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Abstract 

Smart implantable medical devices such as cochlear implants, cardiac pacemakers and 

artificial heart pumps, consume electrical energy for the lifetime of the patient. The method 

of power delivery in these devices is principally dependent on their power requirements. Low 

power implantable devices, such as cardiac pacemakers requiring power in the range of 30 -

100 μW and can be operated from an internal battery for up to 10 years before exhaustion. 

However, high power implantable medical devices such as artificial hearts can require up to 

30 W which is not suitable to be supplied from a battery. These devices are currently 

powered by an external power supply consisting of a wire passing through the skin and 

directly connecting to the artificial heart. However this method of power delivery introduces 

a substantial risk of infection which contributes to 40% of serious adverse events for Left 

Ventricular Assist Devices (LVADs).  

 

This thesis focuses on developing a wireless power supply solution for artificial hearts and 

LVADs. Transcutaneous Energy Transfer (TET) systems use magnetic fields to transfer 

power across the skin without direct electrical connectivity. This offers the prospect of 

lifetime operation and overcomes the infection risk associated with wires passing through the 

skin. The major issues relating to TET are the heating of tissue and the variable nature of the 

alignment between a primary coil located near the skin surface and a secondary coil located 

under the skin. The work carried out in this thesis uses a novel frequency control approach 

that allows for wide tolerance in the alignment between coils with separations and lateral 

displacements of 10 mm to 20 mm, with relatively small size (50 mm diameter) and enables 

the transfer of up to 25 W of power.  

 

Thermal and alignment performance was verified using a sheep experimental model. The 

secondary coil was implanted under the skin in six sheep and the system was operated to 

deliver a stable power output to a 15 W load continuously over four weeks. The maximum 

surface temperature of the secondary coil increased by a mean value of 3.4 ± 0.4 
o
C (Standard 

Error of Mean).  The highest absolute mean temperature was 38.3 
o
C. The mean temperature 

rise at 2 cm from the secondary coil was 0.8 ± 0.1 
o
C. The efficiency of the system exceeded 

80% across a wide range of coil orientations. Histological analysis revealed no evidence of 



 ii 

tissue necrosis or damage after four weeks of operation. In a bench-top experiment, the TET 

system was used to power the MicroMed’s DeBakey HA5 LVAD. The contributions from 

this thesis include the development of an efficient TET system with frequency based power 

regulation and the implementation of the system in a non-compliant animal to carry out a full 

thermal and coupling study. It is concluded that the developed TET system demonstrates all 

key performance criteria as required for a power delivery system suitable for an implantable 

heart pump and eliminates the risk of driveline infections.  
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1 Introduction 

The advancements in implantable medical devices have made it possible to treat a variety of 

diseases such as diabetes, heart disease and Parkinson’s [1]. These devices increase the life 

expectancy and improve the quality of life for thousands of patients. For instance, over 600 

million people around the world have pacemakers and 150 thousand pacemakers are 

implanted in the United States each year. Meanwhile, over 60 million people, including 20 

million children around the world use cochlear implants for listening assistance [2]. A 

common need of active implantable devices is electrical power. Current solutions are 

dominated by batteries and the use of percutaneous leads through the skin. However in recent 

years there has been huge interest in the development of wireless power supplies using 

inductive power transfer [3]. The concept involves the use of magnetic fields and inductive 

coupling to transfer power across the skin to energize an implanted electrical device. 

Although the principle is well established, there are only few actual clinical examples. This 

thesis presents the progress made towards developing an effective inductive power transfer 

system for energizing high-power demand medical devices. 

Chapter 1 
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1.1 Power supplies for implantable medical device 

The power requirements of implantable devices vary greatly depending on their application. 

A cochlear implant, assisting hearing, consumes about 10 mW [4]. Implantable heart assist 

devices will typically require power of approximately less than 15 W but may have peak 

demands in the region of 30 W [5]. A variety of methods of power delivery techniques have 

been adapted to meet the power requirements of implantable devices. The most practical 

methods of power delivery have been to use implantable batteries, percutaneous leads or 

Transcutaneous Energy Transfer (TET) systems.  

 

Implantable batteries 

The implantable batteries provide a constant stable output voltage and they are simply 

incorporated into the implantable device giving a fully sealed and a maintenance free system 

[3]. However, all batteries have a finite life span, so their use is dependent on the duration of 

device operation and constraints relating to size. Implantable batteries are popular for low 

power consumption applications where the power requirement is in the range of 1 mW to 1 

W [5]. These applications include pacemakers and Functional Electrical Simulators (FES). If 

the device is still required once the battery nears exhaustion, the implant must be surgically 

removed, with consequent high costs, discomfort and potential risks to patients. Rechargeable 

batteries can offer the advantages of a stable convenient power source provided a suitable 

means of recharging them can be implemented. 

 

Important aspects of a battery and its performance parameters include voltage, duty cycle, 

temperature, service life, safety and reliability, internal resistance, and specific power 

(watts/kg). A good battery design is a compromise between various performance parameters 

to meet the requirements of the specific application. Critical factors in selecting a battery for 

medical applications include minimum and maximum voltage; initial, average, and maximum 

discharge current; continuous or intermittent operation (size and duration of current pulses); 

service life; and good performance in a variety of conditions (temperatures, duty cycles, etc.). 

Battery designs for medical applications pose special challenges in the development of 

biocompatible materials, corrosion and sealing, light weight and a flat shape, high reliability 

and accurate end of life battery predictions. 
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Lithium primary batteries are the most widely used batteries in implantable medical devices. 

Lithium batteries have been developed to include Li-I2 (Lithium Iodine), Li-MnO2 (Lithium 

Manganese Dioxide), Li-SO2 (Lithium Sulfur Dioxide) and so on. However Li-I2 batteries 

have appeared to be safer and reliable over the years and these are now being widely used in 

cardiac pacemakers. These batteries consist of a high discharge voltage and energy density. 

The discharge voltage of Li-I2 batteries can reach 3.6 V which allows for their use in place of 

three Nickel-cadmium cells or three Nickel-Metal Hydride (Ni-MH) cells. Their energy 

density can be as high as 210 W h/kg and 810 W h/L which enables powering of a cardiac 

pacemaker for several years [6]. Furthermore, the discharge characteristics of Li-I2 batteries 

are also advantageous as the discharge voltage of the batteries varies prominently with the 

reduction of the remaining energy which enables observation of the working status of the 

batteries [2]. 

 

Percutaneous leads 

For applications where the power demand is too great to consider a battery, e.g. LVADs (Left 

Ventricular Assist Devices) and artificial hearts, percutaneous leads are the most commonly 

applied method of power delivery. In the case of percutaneous leads, an external power 

supply is placed outside the patient’s body and a wire is passed through the skin and directly 

connected to the implantable device. This technique of power delivery is easy to implement 

and also efficient as large amounts of power can be delivered to an implantable device placed 

anywhere in the body. High power requiring systems such as implantable heart assist devices 

and artificial hearts require power in the range of 3 W to 30 W. The major problem of using 

percutaneous leads is the potential risk of infections that can be passed from the external 

surroundings to the vital internal organs of the patient. The REMATCH trial estimated that 

40% of patients fitted with LVADs suffered from serious infections [7]. In a recent survey 

carried out by Holmen et al. [8] it was reported that the largest contributor to adverse events 

from implantation of Mechanical Circulatory Support Devices (MCSD) was infection. This is 

illustrated by Figure 1-1 obtained from the Intermacs registry. It was also reported that 21% 

of the total infections were due to drive line related infections. There is also a risk involved in 

wire breakages and damage. 
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Figure 1-1: Adverse events from LVADs [8] 

 

Transcutaneous Energy Transfer (TET) systems 

Transcutaneous Energy Transfer (TET) refers to the wireless transfer of power across the 

intact skin barrier. It is implemented through a transcutaneous transformer where the primary 

and the secondary coils of the transformer are separated by the patient’s skin as illustrated in 

Figure 1-2. The electromagnetic field produced by the primary coil penetrates the skin and 

produces an induced voltage in the secondary coil which is then used to power the biomedical 

device. Since the power source is located externally, TET power systems are capable of long 

term (indefinite) operation at high power outputs. These systems eliminate the risk of 

infection posed by the use of percutaneous leads and remove the need for regular surgery as 

required with implantable battery packs. 

 

Figure 1-2: Block diagram of a TET power supply system 
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However, TET offers new challenges with two critical issues that must be resolved. Firstly, 

the power efficiency needs to be sufficient to ensure that energy losses do not cause heating 

to the extent that tissue damage might occur. Secondly, the orientation between the external 

and internal components needs to be adequate to ensure sufficient energy can be transferred. 

The orientation issues may be further complicated by possible variations in orientation 

throughout patient use or lifetime. Addressing these issues is at the centre of the successful 

application of TET and forms the basis of this PhD topic. 

 

1.2 Applications of TET systems 

This section discusses a variety of TET power supplies used in various medical applications. 

The power requirements and the characteristics of a range of TET systems are discussed. 

  

1.2.1 Cochlear implants 

A cochlear implant is implanted into patients with severe hearing problems [9]. It operates by 

stimulating the auditory nerves inside a cochlea using electrical impulses. A market leader in 

this field, Cochlear Limited (product called nucleus freedom) uses inductive coupling for 

both power transmission and data communication. These devices require approximately 10 

mW of power for operation [9]. As shown in Figure 1-3, the cochlear implant has four main 

components; a microphone, a speech processor, implanted electrodes and an inductive link. 

The microphone outside the ear captures the incoming sound and the speech processor 

translates the sound signals into electrical signals. These are then transmitted across the skin 

through the external and internal coils to the implanted electrodes. The electrodes stimulate 

the auditory nerve fibres in order to send information to the brain [10]. These systems are 

generally operated at frequencies in the range of 1 to 10 MHz as the data transmission is 

carried out through the power link. The need for data transfer determines the operating 

frequency in these systems [10]. The external and internal coils are placed just above the ear. 

In this location, there is little change in orientation, and the coils can be located in a 

consistent way to achieve a tight coupling. These coils are usually less than 30 mm in 

diameter and their separation can vary between 3 to 10 mm. A TET system developed by 

Fernandez C. et al. [11] showed a maximum power efficiency of 44% achieved at 4 mm gap 

separation when transferring 5 mW. Although no figures for temperature of surrounding 
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tissue have been found, with this a relatively low power transfer level, dissipating the heat 

generated as losses (approximately 6 mW) is not expected to risk tissue damage. 

 

Figure 1-3: TET system used in cochlear implants 

 

1.2.2 Cardiac pacemaker 

Cardiac pacemakers are used when a malfunction in the natural heart’s electrical activation 

pattern results in slower or missed heartbeats. It is implanted under the skin of patients and 

generates electrical pulses to stimulate the heart [12]. An electrode is attached to the heart and 

is connected to a pulse generator [13]. The pulse generator contains the microelectronic 

circuitry and the implantable battery used for powering the device. These devices generally 

require power in the range of 30 to 100 μW [2]. Pacemakers are most commonly powered by 

implanted batteries due to their low power consumption [14, 15]. Earlier implantations of 

cardiac pacemakers used nickel-cadmium rechargeable batteries; however, later the zinc-

mercury battery was developed and used which lasted for over 2 years. The Lithium iodine 

battery invented by Wilson Greatbatch and his team in 1972 made a large impact on 

implantable cardiac pacemakers. These batteries can last up to 10 years and are currently the 

power source for many manufacturers of cardiac pacemakers [16]. However there have been 

several attempts at using TET for powering rechargeable batteries in cardiac pacemakers 

[17]. This eliminates the need for surgery due to battery exhaustion. The placement of the 

TET system for cardiac pacemakers is generally in the infraclavicular fossa. The separation 

between the primary and the secondary coils is approximately 5 to 15 mm and the diameter of 

the coils can be up to 40 mm. The operating frequency of these systems can be in the order of 

hundreds of kilohertz and the efficiency of these systems varies from 20% to 70%, depending 

on the separation and the alignment of the internal and external coils [12]. As it can be seen 

by these figures, the power efficiency of these systems is fairly low even at very low power 

levels.  
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1.2.3 Implantable telemetry unit 

Implantable telemetry units are used for monitoring biological signals in both humans and 

animals. These biological signals include electrocardiograms (ECG), blood pressure, body 

temperature, etc. These devices are principally used for wireless transmission in two key 

areas. This include transcutaneous coupling of power and outward transmission in sensed 

data [18]. The devices have a maximum power requirement of approximately 100 mW [3]. 

 

Implantable physiological monitoring devices based on TET recharging, form the basis of the 

product line offered by Telemetry Research Limited. The charging primary coil is located 

under an animal cage, and power is transferred into the implant to recharge a Li-ion battery. 

The device measures electrical activity such as sympathetic nerve activity (SNA) and ECG 

data and transmits this data using a digital transmission system operating in the 2.4 GHz 

band. This technology offers lifetime monitoring of research animals [19]. A critical 

characteristic is the ability to transfer power from the primary to the secondary coil when 

their relative coupling is very variable – i.e. as the animal moves about their home cage. The 

power transfer is approximately 50 mW. With the primary track driven from a mains power 

supply, overall efficiency of power transfer is not an important factor and is approximately 

1%. 

 

Figure 1-4 illustrates a flow chart of a system used to measure the electroneurogram (ENG) 

signals from the sciatic nerve in rabbits, developed by Liang C. K. et al.[20]. It uses inward 

transmission of power and instructions to an implanted sensor and outward transmission of 

sensed data to an external PC. The system uses a 2 MHz modulation frequency to ensure the 

data transmission rate is desirable. The receiver coil of this system is also tuned to 2 MHz and 

a demodulator is used to recover the received data from the modulated RF wave. Following 

the collection of received data, the transmitter coil in the implanted sensor is used to transmit 

the sensed data to the external module [21]. A separate transmitter coil is used for outward 

data transmission to avoid undesirable high intensity magnetic field interference from the 

inductive link. The implanted module is 4.5 x 3 x 1.2 cm in size and the system is capable of 

operating within 35 mm separation with an efficiency of around 25% [20, 21]. 
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Figure 1-4: A flowchart of a system measuring the electroneurogram signals 

in rabbits [21] 

 

1.2.4 Retinal prosthetic devices 

Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) causes profound 

vision loss in patients and it occurs due to the degeneration of the photoreceptive layer of the 

retina [22]. However, direct electrical simulation of the retinal neurons using a retinal 

prosthetic device can restore the visual sensation in patients. A TET system for a retinal 

prosthetic device takes similar form to TET systems discussed in the previous sections. The 

external and the internal coils are used for both power transfer and data transfer [23]. A micro 

electrode array is used to simulate the retina. These systems can use power up to 250 mW and 

the separation between the two coils can vary between 7 – 15 mm [24]. The two coils are 

used for both forward and reverse transmission of data. The reverse data transmission is used 

to transmit data from the implant to the external unit. This includes information such as 

implant temperature, pH, electrode impedance and other parameters reflecting the status of 

the implant [25]. 

 

1.2.5 Functional electrical simulators 

Functional electrical simulator (FES) enables the partial restoration of function to paralyzed 

muscles by generating an electrical simulation. FES contains an internal implanted electrode 

to generate the electrical simulation and the power to this electrode can be provided by a 
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cord injury and head injuries. Depending on the application, these electrical simulators use 

power in the range of 100 mW to 1 W [3]. Figure 1-5 shows a Vienna FES implant developed 

by Mayr W. et al. [26] of Vienna University, which is powered and controlled by an external 

unit and an inductive link. This device consists of an 8-channel implantable simulator and it 

is clinically applied for simulating paralyzed upper and lower extremities or respiratory 

support. The receiver of this system consists of a 3-turn coil made of silver plated copper 

wire [26]. The external and the internal coils have been used for both power and data 

transmission. 

 

Figure 1-5: Functional electrical simulators [27] 

 

1.3 LVADs and artificial heart systems 

It is estimated that 11.2 million people world wide suffer from heart failure and one million 

of these people enter end-stage heart failure each year. These patients have a life expectancy 

of less than a year. Hence, a heart transplant is the most appropriate treatment. However, the 

American Heart Foundation reported that out of approximately 70000 patients waiting for 

heart transplantation only 2000 patients in United States actually undergo heart 

transplantations [28].  This huge patient need has motivated the development of LVADs and 

artificial heart systems. 
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LVADs assist the pumping of the weakened left ventricle to increase blood flow to the body. 

This enables it to perform the role of the heart without completely removing the heart. The 

short term use of these devices provides a bridge to transplant for patients waiting for a heart 

transplant [29]. Artificial heart systems are a complete replacement to the natural heart and 

are used in patients with irreversible left or right ventricular failure. The clinical evaluations 

of a total artificial heart for permanent use began in 1982. Jarvik-7 artificial heart was 

powered by an external console and the patient survived for 112 days after implantation [30].  

 

Since the early trials with Jarvik-7, there have been major developments towards perfecting 

the mechanical operation of these pumps without damaging the blood cells. Currently, there 

are number of companies driving the development of LVADs and artificial hearts including 

Abiomed [31], Thoratec [32], BerlinHeart [33], MicroMed [34], HeartWare [35], Terumo 

[36] and LionHeart [37].  The power requirements of these pumps varies from 3 to 30 W [3] 

and are reviewed in more detail below. At present, the majority of these pumps are powered 

by percutaneous leads due to their high power consumption. However due to increased 

incidence of driveline related infections (refer to section 1.1), there is immense interest in the 

implementation of a wireless power supply solution. The central focus of this thesis is the 

design and development of a TET system for high power implantable medical devices such as 

LVADs and artificial heart systems. 

 

Berlin Heart LVAD system 

Berlin Heart’s LVAD system, INCOR is an axial flow pump with a free floating, active 

magnetic bearing for the axial impeller. This pump currently operates with an external 

controller connected to the pump with a percutaneous lead. The operating time of a set of 

fully charged external batteries is variable from 10 to 12 hours. The pump’s operating speeds 

vary between 5000 to 10000 rpm producing approximately 6 L/min flow with a magnetic 

levitation power consumption of about 3 - 4 W [38]. The motor efficiency is more than 90% 

and the power consumption is less than 4 W to reduce heat generation. The pump weighs 200 

g with a volume of 81 mL and the lengths in the axial direction and outer diameter are 120 

mm and 30 mm respectively [39].  
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Thoratec LVAD system 

Thoratec LVAD system, Heartmate II is an axial-flow rotary ventricular assist device 

composed of a blood pump, percutaneous lead, external power source and a driver system. 

The pump is able to produce a stroke volume of 83 mL and a flow of up to 11.5 L/min. The 

system can be powered either by power base unit connected to the mains by one or two 

rechargeable batteries that provides power for 2 - 4 hours under normal operating conditions 

[32, 40]. Over the years, the company has also attempted to move towards developing a 

wireless power supply using TET in order to eliminate arousing quality of life issues and 

potential infection risks from percutaneous leads. Figure 1-6 illustrates the TET system 

proposed by Burke et al. [41] in 2001 for Heartmate II.  The system is capable of delivering 

over 20 W of power at 14 V. The secondary coil is of 73 mm in diameter and 19 mm in 

height. It is designed to create a shallow mould to help locate the flat external primary coil 

whose inner diameter (73 mm) is approximately the same as the outer diameter of the 

secondary coil [41]. 

 

Figure 1-6: The proposed fully sealed HeartMate II system [40] 

 

MicroMed LVAD system 

The MicroMed DeBakey VAD system consists of VAD (Ventricular Assist Device) 

controller, external battery pack, and charger pack for the batteries, clinical data acquisition 

TET coils 

External 

circuitry 

HeartMate II 



Chapter 1 - Introduction 

 12 

system and a patient home support system. The pump is driven by a brushless direct current 

motor stator. The pump impeller is the only moving component in the pump and contains six 

blades with eight magnets hermetically sealed in each blade [34]. The pump is 30 x 76 mm in 

size and weighs 95 g. It is capable of pumping in excess of ten litres per minute. The pump 

impeller is able to spin between 7500 and 12000 rpm. The power to the pump is provided by 

two 12 V rechargeable batteries. Each battery is able to power the pump for approximately 

2.5 to 4 hours. Depending on pump speed, the power requirements of the pump vary from 5 

to 12 W [34].  

 

LionHeart  

The LionHeart VAD 2000 is a fully implantable LVAD using TET to power the pump. The 

pump has a maximum outflow of 8 L/min and dynamic stroke volume of 64 mL. The pump 

requires 12 V dc power for operation. The LionHeart system requires a minimum of 14 W 

and the system also contains an internal rechargeable battery that allows for 20 minutes of 

operational time without the TET system [42]. The patients can be completely uncoupled for 

short periods of time (for example; for showering) by using the internal batteries. The 

implanted coil is approximately 73 mm in diameter and weighs about 137 g [37]. The 

external power coil is secured over the internal secondary coil using a belt or can be held in 

place using an atraumatic skin tape adhesive [43]. The primary coil is approximately 125 mm 

in external diameter. The Figure 1-7 shows the relative size of the primary and secondary 

coils of the LionHeart TET systems. 

 

 

 

 

 

 

 

Figure 1-7: Primary and the secondary coils of the LionHeart TET system [37] 
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AbioMed’s artificial heart system 

AbioMed’s artificial heart system, AbioCor is a Total Artificial Heart (TAH) and is proposed 

for patients suffering with end stage heart failure. As seen by Figure 1-8, this system has a 

number of important internal components. Power is delivered to the device using an external 

battery pack. The external coil attached to the battery pack, transcutaneously sends power to 

the implanted coil. The internal battery enables patients to move freely for an hour without 

the external battery pack [44]. The implanted controller is powered by the external battery 

pack but can also be run using the internal battery if the external battery pack is removed. The 

internal control unit is responsible for delivering the precise amount of power to the artificial 

heart system and it also regulates the blood flow by monitoring the patient’s physical 

behaviour. The internal control unit also communicates with an external control unit called 

the Patient-Carried Electronics (PCE). PCE is mainly responsible for delivering power to the 

TET system and contains two rechargeable batteries [31]. The PCE control module monitors 

the artificial heart system and the internal control module. The AbioCor TET system 

performs with an efficiency ranging from 68% to 72% for coil separations between 3 to10 

mm with output currents ranging from 1.5 to 3.6 A [45, 46]. During the human trials of the 

AbioCor TET system, the internal TET coil was placed in the infraclavicular fossa to 

minimize misalignment of the internal and external coils [45]. The energy from the Abiocor 

TET system is used to power the total artificial heart and the emergency rechargeable internal 

lithium battery which is capable of delivering power for up to one hour of support using a 

500 g battery [47]. 

 

 

 

 

 

 

 

 

Figure 1-8: Abicor artificial heart system [31] 
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1.4 TET application summary 

Based on the applications of TET systems discussed in the previous sections, it is apparent 

that depending on the application, the operating conditions of the TET system differ in terms 

of power requirements and typical separations between the internal and external coils. Table 

1-1 gives a summary of power requirements of different applications and the separation 

between the primary and the secondary coils observed in currently developed TET systems 

for these applications. Highest power requirements are in the artificial heart systems. The 

distance between the primary and the secondary coils in these high power TET systems is 

approximately the thickness of the patient’s skin, nominally 10-20 mm [48]. In the case of 

implantable telemetry units for animal monitoring, although the power requirements are very 

small (~100mW), the separation between the coils can be as large as 100 mm.  

 

Table 1-1: Typical coil separations and power requirements of TET systems 

 

Application 

Typical separations 

between the coils (mm) 

Power requirements 

(W) 

Cochlear implants 3 - 10 0.01 

Cardiac pacemaker 5 - 15 30μ -100μ 

Implantable telemetry unit 35 - 100 0.1 

Retinal prosthetic device 7 - 5 0.25 

Functional electrical simulator 5 -15 0.1 - 1  

LVADs 10 - 20 10 - 30 

 

The following Table 1-2 provides the power requirements and flow outputs of existing VAD 

systems.  It is evident that depending on the pump design, the power requirements can vary 

immensely. The pump flow rates vary depending on the loading on the pump from the blood 

flow. This in turn results in a variation in power required by the pump. Larger flow rates 

correspond to higher power requirements. 
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Table 1-2: Characteristics of existing VAD systems [49] 

Pump manufacturer - 

Heart pump 

 

Pump type 
Power 

usage 

Pump  

flow 

Skin 

penetration 

Berlin Heart - INCOR Axial flow 3 – 4 W 6 L/min Cable 

Thoratec – HeartMate II Centrifugal 20 W 11.5 L/min Cable  

MicroMed - DeBakey 

VAD 
Axial flow 12 W 12 L/min Cable 

LionHeart – Arrow 

LionHeart 
Electromechanical 14 W 8 L/min TET 

AbioMed - AbioCor TAH 25 W 4-8 L/min TET 

Terumo – T-ILVAS Centrifugal 13 W 5 L/min Cable 

WorldHeart - HeartSaver Electrohydraulic 30 W 11 L/min Cable  

 

1.5 Challenges associated with TET systems 

Despite of the advantages that TET systems have over implantable batteries and percutaneous 

leads, there are a number of factors that need to be considered when designing TET systems.  

 

Efficiency  

Often low power TET systems, such as cardiac pacemakers have fairly low efficiencies of 

around 20 to 70%. In these systems, the wasted power is very low (<1 W) and the overall 

power efficiency is not of great importance. However in high power TET systems for 

artificial hearts, power efficiency is of great importance as the total power lost is in the order 

of several watts even at high power efficiencies of over 80%. This amount of power loss can 

cause heating of the implanted circuitry. Excessive heating in the implanted circuitry can 

result in surrounding tissue damage. Currently, there is no fixed temperature at which tissue 

damage will occur as the potential for tissue damage is affected by many factors such as 

environmental temperature, physiological variations in patients and also the location of 
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implantation. However there have been several research studies which have reported different 

temperatures for potential cause of tissue damage. In 2004, research carried out by 

Gowrishankar, T. R. et al. [50] on transport lattice models of heat transport in skin with 

temperature dependent perfusion, reported that accumulated tissue damage occurs where 

viable tissue temperature exceeds 42 
o
C. In this study the two cases considered were (i) 

surface contact heating and (ii) spatially distributed heating.  Study by Busch, M. H. J. et al. 

[51] on finite volume analysis of temperature effects induced by active (Magnetic Resonance 

Imaging) MRI implants, reported that a temperature increase of 5 
o
C (5 K) is considered 

critical for induction of irreversible cell destruction.  A review of power sources for 

implantable medical devices carried out by Wei, X. et al. [2] in 2006 reports that the general 

requirements for fully implantable medical devices have a temperature limitation of less than 

50 
o
C. Furthermore, at high power levels, where continuous uninterrupted power is required, 

the efficiency is even more important as the ability of the body to dissipate heat is difficult to 

increase or control. An inefficient system will also require the patient to carry a larger 

external battery or charge more frequently.  

 

Tolerance to misalignment 

The power transfer ability of TET systems is dependent on the coupling between the coils. 

Even very small variations in the alignment between primary and secondary coils can result 

in a large variation in coupling between the coils. For industrial applications it is often 

possible to closely specify the alignment between a primary coil (or primary track) and a 

secondary coil. Even though the secondary may move with respect to the primary, the 

separation or coupling may be tightly controlled. For example in inductively powered 

monorail trolleys designed for material handling applications, the separation between the 

primary and the secondary coils is fixed at 30 mm [52].  However, for medical applications, 

where one coil is outside the body and the other is inside, variation in orientation is almost 

inevitable. It may be caused by variations in surgical placement, patient posture changes, 

patient application of the primary coil near the skin surface, or growth of the patient (e.g. 

weight gain). Hence, the TET system must be designed to be able to tolerate reasonable 

misalignments which are dependent on the application.  
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There are two basic approaches to dealing with misalignment of the coils. The first is to 

minimise the amount of variation through coil design that promotes consistent alignment. 

This is the motivation behind systems (for example LionHeart TET system) where there is a 

protrusion on the patient’s skin to assist with the identification and positioning of the primary 

coil on the skin surface. The problem with this approach is when the alignment process 

interferes with the patient’s comfort or introduces practical surgical problems to achieve a 

precise deployment of known orientation. The second approach is to develop the TET system 

to have tolerance to a wider range of alignment conditions between the two coils. There are 

technical challenges associated with dealing with the relatively low coupling where the coils 

are non-overlapping, and these technical challenges are exacerbated by variation in the low 

coupling. This second approach is the one addressed in this work. 

 

Implant size 

In principle small implant size is always better for the purpose of reducing risk of pocket 

infections, ease of deployment and increasing the patient population for which the device can 

be used. In practice, size reduction may be limited by the need to dissipate heat. The overall 

size of the implanted circuitry is dependent on many factors such as the power rating in the 

system, thermal considerations and the operating frequency. Hence a compromise between 

these multiple factors is needed to produce a solution which is also practical for surgical 

implantation. The implanted coil must have an appropriate size depending on the type of the 

TET application and the location of the implant. For example it is adequate to have a lesser 

number of turns for a cochlear implant as the power requirement is only 10 mW and the 

implant is located in the ear where there is less variation in coupling [11]. However for an 

artificial heart system where the power requirement is around 10 – 30 W, a coil with fewer 

turns will have large currents flowing through it, increasing the heat generated in the implant. 

 

1.6 TET Overview 

In general, TET systems consist of a primary power converter to generate a time varying 

magnetic field and to transmit electrical energy through the magnetic field to secondary 

circuitry.  The basic circuit structure of a TET power supply using a transcutaneous 

transformer is illustrated in Figure 1-9. A dc voltage is supplied to the system and this is then 
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converted to a high frequency sinusoidal voltage using a primary power converter. This 

produces a magnetic field around the primary coil which induces a voltage in the secondary 

coil. The induced voltage in the secondary coil is rectified to a dc voltage and supplied to the 

biomedical device. There are various circuit configurations or topologies for the primary and 

secondary circuitry of a TET system, and they trade off in size, complexity and efficiency. 

This section introduces and evaluates the characteristics of different circuit configurations 

and topologies of a TET system. 

 

 

 

 

 

 

 

Figure 1-9: Circuit structure of a TET system 

 

There are two main classes of dc/ac converters used in TET systems, hard switching inverters 

and soft switching inverters. Hard switching inverters commonly consist of (Pulse Width 

Modulation) PWM inverters. PWM switching techniques of these inverters provide higher 

quality power conversion and effective control. This is advantageous in making smaller 

Electromagnetic Compatibility (EMC) filters. However during hard switching operations the 

“on” and “off” transitions of the switching devices occur at the non-zero current instances 

causing higher switching losses. This in turn limits the switching frequency and the 

minimization of the converter. Furthermore, PWM control generates square waveforms 

causing high dv/dt or di/dt and large harmonics, contributing larger Electromagnetic 

Interference (EMI) [52].  

