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DESIGN AND SIMULATION OF CAPACITIVE POWER TRANSFER USING 

CAPACITIVE TECHNIQUE 

ABSTRACT 

The development of wireless power transfer technology in various applications has 

getting widely nowadays. Wireless energy can be transferred by inductive power 

transfer (IPT) through electric field and capacitive power transfer (CPT) through 

magnetic field. Most of the applications has been utilized the technology of IPT for 

transfering power wirelessly, but in this project, a new method of CPT will be used for 

the purposed of biomedical implantable application which is implantable pulse 

generator (IPG). In terms of biomedical implantable application, CPT has some extra 

advantages compared to the traditional method of IPT such as the circuit structured will 

be more simple and convenient as the receiver circuit for this application will be 

implanted inside of the human body. Besides, the main reasons to use CPT technique 

are CPT has low electromagnetic interference (EMI), power losses is low and the ability 

of CPT to transfer power across metal barriers. In this project, the CPT technique has 

been applied through class E inverter circuit. A 12V DC source has been supplied to the 

inverter circuit that will operate at 1 MHz frequency to deliver 2 Watt of power to the 

load. The effects of higher load resistance values will be analyzed through the class E 

circuit system and the improvement of class E circuit by impedance matching will be 

applied. Overall, class E circuit is able to achieve ZVS waveform and efficiency of 

95.38% by Matlab simulation for the resistance load value that have been designed 

theoretically. As the resistance value is set to some higher random values, class E circuit 

could only achieve ZVS and efficiency of more than 90% with the improvement by 

impedance matching circuit.  

Keywords: capacitive power transfer, class E circuit, impedance matching. 
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REKA BENTUK DAN SIMULASI PERALIHAN TENAGA KAPASITIF 

MENGGUNAKAN TEKNIK KAPASITIF 

ABSTRAK 

Perkembangan teknologi pemindahan kuasa tanpa wayar dalam pelbagai aplikasi 

kini semakin meluas. Tenaga tanpa wayar dapat dipindahkan melalui pemindahan kuasa 

induktif (IPT) melalui medan elektrik dan pemindahan kuasa kapasitif (CPT) melalui 

medan magnet. Sebilangan besar aplikasi telah menggunakan teknologi IPT untuk 

memindahkan tenaga tanpa wayar, tetapi dalam projek ini, kaedah CPT yang baru akan 

digunakan untuk aplikasi implan bioperubatan iaitu generator nadi implan (IPG). Dari 

sudut aplikasi implan bioperubatan, CPT mempunyai beberapa kelebihan tambahan 

berbanding kaedah tradisional IPT seperti struktur litar yang lebih mudah dan sesuai 

kerana litar penerima untuk aplikasi ini akan ditanamkan di dalam tubuh manusia. 

Selain itu, alasan utama untuk menggunakan teknik CPT adalah CPT mempunyai 

gangguan elektromagnetik yang rendah (EMI), kehilangan tenaga rendah dan 

kemampuan CPT untuk memindahkan daya melintasi halangan logam. Dalam projek 

ini, teknik CPT telah diaplikasikan melalui litar penyongsang kelas E. Sumber 12V DC 

telah dibekalkan ke litar penyongsang yang akan beroperasi pada frekuensi 1 MHz 

untuk menyalurkan 2 Watt kuasa kepada beban. Kesan nilai rintangan beban yang lebih 

tinggi akan dianalisis melalui sistem litar kelas E dan penambahbaikan litar kelas E 

melalui litar impedans akan dilaksanakan. Secara keseluruhan, litar kelas E dapat 

mencapai bentuk gelombang ZVS dan kecekapan 95.38% melalui simulasi Matlab 

untuk nilai beban rintangan yang telah dikira secara teori. Apabila nilai rintangan 

ditetapkan ke beberapa nilai yang lebih tinggi secara rawak, litar kelas E hanya dapat  

mencapai  ZVS dan  kecekapan  lebih   dari   90%  melalui penambahbaikan  litar   

impedans. 

Kata kunci: peralihan tenaga kapasitif, litar kelas E, litar impedans 

Univ
ers

iti 
Mala

ya



 

vi 

ACKNOWLEDGEMENTS 

Firstly, I am grateful to say Alhamdulillah because I would not be able to finish this 

research project without His will. Next, I would like to thanks Prof. Dr. Saad Mekhilef 

as my supervisor who is able to guide me through this project along the online learning 

and meeting session due to Covid 19 that gave an impact towards all of us. Besides, I 

also wanted to thanks my colleagues who take the research project together, as it is not 

easy for us to accomplish the research project since we faced many restrictions due to 

movement control order (MCO) and we managed to discuss online in order to complete 

our research project. Last but not least, I wish to express my gratitude and I am grateful 

for my family that gave me space and understanding the situation as all of the process to 

finish this master and the research project are happening at home through online 

session. 

  

Univ
ers

iti 
Mala

ya



 

vii 

TABLE OF CONTENTS 

DESIGN AND SIMULATION OF CAPACITIVE POWER TRANSFER USING 

CAPACITIVE TECHNIQUE Abstract ........................................................................ iv 

REKA BENTUK DAN SIMULASI PERALIHAN TENAGA KAPASITIF 

MENGGUNAKAN TEKNIK KAPASITIF Abstrak ..................................................... v 

Acknowledgements ...................................................................................................... vi 

List of Figures .............................................................................................................. ix 

List of Tables ............................................................................................................... xi 

List of Symbols and Abbreviations ............................................................................. xii 

CHAPTER 1: INTRODUCTION............................................................................... 1 

1.1 Project background .............................................................................................. 1 

1.2 Problem statement ............................................................................................... 5 

1.2.1 Limited battery life ................................................................................. 5 

1.2.2 Reduces EMI and power losses ............................................................... 5 

1.2.3 The design of Class E inverter and impedance matching circuit to 

improve power efficiency ........................................................................ 6 

1.3 Project objectives ................................................................................................. 7 

1.4 Scope of project ................................................................................................... 7 

CHAPTER 2: LITERATURE REVIEW ................................................................... 9 

2.1 Wireless Power Transfer (WPT) .......................................................................... 9 

2.2 Near Field WPT ................................................................................................. 11 

2.2.1 Acoustic Power Transfer (APT) ............................................................ 12 

2.2.2 Inductive Power Transfer (IPT) ............................................................. 14 

2.2.3 Capacitive Power Transfer (CPT) .......................................................... 16 

Univ
ers

iti 
Mala

ya



 

viii 

2.3 Far Field WPT ................................................................................................... 18 

2.3.1 Microwave Power Transfer (MPT) and Light Power Transfer (LPT) ..... 19 

2.4 Class E zero voltage switching (ZVS) Inverter ................................................... 20 

2.4.1 Zero Voltage Switching (ZVS) .............................................................. 21 

2.4.2 Impedance matching resonant circuit .................................................... 22 

CHAPTER 3: METHODOLOGY ........................................................................... 25 

3.1 Process flow of the project ................................................................................. 25 

3.2 Class E inverter circuit design ............................................................................ 26 

3.3 Class E with impedance matching circuit design ................................................ 29 

CHAPTER 4: RESULTS AND DISCUSSION ........................................................ 32 

4.1 Class E circuit simulation................................................................................... 32 

4.2 Class E circuit improvement by impedance matching......................................... 35 

CHAPTER 5: CONCLUSION AND RECOMMENDATION ................................ 44 

5.1 Conclusion ......................................................................................................... 44 

5.2 Recommendation for future works ..................................................................... 45 

 

  Univ
ers

iti 
Mala

ya



 

ix 

LIST OF FIGURES 

Figure 1.1: Basic block diagram of WPT system..……………………………………....1 

Figure 1.2: Implantable pulse generator device..………………………………………...3 

Figure 1.3: CPT system for biomedical implanted device..……………………………..4 

Figure 2.1: WPT basic block diagram.…………………………………………………10 

Figure 2.2: Basic diagram of APT system.……………………………………………..12 

Figure 2.3: Basic diagram of IPT system....……………………………………………15 

Figure 2.4: Representation of near and far field wave….……………………………...19 

Figure 2.5: Class E zero voltage switching inverter..…………………………………..21 

Figure 2.6: ZVS waveform condition.………………………………………………….22 

Figure 2.7: Block diagram of the Class E amplifier with impedance matching resonant 

circuit.………………………………………………………………………24 

Figure 2.8: Class E with impedance matching circuit.…………………………………24 

Figure 3.1: Class E inverter circuit..…………………………………………………....26 

Figure 3.2: Implementation of impedance matching circuit on the Class E circuit........29 

