by the power losses 

of the electronic circuit and the coils, as well as by the exposure to the electromagnetic fields 

created in the inductive link. In this scenario, both magnetic and electrical fields are generated 

and contribute for the SAR, as well as the induced electric fields or current.  
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The generated electric fields are considerably small, and are mostly shielded by the 

body since the inductive link between the coils operates as a loop antenna (AGBINYA, 2012). 

On the other hand, the magnetic field can be significant near or between the coils. Since 

human tissue is non-magnetic, but conductive, the alternate magnetic field radiation can 

penetrate deep in the body without attenuation. Therefore, the alternate magnetic field of coils 

in TET system can generate local eddy currents (or Foucault currents), which are basically 

loops of induced electrical currents created by a time-varying magnetic field in a conductor 

(LUCKE; BLUVSHTEIN, 2014). 

The possible biological effects of induced electric fields or induced currents in a 

human body is normally divided into excitation and heating, which basically depends on the 

frequency of the application. The boundary is considered to be at about 100 kHz, which 

means that excitation seems to be more important below this frequency, while heating is 

predominant for a higher frequency (TAKUMA et al., 2006). At frequencies below 100 kHz, 

induced currents at thresholds greater than 100-1000 mA/m
2
 can directly cause nerve and/or 

muscle stimulation (LUCKE; BLUVSHTEIN, 2014) (EMFS.INFO, 2016). 

2.4.3 Thermal Effects on Skin Tissue 

In addition to the issue of electromagnetic fields induced in the human body and the 

electric heating caused by the implanted device, it is also very important to consider the 

thermal effects in skin tissue caused by the coils in TET systems. In order to maximize the 

coupling of the inductive link, the implanted coil is normally situated underneath the skin and 

the primary coil is placed directly above the skin. Therefore, significant power dissipation in 

the coil itself due to intrinsic losses could cause temperature increase in the surrounding 

tissues that may lead to tissue damage if the local temperature exceeds 42
o
C (LAZZI, 2005) 

(GOWRISHANKAR et al., 2004). The understanding of the thermal effects in skin tissue due 

to the inductive link normally involves the use of numerical and experiments methods. 

Simulations used to study the thermal properties of biological tissue generally use the Pennes 

bioheat equation, as showed in Equation 5 in its simplest form (DISSANAYAKE et al., 2008) 

(KHANAFER; VAFAI, 2009). 
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Equation 5: Pennes equation. 

The simplest form, where ρ, cp, Tt, kt and qm are tissue density, tissue-specific heat, tissue temperature, tissue 

thermal conductivity, and uniform rate of metabolic heat generation in the tissue layer per unit volume, 

respectively. The model assumes uniform thermal conductivity, perfusion rate and metabolic heating. 

The Pennes bioheat transfer equation describes the exchange magnitude of heat 

transfer between tissue and blood. The model assumes a uniform thermal conductivity, 

perfusion rate, and metabolic heating can be applied in various biological research works 

(KHANAFER; VAFAI, 2009) (SHIH et al., 2007). One of the many applications of this 

equation is the simulation of the heat distribution of the inductive link in TETS. Figure 8 

shows a simulation made by (DISSANAYAKE et al., 2008) using Pennes bioheat equation 

for considering the heat distribution of the primary and secondary coils when 15W of power is 

being transferred. 

 

Figure 8: Simulation of the heat distribution of the coils of a TETS. 

The power transfer of 15W is simulated using the COMSOL multi physics package and the Pennes bioheat 

equation. T1 represents the temperature distribution of the subcutaneous tissue and healthy tissue. While T2 

represents the temperature distribution in the coils. 

Source: Modified from (DISSANAYAKE et al., 2008). 
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As seen in Figure 8, the region between primary and secondary coil is the one that has 

the highest temperature, 42
o
C for this case. In addition, using the T2 scale, it can be observed 

that the secondary coil stays above 40
o
C. For the primary coil, most of the heat is dissipated 

into the air, which reduces its surface temperature. 

For the scenario showed in Figure 8, where the coils from the TETS is shown, the 

convection of the heat of the primary coil and the body through the air plays the most 

significant role in dissipating the heat generated by the coils. In the secondary-side, as the 

temperature increases, the adaptive response along with the angiogenesis process will increase 

the blood perfusion in the area in order to effectively remove the heat. If the implant is 

surrounded by muscle or lung tissue, it has been proven by several researches that the heat 

from the device is mainly dissipated by blood perfusion (OKAZAKI et al., 1997). However, 

when considering implants surrounded by skin tissue, the mechanisms triggered by the 

thermoregulatory center of the human body to dissipate the heat are also important. 

2.4.4 Body Thermoregulatory Process 

The term homeostasis is used by physiologists to define the maintenance of nearly 

constant conditions in an internal environment (GUYTON; HALL, 2006). One of the most 

impressive examples of homeostasis is the regulation of the body temperature. In humans, 

body temperature is controlled by the thermoregulatory centre in the hypothalamus and 

maintained with the help of the cardiovascular system and its temperature sensitive receptors. 

In the hypothalamus, there are receptors sensitive to the temperature of the blood flowing 

through the brain. Temperature sensitive receptors in the skin also send feedback information 

to this centre regarding the temperature of the skin surface.  

As all homeostatic mechanisms, the thermoregulation uses negative feedback to 

maintain a constant temperature value. Negative feedback means that the system tends to 

reduce the fluctuations in the output, whether caused by changes in the input or by other 

disturbances. For the human body, the considered output is generally reported to be 37
o
C, 

oscillating between 36.6
o
C and 37.2

o
C. It is very important to consider the limits of body 

temperature, which when abnormal, can lead to death. For example, an increase in body 

temperature of only 7°C above normal can lead to a vicious cycle of increasing cellular 

metabolism that destroys the cells (GUYTON; HALL, 2006). The temperature changes in the 

core of the body cause the hypothalamus to send nerve impulses to the sweat glands, muscles 
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and blood vessels in order to raise or lower the temperature. Figure 9 illustrates some 

mechanisms triggered by this thermoregulatory system when the temperature in the body is 

too high. 

 

Figure 9: Mechanisms triggered by the thermoregulatory center. 

Sweating and vasodilatation are two of the mechanisms used by the thermoregulatory centre to dissipate the heat 

from inside to outside of the body. 

Source: Modified from (ABPI SCHOOLS, 2012). 

When the temperature in the body is too high, the thermostat inhibits the adrenergic 

activity of the sympathetic nervous system, which control vasoconstriction and metabolic rate, 

thus causing cutaneous vasodilation and reducing the metabolic rate (MCNAB, 1997). This 

results in an increase heat loss via the skin and a decrease heat production in the core. The 

dilatation of the blood vessels allows more blood to flow near the surface of the body and the 

sweat to pour out onto the surface of the skin for evaporation, which permits the heat to be 

dissipated through the skin. Research has shown that blood flow can rise by 15 times within a 

matter of minutes due to the thermoregulation effects of the human body (DISSANAYAKE et 

al., 2008). 

As described above, there are many factors that must be considerate in developing 

implanted devices. In combination with the heating mechanisms and safety concerns, there 

are also numerous other complexities involving the specific functions that the device must 

perform. Consider for instance the pacemaker; its main purpose is to provide electrical stimuli 

to cause cardiac contraction in order to maintain an adequate heart rate. For controlling the 
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pace, most of the pacemakers sense different physiological variables, such as blood pressure, 

pH and temperature. The stimulation process requires the understanding of many biological 

and chemical processes that happen in the cardiac muscle tissue. Depending on the cardiac 

disease, an appropriate pacemaker mode has to be selected for delivering the right stimuli 

(HADDAD; SERDIJN, 2009). As in most medical implants, the technical difficulties for 

implementing the device come with the challenge of understanding the biology behind the 

application. 

 TETS IN MEDICAL APPLICATIONS 2.5

Over the past 60 years, implantable electronic technologies have experienced a 

significant transformation. The miniaturization and the lower energy requirement of modern 

electronic components allow a multitude of wireless electronic devices that can be implanted, 

such as intelligent gastric devices, cardiac pacemakers, retina and cochlear implants, and 

functional electrical stimulation (FES) systems like deep brain, nerve, and bone stimulators 

(BAZAKA; JACOB, 2013). When it comes to power utilization, these medical implants can 

vary greatly depending on the application. For instance, state-of-the-art pacemakers can run 

on as little as 0.3μW, sensing the heart pace, doing the control and the stimulation 

(DAGDEVIREN; YANG, 2014). On the other hand, modern Total Artificial Heart (TAH) 

systems may require 15 W at resting condition, and more than 35W under exercise, in order to 

perform the function of a healthy human heart (SLAUGHTER; MYERS, 2010) (JOUNG; 

CHO, 1996). Figure 10 shows approximately the power range of some medical implanted 

devices.  
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Figure 10: Approximated power range of some medical implants. 

The scale is not in the right ratio, it is only for a conceptual illustration. Pacemakers, cochlear implants and FES 

have power consume below 1 W. High power medical implants, such as Ventricular Assist Device (VAD) and 

Total Artificial Heart (TAH) require normally between 5W to 20W, 10 to 40W to operate, respectively.  

Source: Modified from (LIANGYU; HOUJUN; JIANYU, 2013) and (AMAR; KOUKI; CAO, 2015). 

Depending on the power range of the medical implant, implanted batteries can be used 

for supplying the necessary electrical energy. Although a wide variety of battery chemistries 

can be used, so far, the most common implanted batteries are still Lithium-based. This 

particular chemistry is widely used because high energy densities can be obtained 

(BOSSETTI, 2009). Typically, Li batteries are developed in the forms of Li metal anodes 

with cathode systems that can be made of iodine (Li/I2), silver vanadium oxide (Li/SVO) and 

others. Among those, Li/I2 batteries have a discharge voltage of up to 3.6 V and their energy 

density can reach 210 Wh/kg, which can power a cardiac pacemaker for several years. On the 

other hand, Li/SVO batteries have higher capacity of over 300 Wh/kg, being suitable for 

implantable defibrillators/cardioverters, neuro-stimulators and drug pumps (AMAR; KOUKI; 

CAO, 2015) (BOCK et al., 2012). 

Although Lithium-based batteries have been widely used as reliable sources for long-

term medical implants, its application is limited to power levels ranging from microamperes 

to amperes, which is suitable for most of the low power medical applications such as cochlear 

implants, pacemakers, cardiac defibrillators or drug delivery systems. In these applications, 

state-of-the-art Lithium-based batteries can last between 5 to 15 years, requiring at some point 

a chirurgical procedure to change the implanted battery. For high power medical devices, such 

as Ventricular Assist Devices (VAD) and Total Artificial Heart (TAH), modern batteries 

packs with size feasible for implantation that can provide energy densities of up to 255 Wh/l 
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can supply power approximately for 1 to 2 hours with an average power consumption of 

approximately 7W, and also depending on the allowed depth of discharge (KNECHT; 

BOSSHARD; KOLAR, 2015). 

In such system, normally the implanted battery is only a secondary energy source used 

in cases where the primary source is interrupted. The main power source of high power 

medical applications is external and the electrical energy is delivered normally by a 

percutaneous driveline, which connects the medical implant to the power source outside the 

human body. Figure 11 pictures a ventricular assist device (VAD) system that uses a driveline 

for powering the implanted devices. 

(a) 

 

(b) 

 

Figure 11: Most of the VAD systems use a driveline for powering the implanted circuit. 

The problem is that this driveline can cause severe infections which can led the patient systematic ill, and the 

infection may spread to multiple sites, yielding complications or even cause the dead of the patient. In (a), a 

front-view of the driveline is picture and in (b) a lateral side-view. 

Source: Own source. 

In addition to causing discomfort for the patient and limiting its mobility, many 

medical studies had been proven that driveline infections are one of the most common and 

serious complications in patients using mechanical circulatory support systems, such as left 

ventricular assist device (LVAD). Infections, sepsis and traumatism of the exit site, which 

occurs in response to movement of the driveline, are some of the complications caused by this 

solution (GORDON; QUAGLIARELLO; LOWY, 2006). Since its conception, one of the 

main purposes of Transcutaneous Energy Transfer Systems (TETS) is to deliver high amount 
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of power wirelessly avoiding the problems caused by the driveline. For low power medical 

implants, such as pacemakers, TET has the potential to avoid the need for surgeries and thus 

reducing the risk for patients. In addition, the inductive link used for transferring energy can 

also be used for sending data in applications were modulated stimulations are required 

(ZIERHOFER; HOCHMAIR, 1990). 

2.5.1 Implanted Stimulators 

Although TETS were first idealized for powering high power application such as Total 

Artificial Heart (TAH), they have found the use in low power medical devices. The most 

successful clinical use of TETS is in cochlear implants (BOSSETTI, 2009) (ASSOCIATION) 

(MCDERMOTT, 1989). The cochlear implant is a surgically placed device that converts 

sound to an electrical stimulatory signal. These electrical signals are transmitted to the spiral 

ganglion cells in the cochlear modiolus, providing direct electrical stimulation to the auditory 

(hearing) nerve in the inner ear (ASHA, 2016) (KENNETH; MEYERS, 2016). In most 

modern cochlear implants, an inductive link is used for sending the electrical stimulatory 

information associated with the sound. Figure 12 pictures the parts of such device. 

 

Figure 12: Ear with cochlear implant.  

The signal and energy necessary to stimulate the auditory nerve is sent using an inductive link, as in a 

transcutaneous energy transfer system. 

Source: Modified from (NIDCD, 2016). 

Cochlear implants are built basically by an external (outside) circuit, composed by a 

microphone, a speech processor and a transmitter, and an internal (surgically implanted) part, 
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which includes the receiver and the stimulator circuit. The external device converts the sounds 

that are picked up by the microphone into electrical signals. The speech processor modulates 

these signals in order to stimulate the auditory nerve. The implanted circuit receives the 

energy and information by the inductive link, delivering the coded electrical signals to an 

array of electrodes that stimulate the fibers of the auditory nerve. Thus, sound sensations can 

be perceived. Although this device cannot restore normal hearing, it can provide substantial 

sounds representation of the subject‟s environment and speech understanding (ASHA, 2016) 

(NIDCD, 2016). 

There are many other medical implants that can benefit of TETS for transferring 

power and data. Most of these applications involve stimulation of specific muscles and nerve 

cells using electric current. The technique is termed functional electrical stimulation (FES), 

where small electrical pulses are applied to paralyzed muscles in order to restore or improve 

their function. FES systems have been developed for restoring function in the upper extremity 

and lower extremity in individuals that have been paralyzed due to injury to the central 

nervous system, as well as in bladder control, foot drop devices and respiratory system 

(PECKHAM; KNUTSON, 2005). In many of these devices, TETS can be used for 

transferring the energy and modulated electrical signal to the stimulator, avoiding the use of 

driveline or the use of external electrodes for the stimulation. Figure 13 summarizes some 

possible applications of TETS in medical implants. 
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Figure 13: Possible medical implants that can benefit from TETS for both data and power transfer. 

Source: Modified from (GOLLAKOTA et al., 2011).  

TETS have seen increased clinical utilization in low power application functional 

electrical stimulation (FES) and in pain control devices (BOSSETTI, 2009). For high power 

application, such as LVAD and TAH, TETS has been investigated by several groups and 

companies, but there is still no commercial solution available in the market today (KNECHT; 

BOSSHARD; KOLAR, 2015). 