 

The shortcomings in hard-switching inverters can be improved by using a soft switching 

inverter. Soft-switching topology can be implemented with either zero voltage switching 

(ZVS) or zero current switching (ZCS). In this case the switches of the inverter are switched 

at the zero voltage or zero current instances thereby resulting in low switching losses. In a 

soft-switching topology, a resonant tank consisting of inductors and capacitors are normally 

added to the inverter which can be arranged into either parallel or series configurations [53]. 
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Power inverters can be implemented using either half bridge or full bridge configurations as 

illustrated in Figure 1-10.  Input power to the inverter can be either a voltage source 

(Voltage-fed inverter) or a current source (Current-fed inverter). The full bridge topology has 

four switches, where as the half bridge topology has only two switches and the remaining two 

switches are replaced with two large capacitors. As the voltage changes across these 

capacitors are negligible under steady state conditions, they are seen as voltage sources with 

half the magnitude of the DC power supply. The maximum voltage output of the half bridge 

inverter is VIN/2 compared to VIN in the full bridge topology [52]. Generally a voltage-fed 

inverter is connected to a series resonant tank to ensure that two voltage sources are not 

connected in parallel to avoid shorting the sources.  

 

A current-fed inverter is obtained by placing a large inductor in series with a voltage source 

to form a quasi-current source. As the current flowing through the inductor is nearly constant 

at high frequencies, under steady state conditions, it appears as a current source. Similarly, a 

current-fed inverter is connected to a parallel resonant tank, because two current sources 

cannot be connected in series to avoid over-voltage. Hence the current-fed inverter should not 

be directly connected to an inductor in series. 

 

 

 

 

 

 

 

(a) Full bridge configuration 

 

 

 

 

 

 

 

(b) Half bridge configuration 

Figure 1-10: Full bridge and half bridge voltage fed converters 
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The inverter utilized for the TET system discussed in this thesis consists of a parallel tuned 

current-fed push-pull inverter/converter. The performance of this inverter is similar to the full 

bridge current-fed inverter but it has the capability of doubling the resonant voltage and has 

the added advantage of not requiring isolated high side gate drives. Compared to a series 

tuned resonant tank, a significant advantage of a parallel resonant tank is that a large portion 

of the resonant current circulates within the resonant tank instead of passing through switches 

during the switching cycles. This results in lower conduction losses across the switching 

devices and the DC side of the circuit. Current source inverters also exhibit the advantage of 

over-current protection because the DC inductor is in series with the input voltage source [52]. 

A detailed description of the operating characteristics of a current-fed push-pull converter is 

discussed in Chapter 4. 

 

1.7 Objective and scope 

The objective of this project is to develop a TET system with performance criteria at a level 

appropriate for powering LVADs, that provides widespread adaptability and thereby 

eliminates the infection risks of a percutaneous lead. This requires advancement in both 

tolerance to variation in coupling, improved thermal management and reduced physical size. 

The initial focus is to characterize and quantify the power losses in a TET system. This 

enables the identification of high priority areas for addressing efficiency improvements. The 

relative merits of operating parameters, component selection and circuit topologies are 

considered in terms of trade-offs between size, efficiency and usability. A TET system with 

improved primary and secondary configurations is designed and tested.  

 

The system’s tolerance to misalignment also forms a valuable part of this project. The 

reliability of the system refers to robustness of the system to misalignment. The system must 

be able to tolerate misalignment at adequate efficiencies in order to ensure minimal internal 

heating in the implanted circuitry. The system is incorporated with a proper control strategy 

to regulate the power delivered to the implantable device. A temperature analysis is carried 

out in the system to ensure that internal temperature rise is minimal. The prototype system is 

designed and tested in a sheep experimental model. 

 



Chapter 1 - Introduction 

 21 

The subsequent Chapters of this thesis form the foundation for designing an effective TET 

system and also present literature on characteristics of previously designed TET systems. The 

successive Chapters are organised as follows: 

Chapter 2 is a review on thermal properties of skin tissue and a thermal model of skin based 

on Penn’s bio-heat equation. A temperature analysis is carried out to identify heating in the 

internal and the external coil using a numerical model and using bench tests. A short term 

animal experimental study was carried out to verify the thermal modelling results.  

 

Chapter 3 is a coupling analysis of the primary and the secondary coils.  Analytical, 

numerical and practical methods of evaluating coupling between primary and secondary coils 

are analyzed. A numerical method is then used to design coil geometries with improved 

coupling. This is used to assist the development of a TET system that is tolerant of 

misalignment between the primary and secondary coils. 

 

Chapter 4 is an extensive analysis of power loss in the existing system. The key areas of 

improvement are identified and a new prototype is designed and developed with improved 

power efficiency.  

 

Chapter 5 covers the implementation of power regulation into the system. Power regulation is 

of great importance to a TET system. Given the sensitivity to dissipating heat inside the body, 

it is important to transmit the power required by the load and no more. A primary frequency 

control method is used for regulating the power to the load. This method compensates for 

changes in coupling and loading conditions and also system component variations. A closed 

loop controller with proportional control is incorporated into the system through a wireless 

communication link. The system is tested and refined for the application of high power 

implantable devices. In particular, the system’s response to variation in load, coupling and 

efficiency is investigated.  

 

Chapter 6 is a sheep experimental study. The overall system is tested in six different sheep 

for a month and continuous monitoring is carried out on all aspects of the circuit using a real-

time data acquisition system. At the end of the experiment an autopsy is carried out on the 
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sheep and tissue samples are taken from various locations surrounding the secondary coil. A 

histological study is carried out to quantify any damage to tissue from the elevated 

temperature due to the operation of the TET system.  

 

Chapter 7 gives details of the integration into an existing heart assist device. The developed 

TET system is incorporated with an existing LVAD supplied by MicroMed and a mock up 

model for human application is constructed. This chapter also gives a discussion on steps 

required to take this technology into human trials. 

 

Chapter 8 provides a summary of conclusions, the contributions made in this thesis and 

direction for future work. 
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2 Thermal study of skin tissue 

When designing a TET system, one potential problem relates to the heat dissipation of the 

system. For low power (<1 W) implantable devices, a TET system can be operated over a 

short duration (<4 hours) to recharge a battery and there is no significant heat generation [54]. 

However, in high power (>1 W) TET systems that are continuously delivering power, the 

generation and dissipation of heat becomes very important as excessive heating can lead to 

tissue damage. There are many parameters that can affect the temperature increase associated 

with operating a TET system; including the power losses of implanted components, heat 

radiated from external components, and the rate of dissipation of heat into surrounding tissue. 

Furthermore, there are irrepressible factors such as ambient temperature and the external 

clothing of the patient that may contribute to the heat dissipation capacity of the system.  

 

Chapter 2 
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2.1 Thermal properties of skin tissue 

Thermal effects on skin tissue have been previously studied; however it remains difficult to 

accurately specify a temperature at which tissue damage may occur due to environmental 

factors and the physiological variation between patients. As discussed in Chapter 1 several 

studies into the thermal properties of skin tissue have been carried out. These include 

research carried out by Gowrishankar, T. R. et al. [50] on transport lattice models of heat 

transport in skin with temperature dependent perfusion, who reported that accumulated tissue 

damage occurs where viable tissue temperature exceeds 42 
o
C. Another by, Busch, M. H. J. et 

al. [51] on finite volume analysis of temperature effects induced by active (Magnetic 

Resonance Imaging) MRI implants, reported that a temperature increase of 5 
o
C (5 K) is 

considered critical for induction of irreversible cell destruction. Wei, X. on a review of power 

sources for implantable medical devices reported that the general requirements for fully 

implantable medical devices have a temperature limitation of less than 50 
o
C [2].  In addition, 

a study conducted in 1952 by Hardy, J. D. et al. [55] relating to pain sensation in skin 

reported that the threshold temperature of pricking pain in skin is 45 
o
C, corresponding to a 

temperature increase of 10 - 15 
o
C. Further studies by Matsuki H. et al. [56] on temperature 

rise due to TET coils, report that air convection outside the body and the perfusion of blood 

within the capillaries have a significant role in dissipating heat generated at the implanted 

site. As the tissue temperature increases, the blood perfusion in the area will also increase in 

order to reduce the temperature increase. The literature presented on thermal effects of skin 

tissue reports temperatures ranging from 42
o
C to 50

o
C as the upper threshold for accumulated 

tissue damage. Hence, the system designed in this thesis was designed to operate below 42
o
C 

as this is the lowest reported temperature for irreversible tissue damage. 

 

Studies have quantified that the thermal conductivity of skin tissue is a function of 

temperature and water content. Buettner, R. [57] noted the significance of blood flow and 

found using an in vivo experiment the thermal conductivities of 9 x 10
-4 

cal/cm sec
o
C for 

upper 2 mm of skin tissue, 13 x 10
-4 

cal/cm sec
o
C for cool skin, and 67 x 10

-4 
cal/cm sec

o
C for 

very warm living skin. The isotropic behaviour in these measured values of the thermal 

conductivity of the dermal layer was attributed to the blood flow [58]. Consequently due to 

heat generated by the TET system, the localised blood flow in the implanted area will 
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increase. The thermal properties of biological tissue are generally described by the Pennes 

bioheat equation given by (2-1) [50]. 

 

),()()()( tzPQTTTcTk
t

T
c mabmb 



  (2-1) 

Where ρ, c, k are the density, specific heat and thermal conductivity of tissue respectively, cb 

is the specific heat of blood, ωm is the blood perfusion, ρb is the density of blood, T is the 

local tissue temperature, Ta is the arterial temperature (treated as a constant), t is time, Qm is 

the metabolic heat production per volume, and P(z,t) is the heat deposited per volume due to 

spatially distributed heating. In this instant, ωm is a function of temperature for temperature 

dependent perfusion. Vascularised tissue experiences increased perfusion as temperature 

increases. Gowrishankar, T. R. et al. [50] reports that due to the thermoregulation effects of 

the human body, the blood flow can increase 15 fold to 100 ml 100 g min
-1

 within a few 

minutes. 

 

In a high power TET system the secondary implanted coil is placed just underneath the 

subcutaneous tissue while the primary coil is placed directly above the skin to maximize the 

coupling between the two coils. Figure 2-1 illustrates a cross sectional view of the placement 

of the primary and secondary coils of a TET system within skin tissue.  The thermal 

conductivity and blood perfusion of subcutaneous tissue is three times lower than that of 

normal tissue [56]. The subcutaneous tissue is more susceptible to heating for a number of 

reasons. Firstly its thermal conductivity is low, secondly the blood perfusion is low, and 

thirdly it is located in close proximity to the primary coil. The arrows in Figure 2-1 

correspond to the effectiveness of blood flow in the two different types of tissue. 

 

Figure 2-1: Cross sectional view of the placement of the primary and the 

secondary coil with in skin tissue 

Secondary coil

Muscle tissue

Subcutaneous tissue

Primary coil
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2.2 Simulating the temperature distribution of a TET system 

The temperature distribution surrounding the skin tissue due to the presence of the primary 

and secondary coils of a TET system can be simulated using finite element modelling 

software. COMSOL multi physics package was selected for simulating the distribution 

around the skin tissue as it provides a platform for solving models with multiple heat transfer 

mechanisms. This enables the model to simulate the heat transfer within tissue as well as heat 

conductivity in the primary and secondary coils simultaneously. Due to axial symmetry, a 2D 

model is sufficient for these simulations. A 2D model of the primary and the secondary coil 

within the skin tissue was defined with finer elements (0.1 mm) at the boundaries in order to 

increase the computational accuracy of the model. This is illustrated in Figure 2-2. The model 

used for simulation consisted of approximately 2900 elements and 1500. 

 

Figure 2-2: 2D model of the primary and secondary coil within skin tissue 

meshed in COMSOL 

 

Once the model was defined, the sub-domain settings were applied to the model. It was 

assumed that the coils were solid pieces of copper with a maximum thermal conductivity of 

400 Wm
-1

K
-1

. The bioheat equation in (2-1) was used to attain the numerical solution for the 

Unit : m 
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temperature distribution in the surrounding tissue. The simulation defined the specific heat of 

blood in subcutaneous tissue and healthy tissue to be 4200 Jkg
-1

K
-1

 and 3600 Jkg
-1

K
-1

 

respectively as reported by Penns, H. H. in COMPSOL multi-physics user guide [59]. 

 

Figure 2-3 shows a simulation of the cross sectional view of the steady state temperature 

distribution of the internal and the external coil. The model simulated delivering 15 W of 

power to the load. This was approximately equivalent to a total power loss of 500 mW in the 

primary and the secondary coils (for these coil geometries). The heat conduction capacities of 

the primary and secondary coils were calculated using their approximated RMS currents and 

Equivalent Series Resistances (ESR). The power loss calculation methods are explained in 

detail in Chapter 4.  The simulation in Figure 2-3 illustrates the temperature values at specific 

locations. T1 in Figure 2-3, represents the temperature distribution of the subcutaneous tissue 

and muscle tissue. T2 represents the temperature distribution in the primary and the 

secondary coils. Most of the heat of the primary coil is radiated into the air reducing the 

surface temperature of the primary coil. The maximum temperature of 40 
o
C is predicted at 

the lower boundary of the primary coil that is facing the subcutaneous tissue. This shows that 

the primary coil temperature is important as the heat can be radiated from the primary coil 

into the subcutaneous skin tissue due to its close proximity to the secondary coil. The 

maximum temperature around the implanted coil was 39 
o
C in the lower boundary layer. 

 

 

 

 

 

 

 

 

 

Figure 2-3: Heat distribution of the primary and the secondary coils when 

delivering 15W of power to the load 
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2.3 Experimental temperature study using bench tests 

The simulations carried out by finite element modelling can be validated by carrying out 

bench tests to look at temperature rise in the primary and the secondary coils. This form of 

testing also enables the characterising of the temperature rise in the coils with regards to 

current and ESR of coils. Three sets of primary and secondary coils were built up and their 

temperature profiles were measured at 1 minute intervals over 90 minutes on the bench 

delivering 15 W of power to the load using a simple TET system described in Chapter 1. The 

characteristics of each of the coil sets are given by the Table 2-1. As can be seen, the primary 

and the secondary of the Coil set 1 are the smallest out of the three sets however smaller coils 

require larger currents for delivering the same amount of power to the load. 

 

Table 2-1: Coil dimensions of three coil sets 

 

Coil properties Coil set 1 Coil set 2 Coil set 3 

Primary inductance, Lp 3.50 µH 12.44 µH 30.56 µH 

Secondary inductance, Ls 1.84 µH 3.00 µH 8.39 µH 

Coil current 
Lp: 6.32 A 

Ls: 6.51 A 

Lp: 2.74 A 

Ls: 3.51 A 

Lp: 2.00 A 

Ls: 1.73 A 

Equivalent Series Resistance 

(ESR) 

Lp:  20.2 mΩ 

Ls:  11.3 mΩ 

Lp:  46.7 mΩ 

Ls:  15.8 mΩ 

Lp: 74.7 mΩ 

Ls: 31.6 mΩ 

External diameter 
Lp: 40 mm 

Ls: 40 mm 

Lp: 50 mm 

Ls: 50 mm 

Lp: 70 mm 

Ls: 70 mm 

 

 

As illustrated in Table 2-1, the ESR of the Coil set 1 is lower than the ESR of the Coil set 2 

and 3, due to its smaller radius and lower inductance. The total power losses in the Coil set 1, 

Coil set 2 and Coil set 3 are 1286 mW, 545 mW and 393 mW respectively. Larger currents in 

the smaller coils contribute to the high power loss, and the larger coils also have an added 

advantage of having a larger heat dissipation area. Figure 2-4 illustrates the temperature data 

of the primary and the secondary coils when the three sets of coils were separated by a 10 

mm thick piece of insulation material in order prevent the heat produced by the primary coil 

affecting the temperature rise in the secondary coil. Temperature of the coils was measured 

using temperature sensors and these were placed directly above each of the coils for 
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measuring the elevated temperature. A detailed description of the temperature sensors used in 

these experiments is provided in the next section. A PowerLab ML820 data acquisition unit 

and Labchart software (ADInstruments, Sydney Australia) was used for continuous 

monitoring of the temperature.  

 

As illustrated in Figure 2-4, the Coil set 1 has a significantly high temperature rise in the both 

the primary and the secondary coils compared to Coil set 2 or 3. The maximum temperature 

rise in the primary and secondary coils of Coil set 1 was 25.0 
o
C and 17.8 

o
C respectively. In 

comparison, the maximum temperature rise in Coil set 2 was 9.3 
o
C in the primary coil and 

7.1 
o
C in the secondary coil. The larger diameter coils in Coil set 3 provided the lowest 

temperature in air with the primary coil being only 6.2 
o
C and the secondary coil with a 

maximum temperature rise of only 2.7 
o
C. From these results it is evident that the 

temperature rise increases with the power loss, and decreases with the size of the coils.  

 

Figure 2-4: Measured temperature rise in three sets of primary and 

secondary coil designs 

 

The practical results obtained from the bench tests were compared with the simulation results. 

Figure 2-5 illustrates a simulation of the Coil set 2 when modelled in a block of air and a 
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maximum temperature rise of 32.28 
o
C was observed on the lower boundary layer of the 

primary coil similar to the practical results. In the simulation the solid piece of insulation 

between the primary and the secondary coils was modelled using a piece of polyurethane 

foam and the simulation performed in a room temperature of 23 
o
C similar to the practical 

environment. Arrows in the diagram corresponds to the direction and magnitude of heat flux. 

As seen by the magnified image of the primary and secondary coils, the polyurethane 

insulation between the two coils shields the secondary coil from the heat dissipated by the 

primary coil. A similar format was utilized in the bench top experiments illustrated in figure 

2-4. The simulation result was within 1% of the practical result as the practical maximum 

temperature for the Coil set 2 was 32.55
 o

C. Similar accuracies were obtained for Coil set 1 

and Coil set 3 when simulated on COMSOL Multiphysics.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5: Temperature distribution around the Coil set 2 in air when 

simulated with a piece of insulator between the primary and secondary coils 

 

 

In order to compare the impact of the insulation between the coils, temperature rise was also 

modelled without the insulation and Figure 2-6 shows that the maximum temperature has 

now increased up to 34.3 
o
C in the lower boundary of the primary coil. As can be seen by 

Figure 2-6, now the heat from the primary coil is transferred to the secondary coil and 

contributes to the temperature rise in the secondary coil. 
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Figure 2-6: Temperature distributions around the primary and secondary 

coils in air without insulation 

 

 The heat dissipation of the TET coils can be significantly improved by placing a heat sink 

above the primary coil in order to effectively dissipate the heat generated by the primary coil. 

Most traditional heat sinks are constructed using aluminium and copper based heat sinks 

which interfere with the electromagnetic energy produced by the TET coils. However, 

currently there are some polymer heat sink materials available called Cool Polymers (E5101, 

D8102 etc). These polymers are able to effectively dissipate heat without interfering with 

electromagnetic radiation. Figure 2.7 illustrates the heat distribution once a polymer heat sink 

is placed above the primary coil. The maximum temperature in the simulation is now reduced 

to 26.49 
o
C.  This method can be utilized to reduce the temperature rise in the TET system.   
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Figure 2-7 : Temperature distributions around the primary and secondary 

coils in air with a polymer heat sink  

 

Another important aspect of the temperature around the TET system is determined by the 

external environmental temperature and the clothes worn by the patient. Figure 2.8 illustrates 

the relationship between the maximum temperatures in the TET system at different room 

temperatures. These simulations were carried out when the two coils were in the air with 

insulation placed between them (as shown in Figure 2-5). The graph clearly illustrates that 

the temperature of the TET system increases linearly with the room temperature. However 

the maximum temperature rise in the TET system remains more or less constant with the 

increase in room temperature. Hence the room temperature only affects the absolute 

maximum temperature and has minimal effects on the temperature rise. 
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Figure 2-8: Maximum temperature in the TET system at different room 

temperatures 

 

Although measuring the temperature rise in the system using bench tests is a straightforward 

process, it is difficult to compare these results to the practical environment where the system 

is implanted into a patient. However this type of simulation analysis of coils in air enables the 

verification of the model using bench tests, and also enables to obtaining the trends of the 

impact of different TET coils on temperature rise.  

 

The most practical way of determining the temperature rise in a TET system is to carry out 

experiments using an animal model. Hence, section 2.5 provides a short term experiment that 

is carried out in sheep to compare the temperature distribution around the TET system with 

the simulated results using the Penns Bioheat equation. Chapter 6 provides an extensive long 

term experimental study of the TET system implanted into sheep to characterise the 

performance of the system. 

 

2.4 Temperature calibrations 

Selecting the correct type of temperature sensor is an important part of making accurate 

measurements in experiments. There are number of different types of temperature sensors 

currently available, which include thermocouples, RTDs (Resistive Temperature Detectors), 
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thermistors, thermometers, and non contact sensors like infrared thermometers. Each of these 

different types of sensors serves the same purpose, however their function varies depending 

on the accuracy requirements of different applications. For example, RTDs are constructed 

from materials like platinum that provides predictable changes in electrical resistance with 

changes in temperature. They have very high accuracy and repeatability compared to 

thermocouples. However they generally have a low response time and low sensitivity, 

commonly 100 Ω corresponds to 0 
o
C. There are two main methods of wiring a RTD; the 2-

wire configuration and 4-wire configuration [60]. The simplest RTD configuration uses a 2-

wire configuration and this is only used when high accuracy is not required as the resistance 

of the connecting wires is always included with that of the sensor, leading to errors in the 

signal. The 4-wire resistance thermometer configuration increases the accuracy and reliability 

of the resistance being measured. In this case a standard two terminal RTD is used with an 

extra pair of wires to form an additional loop that cancels out the lead resistance. In the four 

wire measurement the resistance error due to lead wire resistance is zero [60]. 

 

Thermistors are also a type of resistor which varies with temperature. Thermistors differ from 

RTDs in that the material used is generally a ceramic or polymer, while RTDs use pure 

metals. The temperature responses of thermistors are also different as they are capable of 

achieving very high precision in change of temperature typically in the range of -90 to 130 

o
C. The temperatures of thermistors are measured using the Steinhart-Hart equation in (2-2).  

 

   RcRba
T

31
lnln   (2-2) 

 

Where a, b and c are called the Steinhart-Hart parameters, and it is specified for each device. 

T is the temperature in Kelvin and R is the resistance of the thermistor. For measuring the 

temperature rise in the primary and secondary coils of a TET system, it is critical to ensure 

that the rise in temperature, as well as the absolute temperature, is measured as accurately as 

possible. Hence it was decided to use thermistors as the preferred temperature sensor for the 

measurements. However in order to obtain an accurate absolute temperature, the thermistors 

were calibrated against a high precision RTD in the 4-wire configuration. The thermistors are 
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also advantageous due to their very small size (<5 mm diameter and <2 mm thickness). This 

ensures that the separation between the primary and the secondary coils are not compromised.  

 

The temperature sensors selected for monitoring the temperature surrounding the primary and 

the secondary coils were 10 kΩ NTC thermistors (10K3A1B) with a resistance tolerance of 

+/-0.5% (equivalent tolerance of +/-0.1 
o
C). This sensor is very small in size (2.4 mm width), 

hence can be easily embedded into the coils without compromising the thickness of the coils. 

The maximum temperature exposure for the sensor is 80 to 150 
o
C, which is within the range 

requirements of TET applications. The thermistors were calibrated against a high precision 

Negative Temperature Coefficient (NTC) RTD (US sensor PPG101A1 100 Ω RTD).  These 

sensors have an approximately linear relationship with the temperature. Their resistance and 

temperature deviation can be controlled to be within ±0.06% and ±0.15 °C [61].  

 

Each thermistor required to be used in the animal experiments was paralyne coated (using a 

PDS2010 coater with a 5μm thickness) and covered in medical grade silicone (MED-4011) 

prior to calibration.  The thermistors and the RTD were immersed in a water bath. The 

temperature in the water bath was controlled to be constant using a HAAK E3 Water Bath 

Heater. The temperature set points ranged from 22 to 42 
o
C. The temperature measurements 

of each sensor were collected using a PowerLab ML820 data acquisition unit at one minute 

intervals and was averaged over each 10 minute interval for each set point.  

 

As it can be seen from the calibration results in Figure 2-9, each thermistor reading consisted 

of an offset from the RTD temperature reading. The main reason for this difference is due to 

the themistors being attached to 3 m long twisted wires hence introducing additional 

resistance to the thermistors. The RTD was connected using the 4-wire configuration hence 

effectively introducing zero resistance from the leads. The calibration process was repeated 

three times and once all the data was collected, each sensor was individually plotted for RTD 

temperature against the thermistor temperature. A linear trend line was applied to the each of 

the plots and using these plots an error equation was obtained for each of the thermistors. The 

error equations for each of the themistors illustrated in Figure 2-9 is presented in Table 2.2. 

The gradient of the lines was approximately 1 and the average y intercept of the 6 thermistors 
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was 2.7 
o
C. These equations were individually applied to each thermistor for the animal 

experiments. 

 

 

Figure 2-9: Temperature calibration graph of 7 thermistors and an RTD 

 

 

 

Table 2-2: Calibration equations for a set of thermistors 

 

Thermistor Calibration equation 

1 7853296380 .x.y   

2 2515397860 .x.y   

3 6324295490 .x.y   

4 5918295190 .x.y   

5 5173294970 .x.y   

6 6572295630 .x.y   
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2.5 Model validation using a short term experimental study in 

sheep 

Although the temperature rise of the coils obtained from bench tests provides a good platform 

for comparing different types of coil sets, it cannot provide a good estimation of the 

temperature rise and the absolute temperature when the coils are implanted in a patient. This 

is because the body temperature, thermal conductivity of the tissue, and most importantly 

blood perfusion in the capillary bed, were not taken into account in the bench tests. Hence, to 

further validate the simulation results using the Penns bioheat equation, a short term 

experiment using sheep was carried out to obtain temperature surrounding one set of primary 

and the secondary coils.  

 

Prior to experimentation, coils were modelled in COMSOL using the bioheat equation. 

Figure 2-10 shows a simulation of the cross sectional view of the steady state temperature 

distribution of the internal and the external coil. The simulation was carried out for delivering 

15 W of power to the load using the TET system. The primary coil was of 50mm in diameter 

and 4mm in height while the secondary coil was 40mm in diameter and 2mm in height. The 

subcutaneous tissue thickness of 10mm was used in the model as it was equivalent to the 

thickness of skin measured in the sheep. This enables direct comparison of the COMPSOL 

model and the experimental results. The total power lost in the primary and the secondary 

coils was calculated to be approximately 720 mW for 15 W power delivery to the load. 

Temperature values at specific locations are also illustrated in the diagram. Most of the heat 

of the primary coil is radiated into the air, thus reducing the surface temperature of the 

primary coil. The maximum temperature of 42 
o
C is predicted at the upper boundary of the 

secondary coil that is facing the subcutaneous tissue. The temperature distribution of tissue is 

shown using a surface plot and the temperature distributions of the coils are illustrated using 

contour plot [62]. 
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Figure 2-10: Heat distribution of the primary and the secondary coils when 

delivering 15W of power to the load [62] 

 

Experimental procedure 

As discussed earlier, the TET system was tested in a sheep to compare experimental 

measurements with the simulated temperature distribution. The internal coil and the resonant 

capacitor were Parylene coated and encapsulated with medical grade silicon to provide a 

biocompatible barrier between the components and the body. The total weight of the 

implanted equipment was less than 100 g. Five thermistors were attached to the secondary 

using adhesive silicon as illustrated in Figure 2-11. These thermistors were also Parylene 

coated. The sensors 1 and 2 were placed at the front and back of the secondary coil 

respectively. The sensors 3, 4 and 5 were placed on the side of the secondary, 10 mm from 

the secondary and 30 mm from the secondary respectively. Under isoflurane anesthesia and 

using aseptic techniques, a 5 cm incision was made through the skin on the dorsal chest. A 

tunnel was created under the skin approximately 20 cm long and a terminal pocket created. 

The secondary coil was placed within this pocket (the skin at this site was approximately 10 

mm thick) and it was sutured in place. The power lead from the coil and the leads associated 

temperature sensors were tunnelled back to the incision site and exteriorised through the 

wound [62]. 
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Figure 2-11: Placement of the sensors in and around the internal coil 

 

 

The primary coil was placed directly above the secondary coil and separated only by the skin 

layer. A thermistor was also placed on top of the primary coil for monitoring the temperature 

increase in the primary coil. The primary coil was held in place using elastic band tethers to 

the sheep wool as illustrated in Figure 2-12. A PowerLab ML820 data acquisition unit and 

Labchart software (ADInstruments, Sydney Australia) was used for continuous monitoring of 

the temperature and the output voltage at the load. The data acquisition was carried out at a 

frequency of 1 Hz. The secondary rectifier was kept external to the sheep. The thermal 

performance of the rectifier circuit is a separate topic which is less critical than the key 

magnetic coupling and power tuning parts of the TET system. A variable resistive load was 

used to represent the medical device, and the power delivered was set at 7 W, 15 W and 25 W 

for various time periods. The output power was varied by changing the input dc voltage of 

the TET system.  

 

Prior to turning on the system, the temperature of each sensor was recorded for 12 minutes to 

establish an initial temperature from each of the sensors once the system was set up for 

experimentation. Prior to experimentation, the temperature sensors were calibrated in a water 

bath using the method discussed in section 2.4.  
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Figure 2-12: The coils placed in the sheep during surgery [62]  

 

Experimental results 

Experimental results were obtained for the temperature rise of the primary and the secondary 

coils for different loading conditions. Figure 2-13 illustrates the temperature rise monitored 

over 36 minutes when delivering power at the three different loading conditions (7 W, 15 W 

and 25 W). The temperature rise of each sensor was obtained by taking the difference 

between the average temperature when the circuit was turned off and the average temperature 

over 2 minute intervals for each loading condition. The temperature sensor defined by “inside 

body”, was placed inside the subcutaneous tissue away from the implant site in order to 

measure the body temperature of the sheep during experimentation.  