Figure 3.3: Class E with impedance matching circuit..………………………………...29 

Figure 4.1: Theoretical ZVS waveform..……………………………………………….33 

Figure 4.2: Simulation of ZVS waveform.……………………………………………..33 

Figure 4.3: Output waveform from simulation…..……………………………………..34 

Figure 4.4: Impedance matching circuit.....…………………………………………….35 

Figure 4.5: ZVS waveform without impedance matching.........……………………….36 

Figure 4.6: ZVS waveform with impedance matching circuit…………..……………..36 

Figure 4.7: Output voltage waveform without impedance matching circuit......……….37 

Figure 4.8: Output voltage waveform with impedance matching circuit..……………..38 

Univ
ers

iti 
Mala

ya



 

x 

Figure 4.9: ZVS waveform without impedance matching.....………………………….39 

Figure 4.10: ZVS waveform with impedance matching…..……………………………39 

Figure 4.11: Output voltage waveform without impedance matching circuit......……...40 

Figure 4.12: Output voltage waveform with impedance matching circuit.......………...40 

Figure 4.13: ZVS waveform without impedance matching........……....………………41 

Figure 4.14: ZVS waveform with impedance matching......……………………………42 

Figure 4.15: Output voltage waveform without impedance matching circuit...………..43 

Figure 4.16: Output voltage waveform with impedance matching circuit…...………...43 

 

 

 

  

Univ
ers

iti 
Mala

ya



 

xi 

LIST OF TABLES 

Table 3.1: Calculated parameters for Class E inverter…………………………………28 

Table 3.2: Impedance matching circuit calculated parameter….………………………30 

Table 4.1: Components value.………………………………………………………….32 

Table 4.2: Comparison of system performance in Class E circuit….………………….34 

Table 4.3: Parameter of impedance matching circuit..…………………………………36 

Table 4.4: Comparison of efficiency…..………………….............................................38 

Table 4.5: Parameter of impedance matching circuit.………………………………….38 

Table 4.6: Comparison of efficiency.…………………………………………………..41 

Table 4.7: Parameter of impedance matching circuit………….……………………….41 

Table 4.8: Comparison of efficiency…………………………….……………………..43 

 

 

 

  

 

  

Univ
ers

iti 
Mala

ya



 

xii 

LIST OF SYMBOLS AND ABBREVIATIONS 

WPT : Wireless power transfer 

CPT : Capacitive power transfer 

IPT : Inductive power transfer 

IPG : Implantable pulse generator 

APT : Acoustic Power Transfer 

LPT : Light Power Transfer 

MPT : Microwave Power Transfer 

SAR : Specific Absorption Rate 

Univ
ers

iti 
Mala

ya



 

1 

CHAPTER 1: INTRODUCTION 

 

1.1 Project background 

Wireless power transfer (WPT) can be created through electric, electromagnetic 

pairing or magnetic by the power transmission without any wires being connected 

(Mohammed, Ramasamy, & Shanmuganantham, 2010). Electrical gadgets are mostly 

connected by wires and these could lead to impractical, troublesome and unsafe issues. 

The innovation of WPT somehow can overcome issues involved in connecting wires. 

The basic concept of WPT system are shown inαFigureα1.1 in which the transmitter 

side will convert DC to AC energy and the receiver side will convert AC to DC energy. 

The primary and the secondary side is not connected by any wires and will be separated 

by an energy transmission medium. The secondary side will then supplied a DC energy 

by rectifier according to the requirement parameters of the load (Yusop, Saat, Nguang, 

Husin, & Ghani, 2016). 

 

 

Figure 1.1: Basic block diagram of WPT system 
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Near-field and far-field were two major techniques of transferring power wirelessly. 

Radiative or far-field method transfer power using beams by electromagnetic radiation 

in corresponds towards laser beams or microwaves (Roes, Duarte, Hendrix, & 

Lomonova, 2013). Longer range of transmitted power can be achieved by this far-field 

method but the receiver must be targeted. Some of the applications that were using this 

method are wireless aircraft drone and satellites power by solar energy (Roes et al., 

2013).  

In near field methods, power can be transferred by coils of wires in inductive coupler 

through magnetic fields or via capacitive plates coupling that transfer power through 

electric fields. As for IPT (inductive power transfer), these two sides of coils which are 

transmitter and receiver will operates like a transformer. Magnetic field (B) that is 

oscillating will be produced by the alternating current (AC) from the transmitter coil. 

Alternating current will then be generated at the receiver side as the magnetic field 

flows over the receiver coil and an alternating EMF (voltage) will be prompted 

according to the Faraday’s law of induction. The load may be powered up directly by 

the AC current or need to be rectified by the rectifier if the load need a DC supply. 

On the other hand, capacitive coupling is the conjugate of inductive coupling where 

the energy transmission occurred through the electrodes like metal plates by the electric 

fields. The couple plates; transmitter and receiver plates willαactαlikeαaαcapacitor 

where there is a dielectric space between them. The transmitter plate will generate 

anαalternatingαvoltage and inducesαanαalternatingαpotential by electrostaticαinduction 

onαtheαreceiverαplate. The alternatingαcurrent will flow into the rectifierαcircuit  

which will supply the load with the DCαcurrent. 

 

The uses of wireless technology have been developing in many applications and gave 

a lot of benefits towards human nowadays. Oneαofαtheαapplication that is developing 
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widely by WPT is inαbiomedicalαimplantableαdevice. In this project, the design of 

WPT by class E inverter will be applied for implantable pulse generator (IPG) part in 

spinal cord stimulator (SCS) device as illustrated in Figure 1.2.  One of the most 

growing advances in the treatment of chronic pain is the spinal cord stimulator (SCS). 

Over fourαdecades it has been used to treat persistent neuropathic symptoms that have 

failed to respond to other therapies (Jeon, 2012). Spinalαcordαstimulatorsαconsist 

ofαthinαwires (the electrodes) andαaαsmall, pacemaker-likeαbatteryαpack (the 

implantable pulse generator). Theαelectrodesαareαplacedαbetweenαtheαspinalαcord  

andαtheαgeneratorαisαplacedαunderαtheαskin, usuallyαnearαtheαbuttocksαor abdomen. 

Wireless power transfer using CPT (capacitive power transfer) technique will be design 

for the rechargeable implantable pulse generator (IPG) part of this device with 2 Watt of 

power requirement to operate (Agarwal, Jegadeesan, Guo, & Thakor, 2017). 

 

 

Figure 1.2 : Implantable pulse generator device 

 

In CPT, theαcomplexityαofα implantedαelectronics can be reduces as the 

development of CPT system will retainαcompensationαandαtuningαcircuitryαatαthe 

transmittingαside which is outside of the body. In addition, CPT are using 

electricαfields that are wellαbounded with the capacitorαplates so it hasαbetter EMI 
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performance and minimal effects when surrounded by metal objects comparedαto IPT 

that are using magnetic fields (Takhti, Asgarian, & Sodagar, 2011). Evenαthough IPT 

isαtheαoldestαandαmostαwidelyαusedαwirelessαpower αtechnologyα inαcommercial 

products, CPT  haveαmoreαbenefits than IPT forαthe implantableαbiomedicalαdevices. 

Hence inαthis project, theαrechargeable implantable pulse generator willαbeαdesigned 

using CPT technique. 

As the development of the CPT system for the implanted device asαshownαin Figure 

1.3, αtwoαparallelαconductiveαplate will act like a capacitor and the gap between the 

plates will be separated byαskinαandαtissue that actαlikeαaαdielectricαmaterialαofαthe 

capacitor. D is the distance separation between the gap. RX receiverϲplateϲwill be 

implantedϲinside ofϲthe patient’s bodyϲwith the biomedical device while TX transmitter 

plate willϲbe placedϲoutside ofϲthe body on the skinαsurfaceαwith the power source 

when the charging process occurred. Theαconductiveαplatesαareαalignedαso that the 

power is transferred at optimal condition.  

 

 

Figure 1.3: CPT system for biomedical implanted device 
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1.2 Problem statement 

1.2.1 Limited battery life 

A fully implantable pulse generator (IPG) with a battery inside and an IPG with a 

rechargeable battery that can be powered up by external supplied are two forms of IPG 

that are currently available. Non-rechargeable of fully implantable pulse generators can 

last up between 2 and 5 years of battery life with a regular use. An improved IPG device 

with a rechargeable power supply, on the other hand, could last 10 to 25 years (Jeon, 

2012). As a result of its small size and ease of maintenance, the rechargeable IPG is 

gaining popularity. 