 TETS DESIGN CONCEPTS 2.6

As seen, many system parameters must be considered in order to transmit power 

efficiently through the inductive coupling of coils in TETS applications. To summarize, there 

are two main design constraints associated with the application of TETS in high power 

medical applications. Primarily, the system must have high power transfer efficiency in order 

to minimize the losses, since the maximum allowed temperature increase on the implanted 

circuit site is between 2-3
o
C, which correspond of approximately 40mW/cm

2
 in cases where 

the surrounding tissue are mainly muscle. Secondly, because the coupling between coils is 

low and can vary greatly due to the operation procedure or with movements of the patient, the 
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system must be able to control the correct amount of power delivered, despite changes in the 

coupling or load (DISSANAYAKE et al., 2009). 

Basically, the design of a TETS can be divided in 3 major tasks, as pictured in Figure 

14: the inductive link design, the electronic circuit topologies needed for transferring and 

receiving the power and the control part, which can also involve a data communication link. 

 

Figure 14: The design parts of a TETS. 

It can be divided basically in 3 parts. Normally the inductive link is optimized first, accordingly to the power 

transfer needed and the operation points of the applications. Then, the electronics circuits for powering 

conditioning are developed. In the end, the control part and also a data communication link can be implemented 

in order to have a close loop control circuit of the transmitting power. 

Source: Own source. 

As in any inductive-based wireless power transfer system, the key principle behind 

TETS is the magnetic coupling between the primary and secondary side. Therefore, the design 

of the inductive link that maximises the amount of power transmitted within the operating 

range of the application is crucial. Normally the optimization of the inductive link for the 

specific application is firstly considered when designing a TETS. Then, the electronic circuit 

are implemented taken in consideration the most efficient topologies. The third part is the 

control of the power transferring, which may use a data communication link in order to have a 

close loop control. 
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2.6.1 Inductive Link Design 

The inductive link is basically composed by two inductors (coils) that are magnetically 

coupled. Figure 15 shows in (a) a simplified representation of an inductive composed by two 

circular coils and in (b) its simple electronic circuit model are pictured.  

(a) Inductive link representation 

 

(b) Inductive link electric circuit 

 

Figure 15: The inductive link. 

It is composed by two inductors that are magnetically coupled. In (a) a simplified representation of the inductive 

link composed by two circular coils is showed. In (b) a simple electronic circuit model is pictured, where LP and 

Ls are the self-inductances of the primary and secondary coil, respectively, and k is the coupling factor between 

the coils, RS is the load, Vin in the input voltage signal and i are the current. 

Source: Modified from (ALDHAHER, 2014). 

Relatively large leakage inductance is intrinsic from most of inductive-based wireless 

power transfer applications since normally a relative large separation between the primary and 

secondary windings is required. In such cases, the compensation circuits are needed to form 

the resonant tanks in order to reduce the influence of the leakage inductance. For inductively 

coupled systems, the energy transference efficiency is directly proportional to the coupling 

factor (k) between the windings. While tightly constructed core-based transformers can reach 

very high values (>0.98), this is not the case for the loosely coupled systems, which stays 

normally between 0.1 and 0.5 (ALDHAHER, 2014). In order to cope with lower coupling 
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factors and consequently higher leakage inductances, reactive compensation 

elements/arrangements can be employed to “recycle” the energy that otherwise would be lost 

in the stray field. Such technique relies on resonant operation and can increase the energy 

transference efficiency by an additional term depending on the quality factor of the resonant 

link components. In such case, the maximal achievable efficiency of an inductive link can be 

theoretically determined by the coupling factor and the quality factors of the transmitting and 

receive coils, which can be approximated as given in the Equation 6 (ZHANG; MI, 2015) 

(BOSSHARD et al., 2015). 

    
 

( √    )
  

Equation 6: Approximated expression for the inductive link efficiency in resonance.  

The product   , with   √    , is the Figure-of-Merit (FOM) for the efficiency. 

Since the maximum achievable efficiency of an inductive link system in resonance is 

only decided by two parameters, the coupling coefficient and the quality factors of the 

windings, many efforts had been employed in order to optimize them. In order to achieve a 

high energy transmission efficiency the product   , with   √    , known as Figure-of-

Merit (FOM), must be maximized (KNECHT et al., 2014). The problem is that there are 

several variables that affect the efficiency of the coupling coefficient k and the quality factor 

of the coils. For instance, the coupling coefficient is a function of the mutual inductance of the 

coils, which is function of coils‟ dimensions, their orientation with respect to each other, their 

number of turns, the distance between them and the magnetic core that they are wound on (if 

any) (ALDHAHER, 2014). On the other hand, the quality factor (Q-factor) depends on the 

operation frequency and the resistance of the coils. 

2.6.1.1 Quality Factor (Q-factor) 

The quality factor Q of a coil at an operating frequency ω is defined as the ratio of 

reactance of the coil to its resistance, as given in the Equation 7. 
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Equation 7: The equation of the quality factor of a coil. 

L is the effective inductance of the coil in Henrys and R is the effective resistance of the coil in Ohms. 

The easier way of increasing the efficiency of the inductive link is selecting an 

operation frequency that corresponds to the maximum Q factor of the coils used as transmitter 

and receiver. Figure 16 shows some coils with different properties and their quality factor 

according to the frequency (DAVIS, 2011). It is seen that the maximum Q can be located at 

different frequencies, depending on the composition of the coil. 

 

Figure 16: Graphic of quality factor versus frequency of different coils. 

It illustrates the dependency of the quality factor of the coils with the frequency. In order to have the maximum 

Q the proper frequency of operation has to be chosen.  

Source: Modified from (DAVIS, 2011).  

Another way to increase the quality factor of the coils is by minimizing its resistance. 

Since the coils are wound with copper wires, it is expected that they have a resistance 

proportional to wire‟s length and cross sectional area. In AC applications, as the frequency of 

the current increases its resistance also tends to be higher due to skin and proximity effects. 

Figure 17 shows the equivalent series resistance of a cable in (a), as well as the skin (b) and 

proximity (b) effects on wires (HANTSCHEL, 2013). 
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(a) Equivalent Series 

Resistance of a Cable 

 

(b) Skin Effect 

 

 

(c) Proximity Effect 

 

 
Wires with same current direction 

 
Wires with opposite current direction 

Figure 17: The equivalent series resistance (ESR) of a cable, the skin, and proximity effects. 

The equivalent circuit of a cable is composed by the DC resistance, the resistance due to skin and proximity 

effects in AC application. 

Source: Modified from (ALDHAHER, 2014). 

The equivalent series resistance (ESR) of a cable is basically composed by the DC 

resistance, the resistance due to skin and proximity effects in AC application. The skin effect 

is caused by AC current components and leads to higher concentration of current (current 

density) near the surface of the conductor (within the so-called skin-depth „δ‟). This is mainly 

caused because the alternate current produces an alternating magnetic field, which creates an 

electric field (called back emf) that opposes the change of the current density. The back emf is 

strongest at the center of the conductor, which forces the current to the outer region of the 

conductor. The skin effect reduces the effective cross-section area of the conductor where the 

current flows, which causes the effective resistance of the conductor to increase at higher 

frequencies. The current distribution can also be modified by the proximity effect, which 

occurs when conductors are placed close to each other and are affected by their mutual 

reactance. In this case, the resultant attraction or repulsion of the currents in each conductor 

(depending on the direction of the current) also reduces the effective cross-section area where 

the current is conducted, hence increasing the resistance (ALEXANDER; SADIKU, 2007). 

The equivalent series resistance (ESR) of the cables and of other passive components 

has a significant contribution in the overall losses of any induction-based system. One 

classical solution to counteract skin and proximity effects is to build the coils with Litz wire, a 

conductor consisting of insulated strands woven in such a way that they all interchange their 

relative position within the wire cross-section (LENAERTS; PUERS, 2009). Figure 18 shows 

two types of Litz wire, the type I consist of a few twisted copper strands isolated from each 

other and when a few type I are twisted together the type II is formed, and so on. Using this 

https://en.wikipedia.org/wiki/Electrical_resistance
https://en.wikipedia.org/wiki/Frequency
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method, all strands are approximately magnetically equivalent, since they occupy a similar 

position within the bundle, and therefore the current does not concentrate in some particular 

strands. With this, a configuration with much lower AC resistance than when normal wires 

are used is obtained (LENAERTS; PUERS, 2009). 

 

Figure 18: Examples of type I and II of Litz wire. 

Source: Modified from (LENAERTS; PUERS, 2009). 

Regarding power efficiency, such optimizations make wireless systems competitive 

with their wired counterparts, since efficiency values as high as 90% can be obtained, even for 

transmission over larger distances (ALDHAHER, 2014). However, the maximization of the 

quality factor of the coil alone does not assure high efficiency. The coupling factor k has also 

to be optimized and in this case, the geometry of the coil, the alignment between them, the 

core and other factors have to be taken in consideration. 

2.6.1.2 Coupling Factor (k) 

The coupling factor k is defined as showed in the Equation 8. 

    
 

√    

 

Equation 8: The coupling factor. 

It gives a reference of the magnetic coupling between the coils. It is a value between 0 (where transmitter and 

receiver coils are independent of each other) and 1 (expresses perfect coupling, i.e. all flux generated penetrates 

the receiver coil). 

The coupling coefficient is a number between 0 and 1, where 0 represents no coupling 

between the two coils, i.e. the magnetic flux produced by either coil does not enter the other, 

and 1 is when there is a perfect coupling between the two coils, i.e. all of the magnetic flux 

produced by either coil enters the other. For k is lower than 0.5, the two coils are said to be 
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„loosely coupled‟, and when k is higher than 0.5, the two coils are said to be „tightly coupled‟ 

(SI et al., 2008). Good coupling and maximum energy transmission depends also on the size 

of the effective area of the receiver coil in the magnetic field of the transmitter coil. Since in 

the near field range the magnetic field drops fast, almost proportional to 1/r
3
, the efficiency of 

the link will drop dramatically if greater distances than the coil diameter are required. The 

same happens in applications where a large size difference of the coils is necessary 

(WAFFENSCHMIDT, 2009). In addition, the alignment of the coils also affects the 

efficiency of the inductive link. As showed in Figure 19, there are tree forms of misalignment: 

vertical, lateral and angular (HANTSCHEL, 2013). 

(a) Vertical 

 

(b) Lateral 

 

(c) Angular 

 

Figure 19: Simplified representation of the tree forms of misalignment: the lateral, angular and vertical cases.  

Source: Modified from (HANTSCHEL, 2013). 

Lateral misalignment happens when the transmitter coil and the receiver coil are 

placed in parallel, and their centres do not only have horizontal distance (Δy), but also have 

the vertical distance Δz. Angular misalignment is when the receiver/transmitter coil is turned 

by an angle Δθ when the centres of the transmitter coil and the receiver coil are well aligned. 

The vertical misalignment happens when the Δz distances changes. The transmission and 

receiver coils need to be properly aligned to minimize losses. The best-case scenario is when 

the receiver coil is centred with the transmitter coil without angle or lateral misalignment and 

the distance in the z direction is as low as possible. In either case, lateral, angular or vertical, 

the misalignment can negatively affect the energy transmission (SUN; XIE; WANG, 2013) 

(HANTSCHEL, 2013). It has been reported in the literature misalignment tolerance of ± 20 

mm lateral and/or vertical, which represents coupling factor between 0.1 to 0.5 maximum, for 

medium (1- 5W) and high (10 – 30W) power in TET systems (BOSSETTI, 2009). 

Another important element that crucially influences the coupling is the magnetic field 

pattern (magnetic coupling k) of the coil‟s configuration. For instance, the shape of the coils 

can influence the efficiency of the power transfer. Typical shapes of inductive-based wireless 
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power technologies inductors include circular, square, and rectangular structures. It have been 

reported by (BOSSHARD et al., 2015) simulations for the magnetic coupling k of the four 

inductor shapes, in which the better coupling is achieve when circular-shape coils are used 

(BOSSHARD et al., 2015) (ZIERHOFER; HOCHMAIR, 1996). Despite the geometry of the 

coils, the value of k can be increased with the use of a ferromagnetic shield, which can 

enhance the magnetic coupling factor and can reduce the stray magnetic field. Figure 20 

shows in (a) an example of coil used in WPCC standard applications and also simulations 

results using 2D-FEMM (Finite Element Method Magnetics in two dimensions) software of 

two coils showed in (a) separated by 10mm (b) and with ferrite plates (c). Due to the 

symmetry of the problem just half of the coil is represented in the simulation (HANTSCHEL, 

2013). 

(a) WE-WPCC  

760308104113 

 

(b) Without ferrite plate behind the coils 

 
(c) With ferrite plate in the coils 

 

Figure 20: Representation of the difference in the magnetic coupling. 

In (a) an example of coil (760308104113) that has a ferrite plate behind is pictured. In (b) and (c) 2D-FEMM 

simulations of two coils showed in (a) in a vertical distance of 10mm is showed. In (b) no ferrite plate is used so 

the magnetic field is very special distributed. In (d) the coils have the ferrite plate and now the magnetic field is 

concentrated in the coils, which enhance the coupling factor between the coils.  

Source: (a) Modified from (DATASHEET WE-WPCC, 2016), (b) and (c) are own source.  
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As seen in Figure 20, the magnetic field is more concentrated when a ferrite plate is 

used, as showed in (c). Such configuration helps to increase the magnetic coupling between 

the coils, thus the coupling factor is enhanced. But still, great part of the magnetic flux created 

by the coils is not linked with all turns in coils, which means not all primary flux is 

intercepted by the secondary. The flux can leak into the surroundings and some flux is 

consumed by core losses (eddy currents, hysteresis). The magnetic circuit's flux that does not 

interlink both windings is defined as the leakage flux. Since the leakage flux is also 

influenced by the AC signal, the primary and secondary leakage inductance act like an 

inductor in series with each of the primary and secondary circuits. The problem is that these 

leakage inductances cause the voltage to change accordingly with the load, in addition, when 

the transformer is loaded by a resistance, an LR low-pass filter is formed, which causes high 

frequency attenuation. 

2.6.1.3 Compensation Topologies 

As previously stated, the efficiency of the IPT can be significantly increased by means 

of resonant compensation of the leakage inductance (ZHANG; MI, 2015). The resonance 

circuits are used to increase the power transfer efficient even in the presence of low coupling 

and high leakage inductance. This happens because when two resonant circuits resonating at 

the same frequency are brought into close proximity (near field area) an evanescent wave 

coupling the energy increases the power transfer efficiency between transmitter and receiver 

(NARAYANAN, 2015). 

Now, for the compensation circuit, it is important to introduce the concept of reflected 

impedance. The reflected impedance of the circuit as represented in Figure 21 consists of the 

impedance of the secondary coil, considering the inductance and the resistance. If load 

impedance ZL is added in series with the secondary coil the reflected impedance is as showed 

in (b).  
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Figure 21: Inductive link circuit representation for calculate the reflected impedance.  

Source: Modified from (ALDHAHER, 2014). 

