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Chapter 1 
 

Introduction 
 
 
 
 
 
 

 

1.1 Background 

By looking at the history of technology developments, it can be seen that a rapid 

improvement or development of certain technology is normally driven by needs. A typical 

example of this phenomenon is the wireless internet connection, which has only been 

made available to people at common public places in recent years. A decade ago, the only 

way to gain access to the World Wide Web was through telephone lines with a speed up to 

56 kbps. Although it was recognized as the most contributive technology in all 

communication related fields at the time, people were still unsatisfied with slow data 

exchange rate and therefore drove the research direction to aim at creating faster internet 

for fulfilling the demands. Few years after, applications of the internet have successfully 

been extended to various fields, the demands of internet services were therefore no longer 

focused on the transmission speed but have rapidly moved on to its accessibilities, forced 

ISPs (Internet Service Providers) to once again change their service direction and made 

the wireless internet connections available at public places in a very short period of time. 

Similar to the revolution of internet connections, power transfer systems have gone 

through tremendous changes over the last decade. These changes include but not limited to 

the improvement of power transfer efficiency, circuit topologies, power levels, and most 

importantly the power transfer methods. It has been known for more than a century that 

signals and power can both be transferred from one place to another in electromagnetic 

1.1 Background 
1.2 Introduction to IPT Systems 
1.3 Present Challenges in Power Flow 

Control of IPT Systems 
1.4 Objectives and Scope of the Thesis 
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forms. The example of internet connection has explicitly shown the two different ways of 

signal transmission where the signal can either be transmitted using closed circuit with 

cabling connections, or by wireless without any direct electrical contacts. These two 

methods can also be applied in the power transfer systems and in fact, have been a 

common practice in industrial fields, for example, direct power transfer by plugging 

electrical devices into power sockets, or non-direct power transfer through magnetic 

coupling in traditional transformers and electrical machines. Although it may seem that 

the signals and power have shared many commons in their transmission methods and 

therefore presumably making similar progress of development in the industrial fields, 

practical constraints and design considerations of the two are still quite different. This has 

resulted in the development of contactless/wireless power transfer to lag far behind that of 

signal transfer. Usually a transmission power loss of more than one hundred decibels may 

be acceptable in a radio system if the information carried by the signal can be recovered at 

the receiving end [1]. This requires the resonant tuning circuit of the receivers to have a 

quality factor Q as high as 100 for achieving proper signal recoveries. On the contrary, in 

a power transfer system the quality factor Q has to be designed to be much smaller 

(around 6 ~ 10) in order to reduce the system sensitivity to parameter variations, as well as 

the cost, size, and power losses, to meet the load demands. These considerations have 

inevitably increased difficulties associated with the practical design and implementation of 

contactless/wireless power transfer systems. 

Nowadays the mainstream of power transfer systems is still largely using conductive 

power transfer based on closed circuits that allow for direct power flow along the 

conductors. However, it has been found that hard wiring connections may not be suitable 

for applications such as clean manufacturing plants, underwater vehicles, biomedical 

implantable devices, etc [2-4]. These kinds of environments normally require power 

delivery to movable objects with low maintenance and high tolerance to dirt, chemicals, 

and water. Therefore, contactless/wireless power transfer without direct electrical contact 

is preferable in these situations. 
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Table 1-1:  Contactless/Wireless power transfer options 

Features Energy Harvesting Capacitive Inductive 

Basic Theories 

Wave propagation, 

Temperature gradient, 

Acoustics energy, etc. 

Distributed electric 

field 

Distributed magnetic 

field 

Typical 

Techniques 

 Ambient 

Electromagnetic 

Energy Harvesting 

 Thermoelectric 

Energy Harvesting 

 Acoustic Energy 

Harvesting 

 Capacitive 

Power 

Transfer 

(CPT) 

 Inductive 

Power 

Transfer 

(IPT) 

Power Level Low (μW ~ mW) 

Low (mW) 

~ 

Medium (W) 

Low (mW) 

~ 

High (kW) 

Table 1-1 shows the available options for achieving contactless/wireless power transfer. 

As can be seen from the table, the contactless/wireless power transfer technologies are 

categorized into: energy harvesting, capacitive power transfer (CPT), and inductive power 

transfer (IPT). The energy harvesting system produces the most environmentally friendly 

power amongst the three since the electrical power is transferred/converted from ambient–

radiation sources, kinetic energy, thermal energy, acoustic energy, etc [5-9]. However, 

some of these naturally available energy sources are normally not abundant and their 

availabilities are sometimes uncertain. Moreover, the power flow control, energy 

gathering and storage techniques needed for this technology are often complicated and 

difficult which limits this technology to be applied for low power applications such as 

wireless sensors, wearable electronics, and some mobile devices [10-17]. 

The capacitive power transfer (CPT) is another way for providing contactless/wireless 

power to movable objects. Figure 1-1 shows the basic structure of a simple CPT system. 

CPT is a voltage driven system that uses distributed electric field as power flow path to 

achieve contactless power transfer. As can be seen, a power source is used for producing 

high frequency ac voltage to two conductive plates at the primary side of the system. Two 

other plates at the secondary side are placed within a certain distance from the primary 

plates such that a loose electric field coupling can be formed and a displacement current 

can „flow‟ through the plates. However, the voltage at the secondary side is usually 
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unsuitable to be directly used to drive the load. Therefore a power conditioner is normally 

required to regulate the power into a required form [18]. 

Electric Coupling

Power 

Source
Load

Power

Converter

Power Conditioner

Primary Secondary
 

Fig. 1-1:  Basic structure of a simple CPT system 

The CPT system has the advantage of transferring power through metal barriers with low 

radiated EMI (Electromagnetic Interference). However, because the air has a very low 

permittivity that is close to ε0 (8.854×10
-12

) in vacuum, compared to the permeability µ0 

(4π×10
-7

), it is much more challenging to design high power CPT systems without very 

good dielectric materials. Using dielectric materials with high relative permittivity such as 

PZT (Lead Zirconate Titanate, εr ≈ 2600) makes CPT systems more attractive. But there is 

a need for more research in this direction before it becomes commercially viable [19]. 

IPT (Inductive Power Transfer) uses magnetic field as an energy carrying medium for 

achieving contactless/wireless power transfer. At the beginning, it was considered to be 

impractical. Transferring power at high levels with low frequencies such as 50 Hz or 60 

Hz is nearly impossible, if the primary and secondary side of the system is not tightly 

coupled as in the traditional transformers. With the rapid development of power 

semiconductor switching devices and power conversion techniques in the last few 

decades, the operating frequency can now be raised to a much higher level which enables 

fast changing rate of the magnetic field. This allows coils of the primary and secondary 

side to have a much stronger induction effect even they are physically separated. Thus IPT 

systems has become practically feasible [20]. 

Among the three options for achieving contactless/wireless power transfer that have been 

discussed, IPT covers a wider range of power levels, and it has gained many practical 

applications where direct electrical contact is impossible or inconvenient. 
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1.2 Introduction to IPT Systems 

1.2.1 Basic Structure and Operating Principle 

Power

Converter
Track Loop

AC Current

Pickup Coil

Pickup Tuning 

Circuit

Loose Magnetic 

Coupling

Power

Input

Load
DC

Filter
Power 

Conditioner

Secondary Power Pickup

Primary Track Power Supply

Power

 

Fig. 1-2:  Basic structure of a typical IPT system 

Figure 1-2 shows the basic structure of a typical IPT system [21]. It can be seen that an 

IPT system consists of a primary power supply and a secondary power pickup which are 

electrically isolated from each other. The stationary primary side comprises of a power 

converter with a track loop. The power converter takes power from a power source to 

generate a high frequency ac current (normally 10 ~ 100 kHz) with a sinusoidal waveform 

along the track loop. As such, a magnetic field is created to allow power being transferred 

from the primary to the secondary through the magnetic coupling between them. The 

secondary movable power pickup consists of a pickup coil and a power conditioner. By 

magnetic induction, an emf (electromotive force) is induced in the pickup coil. However, 

since the primary and secondary side is normally loosely coupled, the induced emf is often 

too weak to be directly used by the load; therefore a power conditioner is required to 

regulate the power. The power conditioner can further be separated into an ac tuning part 

and a dc filtering part by a rectifier. Different tuning configurations such as LC (Inductor-

Capacitor) and LCL (Inductor-Capacitor-Inductor) can be applied for boosting up the 

open-circuit voltage of the pickup coil. For dc applications, the boosted ac voltage after 

rectification has to be filtered to meet the load requirements. 
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1.2.2 General Features 

IPT provides the following features compared to the traditional power transfer systems: 

Freedom of mechanical movements 

Since the primary current track and the secondary power pickup are loosely coupled, the 

pickup has much more freedom in mechanical movements. The power pickup is often 

designed to move in the direction of the track loop to maintain good magnetic coupling 

(see Fig. 1-2), but 2-Dimensional and 3-Dimensional movements are also needed in some 

applications such as wireless charging pads and wireless powered animal test cage for 

biomedical research [22-24]. 

Reliable and safe operation 

Since IPT systems transfer power without using direct electrical contact, the two separated 

parts of the system can independently be enclosed using nonmetal materials. This 

eliminates possible electric shocks and sparks. Moreover, the system is immune to dirt, 

dust, water, and chemicals, making it applicable in harsh environments for providing 

reliable operations. 

Low maintenance 

As the operation of IPT systems does not involve any direct friction like traditional 

conductive sliding contact power transfer systems, mechanical wears and tears are 

completely eliminated, which makes it almost maintenance-free. 

Environmentally friendly 

Concerns have been raised regarding to whether by exposure to time-varying magnetic 

fields could cause harmful effects on human bodies [25-27]. Studies have been undertaken 

in two major frequency ranges which are the ELF ~ LF (0 ~ 100 kHz) and MF ~ EHF (100 

kHz ~ 300 GHz) [28, 29]. Various reports have indicated that human bodies may be 

affected by high intensity magnetic fields with the result of temperature rise in tissue or 

body. However, this only happens in microwave range, e.g., broadcasting, 

telecommunications, radar, and microwave ovens. In a low frequency electromagnetic 

field range such as 10 ~ 100 kHz (produced in IPT systems), no observable negative 

biological effects has been found. Therefore IPT is regarded as hazard-free for on-site 

workers [30, 31]. 
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Furthermore, because the elimination of electrical direct contacts, IPT does not generate 

any carbon residue during operation as traditional conductive moving contact systems do. 

This feature also makes the IPT systems environmentally friendly and hence has widely 

been used in „clean rooms‟ where semiconductors are manufactured [32]. 

1.2.3 Related Applications 

The IPT systems have gained many applications owing to its unique contactless/wireless 

power transfer characteristic and advantageous features aforementioned. To give a general 

idea for the coverage of IPT systems, some applications are presented and discussed here. 

Electric toothbrush 

Electric toothbrush was initially created for orthodontic patients and claimed to have better 

performance than manual toothbrushes as it leaves less room for patients to brush 

insufficiently. There were two different ways for powering the electric toothbrush which 

are plugging in to a standard wall outlet and run off ac line voltage, or using rechargeable 

batteries. The first method requires direct cabling connection to a power source and hence, 

not only limited the portability of device but also created potential electrical hazards in 

moisturized operating environment such as bathroom. Using rechargeable batteries can 

allow the device to be operated cordlessly; nevertheless it still requires metal tabs to have 

direct electrical contact with the charging base. 

 

Fig. 1-3:  Wireless charging electric toothbrush [33] 

An inductive battery charging system was therefore employed to have sealed 

compartments for preventing water damages and possible electrical hazards associated 
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with moistures. The charging method operates similarly to IPT systems, but it is much 

simpler to design since the coupling distance is close and fixed with a fairly low power 

requirement (2 ~ 4 W). As such, it has now been widely used in various battery charging 

systems [34-39]. Figure 1-3 shows a wireless charging electric toothbrush. 

Electric vehicle 

In the past few decades, vast resources have been invested into developing electric 

vehicles with intentions to partially or completely replace petrol vehicles for providing 

emission-free transportations. Different approaches have been implemented, including 

BEV (Battery Electric Vehicles), FCEV (Fuel Cell Electric Vehicles), and HEV (Hybrid 

Electric Vehicles) [40, 41]. The BEV and FCEV both have emission-free feature which 

reduces air pollution. However, the BEV is only applicable in low speed transportation 

with short driving ranges (100 ~ 200 km) due to its battery management problem, and the 

FCEV is still at its early development stage with the cost and refueling system as major 

concerns. The HEV is a hybrid system using both petrol engine and electric motor to drive 

its wheels. It is commercially available to people and has the advantage of long driving 

range, better fuel economy, and very low carbon emission. Nevertheless, power 

management of the HEV is much more complicated compared to vehicles using a single 

power transmission system; in addition, the HEV requires bulky batteries for electric 

power storage [42-44]. 

IPT systems have been implemented in people movers at urban areas as an alternative 

solution to solve some of the problems associated with the present electric vehicles. An 

example can be given from an inductively charged electric vehicle which was successfully 

implemented in 1998 by Wampfler AG, Germany, in association with Auckland 

UniServices Limited, and the Department of Electrical and Computer Engineering at the 

University of Auckland. In this project, the electric vehicle charges its batteries by 

receiving power inductively from a primary charging coil which is buried underground 

and carrying a current of 80 A at an operating frequency of 12.9 kHz. Power of the vehicle 

was rated at 30 kW with a total charging current of 200 A for fast battery replenishing (2 ~ 

3 minutes) [45]. The electric vehicle is now still being used in Whakarewarewa Thermal 

Park at Rotorua, New Zealand, and coping well with the harsh operating environment. 
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Figure 1-4 shows an illustration of an inductively powered electric train, which follows 

the same principle but runs directly along the rails with a primary tack loop. The onboard 

batteries get continuously charged and therefore do not require a stationary charging 

process. 

 

Fig. 1-4:  Illustration of an inductively powered electric train [46] 

Nonintrusive data and power transfer to an AUV (Autonomous Undersea Vehicle) is 

another good example of IPT systems in the area of electric vehicles. In 1992, an AUV 

named Odyssey was developed in MIT Sea Grant's AUV Lab under ONR (Office of 

Naval Research) sponsorship [47]. It was designed to provide marine scientists with 

access to the ocean at underwater remote sites, using rechargeable batteries to sustain a 

constant 5 km/hr propulsive speed for 12 hours of operation. Due to the harsh operating 

environment that the AUV has to constantly deal with, wireless power transfer and 

communication using IPT systems was considered as a preferred choice and therefore 

implemented onboard [3, 48-50]. Currently, the adopted IPT system has a power transfer 

capacity of 200 W with a 10 Mb/s Ethernet for data transmission. 

Maglev 

Public transportation such as Maglev (Magnetic Levitation) railways has also been using 

IPT principles for powering its auxiliary onboard electronics. Inductive power in this 

application can be easily obtained by receiving power from magnetic fields that were 

originally generated for levitating the train. A linear power generator is normally used to 

supply power for the auxiliary onboard electronics with a major concern of its output 

voltage variation in amplitude and frequency which are in proportion to the speed of 
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Maglev. Exhaustion of the battery energy occurs when the vehicle runs in lower speed, 

which may result in shutting down of the Maglev [51]. Solution such as having extra 

onboard power generated by using harmonic injection method at stator windings has been 

proposed in solving the problem for onboard power shortage of the Maglev [52]. Different 

power pickup designs for the Maglev have also been proposed to provide constant power 

required by the load under all travelling speed [53]. 

Biomedical implants 

Implantable biomedical devices have found applications in a wide range of medical areas, 

including pacemakers, monitoring devices, functional electrical stimulators, ventricular 

assist devices, etc [22, 54-57]. Conventional power transfer method for these devices is 

through cabling connection with a primary power supply to directly drive the load, or 

periodically charge up the battery of an implanted device, in order to achieve continuous 

operation. The current method to achieve this is by piercing wires through the skin (named 

percutaneous energy transfer) which consequently increases the infection risks [58-60]. 

 

Fig. 1-5:  A TET charging base and an implantable biomedical sensor [61] 

Use of the inductive power transfer to replace the original system was therefore suggested, 

and it is also known as the TET (Transcutaneous Energy Transmission) systems. This kind 

of application mainly targets at low power range from 50 mW ~ 10 W, and usually need to 

be compact in size to ease the implantation. Figure 1-5 shows an implantable biomedical 

sensor developed by Telemetry Research Limited, New Zealand, with a size of 

68×15×42mm, and weighted 68 g. The sensor is able to conduct biomedical data 
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acquisition in the animal body for information such as blood pressure and body 

temperature, with a wireless transmission range up to 5 meters. 

Other applications 

Special applications of IPT systems have also been researched in other areas such as 

aircraft entertainment system [62], machine tools [63], coalmine power supplies [64], and 

cordless power stations [65]. However, these areas still require further investigations 

before the practical systems can be implemented. 

1.3 Present Challenges in Power Flow Control of IPT Systems 

As the IPT systems are extended to different fields, the need of a suitable power flow 

control method has become obvious and necessary for applications to meet their specific 

load requirements. 

Like most controllers in other systems, designing the power flow control of IPT systems 

needs to take aspects such as error tolerance, response speed, overshoot level, simplicity of 

implementation, robustness, and operating range, etc., into consideration. Other factors 

that may indirectly affect performance of the system such as power consumption of the 

controller and EMI (Electromagnetic Interference) also deserve attention. It is normally 

impossible to have a controller designed to be ideal in all the aspects, therefore trade-offs 

are often required. Nevertheless, an optimized controller design for specific operating 

conditions may be available if the relationship between design considerations and system 

parameters can be well understood. 

From experiences accumulated in IPT development, difficulties in controlling the power 

flow can arise from several factors, which include but not limited to operating frequency 

drift of the primary power supply, magnetic coupling variations between the primary and 

secondary coils, load variations, manufacturing tolerance of tuning capacitance, and 

tuning region variations. Cause and effect of these factors are briefly described below: 

Primary frequency drift 

Conventionally, tuning circuit of the secondary power pickup is fine-tuned to match with 

the primary operating frequency in order to obtain the maximum power transfer capability. 

However, depending on the design of primary power supplies, certain degree of frequency 
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drift may exist in practical operations [21]. This results in the tuning circuit of the pickup 

unable to resonate with the drifted operating frequency, and therefore causes the 

maximum power transfer capacity to decrease. 

Magnetic coupling variations 

As mentioned in Section 1.2.2, the secondary movable load is common to have lateral 

movements along the primary current track during operations, with the reason being to 

obtain a fixed magnetic coupling between the primary and the secondary side so as to 

induce a constant and stable input voltage source (open-circuit voltage of the pickup coil) 

for the secondary pickup. However in some applications, planar or even spacial 

movements are also possible [23, 66]. These unconfined movements can cause the open-

circuit voltage of the pickup coil to vary and therefore results in the output voltage 

fluctuation of the pickup. 

Load variations 

LC tuning configuration is commonly used in the power pickups of IPT systems. It 

provides a constant current source to the load under fully-tuned conditions [21]. Since the 

load is current sourced, the output voltage of the pickup is governed by Ohm‟s law and 

varies according to the loading conditions. As the output voltage changes linearly with the 

loading condition, it may supply insufficient voltage or overvoltage to the load and causes 

malfunctioning during vast and rapid load changes. 

Manufacturing tolerance of tuning capacitance 

In circuit simulation study, ideal components are available and the values can be chosen to 

be exactly the same as what user defines. However, it does not happen in the real world 

since there are manufacturing ranges and tolerances. In order to have the center frequency 

of pickup tuning circuit closely match with the primary operating frequency, high 

precision and low tolerance to the designated manufacturing range are normally required 

for tuning components such as a capacitor. But the use of high precision capacitors 

essentially means adding significant costs into capital and may still require tedious fine 

tuning process to achieve the desired capacitance value. Due to the above practical issues, 

it has been found to be troublesome for many manufacturers to do mass production of IPT 

systems. 
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Tuning region variations 

In some applications the pickup tuning circuit is controlled to operate in detuning regions 

instead of staying at the resonance point for meeting the peak load demand [67, 68]. A 

proportional and integral (PI) controller is normally used in this type of control. However, 

because one characteristic of PI control is that it can only be designed to track one of the 

two possible operating points as shown in Fig. 1-6, a safety region close to the resonance 

point has to be therefore reserved in order to avoid the controller tracking in the wrong 

direction. This type of control also requires high precision components to keep the 

tracking process within the designated operating region. Nevertheless, variations in the 

tuning component caused by self/ambient temperature, pressure, humidity, and aging may 

still move the tracking process from one region to another, and result in complete failure 

of the output voltage regulation. 
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Fig. 1-6:  Relationship between tuning component and output voltage of pickup 

The limiting factors listed above can be easily seen in most applications of the IPT 

systems. Cost, size, operating range, and power transferring level of the applications are 

usually restrained to these factors. Different power flow control methods have been 

proposed in the past to compensate for effects that caused by specific considered 

parameter variations in order to meet the load requirements [69-71]. The design 

philosophy of these controllers however, has neglected the fact that multiple parameter 

variations do exist in the IPT systems, and they often involved with complex and 

nonlinear behaviors in the integrated effects. This may cause the system to have poor 

performance or even complete control failure. Therefore, there is a need for a suitable 
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power flow control method to overcome these limiting factors so as to meet the system 

load requirements. 

1.4 Objectives and Scope of the Thesis 

Depending on the application requirements, power flow control of the IPT systems can 

either be performed in the primary power converter or the secondary power pickups. For 

most of the applications, it is preferable to have the control at secondary side since this 

enables a primary track power supply to drive multiple pickups. 

This thesis therefore aims at developing a suitable power flow control method at the 

secondary power pickup side for general IPT systems. The proposed controller needs to be 

able to regulate the output voltage under defined worst-case variation of parameters, and 

deliver sufficient power to the load as required. In addition, the controller is also required 

to perform full-range tuning for the power pickups to achieve both tuned and detuned 

operations in the full load range. This feature eliminates the tedious fine tuning process 

needed for conventional power pickups to achieve high Q (> 10) operation, and therefore 

makes the IPT systems more cost-effective for mass production with reduced tuning 

components tolerance requirements. 
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Chapter 2 
 

Overview of Power Flow Control 
Techniques in IPT Systems 
 
 
 
 
 
 

 

2.1 Introduction 

The IPT systems have gained successful applications in many different fields due to its 

unique contactless/wireless power transfer characteristic. Similar to other technologies, 

design considerations such as cost, size, power efficiency, power transfer capability, 

system stability, and EMI concerns may differ from case to case, depending on the 

application requirements. This leads research into numerous power flow control 

techniques for IPT systems. Different assumptions are generally made prior to the design 

of these controllers so that the system operating conditions can be confined within a 

specified range of parameter variations. Since the controllers are designed specifically to 

operate with certain targeted operating conditions, advantages of using these controllers 

can be presented in some expected aspects but the vulnerabilities to factors that are outside 

the designed conditions may be inevitable. 

In order to have a better understanding of the necessity of power flow control and its state 

of the art for the IPT systems, this chapter firstly describes the fundamentals of the IPT 

system with its primary track power supply and secondary power pickups being separately 

discussed. Then, the chapter outlines the existing power flow control methods in the IPT 

systems, including their working principles, ideal operating environments, operating 

constraints, etc. 

2.1 Introduction 
2.2 Fundamentals of IPT Systems 
2.3 Control of Primary Track Current 
2.4 Existing Power Flow Control Methods of 

Secondary Power Pickup  
2.5 Summary 
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2.2 Fundamentals of IPT Systems 

2.2.1 Primary Track Power Supply 

A good quality track current produced in the primary power supply is essential in the IPT 

systems since it is used to generate time-varying magnetic fields for the contactless power 

transfer between the primary and the secondary side. To date, power converters of the IPT 

systems are in the third generation (G3), having strengths and shortcomings in each 

generation with comparable overall performance. 

G1 (First Generation) 

The existing IPT primary power converters are categorized as either voltage-fed or 

current-fed converters, depending on their input sources. The first generation of the 

primary power supplies is developed based on the current-fed converters, and it has two 

basic topologies: the full-bridge topology and the push-pull topology [67]. Figure 2-1 (a) 

and (b) show the current-fed converters based on these two topologies. 

Lt

Ct R
VDC

LDC

Lt

Ct R
VDC

LDC

Lsp Lsp

(a) full-bridge topology (b) push-pull topology

S2S1S2-S1-

S2+S1+ IAC IAC

VAC
„

VAC
„

 

Fig. 2-1:  Current-fed parallel resonant converters 

As can be seen, a dc voltage source VDC is used in both topologies as the input of the 

converters, with a large inductor LDC being connected in series to keep the current nearly 

constant at high frequencies. Such a configuration provides a voltage controlled current 

source for the later inverting network without using an actual current source. This makes 

the control of the current source much easier as it can simply be done by changing the 

input dc voltage. In the full-bridge inverting network, the switches S1+ and S1-, S2+ and S2-, 

are complementarily controlled, i.e., when S1+ and S2- are turned on, S1- and S2+ are turned 

off, for injecting current IAC into the resonant tank. Note that the switching frequency of 

the inverting network for all IPT track power supplies can either be running at a fixed 
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frequency or be variably controlled. In the constant frequency control, the switches are 

forced to run at a predetermined frequency for providing a stable operating frequency to 

the system. However, the forced operation may impose high voltage and/or current 

stresses onto the switches and results in high switching losses. In the case of variable 

frequency control, the switching frequency is allowed to vary with the load and circuit 

parameters, and hence follows the natural circuit resonance. The advantage of using 

variable frequency control is that soft-switching for the switches are achievable which 

improves the power efficiency. But its drawback is that the operating frequency varies 

slightly under normal operating conditions, and it may shift far away from its nominal 

value in some extreme situations causing system frequency stability and systems 

bifurcation problems [21]. 

In the push-pull inverting network, a phase-splitting transformer is used to replace the S1+ 

and S2+ in the full-bridge topology. The phase splitting transformer basically divides the 

dc current in half before it enters the resonant tank. The output ac voltage of the inverting 

network is expressed by [21, 72]: 

DCAC VV 
'ˆ         (2-1) 

The above relationship shows that by controlling the average input dc voltage VDC, the 

primary ac resonant tank voltage VAC
„
 can be maintained to regulate the track current. 

The resonant tank of a G1 power supply has a capacitor Ct which is being used to parallel 

tune to the track inductance Lt as shown in Fig. 2-1 for compensation purpose, and also to 

eliminate the possibilities of overvoltage caused by placing two current sources in series. 

The nominal primary operating frequency is determined according to ttCL10  . The 

variable load resistance R here represents the sum of track resistance and the reflected 

impedance of secondary power pickups. 