Limitedαbatteryαlife canαcause impracticality, health concerns, and expense of 

performing surgery on patients in order to replace the battery. Patients may have trauma 

as a result of the procedure. Charging of the implantable device’s battery can be done 

without any wire connecting the internal and external circuitry on the patient’s body 

through the wireless technologies being developed. Therefore, the wireless power 

transfer (WPT) is proposed in this work to accommodate the issue. 

1.2.2 Reduces EMI and power losses 

The most popular and commonly used WPT is inductive power transfer (IPT) 

system. However, becauseαmagneticαfieldαin inductive coupling isαunableαto 

penetrateαthroughαmetalαobjectsαandαcanαcauseαlargeαeddyαcurrentαlosses, IPTαis 

not suitableαforαtransferringαpowerαacrossαmetalαbarriersαorαinαmetalαsurrounding 

environments. Capacitive power (CPT) technology, αonαtheαotherαhand, offers 

aαnewαmethodαwhichαemploysαelectricαfieldαratherαthanαmagneticαfieldαtoαachieve 

contactlessαpowerαtransferαsoαthatαmetalαbarriersαandαsurroundingsαbecomeαless a 

concern. CPT also-has-the potential to reduce powerαlosses andαEMIα(Electromagnetic 
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Interference) since the power is transferred by electricαfield (Hu & Liu, 2009). 

Electromagneticαinterferenceα (EMI) isαstillαone ofαthe mostαimportantαproblems 

associated with inductiveαlinks (Takhti et al., 2011). The capacitive coupling have 

found to have lower sensitivity of interference compared to inductive coupling (Erfani, 

Marefat, Sodagar, & Mohseni, 2017). Thus we can reduce these kinds of interferences 

by using capacitive coupling. 

 

1.2.3 The design of Class E inverter and impedance matching circuit to improve 

power efficiency 

Aαpowerαamplifierαis-an-electronic device to boost the electricalιsignal to adequate 

powerϲlevelsϲsuitableϲforϲwire orϲwirelessϲtransmissionϲfromϲtheϲtransmitterϲto the 

receiver.ϳTypically, theyϳworkϳatϳrelativelyϳhighϲpowerϲlevelsϲandϲhenceϲareϲa major 

powerϲconsumerϲinϲtheϲoverallϲtransmitterϲsystem. Important considerations in power 

amplification is power efficiency, power efficiency is one of the crucial factor in CPT 

system. 

The type of classοEοisοchosenοbecauseοitοoffersοanοimprovisedοmediumοof  high-

frequency,αcanαproduceαhigherαefficiencyαforαtheαoutput, hasϳadvantagesϳinϳtermsϳof 

simplicity, ϳandϳitϳisϳaϳlow-noiseϳrectificationϳsystem (Rahman & Saat, 2016). The most 

vital lead of class E power amplifier is its potential to provide high efficiency which is 

approaching 100% efficiency at 180 degree conduction angle other than conventional 

class B or class C. The class E amplifier is basically a magnification of class D, 

contributing more complex and better output filtering. ClassϲEϲcircuitϲwill also have 

nearlyϲ100%ϲefficiencyϲtheoreticallyϲasϲtheϲcircuitϲsatisfiesϲzeroϲvoltageϲswitching 

(ZVS)ϳconditionϳandϳhaveϳfixedϳload thus making them the most suitable inverter for 

WPT (Yusop, Saat, et al., 2016). 
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Inϳaddition, impedanceϲmatchingϲhasϳbeenϳimplementϳinϳtheϳClassϳEϳcircuitϳinϳorder 

to ϳimprove ϳthe ϳmaximumϳ power ϳtransfer ϳbetween ϳtheϳsourceϳandϳitsϳloadϳ(Rahman,      

Saat, Yusop, Husin, & Aziz, 2017). Theϳobjective of theϳimpedanceϳmatching network 

isϳtoϳconvert theϳloadϳresistanceϳorϳimpedance into theϳimpedanceϳrequired toϳproduce 

the ϳdesired ϳoutput ϳpower ϳPo ϳat ϳthe ϳspecified ϳsupply ϳvoltage ϳViϳandϳtheϳoperating 

frequencyϳf (Kazimierczuk & Czarkowski, 2011). 

1.3 Project objectives 

There are threeαobjectivesαofαthisαproject which are : 

1) Toαdesign capacitive power transfer by implementingαclass Eαinverter 

circuit 

2) Toαimprove output powerαefficiencyαby designing impedanceαmatching 

network in class E inverter circuit 

3) To analyze the capacitive power transfer system performance by output 

power efficiency 

1.4 Scope of project 

The capacitive power transfer system will be designed using class E inverter circuit 

for the rechargeable implantable pulse generator (IPG) device that has been used in 

spinal cord stimulator (SCS). The output power that need to be delivered by the circuit 

designed is according to the IPG which is 2Watt. The design of the circuit will be 

started with theoretical calculation and then simulation of the circuit design in Matlab 

software. Practical part of the circuit design will not be covered in this project. 12V of 

DC power source will be supplied to the class E circuit at 1Mhz operating frequency. 

The systemϳperformance of classϳE inverter circuitϳsimulation will be analyzed first, 

then the effects of variable load resistance will be investigated. The need of 

improvement by implement impedanceϳmatchingϳcircuit into theϳclassϳE circuitϳinϳorder 
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toϳachieve highϳefficiency will be approached. Theϳwhole systemϳperformance of the 

circuit will then be analyzed by measuring the voltage, current, input power, output 

power and efficiency. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Wireless Power Transfer (WPT) 

Theϲdiscussionϲ aboutϲ wirelessϲ powerϲ transmission ϲasϲa  contrastingϲoptionϲto 

transmission lineϳpowerϲdisseminationϲhasϲbeenϲexploredϲinϲtheϲlateϲof ϲ19th century 

(Brown, 1996). Theϳpossibilityϳofϳwirelessϳpowerϳtransmissionϳhasϳbeenϳtheorized both 

byϲHeinrichϲHertzϲandϲNicolaϲTesla. Inϲ1899, Teslaϲhasϲrevealedϲtheϲpowering of 

fluorescent  lampsϲ25ϲmilesϲawayϲfrom the ϲpower ϲsourceϲwithoutϲutilizingϲwires 

(Brown, 1996). Itϲwas theϲfirstϲofϲpublicϲWPTϲshowingϲtoϲpowerϲa “typical”ϳload 

betweenϲlargeϲcapacitiveϲplatesϲ(Dai & Ludois, 2015). Again, Teslaϲdemonstrated 

electromagneticϲinductionϲthrough aϲseparationϲandϲturnedϲoutϲtoϲbeϲmoreϲflexible 

forϲwirelessϲpowerϲusage. Theϲadvancementϲofϲfewϲfar-fieldϲradiative procedures 

occurredϲandϲtheϲinductiveϲpowerϲtransfer (IPT) methodsϲbyϲTeslaϲevolvedϲinϲthe 

eraϲofϲ1900s (Nikola, 1897).  

Theϳcuttingϳedgeϳimprovementϳofϳ microwaveϳpower ϳtransmissionϳwhichϳforϳsome 

reasons ϳoverwhelms ϳinnovative ϳwork ϳof ϳwireless ϳtransmission ϳtoday ϳare ϳmuch 

contributedϳbyϳWilliamϳC. Brownϳ(Brown, 1996). Inϳtheϳmid-1960s, Brownϳcreatedϳthe 

rectennaϲwhich straightϳforwardlyϲchangesϲoverϲmicrowavesϲtheϲexclusivelyϲthrough 

microwaves. Notwithstandingϳtheseϳdevelopmentsϳwirelessϳpowerϳtransmissionϳhas not 

beenϲreceivedϳforϲcommercialϲutilizeϲasideϲfromϲtheϲsoleϲtoϲDCϲcurrent. Heϲshowed 

itsϲcapacity inϲ1964ϲbyϲrunningϲa helicopterϲfromϲexemptionϲofϲpacemakersϲand 

electricϲtoothbrushϲrechargers. Dueϲtoϲmanyϲpromisingϲapplicationsϲappropriate for 

wirelessϲpowerϲtransmission, theϲstudyϲisϲstillϲcontinuing. 
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AϲhugeϲimprovementϲhaveϲpassedϲWirelessϲPowerϲTransferϲ (WPT) ϳtechnologies 

recently.Powerϳsourceϳthatϳtransmitϳelectricalϳenergyϳwithoutϳtheϳpresence ofϳman-made 

conductorsϳis calledϳWPT. Thisϳtechnology expandsϳthe dependabilityϳand maintenance 

freeοprocessοof frameworksοin criticalοapplications, for exampleοmultisensors, 

biomedicine,ϳ aviation, and ϳrobotics. Thereϳare variousϳ techniques beingϳcategorized 

dependingϳon theϳmedium utilizedϳfor powerϳtransfer suchϳas capacitive-basedϳWPT, 

light-basedϲWPT, acoustic-basedϲWPT andϲthe commonlyϲused methodϲwhich is 

inductive-basedϲWPTϲ(Jegadeesan, Guo, & Je, 2013).  