The reflected impedance is a measure of how much of the actual load is seen by the 

source in the primary-side. It is a function of the mutual inductance between the coils, its 

respective resistance and the resistance of the load. The higher the mutual inductance, the 

higher the reflected impedance, which is preferred since more power can be delivered at 

higher efficiencies as the required voltage to be induced in the receiver‟s secondary coil will 

be low (ALDHAHER, 2014). As seen in Figure 21 (b), if the secondary coil‟s reactance term 

XLS is eliminated, the secondary‟s impedance will be reduced, increasing the reflected 

impedance. This can be achieved using an external capacitor. The value of the capacitor is 

chosen as such that its reactance will be equal to the reactance of the secondary coil‟s 

inductance in a certain frequency, therefore creating resonance. Normally, the necessary 

compensation for tuning the primary and secondary side is made using capacitors applied 

either directly in series or in parallel with the coil in primary or secondary side. Figure 22 

pictures two different compensation topologies normally used in inductive-based applications. 

(a) Series-Parallel Compensation 

 

(b) Series-Series Compensation 

 

Figure 22: Examples of compensation topologies used in IPT system.  

In (a) the compensation in the primary side is in series and in the secondary side, it is in parallel to the coil. In (b) 

the series-series compensation is showed. 

Source: modified from (ALDHAHER, 2014). 
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In the primary side, the function of the compensation is to minimize the input apparent 

power, or to minimize the VA rating of the power supply. In the secondary side, the 

compensation should cancel the leakage inductance of the secondary coil in order to 

maximize the transfer capability (ZHANG; MI, 2015). The main disadvantage of the parallel 

compensated topologies is the constant power loss due the reactive power circulating within 

the resonant circuit even at light load conditions. On the other hand, the series-series 

compensated systems exhibit a behavior where the secondary side resonant peak current is 

decreasing at the rate of the output power (KNECHT et al., 2014). Either parallel and series 

compensation topology can be selected to realize constant (or load-independent) current or 

constant-voltage output without a control circuit, which is advantageous for achieving good 

controllability (ZHANG; MI, 2015). The problem is that in most IPT applications, the 

coupling factor changes during operation, which brings more complexity to the design and the 

necessity of a control part. 

Another interesting circuit for compensation is the primary LCC series with secondary 

parallel compensation, as pictured in Figure 23.  

 

Figure 23: Primary LCC series-parallel with secondary parallel compensated. 

Source: Modified from (ZHANG; MI, 2015). 

The primary LCC series–parallel-compensations have a constant-current in the 

primary coil if the LR and CR in block (1) are selected to resonate at the operating frequency 

of the converter. In the secondary side, when a parallel compensation is used, a constant-

current can be achieved in the block (3) when satisfying the Equation 9 (ZHANG; MI, 2015). 
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Equation 9: Equations for the resonance in LCC topology. 

This equation has to be satisfied in order to form resonance and achieve either constant-current or voltage in the 

secondary-side.  

In wireless application for battery charging, this compensation circuit offers a 

constant-current output in the secondary-side, which is basically a function of the input 

voltage. In addition, using two stages for compensation brings the advantage in designing an 

efficient inductive link, since it gives more degrees of freedom in the calculated values of 

passive elements. Depending on the application, the use of one stage of compensation results 

in values, which are no feasible in the practice (ZHANG; MI, 2015). 

2.6.2 Circuit Topologies 

In every inductive-based WPT system an alternating magnetic field is required in 

order to induce a voltage in the secondary coil, hence transferring energy. This alternate 

magnetic field must be generated by an alternate current, which can be obtained using specific 

electronic circuit. Figure 24 pictures a simplified representation of the circuit used in IPT 

systems. Since in most applications an input power supply that provides DC current is used, 

the main task of the primary-side circuit is to convert this DC current to AC current signal. 

The electronic circuit that does such conversion is called DC/AC power inverter, a circuit that 

can generate AC waveform signals with certain frequency. Yet in the secondary-side, this AC 

signal has to be converted to DC, since most of the devices operate at DC current. The 

electronic circuit that transform an AC signal to DC is called AC/DC rectifier. In the end, 

since we have DC signal in the load, the circuit in total can be considerate as an isolated 

DC/DC converter (LENAERTS; PUERS, 2009). 
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Figure 24: Simplified representation of an IPT circuit.  

In most cases, the power supply delivers a DC voltage, which has to be converted to AC. Then the inductive link 

can generate the time-varying magnetic field required. The circuit topology responsible to convert DC to AC is 

the power inverter. In secondary-side, since the load requires also in most cases a DC voltage, the AC signal 

supplied by the primary-side has to be converted to DC, which is performed by the circuit known as rectifier.  

Source: Own source. 

A power converter is an electronic circuit that converts electric power from one form 

into another. A rectifier, for instance, converts AC power into DC, whereas an inverter 

converts DC to AC power. Cascading inverters and rectifiers result in DC/DC or AC/AC 

converters (LENAERTS; PUERS, 2009). There are many different circuit topologies both for 

power inverter and rectifier and the selection of these topologies for using in TET systems has 

a major influence on the design of the inductive link. In addition, since these circuits have 

additional components, the power efficiency of these topologies also determines the 

distribution of the power losses within the TET system. 

2.6.2.1 Primary-side – DC/AC Power Inverter 

Inductive links are generally operated at resonance or near resonance, so the driving 

current of the primary coil has to be sinusoidal. Historically, high-frequency power signals 

have been generated through linear amplification of small-signal sinusoids and oscillator 

circuits, mostly using switching devices such as vacuum-tubes and later on solid-state devices 

for producing audio (approx. 16 Hz to 20 kHz) and radio frequency (RF) signals (about 100 

kHz to 100 GHz). Depending on the switching conditions of the voltages and currents 

developed across the switching devices, these circuits can be categorised in different classes 
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(LENAERTS; PUERS, 2009). The Figure 25 illustrates some classes, which are basically 

divided by the mode of operation of the switching device. 

 

Figure 25: The modes of operation of a switching device.  

Classes A, B, AB and C are mostly used in RF signal generation and class D and E.  

Source: modified from (PRODANOV; MIHAI, 2008). 

Since in classes A, B, AB and C the switching device operates as current sources, 

considerable power is dissipated, reducing drastically their power efficiency. Therefore, these 

types of amplifiers are mostly constrained to either lower power levels or to special 

applications (RF-communication, radars, etc.). On the other hand, when these active devices 

operate as switches rather than as current sources, such as in classes D and E, the losses are 

strongly reduced, with a theoretical efficiency of 100%. The main idea behind switch-mode is 

to operate the switching device in saturation, so that either voltage or current is switched on 

and off (BERGLUND; JOHANSSON; LEJON, 2006). Figure 26 gives a summary of 

information comparing the power efficiency of the classes AB and D, showed in (c) and (f), 

also illustrating some basic circuit representation, in (a) and (d), and its respective points of 

operation in (b) and (e) (BOYLESTAD; NASHELSKY, 1999). 
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Figure 26: Summary of information of classes AB and D of power amplifiers.  

In (a) the circuit of a class AB is represented. Its point of operation is showed in (b) and its current and voltage 

signals, as well as its approximated power efficiency in (c). The same is showed for the class D, in (d), (e) and 

(f), respectively. When (c) and (f) are compared the power efficiency difference between the classes can be 

understood. 

Source: modified from (BERGLUND; JOHANSSON; LEJON, 2006). 

In switching mode, instead of a sinusoidal input signal, the transistors are driven by 

square wave signals having different time of duration. The switches main function is therefore 

to „chop‟ the DC supply voltage or current to create a square wave power signal. In order to 

create a sinusoidal output waveform, a passive network consisted of capacitors and inductors 

are required. The square wave signal is applied to the passive networks which then filter out 

all its frequency components except the ones below the cut-off frequency (class D) or the ones 

that match the resonant frequency of the passive network (class E) (ALDHAHER, 2014) 

(LENAERTS; PUERS, 2009). 

DC/AC inverters that utilise passive resonant networks are referred to as resonant 

inverters. In wireless power applications, since the inductive link may require large amounts 
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of power to be delivered at high efficiencies, only certain types and classes can meet this 

requirement. Resonant inverters topologies correspondent to the classes D and E can achieve 

high power efficiency when either various zero-voltage or zero-current switching conditions 

are satisfied. This can be achieved by carefully choosing the values of the passive networks‟ 

components, the switching frequency and the duty cycle of the signal. Theoretically, resonant 

DC/AC inverters can have an efficiency of 100%, although practically this may not be 

achieved due to the nonidealities in the switches and the ohmic losses of the passive 

components. A typical efficiency range for resonant inverters is between 85-95 %. Because of 

its high efficiency, most of the inverters that have been used in inductive links fall under 

classes D and Class E. Important to note is that when driving an inductive link, the primary 

coil inductance conveniently replaces the inductor in the resonant output network 

(BOYLESTAD; NASHELSKY, 1999). 

2.6.2.1.1 Class E Inverters 

The search for the ideal voltage and current waveforms that would minimise switching 

losses led to the invention of the class E zero-voltage-switching (ZVS) inverter, which was 

introduced by Artym, Gruzdev, Popov, Kozyrev and Sokal in early 70‟s. Figure 27 shows a 

basic configuration of a current-fed class E with zero voltage switching (ZVS) inverter.  

 

Figure 27: Basic configuration of a current-fed class E with zero voltage switching (ZVS) inverter. 

Source: Modified from (ALDHAHER, 2014). 

To be categorized as a class E amplifier family, some characteristics should be 

satisfied: (1) the active device drops minimal (preferably zero) voltage while current is 

flowing through it. (2) The active device is switched on when the voltage across from it is 

zero, and switched off when the current through it is zero. (3) The active device must switch 
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fast enough to minimize the time when there is simultaneous existence of current through the 

device and significant voltage across from it (SOKAL; SOKAL, 1975). 

Because of its high efficiency, the class E circuit with a MOSFET switch is considered 

the standard topology for an inductive link driver in most medical applications, such as 

cochlear implants (BOSSETTI, 2009). Traditionally, this configuration has been also used in 

most literature related to TETS‟ implementation, such as for total artificial heart and retina 

prosthesis (BOSSETTI, 2009) (TROYK; SCHWAN, 1992) (WANG; SMITH; BONDE, 

2014). 

2.6.2.1.2 Class D Inverters 

The Class D resonant inverter is one of the most widely used classes in DC/AC 

inverters thanks to its simple principle of operation, high power efficiency and wide operating 

range. Class D inverters consist of a pair or more of switches operating in a complementary 

manner. Class D resonant inverters can only achieve either ZVS or ZCS, but still have a 

theoretical operating efficiency of 100% since the switches are turned ON and OFF at zero 

voltages (ALDHAHER, 2014). Some topologies such as half-bridge, push-pull and full-

bridge (or H-Bridge) converter are classified as class D. They have been extensively used as 

the primary coil driver of inductive links for automotive and other power applications. Figure 

28 shows in (a) a full-bridge circuit representation with its waveforms in (b). 
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Figure 28: Full-bridge topology and its waveforms. 

In (a) a simplified H-Bridge circuit is represented and in (b) an overview of the waveforms of this topology.  

Source: Modified from (ALDHAHER, 2014) (ALOU et al.) 

The H-bridge has interesting advantages mostly related to power control. A widely-

used control method to adjust the output power is the phase shift control, where the switches 

are activated with a certain phase difference between each other. As shown in Figure 28 (b), 

the switches Q3 and Q4 have a phase different phases compared with Q2 and Q1, respectively. 

This variation in phase can alter the voltage (UAB in the Figure 28) that goes to the resonant 

tank or to the inductive link, which results in the variation of the power delivered to the load 

(BOSSETTI, 2009). 

The driving of the switches can be done by various methods. One common solution 

uses pulse width modulation (PWM) technique, which is a modulation technique traditionally 

used in telecommunication systems, but it is also extensively used to control the amount of 

power delivered to a load, especially inductive load. Figure 29 pictures a PWM waveform 

normally used for driving switching devices. In this case, the term duty cycle is normally used 

in order to describe the proportion of the „on‟ time to the regular period. 
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Figure 29: Pulse width modulation (PWM) waveforms representation.  

The duty cycle is defined as the percentage of the ratio between the period and the pulse width (the time where 

the pulse stays high). Duty cycle describes the proportion of the „on‟ time of the PWM and normally is expressed 

in percentage, 100% being fully on. 

Source: own source. 

The main advantage of PWM is that the power switching losses in the switching 

devices is very low. In fact, the losses that happen during the transitions between „on‟ and 

„off‟ states can be reduced considerably by decreasing this transitions time. However, not all 

switching devices can have a fast switch and also reduced on-state power loss. 

2.6.2.1.3 Semiconductor Switches 

There are several different solid state power semiconductor devices used in power 

electronics for controlling output parameters such as voltage, current or frequency. Modern 

semiconductor switches such as MOSFETs or insulated-gate bipolar transistors (IGBTs) are 

well suited components for high-efficiency power inverter, controllers, rectifiers and other 

applications. The most important criterions for selecting a certain switching technology are:  

I. The conduction losses of the switch, mainly the „on‟-resistance 

parameter. 

II. Maximum current. Both peak and RMS current are restricted through 

the limitation on the power dissipation. The allowable current is 

therefore strongly related with the „on‟-resistance.  

III. Maximum allowable voltage across the switch in the „off‟-state.  

IV. Rise and fall times, which are the time needed to respectively close 

and open the switch. The rise and fall times determine the switching 

losses, limiting the frequency up to which a device can be used.  

V. Control power: the power needed to drive the switch. 
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Comparing the available semiconductor switches, MOSFETs appear to be the most 

suitable for inductive link drivers due to the relatively high frequencies involved (>100 kHz), 

easy control for switching, low „on‟-resistance, and price (LENAERTS; PUERS, 2009). 

Recently new technologies such as silicon carbide (SiC) and gallium nitride (GaN) have 

improved considerably the trade-off between „on‟-state resistance, switching power loss, and 

the safe operating area. GaN HEMTs (High-Electron-mobility Transistor) can realize ultra-

high-power-density operation with low power loss due to high carrier mobility and high 

breakdown voltage due to large critical electric field. Due to their extremely low-gate charge 

and output capacitance, they can be switched at extremely high speeds, which reduce the 

switching losses (MEHTA, 2015). In the same direction, Silicon Carbide (SiC) can withstand 

high voltages with low „on‟-resistance and capacitance (KAPLAR et al.). Some works in the 

literature has already applied such switching technologies for TETS, obtaining promising 

results regarding power efficiency (KNECHT; BOSSHARD; KOLAR, 2015). 

2.6.2.2 Secondary-side – AC/DC Rectifier 

A rectifier is an electrical device that converts alternating current (AC) to direct 

current (DC). Perhaps the most important component of a rectifier is the diode. A 

semiconductor diode can in principle be a p-n junction connected to two electrical terminals 

that conducts current predominantly in one direction. The ideal diode has zero resistance in 

the direction that current can flow and infinite resistance in the other.  But in practice, the 

current and voltage characteristic of a diode is shown in Figure 30. 
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Figure 30: Diode current-voltage characteristic curve.  

Source: Modified from (STORR, 216). 

In order to conduct, the diode has to have a forward voltage applied, which is normally 

bigger than zero, depending on its material. The voltage drop across a forward-biased diode 

varies slightly with the current and it is also a function of temperature. For power 

applications, a diode is typically classified accordingly with the following specifications: 

I. Forward voltage, which is typically about 0.7 V for a p-n junction diode 

and typically less than 0.4 V for a Schottky barrier diode. 