In comparison, the push-pull converter is simpler to design as its switches do not require 

isolated high-side gate drives and can have the negative rail of the dc power supply as a 

common ground. In addition, the push-pull converter offers a doubled resonant tank 

voltage compared to the full-bridge converter. This is a very advantageous feature in the 

IPT systems since a higher track voltage allows the system to drive a longer track for the 
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same dc voltage supply [21]. Therefore the push-pull converters are more commonly seen 

in G1 power supplies, owing to its design simplicity and cost effectiveness in terms of the 

ratio between the dc input voltage and the drivable track length. 

The G1 power supplies have many advantages, e.g., 1) it results in good quality track 

current with low harmonics and radiated EMI; 2) ZVS (Zero-Voltage Switching) can be 

implemented to have low conduction and switching losses; and 3) magnitude of the track 

current can be varied without losing ZVS operation through changing the input dc voltage. 

Nevertheless, it also has drawbacks such as the shorter drivable track length (compared 

with other generations of the IPT converters having same dc input voltage level), load 

dependent track current, and load dependent operating frequency [21]. The IPT G3 (Third 

Generation) power supplies have therefore been developed to overcome the above 

drawbacks and improve the properties of G1 power supplies. Note that each generation of 

the IPT power supply is not particularly based on modifications of the previous 

generation; they are however categorized according to the sequence of being practically 

used in the industrial fields. 

G2 (Second Generation) 

The G2 power supplies were developed based on the voltage-fed converters. Figure 2-2 

shows a typical full-bridge voltage-fed series resonant converter in the IPT systems. Note 

that the G2 power supplies can also be implemented using push-pull topology. However 

the push-pull topology offers identical features in both the G2 and the G1 power supplies 

which have been described in the previously section, and therefore, the push-pull 

implementation of the G2 power supplies is not discussed here. 

R
VDC

S2-S1-

S2+S1+

VAC
„

CtLt

 

Fig. 2-2:  Voltage-fed series resonant converter 
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A dc voltage supply is directly used in the G2 converters as the input power source. 

Switching strategy of the inverting network here is identical to that of the current-fed full-

bridge converters. The output of the inverting network is connected to a series-tuned 

resonant tank as shown in Fig. 2-2, with at least one inductor being connected to the input 

of the resonant tank for preventing the possibility of shorting the input voltage source with 

a voltage-source type of load such as a pure capacitor branch. 

Unlike the output ac voltage of G1 inverting network which is determined by the average 

dc input voltage, switches of the G2 inverting network have the complete control of the 

resonant tank voltage VAC
‟
. The duty cycle D, which essentially controls the average 

injecting current into the resonant tank, is determined by introducing a phase-shift into the 

switching signals for either S1+ and S1-, or S2+ and S2-. This in turn varies the magnitude of 

VAC
‟
, and thereby regulates the track current. The relationship between the VAC

‟
 and the 

duty cycle D can be expressed as [21]: 









 

2
sin

4ˆ ' D
VV DCAC




    (2-2) 

Some of the important features of the G2 power supplies are: 1) a dc voltage source can 

directly be used as the input of the converters, which lowers the size, cost, and circuit 

order for the overall system; 2) the phase-shift control of the switches is much easier to 

implement than the average dc input voltage control of the G1 power supplies which may 

require an additional buck converter for varying the input dc voltage. Nevertheless, the 

input of the resonant tank of a G2 converter normally requires a series tuning circuit, 

which is not ideal as the resonant tank current has to flow through the switches and may 

require the switches to have higher power ratings in order to take the full reactive current 

circulation [21]. 

G3 (Third Generation) 

The third generation of the IPT primary power supplies is based on modifications of the 

previous two generations to further improve their converters properties. Two types of G3 

primary power supply were separately developed based on the voltage-fed and current-fed 

converters. 
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Fig. 2-3:  Basic structure of G3 current-fed converter 

Figure 2-3 shows the basic structure of a G3 current-fed converter. It can be seen that the 

most significant difference between the G1 and the G3 power supplies is the newly 

introduced π network. Advantages of using the π network include: 1) compensation of the 

network so a unity power factor can be obtained; 2) the voltage source can be converted to 

a current source for a constant track current that is independent of load; 3) it functions as a 

band-pass filter to have low distortion in the track current [21]. 
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Fig. 2-4:  Basic structure of G3 voltage-fed converter 

With the track fully-tuned to the nominal resonant frequency, the track impedance can be 

regarded as a pure resistive load. This allows the current-fed resonant tank with a CLC 

(Capacitor-Inductor-Capacitor) π network to be directly transformed into a voltage-fed 

resonant tank with a LCL (Inductor-Capacitor-Inductor) T network. Figure 2-4 shows the 

basic structure of a G3 voltage-fed converter. Since the π and the T networks are dual-

circuit, the good features provided in the former can all be inherited by the latter [21]. 
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2.2.2 Secondary Power Pickups 

The main purpose of power pickups in an IPT system is to receive the power coming from 

the primary track current through the magnetic coupling between the track and the 

secondary pickup coil. In practice, the power pickup is designed to deliver the power 

according to the load demands, with specific power ratings, power efficiency, cost, and 

size. To design and implement an IPT system that is based on a specified requirement, the 

following aspects of the power pickup are normally required to be analyzed: 

Coupling Factor 

Figure 2-5 shows the structure of a magnetic coupling between the primary track and the 

secondary pickup coil. 

LSMIP VOC LSMIP ISC

 

Fig. 2-5:  Open-circuit voltage and short-circuit current of pickup coil 

The voltage induced in the secondary pickup coil due to the time-varying magnetic fields 

produced by the primary track current is given by [73]: 

POC MIjV 0                 (2-3) 

where VOC is the open-circuit voltage of the pickup coil, ω0 is the nominal operating 

frequency, M is the mutual inductance between the primary track and the secondary 

pickup coil, and IP is the primary track current. The short-circuit current of the pickup coil 

can be determined from: 

S

OC
SC

Lj

V
I

0
          (2-4) 

where LS is the inductance of the secondary pickup coil. By substituting (2-3) into (2-4), 

the short-circuit current can be further expressed as: 
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P

S

SC I
L

M
I           (2-5) 

For a traditional inductive power transfer system such as transformers, the degree of 

magnetic coupling between the primary and the secondary side is measured by a coupling 

coefficient defined as: 

St LL

M
k          (2-6) 

However, considering an IPT application which has a primary track loop with a distance 

that is normally several times longer than the secondary pickup coil in length, the self-

inductance of the pickup coil may only couple to a very small portion of the entire track 

inductance and therefore, the actual coupling between the two sides may not be properly 

reflected by the coupling coefficient. 

Alternatively, a parameter, termed as the coupling factor, was introduced for a better 

measure of the IPT systems magnetic coupling and it is defined as [21]: 

P

SC
s

PP

SCS
f

I

I
n

IN

IN
k                 (2-7) 

where ns is the turns ratio between the secondary pickup coil and the primary track. By 

rewriting equation (2-4) with respect to ISC, the relationship between the track current and 

the short-circuit current of the pickup coil can be presented by [21]: 

P

s

f

SC I
n

k
I          (2-8) 

It can be seen from (2-8) that the secondary current of the IPT systems is inversely 

proportional to the turns ratio ns which is similar to the characteristic of an ideal current 

transformer, but it is also having a proportional relationship with the coupling factor kf. 

The coupling factor kf is usually treated as unity in the transformers since their coupling 

geometry are fixed with the primary and the secondary being tightly coupled. But it is not 

true for IPT systems as kf varies greatly from 0.1 ~ 0.95. 
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Tuning Circuit 

In a typical wireless communication system, the receiving end is normally required to be 

tuned to a certain interested frequency so that the signals carried by this particular channel 

can be extracted and used. This is no exception to the power pickups in the IPT systems; 

however instead of the signals, the pickup tuning circuit is tuned to the primary operating 

frequency so the power transfer capacity can be maximized. Figure 2-6 shows two 

common pickup tuning configurations which are series and parallel tuning circuits [22, 74-

76]. 

RAC

CSLS

VOC

LS

CS RACVOC

(a) Series Tuning (b) Parallel Tuning

 

Fig. 2-6:  Tuning configurations of secondary power pickup 

The capacitor CS is the tuning capacitor being used to tune to the pickup coil inductance 

LS. The load resistor RAC here represents the ac load resistance. If a full-bridge rectifier is 

used to drive a dc load RL in a continuous conduction mode, then the equivalent resistance 

for a voltage source load can be modeled as [77]: 

LAC RR
2

8


          (2-9) 

For a current source load it is modeled as [77]: 

LAC RR
8

2
        (2-10) 

In the series tuning configuration, the circuit can further be simplified as shown in Fig. 2-

7. It can be seen that after the cancellation of the pickup coil inductance and the tuning 

capacitor under fully-tuned condition, the voltage across the load equals to the open-

circuit voltage of the pickup coil. The output voltage of the pickup therefore remains 

constant regardless of the load variations. 
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Fig. 2-7:  Simplification of a series-tuned circuit 

The output voltage and load current shown in Fig. 2-7 are given as [21]: 

SCsSSROCSR IQIVV  _,       (2-11) 

where the quality factor QS_s is given by: 

AC

S
sS

R

L
Q 0

_


         (2-12) 

The maximum output power of a series-tuned pickup can be calculated by: 

SCOC

AC

S
SCOCsSSRSRsm IV

R

L
IVQIVP  0

__


       (2-13) 

Since the open-circuit voltage is directly used by the load without any voltage boosting, 

this type of power pickups is suitable for low voltage applications, or used in applications 

with good coupling to provide sufficient output voltage. 

On the other hand, the parallel tuning circuit has gained its popularities in the IPT 

applications owing to its voltage boosting capability. This feature allows the system to 

have more freedom in the mechanical movements while still meeting the load 

requirements. Figure 2-8 shows the simplification of a parallel-tuned circuit. 

 

Fig. 2-8:  Simplification of a parallel-tuned circuit 
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Contrary to a series-tuned circuit, the load here is directly sourced by the short-circuit 

current of the pickup coil. The output voltage and load current shown in Fig. 2-8 are given 

as [78]: 

SCPROCpSPR IIVQV  ,_
       (2-14) 

where the quality factor QS_p is: 

S

AC
pS

L

R
Q

0

_


         (2-15) 

The maximum power of a parallel-tuned power pickup can be obtained by: 

SCOC

S

AC
SCOCpSPRPRpm IV

L

R
IVQIVP 

0

__


        (2-16) 

In principle, both the series-tuned and the parallel-tuned circuits are capable of providing 

unlimited power when their load resistances are approaching to extreme conditions, i.e., 

approaching short-circuit for the series-tuned pickup and open-circuit for the parallel-

tuned pickup. However, when the circuit approaches these extreme conditions, the quality 

factor will be very large, causing tedious fine tuning requirement because of the 

significantly increased circuit sensitivity to parameter variations. The quality factor of 

tuning circuits in practical design is normally limited to be less than 6, and a maximum of 

10 to avoid tuning problems associated with the high Q operation [75]. 

In order to determine the major system variables that affect the maximum power transfer 

capacity of an IPT system, both (2-13) and (2-16) can be rewritten as (2-17) by linking the 

power flow to the magnetic coupling and primary track current [79, 80]: 

S

P
fSP

S

SP
m

N

N
MkQI

L

QMI
P

2

0

22

0 


              (2-17) 

where QS is the quality factor of the tuning circuit. It can be seen from (2-17) that there are 

several ways to increase the maximum power transfer capacity in a practical IPT system 

design. The easiest way is to have a larger ratio in 
SPfS NMNkLM 2  [21]. This can 
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be achieved by having a higher turns ratio between the primary track loop and the 

secondary coil windings, or a better coupling factor kf which is obtained through good 

coupling geometry and core materials. Moreover, the increase in frequency and magnitude 

of the track current can also improve the power transfer capacity. However, these two 

factors need to be cautiously treated as the power losses of the system also increase with 

them. Since the quality factor QS is normally required to be kept low to avoid the 

sensitivity problems aforementioned, using high Q (>10) to further improve the power 

transfer capacity is therefore not recommended in IPT applications with fixed tuning 

circuits.  

Voltage Rectification 

For IPT applications with dc loads, the pickup circuit is required to have rectifiers for ac-

to-dc conversion. Two topologies can be used which are the half-wave bridge rectifier 

topology and the full-wave bridge rectifier topology [67]. Figure 2-9 shows the 

configuration of a half-wave bridge rectifier in a generalized power pickup circuit. 
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Fig. 2-9:  Generalized power pickup circuit with half-wave bridge rectifier 

If only half a cycle of an ac voltage is rectified, the average dc voltage after the 

rectification can be expressed as: 

  "2

0
_

ˆ1
sinˆ1

AC

T

AChbL VdttV
T

V


               (2-21) 

where T is the period of the ac voltage. Since this topology has only used a single diode to 

perform the voltage rectification, it is therefore very easy to implement. However, as the 

other half of the ac voltage gets blocked by the diode and cause the circuit to have a longer 

discharging period, components of the low-pass filter may have to be designed larger for 

ensuring a smoother dc output [67]. 
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The full-wave bridge rectifier is used if the rectification on a complete ac voltage 

waveform is desired. Figure 2-10 shows the configuration of a full-wave bridge rectifier in 

a generalized power pickup circuit. 
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Fig. 2-10:  Generalized power pickup circuit with full-wave bridge rectifier 

The average dc output voltage of this topology is determined by: 

  "2
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               (2-22) 

It can be seen that the full-wave rectification can give higher voltage at output, but it 

includes higher power losses due to more diodes being used and has common grounding 

problem when the controller is applied at the ac tuning side of the pickup circuit with its 

power supply and feedback signals are coming from dc side of the pickup circuit [67]. 

To fully use the advantages provided by the full-wave bridge rectifier without having to 

worry about its drawbacks, the common grounding issues are generally solved by using 

isolated gate drives. And in order to reduce the conduction losses across the diodes, 

synchronous rectifiers have been suggested to replace the diode rectifier [81]. 
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Fig. 2-11:  Power pickup circuit with full-wave bridge synchronous rectifier 

A typical configuration of full-wave bridge synchronous rectifier is shown in Fig. 2-11, 

and it can be extended to different topologies with some require only two MOSFETs to 
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achieve the full-wave rectification [82-84]. The synchronous rectifier is also known as the 

active rectifier since the semiconductor switches, i.e., MOSFETs, which are placed in 

parallel with freewheeling diodes, are synchronously and actively controlled to perform 

the voltage rectification. The switching of these MOSFETs is generally controlled during 

the conducting state of the diodes. When the diodes are forward-biased, the MOSFETs are 

turned on, and when the diodes are reverse-biased, the MOSFETs are turned off. Thus a 

rectifying characteristic is obtained without the forward voltage drop being associated 

with diodes in the on-state. 

The reduction in conduction losses is achieved by having a lower forward voltage drop in 

the MOSFET. Typically a power diode can have a forward voltage drop around 0.7 ~ 1V, 

which negatively affects the system efficiency, particularly at a low voltage (< 10 V) and 

high current operation. By using MOSFETs with a low on-resistance, the forward voltage 

drop can be reduced and this effectively improves the power efficiency. Figure 2-12 shows 

the voltage and current relationship for both the diode and the MOSFET [85]. The 

conduction loss of a diode or a MOSFET can be calculated by the product of forward 

voltage and current. It can be seen that the MOSFET has a lower conduction loss 

compared with the diode, provided the current flowing through these two is below a 

certain break-even current Ib. Modern MOFTETs are made to have very low on-resistance, 

so practically Ib can be much larger than the actual operating current. 
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Fig. 2-12:  Voltage and current relationship of diode and MOSFET 

It is clear to see that the adoption of full-wave bridge synchronous rectifier can increase 

the power pickup efficiency, but it requires current detection of the diodes and isolated 

gate drives to switch on/off the MOSFETs. These additional components and circuitries 
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have inevitably complicated the circuit design and increased the size of the power pickup. 

Furthermore, increase in switching frequency of the MOSFETs and high voltage rating of 

the load may also result in high switching losses, and cause the power efficiency of 

synchronous rectification worse than that of the conventional diode scheme. As a result, 

based on the power rating, system efficiency, size, cost, etc., it is often up to the designer 

to select a proper rectification method. 

Pickup Load Modeling 

In order to determine the stability of an IPT system, it is common to have a system model 

which includes both the primary and the secondary side so a thorough investigation can be 

carried out. Since the two isolated parts of the system are magnetically coupled to each 

other, the secondary power pickup can be modeled as a series impedance by reflecting its 

effects to the primary side. This has been done in many studies to help analyze the load 

condition and bifurcation of the primary power supply. 

For a series-tuned pickup (see Fig. 2-7), the input impedance can be expressed as [21, 86, 

87]: 
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        (2-23) 

By putting (2-23) into rectangular form, it can be rewritten as: 
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Under fully-tuned condition, the imaginary part of ZS_s is equal to zero so the secondary 

impedance appears to be a pure resistor and has a value that is equal to the load resistance. 

The reflected impedance of ZS_s to the primary track is given by: 

P

P
P

I

V
Z                 (2-25) 

where VP is the induced voltage in the primary track due to the current in the secondary 

pickup (IS) and can be expressed as: 
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SP MIjV 0         (2-26) 

Considering 
sSOCS ZVI _ , POC MIjV 0 , and SP MIjV 0 , equation (2-25) can be 

rewritten as: 

sS

P
Z

M
Z

_

22

0         (2-27) 

By substituting the secondary impedance of a series-tuned power pickup into (2-27), the 

reflected impedance becomes: 
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
         (2-28) 

From (2-28), it can be seen that if a series-tuned pickup is heavily loaded or short-

circuited, the reflected impedance will become very large and tends to be infinite, causing 

low or zero current flowing in the track and eventually blocks the power transfer to other 

secondary power pickups in a multiple pickups system. 

On the other hand with a parallel tuning pickup, a similar approach can also be used to see 

how a parallel-tuned pickup affects the power transfer of the IPT system when it is 

coupled to the track. The input impedance of a parallel tuning pickup (see Fig. 2-8) is 

given by [21]: 
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Equation (2-29) can be rewritten in the rectangular form as: 
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Under fully-tuned condition, the reflected impedance of ZP_p is given by: 
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The real part of ZP_p is the reflected resistance, and it is proportional to the output load 

resistance. Contrary to the series-tuned circuit, the power blocking occurs when the pickup 

is lightly loaded or open-circuited. The negative reactance of the reflected impedance is 

independent of the load and shows a capacitive load property to the track. 

2.3 Control of Primary Track Current 
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Fig. 2-13:  Structure of primary track current magnitude controlled TET system 

Some IPT applications require the output voltage of the power pickup to be regulated 

through the control of primary track current. A typical example of this type of application 

is the TET system which has been discussed in Chapter 1. This is due to the fact that 

although the power pickups can be individually controlled to enable the system with 

multiple pickups operation, power losses generated by control actions such as switching 

and conduction of components may need to be dissipated in the form of heat. The rise in 

ambient temperature caused by the heat is considered negligible in most applications of 

the IPT system as long as the heat is able to be dissipated and not accumulated inside the 

components. However, if the application is to be implanted into an animal body, reduction 

of heat generation is crucial; otherwise it may cause tissue damage [59, 66, 81]. Figure 2-
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13 shows a typical primary track current magnitude controlled TET system. A TET 

system may involve both 2-D and 3-D movements of the secondary pickup, which makes 

the system design much more complicated compared to simple monorail applications, 

because the magnetic coupling between the primary and the secondary side is very weak 

and changes both in magnitude and direction [72]. 

 

Fig. 2-14:  2-D charging pad and 3-D charging cage of TET system 

The example shown in Fig. 2-14 gives a fairly good idea on how a power pickup having 

multi-dimensional movements to cooperate with the primary charging-pad or the primary 

charging-cage of the TET system. The secondary pickup is normally an implantable 

device that is implanted into an animal body, and the animal can be at any place within 

defined areas (normally in the test cage) covered by the magnetic field produced from the 

primary track current [66]. For monitoring and identification purpose such as body weight, 

food intake, and physiological parameters related to health and welfare of the individual 

free moving animal [55], the power pickup is allowed to have much more freedom in 

mechanical movements and therefore the voltage boosting capability of the parallel tuning 

circuit is preferred in the TET systems to compensate for the possible output voltage 

insufficiency. Push-pull topology is normally adopted to reduce the number of switches 

that have to be used in the primary inverting network, with the track being parallel-tuned 

to lower the power ratings for the switching devices [66]. 

There is no major difference between a conventional IPT system and a TET system 

although an additional RF (Radio Frequency) communication channel between the 

primary and the secondary side is often present in a TET system. Given that it is 

preferable for TET systems to have the power flow controller placed at the primary side so 
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as to reduce the size and heat generation in the implants, the same wireless communication 

link used for biological data transfer is often used to feedback the secondary output power 

status to the primary control circuitries so as to change the output power from the primary 

side accordingly [66, 88]. 

The secondary feedback circuitry normally consists of an ADC (Analog-to-Digital 

Converter), a data processing block, and a RF data transmitter. The ADC is used to sample 

the analog output voltage of the power pickup and then convert it into digital forms so it 

can be transmitted by the RF data transmitter. The data processing block is mainly for 

signal processing of the converted data before it is sent out in the air. Note that the 

sampling frequency and resolution of the ADC can affect the final control result; therefore 

these two factors need to be carefully selected to ensure a good overall control quality 

such as minimum steady state error, fast response to output voltage ripples, etc. 

At the primary control circuitry side, the secondary feedback signals are received by the 

RF data receiver and converted back to analog signals through the DAC (Digital-to-

Analog Converter). These converted signals are then used to compare with a 

predetermined voltage reference Vref (see Fig. 2-13) for generating error signals that will 

be used for the control of the magnitude or the frequency of track current. The main 

purpose of controlling the track current is to regulate the power flow so as to maintain the 

output voltage of the power pickup at a desired level. 

2.3.1 Magnitude Control of Track Current 

In the track current magnitude control, the control signals are applied to a PWM (Pulse-

Width Modulation) controlled variable dc voltage source VDC which is the input power 

source to the primary power converter [89]. The variable dc voltage source can be 

implemented through various ways, such as using a simple dc-to-dc buck converter. 

Figure 2-15 shows the general structure of a controlled buck converter. By feeding the 

error signal which is produced from the comparison result of the secondary output voltage 

feedback signal and the voltage reference Vref, into a controller, a PWM signal can be 

generated to switch on/off the MOSFET shown in Fig. 2-15. Note that the controller 

employed can be of any kind, however, a simple PI (Proportional-Integral) controller is 

normally used to keep the design simple while providing satisfactory control result. 
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Fig. 2-15:  A simple dc-to-dc buck converter for variable dc input voltage control 

The output voltage of the buck converter can be obtained by: 

INPWMDC VDV          (2-32) 

where DPWM is the duty cycle of the PWM signal and VIN is the constant input voltage to 

the buck converter. Considering a TET system with a current-fed parallel-tuned primary 

track, the track current is given by [66]: 
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         (2-33) 

Substituting (2-1) and (2-32) into (2-33), the equation of the track current can be rewritten 

as: 
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         (2-34) 

From (2-34), it can be seen that the track current is directly controlled by the duty cycle of 

the PWM signal. And since the open-circuit voltage and short-circuit current of the pickup 

coil are both proportional to the track current according to (2-3) and (2-5), the power 

pickup with either a voltage source output (which equals to the open-circuit voltage), or 

current source output (which equals to the short-circuit current), can thus be controlled by 

the PWM signal. 
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2.3.2 Operating Frequency Control of Track Current 

The second way of regulating the pickup output voltage through the primary control is by 

frequency control of the track current. As it has been previously explained, the nominal 

operating frequency of the primary resonant tank is determined by the track inductance 

and the tuning capacitance. If the equivalent tuning capacitance can be varied to allow the 

resonant tank having different resonant frequencies, the power delivered from the primary 

track power supply to the secondary power pickup can be consequently controlled through 

this tuning/detuning process. This frequency control method can be illustrated by Fig. 2-

16. 
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Fig. 2-16:  General structure of frequency control of primary track current 

It can be seen from Fig. 2-16 that the original track tuning capacitance is separated into 

two capacitances, which are Ct_f and Ct_v representing a fixed tuning capacitor and a 

variable tuning capacitor respectively. An error signal is generated based on the secondary 

output voltage feedback signal and then fed into a controller for varying the equivalent 

tuning capacitance so a variable operating frequency can be obtained. The variable 

operating frequency is given by [21, 66]: 
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where QP, φ, and T are the quality factor, initial phase angle, and time constant of a push-

pull resonant converter respectively. As can be seen from the above equation, the 

operating frequency is dependent on the capacitance of Ct_v. 
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Fig. 2-17:  Relationship between power and frequency of primary power supply 

Figure 2-17 shows the relationship between the output power and frequency of primary 

track power supply. The maximum power is obtained when the primary resonant tank is 

tuned to the nominal operating frequency f0, and lower power is achievable by having a 

resonant frequency other than the nominal operating value. The resonant frequencies f1
„
 

and f2
„
 are determined by the equivalent tuning capacitances (Ct_f + Ct_v) and Ct_f 

respectively, and the primary output power is controllable within the range of these two 

frequencies [66, 67]. 

A simple PI controller is often employed to generate control signals for changing the 

equivalent tuning capacitance. However, since the operating frequency has a parabolic 

relationship with the power, the adopted PI controller is unable to achieve full-range 

control and restrained to only operate in one of the two operating regions that are 

separated by the nominal frequency f0. The frequency f2
”
 shown in Fig. 2-17 indicates the 

actual available maximum operating frequency instead of the ideal f2
„
. Note that the 

frequency f2
”
 is different from the nominal frequency f0 by a safety margin, and this safety 

margin is used to prevent the PI tracking process from traversing between the two 

operating regions and results in control failure. 

Practical implementation for frequency control of the track current can be shown in Fig. 2-

18. Similar to ordinary push-pull converters, S1 and S2 are switched complementarily for 

injecting current into the resonant tank. A variable tuning capacitance is achieved by 

switching two fixed capacitors namely Ct_v1 and Ct_v2 using S3 and S4 with control signals 
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generated from the PI controller, and the two capacitors are identical for a balanced 

operation. The switching of S3 and S4 follows closely to the on/off period of S1 and S2. 

When S1 is on and S2 is off, S3 is on and S4 is off correspondingly to switch Ct_v1 into and 

have Ct_v2 out of the resonant tank in the positive cycles of the ac resonant tank voltage. 