 

As shown by the graph in Figure 2-13, when delivering 7 W of power to the load, the 

maximum temperature rise reached by the implanted coil was 2 
o
C. The maximum 

temperature rise in the primary coil when delivering 7 W was 4 
o
C, this is due to the 

thermoregulation capacity of air being lower than inside the body. The temperature increase 

of sensors 3, 4, and 5 are in line with the modelling predictions made prior to experimentation 

(shown in Figure 2.10). The temperature rise observed in these sensors was less than 1 
o
C 

when delivering 7 W and 15 W. However, the temperature rise on the sensor placed at the 

secondary side (sensor 3) increased over 2 
o
C when delivering 25 W of power to the load. 
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Figure 2-13: Temperature rise in the primary and secondary coils when 

delivering various loads  

 

The most important sensors to take note of are the two sensors on the centre and back of 

secondary (sensor 1 and 2). These sensors were exposed to the maximum magnetic field and 

were placed directly on the face of the secondary coil. As illustrated in Figure 2-13, the 

temperature rise at the centre of the secondary (sensor 1) is slightly larger than at the back of 

the secondary (sensor 2). This is because the back of the secondary coil can cool off more 

rapidly than the front secondary facing the skin tissue as the thermal conductivity and blood 

perfusion of healthy tissue is better than the subcutaneous skin tissue. This supports the 

simulation results presented in Figure 2-10. The maximum temperature reached at the 

secondary coil when delivering 15 W of power to the load is approximately 5.5 
o
C on sensor 

1. This is also fairly close to the simulation results shown in Figure 2-10, where the 

maximum temperature rise of 5 
o
C (overall maximum temperature of 42 

o
C) was predicted. 

The maximum temperature observed at 25 W loading condition is approximately 8.4 
o
C and 

this is too high for sustained continuous use [62].  

 

2.6 Summary 

This Chapter discusses the thermal properties of skin tissue and the response of skin tissue to 

a localized increase in temperature due to the presence of a TET system.  Previous research 
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has shown that blood perfusion increases with an increase in temperature in the tissue in 

order to effectively dissipate the heat generated by the TET system. Furthermore, the thermal 

properties of muscle tissue are much more advantageous in dissipating heat than the 

subcutaneous tissue. 

 

Simulations were carried out using COMSOL multi physics to characterize the temperature 

distribution around the skin tissue due to the presence of the primary and the secondary coils. 

For approximately 500 mW power loss, the maximum absolute temperature around the 

implanted coil was 39 
o
C in the lower boundary layer of the secondary coil. The predictions 

of these simulations are verified by the long term experiments presented in chapter 6. The 

temperature rise in different sets of primary and secondary coils was tested practically on the 

bench. It was observed that the temperature rise in coils increases proportionally with power 

loss and inversely proportionally with the size of the coils. However it is difficult to make 

comparisons between the bench test result and the simulated results as the practical 

measurements do not take into account the tissue temperatures and the impact of blood 

perfusion in the capillary bed.  

 

Hence, for further investigation, a short term experimental study was carried out in sheep in 

order to validate the simulation results, based on Penn’s bio heat equation. Thermistors were 

selected as the means of measuring temperature in the TET system due to their small size and 

high sensitivity to change in temperature. Calibration equations were applied to each 

thermistor in order to improve their accuracy. The temperature distribution around the 

primary and secondary coils from the experimental results was well in line with the simulated 

results. A maximum temperature rise of 5.5 
o
C was observed in the upper boundary layer of 

the secondary coil for delivering 15 W of power to the load and the simulated results 

provided a 5 
o
C temperature rise. 
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3 Magnetic coupling analysis and design of 

internal and external coils 

In a TET system, coupling relates to the relative positioning between the primary and the 

secondary coils. Compared to percutaneous wires, TET systems become more complex to 

operate when providing a constant level of power under variable coupling conditions as these 

result in a variation in power transfer [63]. Variations in coupling between the coils have 

multiple causes. Initial surgical placement could introduce patient-to-patient variability. On a 

daily basis, variation can be caused by posture changes and the way an external coil is 

positioned [64]. In the longer term, changes in patient body dimensions from growth to 

change in body mass index and fat distribution all offer sources of variation to the prevailing 

coupling conditions. In TET systems, the variation in coupling is also dependent on the 

location of the implanted coil. For instance, if the implanted coil is placed under the scalp, the 

Chapter 3 



Chapter 3 – Magnetic coupling analysis of internal and external coils 

 44 

variations in coupling between the coils are fairly low compared to having the coils placed in 

the abdominal area where the coils have more space to move around.   

 

This Chapter provides an introduction to the fundamentals of an inductive link and considers 

different methods of determining coupling between internal and external coils.  The design 

components of an inductive link are identified and a new primary and secondary coil set is 

designed.   

 

3.1 Mutual inductance and coupling coefficient 

The coupling between two coils can be represented by their mutual inductance. The definition 

of mutual inductance, M, is given by Neumann’s double integral formula 
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(3-1) 

 

Where µo is the permeability of free space, dsi and dsj are elements of two coils, and Rij is the 

magnitude of the distance from dsi to dsj (as illustrated in Figure 3-1). This demonstrates that 

the mutual inductance is a function of the coil geometries and the distance between them [65]. 

 

 

 

 

                           

 

 

 

Figure 3-1: Mutual inductance between two circular loops 
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In addition to distance and geometry, the alignment of the coils has a significant effect on the 

mutual inductance. For instance if the internal coil is tilted by an angle α, the mutual 

inductance will reduce by a factor of cos(α) as shown in equation (3-2).  

 

)cos()0,(),(  rr dMdM   (3-2) 

 

Where dr is the relative distance between the coils. The mutual inductance between two coils 

can be normalized to provide a more qualitative representation. A more intuitive 

representation of coil coupling is given by the coupling coefficient, k, defined by: 

 

sp LL

M
k   

(3-3) 

 

Where Lp and Ls are the self inductances of the primary and the secondary coils respectively 

[66]. The coupling coefficient will equal 1 for perfect coupling between two coils and zero 

for no interaction. Hence from equation (3-2) k is also dependent on coil orientation and 

alignment.  

 

)cos()(),(  rr dkdk   (3-4) 

 

Equation (3-4) shows that k is minimised when the coils are right angles to each other while k 

is maximised at when the coils are axially aligned. 

 

3.2 Significance of coupling in TET systems 

An important performance measure of a TET system is its ability to supply the load with 

required power under worst case coupling conditions. Apart from the primary power 

converter and secondary power pickup circuits, magnetic coupling is a key factor that 
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determines the power transfer ability of a TET system. The maximum power transfer of a 

TET system refers to the maximum power that can be transferred from the primary to the 

secondary coil disregarding the losses associated with the components in the circuit. The 

maximum power that can be transferred by a current-fed push-pull resonant converter TET 

system has been derived by Si P. et al. [67] using mutual inductance between the primary and 

secondary coils. This relationship is shown in equation (3-5) as a function of the coupling 

coefficient. 
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max


  (3-5) 

 

Where Lp and Ls are the primary and secondary coil inductances, k is the coupling coefficient, 

Pmax is the maximum power transfer, Vin is the DC input voltage, Vout is the output voltage at 

the load and f is the system resonant operating frequency. This equation is based on the 

assumption that high order harmonic components are negligible and the dc current is 

continuous at the pickup. These assumptions are reasonable for practical circuits. Equation 

(3-5) shows that for given primary and secondary circuits, the maximum power transfer 

capacity of a TET system is proportional to the coupling coefficient. Good coupling can 

increase the maximum possible power transfer from primary to secondary coils. 

Consequently, for a given set of coils and constant Vout, f and Vin, the maximum power 

transferred in a TET system is determined by the coupling coefficient. 

 

In TET systems, the distance between the primary and the secondary coils is approximately 

the thickness of the patient’s skin, nominally 10 - 20 mm [48] and the variation in coupling is 

mainly dependent on location of the implant. For example if the coils are placed in the chest 

area the coupling variation is much less (illustrated in figure 3-2b) compared with placement 

in the abdominal area where there is much more room for the coils to move around (Figure 3-

2a). Furthermore, the changes in the abdominal area during normal posture changes are much 

higher than in the chest area. Another possibility is if the external battery pack is taken off for 

a period of time and then put back on, the relative placement between the coils can change, 

and this can also cause a variation in coupling.  
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Figure 3-2: TET system implanted in the (a) abdominal area and (b) in the 

chest area 

 

The physical relationship between primary and secondary coils can be categorised into three 

components (refer to Figure 3-3): 

 Separation: coils are axially aligned with a separation gap, d (usually occupied by skin 

and fat). For an abdominal TET site, this gap is estimated to be within the range of 10 

to 20 mm [48].  

 Displacement: where the gap between the coils is constant, but their centres are 

displaced by a distance x. This would occur if the primary coil is not situated exactly 

in alignment with the implanted coil. Typical range of displacement is estimated at +/-

20 mm [68]. 

 Rotation: the primary coil is tilted off-axis with respect to the secondary coil by an 

angle α.  
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Figure 3-3: Coil displacements of primary and secondary coils 

 

As explained before, higher coupling between the primary and the secondary coils 

corresponds to greater power transfer ability, but when the coupling between the coils 

becomes large (k ~ 0.35) the TET system becomes more sensitive to frequency due to the 

reflected impedance of the secondary having a significant effect on the primary. Figure 3-4 

illustrates a simplified equivalent circuit diagram of a parallel tuned TET system. An 

expression can be obtained for the reflected impedance of the secondary on the primary in 

terms of secondary components and mutual inductance. Equation (3-6) shows that the mutual 

inductance is proportional to the reflected impedance Zr. 

 

 

 

 

 

 

 

 

 

Figure 3-4: Equivalent circuit diagram of a parallel tuned TET 
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Reflected impedance can be easily ignored for weakly coupled TET systems (<0.1) however 

at high coupling, reflected impedance have a significant effect on the primary resonant tank 

that can lead to bifurcation. This phenomenon causes the system’s operating frequency to 

drift considerably or move unstably between several operating frequencies. Figure 3-5 

illustrates an impedance plot of the equivalent circuit model in Figure 3-4 with a 10 Ω load 

when the coupling between the coils is 0.1. As seen by the graph there is a distinct resonant 

peak in the system where the maximum power transfer occurs. The resonant peak in this case 

occurs at 180 kHz which is the tuning frequency of the primary and the secondary resonant 

tank. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5: Impedance plot of equivalent circuit model at k=0.1 

 

 

Figure 3-6 illustrates another impedance plot when the coupling between the coils is 0.4 for 

the same loading condition. However in this instance the system response consists of 2 

resonant peaks (one at 153 kHz and another at 230 kHz) and the power transfer reduces 

between the two peaks. Although the tuning frequency of the primary and the secondary 

resonant tanks are 180 kHz, this is no longer the optimum operating frequency, where 

maximum power transfer occurs, due to the contribution of reflected impedance from close 

coupling. Using this ac analysis it was found that for up to a 25 W loading condition, a single 

resonant peak can be established below 0.30 coupling coefficient.  Hence this was established 

as the upper limit of coupling coefficient for the TET system designed in this thesis. 
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Figure 3-6: Impedance plot of equivalent circuit model at k=0.4 

 

3.3 Coil designs for high power TET systems in literature 

As discussed earlier, the design of the inductive link is a crucial component of a high power 

TET system as it determines the power transfer ability of the system. Although transferring 

power across an air/skin gap has been attempted in the past [69], there have been several 

barriers to its implementation:  

 High internal temperatures and tissue damage surrounding the primary and secondary 

coils 

 Methods of dealing with sensitivity to changes in coupling between the internal and 

external coil have caused inconvenience and discomfort to patients by the use of skin 

adhesives and magnet alignment systems 

 Large size of internal components. 

 

There have been a number of papers discussing theoretical analysis of coupling between the 

primary and the secondary coils.  Work carried out by Schuder in 1971 [44], shows an 

analysis of transferring up to 1 kW of power using two flat spiral coils. The external coil 

consisted of 32 turns of 38 gauge Litz wires with an internal diameter of 60 mm, external 

diameter of 100 mm and 2 mm thickness. The coils weighed about 110 g and had a self 

inductance of 114 uH. The internal coil consisted of 16 turns with 38 gauge Litz wire and 

consisted of 40 mm internal diameter, 110 mm external diameter and a thickness of 8 mm. 
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The self inductance of this coil was about 29.7 uH and weighed about 90 g.  These coils were 

fairly large in size however they were designed to deliver large amounts of power to the load 

[44].  

 

A more recent development of a TET system designed by the New Energy and Industrial 

Development Organization (NEDO) artificial heart project reports an internal coil with a 53 

mm external diameter (with a height of 9 mm), also consisting of a 38 mm diameter ferrite 

core. Rather than being flat, the coil is shaped in an oval which would present a significant 

bulge when placed under the skin. The external diameter of the primary coil is 92 mm in 

diameter  [70]. This is illustrated in Figure 3-7. This approach has also been attempted by 

Lion Heart TET system as introduced in Chapter 1. 

 

Figure 3-7: Placement of the primary and secondary coils in the TET system 

designed by NEDO artificial heart project  [70] 

 

Furthermore, TET systems designed by Mussivand et al. [68] reported a system that consists 

of a primary coil measuring 58 mm in diameter by 30 mm in height, weighing 75 g and a 

secondary implanted coil measuring 70 mm in diameter by 20 mm in height and weighing 

125 g. The internal coil consists of a magnetic core within the internal diameter and it is 

wound with 18 turns using Litz wire [68]. These coils are able to deliver power in the range 

of 5 - 70 W for separations of up to 10 mm. 

 

3.4 Methods of determining coupling coefficient 

The design of inductive coils is a trade off between size, weight, heat generated and coupling 

coefficient. However, there is no closed form solution which relates the array of design 
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parameters to an optimal solution. If coil performance can be simulated accurately then more 

variations can be evaluated. Three methods of determining the coupling coefficient between 

primary and secondary coils were analyzed. The purpose of this analysis was to determine 

whether it is possible to design coils with good coupling using calculations or numerical 

analysis without having to use a trial and error approach in making them. The first was an 

analytical method based on models established by Soma et al. [71]. This approach enabled 

the calculation of coupling coefficients for a variety of geometrical offsets between two 

single turn coils. The second method was a finite element approach using JMAG Studio 8.0 

and ANSYS to model the coil geometries and numerically solve for the magnetic flux density 

and coupling coefficient. Finally, physical coils were constructed and the coupling coefficient 

was measured experimentally. The analytical model allows evaluation of many different coil 

orientations with ease. The JMAG modelling is computationally more complicated, but 

permits more accurate coil geometries to be evaluated for the same range of coil orientations. 

Physical measurements provide the most practical coupling coefficient data, but it is 

expensive and time consuming to create the coils and conduct data measurements. 

 

The coil geometry used in the analytical model was considerably simplified in order to 

provide a tractable closed form solution. This model assumed that the coils are a single turn 

so that other dimensional data (i.e. internal and external radius) of the coils were ignored. The 

average radius between the internal and external radius was used in these calculations. The 

self inductance of Lp and Ls in this instance was taken to be the inductance of a single turn 

coil. For the simulated model, the coil geometry used was the same as the experimental 

physical coils. 

 

3.4.1 Analytical model 

To derive the analytical model, the relative orientation of the primary and secondary coils 

needs to be defined. This thesis adapts same misalignments as used by Soma, and a full 

derivation for this analytical model is provided in their paper [71]. The following three 

misalignment conditions were considered: axially aligned separation, lateral displacement 

and angular rotation. 
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Axially aligned separation 

 

Figure 3-8: Axially aligned separation between the primary and secondary 

coils 

 

Figure 3-8 illustrates the orientation of the coils when they are axially aligned. The distance d 

represents the minimum separation between the two coils. The characterization of mutual 

inductance in this orientation is given by equation (3-7). 
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K(s) refers to the complete elliptic integral of the first kind given by equation (3-9), 
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And E(s) is the complete elliptic integral of the second kind given by equation (3-10), 
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The variable s, is defined by the formula 3-11: 
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Where a and b correspond to the radius of the primary and secondary coils respectively. The 

Figure 3-9 illustrates the relationship between mutual inductance and the ratio of separation 

to primary coil radius using this analytical model. The graph illustrates axially aligned 

separations of between 10 to 20 mm and the primary coil radius being increased from 20 to 

30 mm. The secondary coil radius was kept constant at 25 mm and each line in the graph 

corresponds to a ratio between the primary coil and secondary coil. As expected, mutual 

inductance reduces as the separation increases and mutual inductance increases for larger 

primary coils.  As the inductance of a single turn circular coil can be approximated by the 

formula 3-12, where t is the thickness of the wire used in the construction of the coil, and r is 

the radius of the coil. The coupling coefficient for this model can be calculated using 

equation (3-3). 

 

  5

22

108.22 


tr

Nr
L  (3-12) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 – Magnetic coupling analysis of internal and external coils 

 55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-9: Relationship between mutual inductance and the ratio of separation and primary 

coil radius 

 

Lateral displacement 

Lateral displacement with parameter x is illustrated in Figure 3-10. Given that x<b in 

practical situations, the mutual inductance for lateral displacement can be defined by equation 

(3-13). G(s) in this equation is also determined by equation (3-8). 

 

Figure 3-10: Primary and secondary coils laterally displaced by x 
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Figure 3-11 illustrates the relationship between mutual inductance with axial aligned 

separation and lateral displacement. The separation was varied from 10 – 20 mm and the 

lateral displacement was varied from 0 - 20 mm in the following graph. The mutual 

inductance was calculated under a range of different sized primary and secondary coil sets 

varying from 25 to 50 mm external radius. As expected, as the external diameter increases the 

mutual inductance between the coils also increases. 

   

   

   

   

   

   

   
   

   

   

   
 

 

 

 

 

 

 

 

 

 

 

Figure 3-11: Relationship between axially aligned separation and lateral 

displacement 
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Angular rotation 

Figure 3-12 demonstrates angular rotation about the z axis. In this analysis, misalignments 

less than 25
o
 are considered. The value of s used to calculate MA is taken to be the average 

value of smin and smax. The formulas used for evaluation of MA are as follows: 
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smin and smax are given by 
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Figure 3-12: Secondary coil rotated by an angle α on its centre axis 
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Figure 3-13 illustrates the relationship between mutual inductance with axial aligned 

separation and angular rotation. The separation was varied from 10 to 20 mm and angular 

rotation was varied from 0 - 20 degrees in the following graph. Similar to Figure 3-11 the 

mutual inductance was calculated under variable coil radii. The reduction in mutual 

inductance is only significant for small rotations (below 5 degrees), because with large 

rotations, part of the secondary coil moves closer to the primary hence increasing coupling. 

However when the rotation reaches 90 degrees the mutual inductance will gradually approach 

zero.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-13: Relationship between axially aligned separation and angular 

rotation with mutual inductance 

3.4.2 Simulated model 

As illustrated in the previous section, the analytical model enables to look at many different 

scenarios of coil geometries and orientations with ease. However, the use of numerical 

simulation alleviates many of the geometrical simplifications that were used in the previous 

analytical model. JMAG and ANSYS finite modelling element software was used to simulate 

the coupling relationship between the primary and the secondary coils. Two types of 

modelling software were used as a means of verifying each software package. 
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JMAG model 

The high frequency 3D electromagnetic analysis component of JMAG was used for 

simulating the mutual inductance between the primary and secondary coils. Similar to any 

modelling software the basic shape of the primary and secondary coils was created and the 

material properties of copper were specified. Figure 3-14 illustrates the mesh created for two 

coils for an axially aligned orientation with 15 mm separation. The coils were defined by the 

number of turns, physical dimensions, and ESR (Equivalent Series Resistance). Within 

JMAG, an external circuit was created to represent the two coils and a sinusoidal current was 

injected into one of the inflow faces of the primary coil. The secondary coil was shorted to 

obtain the short circuit current and equation (3-19) was used to calculate the mutual 

inductance of the coil for various orientations. 

 

s
p

sc
L

I

I
M   (3-19) 

 

Where Isc is the short circuit rms (Root Mean Square) current in the secondary winding, Ls is 

the secondary inductance, and Ip is the primary rms current. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-14: A mesh of primary and secondary coils generated in JMAG  

 

Figure 3-15 shows the magnetic field density contours generated by JMAG for a 20 mm 

laterally displaced secondary coil with a separation of 10 mm. The magnetic field in the 

secondary coil is at its highest on the edge facing the primary and gradually drops off to zero 

on the face furthest from the primary [64]. 
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Figure 3-15: Magnetic field distribution generated by primary coil when the 

secondary is laterally displaced by 20 mm for a separation of 10 mm 

 

ANSYS model 

ANSYS’s electromagnetic analysis component was also used to quantify the magnetic 

coupling between the primary and the secondary coils. The analysis calculates the magnetic 

field propagated around the structures. The primary and the secondary coil structures were 

defined as current source elements, Source36. The current in each coil is defined and these 

currents are used to calculate the source magnetic field intensity using a numerical integration 

technique involving the Biot-Savart law. The magnetic field intensity term is used in the 

formulation as a magnetic load on the model. Figure 3-16 illustrates the magnetic field 

distributions around a primary and a secondary coil when axially separated by 15 mm and 

when their centers are laterally displaced by 10 mm. As illustrated by the diagram, the model 

consists of a finer mesh at close proximity of the coils with gradually coarser mesh away 

from the coils. The red arrows illustrate the direction of the current in each coil. 

 

 

 

 

 

   

Figure 3-16: Magnetic field distribution generated by primary coil when the 

secondary is laterally displaced by 10mm for a separation of 15mm 
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3.4.3 Experimental measurements 

A test rig was built to accurately locate the primary and secondary coils at known orientations 

to enable the measurement of the coupling between the two coils. Figure 3-17 illustrates the 

CAD model of the rig. The rig allows fixing of the secondary coil in all three displacements 

discussed in the previous section. Equation (3-20) was used for determining the coupling 

coefficient between the coils [64].  

 

open_ps

shorted_ps

L

L
k  1  (3-20) 

 

Where Lps_shorted is the primary inductance when the secondary is shorted, and Lps_open is the 

primary inductance when the secondary is open, which is equal to the primary coil 

inductance. Hence using the test rig and the above formula the coupling coefficient of 

practical primary and the secondary coils were determined. 

 

 

 

 

 

 

 

 

Figure 3-17: CAD model of physical test rig used to hold primary and 

secondary coils in known physical orientation 

 

3.4.4 Model validation 

The first evaluation considered a pair of coils with a very simple geometry which could be 

accurately represented using all methods. Both primary and secondary coils used a single 

winding with a radius of 27.5 mm for primary and 20 mm for secondary coil. Due to the 



Chapter 3 – Magnetic coupling analysis of internal and external coils 

 62 

difficulty in practically measuring the inductance of single turn coils, 10 turns were 

incorporated into each coil with very thin Litz wire (30 strand, 0.5 mm diameter bundle). The 

windings of each coil were wound so that its distribution was equivalent of having a single 

turn.  

 

Figure 3-18 illustrates the effect on the coupling coefficient when the lateral displacement is 

increased from 0 to 20 mm at 10 mm separation. The lines ka, ks and kp correspond to the 

coefficient of coupling from the analytical model, simulated model (JMAG) and experimental 

measurements respectively. As expected the coupling coefficient drops as the lateral 

displacement increases, and all three methods produced consistent results. The simulated 

coupling coefficient was within 3.71% of the practical result and the analytical result was 

within 2.32% of the practical result.  Similar consistency was seen for axial alignment and 

angular rotation cases  [64]. 

 

Figure 3-18: The effect of lateral displacement on coupling at 10mm 

separation 

 

Practical TET coils do not consist of single turns, and they will have bulk which can be 

characterized by internal and external radii and also a physical height. Physical parameters 

for a coil pair capable of delivering 10 W are given in Table 3-1. Physical coils were 

constructed with a self inductance of 30.4 µH for the primary and 8.75 µH for the secondary 

coil.  
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Table 3-1: Characteristics of primary and secondary coils 

 

 

Coil geometry 
Analytical model 

Simulated model 

and practical coils 

Lp Ls Lp Ls 

Internal radius (mm) N/A N/A 25.0 15.0 

External radius  (mm) N/A N/A 30.0 25.0 

Average radius (mm) 27.5 20.0 27.5 20.0 

Number of turns 1 1 24 16 

Inductance (µH) 0.25 0.15 30.4 8.75 

ESR (mΩ) N/A N/A 159.7 76.3 

Physical height (mm) N/A N/A 25.0 10.0 

 

Table 3-1 shows the coils in the analytical model have been heavily simplified while the 

simulated model has identical dimensions to the practical coils. These coil dimensions 

specify a coil set used to test the modelling process. The coil radius used in the analytical 

model was the average of the internal and the external radius of the coils in order to best 

estimate the practical coils.  

 

3.5 Comparison of analytical, numerical and practical coupling 

coefficients 

The three methods of determining the coupling coefficient explained in the previous sections 

were implemented using the genuine physical parameters, and the results are shown in Figure 

3-19. With the coils aligned axially, the coupling coefficient decreases as the separation 

increases. The simulated coupling coefficients have a mean deviation of 12% from the 

experimental results. Both ANSYS and JMAG simulation results were very similar 

suggesting the consistency between different finite element modelling packages. However, 

the analytical results are far away at large separations. This illustrates the effects of the 

physical bulk of the coils. Over the 10 - 30 mm separation the coupling between the practical 

coils only varied from 0.255 to 0.11. This is a good indication that these coils are able to 

maintain good coupling even at fairly large separations. 



Chapter 3 – Magnetic coupling analysis of internal and external coils 

 64 

 

Figure 3-19: Effects of separation between coils on coupling when the coils 

aligned axially 

 

Figure 3-20 illustrates the effects of displacement on coupling and efficiency when the coils 

are separated by 10 mm. Again, the simulated and practical coupling coefficients are fairly 

similar (with a mean deviation of 9.5%), while the analytical model significantly 

underestimates the practical result. Once more this is due to neglecting the physical bulk of 

the coils in the analytical model.  It is likely that the offset between the practical and the 

simulated coupling coefficients is due to a combination of measurement error and the 

assumption of coils being constructed from solid pieces of copper in the model. An example 

of the physical inaccuracy of the single turn based model is the real coil winding consisting of 

litz wire which incorporates air gaps between the hundreds of strands forming the windings 

and also some cancellation of field between adjacent windings. 

   

Figure 3-20: Effects of lateral displacement on coupling at 10mm separation 

between the coils 
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The impact of rotational misalignment on coupling is shown in Figure 3-21. The separation 

was measured between the nearest points on the secondary and primary coils. Once more the 

coupling profile of the analytical solution has a markedly differing coupling profile at 

different misalignments. The main reason for this difference is that the analytical model takes 

the separation to be between the two centre points of the coils. Hence when the secondary 

coil is rotated about its axis, part of the coil shifts closer to the primary coil and the separation 

of the nearest points of the coils become less than 10 mm. This accounts for the small 

reduction in the coupling between the two coils over large rotations in the analytical model. 

The simulation result underestimates the practical coupling coefficient however it is within a 

mean deviation of 14.76% of the experimental measurements. 

   

Figure 3-21: Effects of lateral displacement on coupling at 10mm separation 

between the coils 

 

3.6 Design and construction of an improved coil set 

The previous section in 3.2 provides a fundamental analysis on different methods of 

determining the coupling coefficient between the internal and the external coils. It was 

apparent that the analytical method was valid for only idealized coil configurations and it 

could not be used to model the actual experimental setup accurately. The numerical 

simulation provided a superior match with experimental results, and is appropriate for 

assessing different coil designs efficiently. Hence the numerical models (JMAG and ANSYS) 
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were used to design coils with various geometries and the two primary and the secondary 

coils with the most ideal coupling coefficient were selected for experimental analysis.  

 

3.6.1 Construction of coils 

Commonly, the primary and the secondary coils of a TET system are constructed using Litz 

wire. This particular wire is designed to reduce the skin and proximity effect losses in the 

conductor. Litz wire consists of many thin copper wires individually coated with an 

insulating film and twisted together. Figure 3-22 illustrates Litz wire constructed by New 

England Litz wire manufacturers [72]. A type 1 Litz wire bundle consist of few twisted wire 

strands and using many type 1 bundles, a type 2 bundle can be twisted. This enables all 

strands to be magnetically equivalent as they occupy a similar position within the bundle.  

Hence there is no reason for the current to concentrate on some particular strands and with 

sufficiently thin Litz wire, the AC to DC resistance ratio tends to approach one. 

 

 

 

 

 

 

Figure 3-22: Type 1 and 2 Litz wire from New England Litz wire 

manufacturers [72] 

 

An important parameter to consider when selecting a particular type of Litz wire to be used in 

the construction of the coils is the AWG (American Wire Gauge) value of the wire. This 

refers to the diameter of a single strand of copper in the Litz wire. A large AWG value 

corresponds to smaller diameter strands of copper. Diameter of the wire is particularly 

important in designing primary and secondary coils as the resistance of the coils are 

dependent on the diameter of the wire. Commonly larger copper volumes correspond to a 

proportionally low Equivalent Series Resistance (ESR). Low ESR primary and secondary 

coils results in reduced power loss in the coils which ultimately contributes to the system 
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power efficiency and also the temperature rise in the coils. Figure 3-23 illustrates the increase 

in resistance for different wire gauges (of a single strand of copper wire). 28 AWG 

corresponds to 0.32 mm strands and 48 AWG corresponds to 0.0315 mm strands. However 

this increase in resistance can be compensated for by having more strands per bundle in 

parallel which effectively reduces the total resistance or ESR of the Litz wire [73].  

 

Figure 3-23: Relationship between Resistance and wire gauge [73] 

 

As mentioned previously, Litz wire aids in reducing the skin and proximity losses in the 

windings of the coils. Skin effect refers to the tendency of current flow in a conductor to be 

confined to a layer in the conductor close to its outer surface. At low frequencies, skin effect 

is negligible, and current is distributed uniformly across the conductor. However, as the 

frequency increases, the depth to which the flow can penetrate is reduced. Litz wire 

constructions counteract this effect by increasing the amount of surface area without 

significantly increasing the size of the conductor.  Even properly constructed Litz wires will 

exhibit some skin effect due to the limitations of stranding. Wires intended for higher 

frequency ranges require more strands of a finer gauge than Litz wires of equal cross-

sectional area but composed of fewer and larger strands. Figure 3-24 illustrates the industry 

recommended AWG values for various frequency ranges. The frequency range used in the 

TET system discussed in this thesis lies within the 100 - 200 kHz range, providing a 

recommended AWG value of approximately 40 [74]. An explanation on frequency selection 

is explained in more detail in Chapter 4. 
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Proximity effect is the tendency for current to flow in loops or concentrated distributions due 

to the presence of magnetic fields generated by nearby conductors. In transformers and 

inductors, proximity effect losses are generally more significant than skin effect losses. In 

Litz wire windings, proximity effect may be sub-divided into internal proximity effect (the 

effect of currents within the bundle) and outer proximity effect (the effect of the current in 

bundles). For this reason Litz wire is twisted or weaved, rather than grouping fine conductors 

together. This ensures that the strand currents are equal. Simple twisted bunched conductor 

wire can accomplish this adequately where proximity effect would be the only significant 

problem with solid wire. However in a well-designed twisted Litz wire construction, strand 

currents are nearly equal. 