II. Series resistance and the allowable forward current. 

III. Maximum reverse voltage. 

IV. Switching characteristics: reverse recovery time and current. 

In most diodes, the reverse recovery current happens due to the discharging of the 

diffusion capacitance of a p-n junction. This parameter is very important in high frequencies 

applications since the reverse recovery time limits the frequency up to which a diode can be 

efficiently used. Schottky diodes, which are based on a different physical principle, do not 

suffer from reverse recovery currents like p-n diodes do. Moreover, they exhibit a 

significantly lower forward voltage, lower than 0.4V compared to 0.7V typical from silicon-

based diode. Although Si-based Schottky diodes cannot withstand reverse voltages much 

higher than 100 V and normally have relatively high leakage current, their forward voltage 

and switching characteristics make them the preferred choice for low-voltage, high frequency 

rectifiers, as typically encountered in inductive powering applications for TETS 

(LENAERTS; PUERS, 2009). 
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In terms of topology, the majority of AC/DC rectifiers that have been used in IPT 

systems are either traditional half-wave rectifiers or bridge rectifiers. The half-wave rectifier 

uses a circuit configuration where just the positive part of the AC voltage signal pass to the 

load while blocking the negative part, or alternatively, passing the negative part and blocking 

the positive part. It is the simplest topology, requiring only one diode and one output 

capacitor for filtering. Differently, full-wave topology uses four diodes, rectifying both 

positive and negative parts into a positive voltage (ALDHAHER, 2014). In order to have a 

stable DC voltage after the rectification, in most topologies a capacitor is also used for 

averaging the AC pulses into a constant signal. The relatively small unwanted residual 

periodic variation in the output of the filter is referenced as ripple, and it is normally specified 

accordingly with the requirements of the application. Figure 31 shows a representation of the 

circuit and waveforms of (a) half-wave and (b) full-wave rectifier. 

(a) 

 

(b) 

 

Figure 31: Half- and full-bridge rectifier topologies. 

Circuit and waveform representation of (a) a typical half- wave circuit rectification and (b) a full-wave 

rectification are pictured. Because in full-wave rectification both positive and negative cycles are rectified, the 

output ripple is reduced. 

Source: Modified from (ALDHAHER, 2014). 
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In half-wave topology, the output ripple is normally the most important design 

constraint, since higher values of capacitance are required in order to minimize the ripple. In 

the full-bridge, although four diodes are required, the output capacitor has normally smaller 

values and its size can be considerably reduced.  In most cases, large capacitors with a low 

ESR will interfere less in the overall efficiency. In addition, since the main losses that occur 

in the rectifiers are due to the forward voltage drop of the diodes and their switching losses, 

Schottky diodes or synchronous circuits using MOSFETs can be used for improving the 

overall efficiency of the rectifier (ALDHAHER, 2014). 

Active (or synchronous) rectification is a technique used for improving power 

efficiency of power rectifiers by replacing diodes with actively controlled switches like 

MOSFETs. In such technique, the intrinsic diodes of the MOSFETs only conduct for a brief 

amount of time after commutation. An additional circuitry detects the reverse conduction and 

immediately activates the device channel, massively reducing the conduction losses 

(SELDERS, 2011). 

2.6.2.2.1 Forward Converter half-wave rectifier 

A variant of the half-wave rectifier commonly used is the Forward DC-DC isolated 

converter, which is depicted in Figure 32. Here, the output filter relies on an inductor placed 

directly on the output of the rectifier (D1), which a correspondent freewheeling path (through 

D2). After the inductor, a capacitor can also be employed to further reduce the output ripple. 

The position of D1 can also be moved to negative potential of the transformer, enabling a 

common anode arrangement. For higher current and relatively low voltage applications, such 

possibility makes the implementation of synchronous rectification much simpler because each 

output rectifier is referred directly to a common reference ground. Having the output rectifiers 

both referenced to ground eliminates the need to develop a high-side gate drive, allowing the 

use of a low-side MOSFET gate driver. 
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Figure 32: Half-wave rectifier from forward converter with output filter. 

Source: Modified from (SELDERS, 2011). 

2.6.2.2.2 Current-Doubler Rectifier with Synchronous Rectification 

Converters using the current-doubler rectifier topology can achieve lower and better 

distributed power dissipation and smaller size in the magnetic components (BALOGH, 2001). 

Here, the common anode configuration, alongside with its advantages described above, is also 

presented. One additional advantage that can be gained by using this topology is the 

cancelation of the ripple current seen at the output capacitor. This cancellation reduces the 

required output capacitance producing less noise at the power supply output. Figure 33 

illustrates an example of a current-doubler rectifier using MOSFETs with synchronous 

rectification (SELDERS, 2011) (BALOGH, 2001). 
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Figure 33: Circuit illustration of a current-doubler rectifier in the secondary-side. 

Source: Modified from (MAPPUS, 2004).  

With the design of the inductive link and with the selection of the circuit topology, the 

next step in designing a TETS in the control system. As explained before, the strict control 

needed in TETS applications is one of the main challenges in developing such technologies. 

Due to the high leakage inductance of the inductive link, the primary and secondary-side 

circuit are designed to resonate in order to increase the power transfer capability of the link. 

The problem is that resonant circuits are very sensitive to changes in its parameters (such as 

coupling factor), especially when the quality factor of the resonant tank is high. In these 

circuits, even small variations can easily result in instable operations, which can lead to the 

collapse of the circuit. Since the coupling factor in TETS applications can vary greatly, 

influencing the resonant circuit, control techniques have to be used in order to avoid instable 

operation, guarantying safety operations not only for changes in the coupling factor, but also 

changes in the load of the secondary-side. 

2.6.3 Control Methods 

When it comes to the control system, there are two main power flow regulating 

methods used in TET system, which are based on voltage or frequency control strategies. The 

voltage control, also referenced as magnitude control, is more often used in TET system 

because of its simplicity. In this method, the input voltage of the primary power converter is 

changed in order to vary the power delivered in the secondary-side. In most applications 
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where a full-bridge topology is used in the primary-side, the voltage control method 

implemented is normally made by controlling the phase of the switching signals of the two 

legs of the full-bridge. This method is denominated phase-shift control and its main advantage 

is the possibility of providing zero-voltage switching (ZVS) for the power devices of the full 

bridge by turning on the switches when the voltages across them are nearly zero. Therefore, 

the switching losses can be significantly reduced (CHEN; LAI, 2010). 

The disadvantage of this method is that it does not take in consideration the 

mismatches between the primary and secondary side frequency that happens due to variations 

in the load, or coupling or other circuit parameters. This mismatch between the resonance 

circuits reduces the maximum power that can be transferred to the load. In order to overcome 

this problem, the voltage control method uses a larger input voltage for a given power 

transfer, which may increase electromagnetic interference (EMI) and also reduces the overall 

power efficiency of the system (SI et al., 2008). 

The other power regulating method that uses frequency is used for varying the 

operating frequency of the primary circuit in order to tune or detune its frequency with the 

secondary-side resonant circuit, thereby regulating the power delivered to the system load. 

The frequency control method can track the new tuning condition, being able to deliver the 

required power level accurately. Although at most cases the power regulation can be achieved 

at the implanted side, it is preferable to have the control circuit in the external system in order 

to minimize size and additional power losses in the secondary-side (DISSANAYAKE et al., 

2009). 

In addition, for a reliable operation of the implanted circuit, it is highly recommended 

that the power delivered from the primary side match the system load demand under any 

variations. This is necessary because any excessive power transferred will generate 

unnecessary heat that will have to be dissipated inside the body. For this reason, most of the 

TET systems are also designed with a wireless communication channel that enables a 

feedback control of the power transferred between the primary and secondary side, which is 

normally made using Bluetooth or RF technologies (KNECHT; BOSSHARD; KOLAR, 

2015). 
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 TETS PROTOTYPE IMPLEMENTATION 3

One of the goals of this master thesis is to build a first hardware prototype of a 

possible TET system, meeting specific engineering requirements of high power efficiency, 

limited heating of the secondary-side circuit, and excellent resistance to misalignment and 

uncoupling of the coils. After researching the theoretical foundation of the main subjects 

related to transcutaneous energy transfer systems, this next chapter describes the technical 

details of the design and the development of a TETS prototype. 

At this point, it is helpful to consider that the time duration of the project was 

approximately six months. Because of such time constraint, most of the efforts were 

concentrated in implementing the prototype. Therefore, some decisions in the design were 

also influenced by the limiting time. For instance, a commercial coil for the inductive link was 

considered instead of doing the whole coil optimization process, and the implementation of 

the coils. Although some decisions such as this one can definitely affect the performance of 

the prototype, it is still a valuable approach for evaluating the topology, as well as for 

obtaining more practical experience of the design and behavior of the system. 

 CONCEPT PHASE 3.1

The concept phase summarizes the information collected in the literature review, and 

describes the design concept of the prototype, taking in consideration the engineering 

requirements of our targeted application. Table 2 provides an overview of the most relevant 

data found in the literature concerning the development of TETS for high power medical 

implants. One of the most important design constraints is the temperature increase in the 

implanted circuit, referenced in this work as the secondary-side. As described in the section 

2.4.1 Electric Heating, the ISO 14708-1 is one of the standards that specifies the general 

requirements for active implantable medical devices in order to provide basic assurance of 

safety for both patients and users. According to this standard, the outer surface of any part of 

an implantable device should not exceed 2
o
C above the normal body temperature of 37

o
C, as 

a result of normal operation or any single fault condition. Studies using calves and 

considering lung and muscle tissue are normally used for having the relationship between 

temperature rise and power densities. These studies have showed that the tissue temperature 
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increase was limited to a range of 2-3
o
C, when power densities below 40 mW/cm

2
 were used 

(ISO 14708-1:2014, 2014) (DAVIES et al., 1994).  

Table 2: Overview of design requirements collected in the literature. 

Design 

Requirement 
Basic Description 

Safety Concerns 

1. Thermal Issue: ISO 14708-1 part 17, the outer surface of any part of an implantable 

device should not exceed 2
o
C (ISO 14708-1:2014, 2014). 

2. For a power density of 40 mW/cm
2
, the tissue temperature increase was limited to a 

range of 2-3
o
C, with absolute temperatures remaining below 42

o
C (DAVIES et al., 

1994). 

3. Fewer isolation requirements for human exposure below 50VAC (IEEE SAFETY 

STANDARDS - C95.1-2005, 2006). 

4. At frequencies below 100 kHz, induced currents at thresholds greater than 100 to 

1000 mA/m
2
 can directly cause nerve and/or muscle stimulation to occur (ICNIRP, 

2010). 

Power 

Requirements 

1. High power medical implants consume in the range of 5 to 12W.  

2. Considering the operation of the device and the charging of the implanted battery 

with some security margin, a total power delivery of 20 to 30W could be required 

(SLAUGHTER; MYERS, 2010). 

3. The limit of 500mW, which were found to be the maximum allowable secondary 

coil power loss in order to keep the maximum tissue temperature at the surface of the 

secondary side coil below a safe limit of 39
o
C (KNECHT; BOSSHARD; KOLAR, 

2015) (DISSANAYAKE et al., 2008). 

Operating 

Frequency 

1. Frequencies accordingly with specific standard of wireless charging systems, such as 

WCCP and A4WP. 

2. State-of-the-art TETS implementation reported in the literature: (KNECHT; 

BOSSHARD; KOLAR, 2015) 800 kHz and (DISSANAYAKE et al., 2009) 160 kHz. 

Coil Design 

1. Coupling is optimized if the outer diameter of the primary coil is kept larger than 

outer diameter of secondary coil, and if the inner diameter of primary coil is kept 

smaller than inner diameter of secondary coil (KNECHT et al., 2014) (ZIERHOFER; 

HOCHMAIR, 1996). 

2. Coupling coefficient is maximum for a particular number turns N with ratio of coil‟s 

internal to external radii (Rin/Rext nearly equal to 0.4) (ATLURI; GHOVANLOO, 

2005). 

3. Maximum feasible coil diameter is about 70 mm reported in the literature 

(KNECHT; BOSSHARD; KOLAR, 2015) (KNECHT et al., 2014). 

4. Reported: outer radius 35mm with separation distance of 10 to 25mm (KNECHT; 

BOSSHARD; KOLAR, 2015) and external diameter 50mm, 5mm thickness with 

separation distance between 10 to 20mm.  

5. The coupling factor variation reported was between 0.1 to 0.5 maximum, which can 

represent misalignment between the transmitting and receiving coil of approximately 

± 20 mm lateral and/or vertical (SLAUGHTER; MYERS, 2010) (ALI; AHMAD; 

KHAN, 2009) (BOSSETTI, 2009). 

Source: Referenced accordingly with information used. 

In order to limit the temperature rise in the secondary-side, the most common 

approach used is to increase the power efficiency of the system, which means minimize the 

power losses of the system. Regarding the power losses of the coils, receiving coil should not 

exceed 500mW in order to keep the maximum tissue temperature at the surface of the 

secondary side coil below a safe limit of 39
o
C (FULLER, 1968). Furthermore, although most 

of the heat of the external coil is dissipated in the air, additional care must be taken to 
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avoiding overheating of the implanted coil due to the conduction of the heat produced in the 

primary-side. 

In addition to the high efficiency, the power requirements of the TETS application also 

have a major impact in the design of the prototype and in the engineering requirements. For 

high power medical implants, the power consumption of the device can vary between 5 to 

12W. When considering backup implanted batteries, a total power delivery of 20 to 30W 

could be required (SLAUGHTER; MYERS, 2010). Moreover, it is also important to know the 

values of the coupling factor accordingly with the application. For TETS variations in the 

coupling factor of 0.1 to 0.5 has been reported, which can represent misalignments between 

the transmitting and receiving coil of approximately ± 20 mm lateral and/or vertical 

(BOSSETTI, 2009). 

When one takes in consideration these matters, most of the engineering requirements 

can be specified. For this project, it was also relevant the additional information regarding the 

target application. Table 3 summarizes the engineering requirements used for developing the 

prototype, accordingly with the information acquired by the literature research and by the 

requisites of the target application. 

Table 3: Engineering requirements used to develop the prototype. 

Power Transfer 
Min.: 7 W 

Max.: 20 W 

Obtained by considering the literature research 

and the requisites of the target application  

Input Voltage 
Min.: 8 V 

Max.: 20 V 

A requisite of the target application 

Output Voltage 
Min.: 8 V 

Max.: 20 V 

A requisite of the target application 

Frequency of 

Operation 
150 kHz 

A requisite of the target application 

Coupling  

Factor 

Min.: 0.1 

Max.: 0.2  

Obtained by considering the literature research 

and the requisites of the target application 

Secondary-side Losses Max: 2 W 
Obtained by considering the literature research 

and the requisites of the target application 

Power Efficiency 
Min.:60 % 

Max.:90 % 

Obtained by considering the literature research 

and the requisites of the target application 

Source: Own source. 

Considering such requirements, suitable circuit topologies were analysed considering 

mostly the losses in the secondary-side and its tolerance to misalignment. The topologies were 

selected based on the studies reported in (DIEKHANS; STEWING, 2014) and (DIEKHANS; 

DONCKER, 2015). 
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3.1.1 Topologies Analysis 

The topology analysis was basically a comparative study of three different circuits 

with a constant current behaviour in the output of the secondary-side, as showed in Table 4. 