Vice versa, when S2 is on and S1 is off, S4 is on and S3 is off correspondingly to switch 

Ct_v2 into and have Ct_v1 out of the resonant tank in the negative cycles of the ac resonant 

tank voltage. The effective capacitance of Ct_v1 and Ct_v2 can be changed through varying 

the duty cycle of the switches. As such, the primary resonant tank is able to have a range 

of operating frequencies, and the power delivered to the power pickup can therefore be 

changed according to the actual load demands. 
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Fig. 2-18:  Basic topology of variable frequency push-pull resonant converter 

Despite the above two control methods can effectively control the power transfer between 

the primary and the secondary side within a predefined range of parameter variations, the 

IPT systems using primary track current control however, have a major disadvantage 

associated with the architecture of the control method. Since the track current controller 

needs to be specifically designed to compensate for parameter variations that occur in the 

power pickup of particular interest, it eliminates the possibilities of IPT systems to have 

multiple pickups operation, unless if all the pickups are absolutely identical which is 

unlikely to happen in practice. Optimization of the primary current control based on 

loading conditions of each power pickup could be a viable solution if the power 

requirements have little differences between each one of them. Nevertheless, when the 

power requirements are different, the controller may completely fail the power flow 
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regulation and result in shutting down of the whole system for the worst case. Therefore, 

in order to have a robust power flow control for the IPT systems, the primary track current 

control is normally employed in applications where the track power supply is only 

required to transfer power to a single power pickup at a time [66]. 

2.4 Existing Power Flow Control Methods of Secondary 

Power Pickup 

Instead of applying control at the primary side of the IPT systems, having control in 

individual power pickups provides effective power flow management to the system. 

Several control strategies have been researched in the past and they are described in details 

in the following sections. 

2.4.1 Voltage Regulator 

Figure. 2-19 shows a series-tuned power pickup which is commonly used in IPT 

applications. A linear voltage regulator is used for its output voltage regulation [62, 67]. 
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Fig. 2-19:  Series-tuned power pickup with linear voltage regulation 

A dc capacitor CDC1 is used to ensure the smoothness of the input voltage for the voltage 

regulator. The voltage regulator then regulates the rectified and filtered dc voltage to a 

desired level for the load. Another dc capacitor CDC2 is placed at the output of the voltage 

regulator and in parallel to the load for stabilizing the output voltage VL. Tuning circuit of 

the pickup is generally required to be fine-tuned to the nominal operating frequency so the 

power transfer capability of the IPT system can be maximized. Since parameter variations 

in magnetic coupling, operating frequency, tuning capacitance, load, etc., may occur in the 
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power pickups at any instances during the power transfer, the maximum power transfer 

capacity of the pickup is generally overdesigned to accommodate these possible 

variations. The overdesigned maximum power may cause the power pickup to have low 

power efficiency when the load is having a low power demand. Advantages of using such 

a method for the output voltage regulation include its design simplicity and low cost. 

However it is an inefficient method as the excessive power cannot be effectively used and 

needs to be dissipated through heat sinks which consequently increase the size of the 

pickup. Applications with high power ratings worsen the inefficiency of this method and 

may require additional cooling mechanisms to assist the heat dissipation. 

Placing a Zener diode in parallel to the load is a comparable approach with similar pros 

and cons to the voltage regulator [67]. But the available output voltage value is quite 

limited to the manufacturing range of Zener diode which is not as flexible as a variable 

voltage regulator. In addition, it has an output variation problem which can vary with 

component‟s tolerance. 

2.4.2 Shorting-Control 

Shorting-control is the most well-known control technique used in the IPT systems and 

has gained many applications as well as patents due to its design simplicity and 

effectiveness to the power flow control of IPT systems [70, 90-92]. Figure 2-20 shows a 

parallel-tuned power pickup with shorting-control for the output voltage regulation. 
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Fig. 2-20:  Parallel-tuned power pickup with shorting-control 
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A dc inductor LDC and a dc capacitor CDC are used to filter out the high frequency 

components of the rectified voltage for providing a smooth dc output voltage to the load. 

A controller, a shorting switch SSC, and a freewheeling diode DDC are used for output 

voltage regulation of the pickup. The tuning condition of the pickup is designed based on 

the reasons that have been previously stated in the method using voltage regulator, so the 

secondary resonant tank is also tuned to the nominal operating frequency for obtaining the 

maximum power transfer capacity, in order to compensate for the parameter variations. 

There are two operating modes in the shorting-control corresponding to the on/off state of 

switch SSC. When SSC is switched on, the additional current flowing path provided by the 

shorting switch can redirect the output current to go around the load and stops the power 

being delivered to it. The output voltage of the pickup (VL) is temporarily sustained 

through the energy discharging of the dc capacitor CDC, and the reversing current caused 

by the discharging of CDC is blocked by the dc diode DDC. Contrary when SSC is switched 

off, the output current goes directly through the dc diode and charges up the dc capacitor 

while delivering power to the load. 
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Fig. 2-21:  Hysteresis band for switching on/off SSC 

The switching of SSC can be controlled by either hysteresis or PWM control. In the 

hysteresis control, the controller is normally a simple comparator which compares the 

output voltage of the pickup with a preset voltage reference Vref having a maximum value 

at Vref_max and a minimum value at Vref_min as shown in Fig. 2-21. Results of the 

comparison are directly used as the switching signals for SSC. The advantage of using the 

hysteresis control is that it is very easy to design, and its output voltage ripple can be 
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strictly controlled within a predefined hysteresis band as shown in Fig. 2-21. However, if a 

more precise output voltage is required, the hysteresis band has to be consequently 

narrowed down (Fig. 2-21, in dot-lines) and may result in the increase of switching 

frequency and power losses. Furthermore, since the actual output current is controlled 

according to the load demands under a constant output voltage, it changes the charging 

and discharging rate of the dc capacitor. This makes the switching frequency load 

dependent and causes the EMI (Electro-Magnetic Interference) to radiate over a wide 

range of spectrums which result in difficult EMI filtering design for IPT applications such 

as moving sensors [93]. 

To reduce the EMI problem that occurs in the hysteresis control, PWM signal was used to 

switch SSC [93]. By using a simple PI controller with output voltage of the pickup as a 

feedback signal, a varying reference voltage can be produced and compared to a time-

varying signal with constant frequency, for example, a triangular wave, for generating the 

PWM signal. A high fundamental frequency for the PWM signal helps to minimize the 

size of the EMI filters but increases the switching losses, thus a trade-off is inevitable 

when designing a practical circuit. 

In a PWM controlled power pickup, the load current IL (see Fig. 2-20) is expressed as: 

2

SCS
DCSL

ID
IDI               (2-36) 

where DS is the duty cycle of the PWM signal for the shorting switch SSC. Considering 

LLL RIV  , the output power of the parallel-tuned power pickup can be determined by: 

  LDCSLLL RIDIVP
2

               (2-37) 

From (2-37), it can be seen that the power can be kept constant by controlling the duty 

cycle DS to compensate for the RL variations. Assuming the system is having a fixed 

coupling and gives a constant ISC as well as IDC, then the maximum power is reached with 

RL being at its maximum rated value and DS equals to unity. 

Despite the facts that the shorting-control is easy to implement and can effectively control 

the power flow of the pickups, it however suffers from inefficient operations when RL is 
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lightly loaded or at no-load conditions, i.e., large load resistance or open-circuited [66-68]. 

In some IPT applications where loads may enter into sleep mode, the power demands of 

these loads are usually very low which requires the duty cycle DS to be small for 

maintaining low output power. In this situation, the switch SSC will need to take most of or 

the complete short-circuit current of the pickup according to (1- DS). As such, the power 

pickups may require large heat sinks for dissipating significant conduction losses and 

result in larger size of the pickup. 

Low immunity to parameter variations other than load changes is another disadvantage of 

using the shorting-control. As stated earlier, the design philosophy of shorting-control is to 

obtain the maximum power transfer capacity for each pickup to cover the full-range of 

their load variations, and it dissipates the power through a shorting switch if the power is 

considered excessive to the load. Parameter variations in operating frequency, magnetic 

coupling, and tuning capacitance are normally ignored or roughly estimated to be included 

in the covering range of shorting-control, limiting the pickups to work with applications 

having monotonic coupling geometry, stable ambient temperature, and high quality track 

current. A pickup with higher tolerance to the parameter variations is achievable by using 

a shorting switch with higher power ratings to have a wider control range. However this 

increases the size and cost of the power pickup substantially. 

The conventional parallel-tuned power pickup also has a circuit sensitivity problem under 

high Q operation. Using high Q in the power pickups is very advantageous for the IPT 

systems since the output voltage of the pickup can be boosted to a sufficient level without 

increasing the track current magnitude or needing more number of turns in the pickup coil 

windings, which essentially reduces the size and cost of the overall system. In addition, 

the pickups will also be able to operate from a further distance with respect to the primary 

power supply, and thereby increase the portability of the secondary power pickups. 

However, the pickup circuit sensitivity increases with the Q factor and can cause 

significant power drop under high Q operation even if there is only a slight change in the 

circuit parameters. Figure 2-22 illustrates the power curve of a parallel-tuned pickup with 

different Q factors. 
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Fig. 2-22:  Power curve of parallel-tuned pickup with different Q factors 

The center frequency drift is used as an example to illustrate how the secondary output 

power gets affected by the parameter variations under different Q values. There are two 

major parameters that could cause the secondary power pickups to detune, and they are the 

secondary tuning capacitance and the primary operating frequency. Generally the tuning 

capacitance can be affected by the changes in ambient temperature during operations and 

causes the center frequency of the secondary resonant tank to drift from the nominal 

frequency f0 to fd (or to similar position on the other side) [67]. The variations in primary 

operating frequency have similar detuning effect on the secondary power pickups. 

However, instead of having the same nominal frequency f0 and a drifted resonant tank 

frequency fd, the actual nominal frequency f0 is shifted to fd as shown in Fig. 2-22 with 

faded dashed-lines, and left the pickups being detuned from the position of the original 

nominal operating frequency. Depending on the value of Q factor, the power drop can be 

quite different. If the pickup is operating with low Q, the decrease in output power is 

almost negligible whereas the power drop becomes significant when the pickup is 

operating with high Q. In a practical IPT system design, the detuning of the pickup is 

unlikely to be avoided even the tuning circuit is fine-tuned to a constant primary operating 

frequency. Therefore, in order to prevent the system from having significant power drop, 

the Q factor is normally kept below 10 or sometimes even lower than that. Such a design 

allows the pickup to have better tolerance to some of the parameter variations but a lower 

voltage boosting capability is obtained as a trade-off. 



Chapter 2                               Overview of Power Flow Control Techniques in IPT Systems 

- 44 - 

 

2.4.3 Dynamic Tuning/Detuning Control 

An alternate control method which has been investigated to improve the power flow 

control of IPT systems is the dynamic tuning/detuning control technique proposed in [68, 

71, 94, 95]. Instead of fine-tuning the power pickups to obtain the maximum power and 

then controlling it to meet the load requirements, this control strategy regulates the pickup 

such that it only takes sufficient power required by the load. The fundamental concept 

here is similar to the frequency control of the primary track current that has been 

previously discussed. But the focus here is to dynamically change the tuning condition of 

the power pickups according to the actual load demands. Theoretically, if the maximum 

power is needed, the circuit will be capable of going to the tuned-point where the 

maximum power can be obtained, and lower output power is achieved by detuning the 

pickup circuit. The variable tuning conditions of the pickup is attained by deliberately 

putting a capacitor or an inductor in parallel with a fixed tuning capacitor. A basic 

dynamic tuning/detuning controlled pickup is shown in Fig. 2-23. 
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Fig. 2-23:  Power pickup with dynamic tuning/detuning control 

The figure above shows that the output voltage of the pickup is used as a feedback signal 

to the controller for comparing with a preset voltage reference Vref. The comparison results 

are used for generating control signals to vary the capacitance of the variable capacitor. 

The tuning capacitance CS in the resonant tank is the summation of the fixed tuning 

capacitor CS_f and the variable tuning capacitor CS_v. Hence by changing the value of the 

variable capacitor, the tuning condition of the pickup can be consequently changed 
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according to  
vSfSSS CCL __0 1  , where ωS0 is the center frequency of the 

secondary resonant tank, and thereby tune/detune the power pickups to meet the actual 

load demands. A variable inductor can also be used to function as an equivalent variable 

tuning capacitance to achieve the same dynamic tuning/detuning control for the pickup. 

However the inductor introduces a positive reactance into the resonant tank and needs a 

controller design that is different from that of the actual variable tuning capacitance [68]. 

There are basically two ways to achieve a variable capacitor, one is by mechanically 

changing the electric coupling geometry of the moving and the stationary plates inside the 

capacitor to obtain different capacitances, and another is by using a semiconductor device 

to control the charging current of the capacitor that has a fixed value which has been 

commonly implemented in power systems for VAR controls [96, 97]. The former requires 

the capacitance to be changed off-line manually whereas the latter can vary the 

capacitance on-line through control signals. Therefore the capacitors controlled by 

semiconductor devices are preferable in the dynamic tuning/detuning control to function 

as a variable tuning capacitor. 

By controlling the average charging current of a capacitor, a variable equivalent 

capacitance can be obtained. A PI controller is normally used for this type of control. 

Three different topologies are commonly employed for implementing the switching of the 

capacitors, and they are the hysteresis control, PWM control, and the linear control. 

The hysteresis control and the PWM control are basically identical to the ones that have 

been previously discussed in the shorting-control. For these two control methods, the 

practical implementation can be achieved by either half-cycle topology or full-cycle 

topology. Figure 2-24 shows the configuration of these two topologies. 

In the half-cycle topology, the charging current is controlled by switching on/off SDT1 and 

SDT2 simultaneously. When the switches are switched on, the current can continuously 

flow through and charges up the tuning capacitor. When the switches are turned off, the 

body-diodes of the switches block the current from flowing through the capacitor branch, 

and the voltage across the capacitors are maintained at a certain constant level given that 

the capacitors have already been partially charged. As soon as the resonant tank voltage 

decreases to a certain value, which is lower than the voltage across the capacitors, the 
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body diodes of the switches start being forward-biased and the energy of the capacitors 

gets discharged through this process. Since the half-cycle control only controls positive 

cycles of the resonant tank voltage for the variable tuning capacitor, the effective 

capacitance for a single variable capacitor is therefore halved and requires two branches as 

shown in the figure to achieve the full variable range that is originally provided by a single 

variable tuning capacitor. 

CS_v1

CS_v

SDT1

SDT2

(a) Half-Cycle Topology (b) Full-Cycle Topology

CS_v2

SDT1 SDT2

 

Fig. 2-24:  Configurations of switching capacitor 

Control concept of the full-cycle topology is similar to that of the half-cycle topology, 

except that the two switches SDT1 and SDT2 are used to have full control of the ac charging 

current for the tuning capacitor in both the positive and the negative cycles of the resonant 

tank voltage respectively. When SDT1 is on, the current is allowed to charge up the tuning 

capacitor without being blocked by switches or their body-diodes, and when SDT1 is off, 

the current stops flowing into the capacitor branch as the flowing path becomes an open-

circuit. The working principle of SDT2 is identical to SDT1 with the only difference being the 

direction of charging current. 

For the above two topologies, if the switching frequency is purely load dependent, i.e., 

using hysteresis control, without synchronizing to the natural oscillation frequency of the 

secondary resonant tank, it may cause high voltage and/or current stresses to the switches 

and results in high switching losses. The random switching noises caused by the hysteresis 

control also make the EMI filtering design difficult. However, these problems can all be 

improved by using the PWM control with the reasons that have been discussed. In the 

PWM control, soft-switching techniques for reducing the switching losses are also 
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achievable by using ZVD (Zero-Voltage Detection) across the switches or ZCD (Zero-

Current Detection) across the body-diodes. 

The third method of achieving switch-controlled variable capacitor, namely the linear 

control, is quite different from the previous two control methods. It also uses a 

semiconductor transistor to control the current flowing through the tuning capacitor, but 

instead of switching the capacitor in/out of the resonant tank, the semiconductor actually 

works in its linear region to function as a variable resistor. This way, the current flowing 

through the capacitor gets controlled according to the level of the switch‟s gate driving 

signal, and no switching harmonics will be generated during the control process. 

A simplified model shown in Fig. 2-25 can be used to analyze the dynamically 

tuned/detuned power pickup without considering the ac-dc rectification. 

LS

Ceq RACVOC VPR

 

Fig. 2-25:  Simplified dynamic tuning/detuning power pickup model 

To maintain the output voltage constant, the equivalent tuning capacitance can be 

calculated according to [68]: 
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where CS0 is the original capacitance for full tuning and kSV is the actual required boost 

factor from the open-circuit voltage VOC to the output voltage VPR. It can be seen that in 

order to have a valid solution, QS_p must be larger than kSV, which is the maximum boost 

factor that a fully-tuned pickup can have. In the situation of the pickup being lightly 

loaded or no-load, the QS_p becomes infinity according to (2-15). The equivalent tuning 

capacitance reaches its minimum value and can be determined by [68]: 
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From (2-39), it can be seen that the minimum equivalent tuning capacitance varies in 

proportion to kSV. The larger the voltage boosting factor kSV, the smaller the capacitor 

tuning ratio which is needed. This is advantageous for pickups that are required to have 

high output voltage but with their pickup coil size being confined. 

Since the fundamental concept of the dynamic tuning/detuning control is very similar to 

the frequency control of the track current in the primary power supply, therefore they have 

many common features. In a dynamic tuning/detuning controlled power pickup, the 

relationship between the tuning capacitance and the output power is also bell-shaped and 

results in two possible operating points with one being in the over-tuning region and the 

other in the under-tuning region. The over-tuning here means that the equivalent tuning 

capacitance of the pickup resonant circuit is controlled over the nominal value required by 

the fully-tuned condition, whereas the under-tuning means the equivalent tuning 

capacitance is controlled under the nominal value [66]. Figure 2-26 shows the relationship 

between the tuning capacitance and the pickup output power. 
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Fig. 2-26:  Relationship between tuning capacitance and output power of pickup 

After selecting one of the two operating points from the power curve and defining an 

operating range, a single-side tuning control method can be achieved. Due to the nature of 
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a PI controller is unable to perform tracking for a bell-shaped curve, it is difficult to use 

the dynamic tuning/detuning method to achieve maximum power transfer. An operating 

point close to the tuned-point is normally avoided to prevent the tracking process from 

traversing between the two tuning regions, and when the operating point shifts to the other 

region due to a vast or sudden circuit parameter change, the controller may track in the 

wrong direction and fail to regulate the pickup output power. As a result, the dynamic 

tuning/detuning method needs a controller that: 1) can adapt to the bell-shaped curve in 

order to overcome the reduced maximum power transfer capacity, and 2) be able to track 

the closest reference point along the power curve for achieving full-range tuning control. 

2.5 Summary 

A general overview of the complete IPT system and its existing power flow control 

methods have been undertaken in this chapter. All the major parts and associated control 

strategies have been discussed. 

The primary track power supply is in its third generation up to date, with its G1 (First 

Generation) and G2 (Second Generation) power supplies developed based on the current-

fed and the voltage-fed converters respectively. The G3 (Third Generation) power supplies 

are developed based on the properties enhanced version of the previous two generations, 

having π and T networks at the input of the resonant tank of the current-fed and voltage-

fed converters respectively. The track power supply can be designed to have a fixed 

operating frequency but may cause high voltage and/or current stresses to the switches of 

the inverting network, or be variably controlled to follow the natural circuit resonance and 

enabling the soft-switching operation for higher power efficiency. 

The secondary power pickups are magnetically coupled to the primary track and the 

coupling degree can be measured by a term called coupling factor. Two different types of 

tuning circuits are commonly used for the compensation of induced emf in the pickup coil, 

and they are the series tuning circuit and the parallel tuning circuit. In a series-tuned 

pickup, the load is voltage sourced and very advantageous to be used in IPT applications 

where a constant output voltage is required. However, the parallel-tuned pickup has gained 

its popularity owing to its voltage boosting capability which allows the pickup to operate 
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with the primary current track from a further distance, but it requires an effective power 

flow control to cope with the output voltage fluctuation that caused by the load variations. 

The power flow control of the IPT systems can either be applied in the primary track 

power supply or the secondary power pickups. By applying the power flow control in the 

primary side of the IPT system, two strategies are commonly used which are the 

magnitude and the frequency control of the track current. Both the methods can be used to 

effectively control the pickup output power to meet the load demands. However they 

cannot be applied in multiple pickups systems since a primary track power supply can 

only be designed to compensate for parameter variations of a specific power pickup. In 

addition, the adopted PI controller is incapable of covering the full bell-shaped frequency 

control range; therefore the power flow control can only be achieved in a selected tuning 

region. 

To simultaneously operate with multiple pickups using single track power supply, it is 

necessary to perform the power flow control to each pickup individually. Three different 

methods being voltage regulator, shorting-control, and the dynamic tuning/detuning 

control, are used for this purpose. The methods using voltage regulator and shorting-

control are easy to design and implement, but they have low immunity to multiple circuit 

parameter variations. Both of them also suffer from low power efficiency particularly 

under light-load or no-load conditions, and may require large heat sinks for the excessive 

power dissipation which increases the size and cost of the IPT system. The dynamic 

tuning/detuning control is designed to tune or detune the power pickups so they only 

receive sufficient power from the primary track current for meeting the load demands. It is 

more power efficient in terms of the individual secondary pickup, but also suffers from the 

incapability of covering the full control range that happens in the frequency control of the 

primary track current, therefore results in only single-side control with reduced maximum 

power transfer capacity. 
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Chapter 3 
 

Directional Tuning/Detuning Control 
Algorithm (DTDCA) 
 
 
 
 
 
 

 

3.1 Introduction 

In Chapter 2, two different tuning configurations and three popular control methods have 

been proposed in the past for controlling the power flow of the IPT systems [21, 62, 68, 

91]. Each of them has clear advantages and drawbacks which need to be improved either 

structurally or algorithmically for providing better control results against possible circuit 

parameter variations. In this chapter, a novel control method, called as Directional 

Tuning/Detuning Control Algorithm (DTDCA) is proposed to solve the problems 

associated with the existing control schemes. The main objective of the proposed control 

algorithm is to provide constant output voltage and deliver the power required by the load. 

The concept of DTDCA is to perform smart tuning for the power pickup so that the power 

pickup circuit can change the tuning condition according to the load demands, as well as 

be able to cover both the under-tuning and over-tuning regions to achieve full-range 

tuning control. 

3.2 Basic Concept and Control Law of Directional 

Tuning/Detuning Control Algorithm (DTDCA) 

Because the output voltage behaviors of power pickups exhibit a bell-shaped relationship 

with the tuning components of the resonant circuit, a normal PI controller can only 

3.1 Introduction 
3.2 Basic Concept and Control Law of Directional 

Tuning/Detuning Control Algorithm (DTDCA) 
3.3 Sampling Frequency and Tuning Step-Size of 

DTDCA 
3.4 Standard Procedure of DTDCA 
3.5 Summary 
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provide a single-side tuning control with a monotonic trend, rather than achieving full-

range control along a turning curve [66]. A novel control algorithm called DTDC 

(Directional Tuning/Detuning Control) is developed here to solve the problem, so a full-

range control can be achieved against parameter variations to keep the output voltage of 

the pickup to be constant at a desired level. 

In order to develop a controller having the capability of regulating the output voltage of 

the pickup under different operating conditions, all possible correct tracking processes on 

the tuning curve need to be thoroughly studied and compared. 

The tuning curve has been divided into four different operating regions such as A, B, C, 

and D as shown in Fig. 3-1. Each operating region of the tuning curve is defined as 

follows: 

 Region A -   refn VtV  , and the pickup is operating in the under-tuning region. 

 Region B -   refn VtV  , and the pickup is operating in the under-tuning region. 

 Region C -   refn VtV  , and the pickup is operating in the over-tuning region. 

 Region D -   refn VtV  , and the pickup is operating in the over-tuning region. 

Note that the operating points shown in Fig. 3-1 are corresponding to different values of 

tuning inductance/capacitance, and by changing the tuning inductance/capacitance the 

operating point can be shifted and this results in different output voltages. For example, by 

shifting operating point from P1 to P2, the output voltage will change from  1tV  to  2tV . 

The tracking process in these regions is divided into coarse tuning stage and fine tuning 

stage. The coarse tuning stage takes place immediately after the initialization of the 

controller (start-up of the pickup circuit) or when the output voltage is considerably 

deviated from the reference voltage. Once the output voltage reaches around the reference 

voltage, the circuit will be fine-tuned to approach it. 
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Fig. 3-1:  Tracking process of coarse tuning stage in different areas of output voltage 

tuning curve and corresponding time-domain results 
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Coarse tuning in region A 

The tracking process in the region A can be clearly observed from the time-domain 

illustration of Fig. 3-1 a). It can be seen that between any two successful sampling 

instances, if the voltage lies exclusively in one of the operating regions, the sign of the 

error remains unchanged. For example, if between two successful sampling instances t1 

and t2 the voltage  1tV  and  2tV  are in the same operating region A, then the error 

remains positive.  Therefore the error signal defined as: 

   nrefn tVVte              (3-1) 

where tn is the sampling instance, is always positive in the region A, and this error goes on 

decreasing as time progresses. In addition, the rate of error defined as: 

     1 nnn tetete             (3-2) 

is always negative in this region. To obtain a correct tracking in the region A to bring the 

operating point P1 to Pd, the tuning parameter, e.g., T.L/C (Tuning Inductance or 

Capacitance) should be increased from the initial starting point to the value which 

corresponds to the desired output voltage. 

Coarse tuning in region B 

In the region B, it can be seen from Fig. 3-1 b) that the error signal is always negative and 

decreases in terms of magnitude as time progresses. The rate of error in this case is always 

positive. To perform a correct tracking in the region B, the T.L/C needs to be decreased 

from point P1 to Pd. 

Coarse tuning in region C 

In the region C, the error signal which has been observed from Fig. 3-1 c) is always 

negative and decreases in terms of magnitude as time progresses. The rate of error in this 

case is always positive. It can be seen that the error and rate of error are identical in both 

region B and C, and the only difference between them is that to perform a correct tracking 

in the region C, the T.L/C needs to be increased from point P1 to Pd. 
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Coarse tuning in region D 

In the region D, the error signal which has been observed from Fig. 3-1 d) is always 

positive and decreases as time progresses. The rate of error in this case is always negative. 

It can be seen that the error and rate of error are identical in both region A and D, and the 

only difference between them is that to perform a correct tracking in the region D, the 

T.L/C needs to be decreased from point P1 to Pd. 

Figure 3-2 shows where the fine tuning stage occurs in the output voltage tuning curve and 

how it appears in the time-domain. As it can be seen, the fine tuning process can occur 

between any two possible operating points shown in the figure. Note that the coarse tuning 

stage and fine tuning stage are represented by the shaded and un-shaded area (Є) 

respectively. The area Є is a variable which its position and size are dependent on the 

positions of P1 and P2. 

Fine tuning between region A and B 

The term „fine tuning stage‟ here means the controller is at a phase where it has just ended 

the tracking process of coarse tuning stage (shaded area) and started to fine tune the circuit 

to reach the reference point within the area Є. In the tracking process of fine tuning stage 

between the region A and B, there are two possible situations that needs to be considered, 

i.e., whether the operating point is approaching towards the reference from region A or 

from region B. 