Figure 2.1ϲshows theϲbasic conceptϲof WPTϲblockϲdiagram. Theϲtransmitterϲunit 

consists ofϳDC toϳAC resonantϳpower converterϳthat willϳreceive DCϳpower supplyϳfrom 

the powerϳsource andϳthen convertϳit intoϳACϳenergy. Thisϳwill allowϳthe ACϳenergy to 

beϲtransferred fromϲthe primaryϲmedium ofϲtransmitter toϲthe secondaryϲmediumϲof 

receiver. Theϳprimary sideϳof theϳmedium isϳnot linkedϳelectrically toϳthe secondaryϳside 

ofϳtheϳmedium. Rectifierϳwill convertϳthe ACϳenergy intoϳDC energyϳat theϳreceiver unit 

toϳtransmit powerϳto theϳload atϳthe specifiedϳrequirements. 

 

Figureϲ2.1: WPTϲbasicϲblockϲdiagram 
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Inϲgeneral, WPTϲtechniques canϲbe categorizedϲinto twoϲcategories which areϳnear-

fieldΦand far-field. TheseΦcategories areΦbased onΦthree importantΦfactors; the 

transmissionϲdistance fromϲthe transmitterϲto theϲreceiver, theϲcharacteristics inϲthe 

changeϳof electromagneticϳfield andϳtechniques inϳachievingϳWPT. Inϳthisϳchapter, the 

twoϲclassification willϲbe disclosedϲthoroughly toϲbe clearlyϲunderstand aboutϲthe 

varietyϲofϲWPTϲtechniques. 

2.2 Near Field WPT 

Nearϲfield WPTϲis definedϲas powerϲtransferϲthat is onlyϲcapable to transferϲpower 

betweenϲmedium inϲa closedϲrangeϲdistance. Theseϲfields areϲnonϲradiative, which 

meansϳthe energyϳremains withinϳa shortϳseparation ofϳtheϳtransmitter. Inϳthe eventϳthat 

there is no receiving device or absorbing material within their restricted range to 

"couple" to, no power leaves the transmitter. The range of these fields is short, and 

relies upon the size and shape of the "antenna" devices, which are normally coils of wire 

(Erfani et al., 2017). Theϲword "antenna"ϲis utilized freelyϲhere; itϲmightϲb a coilϲof 

wireϳwhich produces aϳmagnetic fieldϳorϳa metalϳplate whichϳcreates anϳelectricϳfield, or 

piezoelectricϳto generateϳvibration.  

Theϲfields, andϲconsequently theϲpower transmitted, decreaseϲexponentiallyϲwith 

distance, soϳifϳthe separationϳbetween theϳtwoϳ"antennas" Drangeϳisϳsubstantiallyϳbigger 

thanϳthe diameterϳofϳthe "antennas"ϳDant, inadequateϳpower willϳbe delivered (Haerinia, 

2020). Thus, ϳthese methodsϳcannot beϳutilized forϳlong rangeϳpowerϳtransmission. In 

nearϳfieldϳmethods, thereϳare threeϳsorts ofϳwireless powerϳtransfer thatϳwe areϳgoing to 

discussϳin thisϳchapter whichϳare AcousticϳPower Transferϳ (APT), InductiveϳPower 

Transferϳ (IPT) andϳCapacitive PowerϳTransfer (CPT). 
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2.2.1 Acoustic Power Transfer (APT) 

Aϳnewϳrising techniqueϳfor transferringϳpower wirelesslyϳis acousticϳpower transfer 

(APT) ϳwhich abusesϳvibration orϳultrasoundϳwaves (Zaid & Saat, 2014). APT is a new 

strategy of contactless energy transfer that uses acoustic coupling through ultrasonic 

propagation wave rather than electromagnetic fields to transfer energy. However, APT 

isϳstill inϳits initialϳstages andϳhas seenϳonly bitϳadvancement whenϳcontrasted withϳIPT 

(Zaid & Saat, 2014). APT system works based on sound waves or vibration and applied 

essentially by utilizing ultrasonicϳtransducer. Aϳusual acousticϳenergy systemϳmainly 

comprisesϲof essentialϲand auxiliaryϲunit whereϲthe twoϲsides includeϲultrasonic 

piezoelectricϲtransducerϲ andϲisolatedϲbyϲaϲ transmissionϲ medium asϲappearedϲin  

Figure 2.2. 

 

 

Figure 2.2:ϲBasicϲdiagramϲofϲAPTϲsystem  

 

Theϳquantity ofϳpower requiredϳby theϳprimary transducerϳis driveϳthrough theϳpower 

converterϳatϳthe primaryϳunit. The primary transducer will change electrical energy into 

a pressure or acoustic wave. Itϳcreates waveϳas mechanical energyϳand transmitsϳthrough 
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aϳmedium. Theϳsecondary transducerϳis setϳat aϳpoint alongϳthe wayϳof theϳsound wave 

forϳthe reverseϳprocedure ofϳchanging overϳonce againϳinto electricalϳenergy. As such, a 

secondary transducer will pick up the acoustic wave at a particular frequency and 

transforms the mechanical energy into the electrical energy so that it can be used for 

driving up an electrical load.  

The primary transducer ought to be driven at a particular frequency and regularly 

denoted in a sinusoidal waveform to acquire the best execution that match with 

transmission medium. The secondary transducer likewise produces a sinusoidal 

waveform. A DC-ACϳconverter shouldϳbe comprisedϳin theϳcircuit atϳthe primaryϳunit 

and an AC-DCϳrectifier atϳthe receivingϳunit. 

Thereϳare numerousϳbenefits thatϳcould beϳaccomplished throughϳAPTϳsystem. Asϳit 

delivers power through vibration, it can transmit energy through a metal medium where 

IPT and CPT fail to achieve. The sheltering effect in metal that restricts the 

electromagnetic fields and entices eddy currents in the IPT system is not arising in APT 

(Imoru et al., 2013). Besides that, APTϳis reasonableϳin manyϳapplications thatϳinclude 

driving andϲconnectingϲwith electronicϲdevices insideϲor outsideϲsealed metal  

compartment. ϲ 

However, the major constriction in low power biomedical application is to design 

APTϳin aϳbiocompatible device soϳthat itϳcan beϳusedϳeffectually. Besides,ιit isϳrelatively 

hardϳto attainϳhigher currentϳin energyϳtransfer insteadϳof higherϳamplitudeϳvoltage 

(Zaid & Saat, 2014). Asϳfor highϳpower applications, anϳAPT systemϳwould becomeϳa 

concernϳsince itϳwill builtϳup ofϳheat. The high acoustic energy that uses from acoustic 

wave transmission would resemble to violent vibrations. This could lead to extreme heat 

and performance of the system might be interrupted (Zaid & Saat, 2014). 
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In comparison with IPT and CPT, theϳinductive powerϳtransmission inϳa biggerϳspace 

isϲextremely wastefulϲand notϲfunctional becauseϲof highϲconduction misfortunes 

(Waffenschmidt & Staring, 2009). Inϲaddition, theseϲsystems cannotϲdeliver power 

effectuallyϲthroughϲa  conductiveϲmedium. Inϲcontrast, CPT systems transfer power by 

high frequency resonant power electronic converter that is associated to two essential 

metal plates. The CPT method has been effectively executed in some small devices 

though, they share anϳindistinguishable issueϳfrom experiencedϳin IPTϳwhich isϳlow 

productivityϳover aϳsubstantialϳseparation (Zheng, Tnay, Alami, & Hu, 2010). Since 

APT system practice ultrasonic wave as a technique, it is an elective way that can 

resolve the drawbacks arise from IPT and CPT because of the contactless energy 

transfer that is based on the electromagnetic field principle.   