 

Figure 3-24: Wire gauge recommendations for different frequencies [74] 

 

Another factor to be considered when designing coil is the inter-winding capacitance. For a 

given primary and secondary coil, large inter winding capacitances are due to: 

 A large number of turns; 

 Distance between turns; 

 High potential turns laying next to low potential turns particularly in multi layer 

windings; 

 A high permittivity medium between turns. 
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The dielectric losses associated with inter winding capacitance of the coils can be modelled 

by an additional series resistance or can be included in the ESR of the inductor. However 

these losses are generally negligible compared to the losses associated with the ESR [75].  

 

3.6.2 Inductive coil design 

Commonly there are two main types of air core coil designs, spiral or lumped coils. Spiral 

coils contain the copper concentrated in the middle while in lumped coil the copper is 

concentrated towards the edge of the coil. Figure 3-25 illustrates the basic structure of a spiral 

and a lumped coil using their cross sectional view. Spiral coils have advantages in 

applications where the size of the coils is critical. These coils can be very thin and they are 

approximately the thickness of the Litz wire being used. However this coil configuration 

introduces skin effect due to potential difference between the turns adjacent to each other and 

also most of the flux is concentrated in the centre of the coil. Lumped or concentrated coils 

have the opposite effect to this; all turns of the coil carry approximately the same current 

hence skin effect can almost be ignored in this instance however the coil takes up a much 

greater volume.  Hence, in this study analysis is carried out on these coil configurations as 

well as coils with a combination of spiral and lumped formations. 

 

 

 

 

 

 

Figure 3-25: Structure of spiral and concentrated coils 

 

Figure 3-26 shows the magnetic field distribution for different coil geometries when 

simulated on JMAG. As can be seen, in a pancake coil configuration the magnetic flux is 

concentrated in the inner diameter of the primary coil and in a concentrated coil 

configuration, the flux is distributed along the edge of the primary coil. However in a 

combination of pancake and concentrated coil configurations magnetic flux is more evenly 

Lumped or concentrated coils Pancake or spiral coils 
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distributed through the internal radius to the external radius. Consideration was also given to 

using a smaller secondary coil relative to the primary however this results in large currents 

being induced in the secondary coil resulting in high power loss.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-26: Various coil geometries simulated on JMAG 

 

In order to quantify the differences in coupling between various coil designs, 5 different coil 

designs based on concentrated and spiral coil configurations were analysed (as shown in 

Figure 3-27). In each design illustrated in figure 3-27, the bottom coil represents the primary 

coil and the top coil represents the secondary coil.  Table 3-2 provides the details of the 

different parameters in each design and figure 3-28 presents the coil dimensions set up in 

Table 3-2. The designs 1 and 2 are the standard spiral and concentrated coils and the next 3 

designs are evolutions from the first two designs. The designs were chosen based on the 

simulations carried out in JMAG and also on the basis of improving the magnetic flux 

distributions, current through the coils, the copper volume and also to ensure the practicality 

of the design. Dout, the external diameter, is equal in each design. However, Din, the internal 

diameter, varies, depending on the design. For a spiral coil it was assumed the internal 

diameter is approximately three times the thickness of the wire. This was selected on the 

basis that when Din approaches zero the magnetic flux through the coil also approach zero. 

The height, h, of the concentrated coils was obtained by equating the copper volume of a 

spiral coil in design 1 to the concentrated coil (given by equation 3-21). In design 3, 4 and 5 
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emphasis was given to keep the secondary coil a pancake as it is flat in geometry. This makes 

it ideal for implantation under the skin. 
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Figure 3-27: Various primary and secondary coil designs considered 

 

Table 3-2: General coil parameters of primary and secondary coils 

 

Parameters 
Design 1 Design 2 Design 3 Design 4 Design 5 

Lp Ls Lp Ls Lp Ls Lp Ls Lp Ls 

Internal 

diameter (mm) 
Din Din Dout-2t Dout-2t Dout-2t Din (Dout- Din)/2 Din Din Din 

External 

diameter (mm) 
Dout Dout Dout Dout Dout Dout Dout Dout Dout Dout 

Thickness 

(mm) 
t t h h h t 2t t 2t t 
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Figure 3-28: Coil dimensions 

 

Figure 3-29 illustrates the coupling coefficient as a function of coil size for the five different 

sets of primary and secondary coil configurations simulated in ANSYS. As expected, the 

coupling coefficient is directly proportional to the coil size. These coils were modelled for 

10mm separation between the primary and the secondary coils. There is a clear indication 

that the very thin spiral coils give the highest coupling coefficient. This is because the 

magnetic flux is concentrated at the centre of the coils. Looking at the coupling coefficient 

among the five different coil configurations, it is clear that at 10 mm separation pancake coils 

are the best coupled and concentrated coil design provides the worst coupling at close 

separations. 

 

Figure 3-29: Coupling coefficient over different external diameters for 

various coil configurations 
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In order to understand how these different coil designs perform under variable coupling 

conditions, the coupling coefficients of the designs were analysed for variable separations.  

Figure 3-30 illustrates the coupling variation at over 10 - 30 mm separations for two 50 mm 

diameter coils (taken from the point indicated by the red dotted line on Figure 3-29). The 

pancake coil configuration (Design 1) provides the best coupling at close separations. 

However, the coupling in this configuration drops off much more rapidly as the separation 

increases. In the concentrated coil configuration (Design 2), coupling is lower than the 

pancake configuration at small separations, however fairly good coupling is maintained at 

larger separations. This suggested that coils with a combination of pancake and concentrated 

coil configurations would provide good coupling at both small and large separations.  

 

Figure 3-30: Coupling coefficient at axially aligned separations 

 

In order to compare the simulation results and the practical results, the coils in the five 

different designs were built and tested at various coil misalignments. Table 3-3 shows the 

dimensions of the practical coils obtained using the relationships provided in Table 3-2. All 

the coils consisted of the same geometrical properties as the simulations. The Figure 3-31 (a) 

and (b) shows the practical coupling coefficients for axially aligned separation and lateral 

displacements from 0 to 30 mm. As can be observed by these results, the simulated results 

slightly under estimated the practical solution by about 4 - 5%. However the profiles of each 

design are in good agreement with the simulated results. 
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Table 3-3: General coil parameters of primary and secondary coils 

 

Parameters 
Design 1 Design 2 Design 3 Design 4 Design 5 

Lp Ls Lp Ls Lp Ls Lp Ls Lp Ls 

Internal 

diameter (mm) 
6 6 46 46 46 6 22 6 6 6 

External 

diameter (mm) 
50 50 50 50 50 50 50 50 50 50 

Thickness (mm) 2 2 13 13 13 2 4 2 4 4 

 

In Figure 3-31 (b), the coils were 10 mm axially separated and laterally displaced by 0 - 30 

mm.  At 30 mm lateral displacement the coupling coefficient of the coils in Design 1 is 

almost 0, suggesting there is no interaction between the coils.  This is due to the amount of 

displacement being more than half the diameter of the coils. As mentioned before, the 

majority of the flux in spiral coils is concentrated at the centre of the coil hence if the two 

centres are not facing either part of each coil, there is almost no interaction between the coils. 

This is a major disadvantage of this type of coil design. 
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 (b) 

Figure 3-31: (a) Coupling coefficient at axially aligned separations for 

practical coils; (b) Coupling coefficient at lateral displacements for practical 

coils 

 

Using the previous analysis, it was concluded that a combination of spiral and concentrated 

coil designs can be used for the primary coil, as there is more flexibility in the size of the 

primary coil and a spiral coil can be used for the secondary coil. The coils take a similar form 

to the coils illustrated in Design 5. The primary coil is 4 mm in thickness and 50 mm in 

diameter and the secondary coil is 2 mm in thickness and 50 mm in diameter. The internal 

radius of each coil was 6 mm and the Litz wire used in the construction of these coils were 2 

mm with an AWG value of 40 with 440 strands of copper in each bundle.  The inductance of 

the primary coil was 12 µH and the secondary coil inductance was 3.0 µH. The primary and 

secondary coils weighed 42 g and 23 g respectively. These were considerably smaller than 

the inductance and size of the previous coils that were considered for evaluation in Table 3-1. 

Due to large reduction in the size of the coils and the change in Litz wire, the ESR of these 

coils was considerably smaller than the previous coils (refer to Table 3-1). The ESR of the 

primary coil was measured to be 47 mΩ and secondary coil ESR was 16 mΩ. This is a major 

advantage in improving the power efficiency of the overall system and also reducing the heat 

generated by the implanted coil. This is illustrated by Figure 2-3 of Chapter 2. A simulation 

of these coils on COMSOL indicated a maximum absolute temperature of 40.5 
o
C in the 

lower boundary layer of the primary coil. Hence the coils are large enough to dissipate the 

heat generated by the power lost in the coils for 15 W power delivery. 
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3.7 Alignment tolerance of primary and secondary coils 

Coupling is an important parameter for the continuous operation of TET systems. However, 

currently there is no single parameter that has been defined to inform patients of an 

appropriate level of coupling. This section introduces a new parameter called “tether length”. 

Tether length is the maximum length within a volume where an appropriate level of coupling 

is achieved. The appropriate level of coupling can be selected for a specific efficiency. This is 

because efficiency is related to the duration of the external battery before recharging and is a 

well known parameter for a patient. Figure 3-32 shows the volume within which the 

secondary coil can move around relative to the primary coil and the corresponding tether 

length of such a system.  

 

 

 

 

 

 

 

 

Figure 3-32: Tether length between a set of primary and secondary coils 

 

An experimental analysis was carried out to calculate the tether length of two sets of primary 

and secondary coils. It was determined that 70% was an appropriate level of efficiency for 15 

W power delivery to the load. The corresponding coupling coefficients of the coils are 

dependent on the geometry of the coils. Efficiency was calculated to be the ratio of output 

power to the load and input power to the system. The Table 3-4 shows the coil properties of 

the two coil sets taken into consideration. The first coil set was based on the Design 1 

provided in Table 3-2 and the coil set 2 consisted of geometrical properties provided in 

Design 5. The primary and secondary coils used for coil set 1 and 2 are illustrated in Figure 

3-33 [76]. 
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Table 3-4: Coil dimensions of two coil sets 

  Coil properties Coil set 1 Coil set 2 

Primary inductance, Lp 10µH 14µH 

Secondary inductance, Ls 10µH 2.6µH 

Design type Design 1 Design 5 

 

 

 

 

 

 

 

 

 

 

Figure 3-33: Primary and secondary coils of coil set 1 and 2 [76] 

 

The corresponding coupling coefficient at 70% efficiency for coil set one was 0.1061 and for 

coil set two was 0.0992. The displacement profiles of the two coil sets are shown in Figure 3-

34. The coils were separated by 10 mm to accommodate the skin. The tether length of coil set 

1 was found to be 22 mm and the tether length of coil set 2 was 24 mm. This shows that coil 

set 2 is more tolerant to variation in coupling than coil set 1. This demonstrates that tether 

length also enables the comparison of various coil configurations as well as informing 

patients on the tolerance of the system. 
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Figure 3-34: Displacement profiles of two sets of primary and secondary coils [76] 

 

3.8 General guideline for designing coils 

As explained in Chapter 2, the most important aspect of designing a TET system for high 

power implantable medical devices is that the system must have minimal internal heating. 

Hence, using the numerical work carried out in the previous sections and Chapter 2, it is 

possible to establish a method for designing coils with low temperature rise.  There are 

number of parameters that are critical for this design methodology and these include: 

 The amount of power that is required to be delivered to the load; 

 Maximum coupling variation between the primary and the secondary coils; 

 Size of the primary and secondary coils; 

 ESR of the Litz wire being used; 

 System operating frequency. 

 

Hence, provided that for a particular application the power required to be delivered to the 

load and the maximum variation between the primary and the secondary coils is given, it is 

possible to design coils with low temperature rise. The flow chart in Figure 3-35 provides the 

process for designing these coils. Initial inputs provided by the user include output power to 

the load, input voltage to the system and the maximum allowed tolerance, d, between the 

primary and the secondary coils. Initially the properties of the Design 5 (Dout = 50 mm) coil 

set is used to begin the iterative process. The operating frequency of the system is assumed to 
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be 180 kHz with approximately 40 AWG wire (reasoning for using 180 kHz for the operating 

frequency is explained in more detail in Chapter 4).  

 

Using ANSYS or JMAG modelling it is possible to quantify the mutual inductance between 

the Design 5 (Dout = 50 mm) coils for the given tolerance, d. Following this, the 

corresponding coupling coefficient, k, can be calculated using the self inductance of each coil 

Lp and Ls using equation (3-3).  Using this information and also the input arguments provided 

by the user it is possible to calculate the maximum power transferred by the system using 

equation (3-5). If Pmax<Pout, the coils are not large enough to provide the output power 

required by the user hence the coil diameter is increased. If Pmax>Pout, then the coils are large 

enough to provide the output power. Using the geometrical properties of the coils it is 

possible to calculate the resistance of the coils and the number of turns that the particular 

radius of coil can hold. 

 

From the output power required to be delivered to the load, the load resistance of the 

biomedical device can be computed using equation (3-22). It is assumed that the load requires 

a constant DC output voltage (12 V unless specified by the user) to the device which is 

common with artificial hearts and LVADs. 

 

out

out
Load

P

V
R

2

  (3-22) 

 

The rms current through the secondary coil is approximately given by equation (3-23) which 

is a function of secondary quality factor. 

 

loadss IQI
22


  (3-23) 

 

Where Iload is the dc load current and Qs is the secondary quality factor which is a function of 

load resistance, secondary coils inductance and the operating frequency of the system.  The 

quality factor of the system is a ratio between the real and reactive power. The significance of 
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quality factor in TET system will be explained in detail Chapter 5 (secondary quality factor is 

given by equation (5-7)). Using the secondary current in equation (3-23), it is possible to 

calculate the secondary short circuit current using the equation (3-24): 
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1 s
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I


  (3-24) 

 

The short circuit current then enables the calculation of the primary coil current Ip, which is 

given by equation (3-25). 

 

sc
s

p I
M

L
I   (3-25) 

 

Where M and Ls is the mutual inductance and the secondary coil inductance respectively. 

Using this information the power loss in each primary and secondary coil can be calculated 

using equation (3-26). 

 

RIPloss
2  (3-26) 

 

Where I is the current through each coil and R corresponds to the ESR of each coil. The total 

power loss, Ploss, in each coil can be used to calculate the heat capacity per coil, Qh, which is 

given by equation (3-27) where Vvol corresponds to the volume of each coil. 

 

vol

loss
h

V

P
Q   (3-27) 

 

The power loss and heat capacity of each coil can be entered into COMSOL as explained in 

Chapter 2. This will enable a check on whether the maximum temperature around the primary 

and the secondary coils exceeds 42 
o
C. If so, then the coils are over heating hence the size of 

the coils must be increased to ensure there is no potential risk of damage to the surrounding 
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tissue.  The size of the coils can be increased by an extra turn and the new coil dimensions are 

calculated and the previous procedure can be repeated until the maximum temperature around 

the implanted coil is less than 42 
o
C. In the same way, if the maximum temperature is less 

than 40 
o
C this means the elevated temperature is fairly low so the primary and secondary 

coils can be reduced in size in order to improve the comfort of the patient. Hence using this 

process illustrated in Figure 3-35 primary and secondary coils can be designed which are able 

to deliver the required power to the load without overheating the surrounding tissue. 
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Figure 3-35: Flow diagram of a design methodology for primary and 

secondary coils 
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Design methodology examples  

Using the above design criteria it is possible to further investigate coil designs for different 

power transfer and coupling conditions. The following 4 different examples were considered 

with example  1 being the TET system designed in this thesis for a 15W loading condition: 

 Example 1: 15W power delivery over 20 mm for 20 V input voltage and output 

voltage of 12V 

 Example 2: 25 W power delivery over 20 mm for 20 V input voltage and output 

voltage of 12 V 

 Example 3: 15 W power delivery over 30 mm for 20 V input voltage and output 

voltage of 12 V 

 Example 4: 1 W power delivery over 70 mm for 48 V input voltage and output 

voltage of 12 V 

The following Table 3-5 shows the coil designs obtained at the end of the iterative process 

presented in Figure 3-35. The starting diameter is the diameter of the primary coil at the start 

of the iterative process.  In each example, the primary coil is a double layer coil. This ensures 

that the primary coil current is low. In the case of delivering 1 W over 70 mm a large primary 

current is needed. This is as a result of the coupling under these conditions being very low 

hence a large magnetic field must be produced to ensure that enough voltage is induced in the 

secondary coil. In this case the primary coil inductance is large in order to reduce the current 

in the coil there by reducing the losses. However there is still loss associated with larger ESR 

from high inductance which is compensated for by using the large area to dissipate heat 

produced. The heat produced by the secondary coil is less than 42 
o
C. This type of power 

delivery and coupling conditions apply for implants placed deep inside the body for example 

gastrointestinal simulation devices [77].  

 

Furthermore, as seen by the coil designs obtained for example 3, to deliver 15W at 30mm 

separation, the primary coil must be 40mm larger in size in order to allow for the larger 

separation. Nevertheless, in return, the primary coil will have greater heat dissipation 

capacity compared to the coils designed earlier for delivering 15 W at 20 mm separation. In 

the case of delivering 25 W of power in example 2, the primary coil inductance must be large 

to produce a large magnetic field and the secondary coil also needs to be large to pick up the 



Chapter 3 – Magnetic coupling analysis of internal and external coils 

 84 

majority of the field. A larger secondary coil in this case is also important to increase the heat 

dissipation capacity of the coil. 

 

Table 3-5: Coil designs for different power transfer and coupling conditions 

 

Parameters 
Example 1 Example 2 Example 3 Example 4 

Lp Ls Lp Ls Lp Ls Lp Ls 

Starting diameter (mm) 40 40 50 50 50 50 50 50 

Internal diameter (mm) 6 6 20 6 6 6 30 6 

External diameter (mm) 50 50 80 70 90 60 70 30 

Thickness (mm) 4 2 4 2 4 2 2 2 

Inductance (μH) 12 3 41.8 7.5 61.2 4.1 93.7 9.0 

Number of turns 22 11 30 16 42 13 20 24 

Wire length (m) 2.1 1.05 4.7 1.9 6.3 1.3 6.3 0.7 

Wire thickness (mm) 2 2 2 2 2 2 1 1 

 

3.9 Coil encapsulation and moulding 

Once the coils were designed for 15 W power delivery, the next stage of design was to 

develop a means of encapsulating the coils for implantation. Hence two customised moulds 

were built for moulding the primary and the secondary coils of 50 mm in diameter. Figure 3-

36 illustrates the CAD models of the moulds. The primary coil mould was twice the thickness 

of the secondary. Figure 3-37 illustrates the primary and the secondary coils once they were 

moulded. The secondary coil was moulded with MED-4011 (medical grade silicon). The 

primary coil jackets as illustrated in Figure 3-26 was initially moulded with MED-4011 and 

then back filled with CF-19.  
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Figure 3-36: Primary and secondary coils moulds 

 

 

 

 

Figure 3-37: The moulded primary and secondary coils  
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3.10  Summary 

This Chapter demonstrates the development of inductive coils for a TET system for high 

power implantable medical devices. An investigation on different methods of quantifying the 

coupling coefficient between two circular coils has been presented. It was concluded that 

numerical approximation provides the closest result to the practical measurements.  

 

Then different types of coils were observed in terms of their tolerance to various types of 

misalignments (axially aligned separation, lateral displacement and angular rotation). Based 

on the results obtained from this coupling analysis it was apparent that a single layer pancake 

coil for the secondary and a double layer pancake coil for the primary coil provides good 

coupling over a range of displacements. The designed coils are considerably smaller in size 

(50 mm external diameter) and lighter in weight compared to coils produce by Mussivand T. 

et al. and Okamoto E. et al. [68, 70]. The designed coils are without any magnetic materials 

to enhance the coupling between the coils. This ensures that extra power loss and heating is 

not introduced to the system. The designed coils were encapsulated using silicon and a 

customized set of moulds for implantation. 

 

This Chapter also introduces a new parameter “tether length” in order to inform patients on 

the level of coupling that a particular set of coils offers with regard to the overall efficiency 

of the system. The final aspect of this Chapter includes a method for designing coils for other 

power delivery and coupling conditions without causing any overheating in the surrounding 

tissue. The method was designed based on the numerical models (ANSYS/JMAG and 

COMPSOL) presented in this Chapter and Chapter 2. Three different examples of coil 

designs have been provided for delivering power at different coupling conditions using this 

method. 
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4 Power loss evaluation of the TET system 

The direct way to minimise heat generation is to reduce power losses in the TET system. 

Although reducing power loss (thus improving efficiency) is particularly important in the 

secondary implanted circuitry, efficiency is also valuable in the primary side to minimise heat 

generation and maximise the operating duration of the device using an external battery 

source. In non-linear high frequency switching circuits, power loss is not trivial to evaluate. 

This Chapter reports on methods and application of power loss analysis for a TET system and 

shows how it can be used to reduce heat generation and improve the overall power efficiency 

of the TET system. 

 

In this thesis, the total power loss is defined as the difference between power taken from the 

external dc power source (e.g. a battery) and the power delivered to the load (medical device, 

e.g. heart pump). These losses are mainly due to conduction losses and non-ideal switching of 

power electronics circuits in the TET system. Total power efficiency of the system is the ratio 

Chapter 4 
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between the power delivered to the implantable load and the total power consumed by the 

system.   

 

4.1 Self-sustained current-fed push-pull converter 

As discussed in Chapter 1, a current-fed push-pull converter was used as the primary power 

converter of the TET system. Figure 4-1 illustrates the topology of a self-sustained current-

fed push-pull resonant converter proposed by Hu, A. [52] and Si, P. [3].  In this instance, the 

primary coil LP is parallel tuned using the capacitor CP. The autonomous operation of the 

converter uses feedback from the resonant tank to control switching devices in order to 

operate at the natural resonant frequency of the system. The inductors L1 and L2 replace the 

two switching devices that are used in the full bridge converter topology. In general, this type 

of system will require a dc inductor placed in series with the dc source in order to act as a 

current source seen by the resonant tank. However, the phase-splitting transformer (L1 and 

L2) is not fully coupled hence the dc inductor can be replaced by the leakage inductance of 

the phase-splitting transformer [52].   

 

In steady state operation, a voltage VIN is applied, and the dc current from the source is 

divided equally into the inductors L1 and L2. The two switches S1 and S2 are switched on and 

off alternately. RA and RB correspond to the current-limiting resistors and CA and CB 

corresponds to the speed-up capacitors. The current and voltage required for driving the base 

of the BJT (Bipolar Junction Transistor) is directly obtained from the collector of the 

opposing BJT. When S1 is switched off, the voltage across it, V1 is non-zero, which supplies a 

base current to S2 through the resister RA thus turning on S2. As the system is driven by the 

resonant voltage VAC, the switches S1 and S2 turn on and off alternately at the zero crossing of 

VAC [53].  

 

An important feature of this system is its autonomous start-up element. In the practical 

environment, the difference in actual parameters and external disturbances causes the voltage 

across the switching devices to be different. Hence, a small voltage across S1 will provide a 

small base current I2 to switch on S2. As a result S2 will turn off with a higher voltage drop V1 

across it and will further increase the base current I1 of switch S1 and decrease V2. This 
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progression of positive feedback will lead to complete resonant operation in a matter of 

milliseconds [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: TET system based on a self-sustained current-fed resonant push-

pull converter.    

 

As discussed earlier in Chapter 1, the switching mechanism in the above converter topology 

in Figure 4-1 is referred to as soft switched. Soft switching means that the “on” and “off” 

transitions of the switching devices occur at zero voltage or zero current instants. Thus, 

switching loss is essentially eliminated. The resonant operation of a soft switching resonant 

converter naturally produces sinusoidal voltage and current in the primary coil. This is 

important for reducing EMI (Electromagnetic Interference) from higher order harmonics.  

 

Under the steady state conditions, the system operates at ZVS (Zero Voltage Switching).  The 

resonant voltage VAC is approximately a sinusoidal waveform since the resonant tank acts as a 

low pass filter. The instantaneous voltage at the central point P of the splitting transformer is 

half of the voltage across the switch which is off. As the average voltage across an inductor is 
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always zero, under the steady state conditions; the average voltage at the central point P 

would always be equal to the dc input voltage VIN. From this relationship, the rms value of 

the resonant voltage VAC can be obtained as in equation (4-1) [5]: 

 

2

IN
AC

V
V


  (4-1) 

 

Figure 4-2 illustrates the voltage waveforms across the switches S1 and S2 and also the 

corresponding resultant voltage across the primary coil simulated in LTspice. Simulation was 

carried out for an input voltage VIN of 10 V and as indicated by equation (4-1) the peak 

voltage across the primary coil is approximately π times VIN.  
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Figure 4-2: Simulated waveforms of the collector-emitter voltage of the two 

BJTs and the corresponding resonant waveform across the primary coil 

 

4.2 Secondary power conditioning 

A secondary power conditioning circuit is used to convert the AC voltage (Vac) induced in 

the secondary resonant tank to be rectified to a dc voltage in order to drive the biomedical 

device. Figure 4-3 illustrates the structure of a full bridge rectifier used for power 

conditioning using Schottky diodes.  The circuit configuration illustrates a parallel tuned 

power pick-up. The pick-up coil, Ls is connected in parallel with a tuning capacitor, Cs to 

improve power transfer capability of the system. A dc capacitor Cdc is added to filter high 

frequency harmonics from the output dc voltage. This capacitance is normally higher than 

tens of microfarad in practice. It can effectively smooth the dc voltage Vdc under the steady 

state conditions.  

 

When voltages across the diodes of the rectifier are negative (|Vac|≤Vdc), the rectifier is 

blocked (iac=0 and idc=0). This results in discontinuous conduction of the rectifier. Hence, the 

total output power is reduced due to discontinuous power transfer from ac to dc side. 

Furthermore, when the rectifier is in conduction, the capacitor Cs is short circuited with Cdc. 

The ac voltage Vac is forced to be equal to Vdc, causing a flat top of Vac. This affects the 

resonance of the LC circuit and limits the voltage boost-up ability of the power pick-up, 

resulting in a reduced power transfer capability. A dc inductor can be employed at the dc side 

of the power pick-up to maintain a continuous conduction of the rectifier so as to increase the 

power transfer capability. Figure 4-3 shows the topology of a power pick-up with a dc 

inductor, Ldc, following the rectifier. The inductance of Ldc has to be higher than a certain 

value so that the current idc can be maintained continuously. This inductance must be larger 
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than a critical conductance inductance Lcc in order to achieve continuous current through the 

rectifier. Hence based on the derivations carried out by Si, P et al. [78], inductance on Ldc can 

be approximated by equation (4-2).  

 

 


 R
RLL ccdc 3307.0

2

42arcsin2 2




  (4-2) 

 

Where Lcc is the critical inductance, R corresponds to load resistance and ω corresponds to 

(2πf) secondary tuning frequency. Equation (4-2) shows that the minimum dc inductance Lcc 

for the continuous conduction of the current idc is only determined by the load resistance and 

the full tuning frequency. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3: Secondary power conditioning circuitry 

 

 

4.3 Power loss components 

The total power loss in the self-sustained current-fed push-pull resonant converter can be 

calculated by identifying the power loss contribution of each component in the system.  

Power loss components of these TET systems have been identified by carrying out a power 

loss analysis of the TET system with a self-sustained current-fed push-pull resonant 

converter. The following sections 4.3.1, 4.3.2 and 4.3.3 provide a summary of power loss 
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components of the primary and the secondary topologies discussed above in sections 4.1 and 

4.2. 

 

4.3.1 Categorisation of power loss components 

Using the general structure of the primary power converter and the secondary power 

conditioning circuit, the power losses can be categorised into different groups illustrated in 

Figure 4-4.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4: Categorization of power loss components 

 

Hence the categorised components of each of the losses include: 

 Primary losses 

o Switching losses – BJT turn-on losses, BJT turn-off losses and BJT 

conduction losses 

o Drive losses – Current-limiting resistors and speed-up capacitors power loss 

o Primary Resonant tank loss – ESR losses from the primary coil and tuning 

capacitor  

o Other losses – Losses associated with the split winding transformer 

 

 Secondary losses 

o Secondary resonant tank loss – Secondary coil and tuning capacitor loss 

o Rectifier loss – Conduction losses of the Schottky diodes 

o Other losses – dc inductor and filtering capacitor losses 
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4.3.2 Power loss in the primary circuit 

As explained in Chapter 3 of this thesis, the primary coil was constructed using Litz wire in 

order to reduce the skin and proximity effect losses in the conductors. Skin depth of the coil 

determines the effect of eddy current losses in the winding conductor. Skin depth is given by 

the formula: 

 


 Cup2
  (4-3) 

 

Where δ is the skin depth of the conductor; ρCu is resistivity of copper (17.3 x 10
-9

 Ωm at 

25
o
C); ω corresponds to 2πf, where f is the resonant frequency of the system, and μ is the 

permeability of copper (4π x 10
-7

). The eddy current loss is insignificant if the diameter of the 

coil is less than 1.6 times the skin depth δ [79].  

 

The copper loss of the primary coil is given by equation (4-4): 

 

LpLpLp RIP
2

  (4-4) 

 

Where PLp is the power dissipated in the primary coil; ILp is the RMS current across the 

primary coil and RLp is the ESR (Equivalent Series Resistance) of the conducting wire [80]. 