A to B 

If the two consecutively sampled voltages are taken from region A across to region B, a 

negative error and a positive error are always obtained at the two successful sampling 

instances tn and tn-1, respectively. The rate of error under such a condition is always 

negative for both the illustrations shown in Fig. 3-2 a) and b) between t1 and t2. The 

correct tuning action for this particular case is to decrease T.L/C. 

B to A 

On the other hand, if the two consecutively sampled voltages are taken from region B 

across to region A as shown in Fig. 3-2 a) and b) between t1
‟
 and t2

‟
, a positive error and a 

negative error are always obtained at the two successful sampling instances tn and tn-1, 
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respectively. The rate of error under such a condition is always positive. The correct 

tuning action for this particular case is to increase T.L/C. 

Fine tuning between region C and D 

In the tracking process of fine tuning stage between the region C and D, it can also be 

separated into two different situations depending on which direction the operating points 

are approaching the reference either from region C or D. 

D to C 

If the two consecutively sampled voltages are taken from region D across to region C, a 

negative error and a positive error are always obtained at the two successful sampling 

instances tn and tn-1, respectively. The rate of error under such a condition is always 

negative for both the illustrations shown in Fig. 3-2 c) and d) between t1 and t2. The 

correct tuning action for this particular case is to increase T.L/C. 

C to D 

And if the two consecutively sampled voltages are taken from region C across to region D 

as shown in Fig. 3-2 c) and d) between t1
‟
 and t2

‟
, a positive error and a negative error are 

always obtained at the two successful sampling instances tn and tn-1, respectively. The rate 

of error under such a condition is always positive. The correct tuning action for this 

particular case is to decrease T.L/C. 
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Fig. 3-2:  Tracking process of fine tuning stage in different areas of output voltage tuning 

curve and corresponding time-domain results 
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Table 3-1:  Results in tracking process of coarse and fine tuning stages 

Coarse Tuning e(tn) > e(tn-1) ė(tn) V(tn) > V(tn-1) T.L/C(tn) > T.L/C(tn-1) 

Region A 0 -ve 1 1 

Region B 1 +ve 0 0 

Region C 1 +ve 0 1 

Region D 0 -ve 1 0 

Fine Tuning  

Region A-to-B 

Outcome1 
0 -ve 1 0 

Region B-to-A 

Outcome1 
1 +ve 0 1 

Region C-to-D 

Outcome1 
1 +ve 0 0 

Region D-to-C 

Outcome1 
0 -ve 1 1 

 

Table 3-1 summarizes the results in the tracking process of coarse and fine tuning stages. 

Comparisons have been made between similar operations as follows: region of A and D, 

region of B and C, region of A-to-B and D-to-C, and region of B-to-A and C-to-D. It has 

been found that the error in the region A and D is always positive whereas it is negative in 

region B and C. In addition, the rate of error in the region A and D is always negative 

whereas it is positive in region B and C. It is therefore impossible to distinguish the 

difference between the pickup being operated in region A and D or region B and C by 

using the error signal alone. However, by using the immediate past tuning result, it is 

possible to distinguish the exact operating region of the pickup. The following conditions 

are given for determining the operating region of the pickup: 

 Region A:   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , or 

  refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV . 

 Region B:   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , or 

  refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV . 

 Region C:   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , or 

  refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV . 
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 Region D:   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , or 

  refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV . 

From the above conditions, it can be seen that the under-tuning and over-tuning regions 

are differentiated by the immediate past tuning result in terms of the tuning direction of 

the T.L/C and moving direction of the output voltage. In addition, the upper and lower 

regions of each tuning region are differentiated by their relative position to the reference 

voltage. To correctly track the desired output voltage from different operating regions of 

the tuning curve, the possible operating conditions are given as: 

 Condition 1: If   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , then 

 1/. ntCLT  should be increased. 

 Condition 2: If   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , then 

 1/. ntCLT  should be decreased. 

 Condition 3: If   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , then 

 1/. ntCLT  should be decreased. 

 Condition 4: If   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , then 

 1/. ntCLT  should be increased. 

 Condition 5: If   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , then 

 1/. ntCLT  should be decreased. 

 Condition 6: If   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , then 

 1/. ntCLT  should be increased. 

 Condition 7: If   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , then 

 1/. ntCLT  should be increased. 

 Condition 8: If   refn VtV   and    1/./.  nn tCLTtCLT  and    1 nn tVtV , then 

 1/. ntCLT  should be decreased. 
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By summarizing the above possible operating conditions and categorizing the results once 

again into the coarse tuning stage and the fine tuning stage, a truth table for determining 

the tuning direction of T.L/C can be given as shown in Table 3-2. 

Table 3-2:  Truth table for determining tuning direction signal S4 

Coarse Tuning 
V(tn) > Vref 

S1(tn) 

V(tn) > V(tn-1) 

S2(tn) 

T.L/C (tn) > T.L/C (tn-1) 

S3(tn) or S4(tn-1) 

T.L/C (tn+1) > T.L/C (tn) 

S4(tn) 

A (Cond. 4) 0 1 1 1 

B (Cond. 5) 1 0 0 0 

C (Cond. 6) 1 0 1 1 

D (Cond. 3) 0 1 0 0 

Fine Tuning  

A-to-B (Cond. 8) 1 1 1 0 

B-to-A (Cond. 1) 0 0 0 1 

C-to-D (Cond. 2) 0 0 1 0 

D-to-C (Cond. 7) 1 1 0 1 

 

Instead of purely depending on the error signals to generate the control signals as the 

conventional PI controllers do, the proposed controller is developed based on the result of 

Table 3-2, which has also included the validity of the previous control action into 

considerations. To further simplify the results in Table 3-2, a Boolean expression can be 

derived as: 

   2132134 SSSSSSS           (3-3) 

where S4 is the signal in the control algorithm for determining the tuning direction with 

logic 1 to increase or logic 0 to decrease the T.L/C. The actual output signal of the 

controller can therefore be expressed by: 

       n

S

nn tHtUtU 




1

1
41            (3-4) 

where U(tn) is the present-state control signal, U(tn-1) is the previous-state control signal, 

and ΔH(tn) is the step-size of the adjustment in the present-state. The practical 

implementation of the proposed DTDCA for changing the T.L/C of the pickup will be 

discussed in Chapter 4 and Chapter 6. 
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3.3 Sampling Frequency and Tuning Step-Size of DTDCA 

After each tuning action in the pickup tuning circuit, the circuit would require certain time 

period (time constant of pickup circuit) for the output voltage to stabilize. Since the 

complete effect of each control action on the output voltage is required to be fully 

observed for a proper validity check before the controller can take the next step, the 

controller therefore has to wait for the pickup circuit to reach its steady state. This makes 

the selection of sampling frequency for the controller to read the output voltage very 

important as it may significantly affect the controller performance. Because the time 

constant of different pickups with different configurations and parameters, may be 

different, the selection of sampling frequency will need to be determined individually. In 

this thesis, the sampling frequency of the proposed controller will be separately 

determined for the LCL and the parallel LC power pickups. 
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Fig. 3-3:  Relationship between T.L/C and pickup output voltage 

The performance of the proposed controller is not only dependent on the sampling 

frequency for the output voltage detection, but also on the tuning step-size of the 

controller when it takes tuning actions. The relationship between the T.L/C and the pickup 

output voltage is shown in Fig. 3-3. From Fig. 3-3, it can be seen that the output voltage 

can be controlled by operating the pickup in either in the under-tuning or over-tuning 

region from the initial operating point A or E, corresponding to the initial T.L/C of T.L/C0 

or T.L/C0‟. For the DTDCA to perform an efficient control so the operating point can be 

stabilized to the desired voltage with the shortest tuning distance, the operating points of 
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the circuit should not jump across the two regions during any two consecutive samples. At 

the initial controller startup, this can be ensured if the value of each tuning adjustment 

does not exceed a maximum T.L/C variation range Δhm. This can vary, depending on the 

circuit characteristics and dynamic performance required. But its theoretical maximum 

should be confined between the initial operating point (A or E) and the maximum point 

(C). However, since the tuning relationship between the T.L/C and the output voltage may 

still be varied by the circuit parameter variations, the value of Δhm therefore will also need 

to be determined under extreme operating conditions for both the LCL and the LC power 

pickups in order to cover all possible operations. 

Once the maximum tuning step-size is determined, the controller can use it as a coarse 

tuning adjustment but should also be able to perform fine tuning since the performance of 

the controller is critically dependent on the step change of T.L/C (Δh). A large fixed value 

of Δh can make the system respond faster; but this may cause the output voltage to have 

large oscillations around the reference voltage. Conversely, a small fixed value of Δh 

makes the system sluggish but leads to a more stable output. A judicious compromise 

between these two is needed to avoid output chattering and still obtain a reasonably fast 

response. This can be obtained by adaptively changing Δh at each sampling instant tn as 

follows: 

If the output voltage does not oscillate around the reference point (   nte Є, see Fig. 3-2), 

then Δh is kept constant at the predefined maximum step Δhm. Contrary, when the output 

voltage oscillates around the reference (   nte Є), Δh is changed according to: 

 

    







 tuningFineHtHhth

tuningCoarseHhth

mnn

mmn





1
      

(3-5) 

where α is a scaling factor (depending on the physical controller design) between the step-

size of control signal ΔH and the physical tuning step-size Δh, and β is a scaling factor less 

than one. 

The above introduced method is called Simple Step-Size Adjustment (SSSA) since it is 

based on a very simple and straight forward method on changing the tuning step-size of 

the controller. The determination for the value of β is however difficult since the pickup 
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circuit behavior may be constantly changing due to the circuit parameter variations. 

Therefore, it can only be designed through heuristic method. 

The decision on whether the controller should be performing coarse tuning or fine tuning 

is purely dependent on S1 and S2 at any two consecutive sampling instances. If the 

controller is in the coarse tuning stage which requires the tuning step-size with coarse 

tuning value, then the logic signal S1S2 (from Table 3-2) should be either 01 or 10 at any 

two consecutive sampling instances. Contrary if the controller is in the fine tuning stage 

which requires the tuning step-size with fine tuning value, then S1S2 should be switching 

between 00 and 11 at any two consecutive sampling instances. Under such an assumption, 

the control result of applying SSSA can lead to two different outcomes which are the ideal 

control result and the indefinite control result. Figure 3-4 shows the two possible 

outcomes when the SSSA is applied. It can be seen from Fig. 3-4 a) that if an ideal control 

result is obtained, the controller would bring the output voltage gradually towards Vref and 

eventually reaches Vref by reducing the tuning step-size according to (3-5). The reduction 

in the tuning step-size occurs at each time that the output voltage traverses the voltage 

reference. 
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a) Ideal control result after applying SSSA

b) Indefinite control result after applying SSSA
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Fig. 3-4:  Possible control results after applying SSSA 
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The second possible outcome is shown in Fig. 3-4 b). It can be observed from the figure 

that the controller reduces the tuning step-size (Δhm to Δh) at t2 since the output voltage 

has entered the fine tuning stage, which allows the output voltage at the next time instance 

move towards the voltage reference (P2 to P3). However, as the output voltage at t3 does 

not traverse the voltage reference but stays above it, the controller switches back to the 

coarse tuning mode and uses Δhm as the tuning step-size. The mode switching then results 

in an infinite looping between the coarse tuning and fine tuning stage of the control 

algorithm and the output voltage can never reach to the desired value, which eventually 

leads to an indefinite control result. In order to solve this problem, a prior knowledge 

about whether the output voltage has entered the fine tuning stage or not is required so that 

the tuning step-size can be adjusted correctly. 

Table 3-3:  Truth table for Δh adjustment determination (S7) 

Possible 

Cases 

V(tn) > Vref 

S1(tn) 

V(tn) > V(tn-1) 

S2(tn) 

V(tn-1) > Vref 

S5(tn) 

V(tn-2) > Vref 

S6(tn) 
S7(tn) 

Case 1 0 0 0 0 1 

Case 2 0 0 0 1 1 

Case 3 0 0 1 0 0 

Case 4 0 0 1 1 0 

Case 5 0 1 0 0 1 

Case 6 0 1 0 1 0 

Case 7 0 1 1 0 N/A 

Case 8 0 1 1 1 N/A 

Case 9 1 0 0 0 N/A 

Case 10 1 0 0 1 N/A 

Case 11 1 0 1 0 0 

Case 12 1 0 1 1 1 

Case 13 1 1 0 0 0 

Case 14 1 1 0 1 0 

Case 15 1 1 1 0 1 

Case 16 1 1 1 1 1 

 

Table 3-3 shows the determination of Δh adjustment. From Table 3-3, all possible cases 

are categorized into three different categories as below: 
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Category I 

This includes case 1, 2, 15, and 16. Regardless of the result of S6, the signal S1, S2, and S5 

have implied that the tuning direction from the previous control action is incorrect and 

therefore requires Δh to have the coarse tuning value (represented by logic 1) in the 

present state. 

Category II 

This includes case 3, 4, 13, and 14. Regardless of the result of S6, the signal S1, S2, and S5 

have implied that the output voltage has entered the fine tuning stage and therefore 

requires Δh to have the fine tuning value (represented by logic 0) in the present state. 

Category III 

This includes case 5, 6, 11, and 12. The signal S1, S2, and S5 in this category have shown 

that the tuning direction from the previous control action is correct, and whether the 

controller is in the coarse tuning or fine tuning stage is completely dependent on the 

location of V(tn-2). As a result, both the case 5 and 12 belong to tracking stage and 

therefore requires Δh to have the coarse tuning value in the present state. Conversely, the 

case 6 and 11 belong to fine tuning stage and hence requires Δh to have the fine tuning 

value in the present state. 

Note that the result of case 7, 8, 9, and 10 are marked with N/A; since these cases are 

impossible to happen. By summarizing the obtained result in Table 3-3, a Boolean 

expression for determining whether the pickup should be coarse-tuned or fine-tuned (logic 

1 for coarse tuning and logic 0 for fine tuning) can be derived as: 

   6515217 SSSSSSS 
             

(3-6) 

3.4 Standard Procedure of DTDCA 

To effectively control the output voltage of the pickup using the proposed DTDCA, a 

standard procedure for executing the algorithm has been recommended as shown in Fig. 3-

5. The proposed DTDCA can be implemented by using a standard embedded controller 

such as PSoC (Programmable System-on-Chip). 
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Sampling

Determination of Inc. 

or Dec. tuning 

component 

according to eqn. (3-

3)

S1(tn) S2(tn)

Initialisation

If V(tn-2) > Vref

S6(tn) = 1

Else

S6(tn) = 0

If V(tn-1) > Vref

S5(tn) = 1

Else

S5(tn) = 0

If V(tn) > VL(tn-1)

S2(tn) = 1

Else

S2(tn) = 0

If V(tn) > Vref

S1(tn) = 1

Else

S1(tn) = 0

S5(tn) S6(tn)
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eqn. (3-6)
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S4(tn) S3(tn) or S4(tn-1)

Obtain controller‟s 

output U(tn) using 

eqn. (3-4)

ΔH(tn-1)
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U(tn-1)
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ΔH(tn) = 0

Store V(tn) Store V(tn-1)

V(tn-2)V(tn-1)

ΔH(tn)

S4(tn)

 

Fig. 3-5:  Flowchart of standard procedure of DTDCA 
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The procedure starts with the initialization of the algorithm. In this process, the controller 

initializes the settings according to the user specifications and the system characteristic 

that the controller is applied to. These include sampling time of the controller, initial state 

of each processing block (shown in the square blocks), maximum increment (or 

decrement) level of the controller‟s output, and the hysteresis band around the voltage 

reference. 

After the initialization, the first sampled output voltage V(tn) will be stored in the memory 

blocks with an unit delay in each one of them before outputting to the next processing 

block, and this allows the controller to still have the memory of the present output voltage 

after two executions of the algorithm. For example, V(tn) will become V(tn-1) in the first 

memory block after the first execution and then become V(tn-2) in the second memory 

block after the second execution. Note that in order to perform a proper tracking process at 

the initial stage, the controller should not provide tuning actions to the pickup anytime 

before the third execution of the algorithm since the knowledge of V(tn-1) and V(tn-2) are 

still lacking in the first and second execution. Assuming that the value of V(tn-1) and V(tn-2) 

are properly stored in the memory blocks after executions of the algorithm, the present 

sampled output voltage V(tn) will be compared with Vref and V(tn-1) to generate the logic 

signals of S1(tn) and S2(tn) respectively, and V(tn-1) and V(tn-2) will be compared with Vref to 

generate the logic signals of S5(tn) and S6(tn) respectively. 

The obtained logic signals of S1(tn), S2(tn), S5(tn), and S6(tn) are used in two different 

branches of the algorithm in the next stage. The left branch is used for determining the 

tuning direction of the pickup, and it uses S1(tn), S2(tn), and S3(tn) to determine the logic 

signal S4(tn) which has an output of 1 for increasing or 0 for decreasing the value of the 

controlled tuning component. Note that S3(tn) is based on the previous result of S4(tn) 

which has been stored in the memory block and delayed by one unit. The right branch is 

used for determining the value of ΔH(tn), and it uses S1(tn), S2(tn), S5(tn), and S6(tn) to 

determine the logic signal S7(tn) which has an output of 1 for coarse or 0 for fine tuning the 

pickup. The obtained S7(tn) will then be passed onto the next processing block for 

calculating the actual value of ΔH(tn) according to (3-5). Note that the value of ΔH(tn) may 

be based on ΔH(tn-1) depending on the result of S7(tn). Therefore ΔH(tn) also needs to be 

stored in the memory block and delayed by one unit for the next calculation. 
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A subroutine is introduced here to allow the controller take no further control actions after 

the output voltage reaches to a satisfactory value. This is achieved by establishing a 

hysteresis band around the voltage reference. If the sampled output voltage lies outside the 

hysteresis band then ΔH(tn) will still be calculated by the main algorithm. On the contrary 

if the output voltage lies inside the hysteresis band then the value of ΔH(tn) will be set to 

zero as the output voltage has reached the satisfactory value and requires no further tuning 

actions from the controller. 

By combining the result of S4(tn) and ΔH(tn), the output U(tn) of the controller can finally 

be calculated using (3-4), and it would then be stored in the memory block with an unit 

delay for the next calculation. After executing the complete standard procedure of the 

proposed DTDCA, the controller will need to wait for a delay of sf1  (fs represents the 

sampling frequency of the controller) before going back to the start of the procedure, since 

the effective control result can only be verified after the output voltage of the pickup has 

reached to its steady state. 

The proposed DTDCA can be applied to other secondary pickup systems with bell-shaped 

tuning characteristic irrespective of the power ratings and sizes of the pickup system. 

3.5 Summary 

In this chapter, a novel Directional Tuning/Detuning Control Algorithm (DTDCA) has 

been developed. By observing the output voltage behaviors of the pickup at different areas 

of the bell-shaped tuning curve, two tracking modes have been proposed for coarse tuning 

and fine tuning of the pickup circuit to reach the reference voltage quickly and accurately. 

After summarizing the considered logic signals from the above two operating modes, a 

control law for the DTDCA has been derived in the form of a Boolean expression. The 

performance of the proposed DTDCA is dependent on both the sampling frequency and 

the tuning step-size, and the determination of these two parameters has to be individually 

examined for different pickup circuits. A sub-algorithm to perform simple tuning step-size 

adjustment has been introduced for the controller to perform either coarse or fine tuning of 

the pickup circuit. A standard procedure for the proposed DTDCA has also been 

recommended for proper execution of the algorithm. 
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Chapter 4 
 

DTDCA Control of LCL Power Pickup 
 
 
 
 
 
 

 

4.1 Introduction 

As it has been discussed in Chapter 2, the power pickup can generally have either a series-

tuned or a parallel-tuned LC circuit as its tuning circuit [21]. Both configurations have 

distinguishing advantages and shortcomings. For the series-tuned power pickup, the 

output voltage is invariant to the load variations, but the circuit does not have the voltage 

boosting ability. And as for the parallel-tuned power pickup, its output voltage can be 

boosted up by the circuit quality factor, but has a current source feature which presents a 

load dependent output voltage. A power pickup based on the LCL (Inductor-Capacitor-

Inductor) tuning configuration is therefore studied here as an alternative to the 

conventional tuning methods, which is able to boost up the output voltage, and also has a 

voltage source property under fully-tuned conditions. 

4.2 LCL Tuning Power Pickup 

4.2.1 Basic Structure of LCL Tuning Pickup 

Figure 4-1 shows the complete structure of the LCL power pickup. The LCL power 

pickup can be basically separated into two parts: the ac part and the dc part. The ac part is 

the part of the pickup before the rectifier bridge where the voltage and current waveforms 

are running at the primary operating frequency. It consists of a secondary pickup coil with 

a self-inductance of LS1, a tuning capacitor CST, and a tuning inductor LS2 to form an LCL 

4.1 Introduction 
4.2 LCL Tuning Power Pickup 
4.3 Effects of LCL Circuit Parameter Variations on 

Pickup Output Voltage 
4.4 Implementation of DTDCA Controlled LCL 

Power Pickup 
4.5 Simulation/Experimental Results and 

Discussion 
4.6 Summary 
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T-network, or more commonly refer to as the composite tuning circuit since it is a 

composition of the series tuning circuit and the parallel tuning circuit. The dc part of the 

pickup consists of a dc capacitor CDC and a dc load resistance RL. Unlike the power 

pickups whose load is current sourced, i.e., parallel tuning power pickups, and require a 

large dc inductor right after the rectifier bridge for achieving continuous current 

conduction so as to obtain possible maximum power capacity, the composite power 

pickup only requires a dc capacitor for stabilizing the output voltage. 

CST RL

VOC

CDC

M
IP

VL

ILLS2

LS1

VrectVAC

IrectIAC

 

Fig. 4-1:  Basic structure of LCL power pickup 

Similar to the other conventional power pickups, through the magnetic coupling between 

the primary current track and the secondary pickup coil, an emf can be induced in the coil 

having an open-circuit voltage and a short-circuit current given as [21, 66]: 

10

0 ,
S

OC
SCPOC

Lj

V
IMIjV


            (4-1) 

where IP is the primary track current, M is the mutual inductance between the primary 

current track and the secondary pickup coil, and ω0 is the nominal primary operating 

frequency. The LCL tuning circuit here functions as a compensator for the unregulated 

VOC and generates an ac voltage VAC with its magnitude and phase angle dependent on the 

characteristics of the LCL tuning circuit. After the ac-dc rectification, the dc capacitor CDC 

filters out the high frequency components of the rectified current Irect to provide a dc load 

current IL and hence gives a dc output voltage VL. 

Assuming the value of the dc capacitor CDC is selected such that it is large enough to 

completely remove ripples in the output voltage, the secondary resonant tank voltage VAC 

will become square wave that has the magnitude equal to VL. Figure 4-2 shows the steady 
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state voltage and current waveforms of the composite pickup. Note that θ is the phase 

angle difference between the input and output of the composite tuning circuit. 
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Fig. 4-2:  Voltage and current waveforms of LCL power pickup 

By neglecting the harmonics of the square wave, the relationship between the output 

voltage VL and the resonant tank voltage VAC can be presented by: 

ACrectL VVV ˆ
4


             (4-2) 

where ACV̂  is the peak value of the sinusoidal waveform of VAC. For ac-dc current 

conversion of the LCL pickup, the load current IL can simply be calculated by taking the 

average of the rectified current Irect. But since Irect has the same magnitude as the resonant 

tank current IAC, the load current IL can be expressed as:  

ACrectL III ˆ2ˆ2


              (4-3) 
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where rectÎ  and ACÎ  are the peak value of Irect and IAC respectively. Considering IVR  , 

the relationship between the dc load resistor RL and the equivalent ac load resistance RAC 

can be expressed by: 

ACL RR
8

2
          (4-4) 

4.2.2 Characteristics of LCL Tuning Circuit in Steady State 

A simplified model of LCL power pickup is shown in Fig. 4-3 without considering the ac-

dc rectification. As can be seen from the figure, the general structure of an LCL tuning 

circuit consists of a secondary pickup coil inductance LS1, a tuning capacitor CST, and a 

tuning inductor LS2. The resistance RAC is the ac equivalent resistance of the dc load 

resistor RL (see Fig. 4-1). 
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IS IST
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Fig. 4-3:  Simplified model of LCL power pickup circuit 

Considering CST, LS2, and RAC as lumped circuit elements to form an impedance ZL, the 

voltage across the tuning capacitor CST in Laplace domain is expressed as: 
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    (4-5) 

The voltage across the ac resistor RAC can then be obtained by using the voltage division 

method to give the voltage transfer function HV(s) of the LCL tuning circuit as: 
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Considering      sRsVsI ACACAC  ,      sVsHsV OCVAC   and    sIsLsV SCSOC  1 , 

the current transfer function HI(s) can be obtained from: 
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Equation (4-6) and (4-7) can also be expressed in the frequency-domain using rectangular 

form: 
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where ω is the primary operating frequency. The LCL power pickup can be fully-tuned by 

separating the tuning capacitor CST into CS1 and CS2 and tuning these capacitances to LS1 

and LS2 respectively. The LCL pickup circuit under the fully-tuned condition becomes as 

shown in Fig. 4-4. The simplification of a fully-tuned LCL circuit is carried out by a two-

stage circuit transformation. 
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CST RACVOC CS1 RACLS1ISC

VOC1

IAC_R

LS2 LS1
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2
LS2CS2 = 1

Thevenin
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Fig. 4-4:  Simplification of fully-tuned LCL pickup circuit 
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The first stage is having the original circuit transformed into a Norton equivalent circuit 

with the short-circuit current of the pickup coil as its input source. Under fully-tuned 

condition, the inductance LS1 and the capacitance CS1 would form an infinitely large 

resultant impedance and can be regarded as an open-circuit in the circuit analysis. In 

second stage of the transformation, the Norton equivalent circuit of the power pickup is 

transformed into a Thevenin equivalent circuit having an input voltage of VOC1. The 

inductance LS2 and the capacitance CS2 here would cancel each other and the resultant 

impedance is treated as a short-circuit in the circuit analysis. After the two-stage 

simplification, it is obvious to see that the LCL power pickup acts like a voltage source 

with an output voltage equals to the value of VOC1. 

By substituting 22110 11 SSSS CLCL   into (4-8) and rearranging (4-8), the 

output voltage of a fully-tuned LCL power pickup becomes: 
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1

1
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where kVR is the voltage boosting factor of the LCL tuning circuit under fully-tuned 

condition. The load current under fully-tuned condition can also be calculated using 

similar method, and it can be expressed as: 

SCIRSCVRsSSCVR

AC

S
RAC IkIkQIk

R

L
I  _

10
_


     (4-11) 

where QS_s is the quality factor of a conventional series-tuned circuit, and kIR is the current 

boosting factor of the LCL tuning circuit under fully-tuned condition. 