2.2.2 Inductive Power Transfer (IPT) 

Inductive power transfer is by far the most prominent method used today to transmit 

power wirelessly over short distances (few tens of mm). IPT utilizes the mutual 

inductance (inductive coupling) between two inductors to transmit power from one to 

another. Inductive coupling is a well-studied phenomenon and was first proposed by 

Tesla and has consequently discovered use in modern, automated and biomedical 

applications. A significant achievement has been accomplished by IPT after several 

years of research; and the ability of theϲcoupledϲmagnetic resonancesϲpower transfer 

(CMRPT) technologyϲthat can transmit a high power wirelessly for few meters up to 

tens of meters made the IPT in numerous considerations (Xia, Zhou, Zhang, & Li, 

2012). 

Theϳmost familiarϳenergy transferϳsystem thatϳhas beenϳused nowadaysϳis IPTϳsystem 

whereϲit utilizesϲcoupled ofϲthe electromagneticϲfieldϲcoil. Thisϲsystem isϲvery 

comparableϲwith capacitiveϲidea ofϲenergyϲtransfer, howeverϲthe capacitiveϲidea 
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utilizesϲcapacitanceϲcoupling. Theϲaccomplishment ofϲthis IPTϲframework hasϲbeen 

demonstratedϲin numerousϲapplications, forϲexample, assembledϲin electricϲvehicles, 

cellϲphones, andϲdifferent sortsϲof theϲbattery chargingϲframework (Kim & Bien, 

2013).  

However, ϲthere isϲa majorϲdrawback ofϲthis electromagneticϲcoupling technique 

whereϳthe transmissionϳseparation isϳmoderately restrictedϳand affectingϳthe proficiency 

decreaseϳquickly asϳthe separationϳincrease. Thisϳwill leadϳthe transmissionϳquality in 

electromagneticϳfields toϳbe decreased. 

Inϳthe IPTϳsystem, theϳinput voltageϳVs passesϳthrough theϳoscillator andϳthen it 

worksϳas theϳinput voltageϳof theϳprimary resonanceϳcoil, thenϳthe powerϳwill be 

suppliedϳto theϳload byϳthe magneticϳfield couplingϳbetween L1ϳand L2ϳcoils asϳshown 

in Figureϳ2.3. 

 

Figureϳ2.3: Basicϳdiagram ofϳIPT system 

At theϳmoment, in someϳsystem needϳto embraceϳWPT innovation, itϳtypically 

utilizesϳIPT technology, howeverϳthe IPT system needs a high frequency to create a 

magnetic field, typically 10k-10MHz, thus a huge electromagnetic interference will be 

created. The technology is dependent on the coupling magnetic field which it can be 
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easily shielded by metal conductor with small resistance rate and higher losses of eddy 

current losses will be produced. Therefore, transferring power in a  metal environment 

by IPT through magnetic field is an advantage of the technology (Xia et al., 2012). 

Besides, other advantages include longοlife ofοthe system, withοvirtually no 

componentsϳprone toϳwear andϳtear, the serviceϳlife ofϳthe systemϳis greatlyϳincreased. 

There is no friction in the system, hence no limit to the acceleration possible, plus with 

no galvanic contact, there isϳno corrosion. In safety aspect, IPT had the advantages to 

the environments in terms of safety as power sources using wired are hazardous and 

troublesome that can haveϲrisk ofϲsparks fromϲstatic electricityϲorϲfriction. The 

technology also will not involve in pollution and the maintenance is low since no 

batteries is needed to be replaced. However, its limitation comprises of the medium of 

transfer can get heated up at high frequency and conductive medium with high magnetic 

permeability will limit the power transfer (Imoru et al., 2013). 

2.2.3 Capacitive Power Transfer (CPT) 

Wireless transfer by capacitive is the first form ofϲwireless powerϳtransfer thatϳhad 

been achieved (Dai & Ludois, 2015). In 1891, Tesla conducted the experimentϲat 

Columbia College , New York. Inϲthe followingϲmonths, Teslaϲutilized inductorsϲto 

transfer powerϲwirelessly. After the innovation of inductive system take place, 

capacitiveØcoupled systemØwas forgotten. TheØcapacitive coupledØsystem was 

overlookedϳuntil theϳyear 2008. Severalϳexperiments haveϳbeen conductedϳsince 2008 in 

the wireless capacitive area and this have made a prompt development (Theodoridis, 

2012). 

Figureϳ2.4ϳshows theϳbasic blockϳdiagram ofϳthe CPTϳsystem. AϳDC powerϳsource 

voltageϳis changedϳover toϳa highϳfrequency ACϳvoltage throughϳthe resonantϳpower 

converterϳcircuit whichϳis thenϳconnected toϳtwo transmittingϳmetal plates. Whenϳtwo 
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receivingϳplates areϳput nearϳthem, alternatingϳelectric fieldϳis createdϳbetween the plates 

thusϳaϳdisplacementϳcurrentϳcanϳ‘flow’ through. Consequently, this willϳallows powerϳto 

beϳtransmitted to the load without direct electrical contacts through the medium between 

the plates that can be air, plastic, paper, skin etc. In order to drive the load, the receiver 

unitϳwillϳconvert ACϳto DCϳenergy throughϳthe rectifierϳcircuit (Hu & Liu, 2009). 

Inϳcontrast ofϲIPT, thereϲare certainϲadvantages ofϲtheϳelectricϳfieldϳcoupling; the 

CPTϲtechnology canϲoverwhelmed theϲdisadvantage thatϲthe magneticϲenergy could 

notϲbe transmittedϲin theϲmetal shieldingϲenvironment. TheϲCPT technologyϲcan 

transmitϲthrough theϲmetal body, reduceϲenergyϲloss, and alsoΦhasϲgood anti-

interferenceϲability ofϲthe magneticсfield. Strongсanti-interference makesсthe device 

ableсto workсin saturatedсor intenseсmagnetic fieldsсenvironment, andсcan reduce 

energyсloss andсelectromagneticсinterference. Therefore, theсCPTсtechnologyсhas a 

numberсofсadvantagesсthatсIPTсtechnologyсunparalleled (Xia et al., 2012). 

Inϲaddition, dueϳto theϳabsence ofϳeddy currents, CPTϳsystemϳcanϳbeϳhighlyϳefficient. 

Inϳan inductivelyϳcoupled system, theϳtransmitter andϳreceiver coilϳare nothingϳbut a 

looselyϲcoupledϲtransformer. Thereϲare alwaysϲeddy currentϲlosses inϲaϲtransformer. 

Eddyϳcurrent lossesϳare inherent inϳtransformers. Theϳcoils usedϳcan getϳheated dueϳto 

theϳcurrentϳinϳthem. A CPTϳsystem wouldϳbe aϳbetter choiceϳas eddyϳcurrentϳlosses are 

absentϳand theϳsystem hasϳlow standingϳpower losses. Dueϳto itsϳlow standingϳpower 

losses, theϳCPT systemϳcan beϳused inϳbiomedical implantsϳ(Zheng et al., 2010). 

Besidesϳthat, weϳknow thatϳthe designϳof magneticsϳis aϳcomplete areaϳbyϳitself. Forϳan 

IPTϳsystem toϳperform atϳits bestϳefficiency, theϳdesign ofϳthe magneticϳcomponentsϳis 

veryϳcritical. Withϳintroduction inϳvarious configurationϳof coilsϳand cores, theϳdesign 

getsϳmore complicatedϳalong theϳway. Onϳthe otherϳhand ofϳaϳCPT system, theϳdesignϳof 
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theϳsystem isϳquite straightϳforwardϳcomparedϳto theϳIPT systemϳand easilyϳintegralϳwith 

otherϳcircuits. 

Wirelessϲpower transmissionϲusing capacitiveϲcoupling isϲthe simplestϲmethodϲto 

transferϲpowerϲwirelessly. Itϲneeds fewerϲcomponents thanϲan IPTϲsystem dueϲto the 

factϲthat sameϲcurrents flowϲthrough theϲtransmitting andϲreceivingϲside, thereby 

eliminatingιthe needιfor separatingιtuning circuitsιat theιtransmitting sideιandιreceiving 

side. However, ιwireless powerιtransfer usingιCPT findsιits useιin veryιfew applications 

dueϲits veryϲshortϲrangeϲ(<10 mm). It isϲused inϲvery fewϲapplications forϲharnessing 

specificιbenefits suchιas wirelessιpower transferιthrough metallicιinterfacesι(Jegadeesan 

et al., 2013).  