As explained in the chapter 2, one of the main challenges associated with the design a TET 

system is the variation of the coupling during the operation. Nevertheless, a strict control of 

the TET system‟s output current is mandatory for a reliable operation of the implanted system 

(KNECHT; BOSSHARD; KOLAR, 2015). In the topologies analysed, the primary-side 

control is typically made in the primary side by using a phase shifted full bridge (PSFB) or by 

regulating the input DC-link voltage with an additional buck converter. 

Table 4: Topologies analysed in the comparative study. 

(1)  

Series-Series Compensation  

Primary and Secondary-side Topology: Full-Bridge 

 

(2)  

Primary-side Series-Parallel LCCL with Parallel Compensation in the Secondary-side 

Primary and Secondary-side Topology: Full-Bridge 

 

(3)  

Primary-side Series-Parallel LCCL with Parallel Compensation in the Secondary-side 

Primary-side Topology: Full-Bridge - Secondary-side Topology: Forward rectifier 

 

Source: Modified from (DIEKHANS; STEWING, 2014) and (DIEKHANS; DONCKER, 2015). 
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In the secondary-side, two different topologies were considered: full-wave and 

forward rectifier. The compensation topologies analysed were series-series compensation, as 

reported in (KNECHT; BOSSHARD; KOLAR, 2015), and primary-side series-parallel LCCL 

with parallel compensation in the primary-side, reported in (ZHANG; MI, 2015). The 

comparative study was made using circuit simulations and approximated power losses 

calculations. The variables of the work point designed to calculate the power losses of the 

circuits are described in Table 5. For obtaining the variables of the work point, it was 

considered the use of a commercial coil. Therefore, the frequency of the operation, the quality 

factor, and the inductance per turn are conditioned to the coils selected. 

Table 5: Work point used for calculating the power losses and designing the prototype. 

Frequency 150 kHz 

P max. 20 W 

P min. 7 W 

Vin 14.4V 

Vout 14.4V 

k max. 0,2 

k min. 0,1 

Coil‟s Parameters 

Q 150 

L10 (inductance  

of the coil of the  

 primary-side) 

0.833 μH per turn 

L20 (inductance  

of the coil of the  

 secondary-side) 

0.833 μH per turn 

Source: Own source. 

Using these variables, the range of operation of the prototype was conceived. It was 

considered four operation modes dealing with the expected extreme values of power and 

coupling factors were defined as showed in Table 6. 

Table 6: Operation points of the TETS implemented. 

Operational  

Point 

Power  

Transfer 

Coupling  

Factor (k) 

OP1 P max = 20 W k min = 0.1 

OP2 P max = 20 W k max = 0.2 

OP3 P min = 7 W k min = 0.1 

OP4 P min = 7 W k max = 0.2 

Source: Own Source. 
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After the concept of the basic characteristics of the prototype was stipulated, 

simulations of the three topologies selected were performed, along with approximated 

calculations of the power losses. The power losses of the three topologies can be analysed by 

observing Table 7. 

Table 7: Power losses calculation of the three topologies analysed. 

Topology Series-Series LCCL-Parallel 
LCCL-Parallel  

with Forward Rectifier 

Scaling  

reactive power: 

VA scaling  

primary-side 
2 1.5 4.5 

Fraction of series 

compensation  

primary-side 

a1 (0…..1) 1 0.22 0.18 

 

Inductive Link  

Design 

N1 23.1 12.1 12.1 

N2 23.1 4.9 12.1 

L1 (μH) 44.5 12.27 12.22 

L2 (μH) 44.5 2.04 12.22 

Mmax(μH) 8.91 1.00 2.44 

Mmin(μH) 4.46 0.5 1.22 

Operational Point 1: 

P max. and k max. 

iL1 (A) 3.09 5.09 6.25 

iL2(A) 1.54 8.70 2.85 

VA-L1 400.00 300.00 450.00 

VA-L2 100.00 145.33 93.39 

Losses L1 (W) 2.67 2.00 3.00 

Losses L2 (W) 0.67 0.97 0.62 

Operational Point 2: 

P max. and k min. 

iL1 (A) 1.54 2.55 3.13 

iL2(A) 1.54 8.43 2.85 

VA-L1 100.00 75.00 112.50 

VA-L2 100.00 136.33 93.39 

Losses L1 (W) 0.67 0.50 0.75 

Losses L2 (W) 0.67 0.91 0.62 

Operational Point 3: 

P min. and k min. 

iL1 (A) 3.09 1.78 2.19 

iL2(A) 0.54 8.38 2.79 

VA-L1 400.00 36.75 55.13 

VA-L2 12.25 134.80 89.44 

Losses L1 (W) 2.67 0.25 0.37 

Losses L2 (W) 0.08 0.90 0.60 

Source: Own source. 

 As seen in Table 7, the LCCL-Parallel topology has higher values in the secondary-

side, which is certainly not desirable for the considered application. Therefore, such topology 

was rejected. On the other hand, both series-series and LCCL-Parallel with forward rectifier 

topologies have low power losses in the secondary-side. Just at the operational point 3, the 

series-series topology has a better performance in the secondary-side. This happens because in 

the parallel compensated topologies, even at light load conditions, there is a constant power 
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loss due to the reactive power that circulates in the parallel resonant circuit. On the other 

hand, when series compensated circuits are used, the secondary-side resonant peak current 

decreases at the rate of the output power (KNECHT et al., 2014). Still, both topologies have 

demonstrated considerably low power losses in the secondary-side, being suitable to be used 

in a TET prototype. 

Regarding the circuit simulations of the topologies made with the help of the software 

PLECS (a simulation software for power electronics integrated with MATLAB/Simulink), 

perhaps the most interesting waveform used for comparing the S-S and LCCL-P topologies is 

the secondary resonant voltage showed in Figure 34. In (a), the simulation waveform of the 

secondary voltage in the resonant tank of the series-series topology is pictured, having values 

of about 100 V. On the other hand, the secondary voltage in the resonant tank of the LCCL-P 

topology showed in (b) reaches maximum 50 V for the same operational point, at steady state 

operation. 

(a) Series-Series Topology 

 
 

(b) LCCL-P Topology 

 

Figure 34: Secondary resonant voltage of (a) series-series and (b) series-parallel LCCL parallel topologies. 

Source: Own source. 
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 When considering the voltage in the secondary-side, lower voltages are desirable 

because lower efforts in isolation are required. In addition to the high voltage in the 

secondary-side, during the simulation the series-series compensation topology has also 

demonstrated instable operation during abrupt changes in the coupling factor, requiring 

additional protection circuit against no load in order to have a safe operation. On the other 

hand, LCCL-P topology has demonstrated a very stable operation while load and coupling 

factor variations. Table 8 shows a basic comparison between these two topologies. 

Table 8: Basic comparison between series-series and LCCL-parallel topologies.  

TOPOLOGY LCCL-Parallel Series-Series 

Coil Design 12 turns  23 turns 

Max. secondary  

resonant current 
2.9 ARMS 1.5 ARMS 

Max. secondary  

resonant voltage  50 V  105 V 

Output choke Relatively large 
 Small  

Control effort  Safe operation against no-load 

 Phase-shift control 

Require protection against no-load operation. 

Require additional buck converter 

Losses on  

the secondary-side 

 OP1 (Pmax-kmax): 0.62 W  

 OP2 (Pmax-kmin):0.62 W 

 OP3 (Pmin-kmin):0.60 W 

 OP1 (Pmax-kmax):0.67 W 

 OP2 (Pmax-kmin):0.67 W 

 OP3 (Pmin-kmin): 0.08 W 

The symbol   represents a favorable characteristic of the topology. 

Source: Own source. 

3.1.1.1 Series-Parallel LCCL with Forward Rectifier Topology 

Based on the calculation values of the secondary losses, the resonant voltage in the 

secondary-side, and the safe operation against no load, the topology selected for developing 

the prototype was the primary-side LCCL series-parallel with forward rectifier in the 

secondary-side topology was selected for developing the prototype. Figure 35 pictures the 

circuit. 
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Figure 35: Circuit schematic of the primary-side LCCL series-parallel with forward rectifier in the secondary-

side topology. 

Source: Own source. 

The simulations using PLECS were used to investigate in details the topology and also 

the waveforms during the operation. Figure 36 shows the voltage and the current waveforms 

obtained in the output of the full-bridge. These signals will then pass to the compensation 

circuit in order to generate the alternate current in the transmitting coil. 

 

Figure 36: Simulated current waveform of the output current and voltage of the full-bridge. 

Source: Own source. 

 Figure 37 pictures the simulated waveform of the current and voltage of the primary 

and secondary coils during start-up with open-loop operation.  
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Figure 37: Simulated waveform of the current and voltage of the primary and secondary coils. 

Source: Own source. 

Figure 38 shows the current in the choke inductor of the secondary-side. 

 

Figure 38: Simulated current waveform of the inductor choke (LrectDC). 

Source: Own source. 

 Figure 39 represents the waveform obtained in the diodes of the MOSFETs, in (a) T5 

and in (b) T6. 
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(a) T5 waveforms 

 

(b) T6 waveforms 

 

Figure 39: Simulated current waveform of the MOSFETs T5 and T6 of the secondary-side when no synchronous 

rectification is made. 

Source: Own source. 

For this topology, the passive components of the resonant tank are given in Table 9. 

Table 9: Passive elements calculated values. 

C1s  112.3 nF 

C1p  511.7 nF 

C2p 92.1 nF 

L1s 3.96 μH 

LrectDC 100 μH 

Source: Own source. 

 One drawback of the LCCL-Parallel topology is the high value of the output choke in 

the secondary-side (100 μH), which requires a relatively large inductor. On the other hand, the 

design of the transmitting and receiving coils for this topology is facilitated. Accordingly with 

Table 7, when the topology LCCL-P with forward rectifier is used, both coils must have the 

same number of turns, and the inductance required matches almost perfectly with a 

commercial coil made by Würth Elektronik, the WE-WPCC Wireless Power Charging 

Transmitter Coil order number 760308104113 (DATASHEET WE-WPCC, 2016). 
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3.1.1.2 Coil Selection 

The WE-WPCC Wireless Power Charging Transmitter Coil is compatible to Qi 

standard, it is able to transfer up to 20W within the standards, and it is made of Litzwire. 

Figure 40 shows the coil dimension and its characteristic Q-factor versus the frequency curve. 

Interesting to observe is that the geometry of the coil is oval, having a larger size one 

direction, referenced in this work as x direction.  

(a) 

 

(b) 

 

Figure 40: WE-WPCC Coil dimensions and its quality factor versus frequency characteristic.  

Source: Modified from (DATASHEET WE-WPCC, 2016). 

Although this coil is not optimized for the considered application, it is still a very good 

approximation in terms of values inductance, current, and frequency required. The problem is 

that such coil has a large winding resistance, which will increase the power losses, reducing 

the efficiency of the prototype. Furthermore, this coil does not have any of the characteristics 

reported in the literature and summarized in Table 4, which are appropriated for having an 

optimized coil. Table 10 provides the electrical properties of the coil used. 



86 

 

Table 10: Coil WE-WPCC electrical properties. 

 

Source: Modified from (DATASHEET WE-WPCC, 2016). 

 Simulations using 2D-FEMM software were made in order to observe the magnetic 

coupling between the coils. Figure 41 shows the result of the simulation. The grade of colours 

represents the intensity of the magnetic field. In this simulation, the coil W2 has DC current 

of 1A flowing through the turns. The software calculates data which can be exported and 

used, for example, in the MATLAB. 

 

Figure 41: 2D-FEMM simulation of the coils used for transmitting and receiving the energy. 

Source: Own source. 

 The simulation presents a small error since it assumes a circular geometry of the coil. 

But, it is still a very good approximation, and others simulations using a script in MATLAB 

have generated the relationship between the changes in the coupling factor with the vertical 
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distance of the coils. Figure 42 shows the graphic with the values of the coupling factor of the 

coils obtained by the simulation using 2D-FEMM.  

 

Figure 42: Coupling factor simulation of the coils used to build the TETS prototype. 

Source: Own source. 

In Figure 42, the Dz direction means the distances between the two coils. In addition 

to this direction, there are still the direction x and y. When x and y values are equal zero, the 

coils are center aligned, considering that the coils are positioned horizontally with its larger 

diameter. Horizontally changes in the distances are here defined to be misalignment in x 

direction, and vertically changes in the distances are misalignment in the y direction.  

It is interesting to observe in Figure 42 that the coupling factor values obtained by the 

simulation until 20mm of distances between the coils (z direction) are greater than the 

maximum and the minimum used for designing and calculating the losses of the topologies. 

Since just the distances between the coils are varying (z direction), only lower values of 

coupling factor are expected when considering misalignment in the direction x or y. 

Therefore, these coils can be used in our application regarding the coupling factor values.  

3.1.2 Components Selection  

The analysis of the topologies and the simulation provided more insight about the 

design concept of the prototype. At this phase, most of the components values were already 

defined by the calculations made in the topology analysis. The circuit is given in Figure 46, 

and the calculated values of the passive elements are shown in Table 11. Since the transmitter 

and the receiver coil were defined, the WE 7603081041, the switching technologies of the 

primary and the secondary-side, as well as the controlling part were still to be defined. 
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As explained in section 2.6.2.1.3 Semiconductor Switches, when available 

semiconductor switches were compared, the best cost-benefit technology for inductive power 

transfer systems is still MOSFETs, mostly because they are easy to control, they have low 

„on‟-resistance, and are relatively cheap. But, since transcutaneous energy transfer 

applications require very high efficiency, recent switching technologies such as GaN FET 

which have very low „on‟-resistance and fast switching could enhance the power efficiency of 

the system. Therefore, both switching technologies, GaN and MOSFETs were considered. 

Table 11 provides information regarding the components found to be suitable for the 

prototype. Basically, the transistors were selected accordingly with the forward voltage found 

in the simulated waveforms showed in Figure 36 and Figure 39, and also considering the „on‟-

resistance. 

Table 11: Switching technologies selected for primary and secondary-side. 

Circuit Component Description 

Primary-side 

MOSFET 
BSO033N03MSG 

(Datasheet - BSO033N03MS G, 2016) 

Manufacturer: Infineon 

VDS = 30 V 

RDS-ON = 3.3 mΩ 

ID = 22 A 

eGaN 
EPC2023 

(Datasheet - EPC2023 , 2016) 

Manufacturer: EPC 

VDS = 30 V 

RDS-ON = 1.3 mΩ 

ID = 60 A 

Secondary-side 

MOSFET 
FDS86140 

(Datasheet - FDS86140, 2016) 

Manufacturer: Fairchild 

VDS = 30 V 

RDS-ON = 3.3 mΩ 

ID = 22 A 

eGaN 
EPC2021 

(Datasheet - EPC2021) 

Manufacturer: EPC 

VDS = 80 V 

RDS-ON = 2.5 mΩ 

ID = 60 A 

Source: Own source. 