4.2.3 Controllable Power Transfer Capacity 

When the LCL power pickup is fully-tuned, the power available to the load can be 

determined from: 

SCOCVRsSRACRACRAC IVkQIVP
2

____     (4-12) 
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Similar to a simple series-tuned LC power pickup, the LCL tuning circuit can give a 

constant output voltage. Moreover, its power transfer capacity is boosted by a factor of 

kVR
2
 under fully-tuned condition. 

The output power of the LCL pickup can also be variably controlled by changing the 

tuning condition of the resonant tank to meet the actual load demands. To simplify the 

system analysis, the value of LS1 and CS1 are assumed to be fixed and they are tuned to the 

nominal resonant frequency. This leaves LS2 or CS2 in the tuning circuit to be variably 

controlled. In the case of variable LS2, the value of CS2 is selected according to the voltage 

boosting factor kVR of the LCL tuning circuit. The nominal tuning capacitance CST can 

therefore be expressed as: 


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k

CCCC
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1121
        (4-13) 

By substituting (4-13) into (4-8) and (4-9) and rearranging the equations with respect to 

VAC and IAC, the magnitude of output voltage and load current of the LCL tuning circuit 

using variable LS2 can be presented by: 

   0_0  jVBkjV OCLCVRAC          (4-14) 

   0_0  jIBkjI SCLCIRAC          (4-15) 

where BC_L is the controllable boosting coefficient. This is expressed as: 
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where the variable radj is given by: 
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where LS2_v is the variable or actual operating inductance of LS2 and 
0__2 rSL  is the 

inductance of LS2 under fully-tuned condition with a resonant frequency equals to the 

nominal frequency ω0. The output power can therefore become: 
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      (4-18) 

Figure 4-5 shows the output power of the LCL power pickup with a variable LS2. It can be 

seen that the power pickup has an initial output power of PAC_ini when LS2 = 0 (e.g., 

without using LS2). Moreover, different values of kVR would result in different PAC_ini. 

PAC

LS20

kVR=2

PAC_ini

kVR=4

kVR=8

LS2-2 LS2-4 LS2-8

 

Fig. 4-5:  Output power of LCL power pickup using variable LS2 under different kVR 

The maximum PAC_ini can be approximated using the following equation when kVR is 

approaching infinity. 
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            (4-19) 
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The pickup reaches its maximum output power when the circuit is fully-tuned, i.e., 

0__2_2 rSvS LL  , and as the value of LS2_v keeps increasing, the output power decreases 

and eventually reaches zero when LS2_v is infinitely large. Different maximum output 

power can be achieved by using different kVR. However, 
0__2 rSL  would also have to have 

different values such as LS2-2, LS2-4, and LS2-8 (as shown in Fig. 4-5), for the corresponding 

kVR to reach the fully-tuned condition. This is due to the value of tuning capacitor CS2 

being selected according to the value of kVR and used to tune to LS2, which means that if 

kVR is changed the value of LS2 under fully-tuned condition would also have to change in 

accordance with the change of CS2. By differentiating (4-18) with respect to radj, the 

gradient of the LCL pickup output power (gP_L) can be shown by Fig. 4-6. It can be 

observed from the figure that the increase in kVR would also increase the circuit sensitivity 

of the pickup. 

LS2

gP_L

kVR=2
0

kVR=4

kVR=8

 

Fig. 4-6:  Gradient of output power using variable LS2 under different kVR 

Besides the variable LS2, the output power can also be changed by using variable CS2. 

Following similar procedures that have been used in the case of variable LS2, expressions 

of the output voltage and load current for the LCL pickup using variable CS2 can be 

obtained as follows: 
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   0_0  jVBkjV OCCCVRAC           (4-20) 

   0_0  jIBkjI SCCCIRAC           (4-21) 

where BC_C is the controllable boosting coefficient using variable CS2 and can be expressed 

as: 
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The adjusting ratio radj here, has a similar definition to (4-17), however, it is equal to 

0__2_2 rSvS CC , where CS2_v is the variable or actual operating capacitance of CS2 and 

0__2 rSC  is the capacitance of CS2 under fully-tuned condition with a resonant frequency 

equals to the nominal frequency ω0. Considering ACACAC IVP  , the output power can be 

expressed as: 
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(4-23) 

By differentiating (4-23) with respect to radj, the gradient of the output power can be 

presented by: 
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Fig. 4-7:  Output power of LCL power pickup using variable CS2 under different kVR 
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Fig. 4-8:  Gradient of output power using variable CS2 under different kVR 

Figure 4-7 and 4-8 show the output power and gradient of output power of the LCL power 

pickup using variable CS2 respectively. The initial power PAC_ini here is independent of kVR 
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variations and can be determined by (4-14). At the tuned-points where they have been 

indicated as CS2-2, CS2-4, and CS2-8 in Fig. 4-7, the CS2 controlled pickup provides the same 

output power as the LS2 controlled pickup under fully-tuned condition. However, the 

maximum power of the pickup does not occur at these tuned-points. The ratio radj to 

achieve the maximum power can be calculated by having: 

    010
22

10_  adjACadjSVRCP rRrLkorg   

Solving the above equation to obtain the value of radj, the required adjusting ratio is equal 

to: 
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       (4-25) 

By substituting (4-25) into (4-23), the actual maximum power of the CS2 controlled pickup 

can be obtained. To compare the maximum power between the CS2 and the LS2 controlled 

pickup, a ratio rPmax_CL is defined as: 
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             (4-26) 

where PACmax_C and PACmax_L are the maximum power of the pickup using a variable CS2 

and variable LS2 respectively. The ratio rPmax_CL clearly shows that a CS2 controlled pickup 

obtains a higher maximum output power than a LS2 controlled pickup under low kVR 

operation, but the ratio approaches to unity when a high kVR is applied. 

To further compare the effect of variations of LS2 or CS2 on the output power of the LCL 

pickup, the gradient of the output power for both cases are shown together in Fig. 4-9. The 

adjusting ratio radj is selected to lie within a range of 0 ~ 2. It can be seen that when the 

pickup is operating with lower voltage boosting factor, the pickup circuit is more sensitive 

to the change of CS2. However, the difference in circuit sensitivity with respect to the 

tuning components between the LS2 controlled and the CS2 controlled pickup decreases as 

the voltage boosting factor gets increased. 
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Fig. 4-9:  Gradient of output power using variable LS2 or CS2 under different kVR 

Although it is obvious that power flow control for the LCL power pickup can be done 

either by controlling the inductance of LS2 or the capacitance of CS2, a preferable choice 

can still be selected based on the characteristics of these two methods. Advantages of 

using the variable CS2 include the initial startup power for the pickup is independent of kVR 

and has a higher maximum output power under low kVR operation. Nevertheless, to 

achieve higher value of kVR (> 10) than the conventional IPT systems with fixed tuning to 

improve the loose coupling properties of the power pickup, the features of the CS2 

controlled power pickup become imperceptible because the initial and maximum power of 

the pickup using variable LS2 or variable CS2 are almost of the same according to (4-19) 

and (4-26). The major factor that differentiates these two methods is the circuit sensitivity 

of the pickup with respect to the change of these two variable components. As it is well-

known in engineering practices, if a system‟s output is sensitive to the control signal, the 

employed controller would need to have high resolution in both its feedback and output 

signals, which often increase the size and cost of the system, and failure to do so, may 
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result in poor or undesirable control result. It can be seen from Fig. 4-9 that the LCL 

power pickup is more sensitive to the change of CS2 than the change of LS2 even though 

the difference between these two circuit sensitivities decreases as the value of kVR 

increases. The power flow control of the LCL power pickup is therefore based on using 

the variable LS2 due to the reasons discussed. 

4.3 Effects of LCL Circuit Parameter Variations on Pickup 

Output Voltage 

In practical operations, the power pickups are often deviated from its designated operating 

point in terms of the circuit tuning condition due to the variation of circuit parameters [66, 

67]. This causes the output voltage of the power pickup to fluctuate or chatter, which 

results in an undesirable output characteristic for most electrical applications. In order to 

regulate the output voltage of the LCL power pickup by using the variable LS2, it is 

appropriate to know how the resonant tank voltage VAC is affected by variations in 

different circuit parameters. These effects are analyzed here. 

4.3.1 Operating Frequency Variation 

As it has been discussed in Chapter 2, the primary track power supply can have two 

different operating modes which are the fixed frequency operation and the variable 

frequency operation. The fixed frequency operation offers a constant operating frequency 

for the IPT system whereas the variable frequency operation allows the operating 

frequency to follow the primary natural circuit resonance [21]. Advantage of having the 

IPT system to operate with a fixed frequency is that a constant power transfer between the 

primary and the secondary side can be maintained, and the output power of the secondary 

pickup would not be affected by the variations of the operating frequency. However, since 

the reflected impedance from the secondary pickup often causes the primary resonant tank 

to detune from its nominal operating frequency, semiconductor devices in the primary 

inverting network that are forced to switch at a constant nominal frequency may be 

imposed with high voltage and/or current stresses and result in high switching losses. To 

reduce the potential high switching losses, the semiconductor devices in the inverting 

network can be switched using ZVS or ZCS techniques by following the natural circuit 

resonance with certain degree of variation in the nominal operating frequency. Such a 
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method provides a better power efficiency for the primary converter of the IPT system, but 

it may also cause significant power drop for an LCL power pickup under high kVR 

operation (or for an LC power pickup under high Q operation). As the primary power 

supply may either use the fixed or the variable frequency converter topology in a practical 

IPT system design due to their distinguishing features, it is therefore of great importance 

to analyze the effects of the potential operating frequency variation on the output voltage 

of the LCL power pickup, so a desired inductance of LS2 can be obtained based on the 

analyses to compensate for this particular variation. 

As it has been discussed in Section 4.2, the output voltage of the LCL pickup is controlled 

by a boosting coefficient according to (4-14) when the circuit is operating at the nominal 

frequency ω0. However, when the IPT system has an operating frequency variation, the 

boosting coefficient would be affected and needs to be re-examined. To do so, the 

magnitude of operational voltage boosting factor of the LCL tuning circuit is obtained by 

taking the absolute value of (4-8) as: 
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(4-27) 

By defining the actual operating frequency ω as: 

0 f       (4-28) 

where αf is the normalized frequency variation index, i.e., αf equals to 1.1 if the nominal 

operating frequency ω0 is +10% higher. Considering 22110 11 SSSS CLCL  , 

0__2_2 rSvSadj LLr  , and 21 SSVR CCk  , equation (4-27) can be rewritten as: 
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It has been noticed that not only the operational voltage boosting factor gets affected by 

the operating frequency variation but the open-circuit voltage of the pickup coil would 

also be affected according to (4-1), and it is crucial to consider both of them in the 

analysis. The output voltage of the LCL pickup under variation of the operating frequency 

is therefore obtained by rearranging (4-29) and can be expressed as: 

     

 0_
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jVk
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


      (4-30) 

where VOC_O is the nominal open-circuit voltage of the pickup coil without being affected 

by any parameter variations and it is given in (4-1). Figure 4-10 shows the output voltage 

behavior under different operating frequency variations. It can be seen from the figure that 

due to the effect of frequency variation, the ratio radj for the pickup to achieve fully-tuned 

condition has been shifted and indicated as radj_fvr1, radj_fvr2, and radj_fvr3 for the pickup 

having +1%, 0%, and -1% variation in the operating frequency respectively. In addition, 

the maximum output voltage of the pickup has also been changed. From (4-29), it can be 

seen that the maximum output voltage is reached when: 

   011
22
 ffVRadj kr   

By solving the above equation to obtain the required ratio radj for the pickup to fully tune 

to the drifted operating frequency, the solution is given by: 
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       (4-31) 

Substituting (4-31) back to (4-29), the operational voltage boosting factor kV can be 

simplified and the maximum output voltage corresponding to the drifted operating 

frequency can be expressed as: 
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           (4-32) 

The maximum output voltage under different frequency variations has been indicated as 

VAC_fvr_max1, VAC_fvr_max2, and VAC_fvr_max3 in Fig. 4-10. 
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Fig. 4-10:  Output voltage behavior of LCL power pickup using variable LS2 under operating 

frequency variations 

The result obtained in Fig. 4-10 shows that even the LCL pickup possesses a voltage 

source property under fully-tuned condition, the output voltage would still be changed 

when the pickup experiences an operating frequency variation. In addition, even the circuit 

is retuned to the drifted frequency; the output voltage will no longer be the same as the 

maximum output voltage which is obtained at the nominal operating frequency. It can also 

be observed from Fig. 4-10 that if a constant output voltage Vref is required, the LCL 

pickup has to be operated in the detuning region in order to compensate for the operating 

frequency variation through adjusting LS2. This causes the LCL tuning circuit to lose its 

voltage source property. Furthermore, the MMOV (Minimum of the Maximum Output 

Voltages, it is VAC_fvr_max1 in this case) caused by the variation has to be larger than the 

required constant voltage so the control range provided by the variable LS2 can be fully 

used to compensate for the variation. Otherwise the pickup would be required to operate 

with a reduced tolerance to the variation. From (4-30), it is obvious to see that in order to 

keep the output voltage constant, the term Vf k  must be kept constant. By putting the 
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expression of Vf k  into a quadratic equation of radj and solving it to obtain the desired 

adjusting ratio for the corresponding frequency variation, the solutions can be presented 

as: 
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where rk  RACrefVRrefV VVkk __ or  is the ratio between the desired voltage boosting 

factor kV_ref that needs to be kept constant and the voltage boosting factor kVR under fully-

tuned condition, or it can also be regarded as a ratio between the desired output voltage 

Vref and the maximum output voltage of the pickup VAC_R under the nominal operating 

frequency. Note that in order to have a valid solution for the ratio radj_fv, the following 

condition must be met. 
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The ratio rk therefore has to be selected within the range of 10  kr  to cover both the 

positive and negative variations in the operating frequency. If the pickup is designed to 

have an output voltage that is equal to the output voltage at the nominal tuned-point, then 

only negative variations in the operating frequency will be allowed. Figure 4-11 shows the 

relationship between the operating frequency variations and the adjusting ratio for 

achieving the required rk. The ratio to achieve fully-tuned condition is represented by 

radj_fvr. The solutions of the required ratio for achieving the desired rk are separately shown 

in the figure according to their operating region and represented by radj_fv_OT and radj_fv_UT 

for the ratios in the over-tuning region and the under-tuning region respectively. 
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Fig. 4-11:  Adjusting ratio of LS2 for LCL power pickup to achieve desired rk under operating 

frequency variations 

4.3.2 Magnetic Coupling Variation 

Contactless power transfer through loose magnetic coupling is a major feature of the IPT 

system and has gained many different applications owing to its advantageous operating 

distance between the stationary primary current track and the movable secondary power 

pickups. Normally, the system is designed such that the secondary power pickups only 

have lateral movements with respect to the primary track, for example, monorail systems, 

for keeping the open-circuit voltage of the pickup coil more or less constant and therefore 

reduces or excludes the need of compensation for any potential variations that may be 

caused by unintended coupling situations [80]. However, as the applications of IPT 

systems extend to different fields, the restricted lateral movements are no longer sufficient 

to cope with the versatile operating environments such as applications involving 3-D 

movements, and require the pickup to be designed to receive power from different 

orientations within a power-zone created by the primary track current [23, 55, 57, 66]. 

Such a system involves constant variation in the magnetic coupling between the primary 

and the secondary side of the IPT system, causing the output voltage of the pickup to 

fluctuate and hence needs to be compensated. Major effect of the magnetic coupling 
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variation on the secondary power pickups is identified in the open-circuit voltage of the 

pickup coil since the mutual inductance M in (4-1) is proportional to the magnetic 

coupling. The open-circuit voltage under the magnetic coupling variation is expressed as: 

OOCocPocOC VMIjV _0          (4-34) 

where αoc is the normalized open-circuit voltage variation index and can also be regarded 

as the normalized mutual inductance variation index since these two are proportional to 

each other. Similar procedures that have previously been used in the analysis of effects of 

variations of the operating frequency on the output voltage of the pickup is followed here 

to study the effects of magnetic coupling variation on the voltage boosting factor kV. The 

voltage boosting factor under magnetic coupling variations can be expressed as: 

 
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           (4-35) 

By rearranging (4-35) and taking the effect of magnetic coupling variation on the open-

circuit voltage of the pickup coil into consideration, the output voltage of the pickup can 

be obtained by: 

     0_00  jVkjVkjV OOCVocOCVAC          (4-36) 

Figure 4-12 shows the output voltage behavior of the LCL pickup under different 

magnetic coupling variations. It can be seen that the tuned-point has remained unchanged, 

but the maximum output voltage of the pickup has been affected. The maximum output 

voltage is obtained when 1adjr , and can be determined from: 

   0_max__  jVkjV OOCVRococvrAC               (4-37) 

And the affected maximum output voltage is indicated as VAC_ocvr_max1, VAC_ocvr_max2, and 

VAC_ocvr_max3 in the figure. 
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Fig. 4-12:  Output voltage behavior of LCL power pickup using variable LS2 under magnetic 

coupling variations 

In order to fully compensate for this particular variation and provide a constant voltage at 

the output, the pickup has to be operated in the detuning region with the term αockV in (4-

36) being kept constant. By rearranging the expression of αockV into a quadratic equation 

of ratio radj and solving it to obtain the solutions, the required ratio for achieving the 

desired output voltage is determined from: 
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    (4-38) 

And the following condition has to be met for obtaining valid solutions in (4-38). 

ockr   
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The equality shows that if the pickup has been designed to operate with a certain specific 

rk, the tolerable normalized variation index αoc has to be larger than rk in order to keep the 

magnetic coupling variations within the control range provided by the variable LS2. 
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Fig. 4-13:  Adjusting ratio of LS2 for LCL power pickup to achieve desired rk under magnetic 

coupling variations 

The relationship between the magnetic coupling variations and the adjusting ratio radj for 

achieving the desired rk is shown in Fig. 4-13. The desired adjusting ratios are represented 

by radj_ocv_OT and radj_ocv_UT to separately show the results obtained in the over-tuning 

region and the under-tuning region respectively. Note that the ratio for achieving the 

maximum output voltage under different magnetic coupling variations is represented by 

radj_ocvr, and it has a result of constant unity regardless of the variations in the considered 

parameter. 

4.3.3 Tuning Capacitance Variation 

By deliberately changing the tuning capacitor CS2 of the power pickup through a 

continuous control loop, the secondary pickup is able to deliver the output power 

according to the load demands. However, if unwanted variations of the tuning capacitor 
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occur which may be caused by ambient temperature changes, manufacturing tolerances, 

etc., the pickup output voltage would be affected due to the undesired change of the tuning 

condition. In the LCL power pickup, the capacitor CST (see Fig. 4-1) is subjected to this 

concerned variation. By introducing a variable αc which represents the normalized tuning 

capacitor variation index, the affected tuning capacitor CST can be given as: 

  
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1121_           (4-39) 

where CST_O is the nominal capacitance of CST having CS1 and CS2 selected according to 

the voltage boosting factor kVR. Substituting (4-39) back to (4-27), the voltage boosting 

factor kV can be obtained by: 
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(4-40) 

And the value of kV reaches maximum when 

   .011  ccVRadj kr 
 

Thus the required adjusting ratio for achieving the maximum output voltage can be given 

as: 

  ccVR

cvradj
k

r
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
1

1
_     

(4-41) 

Substituting (4-41) into (4-40), the maximum output voltage under the tuning capacitor 

variations can be obtained from: 
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Fig. 4-14:  Output voltage behavior of LCL power pickup using variable LS2 under tuning 

capacitor CST variations 

Figure 4-14 shows the output voltage behavior of the pickup under different tuning 

capacitor variations. Similar to the case of operating frequency variation, the tuning 

capacitor variation also affects both the maximum output voltage and the ratio required for 

achieving the fully-tuned condition. The maximum output voltages of the pickup under 

different αc are indicated as VAC_cvr_max1, VAC_cvr_max2, and VAC_cvr_max3 in the figure and 

corresponding to the tuned-points radj_cvr1, radj_cvr2, and radj_cvr3 respectively. Solving the 

quadratic equation of radj after rearranging (4-40), the required adjusting ratio for the 

pickup to achieve the desired output voltage under tuning capacitor variations can be 

obtained from: 
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The condition to achieve valid solutions in (4-43) is 
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From the above equality, it can be seen that the result obtained here is similar to that in the 

case of operating frequency variations, where the ratio rk has a range from 0 ~ 1 with the 

pickup being operated in the detuning region when rk is less than 1 and fully-tuned when 

rk is equal to 1. 
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Fig. 4-15:  Adjusting ratio of LS2 for LCL power pickup to achieve desired rk under tuning 

capacitor CST variations 

The tolerance of the pickup to the tuning capacitor variations is allowed to have both 

positive and negative variations in the nominal value of CST defined in (4-13) if rk < 1. 

However, if rk is selected to be 1 then only negative variations in the nominal CST will be 

allowed. Figure 4-15 shows the relationship between the tuning capacitor variations and 

the adjusting ratio for achieving the required rk. The ratio to achieve fully-tuned condition 

is represented by radj_cvr. The solutions of the ratio required for achieving the desired rk are 
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represented by radj_cv_OT and radj_cv_UT to separately show the ratios in the over-tuning 

region and the under-tuning region respectively. 

4.3.4 Load Variation 

Under fully-tuned condition, the LCL configuration provides a constant output voltage to 

the load regardless of the load variations. However, as it can be seen from the variation 

analyses of the parameters that have been discussed, the LCL pickup circuit has to be 

operated in the detuning region in order to fully compensate for the considered parameter 

variations. Therefore, an analysis for the load variation in the detuning operation of the 

LCL pickup is necessary to be carried out here. 

The load resistance under variation is given by: 

OACrAC RR _         (4-44) 

where αr is the normalized load variation index and RAC_O is the nominal load resistance. 

By substituting (4-44) into (4-27), the voltage boosting factor kV can be given as: 
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    (4-45) 

The maximum output voltage is reached when 1adjr  and can be determined from: 

   0_max__  jVkjV OOCVRrvrAC             (4-46) 

Equation (4-46) shows that when the LCL pickup is fully-tuned, the maximum output 

voltage is purely governed by the nominal voltage boosting factor and the LCL pickup 

would not be affected by any load variations. The relationship between the output voltage 

and the variable LS2 under different load variations is shown in Fig. 4-16. It can be seen 

that the maximum output voltage VAC_rvr_max has remained unchanged at the tuned-point, 

but the voltage tuning curve gets widened when the load increases above the nominal 

value and narrowed when the load decreases below the nominal. 
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Fig. 4-16:  Output voltage behavior of LCL power pickup using variable LS2 under load 

variations 

The load variation in practical operations can be several times larger or smaller than the 

nominal value and causes the shape change in the output voltage tuning curve to be 

significant. In some extreme loading conditions such as open-circuit or short-circuit 

operations, the variable LS2 may fail to regulate the output voltage because of the tuning 

curve becoming too flat or too sharp to be controlled. The shape of the tuning curve 

directly reflects the output sensitivity of the LCL pickup to the adjusting ratio radj, which 

also determines whether a controller with high resolution output and/or input is required in 

the system or not. 

Figure 4-17 shows the gradient of the output voltage (gV) under different load variations, 

and it can be observed from the figure that the circuit gets more sensitive to the variation 

of LS2 if the load decreases but less sensitive if the load increases. The shape change of the 

output voltage curve also happens in the case of operating frequency variation and tuning 

capacitor variation. However, since these two variations are generally tolerated by the 
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pickup in a very small percentage, i.e., 1 ~ 2% for the operating frequency variation and 1 

~ 5% for the tuning capacitor variation, the effect caused by these two variations on the 

shape of the tuning curve are very limited compared with that of the load variations and 

therefore have been omitted in the analyses. 
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Fig. 4-17:  Gradient of output voltage under different load variations 

Given a desired output voltage Vref, the required adjusting ratio can be determined from: 
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And in order to obtain valid solutions from the above equation, rk has to be less than or 

equal to 1 to ensure that the control range provided by the variable LS2 will always be able 

to compensate for the load variations. The relationship between the load variation and the 

adjusting ratio is presented in Fig. 4-18, having the result of the ratio required for 
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achieving the desired rk in the over-tuning region and the under-tuning region represented 

by radj_rv_OT and radj_rv_UT respectively. As for the ratio for achieving the maximum output 

voltage at fully-tuned condition, the result is represented by radj_rvr. 

αr

1

radj

1.20.8

1.0

0.8

1.2

1.4

1.6

1.8

rk=0.7

radj_rvr

radj_rv_OT

radj_rv_UT

 

Fig. 4-18:  Adjusting ratio of LS2 for LCL power pickup to achieve desired rk under load 

variations 

4.3.5 Choice of kVR and rk 

From the analyses that have been carried out in the previous sections, it is known that in 

order to provide sufficient voltage at the output and also be able to compensate for all 

considered parameter variations by using the variable LS2, the nominal voltage boosting 

factor kVR and the ratio rk have to be carefully selected. These two parameters under 

different values can cause different effects on the output voltage variation with respect to 

the circuit parameter variations and thus need to be further investigated for having a 

proper pickup tuning circuit design. 

Note that the operating regions of the pickup can be separated into two regions which are 

the under-tuning region and the over-tuning region. However, since the relationships 
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between the output voltage variation, kVR, and rk are identical in these two regions, only 

the result of under-tuning region is analyzed in this section. 
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Fig. 4-19:  Relationship between output voltage variation and parameter variation under a 

constant kVR and different rk 

Figure 4-19 shows the output voltage variations (in %) caused by: a) operating frequency 

variations, b) magnetic coupling variations, c) tuning capacitor variations, and d) load 

variations, under a constant kVR with different rk. Such a setup is used to see how changing 

the value of rk affects the relationship between the output voltage variation and the 

parameter variations. It can be seen from the results of a) and c) that if a lower rk is used, 

i.e., 0.3 and 0.5, not only the magnitude of the output voltage variations can be reduced 

but the linearity and symmetry between the output voltage variation and the parameters 

variation can also be improved. Contrary to the case of d), the magnitude, linearity, and 

symmetry of the result only get improved by operating with higher rk. In the case of b), the 

result is not affected by any variations of rk. 
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Fig. 4-20:  Relationship between output voltage variation and parameter variation under a 

constant Vref and different kVR 

Figure 4-20 shows the output voltage variations (in %) caused by the considered 

parameters variation under a constant Vref with different kVR. The results obtained in a), c), 

and d) show that the magnitude of the output voltage variation can be reduced if a lower 

kVR is used. In addition, the linearity and symmetry of the result can also be improved 

under low kVR operation. Notice that the result of b) still remains unchanged, which shows 

that it is the only one of the four considered cases whose result is completely independent 

of the variations in both rk and kVR. 