Inϲbiomedical application, theϲutilization ofϲCPT techniqueϲis preferredϲthan IPT 

sinceϳthe relationϳefficiency ofϳcapacitive couplingϳdeclines slowerϳas aϳfunction ofϳthe 

separationϲbetween plates, comparedϲto inductiveϲcouplingϲ(Al-Kalbani, Yuce, & 

Redoute, 2014). Additionally, itϲhave beenϲproved thatϲcapacitive couplingϲsystem 

yieldsϲsmaller 10gϲSAR valuesϲcompared toϲinductive coupling. SARϲor knownϲas 

specificϲabsorption rateϲis theϲrate ofϲabsorption ofϲelectromagnetic energyϲby body 

tissue. Theϲbody’s thermoregulatoryϲmechanism canϲbe defeatedϲand causesϲtissue 

damage ifϲtheϲSARϲaveraged acrossϲ10g ofϲtissue isϲhigher thanϲ2 W/kg (Al-Kalbani 

et al., 2014).  

2.3 Far Field WPT 

Regions that have distances greater than two wavelengths of the electromagnetic 

wave are called far field regions as shown in Figure 2.4. As it drops with square of the 

distance, the strength of the field is lower in this area. Along these lines, an ordinary 

electromagnetic wave is incapable for exchanging high measure of energy over this 

relatively substantial separation (Nalos & Lund, n.d.). There are some techniques and 
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applications for wireless power transfer in far field , which will be discussed in the 

accompanying content. 

 

Figure 2.4: Representation of near and far field wave 

 

2.3.1 Microwave Power Transfer (MPT) and Light Power Transfer (LPT) 

In the earliest communication antenna, the energy does not achieve the load because 

of the small directivity of the framework. Thus, the higher frequency signals in 

microwave array is used to enhance the directivity of the electromagnetic wave so that 

signicant amount of power transfer is possible. This phenomena was introduced in 

seventies and later demonstrated experimentally (Nalos & Lund, n.d.). Specifically 

outlined coherent sources can enhance the electromagnetic radiation and deliver it 

accurately to long separations. The power transfer technique is called Laser Power 

Transfer (LPT) and the technology is called LASER (Light Amplication by Stimulated 

Emission of Radiation) (Hasan, 2015).  

Be that as it may, both MPT and LPT can be lethal to human wellbeing, because of 

substantial measure of energy kept in dense electromagnetic waves, in this manner these 

advancements are constrained to applications with least human disclosure. Power 

beaming using microwaves has been proposed for the transmission of energy from 
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orbiting solar power satellites to Earth and the beaming of power to spacecraft leaving 

orbit has been considered. Laser 'powerbeaming' technology was explored in military 

weapons and aerospace applications. Also, it is applied for powering of various kinds of 

sensors in industrial environment. 

2.4 Class E zero voltage switching (ZVS) Inverter 

Thereϲare twoϲtypes ofϲClass EϲDC-ACϲinverters whichϲare ClassϲE zeroϲvoltage 

switchingϲ (ZVS) invertersϲand ClassϲE zeroϲcurrentϲswitchingϲ(ZCS) inverters. The 

invertersϲbelong toϲsoft-switching familyϲinverters andϲboth typesϲused transistorϲas 

switch. Inϲthisϲsection, ClassϲE ZVSϲinverter isϲfocused inϲthis projectϲsince the 

inverterϲis knownϲto beϲthe mostϲefficientϲinvertersϲ(Kazimierczuk & Czarkowski, 

2011). 

Theϲbasic circuitϲofϲthe ClassϲEϲZVS inverterϲis shownϲin Figure 2.5. Itϲconsists 

ofϲa powerϲMOSFET operatingϲas aϲswitch, a L-C-Riϲseries-resonantϲcircuit, aϲshunt 

capacitorϲC1, andϲa chokeϲinductorϲLf. Theϲswitch turnsϲon andϲoff atϲtheϲoperating 

frequencyϲ= ꞷ/(2π) determinedϲby aϲdriver. Theϲresistor Riϲis anϲAC load. Theϲchoke 

inductanceϲLf isϲassumed toϲbe highϲenough soϲthat theϲAC rippleϲon theϲDC supply 

currentϲIi canϲbeϲneglected. Aϲsmall inductanceϲwith aϲlarge currentϲripple isϲalso 

possible, butϲthe considerationϲof thisϲcase isϲbeyond theϲscope ofϲthis text. Whenϲthe 

switchϲisϲON, theϲresonant circuitϲconsists ofϲL, C, and Ri becauseϲthe capacitance C1 

isϲshort circuitedϲby theϲswitch. However, whenϲthe switchϲisϲOFF, theϲresonant 

circuitϲconsists ofϲC1, L, C, andϲRiϲconnectedϲinϲseries. 
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Figure 2.5 : Class E zero voltage switching inverter 

ClassϲE inverterϲcan operatesϲin ZVSϲoperation withϲmatching resonantϲcircuit 

fromϲfull loadϲto openϲcircuit alongϲthe outputϲvoltage isϲnear toϲfixedϲvalue.Besides 

that, aϲfixed frequencyϲcan beϲoperated onϲthe inverterϲusing resonantϲgate driveϲthat 

reduceϲthe lossesϲat gateϲdriveϲsignificantlyϲwhichϲmakesϲthe circuitϲable toϲoperate 

aϲhigher frequencyϲwithout damageϲfrom thermalϲeffects.  

Lastly, compared to ClassϳD, ClassϳE hasϳhigher efficiencyϳand theϳfrequency range 

of reliability is in betweenϳ3MHz andϳ10MHz. Inϳorder toϳachieve optimumϳcondition of 

ClassϲE, componentsϲvalues thatϲare beingϲcalculated needϲto beϲasϲexactϲvalue 

asϲfor practicalϲin orderϲto obtainϲZVS andϲZCS, otherwiseϲlosses willϲoccur at 

switchingϲseverely.  

2.4.1 Zero Voltage Switching (ZVS) 

Forϳoptimum operationϳofϳClassϳEϳZVSϳinverter, zeroϳvoltage switchingϳcondition is 

neededϳto beϳachieved (Kazimierczuk & Czarkowski, 2011). Thisϳcondition isϳan ideal 

operationϳof ClassϳE inverterϳwhere noϳswitching lossesϳoccur. TheϳZVS conditionϳis 

illustratedϳon Figure 2.6. 
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Figure 2.6: ZVS waveform condition 

Theϳzero voltageϳswitching conditionϳis definedϳwhen theϳmaximum drainϳefficiency 

isϳobtained whereϳthe drainϳvoltage isϳturned onϳas theϳgate voltageϳis offϳwithout any 

overlappedϲoccurs. Thisϳachievement ofϲoptimumϲoperation areϲheavily soleϲon the 

relationships ofϲshuntϲcapacitor, switchingϲfrequency, chokeϲinductor, dutyϲcycleϲand 

loadϲresistances. Ifϲthe loadϲresistances ofϲreal componentϲis notϲas exactϲvalue of 

designed, theϲoptimum conditionϲobviously couldϲnot beϲobtained (Kazimierczuk & 

Czarkowski, 2011). Therefore, seriesϲdiode canϲbe addedϲto theϲtransistor soϲthatϲZVS 

operationϲcan beϲobtained atϲa widerϲload rangeϲand theϲswitch willϲturn onϲat zero 

voltageϲfor lessϲvalue forϲload resistancesϲthat hasϲbeen designed. AchievingϲZVS 

conditionϲwill leadϲto highϲefficiency ofϲthe ClassϲE circuitϲsystemϲperformance. 

2.4.2 Impedance matching resonant circuit 

The purpose of the impedance matching network is to convert the load resistance or 

impedance into the impedance required to produce the desired output power Po at the 

specified supply voltage Vi and the operating frequency f (Kazimierczuk & 
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Czarkowski, 2011). Figure 2.8 shows the block diagram with the implementation of 

impedance matching in class E amplifier circuit. The basic resonant class E circuit does 

not have matching capability. In order to transfer a specified amount of output power Po 

at a specified dc voltage Vdc, the load resistance R must be of the value determined by 

Eq. (1). Therefore, impedance matching circuit is needed to match any impedance to the 

desired load resistance. 

The full load resistance is: 

 

Based on Eq. 1, Vdc, Po and R are dependent quantities. In many applications, the 

load resistance is given and is different from that given in Eq. (1). Hence, there is a need 

for a matching circuit that provides impedance transformation downward or upwards. A 

diagram of the Class-E amplifier with an impedance matching circuit is shown in Fig. 