With the transistor selected, the respective driver technology was chosen. For the 

secondary-side, since diodes were not used, but FETs instead, a rectifier controller device was 

selected in order to activate the FETs accordingly with the signal found at the drain and at the 

source. For the GaNs, besides the smart rectifier, a driver was also considered since this 

technology requires a careful driving process. Table 12 resumes the technologies studied for 

smart rectification ICs and the drivers for the secondary-side. 
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Table 12: Smart rectifier controller and drivers technologies for the secondary-side. 

Component Description 

MOSFET and eGaN 

Smart 

Rectifier 

Controller 

UCC24610 

 Manufacturer: Texas Instruments 

 Rectifier controller for N-channel power MOSFET. 

 With MOSFET driver. 

 600 kHz switching frequency. 

 Maximum sensing voltage 50 V. 

 Vcc maximal 6.5V 

 Package with thermal pad. 

IR1167 

 Manufacturer: International Rectifier  

 Rectifier controller for N-channel power MOSFET. 

 With MOSFET driver. 

 500 kHz switching frequency. 

 Maximum sensing voltage 200 V. 

 Vcc maximal 20V 

 Package without thermal pad. 

eGaN 

Driver UCC27611 

 Manufacturer: Texas Instruments 

 Optimized single-gate driver also for GaN FETs. 

 Maximal supply voltage 20V. 

 Fast Propagation Delays (14-ns Typical) 

 Fast Rise and Fall Times (9-ns and 5-ns Typical) 

 With thermal pad. 

Source: Based on (Datasheet - UCC24610, 2015), (Datasheet - IR1167 , 2013) and (Datasheet - UCC27611 , 

2015). 

In the primary-side, the control method of the full-bridge chosen was the phase-shift 

method. Therefore, driver technologies and phase-shift controllers were considered. Table 13 

provides an overview of the components found to be appropriate. For the driver, the current 

peak and switching time were the key features considered, and the switching frequency of the 

PWM must be 150 kHz for the controller. 
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Table 13: Basic description of the analysed drivers and phase-shift controllers. 

Component Description 

MOSFET 

Driver 

UCC27201A 

 Manufacturer: Texas Instruments 

 High-/low-side half-/full-bridge N-channel power MOSFET drivers. 

 With integrated bootstrap diode. 

 High frequency, high turn-on/off time. 

 Maximum 20 V input voltage. 

 Package with thermal pad. 

LT1160/LT1162  

 Manufacturer: Linear Technology 

 High-/low-side half-/full-bridge N-channel power MOSFET drivers. 

 Without integrated bootstrap diode. 

 Supply voltages of operation: 10V to 15V. 

 Package without thermal pad. 

eGaN 

Driver 

LM5113 

 Manufacturer: Texas Instruments 

 High-/low-side half-bridge enhancement mode for GaN FETs. 

 Fast Propagation Times (28 ns Typical) 

 Maximum 5.5 V input voltage. 

 Package with thermal pad. 

LMG5200  

 Manufacturer: Texas Instruments 

 High-/low-side half-bridge enhancement mode for GaN FETs. 

 With GaN FETs integrated 

 Fast Propagation Times (29.5 ns Typical) 

 Maximum 6 V input voltage. 

Phase-Shift 

Controller 

UCC28950 

 Manufacturer: Texas Instruments 

 Phase-shifted full-bridge controller with synchronous rectification. 

 Requires eternal driver 

 Package without thermal pad. 

 Voltage or current control modes. 

 Features: Allow programmable delays to ensure ZVS operation, 

programmable switching frequency up to 1 MHz and a wide set of protection 

features including cycle-by-cycle current, UVLO and thermal shutdown. 

LM5046 

 Manufacturer: Texas Instruments 

 Phase-shifted full-bridge controller. 

 With integrated MOSFET drivers 

 With thermal pad. 

 Voltage or current control modes. 

 Features: Cycle-by-cycle current limiting, hiccup mode restart, programmable 

soft-start, synchronous rectifier soft-start, and a 2 MHz capable oscillator with 

synchronization capability and thermal shutdown.  

Source: Based on (Datasheet - UCC27201A, 2016) (Datasheet - LT1160/LT1162, 2016) (Datasheet - 

UCC28950, 2015) (Datasheet - LM5046, 2014) (Datasheet - LM5113, 2016) (Datasheet - LMG5200, 2016). 

 Another possibility considered to generate the PWM signals to produce the phase-shift 

control was by using a microcontroller. The PWM waveform can be easily generated by the 

timer of any microcontroller that has this feature. In fact, there are many microcontrollers 

where timers have the specific function to generate PWMs. Considering this possibility; it 

was also proposed the use of an evaluation board for generating the PWM signals and for 

implementing the control. Figure 43 shows the evaluation board considered for this 

application. It has a 32-bit cortex-M4, up to 17 timers (12 with 16-bit and 2 with 32-bit) up to 

180 MHz, and many other features. The evaluation board has a switch button and also a 

display. 
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Figure 43: Evaluation board (EVB) STM32F429I Discovery. 

This EVB was considered to do the PWM generation, and also to show the parameters of the system in real-time, 

as well as the setting of variables for the controlling. 

Source: Based on (Datasheet - 32F429IDISCOVERY, 2016). 

Based on the technologies researched, four solutions for implementing the hardware of 

the prototype were proposed, as described in Table 14. Basically, these solutions considered 

the possibilities of using MOSFET or eGaN as switching technologies, phase-shift controllers 

or also using the evaluation board for PWM generation. 

Table 14: Solutions proposed to implement the TETS prototype. 

Solution 1 

Switching Technology: MOSFETs 

Primary-side: Infineon MOSFET BSC036NE7NS3 

Driver and Phase-Shifted Full-Bridge Controller: LM5046  

Secondary-side: Fairchild FDMS86550ET60 

Driver and Smart Rectifier: IR1167A 

Solution 2 

Switching Technology: MOSFETs 

Primary-side: Infineon MOSFET BSC036NE7NS3 

Driver: UCC27201 

Phase-Shift using Evaluation Board STM32F429 

Secondary-side: Fairchild FDMS86550ET60 

Driver and Smart Rectifier: IR1167A 

Solution 3 

Switching Technology: eGaN 

Primary-side: Half-Bridge GaN LMG5200 

Phase-Shift using Evaluation Board STM32F429 

Secondary-side: eGaN EPC2021 

Driver: UCC27611 

Smart Rectifier: IR1167A 

Solution 4 

Switching Technology: eGaN 

Primary-side: Half-Bridge GaN LMG5200 with driver 

Phase-Shift using UCC28950 

Secondary-side: eGaN EPC2021 

Driver: UCC27611 

Smart Rectifier: IR1167A 

Source: Own source. 
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In addition to the appropriate switching devices, drivers, and controller, a lot of effort 

was put in to choosing the most appropriate passive elements for the circuit. For the 

capacitors of the resonant tank, C0G (NP0) ceramics were used, since they offer one of the 

most stable capacitor dielectrics available in terms of temperature variation. For the full-

bridge in the primary-side, an input capacitor referenced as bulky capacitor was used to 

control the voltage deviation at the input when the bridge is requiring power. To reduce the 

ripple voltage amplitude seen at the input, ceramic capacitors were placed in parallel and very 

close to the MOSFETs (ARRIGO, 2006). Bypass capacitors were also considered to filter 

higher frequencies. To obtain a more compact solution, the inductors were designed to be 

integrated in the PCB, as a planar magnetic. 

3.1.3 Planar Inductor Design 

In recent years, planar magnetic technology integrated with the PCB has become 

increasingly popular in the power electronic circuits. With the increase in the operating 

frequencies, higher power efficiencies with reduced component size can be achieved 

(DEKKER, 2006) (DIXON, 2016). The main advantages of planar magnetic components over 

conventional wire wound components are: (1) low profile structures with better volumetric 

efficiency and higher power density for certain applications, (2) lower leakage inductance, (3) 

reduced high frequency winding losses and (4) better thermal management. The limitations 

are the space used in the PCB, increased parasitic capacitance, and low window utilization 

factor (WANG, 2003). Figure 44 shows a schematic representation of a planar inductor design 

integrated with the PCB.  
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Figure 44: Planar inductor integrated with the PCB.  

The turns are made by the tracks and the use of multiple layers can increase the number of turns. 

Source: Modified from (DEKKER, 2006). 

The design of the inductor normally involves trade-offs between size, cost, and power 

losses. In most cases, the main constraint is that the peak magnetic flux density BMAX should 

not approach the core material's saturation flux value BSAT (given by the manufacturer). 

Excessive volt-seconds applied to a coil causes core saturation, which results effectively in 

the short-circuiting of windings (ROZENBLAT, 2004). Table 15 shows the formulas to 

calculate BMAX accordingly with the signal used. 

Table 15: Magnetic flux equations accordingly with the waveform.  

Function Waveform BMAX (Gauss) 

Sine wave 

 

       

       
 

Square wave 

With duty-cycle 
 

         

       
 

In the formulas V is voltage (Volts), N is coil's number of turns, Ac is core's cross-sectional area (cm
2
) and F is 

frequency (Hertz). 

Source: Based on (ROZENBLAT, 2004). 
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Once the BMAX is calculated and the planar core size is defined, the number of turns 

can be calculated using Equation 10 (MCLYMAN, 1993). 

  
            

       
 

Equation 10: Number of turns of the inductor 

Equation used to find the number of turns for the desired inductance. Ac is core's cross-sectional area (cm
2
). 

To prevent the magnetic material saturation at a required current, an air gap can be 

introduced. The Equation 12 gives the formula to calculate the necessary air gape, accordingly 

with the inductance required (where a material with high permeability is considered) 

(ROZENBLAT, 2004). 

     
            

 

      
 

Equation 11: Air gap equation. 

Formula used to calculate the length of the air gap. Ac is core's cross-sectional area (cm
2
). 

When the manufacturer has a core already with an air gap, the number of turns can be 

determined using the AL given in the datasheet and the Equation 12 (ROZENBLAT, 2004). 

   √
 

  
 

Equation 12: Equation for the number of turns using AL. 

AL is the specific inductance in nH/turn given by the manufacturer in the datasheet. 

For our prototype, both resonant inductor of 3.96 μH and the choke inductor of 100μH 

were designed as a planar inductor. The magnetic core selected was the Ferroxcube 

E18/4/10/R and its respective plate PLT 18/10/2/S-3C90, both showed in Figure 45 

(Datasheet - Ferroxcube E-Core, 2016). 
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1. E-Core  

 

2. Plate 

 

Figure 45: Magnetic E-core and plate selected to design the inductor of the prototype. 

Source: Based on (Datasheet - Ferroxcube E-Core, 2016). 

Using this core and an air gap of 170 μm, the numbers of turns calculated for the 

resonant inductor and choke were, respectively, 4 and 18 turns. In order to do the turns, a 6 

layers PCB was used for the layout. Simulations using 2D-FEMM were made for estimating 

the power losses. Both Figure 46 and Figure 47 picture the geometry and the magnetic field 

intensity plot. The losses were calculated taking in consideration the voltage drop values, 

which gives the DC resistance. The AC resistance was given when simulations using the 

frequency of switching (150 kHz) were performed. With the design of the inductors finished 

and the components selected, the layout of the PCB started. 
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Figure 46: 2D-FEMM simulation of the resonant inductor in 150 kHz. 

The geometry and the field intensity plot. The inductance calculated is 4μH and it has 4 turns in total.  

Source: Own source. 

 

Figure 47: 2D-FEMM simulation of the output choke inductor in 150 kHz.  

The geometry and the field intensity plot. It has 3 turns per layer, 6 layers result in 18 turns in total. The 

inductance obtained was 100 μH.  

Source: Own source. 
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 HARDWARE IMPLEMENTATION 3.2

In the concept phase, the idea for the prototype was conceived considering information 

collected by the study of the literature research and our target application. In addition, a 

qualitative analysis and comparison of three promising topologies were made. Based on 

simulation using the software PLECS and approximated power losses calculations, the 

topology LCCL with forward rectifier in the secondary-side was chosen and the appropriate 

technologies to develop the circuit were searched.  

This investigation resulted in four solutions suggested for hardware implementation. 

However, due to time constrains, the PCB layout implemented considered only two solutions 

proposed in Table 14: the solution 2 and solution 3. Both solutions use the evaluation board 

with microcontroller to generate the phase-shift control. The only difference is the switching 

technologies. The solution 2 uses MOSFETs and the solution 3 uses eGaN. The use of the 

evaluation board to generate the PWM signals was considered the best solution for the 

prototype since the control part can be also integrated using the microcontroller. After further 

studies in the control part, current/voltage sensors were integrated in the circuits using the IC 

INA250 made by Texas Instruments. 

When it comes to PCB design, the utilization of smart layout practices is crucial for 

designing an efficient and compact system that performs optimally for a given application. 

For this reason, PCB guidelines for reducing EMI and aiding the heat dissipation were 

adopted in the layout. Since a 6 layers PCB is used, separated layers for ground and power 

supply were located in the inner layer for shielding power and control circuits. Most of 

connections were made through vias, using star formation for grounding, to minimize 

parasitic inductance. When possible, the digital and the analog circuits were placed far from 

the power part (ROZENBLAT, 2016). Based on the design chart in the IPC-2221 standards 

for PCB design, the recommended minimum trace width per amp for a 10°C rise in 

temperature ranges from 10mil to 30mil for 1oz copper was adopted. Larger traces were used 

when possible since it has lower DC resistance, lower inductance, and are easier to inspect 

and rework (IPC-2221: Generic Standard on Printed Board Design, 1998). The distances 

between various circuits were also determined according to the requirements of this standard; 

a minimum 0.635 mm (25 thou) was used for power traces. 
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For the circuit part that contains high frequency switching currents, the areas and 

lengths of the loops were reduced in order to minimize stray inductance. In addition, high 

frequency capacitors (low ESL/ESR type) that bypass bias supply voltages and reference pins 

were placed physically close to the ICs. In the primary-side, since the full-bridge is basically 

two half-bridges in parallel, a symmetrical routing with equal conductor impedances for each 

of the paralleled devices were used. The PCB schematic and layout of the primary and the 

secondary-side, both solutions using MOSFETs and eGaN FETs, were designed using the 

software Altium. The schematic and PCB layout are showed in the Figure 48 to Figure 59, 

also including a 3D-view. 
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3.2.1 Primary-side Circuit 

a. Solution using MOSFETs 

 

Figure 48: Primary-side schematic using MOSFETs. 

Source: Own source. 
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Figure 49: Primary-side PCB layout using MOSFETs. 

Source: Own source. 

 

Figure 50: Primary-side PCB layout using MOSFETs in a 3D view. 

Source: Own source. 
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b. Solution using eGaN 

 

Figure 51: Primary-side schematic using eGaN. 

Source: Own source. 
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Figure 52: Primary-side PCB layout using eGaN. 

Source: Own source. 

 

Figure 53: Primary-side PCB layout using eGaN in a 3D view. 

Source: Own source. 
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3.2.2 Secondary-side Circuit 

a. Solution using MOSFETs 

 

Figure 54: Secondary-side schematic using MOSFETs. 

Source: Own source. 
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Figure 55: Secondary-side PCB layout using MOSFETs. 

Source: Own source. 

 

Figure 56: Secondary-side PCB layout using MOSFETs in a 3D view. 

Source: Own source. 
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b. Solution using eGaN 

 

Figure 57: Secondary-side schematic using eGaN. 

Source: Own source. 
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Figure 58: Secondary-side PCB layout using eGaN. 