In terms of the circuit sensitivity, it can be seen from both Fig. 4-19 and Fig. 4-20 that the 

pickup is most sensitive to the operating frequency variation, followed by variation in the 

tuning capacitance, magnetic coupling, and the load. In the case of a) and c), the 

sensitivity of the output voltage increases to both rk and kVR. In the case of d), the output 

voltage sensitivity increases to kVR but decreases to the increase of rk. The case of b) is the 
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only parameter variation that has an unaffected linear relationship with the output voltage 

variation, and its positive and negative variations have symmetrical effect on the output 

voltage variation in terms of magnitude. Note that in the case of a), c), and d) have all 

been observed with nonlinearities in the result, and it would be very beneficial to keep the 

relationship between the output voltage variations and the considered parameter variations 

as linear and symmetrical as possible if a balanced control in both positive and negative 

parameter variations is to be obtained. 

In a practical IPT system design, it is important to prevent any kind of instantaneous 

voltage increasing in the output to protect the load from overvoltage. If the output voltage 

is expected to have variations caused by the parameter variations, then the pickup should 

be designed to keep the output voltage variation as low as possible. From the results 

shown in Fig. 4-19 and Fig. 4-20, the sensitivity of the output voltage variation can 

generally be reduced by lowering kVR and rk despite the fact that operating the pickup with 

lower rk would increase the output voltage sensitivity to the load variation. However, if a 

desired output voltage is predefined, lowering the value of kVR will result in the increase of 

rk and leads to a contradictory situation. Furthermore, the design of kVR is directly 

depending on the ratio between open-circuit voltage of the pickup coil and output voltage 

of the pickup, and required to be adjusted inversely proportional to the open-circuit 

voltage for achieving the desired output voltage. Therefore with the reasons discussed, the 

output voltage sensitivity to the parameter variations can only be optimized to have lower 

output voltage variations on average. 

4.3.6 Operating Range of Variable LS2 

To determine the operating range of the variable LS2 which allows the pickup to fully 

compensate for all the parameter variations that have been discussed, the integrated effect 

of these parameter variations needs to be considered here. Under such a condition, the 

operational voltage boosting factor kV can be expressed as: 
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(4-48)
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where αT is equal to cf 
2

 which represents the integrated variation of the operating 

frequency and the tuning capacitor. Equation (4-48) can also be rearranged to obtain the 

required adjusting ratio radj_pv for achieving the desired output voltage under the integrated 

effect of the parameters variation, and the required ratio is determined from: 
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For equation (4-49) to have valid solutions, the following condition has to be met. 
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In order to fully compensate for all the considered parameter variations, the worst-case 

scenario during practical operations has to be considered for obtaining the minimum and 

the maximum required adjusting ratio, so an operating range for the variable LS2 can be 

defined. Based on the results shown in Fig. 4-10, Fig. 4-12, Fig. 4-14, and Fig. 4-16, the 

minimum and the maximum required adjusting ratio can be calculated using (4-49) with 

the following conditions. 

Maximum required ratio 

 The LCL power pickup is operating in the over-tuning region of the output voltage 

tuning curves. 

 The operating frequency and tuning capacitor variations are at nominal value - 

maximum allowable tolerance, and the magnetic coupling and load variations are 

at nominal value + maximum allowable tolerance. 

Minimum required ratio 

 The LCL power pickup is operating in the under-tuning region of the output 

voltage tuning curves. 
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 The considered parameter variations are all at nominal value + maximum 

allowable tolerance. 

4.4 Implementation of DTDCA Controlled LCL Power 

Pickup 

A variable inductor can be achieved by either using a switch-mode inductor or a saturable 

inductor [71, 98, 99]. Each of them has distinguishing advantages and shortcomings. For a 

switch-mode inductor, its equivalent inductance can be controlled by directly changing the 

duty cycles of the switching signal to perform precise tuning. But this technique generates 

switching noises and may require additional filter design to reduce the undesired 

harmonics. As for the saturable inductor, its equivalent inductance is dependent on the 

characteristics of the magnetic core material and can be directly controlled by a variable 

dc current, which is much easier to design, but may require more experiences and deep 

knowledge on the electromagnetic theories. A DTDCA controlled LCL power pickup 

based on a saturable inductor with variable equivalent inductance is proposed and 

implemented in this section as a means of power pickup control. 

4.4.1 Linear-Mode Saturable Inductor 

The fundamental concept of using a saturable inductor is to change the permeability of 

core material and thereby vary the inductance. This technique has commonly been used in 

the past for various control applications [100-105]. A linear-mode saturable inductor is 

adopted in the LCL power pickup to function as a variable tuning inductor. Note that the 

term „linear-mode‟ here means the operating state of the semiconductor device that 

controls the dc current flowing through the core for changing the permeability of the core. 

The inductance of LS2 using a saturable inductor is determined by: 

l

SN
L d

S

2

2


         (4-50) 

where N is the total number of turns in the windings, S is the average cross-sectional area 

of the core, and l is the mean length of the magnetic flux path. The permeability μd of the 

core material can be theoretically calculated by using dHdB , where dB and dH are the 
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changing rate of the magnetic flux density and the magnetic field strength respectively, 

and these two parameters can often be obtained from the B-H curve that is given in the 

datasheet. However it is more appropriate to use a simple circuit shown in Fig. 4-21 to 

experimentally obtain the actual effective core permeability or inductance. 

V LAC

R

ICtrl

 

Fig. 4-21:  Testing circuit for obtaining effective core permeability 

By changing the dc control current ICtrl to vary the core permeability which consequently 

changes the inductance of LAC, the voltage across LAC would be varied and can be 

presented as: 

V
LR

L
V

AC

AC
LAC








           (4-51) 

where ω is the frequency of the input voltage and should be selected same as the nominal 

operating frequency of the IPT system that the saturable inductor being applied to. Given 

that the input voltage V, resistor R, and voltage across LAC are either known parameter or 

can be directly measured, the inductance of LAC can then be calculated from: 

 
AC

AC

L

L

AC
VV

RV
L





          (4-52) 

Figure 4-22 shows a typical relationship between the dc control current ICtrl and the 

effective inductance of a saturable inductor. As can be seen from the figure that the 

relationship is extremely nonlinear, and to prevent this nonlinearity being introduced 

between the controller and the actual LS2, only the quasi-linear part of the relationship can 

be used. It can be seen that there are two quasi-linear parts as shown in the figure which 

are the region between LAC_max to LAC_min and LAC_max‟ to LAC_min‟. However, the region 

between LAC_max‟ to LAC_min‟ requires more current and can only achieve very limited 
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variable inductance. Therefore the preferred operating range of the saturable inductor is 

selected to lie between LAC_max to LAC_min. Note that the range between LAC_max to LAC_min 

has to be sufficient to be equal to or larger than the operating range of LS2 that has been 

previously defined in the worst-case scenario. In fact, core materials with a linear 

relationship between the dc control current and the effective inductance should be used as 

it can extend the range of the variable inductance, which is particularly useful when the 

required operating range of LS2 is large. 

LAC

0

LAC_min

LAC_max

LAC_max„

LAC_min„

ICtrl  

Fig. 4-22:  Typical relationship between dc control current and effective inductance of 

saturable inductor 

A B

C

D

a) Current Direction: A to B

A B

C

D

b) Current Direction: B to A
 

Fig. 4-23:  Configuration of dc current controlled saturable inductor 

Figure 4-23 shows the adopted configuration of the saturable inductor. Point A and B of 

the outer ac windings are physically connected with the LCL tuning circuit, representing 

the variable tuning inductance LS2. Point C and D of the inner dc windings are connected 

to a controllable dc current source for providing the required magnetizing force to achieve 
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the desired inductance. Using the configuration shown in Fig. 4-23, it can be seen that the 

flux produced by the ac current of the outer windings (thin-broken lines) is counteracted at 

the center core in both cases of a) and b), thereby leaving the dc control flux (thick-filled 

line) unaffected [99]. 

4.4.2 General Structure of Linear-Mode Saturable Inductor Controlled 

LCL Power Pickup 

The general structure of the proposed linear-mode saturable inductor controlled LCL 

power pickup is shown in Fig. 4-24. Besides the basic LCL power pickup, a directional 

tuning/detuning controller (DTDC), a MOSFET, and a saturable inductor are also 

collaborated with the pickup to form a complete secondary system. The saturable inductor 

shown in Fig. 4-23 can be directly used here having its point A, B, C, and D physically 

connected with the LCL power pickup as shown in Fig. 4-24. The inductance of LS2 is 

varied by changing the core permeability through the control of dc current ICtrl, and this dc 

control current is taking a very small portion (typically 1 ~ 3%) of the load current IL so it 

does not affect the power efficiency of the secondary pickup too much. 

CST RLVOC CDC

M
IP

VL

IL

LS2LS1
A B

ICtrlD C

DTDC
VCtrl

Saturable 

Inductor Q

 

Fig. 4-24:  General structure of saturable inductor controlled LCL power pickup 

Strictly speaking the core permeability is varied by the magnetizing force produced from 

the dc control current, and the magnetizing force is given by: 

DC

CtrlDC
DC

l

IN
H           (4-53) 

where NDC is the number of turns in the dc windings and lDC is the mean length of the dc 

magnetic flux path. As can be seen from (4-53) that a trade-off between the size 
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(proportional to NDC) and the efficiency (inversely proportional to ICtrl) of the pickup is 

inevitable. 

The output voltage VL of the pickup is used as a feedback signal to the DTDC for 

generating a voltage control signal VCtrl. The signal VCtrl is used to control the MOSFET Q 

which is designed to be operated in its linear region, so the MOSFET can function as a 

variable resistor and have the control of its conduction current which in this case is the dc 

control current ICtrl. Under such a controller structure, the proposed LCL power pickup 

would therefore be able to dynamically change the tuning condition of the pickup. 

4.4.3 Sampling Frequency for LCL Power Pickup 

After each tuning adjustment in the inductance of LS2, the pickup circuit would require 

certain time period to reach its steady state before the controller can take another valid 

sample from the output voltage. The CR (Capacitor-Resistor) circuit at the dc side of the 

LCL pickup has been identified as the major cause of this output delay. Figure 4-25 shows 

a simplified model for the dc side of the pickup. 

Irect CDC RL VL

 

Fig. 4-25:  Model for dc output voltage analysis 

Since each control action would cause the output voltage to have a step change, the current 

Irect is therefore modeled as a step current, and a differential equation can be derived as 

follows: 

 rect

L

LL
DC I

R

V

dt

dV
C               (4-54) 

By solving (4-54), the time-domain solution of the output voltage to this step change in 

the current can be approximated by: 

   DCLCRt

LrectL eRItV


 1
     

(4-55) 
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Note that the solution obtained in (4-55) is not the actual solution for the output voltage. It 

is only being used for approximating the CR circuit response to the step change of output 

voltage. The settling time ts which is the time required for the response to reach and stay 

within a specified tolerance band (usually 2 ~ 5%) of its final value, is given by (for 2% 

tolerance band) 

DCLs

CRt
CRtore DCLs 402.0 


           (4-56) 

and the sampling frequency of the controller should be selected based on the time ts. 

However, to have a controller with fast response, the time ts needs to be reduced and this 

can only be achieved through a proper design of CDC. This is because the value of RL in (4-

56) can only consider RL_max which is the maximum tolerable load resistance, since the 

time ts selected based on this value will be able to give the maximum settling time 

covering the entire range of RL_min to RL_max. Generally the value of CDC is selected to be 

large so that the output becomes a smooth dc voltage with maximum power available to 

the load. But using a large capacitance would cause the controller response to be sluggish 

with high ESR (Equivalent Series Resistance). In addition, this results in large inrush 

currents in the ac side of the pickup during startup which may cause overstress to the 

resonant components [106]. Conversely, a small dc capacitor will result in a discontinuous 

voltage after the rectifiers and lowers the amount of power that can be delivered. It is 

therefore important to determine the optimal dc capacitance for the pickup to get the 

possible maximum power while keeping the settling time of the circuit as small as 

possible. 

Figure 4-26 shows the steady state waveforms of the current IAC, Irect, IDC, and the voltage 

ripples Vripple in the output voltage. Since the current flowing through the dc capacitance 

CDC is equal to Lrect II  , the following differential equation can be obtained: 

  LAC

ripple

DC ItI
dt

dV
C  sinˆ        (4-57) 
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ÎAC

 

Fig. 4-26:  Current and voltage waveforms under critical conduction condition 

Considering the condition of 0rippleV  when  ACL IIt ˆsin 1 , the complete solution of 

Vripple can be presented by: 

    







   ttItIIIIII

C
V LACLACACLL

DC

ripple 0cosˆˆˆsin
1 221

 

(4-58) 

Substituting 2ˆ ACL II  into equation (4-58), Vripple can further be simplified as: 

  





















 ttt

C

I
V

DC

L
ripple 0cos

2
90147.1

 
    (4-59) 

The maximum Vripple can be obtained at   2sin 1t . The relationship between 

Vripple_max and CDC can therefore be expressed by: 

max_

max_ 66.066.0
ripple

L
DC

DC

L
ripple

V

I
Cor

C

I
V




  
(4-60) 
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By substituting (4-60) into (4-56), the sampling frequency can be obtained as: 

L

ripple

s
V

V
f

max_
3788.0




    
(4-61) 

Given that the value of ω and VL are constant, the value of Vripple_max has to be small to 

obtain a smooth dc output voltage, which consequently lowers the sampling frequency of 

the controller. Therefore, a trade-off between the response speed of the controller and the 

steadiness of the output voltage is needed. Note that (4-60) and (4-61) can be directly used 

in the practical design given that the dc output voltage is a constant value without any 

variations. Nevertheless, the output voltage may in fact be varied due to an instantaneous 

circuit parameter variation or a tuning control provided by the DTDCA during operations. 

Therefore in order to obtain optimal values for CDC and fs, the possible maximum IL and 

VL have to be considered in (4-60) and (4-61) respectively. The possible maximum value 

of IL and VL can be estimated using the analyses of output voltage response to the circuit 

parameter variations provided in Section 4.3. 

4.4.4 Tuning Step-Size for LCL Power Pickup 

In order to successfully and efficiently perform the DTDCA, any two consecutive tuning 

adjustments should not cause the output voltage to jump across the two operating regions 

(under-tuning and over-tuning) of the tuning curve. To obtain the fixed maximum tuning 

steps-size Δhm that is being used in the tracking process of coarse tuning stage at startup 

for the LCL pickup to avoid traversing between the operating regions under all possible 

tuning curves with different parameter variations, the extreme operating condition needs to 

be considered here. By observing the output voltage behavior from Fig. 4-10, Fig. 4-12, 

Fig. 4-14, and Fig. 4-16, the tuning curve with the shortest A-C range (see Fig. 3-3) can be 

identified and occurs under the operating condition of: 

 The nominal operating frequency + maximum tolerable variation (αf_max). 

 The nominal magnetic coupling - maximum tolerable variation (αoc_min). 

 The nominal tuning capacitor + maximum tolerable variation (αc_max). 

 The nominal load resistance - maximum tolerable variation (αr_min). 
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Under such a condition, the inductance of LS2 at position C can be obtained from: 

  max_

2

max_max_

2
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__2

_2
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cfcfVR
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




  
     (4-62) 

By presetting a startup voltage for the pickup and having a ratio between the startup 

voltage and the maximum output voltage under fully-tuned condition of rk_startup, the 

startup inductance of LS2 at position A and E can be obtained by: 
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(4-63) 

The maximum Δhm for the LCL power pickup to perform coarse tuning can therefore be 

calculated by: 

 
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(4-64) 

4.5 Simulation/Experimental Results and Discussion 

4.5.1 Simulation Study of DTDCA Controlled LCL Power Pickup 

The simulation study was conducted in Matlab/Simulink environment using a toolbox 

called PLECS which emulates the circuit behavior of the LCL wireless power pickup. An 

LCL power pickup model shown in Fig. 4-27 was created under an ideal situation without 

taking into account the effects of ESR, forward voltage drop of diodes, and power 

consumed by the controller. 
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Fig. 4-27:  PLECS model of LCL power pickup 

The desired output voltage of the model is a constant 5 V with a ±2% hysteresis band (4.9 

~ 5.1 V). The open-circuit voltage (V_oc) of the pickup coil is a pure sinusoidal waveform 

having an amplitude of 2.8 V with a nominal operating frequency of 38.4 kHz, and the 

pickup coil L1 has a self-inductance of 8.75 μH. The tuning capacitance C1 (equals to 

CS1+CS2) has a nominal value of 2.395 μF (CS1=1.9632 μF and CS2=0.4317 μF) to provide 

a output voltage boosting factor kVR of approximately 4.5473 for a maximum dc output 

voltage of 10 V under fully-tuned condition. The dc capacitance C2 is selected to be 110 

μF so the maximum output voltage ripple can be kept below 0.05 V. The sampling 

frequency of the controller is approximately 455 Hz with the assumption that the 

maximum output voltage may go up to 10 V due to possible fully resonant operation or 

any instantaneous parameters change. The load resistance R has a nominal value of 5 Ω. 

Notice that V_oc, C1, and R have all been connected to external variable sources to 

emulate the parameter variations that have been considered in section 4.3. 

Figure 4-28 shows the complete Simulink model of a DTDCA controlled LCL power 

pickup. The simulation is initialized with a delay of 0.02 s in the DTDCA execution and 

has an initial LS2 of 20 μH to provide an initial output voltage of approximately 6.5 V for 

easing the observation on the tracking process. Furthermore, a Δhm of 7.01 μH with a β of 

0.1 have been used for the SSSA. To see the performance of DTDCA in compensating for 

each parameter variation, the model is simulated in extreme operating conditions where 

each considered parameter is varied instantaneously from its maximum to minimum 

tolerable value in their individual testing simulation. 
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Fig. 4-28:  Simulink model of DTDCA controlled LCL power pickup 
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Fig. 4-29:  Simulation result of: a) output voltage VL, b) inductance of LS2, c) tuning direction 

signal S4, and d) tuning step-size Δh, of a DTDCA controlled LCL power pickup under 

operating frequency variations 
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Figure 4-29 shows the simulation result of the output voltage regulation under the 

operating frequency variations. The nominal operating frequency of the simulation model 

is assumed to have ±2% variation, which would cause the operating frequency to be varied 

from 37632 ~ 39168 Hz with an amplitude change in the open-circuit voltage from 2.744 

~ 2.856 V. The first extreme operating condition occurs at t = 0.1 s having an operating 

frequency of 39168 Hz with an open-circuit voltage of 2.856 V. The second extreme 

operating condition occurs at t = 0.15 s having an operating frequency of 37632 Hz with 

an open-circuit voltage of 2.744 V. It can be seen from the result that the first extreme 

operating condition do not cause noticeable difference in the output voltage and therefore 

requires no control action. The second extreme operating condition causes the output 

voltage to drop, but the controller successfully regulates the output voltage back into the 

hysteresis band after three cycles of the DTDCA execution. However, it was noticed that 

the controller performed incorrect tuning at t = 0.02 s (beginning of the tracking) and t = 

0.15 s (time after the second extreme operating condition). The reason for the first 

mistaken tuning attempt is due to the lack of knowledge of the previous tuning direction 

signal (S3) since there has been no tuning action by the controller prior to t = 0.02 s. This 

requires the controller to take a tuning attempt with the step-size that has been predefined 

in the initialization so the correct tuning direction in the next-state can be identified. The 

second mistaken tuning attempt occurred due to the output voltage being kept constant 

within the hysteresis band and the controller being unable to verify the correctness of the 

previous tuning action. This also requires the controller to take a tuning attempt depending 

on the result of S4 at the time, which in fact have a 50% chance to tune to the wrong 

direction and therefore needs to be improved. 

Figure 4-30, 4-31, and 4-32 show the simulation result of the output voltage regulation 

under the variations in magnetic coupling, tuning capacitor and load resistance 

respectively. The model was assumed to have ±30% variation (V_oc from 1.96 ~ 3.64 V) 

in the magnetic coupling between the primary and the secondary of the IPT system, ±5% 

variation (C1 from 2.2752 ~ 2.5147 μF) in the tuning capacitor, and ±30% variation (R 

from 3.5 ~ 6.5 Ω) in the load resistance. As can be seen, a similar result is obtained in 

each case of parameter variations which have been considered here. It was observed that 

the output voltage was eventually regulated and maintained within the hysteresis band 

around the voltage reference. 
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Fig. 4-30:  Simulation result of: a) output voltage VL, b) inductance of LS2, c) tuning direction 

signal S4, and d) tuning step-size Δh, of a DTDCA controlled LCL power pickup under 

magnetic coupling variations 
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Fig. 4-31:  Simulation result of: a) output voltage VL, b) inductance of LS2, c) tuning direction 

signal S4, and d) tuning step-size Δh, of a DTDCA controlled LCL power pickup under 

tuning capacitor variations 
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Fig. 4-32:  Simulation result of: a) output voltage VL, b) inductance of LS2, c) tuning direction 

signal S4, and d) tuning step-size Δh, of a DTDCA controlled LCL power pickup under load 

variations 

4.5.2 Experimental Study of DTDCA Controlled LCL Power Pickup 

To further show the effectiveness of the proposed controller, the DTDCA was applied 

onto an LCL power pickup in a practical IPT system. The primary track power supply of 

the prototype has a sinusoidal track current with an amplitude of 0.75 A and an operating 

frequency of 38.4 kHz with variations of less than ±1%. The track was winded onto a 

cylindrical object with 34 turns to enhance the magnetic coupling between the primary and 

the secondary side of the system. The secondary pickup coil has a self-inductance of 8.75 

μH with 7 turns in the winding, and it has a nominal open-circuit voltage of 2.47 V when 

it was placed 6 mm away from the primary track. A capacitor with a capacitance of 2.2 μF 

with a manufacturing tolerance of ±10% was used as the tuning capacitor of the LCL 

tuning circuit. Considering the coupling factor kf that has been introduced in Chapter 2 

equals to PSCsPPSCS IInININ  , a nominal coupling factor of approximately 0.32 was 

obtained from this experiment setup. A controller development platform called dSPACE 

which allows rapid control algorithm development and testing was used for executing the 

DTDCA. The output voltage of the pickup was used as a feedback signal for the dSPACE 
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to produce a control signal (VGS) so as to control the conduction current of the linear-mode 

MOSFET BS107. Note that this controlled conduction current was also the dc control 

current of the saturable inductor which functions as the variable tuning inductor LS2. The 

conduction current (dc control current) has a variable range of 0 ~ 0.1 A corresponding to 

the 2 ~ 3 V of the gate driving signal (VGS) range of the MOSFET, and the maximum 

signal level for each tuning step was set to 0.045 V to approximate the Δhm of 7.01 μH. 

Figure 4-33 shows a working prototype of the proposed LCL power pickup in the 

laboratory. 

 

Fig. 4-33:  Working prototype of LCL power pickup 

Figure 4-34 shows the practical and ideal output voltage tuning curves under the open-

circuit voltage and load variations, and the results were obtained under the condition of 

VOC has a nominal value of 2.47 V with variations of ±13% (2.15 ~ 2.8 V) and the load 

resistance has a nominal value of 5 Ω with variations of ±30% (3.5 ~ 6.5 Ω). Note that the 

x-axis (VGS) of the practical measurements are presented in the reverse direction due to the 

inductance of LS2 being inversely proportional to VGS. 

From Fig. 4-34, it can be seen that the practical measurements are considerably different 

from the ideal results. The reasons of the difference were identified after taking practical 

issues into consideration which include: 1) the ESR of the pickup coil, tuning capacitor, 

and variable tuning inductor, which were not being considered in the theoretical analyses 

of Section 4.2.2 for reducing the circuit model complexity, and 2) the voltage drop of the 
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full-bridge rectifier. Furthermore, it was found that since the saturable inductor was placed 

too close to the secondary pickup coil, the magnetic coupling between the primary and the 

secondary side of the system was affected and caused the LCL pickup to lose its voltage 

source property under fully-tuned condition. 
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Fig. 4-34:  Practical and ideal output voltage tuning curves under load variations with a) VOC 

= 2.47 V, b) VOC = 2.8 V, and c) VOC = 2.15 V 

In order to evaluate the performance of the DTDCA in the under-tuning region under load 

variations, the open-circuit voltage of the pickup coil was selected to be at the nominal 

value (2.47 V) and VGS was initialized to 2.8 V. The load variations were proceed in the 

sequence of 5 Ω (nominal and also the initial load resistance), 6.5 Ω (nominal +30% 

variation), 3.5 Ω (nominal -30% variation), and back to 6.5 Ω. 
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Fig. 4-35:  Output voltage waveform of DTDCA controlled LCL power pickup under load 

variation (5 to 6.5 Ω) in the under-tuning region 

Figure 4-35 shows the output voltage waveform when the load resistance was switched 

from 5 to 6.5 Ω. From Fig. 4-35, it can be observed that the output voltage was initially 

stabilized at 5 V with a VGS of 2.8 V. After switching the load resistance to 6.5 Ω, the 

output voltage was increased to 6 V and followed by an incorrect tuning attempt in the 

next sampling instance which resulted in an extra error of 0.5 V to the output voltage. 

However, after checking the validity of the tuning attempt, the controller retuned the 

circuit in the opposite direction and stabilized the output voltage at 5.1 V. 
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Fig. 4-36:  Output voltage waveform of DTDCA controlled LCL power pickup under load 

variation (6.5 to 3.5 Ω) in the under-tuning region 
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The load resistance was then switched to 3.5 Ω and the obtained result can be seen in Fig. 

4-36. In this load change, the output voltage was dropped to 3.2 V. It can be seen from the 

result that the sampling frequency was faster than the settling time of the pickup circuit 

and caused the control signal VGS to idle for the first two tuning attempts. But the 

controller then successfully identified the correct tuning direction in the third attempt and 

stabilized the output voltage at 5.1 V once again. 

5.1 V

7 V

5 V

2.665 V

2.98 V

0.42 s

 

Fig. 4-37:  Output voltage waveform of DTDCA controlled LCL power pickup under load 

variation (3.5 to 6.5 Ω) in the under-tuning region 

Figure 4-37 shows the result of switching the load resistance from 3.5 back to 6.5 Ω. 

Similar to the results from the previous load variations, the output voltage of the pickup 

was regulated by the controller to the desired 5 V, the only difference being the control 

process did not involve any incorrect tuning attempt nor there is any idling of the control 

signal. 

The second experiment was conducted for evaluating the performance of DTDCA under 

the magnetic coupling variations in the over-tuning region, and therefore had VGS 

initialized to 2.4 V. Figure 4-38 shows the output voltage waveform under the magnetic 

coupling variations in the sequence of A, B, C, and D, with the following conditions: 

 A) VOC = 2.47 to 2.8 V, kf = 0.32 to 0.36 (coupling distance 6 to 2 mm). 

 B) VOC = 2.8 to 2.47 V, kf = 0.36 to 0.32 (coupling distance 2 to 6 mm). 
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 C) VOC = 2.47 to 2.15 V, kf = 0.32 to 0.28 (coupling distance 6 to 10 mm). 

 D) VOC = 2.15 to 2.47 V, kf = 0.28 to 0.32 (coupling distance 10 to 6 mm). 