2.9. This impedance matching type is selected because there is a capacitor that is 

connected in series with a load, which will be then modified to capacitor coupling plate 

to fit to actual CPT system. It can be seenϳin Figure 2.7ϳwhere theϳimpedance matching 

circuitϳis appliedϳinto theϳbasic ClassϳE circuitϳand theϳcomplete circuitϳof ClassϳE after 

implementϳofϳimpedanceϳmatching circuitϳin Figureϳ2.8. 
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Figureϲ2.7: Blockϲdiagram ofϲthe ClassϲE amplifierϲwith impedanceϲmatching 

resonantϲcircuit 

 

Figureϲ2.8: ClassϲE withϲimpedanceϲmatchingϲcircuit  
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CHAPTER 3: METHODOLOGY 

 

3.1 Process flow of the project 
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3.2 Class E inverter circuit design 

The component’s value in the circuit Figure 3.1 that will be calculated are choke 

inductor (Lf), shunt capacitor (C1), LC series and load resistor (Ri). Theϲoperating 

frequency, DCϲpowerϲsupplyϲandϲpowerϲoutputϲtoϲtheϲload have been stated inϲthe 

project scope of the first chapter. Using these conditions, the valueϲofϲparameters in 

ClassϲEϲinverterϲcanϲbeϲdeterminedϲusingϲsomeϲrelatedϲequations. First, theϲvalue of 

loadϲresistance canϲbeϲobtainedϲby usingϲequation (3.1). 

 

Figure 3.1: Class Eϳinverterϳcircuit 

𝑅𝑖 =
8

𝜋2 + 4

𝑉𝐼
2

𝑃𝑅𝑖
 

(3.1) 

 

Then, the amplitudeϳofϳtheϳoutputϳvoltage can be calculatedϳby  

𝑉𝑅𝑖𝑚 =
4

√𝜋2 + 4
𝑉𝐼  

(3.2) 

 

The maximumϳvoltageϳacrossϳtheϳswitchϳandϳshuntϳcapacitorϳisϳthenϳdeterminedϳby  

𝑉𝑆𝑀 = 3.562𝑉𝐼 (3.3) ϳ 
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TheϳDCϳinputϳcurrentϳthenϳcanϳbeϳcalculatedpϳby  

𝐼𝐼 =  
8

𝜋2 + 4

𝑉𝐼

𝑅𝑖
 

(3.4) 

 

The maximumϳswitchϳcurrentϳisϳthenϳgivenϳby 

𝐼𝑆𝑀 =  (
√𝜋2 + 4

2
+ 1) 𝐼𝐼 

(3.5) 

 

The outputϳcurrentϳamplitudeϳisϳcalculatedϳas 

𝐼𝑚 =  
𝐼𝐼√𝜋2 + 4

2
 

(3.6) 

 

AssumingϳQL =ϳ7, soϳthatϳtheϳcurrentϳIϳthroughϳtheϳresonantϳcircuitϳisϳsinusoidal. Using 

equationϳ(3.7), (3.8) ϳandϳ (3.9) respectively,ϳtheϳcomponentϳvaluesϳofϳtheϳloadϳnetwork 

canϳbeϳdeterminedϳas follows 

𝐿 =  
𝑄𝐿𝑅𝑖

𝜔
 

(3.7) ϳ 

𝐶1 =  
8

𝜋(𝜋2 + 4)𝜔𝑅𝑖
 

(3.8) 

𝐶 =  
1

𝜔𝑅𝑖 [𝑄𝐿 −  
𝜋(𝜋2 − 4)

16 ]
 

(3.9) 

 

Finally, using the listed formula equations, all the required parameters for Class E 

inverter are tabulated in Table 3.1.  
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3.3 Class E with impedance matching circuit design 

In order to improve the output power efficiency when the load resistance is changing, 

impedanceϲmatchingϲcircuit hasϲbeen designed to be implemented withϲtheϲClass E 

circuit as illustrated in Figure 3.2. Hence, the complete inverter circuit after the 

implementationϳofϳimpedanceϳmatchingϳcircuit onϳtheϳClassϳE circuitϳis shown inϳFigure 

3.3. The values of VDC, LF, C1 and L remains the same as in the previous ClassϳEϳcircuit, 

only the values of C2, C3 and RL will be changed. On the further step of developing a 

complete system of CPT, C3 capacitorαwillαbeαreplace with metalαplate forαthe 

biomedicalαimplantαapplicationαprototype which will notαbeαcoveredαinαthisαproject. 

 

Figureϳ3.2: ImplementationϳofϳimpedanceϳmatchingϳcircuitϳonϳtheϳClassϳEϳcircuit 

 

 

 

 

 

 

 

Figure 3.3:ϳClassϳEϳwithϳimpedanceϳmatchingϳcircuit 
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ByϳusingϳQL =ϳ7, RL isϳchosenϳas 270 ohmϳandϳR isϳtheϳvalue ofϳRL inϳthe previousϳClass 

Eϳcircuitϳdesign, the reactanceϳof theϳcapacitorϳC3 isϳcalculated as 

𝑋𝐶3 =  
1

𝜔𝐶3
=  𝑅𝐿√

𝑅[(𝑄𝐿 − 1.1525)2 + 1]

𝑅𝐿
− 1 

(3.10) 

resulting in 

𝐶3 =  
1

𝜔𝑋𝐶3
 

(3.11) 

 

RL isϳchosen as 270 ohmϳsince theϳlarger valueϳofϳRL willϳgive smallerϳvalue ofϳC3 thus 

resultingϳsmaller sizeϳof capacitiveϳplate toϳbe usedϳin theϳdevice application. 

The reactanceϳofϳthe capacitorϳC2 isϳgiven by 

𝑋𝐶2 =  
1

𝜔𝐶2
=  

𝑅[(𝑄𝐿 − 1.1525)2 + 1]

𝑄𝐿 − 1.1525 − √
𝑅[(𝑄𝐿 − 1.1525)2 + 1]

𝑅𝐿
− 1

 
(3.12) 

yielding 

𝐶2 =  
1

𝜔𝑋𝐶2
 

(3.13) 

 

 Thus, resulting the parameters in Table 3.2 

Table 3.2: Impedance matching circuit calculated parameter 

 

 

 

Parameters Values 

C2 0.408nF 

C3 0.2805nF 

RL      270Ω 
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The design step is repeating for difference value of RL which are 310 ohm and 350 

ohm to get the new value of C2 and C3.  
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Class E circuit simulation  

The result of ClassϳE inverter circuit simulation after the design process that was 

constructed in Chapter 3 was recorded. Tableϳ4.1 shows the components value for 

design calculation and the components value used in the simulation. There were slightly 

differences between the components value as the value of some components in the 

circuit needϳtoϳbe tunedϳorϳmanipulated so that the bestϳZVSϳwaveform will be achieved 

in order to ensure the circuit is running at its optimum condition. Figure 4.1 shows 

theoretical ZVS waveform that should be achieved (Kazimierczuk & Czarkowski, 2011) 

 

Figure 4.2 shows the simulation result of the ZVS waveform recorded from 

oscilloscope in Matlab Class E circuit simulation. The ZVS simulation waveform 

obtained is nearly to the theoretical waveform after the tuning of the components value 

have been done. In this circuit simulation, L series, C series and C1 shunt value have 

been varying slightly from the calculated values. 
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Table 4.2 shows the comparison between calculation and simulation values of system 

performance in the Class Eϳcircuitϳthatϳhaveϳbeenϳdesigned. Based on Figure 4.2, VDS 

Maxϳmeasurementϳisϳ44.36Vϳwhichϳisϳrecorded asϳVSM which is 42.74V inϳTable 4.2. 

There are no significant difference between the calculated and simulation value of the 

VDS mosfet.  