Similarly, the power loss due to the ESR of the tuning capacitor in the primary resonant tank 

is given by the following equation [81]: 

 

CpCpCp RIP
2

  (4-5) 

 

Where PCp is the average power dissipated across the primary resonant capacitor; ICp is the 

RMS current across it and RCp is the ESR of the primary capacitor at resonant frequency. The 

current-limiting resistors RA and RB shown in Figure 4-1 are approximately 10 kΩ in order to 

protect the switching devices. The power loss of these resistors is given by: 
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Where PRA is the power dissipated across the current-limiting resistor RA, VRA is the RMS 

voltage across the resistor. vc and vb are the instantaneous voltages at the collector and the 

base junctions of the transistor. Furthermore, the power loss due to ESR of the speed-up 

capacitors is given by the following equation: 

 

  
















*

2

Re

AA

A

A

CC

R

C
jXR

V
P  (4-8) 

 

Where PCA is the average power dissipated across capacitor CA and RCA and XCA are the 

equivalent series resistance and reactance of the capacitor respectively. As the speed-up 

capacitors and the current-limiting resistors are connected in parallel, the voltage across CA is 

equivalent to the voltage across RA. The inductors used in the phase-splitting transformer 

consists of magnetic material in its core, hence hysteresis loss and eddy current loss from the 

core must be considered [82]. Hence the power loss across each inductor of the phase 

splitting transformer is given by: 

 

1
2

11 LLL RIP   (4-9) 

 

Where PL1 is the power dissipated across inductor L1, IL1 is the RMS current through the 

inductor and RL1 is the ESR of the inductor at low frequency (e.g. 50Hz) due to dc current 

through the inductor. 

 

As discussed earlier, the self-sustained push-pull converter is designed to operate with Zero 

Voltage Switching (ZVS). This means the switches will be turned on and off exactly at zero 

voltage crossing of the resonant voltage VAC. However, in the practical environment, ZVS is 
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not exactly maintained. Hence a small amount of power loss is generated during the turn-on 

and turn-off periods of the switches. Figure 4-5 shows that the current through S1 rapidly 

increases when it is turned on. Nevertheless, if S2 is not completely turned off at this instant, 

a turn-on power loss will be produced.  

 

 

 

 

 

 

 

 

Figure 4-5: Switching voltage and current wave forms under non-ZVS 

condition 

 

Hence the equation for turn-on power loss of the BJTs is given in equation (4-10) [61]: 
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Where PBJT_turnOn is the switching loss during the turn-on interval of the switch, vc(t) and ic(t) 

are the instantaneous collector voltage and instantaneous collector current during turn-on 

respectively and Ts is the switching period of the inverter. Similarly, the BJT_turnOff power 

loss is given by the equation [83]: 
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Where PBJT_turnOff is the switching loss during the turn-off interval of the switch, vc(t) and ic(t) 

are the instantaneous collector voltage and instantaneous collector current during turn-off . 

These switching devices also have a small voltage drop across them when they are fully 
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turned on.  This contributes to the conduction loss across the BJTs. Assuming that the 

average voltage drop across the BJTs is constant during the turn-on period; the conduction 

loss can be given by: 

 

cCEcondBJT IVP _  (4-12) 

 

Where PBJT_cond is the average conduction loss across a BJT over one switching period Ts, VCE 

is the saturation collector emitter voltage of the BJTs and Ic is the average on time current 

over the switching period. 

 

4.3.3 Power loss in the secondary circuit 

Similar to the primary coil, the secondary coil was also constructed using Litz wire. 

Consequently the copper loss in the secondary coil is given by: 

 

LsLsLs RIP
2

  (4-13) 

 

Where PLs is the power dissipated in the secondary coil, ILs is the RMS current across the 

secondary coil and RLs is the ESR of the coil. The power loss in the secondary tuning 

capacitor is given by: 

CsCsCs RIP
2

  (4-14) 

 

Where PCs is the average power dissipated across the secondary resonant capacitor; ICs is the 

RMS current across it and RCs is the ESR of the capacitor at the resonant frequency. The 

power conditioning phase of the TET system shown in Figure 4-2 consists of a full bridge 

rectifier. This contains four high speed Schottky diodes. The power loss associated during the 

on period of the diodes is given by: 

loadforwardctifier IVP  2Re  (4-15) 
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Where Vforward is the forward voltage drop across each diode during the turn-on period and 

Iload is the average current across the rectifier. A scale factor of two in the equation (4-15) 

accounts for the two forward conducting diodes during each half of the switching period. 

Moreover there is also power loss associated with the dc inductor. Equation (4-16) shows that 

power loss is due to the ESR of the inductor at low frequency (at 50Hz) and the average 

current across the load. 

 LdcloadLdc RIP
2

  (4-16) 

 

Power loss contributed by the dc filtering capacitor is almost insignificant as all the output 

current is drawn to the secondary load. The power loss due to this capacitor is in the range of 

a few milliwatts.  

 

4.4 Experimental loss analysis of the self-sustained push-pull 

converter  

The power loss components mentioned in the previous sections were used to identify the total 

power loss in a TET system containing the self-sustained current-fed push-pull converter. 

The experiment was carried out under a 10W load and the operating frequency of the system 

was maintained at 83 kHz. The primary and the secondary coils were separated by 10 mm 

throughout the analysis. The Table 4-1 shows the power loss contributed by each component 

in the system. It is important to note that when calculating the power loss in the converter, it 

was assumed that symmetrical components are electrically identical. For example the power 

dissipated in the two current-limiting resisters are multiplied by two i.e. PRA+RB= 2 x PRA. 
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Table 4-1: Loss analysis of the autonomous push-pull converter  

Loss component 
Power loss 

(W) 

Loss 

portions 

Primary resonant tank loss 4.6 34.0% 

Switching losses 1.4 10.6% 

Drive losses 4.0 29.4% 

Primary other losses 1.0 7.1% 

Secondary resonant tank loss 1.9 13.7% 

Rectifier losses 0.5 3.8% 

Secondary other losses 0.2 1.4% 

Total power loss 13.6 100.00% 

 

As it can be seen from Table 4-1, the total power loss measured was 13.6 W and a significant 

portion of the losses were contributed by primary resonant tank losses due to the ESR losses 

from the primary coil and primary capacitor (34.0%), and gate drive losses due to the current-

limiting resistors and speed-up capacitors (29.4%). Figure 4-6 is a better representation of the 

power loss components of the system. The BJT switching losses contributed to about 10.6% 

of the total power loss illustrating that ZVS condition is not exactly met. The total power loss 

in the secondary circuit was calculated to be 2.6 W, showing that most of the losses are 

occurring in the primary circuitry. The overall power efficiency of the system was only 

42.4% [84].  

 

Figure 4-6: Distribution of losses in the autonomous push-pull converter 
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Calculation of power loss in the switching devices 

Although the calculation of power loss in most components using the equations stated in the 

previous sections was a trivial task, the calculation of BJT turn-on and turn-off losses were 

more complicated. The BJT turn-on and turn-off losses were calculated using the waveforms 

obtained from the oscilloscope. The Figure 4-7 shows the collector current and collector 

voltage waveforms of the switch S1. 

 

 

  

 

 

 

Figure 4-7: Switching voltage and current for a 10W load 

 

The waveform 1 (green) and waveform 2 (blue) shows the collector voltage and current of 

BJT S1 respectively. As it can be seen by these waveforms, the turn-on and turn-off intervals 

of the BJTs are very small compared to the entire switching period. Hence Figure 4-8a and 4-

8b show a closer observation of the turn-on and turn-off instances. 
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(b) 

Figure 4-8: (a) Current and voltage waveforms during the turn-on time 

period; (b) Current and voltage waveforms during the turn-off time period 

 

The waveforms in Figure 4-8a and 4-8b were transferred to Excel and the corresponding 

graphs were plotted. Then a trend line was added to the waveforms and the corresponding 

polynomial function was obtained in order to calculate the power loss using equations (4-10) 

and (4-11). Figure 4-9a and Figure 4-9b show the polynomial functions obtained for current 

and voltage during switch on. Similar graphs were obtained for current and voltage 

waveforms for the turn-off period of the BJTs and the calculations were also carried out to 

obtain the total power loss during turn-on and turn-off periods of the switches. 
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(b) 

Figure 4-9: (a) Collector current waveform during the turn-on; (b) Collector 

voltage during the turn-on 

   

4.5 Methods of improving the existing system 

The power loss analysis of the previously developed self-sustained current-fed push-pull 

converter illustrated that the system is very inefficient. Hence an investigation was carried out 

in order to determine the ways in which these losses can be reduced. Table 4-2 identifies each 

of the losses with their percentage loss contribution and strategies that can be used to improve 

the system. The final column states the potential improvements to the system as a result of 

implementation of these strategies. 

 

It is evident from the various strategies presented in Table 4-2 that approximately 30% of the 

losses in the system can be eliminated by changing the driving mechanisms of the BJT 

switches. In addition to this, changing the Litz wire used in the construction of the primary 

and the secondary coils and altering the design of the coils using the previously discussed (in 

Chapter 3) magnetic coupling analysis can also significantly reduce the power losses in the 

system. However some losses like PL1+L2 losses are too insignificant to have a major effect on 

the overall performance of the system hence any improvements to these components were not 

considered important at this stage of the design process. 
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Table 4-2: Methods of improving power loss 

Power 

loss type 

Loss 

component 

Strategy for reducing 

power loss 

Prediction in 

improvement 

Target 

power loss 

PLp 24.56%. 

Litz wire with larger 

cross sectional area or 

lower ESR 

Almost 50% of these 

losses can be reduced 

with low ESR Litz wire. 

12% 

PCp 9.35%. 
Using capacitor with a 

lower ESR. 

It will be possible to 

reduce the losses by 

about 15%. 

8% 

PL1+L2 0.22% 

Loss contribution is 

sufficiently small to be 

ignored 

N/A N/A 

PRa+Rb 25.52%. 

Introduction of an 

external drive circuitry. 

Eg-: microcontroller, 

FPGA board. 

Power loss associated 

with these resistors will 

be completely 

eliminated. 

0% 

PC1+C2 3.88% 
Use of an external 

controller. 

Introducing a 

microcontroller will also 

remove these losses. 

0% 

PBJT_turnOff   

and 

PBJT_turnOn 

10.63% 

Use MOSFETs as they 

have faster switching 

capability 

50% reduction in 

switching losses. 
5% 

PBJT_cond 6.85% 
MOSFETs with low 

turn-on resistance 

MOSFETs will enable to 

reduce this loss by 10% 
6% 

PLs 6.86%. Lower ESR Litz wire 

Almost 50% of these 

losses can be reduced 

with low ESR Litz wire. 

3.5% 

PCs 6.85%. 
Using low ESR 

capacitor. 

This can be reduced by 

about 15%. 
5.8% 

Prectifier 5.14% 

Rectifier losses can be 

reduced by introducing a 

synchronous rectifier. 

Previous research has 

shown that rectification 

losses can be halved 

2.5% 
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The graph in Figure 4-10 represents the percentage of energy lost in the autonomous system 

against the effort in improvement. The effort in improvement has a scale between 1 to 5; 1 

being the easiest and 5 being the hardest. The purpose of the graph was to help select the 

losses that are most critical in improving the system performance. For instance, PRA+PRB 

losses are significant in the system as well being easy to eliminate. However, PLp and PLs 

losses are a large portion of the total losses but they are more difficult to eliminate. 

 

Figure 4-10: A cost benefit analysis of the power loss in the autonomous 

system 

 

From Figure 4-10, it is evident that the first improvement should address the substantial 

losses occurring over the base drive resistors. One approach is to introduce an external 

controller to drive the switching devices to dramatically reduce the overall losses caused by 

the speed-up capacitors and the current-limiting resistors. The next priority is to run the 

system more precisely to approach zero voltage switching conditions, to reduce the turn-on 

and turn-off losses of the BJT by about 50%. The primary coil losses are a major source of 

losses and additional effort needs to be directed at reducing the ESR of the primary coil. For 

example, if the cross-sectional surface area of the Litz wire is increased, then the power loss 

will be reduced. These improvements will be a trade-off against the increase in coil bulk.  
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4.6 Current-fed push-pull converter with an external controller 

From section 4.5 it was apparent that, a major contribution to loss is due to the power loss 

from the speed-up capacitors and the current-limiting resistors. Another shortcoming of the 

TET system operating with the autonomous dc/ac resonant inverter illustrated in Figure 4-1 is 

that the base junction voltage of the BJTs is the peak voltage directly across the primary 

resonant tank. Hence, the maximum operating voltage of the primary resonant tank is limited 

by the maximum base junction ratings of the BJTs. Furthermore, an external controller is 

capable of generating a proper rectangular gate drive signal to operate the switches properly 

at the exact zero voltage crossing of the system. 

 

A new system was designed with the primary power converter driven by an external 

controller. Figure 4-11 illustrates a circuit diagram of the improved primary converter. A 

signal generator (Tektronix AFG3022 dual channel arbitrary/function generator) was used as 

the external controller as it is capable of generating frequencies at very high resolution (1 

mHz to 25 MHz). The converter is operated by applying two out of phase PWM (Pulse Width 

Modulation) signals (at 50% duty cycle) into the gate drives of the switches at the resonant 

frequency of the system. This creates an oscillation in the primary resonant tank. MOSFETs 

were selected for switching as they have a high response time and higher efficiency compared 

to BJTs. The IRF640 MOSFETs selected for this application has a turn-on time of 13 ns 

compared to BUT11A BJTs used in the previous circuit with a turn-on time of only 1μs. 

Series blocking diodes are used in this system to avoid the short circuit current through the 

internal body diodes of the MOSFETs if the system fails to operate exactly at ZVS. The 

system’s ZVS frequency may vary due to variation in coupling from the change in reflected 

impedance of the load as explained in Chapter 3. Hence these diodes are essential to prevent 

conduction of the internally fabricated body diodes of the MOSFETs, preventing shorting of 

the resonant capacitor during non-ZVS, which would result in large over-currents that could 

damage the switches. However a disadvantage of these diodes is the additional power loss 

introduced (a standard BYV28-200 blocking diode will introduce 800 mW of power for 1 A 

of current passing through it).  
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DC

 

Figure 4-11: Current-fed push-pull converter with an external controller 

 

The following graphs in Figure 4-12 illustrate the simulation results obtained from LTspice 

for driving a current-fed push-pull converter using an external controller.  4-12(a) and 4-12(b) 

illustrate the gate drive signals to MOSFETs S1 and S2. 4-12(c) and 4-12(d) show the drain 

to source voltages of S1 and S2 and 4-12(e) shows the resultant voltage across the primary 

coil. 
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Figure 4-12: Simulated waveforms of the current-fed push-pull converter 

with an external controller 
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The new losses introduced in this system include the turn-on and turn-off losses of the 

MOSFETs and the conduction losses of the blocking diodes. The expressions for turn-on 

switching losses of the MOSFETs are given by:  

 

 
ont

dd

s

turnOnMOSFT dttitv
T

P

0

_ )()(
1

 (4-17) 

 

Where PMOSFET_turnOn is the average turn-on switching loss over period Ts, vd and id are the 

instantaneous voltage and current across the drain to source terminals during turn-on time. 

Similarly, the turn-off switching losses are given by the equation (4-18): 
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 (4-18) 

 

Where PMOSFET_turnOff is the average turn-off switching loss, vd and id are the instantaneous 

voltage and current across the drain to source terminals during turn-off time. The equation for 

the conduction losses of the MOSFETs are given by: 

 

dsnCdsdcondMOSFET RRIP o )25(

2
_   (4-19) 

 

Where the PMOSFET_cond is the conduction losses of the MOSFET and Rds refers to the drain to 

source resistance and Rdsn refers to the normalized drain to source resistance. The conduction 

losses of the blocking diodes are also given by a similar equation: 

 

dfD IVP 1  (4-20) 

Where PD1 is the average conduction loss across a blocking diode, Vf is the forward voltage 

drop across the diode during conduction and Id is the average conduction current over the 

entire switching period. 
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A small amount of power is also dissipated in the MOSFET driver. There are three basic 

components which make up the total power loss dissipated in a MOSFET driver which 

includes quiescent power loss, PQ, capacitive load power loss, PC, and transition power loss 

PT. Hence the total power dissipated in the MOSFET driver is given by equation (4-21). 

 

TCQDriver PPPP   (4-21) 

 

Quiescent power loss depends on supply current, supply voltage and duty cycle of switching. 

Equation (4-22) gives the equation for quiescent power loss. 

 

    DIDIVP CCHCCLCCQ  1  (4-22) 

 

Where VCC is the supply voltage, ICCL is the supply current with low state drive outputs and 

ICCH is the supply current for high state drive outputs and D is the switching duty cycle. When 

driving MOSFETs, the calculation of capacitive power loss is complicated by the changing 

gate to source capacitance as the device is switched. However to aid this calculation, power 

MOSFET manufacturers provide gate charge information on their datasheets. Hence the 

capacitive load power loss for driving the MOSFETs is given by equation (4-23): 

 

fQVP gCCC   (4-23) 

 

Where f corresponds to the driving frequency of the switches and Qg refers to the gate charge 

information from the MOSFETs manufacturer’s datasheet. The transition power dissipation is 

due to the very short simultaneous conduction of internal circuit nodes when the drive outputs 

change state. The transition power dissipation per driver is approximately: 

 

 410808.1  fCVVP LCCCCT  (4-24) 
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Power loss analysis for a push-pull converter using an external controller 

 The system shown in Figure 4-11 was built and a full power loss analysis of the new system 

was carried out. The system was operated at 91 kHz and 10 W of power was delivered to the 

load at 10 mm coil separation. Figure 4-13 shows the voltage across the drain to source 

terminals of the MOSFETs when using the external controller. The actual resonant frequency 

of these systems corresponds to the point where minimum current is drawn by the input 

voltage source. This waveform is smoother compared to the waveforms generated in the 

autonomous system (shown in Figure 4-7), signifying the reduction in switching losses. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-13: Voltage waveform across the resonant tank     

 

Table 4-3 and Figure 4-14 show the power loss components of a TET system with an external 

controller. The total power loss in the new system was only 2.59 W when delivering 10 W of 

power to the load. The overall efficiency of the system was 79.4%. This was considerably 

higher than the efficiency achieved by the previous system. The highest power loss in this 

system is from primary other losses. This includes the power loss from the series blocking 

diodes (D1 and D2 shown in Figure 4-11) which contribute to about 600 mW. The power loss 

due to switching devices was reduced from 1.45 W in the previous autonomous system to 

0.25 W in the new system. Furthermore the power loss of the MOSFET driver was only 0.20 

W compared to the 4 W of power loss from the previous system. In this instance the drive 

losses include the losses calculated using the equations (4-22), (4-23) and (4-24). The 

primary and the secondary coils were also replaced in this system and compared to the coils 

used in the previous autonomous circuit the ESR of the coils was reduced (the characteristics 

of the coils used are given in Table 3-1 in Chapter 3) [84].   
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Table 4-3: Loss analysis of the push-pull converter with an external controller 

 

Loss component Power loss (W) 
Loss 

portions 

Primary resonant tank loss 0.47 18.1% 

Switching losses 0.25 9.7% 

Drive losses 0.20 7.7% 

Primary other losses 0.74 28.6% 

Secondary resonant tank loss 0.44 17.0% 

Rectifier losses 0.45 17.4% 

Secondary other losses 0.04 1.5% 

Total power loss 2.59 100% 

 

 

Figure 4-14: Power loss analysis of a TET system with an external controller 

 

4.7 Current-fed push-pull converter with ZVS feedback 

Although the use of a signal generator to drive the switching MOSFETs provides very 

accurate switching it is not feasible to use this method in a practical environment. One 

method of obtaining this driving signal for the switches is from the primary resonant tank. 

Given the substantial power losses experienced from the autonomous push-pull converter 

(shown in Figure 4-1), a different method of achieving self resonance was required.  The 

approach taken was to implement a floating voltage transformer to enable detection of the 

zero voltage point crossing.  This facilitates self resonance in the system without the use of 

speed-up capacitors and the current-limiting resistors. However this method needs a 

mechanism to initially start resonance in the system. Hence a push-pull converter was set up 
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using a dynamic Zero Voltage Switching (ZVS) start-up method described by Hu, A. P. [52]. 

This method involves shorting the switching devices for a short period of time during start-up 

in order to build up current in the primary resonant tank. The transient resonance taking place 

during this process is then used to detect the zero voltage crossing point. 

 

Figure 4-15 illustrates a modified current-fed push-pull converter with zero voltage detection 

feedback circuitry and with dynamic ZVS start-up. A transformer is used to detect the voltage 

in the resonant tank. The comparator monitors the zero voltage crossings of the AC signal 

and outputs a pulsed signal at the comparator output. Subsequently a quadruple 2-input 

NAND gate IC was used to enable dynamic ZVS start-up. The start-up procedure is vital to 

this network since no zero voltage crossing can occur if there is no zero crossing in the initial 

signal. Hence two low pass filters are used to provide an input time delay to two inputs of the 

quad NAND gate, which in turn enables an accurate start-up mechanism. The time delay 

shorts the two switches S1 and S2 for a very short period of time and this allows energy to 

build up in the split winding transformers. This time is vital to the start-up mechanism as a 

large both-on time could be harmful to the switches while a short both-on time will not result 

in a zero voltage crossing detection. After the short interval of both switches being on, one of 

the switches is turned off and this releases energy into the resonant tank allowing transient 

resonance to produce zero voltage crossings. The equation determining this time delay is 

given by (4-25).  

IN

dc
shorting

V

L
It int  (4-25) 

 

Where Iint is the initial dc current in to the system, Ldc is the inductance of the dc inductor in 

the split winding transformer and VIN corresponds to the input voltage to the system. A more 

detailed analysis of determining start-up time is described in  [52]. 
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Figure 4-15: Current-fed Push-pull converter with ZVS feedback 

 

For the system in Figure 4-15, a small amount of additional loss is now contributed by the 

ZVS detection circuitry and the dynamic start-up circuitry. Power dissipated in the quad 

NAND gate is given by: 

  oCCLiCCPDNAND fVCNfVCP
22

 (4-26) 
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Where PNAND is in μW, fi is the input frequency in MHz, fo is the output frequency in MHz, N 

corresponds to the number of outputs, VCC is the supply voltage, CL is the output load 

capacitance in pF, CPD is the power dissipation capacitance per gate in pF and  

  oCCL fVC
2

 is the sum of the outputs. Power dissipated in the comparator can be 

calculated by supply current, ICC, and supply voltage, VCC: 

 

CCCCCOMP IVP   (4-27) 

 

However, these losses are very small (in the order of few mW) hence this increase in power 

loss will not have a major impact on the overall efficiency of the system.  

 

4.7.1 System performance  

The system shown in Figure 4-15 was built and tested. Figure 4-16a illustrates the voltage 

across the primary coil; Figure 4-16b shows the output waveforms from the quad NAND gate 

during steady state which has been reconstructed using the voltage detected by the feedback 

transformer at the primary coil; and finally the Figure 4-16c shows the gate signals driving 

the MOSFETs S1 and S2. As can be seen by these waveforms, this zero crossing detection 

method works almost as accurately as using a signal generator tuned to the right frequency 

for driving the switches. Hence the effect of this method on the overall system power loss is 

minimal (292 mW). 
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(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

Figure 4-16: (a) Resonant signal across the primary resonant tank; (b) 

Output voltage signals from the quad NAND gate; (c) The signals driving the 

switches S1 and S2 

 

4.7.2 Experimental power loss analysis 

A full power loss analysis of this new system was carried out with more improvements to the 

overall system. Primary and secondary coils were further changed using the magnetic 

coupling analysis carried out in the previous Chapter. In addition square Litz wire was used 

in the construction of the coils in order to maximize the cross sectional area of the wire and 

increase the copper density. The primary and secondary coils designed for this system were 

only 50 mm in external diameter as discussed in Chapter 3.  The dc inductor used in the 

secondary coil was also replaced with a low ESR inductor. 
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Overall efficiency of the system was 88% when delivering 15W of power to the load at 

12mm separation between the primary and secondary coils. The system was operated 

approximately at 180 kHz and the importance of this frequency is explained in the following 

section. The Table 4-4 provides the power loss components of the new system with a 

comparison to the old system. The power loss due to drive circuitry in the new system is only 

231 mW hence this method of driving the MOSFETs is a significant improvement compared 

to the use of current-limiting resistors and the speed-up capacitors (which contributed to 4W 

of power loss). Moreover, other secondary losses are now only 5 mW due to replacement of 

the dc inductor. Primary and secondary resonant losses are only 401 mW and 358 mW 

respectively (corresponding a total improvement of 5.7 W). The switching losses in the 

current system are only about 292 mW. The negative improvement in the rectifier losses is 

merely because the power loss in the old system was calculated for 10 W loading condition 

while the power loss in the new system is for 15W loading condition. Hence for these loading 

conditions, the current through the rectifier is lower in the old system. 

Table 4-4: Loss analysis of the ZVS feedback TET system 

Loss component 

 

Power loss (W) 

Old system New system Improvement 

Primary resonant tank loss 4.6 0.401 4.199 

Switching losses 1.4 0.292 1.108 

Drive losses 4.0 0.231 3.769 

Primary other losses 1.0 0.211 0.789 

Secondary resonant tank loss 1.9 0.358 1.542 

Rectifier losses 0.5 0.515 -0.015 

Secondary other losses 0.2 0.054 0.146 

Total power loss 13.6 2.062 11.538 

 

Figure 4-17 shows the power loss components of the improved TET system. Following the 

improvements to the system, it is clear that now the largest loss contribution is rectifier 

losses. This power loss may be reduced by the introduction of synchronous rectification. 

However this will involve more complicated switch controls and driving methods which 

increase the risk of component failure and require extra circuitry for a fail-safe 

implementation. On the other hand using a simple full bridge rectifier is considerably easier 

with a maximum component count of four and also guarantees rectification of the signal and 

consistent operation of the diodes given the chosen components have maximum ratings 
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applicable to a range of loading conditions.   Hence it was decided to use a Schottky full 

bridge rectifier rather than the implementation of a synchronous rectifier.   

 

Figure 4-17: Power loss contributions of the improved TET system with ZVS 

feedback 

 

The power loss results and overall system efficiency results attained from the above system 

were considered feasible for further development by introducing power regulation to deal 

with variable coupling and loading conditions (Chapter 5). The next step in the design 

process was to look at the system’s response to variation in coupling. Figure 4-18 shows the 

variation in power efficiency of the system over a range of coil displacements between 10 – 

20 mm of coil separations and also the input voltage required to maintain the power delivered 

to the load at 15 W.  

 

As can be seen by Figure 4-18, the input voltage linearly increases with lower coupling 

however the power efficiency has a much more variable relationship with separation. This is 

because during this experiment, the tuning frequency of the primary and the secondary coils 

was kept constant. However as the coupling between the coils varies the reflected impedance 

from the secondary on to the primary also varies, which means the fully tuned condition 

between the primary and the secondary coil is not maintained. This makes it difficult for the 

converter to maintain ZVS switching hence contributing to a greater amount of power loss in 
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the primary power converter. This results in lower efficiency at very close coupling. 

However, at larger separations (beyond 16 mm) lower efficiency is merely due to the larger 

magnetic field required to be generated by the primary coil in order to compensate for the 

lower coupling. Nevertheless the system still maintains an efficiency of 84% even at 20 mm 

separations for delivering 15 W to the load.  

 

Figure 4-18: Power efficiency and input voltage at various separations 

 

A more detailed representation of the power loss in the system over a range of orientations is 

provided in Figure 4-19. As seen by this graph the secondary power loss is constant over the 

range of separations between 10 to 20 mm. This means no additional losses are occurring at 

the secondary, even when the coupling is poorer. Thus there is no complication of 

temperature rise and tissue damage.   

 

However the primary power loss increases for larger separations.  As mentioned before, the 

increase in the total system loss is mainly from the primary power circuitry due to the need 

for compensation when the air gap separation is larger. A higher strength magnetic field is 

needed thus the current in the primary coil and its tuning capacitor has to be higher, resulting 

in higher losses. Losses in other parts of the primary converter such as dc conduction losses 

and switching losses also increase at the same time due to the increased dc voltage at the 

input. But they are relatively small because the dc current of the push-pull resonant converter 

is very small compared to the ac resonant current. 
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Figure 4-19: Power loss at various separations 

 

In addition to looking at variation in power loss over various separations, it is also important 

to analyze the variation in power loss for different loading conditions (7 W, 10 W, 15 W and 

25 W). This is because, when the TET system is powering an artificial pump there is likely to 

be loading variation on the pump depending on the patient’s behaviour (sleeping or being 

active) and also if the TET system is recharging the internal battery as well as powering the 

pump. Figure 4-20 illustrates the distribution of power loss for different loading conditions 

when the primary and the secondary coils are separated by 12 mm. The highest efficiency is 

occurring at 15 W power delivery to the load. However at lower loading conditions the power 

efficiency reduces. This is because some of the primary control losses (such as MOSFET 

conduction losses and gate driver losses) remain fairly constant, however the total power 

delivered to the load is lower. Hence there is an overall drop in efficiency.   

 

The largest contributions of losses for delivering 25 W of power to the load are from the 

primary power converter losses. The primary converter power losses at 25W have increased 

by 1.6W compared to 15W. This increase is likely to be attributed to a shift in preferred 

operating frequency caused by a change in the reflected impedance seen by the primary in the 

presence of greater load.  
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Figure 4-20: Power loss at various loading conditions 

 

4.8 Operating frequency 

The operating frequency of the system is a critical factor to be considered in the design of a 

TET system as it affects the power efficiency, power transfer capability, tissue loss, physical 

size, and also the system’s ability to operate under the ZVS condition [3].  TET systems can 

be operated from hundreds of kilohertz to several megahertz. For instance, low power 

implantable devices operate at a high frequency range to ensure small physical size while 

high power TET systems for heart pumps operate at several hundreds of kilohertz reducing 

losses associated with various parts of the circuit as explained in the following sections. Even 

when a nominal frequency is selected, depending on the power requirements and system 

operating conditions, the exact ZVS operating frequency can vary greatly. 

 

Power efficiency 

As discussed earlier in this Chapter, power efficiency is a critical part of designing a high 

power TET system in order to reduce heat generated by the system. Frequency is a main 

factor contributing to the efficiency of the system. For example, ESR losses of the primary 

and secondary coils are largely dependent on the operating frequency. Figure 4-21 illustrates 
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the increase in ESR with increasing frequency for 3.00 μH coil with different numbers of 

strands of Litz wire. In this instance the total copper area is also reduced for a lower number 

of strands as each coil consists of identical strands. So a greater number of strands in the Litz 

wire (with a larger the cross sectional area) corresponds to lower ESR, although this comes at 

the cost of larger coils. For example at 200 kHz, given the RMS current through the 3μH coil 

is 3 A, the power loss in the 440 strand coil is only 132 mW compared to 745 mW of power 

loss in the 60 strand coil. 

 

Furthermore as discussed earlier, switching devices are used in the power converters in the 

TET systems (MOSFETs and BJTs). The switching losses from these devices increase with 

switching frequency due to frequent switching transitions across the linear mode of the 

switches. High operating frequency also means the switches must have very accurate on/off 

switching transitions as provided by equations (4-10) and (4-11), if the switches are not 

switched accurately at the zero voltage or zero current instances, the turn-on/off losses 

increase. 