The obtained result shows that the output voltage had a minimum of 4.31 V and a 

maximum of 5.68 V caused by the coupling variations, however it was still successfully 

regulated by the controller to the desired 5 V. 

5 V 5 V

A

5.68 V

4.31 V

B D

C

 

Fig. 4-38:  Output voltage waveform of DTDCA controlled LCL power pickup under 

magnetic coupling variations in the over-tuning region 

From the experimental results, it can be seen that the pickup can work in both under-

tuning and over-tuning regions, which means that the proposed controller can control the 

pickup to have the desired voltage as long as the desired value is on the controlled tuning 

curve. This also allows the pickup to be fully-tuned on-line, if required, and therefore 

makes it possible to achieve high kVR operation (or high Q operation for LC pickups). 

4.5.3 Discussion 

Despite the fact that the proposed DTDCA has been proven to be effective for the output 

voltage regulation of LCL power pickup in both the simulation and experimental results, 

several practical design issues have also been discovered while creating the simulation 

model and building the prototype. These issues are found to be valuable for understanding 

the limitations of DTDCA on the LCL power pickup and can also be taken into 

considerations for improving the proposed controller. 
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Performance of LCL power pickup in full-range tuning control 

Providing full-range tuning control for the output voltage regulation of the pickup is one 

of the major features of the DTDCA. However, when applying the DTDCA to the LCL 

power pickups, the performance of the controller may severely be affected by the 

characteristic of the LCL tuning configuration. 
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Fig. 4-39:  Output voltage behavior of LCL power pickup under operating frequency/tuning 

capacitance variations 

Figure 4-39 shows the output voltage behavior of the LCL power pickup under the 

operating frequency or the tuning capacitance variations, and all the possible output 

voltage increasing/decreasing directions are indicated by the arrows. By using TC2 as an 

example, it can be seen that the desired output voltage (Vref) can be achieved at either P1 in 

the under-tuning region or P9 in the over-tuning region of TC2. But the output voltage 

variations due to drastic change in the considered circuit parameters are much more 

significant in the over-tuning region and can be several times larger than in the under-

tuning region. In addition, the time for the controller to bring the operating points to the 
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desired location may also be longer in the over-tuning region since the tuning distance (P9 

to P8 or P9 to P10) is further compared with the distance (P1 to P3 or P1 to P5) in the under-

tuning region. 

In practice, the variations in capacitance of the tuning capacitor can be caused by ambient 

operating temperatures or degradation of the dielectric, however, these two factors would 

not cause an instantaneous change in the capacitance but only gradually vary the value. 

This essentially allows the controller to provide prompting voltage regulation to the output 

and prevents the load from overvoltage. However, the variations in the operating 

frequency are generally fast and random, which may cause severe negative effect on the 

transient performance of the LCL pickup. From these facts, it can be seen that in order to 

prevent the load from transient overvoltage, the LCL pickup has to either work with IPT 

systems whose operating frequency variation has a slow rate of change or with very 

low/none variations in the operating frequency. 

Tuning attempt 

As it has been shown in both the simulation and experiment results, since the proposed 

DTDCA requires information to validate control action from the previous state for 

generating the next control signal, the tuning attempts performed by the DTDCA as shown 

in Fig. 4-40, could occur at startup of the controller or after the output voltage has been 

stabilized for a certain period of time. It can be seen from Fig. 4-40 that after the output 

voltage has been stabilized, the logic signal S4 would start to idle between 1 and 0, because 

the tuning step-size has been adjusted to zero and the controller cannot verify the validity 

of each control action. This idle state of S4 would lead to two different results which are 

presented by S4 and S4‟ in the figure. Assuming the pickup experiences certain parameter 

variation at t1 and causes the output voltage to increase to V(t2) at t2, the output voltage at 

t3 could have a value at the position of either V(t3) or V (t3)‟ depending on the logic result 

of S4 or S4‟ respectively. This shows that the DTDCA has a 50% chance to tune to the 

incorrect direction and may result in adding more error to the output voltage. Since 

acquiring the validity of the previous state control action is necessary for the DTDCA to 

perform accurate tuning control in the next state, the controller will still need this possible 

mistaken tuning attempt for perturbation purpose, but the error caused by this tuning 

attempt should be reduced by algorithmically adjusting the tuning step-size so the 
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additional output voltage error is only sufficient for the controller to identify the correct 

tuning direction. 

Vref

t
t1 t2

V(t3)

V(t3)‟

t3

V(t2)

t

t

S4
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VL

 

Fig. 4-40:  Possible outcomes of tuning attempt 

Constant Δhm 

Based on the concept of SSSA, the tuning step-size is basically separated into a constant 

coarse tuning value (Δhm) and simple algorithmic fine tuning values. Such a method can 

be conveniently used when the controller is performing simple reference tracking and 

output voltage stabilization. However the simplicity of this method also lowers the 

performance of the controller. Since the SSSA sets the tuning step-size back to the 

constant coarse tuning value after the output voltage has been stabilized within the 

hysteresis band, the first tuning attempt, immediately after any parameter variation which 

causes the output voltage to go outside the hysteresis band would use the coarse tuning 

value without considering the actual level of the error. This could lead to the two 

possibilities that have been discussed before (see Fig. 4-40) with one of them may end up 

with large error in the output voltage. In addition, this may also cause the operating point 

at any two consecutive instances during the operation to switch between the under-tuning 

and the over-tuning region. 
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Fig. 4-41:  Possible locations of operating point using constant Δhm 

Figure 4-41 shows the possible tuning results after the pickup has experienced the 

operating frequency/tuning capacitance variation under different fixed tuning step-sizes. 

Assuming the output voltage of the pickup has been stabilized at P1 but suddenly 

experiences the operating frequency/tuning capacitance variation and causes the output 

voltage to jump to P2, the output voltage after the first tuning attempt may result in either 

P3„ or P3“ if Δhm is equal to h1. In the case of P3„, the controller would recognize the 

validity of the tuning action and gradually stabilizes the output voltage to P5 by using the 

DTDCA. As for the case of P3”, the controller would need an extra turn to tune the pickup 

from P3” back to P2 and then stabilizes the output voltage to P5 as well. However, if Δhm 

has a larger value such as h2, the operating point can result in either P4„ or P4“ and may 

require more time for stabilizing the output voltage to the desired location. In the situation 

of P4„, the controller would also stabilize the output voltage to P5 which is very similar to 

the case of P3„ by stabilizing the output voltage to the desired value with the shortest 

tuning distance. But if the tuning attempt causes the output voltage to move from P2 to 
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P4“, the controller would still confirm the validity of this tuning action since 24" PP   and 

stabilizes the output voltage at P6 in the over-tuning region, which has a longer tuning 

distance compared with the distance between P2 and P5. 

Although, all four different operating cases that have been discussed are able to achieve 

the desired output voltage, it can be seen that the fixed coarse tuning step-size of the 

controller may either cause the output voltage to have considerable additional error or 

require longer time for stabilizing the output voltage due to a longer tuning distance. 

Therefore, the tuning step-size adjustment method of the controller can be improved and 

may require a non-model based solution since the system parameters can vary and cause 

the output voltage error which is difficult to predict. 

4.6 Summary 

In this chapter, the circuit parameter variations and their effect on the power flow of an 

LCL power pickup have been fully analyzed, and the DTDCA controller has been applied 

on the LCL power pickup for the output voltage regulation. 

A power pickup based on LCL tuning configuration has been studied as an alternative to 

the conventional LC power pickup, due to its distinguishing voltage source property under 

fully-tuned condition. The effects of using a variable tuning inductance or capacitance on 

regulating the output power/voltage of the LCL power pickup have been compared, and 

found that the pickup is generally less sensitive to the variation of tuning inductance, 

which makes the pickup using a variable tuning inductance a preferable choice in 

performing precise control of the pickup tuning condition. 

The effects on the pickup output voltage caused by variations in the operating frequency, 

magnetic coupling between the primary and secondary side of the IPT system, tuning 

capacitance, and the load resistance have been analyzed, and equations for calculating the 

required tuning inductance to achieve the desired output voltage under these parameter 

variations have been obtained. It has been found that in order to cover all the considered 

parameter variations, the LCL power pickup has to be operated in the detuning region 

which causes it to lose its voltage source property. 
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The effects of using different voltage boosting factor kVR or different rk (ratio between the 

desired output voltage and the nominal maximum output voltage) on the relationship 

between the output voltage variation and the considered parameter variations have also 

been investigated, and the obtained result shows that the linearity, symmetry and the 

magnitude of the relationship can be improved by using lower kVR or rk. Nevertheless, with 

a predefined constant output voltage, decreasing one of the two factors means increasing 

the other and therefore requires optimization. 

The tuning step-size for the coarse tuning has been determined for the LCL power pickup 

under extreme operating conditions to avoid switching between the operating regions at 

any two consecutive sampling instances for an efficient tuning control at the controller 

startup. The sampling frequency of the controller has also been determined for the LCL 

power pickup, and it has a relationship proportional to both the operating frequency and 

the output voltage ripples but inversely proportional to the level of the output voltage. 

Both the simulation and experimental results have demonstrated the effectiveness of the 

DTDCA in performing full-range control and output voltage regulation for the LCL power 

pickup. This enables the pickup to be fully-tuned on-line, if required, and makes the high 

kVR operation possible. However, it has been found that in order to obtain a better transient 

performance for the DTDCA, the algorithm for adjusting the tuning step-size of the 

controller should be improved and may require a non-model based solution to deal with 

changing circuit parameters. In addition, the LCL power pickup being operated in the 

over-tuning region should avoid operating under fast and random operating frequency 

variations to prevent the load from drastic overvoltage. 
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Chapter 5 
 

Fuzzy Logic DTDCA Control of LCL 
Power Pickup 
 
 
 
 
 
 

 

5.1 Introduction 

In Chapter 3, a novel control concept named the Directional Tuning/Detuning Control 

Algorithm (DTDCA) has been developed to achieve full-range tuning control in the output 

voltage regulation of the secondary pickup. The control process of the DTDCA has been 

divided into two stages which are the coarse tuning stage and the fine tuning stage. 

However, the output voltage response can have significant chattering or it may exhibit 

sluggish response if a fixed tuning step-size is employed while controlling the voltage. To 

overcome the disadvantages associated with fixed tuning step-size, an algorithm, called 

Simple Step-Size Adjustment (SSSA) has been developed to perform coarse and fine 

tuning for the coarse tuning and fine tuning stage respectively. The proposed DTDCA 

along with the SSSA have been applied to an LCL power pickup and proven to be 

effective on the output voltage regulation both via the simulation and experimental results. 

Nevertheless, it has been found that the performance of the proposed secondary power 

pickup may be degraded by several factors during the operation. 

First, although the DTDCA can achieve full-range tuning in the LCL power pickup and 

regulates the output voltage to a desired level, the load may experience large overvoltage 

if the pickup is being operated in the over-tuning region under fast and random operating 

frequency variations. Second, since the DTDCA requires validity check for every previous 

5.1 Introduction 
5.2 Fuzzy Logic Controller Design for Tuning Step-

Size Automation 
5.3 Simulation and Experimental Results 
5.4 Summary 
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control action, the tuning attempt at the startup of the pickup or after the parameter 

variations occurred is needed. This may result in the pickup having additional error in the 

output voltage. And third, it is known that in order to have an efficient tuning control, the 

operating region should not be switched at any two consecutive instances during the 

control process so the operating point can be stabilized to the nearest desired location. 

However, it has been realized that although the switching of the operating regions at the 

startup of the pickup can be avoided by using a fixed Δhm, which is predetermined under 

extreme operating conditions, it cannot be avoided during normal operations since the 

operating point is being constantly relocated on the tuning curves by the parameter 

variations. 

For the first factor, possible overvoltages may be reduced by either setting additional 

constraints on the operating frequency variations, for example, only constant or slow 

variations in the primary operating frequency are allowed in the system, or having a 

controller with sampling rate faster than the rate of change in the variations of operating 

frequency. This can provide faster regulation of the output voltage before the overvoltage 

occurs. However, both of these two solutions are dependent on the characteristics of 

circuit/system which may or may not be applicable in some applications. As for the 

second and the third factors, the performance of the DTDCA can be improved by 

dynamically changing the tuning step-size of each control action. This can be achieved by 

employing a better algorithm for determining the tuning step-size according to the actual 

operating condition. 

A fuzzy logic controller for dynamic adjustment of the tuning step-size is therefore 

proposed in this chapter for a better output voltage regulation of the pickup. The fuzzy 

logic based controller has been found to be an effective alternative to conventional control 

techniques for controlling processes whose detailed and accurate mathematical 

descriptions are not available [107]. Since the output voltage of the pickup is extremely 

difficult to model, fuzzy logic based controller has been adopted to improve the 

performance of the DTDCA. The linguistic feature of the fuzzy based controller allows 

incorporating non-numeric statements of human experts to form a rule base which can be 

used to obtain a coherent control strategy. 
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5.2 Fuzzy Logic Controller Design for Tuning Step-Size 

Automation 

The design of fuzzy logic controller (FLC) has three major parts which are: 1) 

fuzzification of considered inputs, 2) formulation of control rule base, and 3) 

defuzzification of fuzzy sets. The design of these three parts for the tuning step-size 

automation of the DTDCA is described in this section. 

5.2.1 Fuzzification of Output Voltage Error and Rate of Error 

The tuning step-size of the DTDCA needs to be determined according to the condition of 

the pickup output voltage. Therefore, the output voltage error and the rate of error, which 

directly reflect the distance and speed of the output voltage with respect to the voltage 

reference, have been considered as the input variables for the fuzzy controller. These are 

defined as: 

     nLnrefn tVtVte 
    

(5-1) 

     1 nnn tetetr
     

(5-2) 

where tn is the sampling instance, Vref(tn) is the reference voltage, and VL(tn) is the sampled 

pickup output voltage. The output voltage error and the rate of error are denoted by e(tn) 

and r(tn) respectively. By introducing scaling factors to (5-1) and (5-2), the actual inputs of 

the FLC can be given as: 

   nnIN teGEte 
     

(5-3) 

   nnIN trGRtr 
     

(5-4) 

where GE and GR are the scaling factors for the error and rate of error respectively. 

The input variable eIN(tn) can be fuzzified by four input fuzzy sets, and they are: Positive 

Error (PE), Positive Zero (PZ), Negative Zero (NZ), and Negative Error (NE). The 

membership functions of these four input fuzzy sets are shown in Fig. 5-1, and these are 

defined mathematically as: 
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where interval L is a design parameter. The value of L affects the performance of the 

controller and should be carefully chosen. The guidelines for selection of L will be 

discussed later along with the guidelines for selecting the scaling factors. 
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Fig. 5-1:  Input membership functions for eIN of FLC 
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Similarly, the input variable rIN(tn) can be fuzzified by four input fuzzy sets, and they are: 

Positive Rate (PR), Positive Rate Zero (PRZ), Negative Rate Zero (NRZ), and Negative 

Rate (NR). The membership functions of these four input fuzzy sets are shown in Fig. 5-2. 
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Fig. 5-2:  Input membership functions for rIN of FLC 
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5.2.2 Control Rule Base 

The proposed FLC uses the following 9 control rules to dynamically change the tuning 

step-size of the DTDCA. Note that this rule base has been carefully created such that the 

output voltage of the pickup should accurately track the reference voltage. 

 R1: IF eIN(tn) is Positive Error AND rIN(tn) is Positive Rate 

 THEN Δu(tn) is oZ. 

 R2: IF eIN(tn) is Positive Error AND rIN(tn) is Positive Rate Zero 

 THEN Δu(tn) is oL. 

 R3: IF eIN(tn) is Positive Error AND rIN(tn) is Negative Rate Zero 

 THEN Δu(tn) is oL. 

 R4: IF eIN(tn) is Positive Error AND rIN(tn) is Negative Rate 

 THEN Δu(tn) is oM. 

 R5: IF eIN(tn) is Negative Error AND rIN(tn) is Positive Rate 

 THEN Δu(tn) is oM. 

 R6: IF eIN(tn) is Negative Error AND rIN(tn) is Positive Rate Zero 

 THEN Δu(tn) is oL. 

 R7: IF eIN(tn) is Negative Error AND rIN(tn) is Negative Rate Zero 

 THEN Δu(tn) is oL. 

 R8: IF eIN(tn) is Negative Error AND rIN(tn) is Negative Rate 

 THEN Δu(tn) is oZ. 

 R9: IF eIN(tn) is Positive Zero OR Negative Zero 

 THEN Δu(tn) is oZ. 

In the rules, oL, oM, and oZ represent the output of the controller in the level of large, 

medium, and zero respectively, and Δu(tn) stands for the crisp output of the controller.  
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The AND and OR fuzzy logics used in the above rules are those of Zadeh and of 

Lukasiewicz [108]. For example, if μA and μB represent the grades of membership of an 

object in fuzzy sets A and B, respectively, then these logics are defined as [109]: 

Zadeh logic 

   
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Lukasiewicz loigc 

   

   BABA
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
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,1min,OR

1,0max,AND

    

 

When evaluating the control rules, the Zadeh AND is used to evaluate the individual 

control rules and the Lukasiewicz OR is used to evaluate the implied OR between the 

control rules. Table 5-1 summarizes the rules R1 to R9. 

Table 5-1:  Summarized result of control rule base 

 

eIN(tn) 

PE PZ NZ NE 

rIN(tn) 

PR R1 (oZ) 

R9 (oZ) 

R5 (oM) 

PRZ R2 (oL) R6 (oL) 

NRZ R3 (oL) R7 (oL) 

NR R4 (oM) R8 (oZ) 

 

From Table 5-1, it can easily be seen that the rules can also be categorized according to 

their output level. For the rules R2, R3, R6, and R7, a large tuning step-size is assigned. 

Because the assumption of insufficient output voltage variation that caused by the 

previous tuning attempt has been made. This requires a large tuning step-size in the next 

state control to obtain a faster reference tracking speed. A zero tuning step-size is assigned 
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to the rules R1 and R8 because the output voltage variation in the previous state may be 

either the result of an incorrect tuning attempt or parameter variations. Under either of the 

conditions the controller requires a small perturbation signal to help the algorithm to 

identify the correct tuning direction in the next state control. The rule R9 is also assigned 

with zero tuning step-size. Because the output voltage is close enough to the reference and 

only requires being fine-tuned. As for the rules R4 and R5, whose previous state control are 

performed in the correct tuning direction, a medium tuning step-size is assigned to them 

for providing moderate reference tracking speed to avoid overshoot in the output voltage. 

5.2.3 Defuzzification of Output Fuzzy Sets 

1.0

0 0.5 H

µ(Δu)

Δu

0.5

H

µ   (Δu)oM
µ   (Δu)oZ

µ   (Δu)oL

 

Fig. 5-3:  Output membership functions for Δu of FLC 

Figure 5-3 shows the output fuzzy sets of the controller with only positive values since the 

physical tuning step-size cannot be negative. The Mamdani reference is used here as the 

inference method for calculating the area of output fuzzy sets [110-112], and it is given 

by: 

   HS   2           (5-13) 

A centroid defuzzifier is used to produce the output of the FLC [107, 108, 113], and the 

crisp output can be expressed by: 
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     
     

981547632

981547632
05.0

RRRRRRRRR

RRRRRRRRR

SSS

SSHSH
u








           (5-14) 

where H is a design parameter. The selection of H will be discussed later along with the 

selection of interval L and scaling factors of the FLC. The combined membership of 

output fuzzy sets for control rules R2R3R6R7, R4R5, and R1R8R9 are obtained by using the 

extended Lukasiewicz fuzzy logic OR. Since the conditions being ORed are maximally 

negatively correlated, the values for these combined memberships are given by: 

 

 

 
981981

5454

76327632

,1min

,1min

,1min

RRRRRR

RRRR

RRRRRRRR













 

The memberships ,
iR  ,9,1 i  are obtained by the Zadeh logic AND and Lukasiewicz 

logic OR, and the values for these memberships are given by: 

     

     

     NZPZRNRNERNRZNER

PRZNERPRNERNRPER

NRZPERPRZPERPRPER













,1min,min,min

,min,min,min

,min,min,min

987

654

321

 
The FLC output for producing the tuning step-size of the variable inductor can therefore 

be determined from: 

uGUH         (5-15) 

where GU is the output scaling factor. 

5.2.4 Analytical Structure of Fuzzy Logic Controller 

In order to obtain analytical expressions of the FLC with respect to eIN(tn) and rIN(tn), the 

eIN-rIN input space has been divided into 28 different input combinations (ICs) as shown in 

Fig. 5-4. This is obtained by putting the membership functions of error of Fig. 5-1 over the 
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horizontal axis (eIN) of Fig. 5-4 and putting the membership functions of rate of error of 

Fig. 5-2 over the vertical axis (rIN) of Fig. 5-4 [108]. 

0 L

rIN

eIN
-L

L

-L

A5B5

C5 D5
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C6 D6
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C7 D7

A1
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A3

A4

B1

B4

B3

B2

C1

C2

C3

C4

D1

D2

D3

D4

 

Fig. 5-4:  Possible input combinations of eIN and rIN 

To further evaluate the ICs, they are separated into classes of eIN-rIN are within [-L, L] and 

eIN-rIN are not within [-L, L]. The results of evaluating the fuzzy control rules whose eIN-rIN 

are within [-L, L] and are not within [-L, L], are separately given in Table 5-2 and Table 5-

3 respectively. 
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Table 5-2:  Results of evaluating fuzzy control rules R1 to R9 for all ICs whose eIN and rIN are 

within [-L, L] 

 R1 R2 R3 R4 R5 R6 R7 R8 R9 

A1 PE PRZ 0 0 0 0 0 0 PZ 

A2 PE PE 0 0 0 0 0 0 PZ 

A3 PR PE 0 0 0 0 0 0 PZ 

A4 PR PRZ 0 0 0 0 0 0 PZ 

B1 0 0 0 0 NE PRZ 0 0 NZ 

B2 0 0 0 0 NE NE 0 0 NZ 

B3 0 0 0 0 PR NE 0 0 NZ 

B4 0 0 0 0 PR PRZ 0 0 NZ 

C1 0 0 0 0 0 0 NRZ NE NZ 

C2 0 0 0 0 0 0 NE NE NZ 

C3 0 0 0 0 0 0 NE NR NZ 

C4 0 0 0 0 0 0 NRZ NR NZ 

D1 0 0 NRZ PE 0 0 0 0 PZ 

D2 0 0 PE PE 0 0 0 0 PZ 

D3 0 0 PE NR 0 0 0 0 PZ 

D4 0 0 NRZ NR 0 0 0 0 PZ 

Table 5-3:  Results of evaluating fuzzy control rules R1 to R9 for all ICs whose eIN and rIN are 

not within [-L, L] 

 R1 R2 R3 R4 R5 R6 R7 R8 R9 

A5 PR PRZ 0 0 0 0 0 0 0 

A6 1 0 0 0 0 0 0 0 0 

A7 PE 0 0 0 0 0 0 0 PZ 

B5 0 0 0 0 PR PRZ 0 0 0 

B6 0 0 0 0 1 0 0 0 0 

B7 0 0 0 0 NE 0 0 0 NZ 

C5 0 0 0 0 0 0 NRZ NR 0 

C6 0 0 0 0 0 0 0 1 0 

C7 0 0 0 0 0 0 0 NE NZ 

D5 0 0 NRZ NR 0 0 0 0 0 

D6 0 0 0 1 0 0 0 0 0 

D7 0 0 0 PE 0 0 0 0 PZ 
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By using the results from Table 5-2 and Table 5-3, the analytical expressions for the crisp 

output of the FLC for each IC can then be obtained. These analytical expressions are listed 

in Table 5-4. 

Table 5-4:  Analytical expressions for crisp output of FLC for ICs A1 to A7 (C1 to C7) and B1 

to B7 (D1 to D7) 

Area Analytical expression 

A1 and C1 22

22

2 IN

IN

rL

rL
H




  

A2 and C2 
 

  22

2

LeLe

eLe
H

ININ

ININ




  

A3 and C3 
 

    22
2

2

LreeLe

eLe
H

ININININ

ININ






 

A4 and C4    222

22

2 INININ

IN

rerL

rL
H






 

A5 and C5    INININ

IN

rLrrL

rL
H






2
22

22

 

A6 and C6 0  

A7 and C7 0  
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   

   222
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22
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ININININ
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reLeLe

rLeLe
H
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Fig. 5-5:  Interpolation of eIN, rIN, and FLC output 

Figure 5-5 shows the interpolation of FLC inputs eIn and rIn, and FLC output, with L and H 

being unity. As it can be observed from the interpolation, the output of FLC is calculated 

by using different analytical expressions according to the corresponding input conditions. 

Considering that the output of a linear discrete-time PD controller in position form [114, 

115]: 

     nINDnINPnPD trKteKtu 
            

(5-16) 

where KP and KD are constant gains named proportional-gain and derivative-gain, 

respectively, the proposed FLC can be fitted into the form of classical linear P 

(proportional), D (derivative), or PD controller [115]. Table 5-5 shows the obtained 

analytical expressions (in Table 5-4) for all the possible ICs in the form of (5-16). 
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Table 5-5:  Analytical expressions for crisp output of FLC for ICs A1 to A7 (C1 to C7) and B1 

to B7 (D1 to D7) in classical forms 

Area PD expression KP KD 
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From Table 5-5, it can be seen that the output expressions of the ICs fit into the linear 

classical P, D, or PD forms very well, except that the proportional gains and the derivative 

gains are nonlinear variables instead of constant values in the classical forms. Thus, the 

proposed FLC can also be treated as „local‟ nonlinear P-like, D-like, or PD-like controller 
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with variable gains, where the „local‟ here means that the control expression is only valid 

to the corresponding IC. The output of P-like controller is produced in the ICs of A2, A3, 

B2, B7, C2, C3, D2, and D7. The output of D-like controller is produced in the ICs of A1, 

A4, A5, B4, B5, C1, C4, C5, D4, and D5. And the output of PD-like controller is produced in 

the ICs of B1, B3, D1, and D3. However, by comparing the P-like, D-like, and PD-like 

output expressions of the ICs with the classical form, it is noticed that the D-like 

expressions and the PD-like expressions in B1 and D1 have an additional term. This 

additional term is dependent on the rate of error and can be regarded as a variable bias 

function for the D-like controller to produce positive tuning step change [112].  