Source: Own source. 

 

Figure 59: Secondary-side PCB layout using eGaN in a 3D view. 

Source: Own source. 
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 SOFTWARE DEVELOPMENT 3.3

While the PCBs designs were being manufactured, the implementation of the software 

to generate the PWM signal was initiated. The main idea in using the evaluation board is to 

facilitate further investigations in the control of the power transferred. In addition, the display 

and the button of the evaluation board can already simulate a user interface, at least for 

controlling purpose during the experiments. 

3.3.1 Full-Bridge Phase-Shift Control 

The phase-shift control of a full-bridge requires four PWM signals with the same 

frequency, 50% of duty-cycle and different phases between them. The two PWM signals that 

drive the legs of the bridge must be complementary signals, and the amount of the phase-shift 

between the signals of the legs characterize the phase-shift, which basically decides the 

amount of energy that the bridge is supplying. 

In a microcontroller, such signals can be generated using general-purpose timers, 

which consist of a 16 or a 32-bit auto-reload up, down, up/down counter driven by a 

programmable clock source. These timers can be used for a variety of purposes, including 

measuring the pulse lengths of input signals (input capture) or generating output waveforms. 

In PWM mode, the frequency of the signal generated by the timer is determined by the value 

of the TIMx_ARR register, and the duty cycle determined by the value of the TIMx_CCRx 

register (Reference manual - RM0090 - STM32F4xx advanced ARM®-based 32-bit MCUs, 

2015). 

The solution found to be appropriated for generating the phase-shift control was using 

the PWM mode of the timer in counter configuration up/down, or PWM center-aligned mode. 

In this center-aligned mode, the counter counts from 0 to the auto-reload value (content of the 

TIMx_ARR register) minus one, generating a counter overflow event, then it counts from the 

auto-reload value down to 1 and generating a counter underflow event (interrupt). Then, it 

restarts counting from 0 (Reference manual - RM0090 - STM32F4xx advanced ARM®-based 

32-bit MCUs, 2015). Figure 60 shows how center-aligned mode generates the interruptions of 

underflow and overflow. 
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Figure 60: PWM in center-aligned mode. 

Generating a PWM waveform using the center-aligned mode. When the main counter is equal to the value set in 

the CCRx register, the output signal toggles and an interrupt event is generated, which can be used to trigger 

output pins.  

Source: Based on (Reference manual - RM0090 - STM32F4xx advanced ARM®-based 32-bit MCUs, 2015). 

Using the center-aligned mode to generate one PWM signal with 300kHz of frequency 

and controllable duty-cycle, four PWM signals with 150kHz were generated using the 

interrupts events triggered by the underflow and overflow events of the center-aligned mode. 

As pictured in Figure 61, when one varies the duty-cycle of this PWM signal used as 

reference, the phase-shift of the generated PWM waveforms changes accordingly. 

 

Figure 61: Representation of the PWM signals generated by the interruptions of one main PWM signal. 

Source: Own source. 
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With this solution, in order to change the phase-shift one has to set the desirable duty-

cycle of the PWM used as reference, which is basically done by programing the register 

CCRx showed in Figure 70. This software implementation allows the user to control the 

phase-shift by setting one register, which can be done by pressing the button in the evaluation 

board. For the visualization of the phase difference, a modest user interface was designed to 

show the information in the display. 

3.3.2 User Interface 

The user interface implemented is showed in Figure 62. In addition to the phase-shift 

control, two ADC were programmed in order to measure the input voltage and current of the 

primary-side. 

 

Figure 62: User interface implemented. 

Photo of the evaluation board with the user interface running. In addition the phase-shift difference, voltage and 

current can be also measured and displayed. 

Source: Own source. 
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 RESULTS AND DISCUSSIONS 4

When considering the solutions implemented in the hardware, one can observe that the 

main difference is the switching technologies chosen. While MOSFETs are already a well-

established technology, gallium nitride transistors are quite new in the market and, although 

eGaN offers a better switching performance, its driving process is more sensitive, requiring 

specific drivers and complex layout guidelines. Even though both solutions were 

implemented, for the experiments discussed in this next chapter, just the boards with 

MOSFETs were investigated. Moreover, no smart rectification was used in the secondary-side 

during the experiments. 

In order to evaluate the power efficiency and temperature rise of the prototype, the 

initial experiments considered the measurements of the planar inductors designed in the PCB 

and the operation of the phase-shift.  

 PLANAR INDUCTORS MEASUREMENTS 4.1

After the manufacturing of the PCB, the components were soldered and the planar 

inductor was mounted. The first measurements evaluated were the inductance, DC and AC 

resistance of the planar inductor designed. The measurements were made using a precision 

magnetics analyzer 3260B made by Wayne Kerr, and the results showed some discrepancies 

between the designed and measured values. The resonant inductor presented 1.25 μH, RDC = 

34 mΩ, RAC = 65 mΩ, while it was designed to have 3.96 μH. The inductance also did not 

change with currents until 10A, which indicates that the core does not saturate. For the output 

choke, the designed inductance was 100μH. The measurements using two distinct boards 

showed the following results: 

 Board number 01: L = 29 μH, RDC = 402 mΩ, RAC = 860 mΩ. 

 Board number 02: L = 44 μH, RDC = 384 mΩ, RAC = 1100 mΩ. 

The inductance versus current characteristic curve of the inductors in each board is 

showed in Figure 63. 
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Figure 63: Inductance versus current characteristic curve 

Values measured for the output choke inductor mounted in two different boards. 

Source: Own source. 

The output current in the simulations showed in Figure 38 peaks of maximum 3A in the 

transient response and 1 A in steady-state operation with 0.3A of ripple. Therefore, it is 

expected to have inductances of approximately 40 μH and 28μH, when boards 1 or 2 are used, 

respectively. Besides the errors in the design or in the layout of the inductor, the reason of 

such differences could be related to two aspects: 

1. The air gap problem: since the only available E-cores 18/4/10 were without air gap, 

the e-cores used had to be modified for include the designed air gap. This could have 

resulted in E-cores with different air gaps, which have influenced the inductance. 

2. In order to fit in the PCB, approximated 2 mm of ferrite had to be taken out in the 

sides of the E-core. This has changed the effective cross section of the core and 

consequently also the inductance value. 

Despite the wrong values of the inductance, simulations using the values measured of 

the inductance were used and a similar behavior of the system was observed. This result had 

encouraged further testing of the prototype, even though lower power efficiencies are now 

expected.  
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It is important to note that the change in the value of the resonant inductor affects the 

compensation circuit, which may result in a lower compensation of the leakage inductance of 

the inductive link. Thus, the efficiency of the power transferring will be reduced. Moreover, 

lower value of inductance of the output choke results in a higher current ripple in the 

secondary-side, increasing the power losses and reducing the power efficiency of the 

prototype. This means that high values of temperatures of operation are expected. 

 COUPLING FACTOR MEASUREMENTS 4.2

After measuring the characteristics of the planar inductors designed, the experiments 

with the coil selected were evaluated in order to determine the coupling factor of the pair of 

coils accordingly with the misalignment. Since such measurements require stability, the 

structure, showed in Figure 64 (a), was developed. It was designed to allow distances of 5 to 

20mm between the coils and also lateral misalignment, as represented in Figure 64 (b). 

(a) 

 

(b)  

 

Figure 64: Structure utilized to do the experiments where the variation of the coupling factor is required. 

Source: Own source. 

Using this structure, experiments were made in order to determine the coupling factor 

between the coils. Figure 65 and Figure 66 illustrate the results for misalignment in the 

direction x (longer coil length) and y (shorter coil length), respectively, which was necessary 

since the employed coil was not circular. For the experiments, the coupling factor was 

determined measuring the self-inductance (L) of one coil (with the other one in open circuit) 

and then measuring the leakage inductance (LK) of the same coil (with the other one in short-

circuit). The equation to determine the coupling factor using this method is given by Equation 

13. 
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  √   
 

  
 

Equation 13: Equation used to determine the coupling factor. 

L is the self-inductance of the coil, with the other coil in open-circuit, and Lk is the leakage inductance value of 

the same coil, with the other in short-circuit. 

The inductance measurements were made using the precision magnetics analyzer 3260B 

made by Wayne Kerr, in distances of 5, 10, 15, 20 mm in the directions x, y and z. Angular 

misalignment experiments would require a more sophisticated structure, therefore this type of 

variation was not considered for the experiments. 

 

Figure 65: Coupling factor curve when considering increasing the distance in x and z axis. 

Source: Own source. 
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Figure 66: Coupling factor variation when the distance in y and z is changed. 

Source: Own source. 

Although both graphics showed in Figure 65 and Figure 66 illustrate a similar behaviour 

of the coupling factor with variation of the distances in the directions x and y, the decreasing 

of the coupling factor considering misalignment in the y direction is slightly stronger than in 

the direction x. This can be better visualized looking at the values obtained in the 

experiments, as showed in Table 16. The slightly higher decrease tendency of the coupling 

factor with variation in y distances can be explained when the geometry of the coils are 

analysed. As showed in Figure 40 or Figure 64 (b), the coil‟s length in y-direction is 14% 

shorter (when compared with the x-direction), which results in less coupling in this direction. 
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Table 16: Coupling factor measurements. 

dx 

(mm) 

dz 

(mm) 

L1 

(μH) 

Rac1 

(mΩ) 

L1k 

(μH) 

Rac1k 

(mΩ) 
k 

5 20 12.63 76.00 12.00 78.00 0.223 

10 20 12.64 76.00 12.12 78.00 0.203 

15 20 12.66 76.00 12.32 77.00 0.164 

20 20 12.68 76.00 12.49 76.00 0.122 

dy 

(mm) 

dz 

(mm) 

L1 

(μH) 

Rac1 

(mΩ) 

L1k 

(μH) 

Rac1k 

(mΩ) 
k 

5 20 12.64 75.00 12.05 77.00 0.216 

10 20 12.65 75.00 12.23 77.00 0.182 

15 20 12.67 76.00 12.36 76.00 0.156 

20 20 12.68 76.00 12.56 76.00 0.097 

The values were obtained in experiments with dz distances of 20 mm and changing the distances in the 

directions x and y. The coupling factor in the direction y has a stronger decrease tendency. In blue, the two 

values of coupling factor that match the used values for the design of the TETS are highlighted. 

Source: Own source. 

With the results showed in Table 16, the minimum and the maximum values of 

coupling factor used to design the circuit were obtained. When the prototype operates at 

misalignment distances of 10 mm in the x direction and 20 mm in the z direction, the coupling 

factor is 0.203, accordingly with Table 18. Whereas with misalignment distances of 20 mm in 

the y and z directions, a coupling factor of 0.097 is obtained. Therefore, using these distances 

and the maximum and the minimum power, the operation points used to design the circuit 

were obtained and tested in practice. These operation points are described in Table 17. 

Table 17: Operation points used in the experiments to measure the power efficiency of the TETS prototype 

implemented. 

Operational 

Point 

Power 

Transfer 

Coupling 

Factor (k) 

Misalignment 

Distances 

OP1 P max = 20 W k min = 0.097 
dz = 20 mm 

dy = 20 mm 

dx = 0 mm  

OP2 P max = 20 W k max = 0.203 
dz = 20 mm 

 dy = 0 mm 

 dx = 10 mm 

OP3 P min = 7 W k min = 0.097 
dz = 20 mm 

 dy = 20 mm 

 dx = 0 mm 

OP4 P min = 7 W k max = 0.203 
dz = 20 mm 

 dy = 0 mm 

 dx = 10 mm 

Source: Own Source. 
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The operational points were divided in four, considering maximal/minimal power 

transfer and misalignment tolerance (distances in the direction x, y and z as showed in Figure 

75 (b)). The maximum and the minimum power transfer and coupling factor values were 

given by the engineering requirements showed in Table 7. The closest values for the coupling 

factor are given in Table 18, from which the distances for the experiments were taken. Using 

these points, the test of the phase-shift and measurements of power efficiency were 

performed. 

 PHASE-SHIFT OPERATION 4.3

After finishing the determination of the coupling factor, the phase-shift control was 

tested. The experiments were made with PCB versions using MOSFETs as switching 

technology. Figure 67 shows (a) and (b), which are the pictures acquired with the oscilloscope 

MSO3054 made by Tektronix while testing the phase-shift control implemented. 
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(a) 

 

(b) 

 

Figure 67: Phase-shift control experiments. 

In (a) and (b) the waveforms of the PWM signals and the phase-shift are pictured. The channel 1 and 2, in yellow 

and blue are the PWM signals applied to the top MOSFETs of the full-bridge and the channel 3, in pink, the 

resultant signal from the full-bridge, considering the phase-shift between the MOSFETs. 

Source: Own source. 

As seen in Figure 67, the higher the overlapping between the PWM signals in the top 

MOSFETs of the full-bridge, the lower is the output voltage supplied by the full-bridge. The 

relationship between the overlapping and the phase-shift was determined using the Equation 

14, considering the time-on (which is equivalent to the delay time between the two signals) 

and dead time (which is used for security reasons). 
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Equation 14: Equation used to convert the overlapping in degrees of the phase-shift. 

According to the phase-shift, measurements of voltage and current in the primary and 

secondary-side were made. Table 18 summarizes the measurements obtained. For minimal 

overlapping, the phase measured was 185° and the output voltage of the full-bridge was at 

maximal (about 14.4V). This case was required in the operation point 1, since the power 

transfer is at maximum (20W) and the coupling factor is at minimum (0.1). On the other hand, 

the maximum overlapping was required in the operation point number 4, where the power is 

at minimum (7W) and the coupling factor is at maximum (0.2).  

Since the period of the waveforms used was 6.67μs, it is important to note that the 

dead-time used (approximately 200ns to turn-on) affects the symmetry of the phase-shift 

signal, introducing an error in the output voltage of the full-bridge, mostly at high phase 

values, where the overlapping is high. However, such influence can be ignored in the 

experiments for measuring the power efficiency since the most important parameters are the 

input and output voltage and power. In the end, these values have to match with the ones used 

for designing the circuit. 

Table 18: Measurements of current and voltage in the primary and secondary-side accordingly with the phase-

shift used. 

 Primary-side Secondary-side Phase-shift 

OP# 

Bridge 

Output 

Voltage 

(VRMS) 

Bridge 

Output 

Current 

(ARMS) 

Primary 

Winding 

Voltage 

(VRMS) 

Primary 

Winding 

Current 

(ARMS) 

Secondary 

Winding 

Voltage 

(VRMS) 

Secondary 

Winding 

Current 

(ARMS) 

Measured 

(°) 

OP1 14.3 2.4 63.3 6.0 28.0 2.3 185 

OP2 9.6 3.6 44.2 3.7 33.8 2.8 233 

OP3 9.0 2.0 39.8 3.3 29.5 2.4 239 

OP4 6.9 2.7 23.0 1.8 26.8 2.2 253 

Source: Own source. 

Figure 68 shows the setup used to do the experiments to determine the phase-shift and 

also the power efficiency of the prototype. The boards tested used MOSFETs as switching 

technology and no synchronous rectification was made in the secondary-side. 
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Figure 68: Setup used to do the experiments of power efficiency and functionalities. 

Source: Own source. 