 

Figure 4-21: Increase in ESR of inductive coils with frequency 

 

Power transfer capability 

The impact of frequency on the power transfer capability of the system is generally 

dependent on the converter topology used in the primary power converter. The TET system 

developed in this Chapter consists of a current-fed push-pull converter and the maximum 

power transfer capability of this converter is given by equation (3-5) as discussed in Chapter 
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3. The operating frequency of the system is inversely proportional to the power transfer 

capability given the input voltage to the converter is constant. Lower frequency causes a 

higher primary coil current due to the reduced impedance of the coil. Hence, the power 

transferred to the secondary side can be increased due to a stronger magnetic field generated 

by the primary coil. However, a lower frequency also means larger reactive components 

including coils and capacitors [3]. 

 

Tissue losses 

Tissue loss caused by electromagnetic fields is very high at a very high frequency (in the 

megahertz range) and a very low frequency (less than 200 Hz). This is mainly due to the 

increase in tissue conductivity and permittivity variations. Tissue loss causes temperature 

rise. Too much temperature rise can have harmful thermal effects on living tissues. The best 

frequency for minimizing the thermal effect is in the range of kilohertz [85].  

 

Physical size 

The physical size is an important factor that needs to be taken into consideration when 

designing a TET system. A large implant size causes high stress and discomfort for the 

patients. The size of coils and capacitors can be reduced by increasing the operating 

frequency in the TET system. For a given coil impedance, a low frequency operated coil 

requires higher coil inductance. This results in larger coil size. In addition, the low frequency 

operation requires a higher capacitance value for tuning purposes, causing a larger physical 

size of the tuning capacitor. On the other hand for a given frequency a low inductance coil 

also means a larger capacitor. Hence the coils must be designed with large enough inductance 

to reduce the size of the resonant capacitor. Hence TET systems are usually designed to run 

at frequencies over 100 kHz to achieve small implantable size.  

 

ZVS requirements 

According to the analytical results in [1], the primary quality factor Qp of a current-fed push-

pull resonant converter has to be larger than 1.86 to achieve ZVS operation. The primary 

quality factor Qp is given by equation (4-28).  
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  (4-28) 

 

Where Lp is the equivalent inductance of the primary coil and Rp is the ESR (equivalent series 

resistance) of the primary coil. Under ZVS operating conditions, the switching losses of the 

push-pull converter can be reduced, resulting in a high operating efficiency. The ZVS 

operating condition is also important for obtaining self-sustained operation of the push-pull 

resonant converter without the need for any external controllers as implemented in section 4.7 

of this Chapter. This means the operating frequency of the push-pull converter cannot be 

lower than 1.86R/(2πLp) to obtain the ZVS operation. 

 

Relationship between power loss and frequency in the designed TET system 

By taking the above factors into account the TET system developed in this thesis was 

designed to operate between 160 to 200 kHz. A power loss analysis of the TET system under 

ZVS condition is provided in Figure 4-22 when delivering 15W of power to the load at 

various frequencies. The maximum power efficiency occurs at approximately around 180 

kHz. At this frequency the resonant waveform of the primary converter is almost a perfect 

sine wave (as illustrated in Figure 4-16a) thus the switching losses are minimised. Although 

the power loss remains low even at higher frequencies (>250 kHz), the system become more 

sensitive to variations in coupling and loading condition as the primary Q increases with 

higher frequencies.  

 

Figure 4-22: Relationship between power loss and operating frequency 
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4.9 Discussion 

A new TET system with ZVS control has been developed, and high efficiency has been 

achieved at a range of primary and secondary coil separations. The system without using 

magnetic materials between the coils is able to deliver 15 W of power at a maximum 

efficiency of 88%. High power efficiency is merely a result of accurate switching 

mechanisms and efficient driving methods used in the current-fed push-pull resonant 

converter. The system is able to maintain efficiency above 84% at coil separations of up to 

20mm. The system efficiency drops to 82% when delivering 7 W of power to the load. 

 

Early work carried out by Schuder has shown theoretical power efficiencies of up to 95% at 

50 – 69 W power transmission, however the coils used in these analysis are 100 mm in 

diameter and it is merely a theoretical investigation [86], so the efficiency  value does not 

include the actual losses a circuit can have. The Thermedics TET system was reported to 

have efficiencies varying from 65 to 80%. In this system, the geometry of the secondary coil 

was configured to create a shallow mould rising above the plane of the skin in order to limit 

lateral displacement of the secondary coil [87]. A recent artificial heart project designed by 

the New Energy and Industrial Development Organization (NEDO) reports a maximum 

transmission efficiency of 87.3%. This system consists of an internal coil with a 53 mm 

external diameter (with a height of 9 mm), also consisting a 38 mm diameter ferrite core. 

Rather than using a flat coil, the coil is shaped in an oval which would present a significant 

bulge when placed under the skin. The external diameter of the primary coil is 92 mm. 

However despite the reported high efficiency, the group reports that at 20 W power 

transmission the maximum surface temperature of the internal coil is 46.1 
o
C, and this was 

measured at the ferrite core [70]. This high temperature is a major disadvantage of the use of 

ferrites in the system. Although ferrites offer the opportunity of improved magnetic coupling, 

it comes at the expense of added weight and increasing core losses and temperature rises. The 

system presented in this Chapter demonstrates that with good controller characteristics, air 

core coils can be used to provide a compact, lightweight set of internal and external coils. 

 

The TET system developed by Mussivand et al. [45, 46] was reported to operate with an 

efficiency ranging from 68% to 72% for coil separations between 3 to 10 mm with output 

currents ranging from 1.5 to 3.6 A. The load voltage  was maintained at 14.5 V and this 
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system has been designed to deliver power up to 50 W [45, 46]. A later performance 

evaluation carried out by the same group reports a maximum efficiency of up to 80% for 

delivering 20 W of power to the load at 10 mm coil separations. However this system fails to 

maintain this efficiency at larger separations as the overall system efficiency drops to 70% at 

20 mm radial misalignments. 

  

Another TET system designed by Ozeki et al. [88] reports that their system operates with 

efficiencies ranging from 60 to 78%. This system was operated at 150 kHz with an input dc 

voltage of 18 V. The biomedical device was simulated using a resistive load of 10Ω and the 

experimentations were carried out for delivering 12 to 35 W of power to the load. In this 

particular system, fairly large primary and secondary coils with diameters ranging from 62  – 

82 mm were used [88].   

 

A TET system developed by Tsai et al. [89] reports their system operates with an efficiency 

over 68% for delivering output power of 36 W. The major losses in this system are from the 

primary converter circuit which consisted of a half bridge series resonant converter and also 

due to the losses contributed by the coupling coils. Although the coils in this system were 

also constructed from Litz wire, these primary and secondary coils were of 9 cm and 6 cm 

diameter respectively [89].   

 

In conclusion, the work carried out for this Chapter has made significant improvements over 

the previous system. The efficiency of the system was improved from 42% to 88%.  The 

system presented has high efficiency figures and consist of small primary and secondary coils 

compared to existing TET systems designed by other groups in this field. The system is able 

to maintain high efficiency (above 84%) at coil separations of up to 20 mm. 
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5 Implementation of closed loop control 

An effective TET system requires a power regulation strategy to compensate for changes in 

coupling and loading conditions. It is highly desirable to deliver the correct amount of power, 

matching the load demand and prevailing coupling conditions. Insufficient power transfer 

during certain periods is likely to be buffered by an internal battery to maintain device 

function.  Excessive power will be stored in the battery or be dissipated as heat within the 

body.  

 

Power regulation can be achieved in the external circuit or the implanted circuit.  Regulation 

at the internal circuit has the advantages of faster response time, and for some applications, 

the ability to power multiple secondary circuits from the single primary circuit [90]. The 

disadvantage of secondary circuit regulation is the need to implant additional circuitry and 

increase losses which increase the heating caused by the additional circuitry. Regulating 

power from the primary side requires feedback to monitor the load variations. Various 

Chapter 5 
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attempts have been made to transmit data over the power transfer link [91, 92]. In principle 

this removes the need to include an independent radio communication channel, however 

practically limited bandwidth and transmission range limits its use. In the application of 

powering heart pumps, there are other reasons why high bandwidth communication is 

required between the internal circuit and the outside world – even for intervals when the TET 

coil is not present. In particular, if the patient is using the internal battery to drive the heart 

pump, then battery status needs to be communicated to the patient. This means that a wireless 

communication channel will be required for heart pump control and monitoring anyway, and 

the addition of load power requirements for power flow control does not increase the 

communication hardware required. For powering heart pumps, it is preferable to carry out 

power regulation in the external circuit rather than in the implanted system. 

 

This Chapter focuses on implementing power regulation into a TET system in order to deliver 

the correct amount of power to the biomedical device under variable coupling and loading 

conditions. 

 

5.1 Power regulation techniques 

There are two main methods for primary power regulation in TET systems; magnitude and 

frequency control methods.  

   

5.1.1 Magnitude control method 

In the case of magnitude control, the input voltage to the primary power converter is varied in 

order to regulate the power delivered to the load [67]. The approach is to vary the magnitude 

of the magnetic field until it induces sufficient current in the secondary coil to maintain the dc 

output voltage at a set level. This method of control has been used in TET systems by Puers, 

R. et al. of Katholieke University in Belgium, and Wang, G. et al. of California University in 

United States [93-95]. There are also patents held by AbiCor protecting this approach [47]. 

Figure 5-1 illustrates the basic structure of a magnitude controlled TET system. The primary 

power converter at the primary side is powered by a dc voltage source, VIN, which is varied 

according to the power demand of the secondary side. This variable dc voltage can be 

obtained by applying a dc-dc power converter such as a buck or a buck-boost converter.  
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Load and coupling variation is detected from the changes in output voltage VDC. The value of 

VDC is transmitted to the primary circuit through the data communication channel. A control 

signal is generated according to the variation of VDC to vary the magnitude of VIN. If a 

controller is properly designed, the average value of the output voltage VDC could be 

maintained constant with very low fluctuation.   

 

 

 

 

 

 

  

Figure 5-1: Basic structure of magnitude controlled TET system 

 

The disadvantage of this method is the limitation of only using magnitude to compensate for 

each incident that can cause the load voltage to vary. If a variation is caused by a mismatch 

between the resonant frequency of the secondary resonant tank and the operating frequency 

of the external power converter, the only compensation mechanism is still to increase the 

applied primary voltage. A mis-match in frequency can greatly reduce the maximum power 

that can be transferred to the load, which can impose great demand on the input voltage 

increase for a given power transfer, resulting in high EMI (Electro-Magnetic Interference) 

and a reduction in the overall power efficiency of the system. 

 

Under the full tuning condition, the magnitude control method efficiently regulates power 

flow. However, in practice the secondary pick-up circuit is often detuned because of the 

variations in load condition and circuit parameters. For a coupling variation between the 

primary and secondary coils from approximately 0.1 to 0.35, an operating frequency variation 

of up to 36 kHz was observed in the system as discussed in Chapter 4. At a high coupling 

between the primary and the secondary coils, the secondary tuning is highly vulnerable to 

variations in loading conditions. For example in the circuit discussed in Chapter 4, a 

frequency variation of up to 14 kHz was observed for load variations of 7 – 25 W at coil 

Data 

communication Transmitter Receiver 

Primary power 

converter 
Lp 

Cp 

Buck-

boost 

converter 

Cs Ls 

Secondary 

controller 

circuitry 

VDC 

VIN Biomedical 

device 



Chapter 5 – Implementation of closed loop control 

 129 

coupling coefficient of 0.35. In this situation, the voltage magnitude of the primary converter 

needs to be maintained at high levels, resulting in reduced power efficiency. In the worst 

case, power supplied to the implantable devices is insufficient at the full load within the full 

range of the regulated voltage magnitude. Frequency control can be used for power regulation 

in order to avoid the issues arising from magnitude control.  

 

5.1.2 Frequency control method 

Frequency control involves varying the operating frequency of the primary power converter 

to vary the power delivered to the load. Depending on the actual power requirement of the 

pickup load, the operating frequency of the primary power converter is varied to change the 

tuning condition of the secondary power pickup, thereby regulating the effective power 

delivered to the implantable load [96]. Further more, when the full tuning condition is 

changed due to the parameter variations, the frequency control method can be used to track 

the new tuning condition.  

 

Figure 5-2 shows the basic structure of the TET system based on primary frequency 

regulation. The pickup circuitry is tuned to a fixed frequency using the constant parameters 

LS and CS. The operating frequency of the resonant converter is governed by parameters in 

the primary resonant tank. The operating frequency of the system is changed by varying the 

additional tuning capacitance CV. This variable capacitance at the primary resonant tank can 

be implemented using a switched capacitor control method introduced by Si et al. This 

control strategy is explained in section 5.2. The method maintains the ZVS of the converter 

while managing the operating frequency. ZVS helps to minimize the high frequency 

harmonics and power losses in the system [96]. As illustrated by Figure 5-2, loading 

conditions of the biomedical device is detected using an internal transmitter and this 

information is then used to either tune or detune the primary converter to regulate the output 

power. 
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Figure 5-2: System based on primary frequency control 

 

The average output power of a parallel tuned pick-up circuitry is derived by Si, P et al. and is 

given by equation (5-1). 
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Where Voc is the open circuit voltage of the pick-up and kboost is the boost-up factor of the 

pick-up given in equation (5-2). Boost-up factor is the ratio of the dc voltage supplied to the 

load and the open circuit voltage of the pick-up. 
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As it can be seen by equation (5-1), the output power P will vary with frequency ω. This 

illustrates the basis for using the control of frequency to achieve regulation of power. 

Furthermore, from equation (5-1), it is evident that controlling the primary frequency can also 

compensate for the variations in k, Cs, Ls, and voc. For instance, during practical operation the 

coupling coefficient between the primary and the secondary coil varies with the day to day 

movements of the patient which result in a variation in the open circuit voltage Voc. This in 
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turn varies the boost-up factor kboost. Hence the primary frequency can be controlled to 

compensate for the changes of kboost to achieve a constant output dc voltage Vdc. The steady 

state relationship between the power delivered to the load P and the operating frequency f is 

shown in Figure 5-3. This graph illustrates that, the relationship between the power flow and 

operating frequency is parabolic and that the maximum power transfer occurs at the natural 

frequency f0 of the system. This is the fully tuned frequency of the pick-up. This is governed 

by equation (5-3). Minimum power is transferred when the system operates at the boundary 

frequency f1 and f2 [3]. 
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Figure 5-3: Relationship between power flow and frequency of the system [97] 

 

Similarly, Figure 5-4 shows the relationship between the phase angle θ and the operating 

frequency f.  The phase angle θ moves from 2π to π while the frequency f varies from the 

boundary f1 to f2. The phase angle represents the power transfer angle of the pick-up (This is 

the power factor angle between the primary and the secondary resonant voltages). If the 

coupling between coils is constant, varying the frequency changes the power transfer angle, 

so that the power delivered in the pick-up is changed. According to equation (5-3), when the 

system operates at the full tuning frequency f0 for the maximum power transfer, the phase 

angle θ is equal to 3π/2. f1 and f2 frequency for minimum power transfer condition is when 

the phase angle it 2π and π.  
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Figure 5-4: Relationship between phase angle and frequency 

 

The boundary frequency f1 and f2 are the minimum and maximum frequencies for 

maintaining the constant output dc voltage, Vdc, for either variable coupling conditions or 

variable load variations. The relationship between power transfer and frequency is 

symmetrical on either side of f0 hence either the left or right hand side of the curve can be 

chosen for operation. Operating on the left hand side of the curve has been chosen in this 

work to minimise switching losses in the MOSFETs by switching at lower frequencies. 

 

5.2 Switched capacitor control method 

The frequency of the primary circuit can be adjusted by varying the effective capacitance of 

the primary resonant tank. A variable capacitance can be implemented by switching a fixed 

capacitor using semiconductor devices. Varying the duty cycle of the switches varies the 

effective capacitance by changing the average charging or discharging period of the 

capacitor. 

 

Figure 5-5 shows the basic structure of the push-pull resonant converter with the 

implementation of frequency control. Inductor LP, capacitor CP and switching capacitors CV1 

and CV2 form the resonant tank. The capacitors CV1 and CV2 are identical for balanced 

operation. The main switches S1 and S2 are switched on and off alternatively for half of each 

resonant period and changing the duty cycle of the detuning switch SV1 and SV2 will vary the 

effective capacitances of CV1 and CV2. This in turn will vary the operating frequency of the 

primary converter. Each CV1 and CV2 is involved in the resonance for half of each resonant 

period. If S1 is turned on and S2 is turned off, then CV1 is not involved in the resonant tank 
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due to grounding through the main switch S1. Similarly the Capacitor CV2 will not be 

involved in the resonant tank when S2 is turned on and S1 is turned off [3]. The effective 

capacitance can be determined by equation (5-4). 
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(5-4) 

 

Where α is the switching angle which varies from 0 to 90 degrees as the effective capacitance 

varies from 0 to CV1. If the capacitances of CV1 and CV2 are equal, the net effects of switching 

CV1 and CV2 over a period is equivalent to that of switching one capacitor of value CV1 using 

dual side switching. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-5: Variable frequency current-fed push-pull converter 

 

The switches SV1 and SV2 are switched using a phase control method. Figure 5-6 shows the 

phase control method used to achieve soft switching in the detuning capacitors. By switching 

the capacitors in and out of the circuit when charged to the same voltage, destructive current 

surges are eliminated at the time of switching. VREF is the dc reference voltage and VSV1 and 

VSV2 are the gate control voltages of the switches SV1 and SV2. These are generated by 

comparing VREF, +VAC and –VAC. +VAC and -VAC are from either side of the resonant tank. 

These voltages are stepped down using a resister divider network illustrated by Figure 5-6. 

VREF determines the duty cycle of the gate control signal [3]. Figure 5-7 shows the switching 

waveform VSV1 generated by comparing +VAC and VREF using an LM319 comparator. 
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Figure 5-6: Phase control structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-7: Waveforms of the phase control circuitry 
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The circuit block diagrams represented in Figure 5-5 and 5-6 are combined using a MOSFET 

driver to drive the switches. The combined circuit diagram of the frequency controller circuit 

is illustrated in Figure 5-8. Reference voltage VREF is the critical point in the frequency 

control system. This is because, the reference voltage controls the duty cycle of switching in 

the MOSFETs which in turn corresponds to the variation in frequency of the primary power 

converter. 

 

 

 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

Figure 5-8: Frequency control circuitry of the system 
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5.3 Implementing open loop frequency control 

The switched capacitor control method explained in the previous section was simulated using 

LTspice. The following waveforms on Figure 5-9 illustrate the simulation of the circuit 

shown in Figure 5-8. As shown in the figures, the red line corresponds to the reference 

voltage. Hence depending on the reference voltage with respect to +VAC and –VAC, the duty 

cycle of the gate drive voltage is determined. 
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(b) 

Figure 5-9: (a) Frequency control waveforms for SV1; (b) Frequency control 

waveforms for SV2 

 

Figure 5-10(a) and 5-10(b) show the voltage and current waveforms across CV1. It is clear 

from these waveforms, that the charging and discharging profiles of the capacitor occur in 

each period. As expected the spikes in the current waveform occur during the charging and 

discharging periods of the capacitor. Similar current and voltage waveforms are observed 

across CV2.  
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Figure 5-10: (a) Current through CV1; (b) Voltage across CV1 

 

The circuit introduced in Chapter 4 (illustrated in Figure 4-14) was expanded to include 

frequency control circuitry. Two 23 nF capacitors were used as the additional variable 

capacitors CV1 and CV2.  In this implementation, the variation in frequency is about 34 kHz 

when the variable capacitance CV varies from 0 to 23 nF in the primary power converter. The 

frequency of the converter is dependent on the loading condition in the secondary pick-up as 

the reflected load from the secondary causes a shift in the primary operating frequency. When 

CV is 0 nF the primary resonant tank is fully tuned and when the CV is 23 nF the primary 

resonant tank is completely detuned. The secondary resonant tank was tuned to a fixed 

frequency of approximately 195.9 kHz. 

 

The following waveforms in Figure 5-11a show the gate voltage signal of SSV1, reference 

voltage VREF, and the step down voltage detected from the resonant tank +VAC when the 

TET system was loaded at 7 W. At 7.42 V reference voltage, the system was detuned by 95%. 

As illustrated by Figure 5-11a, the operating frequency of the primary power converter was 
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164 kHz. The PWM signal in Channel 3 corresponds to the resultant output waveform of the 

comparator that is used to switch the MOSFET SV1. The Figure 5-11b illustrates the 

corresponding resonant waveform across the primary coil when the system is detuned by 

95%. The waveform illustrates that the ZVS switching condition is maintained with the 

switched capacitor control method. 

   

   

 

 

 

 

 

 

(a) The reference voltage VREF in channel 1, the step down voltage from the 

resonant tank +VAC in channel 2 and the output PWM waveform of the 

comparator in channel 3 

(b)  

   

   

   

   

   

   

 

(b) Voltage across the resonant tank 

Figure 5-11: The system’s waveforms at 164 kHz when it is 95% detuned 
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frequency of 172.8 kHz. The effective variable capacitance is approximately 18 nF. As seen 

by Figure 5-12b the ZVS condition is still maintained even with increased switching periods.  

   

   

   

   

   

   

   

   

 

 

(a) The reference voltage VREF in channel 1, the step down voltage from the 

resonant tank +VAC in channel 2 and the output PWM waveform of the 

comparator in channel 3 

   

   

   

   

   

   

   

   

(b) Voltage across the resonant tank 

Figure 5-12: The system’s waveforms at 172.8 kHz when it  is 78% detuned 

 

The figures 5-13a and 5-13b illustrate the current and voltage waveforms across the variable 

caps at fully detuned condition of 161 kHz and 175 kHz detuned condition respectively. As 

can been seen by the two figures at the positive current phase the capacitor is charging 

whereas at the negative current phase the capacitor is discharging. These waveforms are 

similar to the waveforms observed in the simulation results in figures 5-10a and 5-10b. 
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(a) The current and voltage waveforms of the tuning capacitor when the 

system is fully detuned 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) The current and voltage waveforms of the tuning capacitor when the 

system is fully tuned 

Figure 5-13: The current and voltage waveforms of the tuning capacitor when 

the system is fully detuned and tuned  
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and frequency is linear. As the coils are gradually separated from each other, the primary 

resonant tank frequency is tuned closer to the secondary resonant tank frequency. The 

effective capacitance of the variable capacitor was calculated using equation (5-7) which is a 

function of the phase angle of switching. The power was able to be regulated for up to 30 mm 

separation at this loading condition and the operating frequency of the primary resonant tank 

was varied between 161.9 kHz to 195.5 kHz. 

   

Figure 5-14: Frequency variation and effective capacitance for different 

separations when delivering 7 W of power to the load    

 

Figure 5-15 shows the power regulation data when delivering 15 W of power to the load at 

various separations. In this instance a constant input voltage of 18.9 V was supplied to the 

TET system. For delivering 15 W to the load, power can only be regulated between 10 to 20 

mm. This is due to the decreased quality factor with the increased loading condition. Higher 

the secondary quality factor, larger the tolerance to variation in coupling. The importance of 

the secondary quality factor is explained in the discussion in section 5.7. However if the 

quality factor becomes large (>10) then the system can become extremely unstable for 

operation.  For a 7 W loading conditions the quality factor is approximately 7.3 and for a 15 

W loading condition the secondary Qs is only 3.3. This explains the halved tolerance to 

variation for the 15 W loading condition. Hence less variation in coupling is compensated for 

by the same variation in frequency.  The frequency variation over this separation was 166 
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kHz to 200 kHz. The difference in frequency for the two different loading conditions (7 W 

and 15 W) is due to the change in reflected impedance from the secondary pickup.  

   

Figure 5-15: Frequency variation and effective capacitance for different 

separations when delivering 15 W of power to the load  

   

5.4 Implementing closed loop control 

Wireless control was incorporated into the system using two nRF24E1 Nordic transceivers 

for data communication. The dc output voltage of the pickup is detected by the internal 
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Converter).  This variable reference voltage is then used to vary the frequency of the primary 

resonant converter which in turn varies the power delivered to the implantable system. The 

complete block diagram of the system is illustrated in Figure 5-16.  
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Figure 5-16:  TET system with wireless control [98] 

 

The bandwidth of the reverse telemetry was approximately 1Mbps. The external transceiver 

processes the received data (RX) using the algorithm described in Figure 5-17.  The 

algorithm uses proportional control to regulate the power delivered to the load. The data 

received (RX) is compared with a threshold value. If RX is higher than the threshold value 

then excess power is being delivered to the load and hence the system must be detuned by 

reducing the frequency of the primary converter. RX is compared against an upper threshold 

value (VUT) to determine the amount at which the system must be detuned. If the RX is larger 

than VUT, then the PWM duty ratio is increased by 5% and if it is less than VUT this suggests 

that the offset of power is only by a small amount and increase the PWM duty ratio by only 

1% [99].   

 

Similarly, if the data received is lower than the threshold value then not enough power is 

being delivered to the load. Hence the PWM duty ratio is decreased by either 5% or 1% 

depending on whether the RX is higher or lower than the lower threshold VLT.  This will in 

turn increase the primary resonant frequency bringing it closer to the secondary tuning 

V REF 

Skin 

2.4GHz RF communication 

channel 

 

Push-pull 

resonant 

converter 

External 
 

Transceiver 

Biomedical 

 load 

Digital analogue 

converter 

V dc 

Primary resonant 

tank 
Secondary resonant 

tank 

Lp Ls Cs Cp 

Internal 
 

Transceiver 

PWM 

Frequency 

controller 

 

Secondary 

control 



Chapter 5 – Implementation of closed loop control 

 144 

frequency and increasing the power transfer between the coils. This method of control 

ensures that correct amount of power is delivered to the load effectively for variable coupling 

and loading conditions. The experimental results of the performance of this control system in 

a non compliant animal are presented in Chapter 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-17: Control Algorithm [99] 
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5.5 System response 

An important aspect of implementing closed loop control into a TET system is to look at the 

system’s response to variation in load and coupling conditions. The following sections 

provide the performance characteristics of the control algorithm for variation in coupling and 

loading response. 

 

5.5.1 System response to variation in coupling 

The system’s response to variation in coupling is dependent on the analogue digital 

conversion rate and the effectiveness of the control algorithm. The following Figure 5-18 

illustrates the response of the system when the coupling is varied from 20 mm to 10 mm. The 

response of the system is approximately 200 ms. In Figure 5-18 initially the coils are far apart 

and the controller is fully tuned. However when the coils are immediately brought close 

together, the reference voltage (VREF) shown in channel 2 rises to switch in the variable 

capacitors into the resonant tank. The channel 1 in green illustrates the change in the PWM 

switching signal into switch SV1. The only change in the resonant voltage signal is its 

frequency and there is no change to the magnitude of the resonant voltage across the primary 

coil as the input voltage remains constant. Similarly if the coils are moved from 10 mm to 20 

mm separation the response time is again approximately 200 ms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Channel 1-PWM signal of the SV1 and Channel 2-the reference voltage VREF 

Figure 5-18:  Response of the system to change coupling conditions 
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5.5.2 System response to variation in loading 

As well as responding to variation in coupling, this control system can also be used to 

compensate for variation in loading conditions. This is particularly important in heart pumps. 

Depending on the patient’s energy consumption and the operating point of the pump, the 

loading of the pump on the TET system will vary immensely. It has been reported that the 

pump loading can vary approximately up to 30% in each cycle of its operation [100]. For the 

operating region provided in section 5-3 where the variation in frequency is approximately 34 

kHz the system is able to regulate the output voltage at 12 V, to tolerate load variations of 15 

- 6 W at 20 mm axially aligned coil separation and 15 - 24W at 10 mm axially aligned coil 

separation. Figure 5-19 illustrates the response of the TET system when load is varied from 

15 – 24 W at 10 mm separation. A variation in loading condition was applied by using a high 

power variable resistor simulating the biomedical device. The response of the system is 

similar to that of variation in coupling between the coils. The channel 1 in green illustrates 

the change in gate drive signal due to the variation in load. The PWM gate drive signal 

changes from 100% duty cycle to 50% duty. The channel 2 in red shows the reference 

voltage, VREF, (in Figure 5-8) sent in to the frequency control circuitry varying from 

maximum to zero in order to switch out the variable capacitors. This in turn increases the 

tuning frequency of the primary closer to the secondary, increasing the power transferred to 

the load. The response time of the system is approximately 200 ms. A similar response of 200 

ms was observed when the load was varied from 15 – 6 W at 20 mm separation.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Channel 1-PWM signal of the SV1 and Channel 2-the reference voltage VREF 

Figure 5-19: Response of the system to change in loading conditions 
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5.6 Power loss analysis with frequency control 

Following the implementation of power regulation, it was important to revisit the power loss 

analysis of the system as new losses are now introduced by the frequency control circuitry. 

The new loss contributions are due to the additional switching losses of the switches SV1 and 

SV2 (also losses from increased harmonics from additional switching), the new switching 

capacitors (CV1 and CV2) and the control circuitry required for driving the switches. The 

switching losses of SV1 and SV2 are obtained by using the formulas described by equation (4-

17), (4-18) and (4-19). The power losses in the switching capacitors can be evaluated using 

equation (5-5).  
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Where PCv is the average power loss of the switching capacitors over period Ts, while vCv and 

id are the instantaneous voltage and current across the drain to source terminals during turn-

on time.  Alternatively it is also possible to use the equation (5-6) where the power loss is 

calculated using the ESR of the switching capacitor RCv and the instantaneous current across 

the capacitor over the resonant period.  
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The power loss components of the overall system in Figure 4-4 (in Chapter 4) can now be 

expanded to include frequency control circuitry as illustrated in Figure 5-20.  
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Figure 5-20: Categorization of power loss components including frequency control circuitry 

 

Hence the categorised components of each of the system power losses include: 

 Primary losses 

o Switching losses – MOSFET turn-on losses, MOSFET turn-off losses and 

MOSFET conduction losses from the primary power converter 

o Drive losses – Power loss from driving the switches in the push-pull converter 

o Primary resonant tank loss – ESR losses from the primary coil and tuning 

capacitor  

o Other losses – Losses associated with the split winding transformer 

 

 Secondary losses 

o Secondary resonant tank loss – Secondary coil and tuning capacitor loss 

o Rectifier loss – Conduction losses of the Schottky diodes 
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harmonics introduced (refer to Figure 5-22, 5-23 and 5-24) by the frequency 

control circuit. It also includes control losses from closed loop feedback and 

comparator losses from waveform detection.  

o Drive losses – MOSFET driver losses of the switches SV1 and SV2 

o Variable capacitor losses – ESR losses from the additional capacitors CV1 and 

CV2 

 

Figure 5-21 illustrates the power loss over various stages of the frequency control circuitry 

when delivering 15 W of regulated power to a resistive load with an output dc voltage of 12 

V.  The operating frequency varied between 166 kHz to 200 kHz as illustrated by the Figure 

5-15 previously. The power efficiency slightly varies over different stages of the frequency 

control. Hence depending on the prevailing coupling condition, the power efficiency varies 

between 84 to 83%. Maximum power efficiency achieved by the system was 83.71% at the 

fully detuned stage. This is where the coil coupling is the highest.  