 

Figureϳ4.3 shows the output simulation waveform of the circuit. Based on Figure 4.3, 

smooth AC output waveform is obtained and the maximumϳoutputϳvoltageϳreading is 

14V thatϳwasϳrecordedϳasϳVRim which is 12.88V in Table 4.2. These two values were 
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also not having a big difference from theoretical calculation with the simulation. Hence, 

the overall of ClassϳEϳsystemϳperformance comparison is recorded inϳTable 4.2.  
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4.2 Class E circuit improvement by impedance matching 

Figure 4.4 shows the implementationϲofϲimpedanceϲmatching by the additional 

components of C2 and C3 in the previous classϳEϳinverterϳcircuit. Inϳorderϳto improve 

theϳmaximum powerϳtransferϳefficiency when theϳload is change, theϳimplementationϳof 

anϳimpedanceϳmatching inϳtheϳClassϳE circuitϳhas beenϳdesigned. The main objective 

behindϲtheϲimpedance ϲmatchingϲ circuit isϲtoϲchangeϲoverϲtheϲload ϲresistanceϲor 

impedanceϲtoϲtheϲimpedanceϲrequiredϲtoϲdeliverϲtheϲdesiredϲoutputϲpower, Po atϲthe 

specifiedϳsupplyϳvoltageϳVdcϳandϳatϳtheϳoperatingϳfrequencyϳf (Yusop, Ghani, Saat, 

Husin,&Nguang, 2016).The performanceϳof theϳsystem andϳthe effectϳof higherϳload 

resistorϳvalue, RL onϲtheϲClassϲEϲinverterϲcircuit with or without the implementation 

ofϲimpedance matchingϲwillϲbeϲanalyzed. RL value is varying at 270, 310 and 350 

ohm sinceϲthe largerϲvalueϲofϲRLϲwillϲgiveϲ smallerϲ valueϲofϲC3ϲthus  resulting 

ϲsmaller ϲsizeϲof capacitiveϲplateϲtoϲbeϲusedϲinϲbiomedicalϲdeviceϲapplication. 
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a) At RL = 270 ohm 

Table 4.3: Parameter of impedance matching circuit 

Parameters Calculation Simulation 

Lf 288uH 300uH 

C2 0.408nF 0.398nF 

C3 0.2805nF 0.2780nF 

RL 270Ω 270Ω 

L 46.3uF 47uF 

C1     0.704nF 0.780nF 

 

 

Figure 4.5: ZVS waveform without impedance matching  

 

 

Figure 4.6: ZVS waveform with impedance matching circuit 

Univ
ers

iti 
Mala

ya



 

37 

Table 4.3 shows the parameter of impedance matching circuit by calculation and 

simulation at RL=270 ohm.  The components value for simulation have been slightly 

tuned from the calculation values until the best ZVS waveform is achieved. ZVS 

waveform is clearly could not be achieved in Figure 4.5 as no impedance matching 

being applied on the circuit and as the improvement of impedance is being applied, ZVS 

waveform can be obtained in Figure 4.6. Output voltage waveform also has been 

observed as the ACϳoutputϳvoltage withoutϳimpedanceϳmatching is distorted inϳFigure 

4.7 while the circuit with impedance matching can get a smooth AC output voltage in 

Figure 4.8. The output voltage value is also different as 12.39V without the impedance 

and higher output voltage value which is 23.31V with the impedance. The efficiency 

without impedance circuit in Class E is very low which is 49.14% while impedance 

matching circuit could achieve up to 91.14% in Table 4.4.    

 

 

Figure 4.7: Output voltage waveform without impedance matching circuit 
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Figure 4.8: Output voltage waveform with impedanceϳmatchingϳcircuit 

 

Table 4.4: Comparison of efficiency 

 

b) At RL = 310 ohm 

 

Table 4.5: Parameter of impedance matching circuit 

Parameters Calculation Simulation 

Lf 288uH 300uH 

C2 0.427nF 0.417nF 

C3 0.266nF 0.258nF 

RL 310Ω 310Ω 

L 46.3uF 47uF 

C1     0.704nF 0.780nF 
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Figure 4.9: ZVS waveform without impedance matching  

 

 

Figure 4.10: ZVS waveform with impedance matching  

 

As RL value is change to 310 ohm, the ZVS waveform also could not be obtained 

without the impedance circuit as shown in Figure 4.9 and can only be obtained with the 

impedance circuit being applied as shown in Figure 4.10. The observation of output 

waveform are also the same in which smooth AC output voltage can only be achieved 

with impedance circuit in Figure 4.12 compared to the AC output voltage without the 

impedance in Figure 4.11. Higher value of output voltage with higher efficiency is 

recorded in Table 4.6 for impedance circuit which is 25.87V with 94.32% efficiency 

compared to the circuit without the impedance matching that can only reach 12.55V 

output voltage with only 45.54% efficiency. 
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Figure 4.11: Output voltage waveform without impedance matching circuit 

 

 

 

Figure 4.12: Output voltage waveform with impedance matching circuit 

 

Table 4.6: Comparison of efficiency 
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c) At RL= 350 ohm 

Table 4.7: Parameter of impedance matching circuit 

Parameters Calculation Simulation 

Lf 288uH 300uH 

C2 0.443nF 0.433nF 

C3 0.255nF 0.248nF 

RL 350Ω 350Ω 

L 46.3uF 47uF 

C1     0.704nF 0.780nF 

 

 

 

Figure 4.13: ZVS waveform without impedance matching  

 

 

Figure 4.14: ZVS waveform with impedance matching  
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As the value of RL is changing to the higher value which is 350 ohm, the ZVS 

waveform is still can be observed only where the impedance matching circuit is being 

applied as shown in Figure 4.14 compared to the ZVS waveform that could never be 

achieved without the impedance circuit as seen in Figure 4.13. The comparison of 

output voltage waveform shows that the smooth AC output voltage can only be obtained 

with the impedance circuit as recorded in Figure 4.16 compared to Figure 4.15. The 

output voltage with impedance circuit are able to achieve higher value which is 27.56V 

with a very high system efficiency of 95.6% compared to only 12.65V output voltage 

without the impedance matching with a very low efficiency of 39.41% as recorded 

Table 4.8. 

Hence, the comparison of efficiency prove that the higher resistance of the load 

being applied to the Class E inverter circuit will give lower output power efficiency 

compared to the efficiency of Class E circuit that have been improvised with impedance 

matching circuit that can achieve up to 90% and above for all the three resistance values 

being varied. 

Figure 4.15: Output voltage waveform without impedance matching circuit 
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Figure 4.16: Output voltage waveform with impedance matching circuit 

 

Table 4.8: Comparison of efficiency 

  

Univ
ers

iti 
Mala

ya



 

44 

CHAPTER 5: CONCLUSION AND RECOMMENDATION 

 

5.1 Conclusion 

As a conclusion, the design of capacitive power transfer by Class E inverter circuit is 

able to be completed via theory calculation and Matlab Simulink circuit simulation. 

ZVS waveform in the simulation circuit are able to be achieved after the components 

value have been slightly tuned from the calculated design value inϳorder toϳget theϳbest 

ZVSϳwaveform. The ZVS waveform that has been achieved indicates that the Class E 

inverter circuit is operating at its optimum condition where no switching losses occur. 

This have been proved by the output power efficiency of the circuit that can reach up to 

95.38% and able to deliver 1.91W output power which satisfied the requirement of  the 

implantable pulse generator device in this project design that need 2W of power. Hence, 

the first objective of this project which is to design capacitive power transfer by 

implementing class E inverter circuit is achieved.  

In addition, the class E inverter circuit has been improved with the implementation of 

impedance matching circuit in order to maintain high output power efficiency of the 

circuit system for variable load resistance. Higher RL (R load)  values which are 270, 

310 and 350 ohm have been analyzed to design the impedance matching circuit. The 

performance of the class E circuit simulation with and without the impedance matching 

circuit for all of the resistance value have been observed. The ZVS waveform could 

only be achieved with the impedance matching circuit for all of the resistance values. 

All of the three resistance values also gave a very high output power efficiency which 

are more than 90% efficiency with high output power being delivered while the class E 

circuit without impedance matching could only produce low output power efficiency 
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which are less than 50% efficiency with a very low output power delivered. This 

indicates that the second objective to improve output power efficiency by designing 

impedanceϳmatching network inϳclass Eϳinverter circuitϳhas beenϳachieved. 

Lastly, the capacitive power transfer system performance have been analyzed for the 

whole project including theoretical design and simulation design. The simulation circuit 

system performance are not giving a big difference from the calculation circuit system 

performance parameter when the calculated values were used in the simulation. Several 

components value in the simulation circuit need to be tuned slightly from the calculated 

one inϲorder toϲachieve theϲbestϲZVSϲwaveform to produce high efficiency system 

performance. The design ofϲclass Eϲcircuit system performance and theϲeffectsϲof 

variable load resistance with the improvement by impedance matching in order to 

maintain high efficiency have been analyzed in this project. Thus, the third objective 

which is to analyze the capacitive power transfer system performance by output power 

efficiency also has been achieved.  

5.2 Recommendation for future works 

In this project, the impedance matching circuit that has been designed in order to 

maintain high efficiency when  higher load resistance is applied is π1b circuit topology. 

The effects of different types of impedance matching network towards the efficiency 

and performance of the CPT system can be investigated by applying other types of 

circuit topology. This will give the best choice of circuit topology to be designed for the 

CPT system in terms of circuit simplicity, efficiency and power delivered to the load. 
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