 POWER EFFICIENCY MEASUREMENTS 4.4

After determining the functionality of the phase-shift control, experiments were 

performed in order to measure the power efficiency of the prototype. Using the operation 

points of Table 17, power efficiency experiments were made using as equipment: the power 

supply Agilent E3634, the precision power analyser Yokogawa WT3000 and the oscilloscope 

MSO3054 Tektronix. The measurements considered the waveforms and values of the current 

and voltage of the output of the full-bridge, of the primary-side coil, of the secondary-side coil 
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and of the load. Figure 69 to Figure 72 show the waveforms captured from each operational 

point.  

Operation Point 1 (PMAX, kMIN) 

(a) Full-Bridge‟s output 

voltage and current 

 

(b) Primary-side‟s resonant 

current and voltage 

 

(c) Secondary-side‟s resonant  

current and voltage 

 

(d) Output voltage and current 

 

Figure 69: Waveforms of the operation point 1. 

Channel 4, in green shows the current, channel 3 is the voltage, and channel 1 and 2 are the PWM signals of the 

top MOSFETs of the full-bridge. 

Source: Own Source. 

In Figure 69 (a) it is interesting to observe that the zero current switching (ZCS) mode 

is missed by a few hundred nanoseconds. In this mode, the losses of the primary-side would 

be minimized since the switching losses are almost zero. In (a) it can also be observed the 

operation without overlapping (i.e. phase-shift angle equal 180
o
 plus dead-time), where the 

maximum theoretical power from the bridge is delivered. Despite this fact, the maximum 

power transferred required was not obtained in this condition, as will be later commented. In 

(b) and (c) the obtained current and voltage of the resonant circuits show similar behaviour 

from the results of the simulations. In (d) the output ripple can be determined approximately. 

For this case, the voltage output ripple is almost 2 V, similar to the simulations. 
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Operation Point 2 (PMAX, kMAX) 

(a) Full-Bridge‟s output 

voltage and current 

 

(b) Primary-side‟s resonant 

current and voltage 

 

(c) Secondary-side‟s resonant 

current and voltage 

 

(d) Output voltage and current 

 

Figure 70: Waveforms of the operation point 2. 

Channel 4, in green shows the current, channel 3 is the voltage, and channel 1 and 2 are the PWM signals of the 

top MOSFETs of the full-bridge. 

Source: Own Source. 

For this case, the maximum power transferred (20 W) was achievable, but now the 

coupling factor is at the maximum designed (k = 0.200). Figure 70 (a) shows that the current 

has high values when the MOSFETs are switching. So, besides the conduction losses, the 

switching losses will contribute to lower the total efficiency.  
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Operation Point 3 (PMIN, kMIN) 

(a) Full-Bridge‟s output 

voltage and current 

 

(b) Primary-side‟s resonant 

current and voltage 

 
(c) Secondary-side‟s resonant  

current and voltage 

 

(d) Output voltage and current 

 

Figure 71: Waveforms of the operation point 3. 

Channel 4, in green shows always the current, channel 3 is the voltage, and channel 1 and 2 are the PWM signals 

of the top MOSFETs of the full-bridge. 

Source: Own Source. 

For this operation point, when the current waveform in Figure 71 (a) is observed, the 

current in the bridge is slightly negative when the MOSFETs are switching, which means the 

circuit operates very close to zero current switching (ZCS) mode, which minimize the total 

losses. In this case, as also in (a), the phase-shift is almost 240
o
 resulting in a lower power 

delivered by the bridge. Similar behaviour can be observed in Figure 72 (a), but in this case 

with a slightly lower value of phase shift, despite operating with higher coupling and less 

power being transferred (7W). 

In both operational points showed in Figure 71 and Figure 72, the pictures in (b) and 

(c) display current and voltage of the resonant circuits in accordance with the results observed 

in the simulations. In (d) the output ripple was determined. For both cases, the voltage output 

ripple was about 2 V, which is also similar as to values obtained in the simulations. 
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Operation Point 4 (PMIN, kMAX) 

(a) Full-Bridge‟s output 

voltage and current 

 

(b) Primary-side‟s resonant 

current and voltage 

 

(c) Secondary-side‟s resonant  

current and voltage 

 

(d) Output voltage and current 

 

Figure 72: Waveforms of the operation point 4. 

Channel 4, in green shows always the current, channel 3 is the voltage, and channel 1 and 2 are the PWM signals 

of the top MOSFETs of the full-bridge. 

Source: Own Source. 

Accounting the waveforms, the power efficiency was measured. The boards tested 

used MOSFETs as switching technology and no synchronous rectification was made in the 

secondary-side. For simulating the load, resistances calculated to match the desired output 

power were used. Although such method does not englobe the whole effects of a typical load 

of a TETS, it is still a valid approximation for loads which are always consuming a constant 

power. The results are summarized in Table 19. 

Table 19: Power efficiency measurements for the four operation points. 

PCB 

Prim. 

PCB 

Sec. 
OP 

Phase-

Shift 

Load 

(Ω) 

Misalignment Input Output Power 

Efficiency 

(%) dz (mm) d (mm) U (V) I (A) P (W) U (V) I (A) P (W) 

3 1 

OP1 185° 
10,37 

20 dy = 20 14,44 1,56 22,56 12,06 1,17 14,12 62,6% 

OP2 233° 20 dx = 10 14,33 1,96 28,00 14,40 1,41 20,38 72,8% 

OP3 339° 
29,60 

20 dy = 20 14,40 0,82 11,78 14,89 0,50 7,44 63,2% 

OP4 253° 20 dx = 10 14,46 0,76 11,02 14,67 0,49 7,21 65,4% 

Source: Own Source. 
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An interesting result happened in the operation point 1, where the power transferred is 

at maximum 20W and the coupling factor is at minimum 0.097. In this scenario, the prototype 

was not able to reach the power required with the minimum phase-shift, which means the 

maximum power that the full-bridge topology can supply. Possibly reasons for such results 

are the wrong values of the inductors. A lower value in the resonant inductor results in an 

incorrect compensation of the leakage inductance from the coils and a lower value of the 

choke inductor in the secondary-side affect the reflected impedance of the system. 

Furthermore, a very high value of winding resistance of the output inductor leads to a 

significant voltage drop, further reducing the circuit voltage gain. Besides such results, the 

prototype showed a robust response to misalignment. Some experiments were made varying 

the coupling factor while the operation of the circuit and no instability was detected.  

 THERMIC MEASUREMENTS 4.5

Along with the power efficiency, thermic measures were taken in order to observe the 

heating of the boards and coils during the operation points. The thermal pictures were 

obtained using the infrared camera ThermaCAM P620 manufactured by FlirSytems. Figure 

73 illustrates the thermic pictures taken in parallel with the measurements of power 

efficiency. 
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Primary-side

 

Secondary-side 

OP1 (PMAX, kMIN)

 

 
 

OP2 (PMAX, kMAX) 

 

OP3 (PMIN, kMIN) 

 

OP4 (PMIN, kMAX) 

 

Figure 73: Thermal pictures of the prototype running in the operation points. 

Each picture has its own temperature scale, which positioned in the right-side and graded accordingly with the 

maximum and minimum temperature for each case.  

Source: Own Source. 

Attention must be given when comparing the pictures, since the temperature scale is 

not fixed. The worst cases in terms of temperature increase were observed in the operation 

points 1 and 2, with maximum temperatures of 54.6
o
 and 57.2

o
. Theoretically, the worst case 

in terms of temperature should be the point 1, because the power transfer is 20 W and the 
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coupling factor is at minimum. Since the system in this point was able to transfer only 14 W, 

it would be expected higher temperatures if the maximum power transfer would be achieved. 

For the operation points 3 and 4, where the power transfer is 7 W, even at minimum coupling 

factor the maximal temperature did not exceed 35.3
o
. For the points 1 and 2, one can notice 

that the primary-coil reached the maximal temperatures scaled by the camera. Although such 

results are unsatisfactory in terms of temperature rise, the issue could be solved using a 

cooling system, since this part of the circuit stays outside the body.  

The main design constrain related to the temperature is mostly in the secondary-side. 

The thermal pictures in Figure 74 emphasises the coil of the secondary-side.  

(a) OP1 (PMAX, kMIN) 

 

(b) OP2 (PMAX, kMAX) 

 

(c) OP3 (PMIN, kMIN) 

 

(d) OP1 (PMIN, kMAX) 

 

Figure 74: Thermal pictures with focus on the temperature of coil from the secondary-side.  

Each picture has its own temperature scale, which is positioned in the right-side and graded accordingly with the 

maximum and minimum temperature for each case. 

Source: Own Source. 

For these pictures, the function spot temperature was used in order to have an accurate 

measure of the temperature. A difference of approximated 4
o
 can be observed between the 
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maximum and the minimum power transfer operation points. The coupling factor variation 

has slightly affected the temperature in the secondary-coil. When taking in consideration the 

power density dissipated by the primary and secondary-side boards it can be roughly 

estimated using the power efficiency of the operational points. For instance, the operation 

point 2 has 72.8% of efficiency transmitting 20W at a 10 mm distance. Assuming that the 

losses are divided equally between the circuits and dividing this power dissipated with the 

area of the boards, a power density of approximately 7.5mW/cm
2 

in each board. The main 

problem was that when the temperatures of coils and of the boards are compared with the 

environment, the temperature in the hot spots such as the coils and the secondary-side choke 

inductor were considerably high. Therefore, one can conclude that the use of this prototype in 

animal experiments is for now unfeasible. But still, the experiments and measures have 

showed a promising topology regarding tolerance for misalignment and power efficiency 

capability. Further improvements in the design of the converter and in the planar inductors 

could result in a prototype version feasible for medical studies. 

Interesting to note is that higher values of temperatures were obtained in the choke 

inductor in the secondary-side, designed as a planar inductor. Such results can be explained 

when considering the lower value of inductance and also the higher winding resistance of this 

solution. Since buried vias could not be used due to the high copper thickness used in the 

tracks, the layout used to form the inductor was not optimal in terms of space and resistance. 

Such problem could be amended using a different topology in the secondary-side such as the 

current-doubler where the inductor has lower values. 
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 CONCLUSION 5

The recognition of inductive power transfer systems has increased significantly in the 

last years mostly driven by the increased use of battery-powered devices, and also by the 

increasing prominence given to electrical vehicles. In medical applications, inductive power 

transfer systems technologies used in transcutaneous energy transfer system (TETS) can 

increase the life-time of the medical implants devices, as well as enhance safety, control, and 

portability. Moreover, when considering the current worldwide scenario of the continuous 

increase of heart diseases cases, TET systems along with heart transplant are the only 

available long-term treatment of advance heart disease diagnosis. Currently, TETSs are the 

only solution available that provides the development of totally implantable mechanical 

circulatory support device (MCSD), avoiding the use of drivelines. 

In this work, the implementation of a transcutaneous energy transfer system prototype 

is described with the purpose of evaluating a promising circuit topology for high power 

medical applications. The circuit topology selected is composed by a full-bridge with phase-

shift control in the primary-side with a series-parallel LCCL compensation circuit. The 

secondary-side has a parallel compensation with a forward rectifier behaving as a constant 

current source. In order to have a size-reduced and integrated solution, the resonant and 

output choke inductors were designed as planar magnetics in the PCB. The project was 

developed during a period of 6 months, which included time to summarize the engineering 

requirements of the application, to select the components for the circuit, to design the PCB, 

and to evaluate the prototype with experiments concerning power transfer efficiency, 

misalignment tolerance, and thermal behaviour. 

The circuit was designed to operate in four operation points, considering maximum 

and minimum power transferred and coupling factor. Experiments have shown efficiencies 

results of 63% and 65% obtained for minimum power (7W) using minimum (0.100) and 

maximum coupling factor (0.200), respectively. For maximum power (20W), the experiments 

have presented power efficiencies of 62% and 72% for minimum and maximum coupling 

factor, respectively. For the operation point with maximum power and minimum coupling 

factor, the achievable power transferred was only 14W even at zero phase-shift.  
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The low values of power efficiency and the limitation of the prototype in the operation 

point, where the power maximum at minimum coupling factor is required, can be associated 

with the resonant and output choke inductors, designed as planar magnetics. Measurements of 

its inductance have showed values almost a quarter less than the designed values. For 

instance, this lower value of inductance in the resonant inductor results in a lower 

compensation of the leakage inductance of the primary-side. This effect on the compensation 

could have caused the limitation in transferring the required maximum power at lowest 

coupling factor. Furthermore, the very high value of winding resistance of the output inductor 

has led to a significant voltage drop in the secondary-side, which contributed to reduce the 

circuit power efficiency. 

Experiments made to determine the temperature of the prototype while running in the 

designed operation points were also considered. Overall, for the maximum power transfer 

(20W), temperatures of maximum 55
o
 were obtained in isolated parts of the circuits, mostly in 

the primary-side (the coil and the MOSFETs). Although the power efficiency was lower for 

cases where the minimum power was required, experiments concerning temperature have 

presented maximum temperatures of just 35
o
. Only a small variation in temperatures was 

detected while changing the coupling factor from maximum to minimum cases.  

When considering only the secondary-side, the experiments have presented 30
o
 to 34

o
 

just in the coil. The secondary-side circuit has reached values as high as 57
o
 for the case 

where the maximum power was being transferred with the best coupling factor designed. 

Unfortunately, the power efficiencies obtained, along with the temperatures results observed 

in the secondary-side make this prototype unfeasible for animal testing. Therefore, further 

investigation in the design and improvement in the hardware would have to be performed in 

order to achieve the safety standards regarding temperature rise. Nevertheless, the prototype 

developed has demonstrated a promising topology related to misalignment tolerance, and a 

new prototype, considering a redesign of the planar inductor, could achieve higher power 

efficiencies, lower power losses, as well as temperatures within the values required by the 

safety standards. 

For future consideration, the most straightforward optimization recommended would 

be testing the smart rectifier in the secondary-side and also evaluating the hardware developed 

using eGaN as switching technology since it is expected better results in terms of power 

efficiency in these cases. Still, the two most critical points, which probably will require a new 
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prototype for evaluation, are related to the coils used to transmitting and receiving the power, 

and the planar inductor designed.  

In most studies reviewed in the literature research, the optimization of the inductive 

link formed between the transmitting and receiving coils is a fundamental step for obtaining 

high power efficiency in TETS. In the prototype implemented in this project, due to time 

constrains, commercial coils were selected. The problem is that such coils are not optimized 

for loosely coupling applications and their winding resistance have contributed substantially 

for the high values of temperatures obtained. Regarding the design of the planar inductors, 

even though the values and the layout used have affected drastically the power efficiency and 

the performance of the prototype in the operation point 1 (minimum coupling factor, 

maximum power transfer), the idea has proved itself very useful when considering an 

integrated solution with reduced size. Therefore, further developments and efforts in 

designing efficient planar inductor are recommended for next implementation. In addition, the 

use of a different topology in the secondary-side that has lower values of inductance of the 

output choke, such as a current-doubler, could increase the performance of the implanted 

circuit. 

In further experiments, it is also recommended the use of other loads besides resistive 

in order to fulfil the requirements of common TETS applications. Nevertheless, further 

experiments now considering the possibility of simulating the charging process of the 

implanted batteries and the power delivering to a motor should be performed in order to have 

a better understanding of the whole system and the effects of the load. 
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