 

As illustrated by Figure 5-21, approximately 750 mW of extra power loss is contributed by 

the frequency control circuitry. Large amount of this loss is attributed to switching and 

control losses of the two MOSFETs. The primary and secondary power losses have remained 

the same as previously discussed in Chapter 4.  

 

An investigation was also carried out to examine the harmonic distortion in the system due to 

the introduction of extra switching components from the frequency control circuitry. Initially 

the power spectrum of the primary resonant capacitor at 15 W loading condition without 

frequency control was obtained. Figure 5-22(a) illustrates the power spectrum across the 

primary resonant capacitor in the linear scale and Figure 5-22(b) same graph in the 

logarithmic scale. Figure 5-22(b) gives a clear representation of the harmonic components in 

the resonant capacitor. The peak power occurs at approximately 206 kHz which is the 

resonant frequency of the system. An Agilent Spectrum Analyzer (EXA Signal Analyzer 

N9010A; 9 kHz - 26.5 GHz) was used to measure the harmonics in the primary resonant 

capacitor. The measurement bandwidth was 1 kHz with a sweep of 40000 points for higher 

accuracy. The measurements were made for frequencies between 190 kHz to 5 MHz. As seen 

by Figure 5-22, all other harmonic content in the system is significantly smaller than the peak 
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power at the resonant frequency thus it can be concluded power loss due to harmonics is too 

small to have a significant contribution towards the total power loss of the system. 

 

Figure 5-21: Power loss contributions at different stages of the frequency 

control circuitry 
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Figure 5-22: Power spectrum across the resonant capacitor for ZVS condition in (a) Linear and 

(b) Logarithmic scale 

 

Similarly, the power spectrum across the primary resonant capacitor was measured when the 

system is operated with frequency control, under fully tuned (Figure 5-23) and fully detuned 

(Figure 5-24) conditions. Both graphs show the power spectrum across the primary capacitor 

in the linear (a) and logarithmic scale (b). At fully tuned condition the peak amplitude occurs 

at approximately 200 kHz and for fully detuned condition this occurs at 166 kHz. Compared 

to the previous Figure 5-22, the harmonics in Figure 5-23 (b) shows a small portion of 

increase however these harmonic are significantly lower than the peak amplitude of the 

fundamental which has insignificant effect on the total power loss in the system. For the fully 

detuned condition (Figure 5-24), the magnitude of the harmonics are similar to the ZVS 

condition. This is because for this condition the switches are fully on (SV1 and SV2 are fully 

on) hence reducing the harmonic content. 

 

 

 

 

 

 

 

Figure 5-23: Amplitude spectrum of the resonant capacitor when the system is fully tuned in (a) 

Linear and (b) Logarithmic scale 
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Figure 5-24: Amplitude spectrum across the resonant capacitor when the system is fully detuned 

in (a) Linear and (b) Logarithmic scale 

 

5.7 Discussion 

In this Chapter a closed loop power regulation into the system using a switched capacitor 

control method has been implemented. The system is able to regulate power over 10 – 20 mm 

axially aligned separation as well as up to 20 mm of lateral displacement when delivering 15 

W of power to the load. The system is also able to deal with load variation of 15 - 24 W at 10 

mm and 6 – 15 W at 20 mm separation. The ability to tolerate misalignments of the frequency 

controlled system is mainly determined by the systems secondary quality factor (Qs value), 

which is defined by: 
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Where RL is the load resistance, ω (2πf) is the system angular operating frequency, and L is 

the secondary coil inductance. Higher Qs will give larger output voltage boost-up and a 

greater tolerance in the closed loop controller. However, in practice increased Qs also 

introduces greater stress on the components which in turn reduces the system overall 

efficiency. The power efficiency of the system with frequency control for delivering 7 W of 

power is only 78%. Hence when delivering 15 W of power with frequency control, the power 

efficiency is considerably better than at low power levels. This is because Qs is halved due to 
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load resistance being halved (as compared to 7 W power delivery). However, despite the 

increased system efficiency, the system will become less tolerant to variation in coupling. 

 

In addition, the use of a larger variable capacitance also corresponds to a greater tolerance to 

misalignment between the primary and the secondary coils. However, the maximum size of 

the variable capacitor, CV, is also dependent on the size of the primary resonant capacitor, Cp. 

Figure 5-25 illustrates the variation in frequency achieved for different values of CV (at no 

load condition) and also the percentage of CV relative to Cp. As CV increases, the operating 

frequency range also increases. However, CV should not exceed 10% of Cp in order to reduce 

the resonant current through the Cv path (which introduced harmonics) and maximise the 

resonant current through the Cp path of the resonant tank. As large amounts of current 

through the switching devices increase the switching loss and introduces harmonics in to the 

system resulting in a very unstable resonance.  

 

Figure 5-25: Relationship between Cv and frequency control range 

 

Figure 5-26 shows the power spectrum across the resonant capacitor when CV (52 nF) is 

larger than Cp (47 nF). As it can be seen large amounts of harmonics are introduced to the 

system. Also increasing CV also reduces the system’s operating frequency which in turn 

reduces the quality factor, Qs. Hence, the frequency control circuitry designed for the TET 

consisted of a CV of 23 nF and Cp of 62 nF providing a tolerance to variation in misalignment 

of 10 - 20 mm and load variations of 6 – 25 W without degrading the overall system 

efficiency.    
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Figure 5-26: Amplitude spectrum across the resonant capacitor when CV >CP 
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6 Sheep experimental study  

Thus far, the main focus of this thesis has been the design and development of a TET system 

for powering high power implantable medical devices like artificial hearts and ventricular 

assist devices. A critical part of this project was to carry out an experimental study to validate 

the performance of the system. 

 

As discussed earlier in Chapters 2 and 3, heat dissipation of the internal components is 

assisted by blood perfusion in the capillary bed, while the coupling between the primary and 

the secondary coil varies with the muscle movement around the implanted circuitry; hence 

making a pure theoretical study on the topic is difficult. However, basic temperature rise and 

power regulation characteristics of a TET system can be practically tested and simulated 

using analytical and numerical modelling software as explained in the previous Chapters. An 

in vivo experimental study enables these effects to be accurately assessed.  

 

Chapter 6 
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In order to validate the performance of the system an experimental study was carried out 

using a sheep experimental model. This Chapter presents an experimental study showing the 

performance of the system with regards to power regulation and the heat generated by the 

internal components when the system is implanted in sheep. In addition, the final design of 

the TET system was also tested with an existing LVAD to validate its performance. 

 

6.1 Experimental protocol 

A sheep experimental model was selected for testing the TET system. Sheep have similar 

core body temperature (37.5 to 38.5 
o
C) to humans and their total body weight is sufficiently 

large to accommodate the internal and external coils. The aim was to deliver 15 W of 

regulated power to a load over a period of one month in six different sheep. Figure 6-1 shows 

the placement of the system in the sheep. The secondary coil was to be placed directly under 

the skin of the sheep through an insertion point on the chest.  

 

A resistive load was used to emulate the biomedical device and this was exteriorized through 

the insertion point in order to ensure that the heat dissipated by the resistor does not 

contribute to the heat generated by the secondary implanted coil. In reality the resistive load 

is replaced by the artificial heart where the power delivered by the system is converted to 

mechanical energy in the pump but later converted to heat during the operation. However this 

heat is dissipated by the body using blood flow as an efficient heat transportation medium. 

The primary coil is placed directly above the skin of the sheep.  The external circuitry 

containing the power converter and the frequency controller was placed away from the sheep 

to avoid any disruption to the circuit due to the movements of the sheep. 
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Figure 6-1: The experimental setup of the sheep experiment [101] 

 

The main focus of this experimentation was to obtain temperature data surrounding the 

implanted coil due to the operation of the TET system. Hence temperature sensors were 

implanted surrounding the secondary coil for monitoring the elevated temperature. The 

temperature around the secondary coil was tested for different loading conditions varying 

from 5 to 25 W. The system was also tested for variation in coupling in the sheep without 

using any power regulation circuitry.  

 

Figure 6-2 illustrates a timeline of the main experiment. On Day 0 the sheep surgery was 

carried out. This was then followed by 24 hours of baseline temperature measurements where 

the circuit was turned off.  Subsequently, the circuit was turned on to deliver 15 W of 

regulated power continuously over four weeks. At the end of this 4 week period the TET 

system was turned off and another 24 hours of baseline temperature measurements were 

taken. Following this, the system was also tested for variation in coupling by transferring 

power to the load without closed loop control. In this condition the input voltage was fixed 

and the variation in output power was monitored to identify the amount of variation in 

coupling between the coils. During this period the sheep’s movement was also monitored 

using a real time web camera and the images of the sheep were captured every 10 second 

intervals.  Finally on the Day 33
rd

 a postmortem was carried out to obtain tissue samples from 

the surrounding areas of the implanted coil for a histology study. During the experimentation, 
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the input current to the system, output power to the load, operating frequency of the primary 

power converter and temperature surrounding the implanted coil were monitored.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-2: The experimental setup of the sheep experimentation 

 

6.2 Experimental preparation 

Initial aspect of experimental preparation involved encapsulating the primary and the 

secondary coils. Both primary and secondary coils and the resonant capacitors were Parylene 

coated and encapsulated with medical grade silicon to provide a biocompatible barrier 

between the components and the body. Temperature sensors (Betatherm 10K3A1B 

thermistors) were attached to the primary and the secondary coil for measurement of 

temperature distribution around the coils. Figure 6-3 shows the placement of the temperature 

sensors around the secondary coil. Sensors 1 and 2 were placed at the front and back of the 

secondary coil; sensor 3 on the edge and 4 was 20 mm away from the edge of the coil. The 

temperature sensors were calibrated against a high precision Negative Temperature 

Coefficient (NTC) Resistive Temperature Device (RTD) (US sensor PPG101A1 100 Ω RTD) 

immersed in a water bath with the power transfer system both active and turned off. This was 
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discussed in more detail in Chapter 2. The temperature sensors used for monitoring were 10 

kΩ NTC thermistors with a resistance tolerance of +/-0.5% (equivalent tolerance of +/-0.1
o
C) 

[102].  

 

Figure 6-3: Placement of the temperature sensors around the implanted coil 

[102] 

 

Figure 6-4 illustrates a secondary coil just before implantation.  The implanted coil was 50 

mm in diameter and 2 mm in thickness as designed in Chapter 3. The sensors were attached 

to the coil using silicon adhesive outside the moulding of the coil. This ensures that the 

temperature measured by the sensor is in fact the temperature of the tissue.  

 

Figure 6-4: Form of the implanted coil just before implantation in to a sheep 
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6.3  Sheep surgery 

All procedures were approved by the Animal Ethics Committee of The University of 

Auckland. Six female Romney/Suffolk sheep aged between 2 - 3 years and weighing an 

average of 57 kg were instrumented.  Food, but not water was withdrawn 18 hours before 

surgery. Ewes were given 5 ml of Streptocin (procaine penicillin (250,000 IU ml
-1

) and 

dihydrostreptomycin (250 mg ml
-1

); Stockguard Labs Ltd., Hamilton, New Zealand) 

intramuscularly for prophylaxis 30 minutes prior to the start of surgery. Anesthesia was 

induced by intravenous (i.v.) injection of Alfaxan (alphaxalone, 3 mg kg
-1

, Jurox, Rutherford, 

Australia), and general anesthesia maintained using 2 - 3% isoflurane in O2. Ewes were 

allowed to breathe spontaneously. All surgical procedures were performed using sterile 

techniques [103]. The back and flank of each sheep was closely shaved and iodine was 

applied over the skin surface of the sheep.   Figure 6-5 illustrated the area of shaved skin of 

the sheep before applying iodine.  

 

Figure 6-5: The area of shaved skin of on of the sheep before the application 

of iodine of sterilization 

 

An incision approximately 13 cm long was made in a dorsal to ventral direction in the region 

of the bottom rib. A subcutaneous pocket approximately 30 cm long was made and the 

secondary coil was advanced to the end of the pocket. Similarly, another control coil was also 

implanted on the contra-lateral side of sheep in order to compare the tissue samples between 

the active and inactive regions. The leads from the secondary coil and thermistors exited 

through the incision point and were sutured in place. The long saphenous vein was 

catheterized to provide access for post-operative care and euthanasia. Post operatively; the 

sheep received a three day prophylactic course of engemycin antibiotic (10 mg/Kg every 24 

hours of oxytetracycline, Intervet Ltd, Upper Hutt, New Zealand). Figure 6-6 illustrates the 
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exit point of the power leads and the leads of the thermistors out of the insertion point being 

sutured in place. The secondary load was kept external to the sheep in order to dissipate the 

heat transferred across the skin outside the sheep’s body. A resistive load was used to 

represent the medical device and 15 W of power was delivered to the load. The secondary 

rectifier was also exteriorized as the thermal performance of the rectifier circuit is a separate 

topic which is less critical than the secondary coil as the rectifier can be placed anywhere in 

the body where there is good blood perfusion.  

 

 

 

 

 

 

 

 

 

 

Figure 6-6: The exit point of the power leads and the thermistors out of the 

insertion point being sutured in place 

 

Following surgery, sheep were housed in separate metabolic cages with access to water and 

food ad libitum. The Figure 6-7 illustrates the sheep housed in a metabolic cage. The sheep’s 

movement was restricted however it was possible to make general movements such as sitting 

and standing. The sheep were restricted form turning 180
o
 around in order to ensure that all 

cables exiting the sheep remained in place. They were kept in a temperature-controlled room 

(16 ± 1
o
C, humidity 50 ± 10%), in a 12 h light/dark cycle. The venous catheter was kept 

patent by periodic flushing with heparinized isotonic saline.  
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Figure 6-7: Metabolic cages that sheep were kept in during experimentation 

 

The primary exterior coil was held in place over the subcutaneous coil by the use of elastic 

ties through the skin using a coil holder. No magnets, skin adhesive or external pressure was 

applied to force the two coils together, thus the primary coil was merely kept over the general 

region of the secondary coil. The coil was rested directly above the secondary coil and 

separated only by the skin layer. A thermistor was placed on top of the primary coil for 

monitoring the temperature increase in the primary coil. The primary coil was held in place 

using a coil holder which consisted of five elastic bands tethered to the sheep wool as 

illustrated in Figure 6-8.  

 

Figure 6-8: The placement of the primary coil over the sheep’s skin [99] 
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6.4 Experimental setup 

 

An Agilent 34970A data acquisition unit and LabView 8.5 software was used to acquire 

temperature data at one sample per minute.  The output power at the load and the input 

current to the power converter was monitored using National instrument’s NI-DAQMX 6009 

data acquisition unit and these data were sampled at 10 Hz. The operating frequency of the 

primary resonant tank was measured using an Agilent HP75403 frequency counter unit and 

this data was also sampled at 10 Hz. Figure 6-9 shows a block diagram of the data acquisition 

program setup in LabView. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-9: Block diagram of the data acquisition program on LabView 
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The two Agilent data acquisition units (34970A and HP75403) were simultaneously accessed 

by the LabView software using National Instrument’s NI-488.2 GPIB hardware. As 

illustrated by Figure 6-9, for each data acquisition phase there was a computational stage of 

the final result. For thermistor, calibration equations were applied using the temperature 

calibrations method explained in Chapter 2. Similarly for primary power converter frequency 

detection, a frequency range was applied and the counter was manually triggered to ensure 

any noise frequencies were eliminated from the data acquired. Finally, the analogue voltage 

data obtained from NI-DAQMX 6009 was converted to current and output power. 

 

All data gathered in a single time cycle were copied on to text files along with the time of day 

and the date/month/year format. This enabled the tracking of all data back to their time 

acquired. Figure 6-10 shows the graphical interface of the data display window in LabView. 

Different tabs on the interface enable viewing of the temperature, frequency and output 

power data. Each time a sample was collected, the display graphs were individually updated. 

The interface also allowed adding comments into the text files for later access.  

 

 

Figure 6-10: Graphical interface of the data display window on LabView 

 

Figure 6-11 illustrates the experimental set up of the external circuitry and the data 

acquisition units in the control room. The sheep were kept in the room alongside the control 

room to ensure the smooth operation of the experiment regardless of any unexpected 

behaviour of the animals. The resistive load simulating the artificial heart was also kept in the 

control room in order to dissipate the power delivered to the load outside the body.  
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Figure 6-11: Experimental set up of the data acquisition units and the 

external circuitry in the control room 

 

6.5 Sheep experimental Results 

As explained in the previous section, the operation of the TET system was monitored in terms 

of output power, primary power converter frequency, input current to the system and 

temperature rise in the primary and the secondary coils. This section provides the 

experimental results of the power transfer capability of the system over the period of 

operation, coupling variation of the primary and secondary coils due to the movement of the 

sheep, temperature rise in the implanted circuitry and the histological results of the tissue 

obtained from the autopsy. 

 

6.5.1 Power transfer capability 

In each animal 15 W of power transfer was successfully maintained for the four week period. 

Power ranged from 14.6 – 15.1 W on average in the six sheep as shown in Figure 6-12. There 

were short intervals in which the power delivered dropped below 15 W. The maximum time 

period when the power was below 14.5 W was a total of 26 min over the four week period. 

The cause of inadequate power delivery was due to poor alignment between the two coils - 

this was attributed to the general behaviour of each sheep i.e. as they moved from sitting to 

standing or twisted their bodies, the orientation between primary and secondary coils altered. 

As noted in the methods section while the animals were within metabolic cages that 
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prevented them turning around completely they were allowed relatively free movement. 

Unless the power transfer dropped below 12 W the primary coil was not manually altered.  

 

Figure 6-12: Mean power (±SEM) delivered to the 6 sheep over 28 day period 

[102] 

 

The coupling variation between the primary and the secondary coil over 24 hours in a single 

animal is shown in Figure 6-13. Each of the graphs corresponds to; (A) power delivered over 

24 hours in one sheep, (B) with the corresponding frequency variation   over the same period 

of time, (C) the equivalent coupling coefficient and (D) axially aligned separation. The 

variation in frequency corresponds to variation in coupling between the primary and 

secondary coils due to the physical movement of the sheep. The variation in frequency was 

measured using the Agilent HP75403 frequency counter unit and the corresponding change in 

coupling inferred from bench tests that established the relationship between the two 

parameters prior to implantation. Frequency variation was between 156.5 kHz to 185.4 kHz, 

and the corresponding coupling coefficient varied between 0.045 - 0.23 which is equivalent 

to an axial aligned separation variation of 23-10 mm. The short intervals of less than 15 W 

correspond to intervals where the coupling has been too low for the controller to compensate. 
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A 
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Figure 6-13: Coupling variation over 24 hours in one sheep 
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6.5.2 Coupling variation  

As indicated by the experimental protocol, at the end of the four week period of delivering 

regulated power to the load, there were three days of delivering unregulated power to the load 

in each sheep experiment. This enabled the quantifying of the variation in power transfer due 

to the movement of the sheep. During this period, the sheep’s movement was also monitored 

using a Logitech Quick Cam Express. Images of the sheep were captured every 10 seconds 

over three days. Figure 6-14 illustrates four images within 1 minute and 11 seconds which 

indicates the movement of the sheep.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6-14: Images captured on the QuickCam within 1 minute and 11 

seconds 

 

The graphs in Figure 6-15a and 6-15b show the variation in power transferred and the 

corresponding coupling between the primary and the secondary coils of two different sheep 

over a 24 hour period. The upper and lower threshold value of the coupling coefficient of 

Sheep 1 is 0.24 and 0.084 respectively. The upper and lower threshold value of coupling 

coefficient of sheep 2 is 0.22 and 0.098 respectively. As seen by the results, the coupling 

variation between the two sheep is fairly variable. From the video data collected from the 

experiment it was observed that Sheep 1 had a greater variety of movements compared to 

Sheep 2 resulting in a greater variation in coupling coefficient. Consequently, a major factor 
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contributing to these results is the general behaviour in different sheep. However, the 

majority of the time, variation in the coupling coefficient was maintained around 0.15 - 0.22.  

 

(a) Variation in power transfer over 24 hours in Sheep 1 and Sheep 2 

 

(b) Variation in coupling over 24 hours in Sheep 1 and Sheep 2 

Figure 6-15: Variation in power transfer and coupling over 24 hours in Sheep 

1 and 2 [104] 

 

6.5.3 Temperature changes 

For all sheep, the steady state temperature was reached within 20 - 30 minutes from the initial 

baseline temperature. Figure 6-16 shows the transient temperature rise around the secondary 

coil. The temperature reaches a steady state within 25 minutes. The temperature rise of each 

sensor was obtained by taking the difference between the average temperature when the 

circuit is turned off (24 hours) and the temperature recorded over 1 minute intervals.  
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(Numbers in brackets refer to position as illustrated in Figure 6-3) 

Figure 6-16: Transient temperature profile around the secondary coil from 

base line in Sheep 6 

  

The average temperature rise over the four week period was 3.4 + 0.4 
o
C (mean + SEM) 

(Table 6-1) and the average absolute temperature over this period was 37.7 +0.3 
o
C (mean + 

SEM) in the six animals. To some extent it is likely that the temperature rise under the skin is 

also affected by the heat radiated from the primary coil where the maximum temperature rise 

was 12.9 
o
C, above a base line of 28.0 

o
C. This temperature did not exceed 41.0 

o
C in any 

sheep.  

 

On the back side of the secondary coil i.e. the side facing the muscle the average temperature 

rise over four weeks was 1.5 +/-0.3 
o
C. This temperature was relatively stable within each 

animal. The average temperature rise on the outer rim of the secondary coil was 1.4 +/-0.1 
o
C. 

The average temperature 20 mm from the secondary coil was 0.8 +/-0.1 
o
C. Thus, overall, the 

rise in temperature was very much localized to the centre of the secondary coil. A statistical 

analysis on the baseline temperature and absolute temperature was carried out using a paired 

two sample t-test of the means. The one-tail p-value in each case was less than 0.01 

suggesting that chances of the values being the same is very low. 
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Table 6-1: Temperature distribution around the secondary coil over 28 days, 

data shown as mean ±sem of temperature rise and absolute temperature at 

different locations for six sheep 

 

Location 
Baseline 

temperature (
o
C) 

Mean rise ± SEM 

(
o
C) 

Absolute mean ± SEM 

(
o
C) 

Front of secondary coil 

under the skin 
34.1±0.3 3.4 ±0.4 37.7 ±0.3* 

Back of secondary coil 

on the muscle side 
36.9±0.3 1.5 ±0.3 38.3 ±0.3* 

Side of secondary coil 34.9±0.1 1.4 ±0.1 36.3 ±0.1* 

20 mm from the 

secondary coil 
34.9±0.2 0.8 ±0.1 35.8 ±0.2* 

 

Figure 6-17 shows the temperature rise of the sensor placed at the centre of the secondary coil 

under the subcutaneous tissue. As discussed previously this sensor exhibited the highest 

temperature rise among all 4 implanted sensors. The maximum temperature rise (3.9 
o
C) 

above a baseline of 34.1 
o
C was recorded in the sensor placed at the centre of the secondary 

coil under the skin. The minimum temperature observed from this sensor was 2.3 
o
C in Sheep 

4. From these results it was evident that there is variation among different sheep. 

 

Figure 6-17: Temperature rise of the sensor placed above the secondary coil 

under the skin over 28 days for six different sheep when delivering 15W of 

power to the load 
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The TET system was also run for 1 hour with 25 W of power being delivered to the load in 

one sheep, and the mean temperature rise of 5.1 
o
C was observed on the sensor placed at the 

centre of the secondary coil directly under the skin (sensor 1). A power level of 15 W was 

chosen for the long term trial because it is expected to cover the power demands of a LVAD 

device.  

 

6.5.4 Histological study 

At the end of the experimentation period of each experiment, the implanted coils were 

removed and tissue samples were obtained for a histological study. As discussed previously, 

as well as implanting the secondary coil, an extra dummy coil was also implanted on the 

contra-lateral side of each sheep for comparison of tissue. The Figure 6-18 illustrates the 

images of the tissue directly under the implanted coils from the active and inactive side once 

the coils were removed at the end of the 4 week period. 

 

 

 

 

 

 

 

 

A. Active region     B. Inactive region 

Figure 6-18: The external view of the skin tissue once the coils were removed 

after one month. Image A corresponds to the active region and image B 

corresponds to the inactive region  

 

As illustrated by Figure 6-18, the skin tissue in the image from the inactive region looks 

smoother than the active region this is because in the active region the coil included 

temperature sensors on the surface of the coil leaving an uneven surface on the coil hence 

resulting in greater amount of scar tissue being formed. However, in both sample there is an 

abundance of blood vessels revealing the presence of healthy tissue.  
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At the end of the experiment an autopsy was carried out on the animals where 10 x 10 mm 

skin samples were excised from the area immediately above the secondary coil  and also 

directly under the secondary coil. The same samples were also taken on the contra-lateral 

control side of each sheep. Figure 6-19 illustrates a tissue sample being taken out directly 

above the centre of the secondary coil. The tissue samples were embedded in paraffin then 5 

μm sections were cut. The resultant sections were stained using the Haematoxylin and Eosin 

method (H & E). 

 

Figure 6-19: 10x10 tissue sample being taken out directly above the center of 

the secondary coil 

 

Figure 6-20 illustrates the examples of skin tissue stained with H & E from the active (A-C) 

and inactive (D-F) sites. The samples were taken directly above the secondary coil where the 

temperature rise was highest. The H & E stain clearly distinguished the basophilic (purple) 

and eosonophilic (red) structures within the tissue section. For both sets of conditions the 

dermal layers show no evidence of oedema, necrosis or apoptosis (A, D).  Hair follicles and 

melanocytes are readily identifiable again with no apparent change in morphology (B, E).  

Cell membranes and nuclei have also retained structural integrity (C, F). 

 

Furthermore, the dermal layers within each sample remained intact and clearly 

distinguishable (Figure 6-20 A, D) and this was also the case for hair follicle and melanocyte 

structural composition (Figure 6-20 B, E). 
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Figure 6-20: Histological results of the tissue on the active and inactive region 
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6.6 Discussion 

In summary, the system was able to successfully deliver 15 W of power to the load majority 

of the time over a four week period in six female Romney/Suffolk sheep. A histology study 

(using H&E staining) carried out on the tissue samples surrounding the TET system proved 

that there is no damage to the tissue from the elevated temperature due to the presence of the 

TET system. Although greater part of the experimentation was carried out without major 

interruptions, there was disruption to the experiment with sheep 4 during the second week of 

monitoring where the experiment was halted for 36 hours due to wires being chewed by the 

sheep. However, all wires and sensors were restored and the experiment was continued on 

successfully for the remaining weeks. 

 

The TET coils are located in areas of soft tissue where the coupling conditions are highly 

variable.  During the experiment it was observed that the most likely variation in coupling is 

mainly due to lateral displacement of the primary coil relative to the secondary. The closed 

loop controller employed in this study was capable of tolerating up to 20 mm of lateral 

displacements. This is sufficient to cover coupling variations between the coils during normal 

operation.  

 

Previous research on thermal effects of skin tissue has shown that tissue damage occurs when 

the local tissue temperature reaches 42 
o
C. This is well above the maximum temperature 

recorded in our system, 38.3 +/-0.2 
o
C on the sensor place directly above the secondary coil 

and under the skin. The temperature increase in surrounding tissue from the presence of a 

TET system is mainly due to heat generated by the implanted circuitry and the heat radiated 

from the external components. However, the convection of air external to the body and the 

perfusion of blood in the capillaries have a significant role in dissipating the heat generated at 

the implant site. Although it is possible to reduce the temperature increase in the secondary 

coil even further, it will be at the expense of having to produce larger/more bulkier secondary 

coil. This is because a larger secondary coil with more number of turns will have less current 

through the coil hence reducing the heat dissipated by the coil and in addition the coil will 

have a larger surface area to dissipate the heat more effectively. However the key to 

designing TET coils is finding the balance between heat dissipated in the coil and the size of 

the coil in order to avoid any discomfort to the patient. 
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The maximum temperature reached in our experimental set up for the primary coil was 41 
o
C 

when delivering 15 W to the load. This elevated temperature applied to the surface of the skin 

appeared to have no detrimental effect on the structural integrity of the skin (See Figure 6-

20).  However, the possibility that a longer exposure to an elevated temperature may cause 

structural damage cannot be ruled out. During an earlier performance evaluation of a TET 

system using a porcine model by Mussivand et al. [68], no adverse effects to tissue were 

demonstrated when up to 40 W of power was delivered to an implanted load without the 

tissue contacting surface on the implanted coil exceeding 42 
o
C. In the study presented in this 

thesis, no attempt was made to reduce the conduction of heat from the primary coil into the 

body. Given the high tolerance to coil separation, it would be feasible to insulate the primary 

coil from the skin surface to lower the temperature observed at the hottest thermistor. 

 

A recent development of a TET system designed by the New Energy and Industrial 

Development Organization (NEDO) artificial heart project reported that at 20 W power 

transmission the maximum surface temperature of the internal coil is 46.1 
o
C and this was 

measured at the ferrite core of the internal coil [70]. This high temperature is a major 

disadvantage of the use of ferrites in the system. Although ferrites offer the opportunity of 

improved magnetic coupling, it comes at the expense of added weight and increasing core 

losses and temperature rises. 

 

As indicated in the results the primary coil temperature reaches approximately 40 
o
C when 

delivering 15 W to the load. However the histology results showed that there is no damage to 

the skin due to this elevated temperature on the surface of the skin. There were good signs of 

hair re-growth, the presence of melonocytes, and blood vessels. As explained in Chapter 2, it 

has been reported that the thermal conductivity of normal tissue is reported to be three times 

greater than that of subcutaneous tissue and the perfusion of blood in normal tissue is also 

three times greater than subcutaneous tissue [105]. Hence the subcutaneous tissue is more 

susceptible to heating from the internal coil due to its lower thermoregulation capacity. The 

temperature rise at the back of the secondary coil was considerably lower (1.6 +/-0.4 
o
C) 

compared to the temperature rise at the front of the coil facing subcutaneous tissue. This 

shows the effect of blood perfusion on the skin’s ability to dissipate heat effectively.  As 

illustrated from our findings, it can be concluded that the thermo-regulation effects under the 
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skin is sufficient to dissipate the heat produced by the TET system without damaging the 

tissue.     

 

In this Chapter, a long term experimental study of the TET system using a sheep 

experimental model has been presented. The final variable frequency TET system is shown to 

be able to deliver regulated power to an implantable medical device without heating tissue 

above a mean temperature of 38.3 
o
C.  It has been found that delivering 15 W over a period 

of four weeks caused no noticeable damage to the surrounding tissue, or irritation at the skin 

surface.  
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7 TET integration into an existing heart 

pump  

Thus far, the load (artificial heart) on the TET system has been emulated by having a simple 

resistive load. However in the final implementation, the TET system is connected to an 

artificial heart pump. As discussed in Chapter 1, there is a variety of different artificial heart 

pumps and Left Ventricular Assist Devices (LVADs) currently present in the market and 

developed in research institutions [113, 114]. Hence, following the success of the system 

being tested in an animal model, the next stage of development is to integrate the TET system 

with an existing heart pump. This Chapter presents the details of integrating the TET system 

into an existing heart pump and also a discussion on requirements of the system in order to 

carry out human trials. The assist device used for integration was the MicroMed’s Debakey 

HA5 VAD. This is a 30 mm x 76 mm LVAD that weighs approximately 95 g and it is 

capable of pumping over 10 litres per minute. 

Chapter 7 
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7.1 Main components of the MicroMed’s Debakey HA5 VAD 

The main internal components of the MicroMed pump are a flow straightener, an impeller 

and a diffuser. These components are fully enclosed in a titanium flow tube that is 

hermetically sealed. As explained in the description in Chapter 1, the pump is driven by a 

brushless, direct current motor stator and the impeller is the only moving part of the pump. 

Figure 7-1 illustrates the main structure of the MicroMed’s Debakey VAD. The pump 

contains a flow probe for monitoring the flow rate of the pump and currently the pump is 

powered by a percutaneous lead (10 mm in diameter) leading from the external battery pack 

to the implanted LVAD. As discussed earlier in Chapter 1, 40% of patients fitted with 

LVADs suffered from serious infections and 21% of these total infections are due to drive 

line related infections [7]. Hence, the purpose of integration is to remove the percutaneous 

lead and use the TET system to wirelessly deliver power to the VAD.  

 

Figure 7-1: The MicroMed Debakey VAD system [34] 

 

In the current system the batteries are connected to an external VAD controller which 

controls the flow rate of the pump. The patient is provided with two identical Ni-MH 

rechargeable batteries which have a 12 V and 3 A, voltage and current rating respectively. 

Each battery weighs approximately 590 g. Figure 7-2 illustrates the Debakey VAD controller. 

The controller contains a standard 9 V battery which does not operate the pump but operates 

the controller alarms in an event of both batteries being disconnected. The VAD controller 

displays the pump operating parameters such as the pump speed, flow rate, power and 

remaining battery life. The controller has two battery ports and one VAD port. As seen in 

Figure 7-2, the front display of the controller contains a Liquid Crystal Display (LCD), two 
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green/amber/off (Battery 1 and Battery 2) Light Emitting Diodes (LEDs), one amber/off LED 

(Fail-Safe) and two buttons; one to silence/clear alarms and the other to scroll the display 

information. The controller also emits 3 distinct audible sounds; a diagnostic alarm, a 

emergency alarm and a controller malfunction alarm. 

 

The Controller contains an integrated flow sensor board which works with the implantable 

Flow Probe. The power to the flow sensor board is controlled by the battery logic. The flow 

sensor remains “on” when there is power connected to one or both battery ports. The quality 

of the flow signal is indicated by the received amplitude which is shown on the screen of the 

controller. The controller contains a restart algorithm which attempts to restart the pump in 

case of de-synchronisation or a pump stoppage. If the pump becomes desynchronized due to 

not enough power being delivered to the device, the controller attempts to restart the pump in 

within 2 seconds. When the pump restarts on the first attempt, the LCD screen is cleared and 

returned to the default display. If the Pump does not restart on the first attempt an emergency 

alarm goes off, which diagnose why the Pump stopped, for example display, BOTH 

BATTERIES DISCONNECTED or VAD DISCONNECTED. The controller then attempts to 

start the pump over the course of 60 seconds. The total number of attempts of restarting the 

pump is 9. If the 9 attempts to start the pump are unsuccessful, the controller stops restarting 

the pump [34]. 

 

 

Figure 7-2: The MicroMed Debakey VAD controller [34] 
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7.2 Incorporating TET 

The basic structure of the VAD system with the integration of the TET system is illustrated in 

Figure 7-3. The TET system can be powered by either an external rechargeable battery pack 

or a dc power pack that is connected to the mains. The external circuitry includes the primary 

power converter, the frequency controller and the receiver for the telemetry system as 

discussed in Chapter 5.  However additional circuitry is introduced to the implanted system 

which includes an implantable rechargeable battery and the VAD controller provided by the 

Debakey VAD. The implantable rechargeable battery ensures the safe operation of the VAD 

if the TET system fails. The pump will operate for approximately 30 minutes to 1 hour 

depending on the capacity of the batteries. For example the LionHeart system contains an 

internal rechargeable battery that allows for 20 minutes of operational time without the TET 

system while the  emergency rechargeable internal lithium battery in the Abiocor TET system 

is capable of delivering power for up to one hour [42, 47]. Hence additional battery charging 

circuitry is required to be included in the implanted system to recharge the batteries using 

power provided by the TET system. The following section provides details on the selection 

and requirements of implantable rechargeable battery technologies.  

 

Figure 7-3: Structure of the TET system following the integration of the 

Debakey VAD [106] 

 

7.2.1 Implantable rechargeable battery technology 

The selection of an implantable rechargeable battery is a particularly important design 

decision as it is critical for this battery to be safe, reliable and long lasting. Once the battery is 

Vout 
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implanted in a patient, it must be extensively used before replacement. Currently, Lithium 

batteries are the leading source of energy for medical devices due to their advanced 

characteristics, including high energy density, high open circuit voltage, reliability, 

predictability of operation, and hermetic sealing [107]. Several battery chemistries based on 

lithium have been developed to fulfil the different power requirements of various medical 

applications. Li-I2 primary (single use batteries) batteries have been widely used in cardiac 

pacemakers and low power applications where currents in the range of few μA are needed 

[108]. Lithium/thionyl chloride and lithium/carbonfloride batteries are intended for medium 

power applications such as neuro-stimulators and drug delivery systems that demand currents 

in range of a few mA [108]. However for the purpose of an implantable battery for the TET 

system developed in this thesis, the rechargeable battery must have high power delivery 

capacity. Rechargeable Li-ion batteries are the most commonly utilized battery technology 

for high energy demanding medical applications like LVADs and total artificial hearts [107]. 

Li-ion batteries have many advantages which makes them suitable for this application i.e. 

high energy density, lighter weight, longer cycle life, superior capacity retention, and 

endurance of a broader range of ambient temperatures. The following sub-headings focus on 

different characteristics of Li-ion batteries and compares Li-ion batteries against other battery 

chemistries. 

 

Energy Density and Voltage  

The main advantage of Li-ion cell technology is its higher energy density. For their size and 

weight, Li-ion cells store and deliver more energy than other rechargeable batteries. Energy 

density is measured both volumetrically and gravimetrically. As illustrated in Figure 7-4, Li-

ion technology can provide a volumetric energy density of almost 500 Wh/L and a 

gravimetric energy density of 200 Wh/kg. Compared with the past technologies, Li-ion 

battery is able to deliver more power with a smaller footprint and less weight. Li-ion battery 

cells operate at higher voltages than other rechargeable batteries, typically about 3.7 V versus 

1.2 V for Ni-Cd (Nickel Cadmium) or Ni-MH. This voltage level means that less Li-ion cells 

(no more than 4) are required to deliver power to an LVAD requiring 12 V dc input 

compared to 10 cells of Ni-Cd or Ni-MH [109].  
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Figure 7-4: Energy density of Lithium ion battery is much higher than Nickel based batteries 

[109] 

Self-Discharge  

Rechargeable batteries lose capacity over time (self discharge). However, with proper 

storage, most of its lost capacity can be restored. Generally batteries should be stored at room 

temperature (25 
o
C or cooler) for maximum capacity retention. To ensure the optimal 

performance, the batteries need to be kept at cool temperatures and charged as near to 100% 

capacity as possible at all times. At 25 
o
C, a sealed lead battery will self-discharge about 20% 

after six months; however after six months at 40 
o
C, this self-discharge factor increases to 

about 30%. Ni-MH cells have similar properties due to deactivation of the reactant materials 

during long-term storage. The self-discharge rate at 25 
o
C for both Ni-Cd and Ni-MH 

technologies is about 20% in the first month, with dramatic slowing subsequently. In contrast, 

Li-ion batteries deliver the optimum cycle-life performance when stored at a 30-50% state of 

charge. The self-discharge on Li-ion cells stored at 25 
o
C is only about 3-5% a month and 1-

2% each following month [109]. At 37 
o
C, the self discharge rate of a Li-ion battery is 

approximately 1.3% after 24 hours [110]. 

 

High-Temperature Tolerance  

Li-ion batteries are able to perform effectively at high-temperature conditions ranging up to 

40
 
– 45 

o
C. This is a key advantage of these batteries as they are to be implanted in a patient 

with a body temperature of around 37 – 38 
o
C. Ni-MH batteries do not perform well in 

higher-heat situations [109].  
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Cycle Life  

The cycle life of a battery is the number of recharging cycles the battery can go through 

before it reaches the point where it can be recharged only to a defined percentage of its 

original capacity. Cycle life for a lead-acid battery is between 250 and 500 cycles, depending 

on the quality of the manufacturer's products and the depth of discharge (down at most to 

60% of rated capacity) [109]. In general it is assumed that the implanted battery pack will be 

used once per day to operate the implanted device (in the case where the patient requires a 

shower or if the coils are misaligned and the implanted battery assists the TET system to 

provide full power the heart pump), with the majority of the operating time power being 

delivered from the TET system. From a study carried out by MacLean, G. K. et al. [110] on a 

preliminary evaluation of rechargeable lithium-ion cells for an implantable battery in 1995 

showed that lithium ion cells yielded longer cycle life at 37 
o
C (2239 cycles) compared to 

operation at 22 
o
C operation (1539 cycles) under 0.88 A discharge load. The 2239 cycles 

represent approximately 6.1 years at one cycle per day. Hence the cycle lives of the lithium-

ion cells are acceptable for an implanted battery pack and are considerably greater than the 

423 to 730 cycles found for nickel/cadmium cells previously tested under similar conditions 

[110]. 

 

7.2.2 Miniaturising the primary and the secondary circuits 

The primary and secondary circuits of the system shown in Figure 7-3 were designed on PCB 

(Printed Circuit Board) to minimize the size of the circuits. Figure 7-5a illustrates the 

physical size of the external and internal PCBs. The external circuit was 80 mm x 55 mm x 

25 mm and it was approximately 90 g in weight. The internal circuit was 30 mm x 30 mm x 

10 mm and 7 g in weight. However the secondary resonant capacitor was of similar size to 

the secondary circuitry and it was placed directly along side the secondary circuit. The 

internal batteries that were 50mm x 33mm x 8mm in size and 106g in weight were selected. 

Each battery was 4.2 V with 1100 mAhr capacity. Hence three batteries were connected in 

series to obtain a 12 V output voltage at the VAD. For reasons presented in the previous 

section, Li-ion batteries were selected for the internal battery.  
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Figure 7-5b illustrates the practical set up of the VAD prior to it being driven by the TET 

system. The pump was placed inside a tank with the outflow graft directly connected to a 

Perspex tube so that when the pump is activated the vertical head of water formed in the 

Perspex tube corresponds to the amount of power delivered to the pump. The output power 

from the TET system was directly connected to the VAD controller which drives the pump. 

Hence a small portion (approximately 1 W) of the power delivered from the TET system was 

consumed by the VAD controller while the rest was consumed by the pump. 

 

 

 

 

 

 

 

 

 

 

(a) Physical size of the circuits and the internal battery  

 

 

 

 

 

 

 

 

 

(b) VAD setup 

Figure 7-5: Physical TET circuits and VAD set up 
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7.2.3 Demonstration unit 

Once the miniaturized internal and external circuits were built and tested, the different 

components were put together to set up the demonstration unit illustrated in Figure 7-6. The 

primary and the secondary coils were connected to the external and internal circuitry 

respectively. The dc output of the TET system was directly connected to the VAD controller 

to drive the DeBakey pump. The primary coil was held on the surface of the mannequin using 

a belt and the secondary coil was place directly underneath the primary coil inside the 

mannequin using a coil holder which was glued to the inside. As seen in Figure 7-6, the water 

head of the Perspex tubing in the VAD container shows that the TET system is in fact 

powering the pump. The VAD controller provides information on the flow rate of the pump 

and the power consumed by the pump.  

 

Both the internal and the external circuits consisted of Nordic transceiver for wireless 

telemetry. A switch was included in the external circuitry to activate frequency control. When 

this was in operation, the primary coil can be laterally misaligned by up to 20 mm and the 

speed of the pump can be maintained constant, in other words, the level of the water head in 

the Perspex tube will be stationary. However beyond this point, the controller was no longer 

able to compensate for the variation in coupling hence the water head starts dropping off. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-6: Demonstration unit 
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7.2.4 Pump performance with the TET system 

In order to look at the performance characteristics of the pump with the TET system, the 

pump was forced to run at different flow rates when connected to the TET system. The flow 

rate of the pump was varied by clamping the outflow tubing in the pump at different 

resistances. In addition to this the pump was also run at these different flow rates using a dc 

power supply to make comparisons of power consumption with the two different methods of 

power delivery. Figure 7-7 illustrates the performance of the Debakey VAD when it is 

powered by the TET system and a dc power supply.  

 

Figure 7-7: Performance of the Debakey VAD with a standard dc power 

supply and the TET system 

 

The Pout_on display trace represents the output power displayed on the VAD controller. The 

Pin_DC trace is the input power required when the VAD is operated with a standard dc power 

supply. As seen by the Pout_on display and Pin_DC traces, the difference in power level is due to 

some of the supplied power being consumed by the VAD controller. The Pin_TET trace 

represents the input power supplied by the TET system. In this case, extra power delivered is 

due to power being consumed by the components in the TET system. The TET system 

delivers power to the pump controller at a power efficiency of approximately 80% - 82% 

depending on power delivered. In this instance power efficiency is calculated from the ratio 

of input power supplied by the dc power supply (Pin_DC) over the input power to the TET 
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system (Pin_TET). This accounts for the power consumed by the pump controller. As seen by 

the graph the relationship between the output power and the flow rate is almost linear. 

 

7.3  Steps towards human trials 

The work carried out in this thesis shows major progress towards utilizing a TET system for 

powering LVADs and artificial hearts. However there are a number of steps which need to be 

carried out before this technology can move forward towards human trials. Figure 7-8 is a 

flow chart which demonstrates the steps towards developing a TET system that can be carried 

through to human trial. The first five steps of the flow chart have been completed in this 

thesis and the next steps form future work. More detailed explanations of some of these steps 

are given in the next Chapter (Chapter 8 –conclusions and future work).  

 

The next stage of this project is to include the pump controller in the external circuit of the 

TET system and set up a bi-directional communication link between the secondary TET 

system and the primary circuitry. The secondary circuits should also be expanded to include 

battery management circuitry for cell balancing (this is necessary for charging multiple cells 

simultaneously). As discussed in Chapter 5 the communication channel in the system is 

currently 2.4 GHz, however frequency specified for medical devices according to MICS 

(Medical Implant Communication Service) is approximately 402 - 405 MHz. Operating at 

this frequency ensures there is no interference with the communication between the internal 

and external compartments as any breakdown in communication can be life threatening to the 

patient. Hence a bi-directional communication link needs be implemented using a MICS band 

transceiver (for example Zarlink MICS transceiver). Furthermore, transceivers designed to 

operate in the 402 - 405 MHz band fully satisfy the requirements of the MICS with respect to 

size, power, antenna performance, and receiver design [111].  

 

The circuitry in the system must meet the EMC (Electromagnetic Compatibility) standards of 

IEC60601-1-2 (International standard for medical electrical equipment). This document 

includes general requirements for basic safety and essential performance and electromagnetic 

compatibility requirements and tests. The sub-clause 6.2.6.1(d) of this document addresses 

the guidelines to ME (Medical Electrical) equipment and ME systems that intentionally 
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receive RF electromagnetic energy. The clause states “When an intentional receiver of RF 

electromagnetic energy is tuned to its frequency of reception, it is impossible for that section 

of the ME equipment or ME system to be immune to a test signal in its passband. Therefore 

the disturbance of the receiving section is permitted”. However, the clause requires all other 

operation functions of the system to operate as intended [112].   

  

The final experimentation before human trials is to test the entire system in a long term 

animal experimental model including the pump being implanted in the animal. During these 

experiments, many additional parameters will be monitored compared to the previous sheep 

experimental study, which will include the performance of the pump, physiological 

characteristics of the animal including blood pressure, ECG etc. The results obtained from 

these trials will be the key to moving forward into human trials.  
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Figure 7-8: Flow chart of development of a TET system towards human trials 
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8 Conclusions and future work 

The aim of this work was to develop an effective TET system for high power implantable 

medical devices. While focusing on characterizing various important aspects of a TET system 

this thesis presented the development of a novel approach utilizing frequency control that 

allows for: 

 Wide tolerance in the alignment between internal and external coils for coupling 

variations of 10 mm to 20 mm 

 Relatively small size (50 mm diameter, 42 g primary coil and 23 g secondary coil) 

 Enables the transfer of up to 25 W of power 

 Able to deliver 15 W to the load with a maximum temperature rise of 3.4 
o
C in the 

implanted coil. 

 

Chapter 1 presented a general introduction to various implantable medical devices that are 

currently using TET systems and characteristics of different artificial heart pumps with 

Chapter 8 
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regards to their pump speed, power requirements and their current method of power delivery. 

Furthermore, problems associated with current TET systems such as power efficiency, 

tolerance to misalignment, and implant size have been addressed. A system level overview of 

a TET system for high power implantable medical devices in terms of primary power 

converter topologies has been provided. For the proposed TET system in this thesis, a 

current-fed push-pull type resonant converter was selected for the generation of the magnetic 

field. The push-pull converter developed performs well in terms of power efficiency, 

operating stability and voltage boost-up characteristics. 

 

Chapter 2 presented a thermal study of skin tissue surrounding the primary and the secondary 

coils. Previous research has shown that the perfusion of blood and the thermal properties of 

skin tissue play a crucial role in dissipating the heat generated by the coils. Temperature 

distribution of the surrounding tissue has been modelled using COMSOL Multiphysics 

software. The models were validated by carrying out bench tests and also by carrying out a 

short term sheep experimental study, delivering power through the skin of a sheep while the 

sheep was under general anaesthesia.  The simulation results were within 1% of the practical 

measurements. Using simulations it was also established that although the absolute 

temperature increases linearly with room temperature, the temperature rise remains fairly 

constant with room temperature variations.  

 

Chapter 3 was a detailed study of constructing primary and secondary coils for a high power 

TET system. Numerical simulations were shown to accurately replicate physical 

measurements and formed the basis for designing coil sets with good coupling and tolerance 

to variation in misalignment. The primary and secondary coils were 50 mm in diameter with 

a total coil weight of 63 g. At the conclusion of this chapter a workflow chart was provided 

for designing coils with low temperature rise for any medical application using the numerical 

packages utilized in this thesis (COMSOL, ANSYS and JMAG). 

 

One of the main focuses in this thesis was to improve the power efficiency of the TET system. 

Chapter 4 provided a power loss analysis of an earlier TET system and identification of ways 

of improving the efficiency. The power efficiency of the TET system at the start of this 

project was only 42% for delivering 10 W of power to the load. By the designing well-

coupled coils in Chapter 3 and by improving the driving mechanism in the current-fed push-

pull power converter, the system’s power efficiency was improved to 88% for delivering 15 
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W of power to the load over the same coil separation. The power efficiency of the system was 

84% for delivering 15 W to the load even at a large separation of 20 mm between the coils. 

Furthermore the system’s power efficiency remains above 80% when delivering up to 25 W 

to the load. 

  

In addition to good power efficiency, it is necessary to accommodate variations in coupling 

through the use of a controller that generates the required magnetic field. This was the focus 

of Chapter 5. A frequency control method using a switched capacitor control method was 

used to carry out primary based power control. Following this closed loop control was 

incorporated into the system using two nRF24E1 Nordic transceivers for data communication. 

A proportional control method was adapted to regulate the power delivered to the load for 

variations in coil coupling and loading conditions. The system response time was 

approximately 200 ms for variation in coupling and loading conditions. Previous power loss 

analysis was revisited in order to look at the impact of the control circuitry on the overall 

system power efficiency. The power efficiency of the system still remained at approximately 

83% over coupling variations of 10 - 20 mm. 

 

Chapter 6 in this thesis provides details on a long-term experimental sheep study to validate 

the impact of temperature rise in skin tissue and to look at the controller performance when 

the system was implanted into a non-compliant animal. During the experimentation, the 

secondary coil was implanted under the skin in six sheep and the system was operated to 

deliver a stable power output to a 15 W load continuously over 4 weeks. The maximum 

surface temperature of the secondary coil increased by a mean value of 3.4 ± 0.4 
o
C (+SEM).  

The highest absolute mean temperature was 38.3
 o
C. The mean temperature rise at 2 cm from 

the secondary coil was 0.8 ± 0.1 
o
C. The efficiency of the system exceeded 80% across a 

wide range of coil orientations. Histological analysis revealed no evidence of tissue necrosis 

or damage after four weeks of operation.  

 

The final aspect of this project was to use the TET system to power an existing heart pump. 

Chapter 7 demonstrates the TET system powering an existing heart pump provided by 

MicroMed (MicroMed’s Debakey HA5 VAD). A demonstration unit was built with the 

inclusion of all the functions of the system to show the performance capabilities of the TET 

system. The PCB layouts of the primary and the secondary circuitry were redesigned to 

reduce the size. The performance of the pump was tested with the TET system and the system 
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was able to deliver power with 80 - 82% efficiency at various flow rates of the pump. This 

Chapter also provides a brief discussion on the subsequent steps towards carrying this 

technology towards human trials. 

 

8.1 Contributions of this thesis 

The main contributions of this thesis include: 

 

 A 2D finite element modeling analysis of the temperature distribution to assess 

heating implications on tissue around the primary and secondary coils. These models 

were verified using a short term sheep experimental model. 

 Develop method for designing the primary and secondary coils with low temperature 

rise for TET systems for specific power requirements and coupling conditions. 

 Design of improved primary and secondary coils to deliver 15W with tolerance to 

20mm coupling variation and small enough for implantation. The coils were of 50 

mm in diameter and the weight of the primary and the secondary coils were 42 g and 

23 g respectively.  

 Development of an improved TET system in terms of power efficiency, thermal 

dissipation capacity and tolerance to misalignment to meet performance criteria for 

human heart pumps. 

 Demonstrating a TET system with high power efficiency of up to 88% for 15W power 

delivery. 

 Implementation of primary power control with closed loop power regulation to 

tolerate misalignments of 10-20 mm of axially aligned separation and 20 mm of 

lateral displacement. 

 Conducting a long-term experimental study to quantify the variation in coupling from 

a non-compliant large animal, validating the regulation of power and also temperature 

performance of the TET system and a histological study showing no damage to tissue 

from a maximum elevated temperature of 3.4
o
C.  

 Demonstrating the developed TET system’s ability to drive an existing heart pump. 

The system was used to drive MicroMed’s DeBakey VAD system. The maximum 

power consumed by the DeBakey VAD when driven using the developed TET system 

was approximately 11W (including the patient controller). 
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th

 International conference of Biomedical 

Engineering held in Singapore – 2008 
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The work undertaken has also lead to the following conference proceedings: 

1. T. Dissanayake, D. Budgett, A. P. Hu and S. Malpas, “Wireless power supply for 

implantable heart pumps”, NZBio Conference held in Auckland, New Zealand, 2010 

 

2. D Budgett, T Dissanayake,  A. P. Hu , L. Bennet, L. Booth, S. Malpas, “Development 

and validation of a TET system for powering implantable medical devices”, 

American Society of Internal Artificial Organs Conference held in Dallas, US, 

2009 

 

3. T. Dissanayake, D. Budgett, A. P. Hu and S. Malpas, “Transcutaneous energy transfer 

system for powering implantable biomedical devices”, International Conference on 

Biomedical Engineering held in Singapore, 2008. 

 

4. T. Dissanayake, D. Budgett, A. P. Hu, and S. Malpas, “Experimental thermal study of 

a TET system for implantable biomedical devices”, IEEE Biomedical Circuits and 

Systems Conference held in Baltimore, US, 2008. 

 

5. T. Dissanayake, D. Budgett, A. P. Hu, S. Malpas, “A thermal analysis of a TET 

system in chronic sheep”, Medical Sciences Congress held in Queenstown, New 

Zealand, 2008 

 

6. T. Dissanayake, D. Budgett, A. P. Hu, “Closed loop frequency based power 

regulation for transcutaneous energy transfer systems”, Engineering and Physical 

Sciences in Medicine and the Australian Biomedical Engineering Conference 

held in Christchurch, New Zealand, 2008 

 

7. T. Dissanayake, D. Budgett, A. P. Hu, “Experimental coupling analysis of a 

transcutaneous energy transfer system”, Asia-Oceania Top University League on 

Engineering Postgraduate Conference held in Auckland, New Zealand, 2008 
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8. T. Dissanayake, D. Budgett, A. P. Hu, “A magnetic coupling analysis of a TET power 

delivery system”, International Conference on Biomedical Electronics and 

Devices held in Portugal, 2008 

 

9. T. Dissanayake, D Budgett, A. P. Hu, P. Si, S. Malpas, “Improved coil design for 

TET implantable medical devices”, Medical Sciences Congress held in Queenstown, 

New Zealand, 2007 

 

10. T. Dissanayake, H. Chen, P. Si, D. McCormick, P. Blythe, S. Malpas, P. Hu, D. 

Budgett, “Quantifying Efficiency and Robustness of Transcutaneous Energy Transfer 

system for implantable medical devices”, American Society of Internal Artificial 

Organs Conference held in Chicago, US, 2007  

 

8.3 Future work 

The work presented in this thesis has improved the performance of the TET system in terms 

of its overall power efficiency and its tolerance to misalignment.  A comprehensive 

implementation of the system in sheep tests has been demonstrated, and the system was also 

successfully incorporated into an existing heart pump. However, there are a number of 

aspects that need to be further studied before the technology can be practically applied to 

human applications. 

 

Implementation of internal battery management circuitry 

The main focus of this thesis has been the development of an effective TET system. A logical 

next step is to give serious consideration to implementing a rechargeable battery and the 

inclusion of a battery management circuitry. Analysis is needed on the performance of the 

implantable battery in terms of cycle time, charging needs and thermal implications. This 

provides guidance for patient’s use patterns against maximizing time before needing to 

charge or replace the battery surgically.  

 

In general, most LVAD devices have dc input voltage requirements of about 12 V. This level 

of potential voltage cannot be provided by a single Li-ion cell, hence several cells need to be 
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placed in series. Charging several cells is not trivial as it is important to ensure that all 

batteries are evenly charged (balanced charging). Consequently, implementation of a 

balanced charging circuitry for the implantable rechargeable battery would be a valuable 

addition to the existing system. 

 

Bi-directional communication link with MICS 

The current data communication is carried out using two nRF24E1 Nordic transceivers using 

a 2.4 GHz communication channel. The current communication protocol is also uni-

directional as only the internal transmitter sends data information on the loading conditions to 

the external receiver. However, in the final system, both internal and external transceivers 

must be able to send and receive data in order to implement a more advanced communication 

protocol that enables the external transceiver to send verification commands to the internal 

transceiver ensuring that the data received is correct. Further to this, as mentioned in the 

previous Chapter, MICS standards require medical devices to be operated in the 400 MHz 

range hence a MICS band transceiver must be implemented into the system.    

 

Thermal analysis of the overall implanted system 

In chapter 2 of this thesis, focus was on modelling the temperature distribution around the 

primary and secondary coils. However, the implanted components in the system also include 

the secondary power conditioning circuitry, battery charging circuitry and the implanted 

battery. All these components of the implanted system also dissipate heat therefore a 

thorough analysis needs be carried out on the heat distribution around these components and 

also different operating conditions of the system that will produce more heat. For example, 

the maximum charging current of the internal battery that contributes to minimum heating. 

Modelling work can be further expanded to look at areas where these components can be 

ideally implanted, for example, within the body where there is greater capacity for blood 

perfusion to dissipate the heat generated by the system.  

 

Optimal operating frequency  

Operating frequency is an important factor in TET systems which affect multiple 

performance parameters as explained in section 4.8. The operating frequency within the range 

of 160 kHz to 200 kHz was chosen taking into consideration many factors such as tissue loss, 

power loss, power transfer ability, implant size and ZVS conditions. The performance results 
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of the designed system show the chosen operating frequency is very good. However it would 

be valuable to find the optimal operating frequency of the system which will help to 

determine if system performance can be improved further.  

 

Animal experimental study of TET system driving an artificial heart  

During the experimental studies carried out in sheep presented in this thesis, a simple 

resistive load was used to replace the heart pump. Hence the main focus was only given to 

performance of the TET system for variations in coupling conditions between the primary 

and the secondary coils. However in a patient, the loading conditions of the pump are 

subjected to changes depending on day to day activities of the patient. By implanting an 

artificial heart in an animal and driving the pump using the TET system, the scenario can be 

studied more closely. This will enable monitoring of the pump rate for various movements of 

the animal as well as the performance of the TET system for variations in coupling and 

loading conditions simultaneously. Once more, a sheep experimental model can be utilised 

for these experiments, as it has similar cardiac function to humans and is also large in size to 

retain the implanted components. 
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