5.2.5 Choice of Scaling Factors 

The choice of scaling factors GE, GR, and GU can considerably affect the performance of 

the DTDCA and hence needs to be carefully selected. However, there exists no universal 

method to determine their values. Generally, the objective is to map the actual error and 

the rate of error into the interval [-L, L], which can be expressed by the following 

equations: 

max
e

L
GE         (5-17) 

max
r

L
GR         (5-18) 

where 
max

e  and 
max

r  is the maximum value of the absolute value of error and rate of 

error respectively. However, this requires prior knowledge of the range of error and rate of 

error of the pickup output voltage. In order to obtain the data for the error and rate of error 

of the output voltage, the pickup needs to be either simulated or experimented under 

possible parameter variations. The obtained data can simultaneously be processed to find 

out the actual 
max

e  and 
max

r  by using the following recursive method: 

      1maxmax ,max  nnn tetete
  

     (5-19) 

      1maxmax ,max  nnn trtrtr
   

    (5-20) 
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The idea of this recursive method is to obtain the true maximum value of the absolute 

value of error and rate of error at the end of the process, by continuously comparing the 

present sampled error and rate of error with the corresponding maximum value that has 

been previously stored. If the new value is higher than the present maximum, then the 

maximum value will be updated and be used to compute the scaling factors GE and GR. 

The performance of the DTDCA can also be affected by the value of L. A small L makes 

the output of the pickup to stay outside the ICs whose eIN and rIN are within the interval [-

L, L] more often, whereas a larger value does the opposite [114]. This effect can be clearly 

observed from Fig. 5-6. When the interval L has a smaller value, for example, 5.0L , eIN 

and rIN with a range of -1.5 ~ 1.5 would have 2/3 of the values lying outside the interval [-

L, L] and making the output of the FLC more sensitive to the change of eIN and rIN, 

whereas a larger value causes the output to be less sensitive to the change of eIN and rIN. 
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Fig. 5-6:  Interpolation of eIN, rIN, and FLC output with: a) L = 0.5, b) L = 1.0, c) L = 1.5, and d) 
L = 2.0 
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Normally, the value of L is selected to be unity or some constant values to help defining 

the scaling factors GE and GR. However, it can also be adjusted afterwards based on the 

performance of the controller. For instance, in the proposed DTDCA it requires a tuning 

attempt to identify the correct tuning direction after the output voltage has been varied 

from a stabilized position. The tuning step-size, as has been discussed before, is 

determined by the FLC based on the level of error and rate of error. Considering the 

situation of output voltage having a large error with a large rate of error in the wrong 

tuning direction, the output of the FLC would become zero according to the control rule 

base. This causes the output voltage to have a zero rate of error (insufficient perturbation) 

in the next state and requires the controller to take another tuning attempt which can lead 

to two different control outcomes; one having a correct tuning direction with a large 

tuning step-size and the other having an incorrect tuning direction with a large tuning step-

size. To overcome the insufficient perturbation problem that has been discussed, the value 

of L needs be adjusted to a larger value so that the maximum rate of error would never 

reach L, and consequently the output of the FLC would never go to zero. 

The selection of output scaling factor GU follows similar guidelines as has been used in 

mapping the error and rate of error into the interval [-L, L]. The maximum step-size of 

control signal is obtained as follows: 

Hu  max      
(5-21) 

H

H
GUorHGUH max

max


             (5-22) 

where Δumax and ΔHmax are the output signal of FLC before and after scaling, respectively, 

for producing the maximum tuning step-size. The selection of H is similar to L which is 

generally chosen to be unity or some constant values. But it can also be adjusted after 

defining GU if it is required to further improve the performance of controller. The effect 

of changing the value of H is shown in Fig. 5-7. It can be seen that this can be used to 

proportionally change the output level of FLC. 
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Fig. 5-7:  Interpolation of eIN, rIN, and FLC output with: a) H = 0.25, b) H = 0.5, c) H = 0.75, and 
d) H = 1.0 

5.2.6 Standard Procedure of Fuzzy Logic Based (FLB) DTDCA 

Since the fuzzy logic controller is designed with the objective to provide dynamic tuning 

step-size for the DTDCA to achieve better performance, the standard procedure for 

executing the FLB-DTDCA is similar to the original design for executing the SSSA-

DTDCA. 

The standard procedure for the DTDCA, after integrating it with the fuzzy logic controller, 

is shown in Fig. 5-8. Similar to the original procedure, the procedure of the FLB-DTDCA 

can also be divided into two branches, with one for determining the tuning direction which 

has been described in Chapter 3, and the other for calculating the appropriate dynamic 

tuning step-size by using the FLCA (Fuzzy Logic Control Algorithm). These two branches 

are processed simultaneously. 
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Sampling

Determination of Inc. 

or Dec. tuning 

component according 

to eqn. (3-2)

S1(tn) S2(tn)

Initialisation

e(tn) = Vref(tn) - VL(tn)
If VL(tn) > VL(tn-1)

S2(tn) = 1

Else

S2(tn) = 0

If VL(tn) > Vref(tn)

S1(tn) = 1

Else

S1(tn) = 0

Present-state logic results

Fuzzy logic controller

S1(tn) and S2(tn)

GU·Δu(tn) or ΔH(tn)

Store S4(tn)

S4(tn) S3(tn) or S4(tn-1)

Obtain controller‟s 

output U(tn) using 

eqn. (3-3)

Store U(tn)

U(tn-1)U(tn)

Unit delay of 1/fs

Store e(tn)

r(tn) = e(tn) - e(tn-1)

e(tn-1)e(tn)

r(tn)

e(tn)

S4(tn)

 

Fig. 5-8:  Flowchart of standard procedure of FLB-DTDCA 
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In the left hand branch, the DTDCA uses the comparison results S1(tn) and S2(tn) along 

with the previous direction signal S3(tn) to determine the next direction signal S4(tn). In the 

right hand branch, the FLCA performs simple subtraction for the first two processing 

blocks to obtain the value of error e(tn) and rate of error r(tn), and the output of the later 

fuzzy logic block produces a control signal GU·Δu(tn) (or ΔH) based on the obtained e(tn) 

and r(tn). Finally, the signal of S4(tn) and GU·Δu(tn) would be collected and used in the last 

processing block for producing the control signal to vary the tuning component. 

5.3 Simulation and Experimental Results 

The effectiveness of the FLB-DTDCA has been illustrated using both simulations and 

experiments. The LCL power pickups used for verification are based on the model and 

prototype which have been previously created, whose features have been discussed in 

Chapter 4. The results of FLB-DTDCA are compared with the results obtained from 

SSSA-DTDCA (DTDCA using SSSA). 

5.3.1 Simulation Study of FLB-DTDCA Controlled LCL Power Pickup 

The simulation environment and conditions are exactly the same as the ones that have 

been conducted in Chapter 4. The FLB-DTDCA controlled pickup is set to have an output 

voltage of 5 V, and it is initialized with a 0.02 s delay in the controller for easy 

observation and comparison. The scaling factors GE, GR, and GU of the FLC are selected 

to be 0.6, 0.37, and 4×10
-6

, respectively, based on the expected maximum error, maximum 

rate of error, and the ratio between the fuzzy logic output and its corresponding tuning 

step-size. The pickup model is simulated considering several parameter variations 

including variations in its operating frequency, magnetic coupling, tuning capacitance, and 

load resistance. The values and variations of these circuit parameters have been given in 

Chapter 4. 

In the simulation, the pickup encounters the maximum tolerable value of each parameter at 

0.1 s and minimum tolerable value at 0.15 s. Each parameter variation of the pickup is 

individually simulated, and the results are shown in Fig. 5-9, Fig. 5-10, Fig. 5-11, and Fig. 

5-12. 
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Fig. 5-9:  Simulation result of: a) output voltage VL, b) inductance of LS2, c) tuning direction 

signal S4, and d) tuning step-size Δh, of a FLB-DTDCA controlled LCL power pickup under 

operating frequency variations 
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Fig. 5-10:  Simulation result of: a) output voltage VL, b) inductance of LS2, c) tuning direction 

signal S4, and d) tuning step-size Δh, of a FLB-DTDCA controlled LCL power pickup under 

magnetic coupling variations 
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Fig. 5-11:  Simulation result of: a) output voltage VL, b) inductance of LS2, c) tuning direction 

signal S4, and d) tuning step-size Δh, of a FLB-DTDCA controlled LCL power pickup under 

tuning capacitor variations 
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Fig. 5-12:  Simulation result of: a) output voltage VL, b) inductance of LS2, c) tuning direction 

signal S4, and d) tuning step-size Δh, of a FLB-DTDCA controlled LCL power pickup under 

load variations 
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As can be seen from the results, the tuning step-size has changed dynamically according to 

the level of error and rate of error. The controlled output voltage is a constant 5 V with no 

steady state error. During the control process, the FLC gradually reduces the tuning step-

size as the output voltage approaches to the desired value, which is a typical PD control 

action. This prevents the output voltage from overshooting. For comparison purpose, the 

simulation results of the controlled output voltage for the FLB-DTDCA and the SSSA-

DTDCA are shown together in Fig. 5-13 and Fig. 5-14. The simulation conditions for both 

cases are identical, except that the maximum tuning step-size is 4 μH for the FLB-

DTDCA and 7 μH for the SSSA-DTDCA. These two values are selected to give the 

controllers their best performance in terms of tracking speed and precision. Note that the 

control result in different parameter variations has been observed with similarities, 

therefore only the results of the operating frequency variation and the magnetic coupling 

variation are shown here. 

t (s)

a)

b)

c)

FLB-DTDCA

SSSA-DTDCA

(H)

(H)

(V)

 

Fig. 5-13:  FLB-DTDCA and SSSA-DTDCA simulation results of: a) output voltage VL, b) 

inductance of LS2, and c) tuning step-size Δh, of a controlled LCL power pickup under 

operating frequency variations 
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Fig. 5-14:  FLB-DTDCA and SSSA-DTDCA simulation results of: a) output voltage VL, b) 

inductance of LS2, and c) tuning step-size Δh, of a controlled LCL power pickup under 

magnetic coupling variations 

It can be seen that several improvements have been achieved in the output voltage 

regulation by using the FLB-DTDCA. First of all, the pickup using FLB-DTDCA 

dynamically adjusts the tuning step-size based on the value of error and rate of error. This 

not only allows the controller to perform smooth reference tracking, but also reduces the 

error when the controller is performing tuning attempts. On the contrary, the pickup using 

the SSSA-DTDCA has a fixed tuning step-size, which may introduce more errors to the 

output voltage if a large tuning step-size is used or sluggish in the overall control speed if 

a small tuning step-size is used. Secondly, it can be observed from Fig. 5-13 and Fig. 5-14 

that the SSSA-DTDCA may cause significant chattering in the output voltage around the 

reference value before the output voltage enters the hysteresis band (HB), whereas the 

pickup using the FLB-DTDCA does not have such a problem. And thirdly, steady state 

error may exist in the output voltage of the pickup using SSSA-DTDCA since it uses a HB 

to avoid unnecessary tuning action after the output voltage reaches to a value close to the 
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reference voltage, whereas the pickup using the FLB-DTDCA does not have such an error 

since the tuning step-size here would only become zero when the reference value is 

exactly reached. It may be argued that the precision of the SSSA-DTDCA can be 

improved by reducing the width of the HB; however this can cause the controller to take 

more tuning adjustments for fine tuning the output voltage and consequently slows down 

the overall control speed. In addition, the noise problem may also arise, which may result 

in unnecessary tuning attempts and significant chattering in the output voltage. The 

stabilization speed of the SSSA-DTDCA is also heavily dependent on the position of the 

reference voltage relative to the output voltage in the fine tuning stage. 

a) Cases of shorter fine tuning period

Vref

t

V(t1)

V(t2)

V(t3)

HB

VL

V(t4)

V(t5)

V(t6)

V(t7)

Vref

t

V(t1)

V(t2)

V(t3)

HB

VL

V(t4)

V(t5)

V(t6)

V(t7)

Vref

t

HB

VL

b) Case of longer fine tuning period

V(t1)

V(t2)

V(t3)

V(t4)

V(t5)

V(t6)

V(t7)

0 0

0

 

Fig. 5-15:  Possible output voltage conditions for SSSA-DTDCA to have: a) shorter fine 

tuning period and b) longer fine tuning period 

Figure 5-15 shows the output voltage conditions which can cause the SSSA-DTDCA to 

have either a short or long fine tuning period. As it can be seen from the figure, if the 

output voltage enters the fine tuning stage having its upper bound values of V(t2), V(t4), 

and V(t6), or lower bound values of V(t3), V(t5), and V(t7), close to the reference voltage 

Vref, the SSSA-DTDCA uses less number of tuning adjustments to reach the values within 
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the HB. On the contrary, if the output voltage in the fine tuning stage has the reference 

voltage being in the middle of its upper and lower bound values, the SSSA-DTDCA 

would require more tuning adjustments to reach the values within the HB. And since the 

above two output voltage conditions cannot be predicted during the operations, the SSSA-

DTDCA can randomly present short or long fining tuning periods. 

5.3.2 Experimental Study of FLB-DTDCA Controlled LCL Power Pickup 

In order to compare the control result of the FLB-DTDCA and the SSSA-DTDCA, the 

experiments for both the controllers were conducted under the same testing conditions, 

including the maximum tuning step-size used. The specifications of the LCL power 

pickup have all been given in Chapter 4. Two different experiments were conducted to 

separately evaluate the controller performance under the load variations and the magnetic 

coupling variations for both the FLB-DTDCA and the SSSA-DTDCA. The controller 

performance under the load variations was evaluated by changing the load resistance in 

the sequence of 5 Ω, 6.5 Ω, 3.5 Ω, 6.5 Ω and back to 5 Ω, and the results obtained are 

shown in Fig. 5-16, Fig. 5-17, Fig. 5-18, and Fig. 5-19. Note that the significant output 

voltage variations observed in the experiments were due to the high rate of change in the 

load resistance which was faster than the sampling frequency of the proposed controller. 

This undesirable situation can be improved if a faster sampling frequency was selected. 

6 V

0.35 s

6.25 V

5 V5 V

2.813 V
3.016 V

2.86 V
3.06 V

6 V

0.32 s

7.06 V

4.938 V 5 V

a) b)
 

Fig. 5-16:  Output voltage waveform of controlled LCL power pickup under load variation (5 

to 6.5 Ω) using: a) FLB-DTDCA and b) SSSA-DTDCA 
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Fig. 5-17:  Output voltage waveform of controlled LCL power pickup under load variation 

(6.5 to 3.5 Ω) using: a) FLB-DTDCA and b) SSSA-DTDCA 
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Fig. 5-18:  Output voltage waveform of controlled LCL power pickup under load variation 

(3.5 to 6.5 Ω) using: a) FLB-DTDCA and b) SSSA-DTDCA 
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Fig. 5-19:  Output voltage waveform of controlled LCL power pickup under load variation 

(6.5 to 5 Ω) using: a) FLB-DTDCA and b) SSSA-DTDCA 
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Experiments for evaluating the controller performance under the magnetic coupling 

variations were performed by changing the relative position between the pickup coil and 

the primary track in the sequence of A, B, C, and D, under the following conditions, and 

the results are shown in Fig. 5-20. 

 A) VOC = 2.47 → 2.8 V, kf = 0.32 → 0.36 (coupling distance 6 → 2 mm). 

 B) VOC = 2.8 → 2.47 V, kf = 0.36 → 0.32 (coupling distance 2 → 6 mm). 

 C) VOC = 2.47 → 2.15 V, kf = 0.32 → 0.28 (coupling distance 6 → 10 mm). 

 D) VOC = 2.15 → 2.47 V, kf = 0.28 → 0.32 (coupling distance 10 → 6 mm). 

5.156 V 5 V5 V 5 V

a) b)

4.9 V

4.28 V

4.844 V

A B C D A B C D

6.53 V

4.85 V
5.18 V

 

Fig. 5-20:  Output voltage waveform of controlled LCL power pickup under magnetic 

coupling variations using: a) FLB-DTDCA and b) SSSA-DTDCA 

The experimental results obtained in this section are in good agreement with the 

simulation results obtained in Section 5.3.1. In both cases it has been shown that the 

pickup using either the FLB-DTDCA or the SSSA-DTDCA can regulate the output 

voltage to be constant in the steady state. However, the FLB-DTDCA shows better overall 

dynamic performance than the SSSA-DTDCA in terms of: 

1. Control precision – FLB-DTDCA has no steady state error. 

2. Transient response – FLB-DTDCA has no large tuning attempts to cause 

significant output voltage spikes or chattering. 
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3. Control speed – FLB-DTDCA has faster transient response than the SSSA-

DTDCA on average. 

Note that the ripples observed in the controlled output voltage of LCL power pickup using 

FLB-DTDCA were caused by the dSPACE platform due to its low resolution ADC output 

ports are incapable of handling high precision tuning step change. However, the ripples 

can be removed if high resolution ADC output ports are adopted. 

5.4 Summary 

This chapter has proposed and developed an improved DTDCA by integrating the fuzzy 

logic controller into the classical DTDCA to dynamically change the tuning step-size of 

the variable inductor in the LCL power pickup. 

The design of the fuzzy logic controller consists of fuzzification, formulation of control 

rule base, and defuzzification. In the fuzzification stage, the fuzzy logic controller takes 

the error and rate of error of the output voltage as its inputs. The error is classified by 

using the membership functions of positive-error, positive-zero, negative-zero, and 

negative-error. And similarly the rate of error is classified by using the membership 

functions of positive-rate, positive-rate-zero, negative-rate-zero, and negative-rate. The 

control rule base is formulated to improve the transient performance of the DTDCA, and 

there are 13 different analytical expressions that have been obtained for 28 different input 

combinations. These analytical expressions can be fitted into the forms of classical control 

theory, and the result shows that the proposed fuzzy logic controller can be regarded as a 

“local” nonlinear P-like, D-like, or PD-like controller with variable proportional gains and 

derivative gains. The defuzzification process is undertaken by the common centroid 

method with the Mamdani reference as the inference method. 

The guideline for selecting the value of input interval L, output membership value H, and 

scaling factors GE, GR, and GU of the fuzzy logic controller has also been provided. It has 

been found that after the values for GE, GR, and GU are determined, the values of L and H 

may be adjusted to improve the performance of controller if required. 

Both the simulation and experimental results have demonstrated that the FLB-DTDCA 

(DTDCA using fuzzy logic controller) achieves better overall performance in the output 



Chapter 5                                              Fuzzy Logic DTDCA Control of LCL Power Pickup 

- 156 - 

 

voltage regulation compared with the results of SSSA-DTDCA (DTDCA using simple 

step-size adjustment). The observed improvements in the control performance include: 1) 

the additional error that has been introduced by the control tuning attempts is reduced, 2) 

there is no steady state error, and 3) the chattering effect in the output voltage is 

eliminated and a smooth reference tracking is achieved. 
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Chapter 6 
 

Fuzzy Logic DTDCA Control of Parallel 
LC Power Pickup 
 
 
 
 
 
 

 

6.1 Introduction 

A secondary power pickup based on the LCL tuning configuration has been studied in 

Chapter 4 as an alternative to the conventional LC tuning circuit to achieve constant 

output voltage. LCL configuration has a theoretical advantage in keeping the output 

voltage constant under fully-tuned conditions. Nevertheless, the LCL power pickup loses 

its voltage source property under parameter variations such as variations in the operating 

frequency, magnetic coupling, and the tuning capacitance. It has been found that although 

the proposed DTDCA can achieve full-range tuning in the LCL power pickup, large 

output voltage spikes may exist, particularly in the over-tuning region due to the 

complexity involved in high order circuit dynamics. 

This chapter focuses on applying FLB-DTDCA control to the conventional parallel LC 

power pickup for the output voltage regulation. Structurally, the LC power pickup has less 

energy storage elements and lower system orders, so the system dynamics are less 

complicated compared to the LCL power pickup. 
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6.2 Fundamentals of Parallel LC Power Pickup 

6.2.1 Steady State Characteristics of LC Tuning Circuit 

The parallel LC power pickup is most commonly seen in the IPT systems. The simplified 

circuit of the parallel LC power pickup without considering the ac-dc rectification is 

shown in Fig. 6-1. As can be seen from the figure, the LC power pickup consists of a 

secondary pickup coil with self-inductance LS, a tuning capacitance CS, and a load 

resistance RAC to form a simple second order system. The resistance RAC is the ac 

equivalent resistance of the dc load resistor RL (see Fig. 2-20), and the ratio between these 

two resistances is 82LAC RR  [21, 77]. 

LS

CS

RAC
VOC

VAC

IS ICS

IAC

 

Fig. 6-1:  Simplified model of LC power pickup circuit 

The voltage transfer function of the power pickup can be determined from: 

 
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Considering     ACACAC RsVsI   and     SOCSC sLsVsI  , the current transfer function 

of the parallel LC power pickup is obtained from: 
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Equation (6-1) and (6-2) can also be expressed in the frequency-domain using rectangular 

form as: 
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Under fully-tuned condition where 1
2

0 SSCL , equation (6-3) and (6-4) can further be 

reduced to: 
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              (6-5) 

  10 jH I          (6-6) 

The absolute value of (6-5) is also known as the quality factor QS_p of the parallel LC 

power pickup. From (6-6), it can be seen that the output current is equal to the short-circuit 

current of the pickup coil under fully-tuned condition. 

6.2.2 Controllable Power Transfer Capacity of Parallel LC Power Pickup 

The maximum power of the parallel LC power pickup has been given in Chapter 2, and it 

is governed by the quality factor QS_p of the circuit. However, the LC power pickup can 

also be controlled to perform detuning operation for meeting the actual load demands. The 

tuning condition of the LC power pickup can be changed by simply having a variable 

tuning capacitance in the resonant tank. Considering the normalized adjusting ratio of the 

tuning capacitance is presented by: 

0__

_

rS

vS

adj
C

C
r            (6-7) 

where 
vSC _
 is the variable or actual tuning capacitance and 

0__ rSC  is the tuning 

capacitance under fully-tuned condition which is equal to SL
2

01  , the magnitude of the 

output voltage and current can be obtained as: 
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By substituting SACpS LRQ 0_   into (6-8) and (6-9), the equations can be further 

simplified as: 

OCpSCOCVAC VQBVKV _        (6-10) 

SCCAC IBI         (6-11) 

where KV is the operational voltage boosting factor of the tuning circuit and equals to 

._ pSC QB   BC is a newly introduced variable which represents the controllable boosting 

coefficient and can be determined from: 
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From (6-12), it can be seen that the controllable boosting coefficient has a maximum of 

unity when radj equals to 1 and a minimum of 0 when radj approaches infinity. Figure 6-2 

and 6-3 show the system response of the parallel LC power pickup with respect to the 

variation of normalized tuning capacitance under different QS_p. From the figures it can be 

seen that the quality factor of the LC tuning circuit directly controls the magnitude of the 

maximum output voltage. But this has no effect on the maximum output current. The 

sensitivity of the LC circuit to the variation of tuning capacitor increases with the value of 

QS_p for both its output voltage and output current. Under high QS_p operation, the phase 

difference between the input and output voltage is approximately zero when radj equals to 

zero (fully-detuned in under-tuning region), 2  when radj equals to unity (fully-tuned), 

and   when radj approaches infinity (fully-detuned in over-tuning region). The phase 

difference between the input and output current is approximately 2 , 0, and 2 , for 

radj equals to zero, unity, and approaches infinity respectively. 
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Fig. 6-2:  Output voltage response of parallel LC power pickup with respect to the variation 

of tuning capacitance under different QS_p 
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Fig. 6-3:  Output current response of parallel LC power pickup with respect to the variation 

of tuning capacitance under different QS_p 
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Fig. 6-4:  Power transfer capacity of parallel LC power pickup using variable tuning 

capacitor under different QS_p 

Considering the output power of the pickup is ACACAC IVP  , the variable power transfer 

capacity of the parallel LC power pickup can therefore be determined from: 
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11
22
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Figure 6-4 shows the power transfer capacity of the parallel LC power pickup using 

variable tuning capacitor. 

6.3 Effects of LC Circuit Parameter Variations on Pickup 

Output Voltage 

Similar to the LCL power pickups, the conventional LC power pickups also have 

parameter variations which can cause the output voltage of the pickup to fluctuate. The 

most common parameter variations that can be seen in the LC power pickup include but 

not limited to the variations in the operating frequency, magnetic coupling, and the load. 
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In order to compensate for these variations by using the variable tuning capacitor CS, this 

section of the chapter is focused on the analyses of the relationships between the variable 

tuning capacitance and the output voltage of the parallel LC pickup under these parameter 

variations. 

6.3.1 Operating Frequency Variation 

As it has been discussed before, the variations in operating frequency can cause the 

secondary pickup to detune from its resonant frequency, as well as changes the magnitude 

of the open-circuit voltage of the pickup coil. Considering these two factors, the output 

voltage of the LC pickup under the operating frequency variations can be determined 

from: 
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    (6-14) 

where αf is the normalized frequency variation index that has been used in Chapter 4. 

From (6-14), it can be seen that the maximum output voltage of the pickup has remained 

unchanged. But the adjusting ratio radj for achieving the fully-tuned condition has been 

shifted to: 

2_

1

f

fvradjr


  

Figure 6-5 shows the output voltage behavior of the LC power pickup under operating 

frequency variations. It can be seen that the entire tuning curve would be shifted to the left 

if it is a positive variation and to the right if it is a negative variation, and they show 

identical behavior in both the under-tuning and over-tuning regions. 
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Fig. 6-5:  Output voltage behavior of parallel LC power pickup using variable CS under 

operating frequency variations 

In order to maintain the output voltage to a constant desired value Vref, the adjusting ratio 

of the tuning capacitance has to be varied accordingly. By rearranging (6-14) into a 

quadratic equation with respect to the ratio radj and solving it to find the desired ratio 

gives: 
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where rk is the ratio between the desired voltage Vref that needs to be kept constant and the 

maximum output voltage of the parallel LC power pickup (VAC_R) under fully-tuned 

condition. And it can be expressed as: 



Chapter 6                                  Fuzzy Logic DTDCA Control of Parallel LC Power Pickup 

- 165 - 

 

OCpS

ref

RAC

ref

k
VQ

V

V

V
r

__

              (6-16)  

From (6-15) it can be seen that the tuned-point of the output voltage is shifted by 
2

1 f , 

and the span of the two solutions increases with increase of αf but decreases with increase 

of either rk or QS_p. To have valid solutions in (6-15), the ratio rk has to be smaller than 1. 
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Fig. 6-6:  Adjusting ratio for parallel LC power pickup to achieve desired rk under operating 

frequency variations 

Figure 6-6 shows the relationship between the operating frequency variation and the 

adjusting ratio for achieving the required rk in the LC power pickup. The ratio to achieve 

fully-tuned condition is represented by radj_fvr. The solutions of the required ratio are 

separately shown in the figure according to their operating region and represented by 

radj_fv_OT and radj_fv_UT for the ratios in the over-tuning region and the under-tuning region 

respectively. A quasi-linear relationship has been observed between the operating 

frequency variation and the adjusting ratio, and in addition, the amount of adjusting ratio 

that it takes for the tuning capacitor to compensate for the operating frequency variations 

in the under-tuning and over-tuning regions are almost identical to each other.  
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6.3.2 Magnetic Coupling Variation 

The variations in the magnetic coupling between the primary current track and the 

secondary power pickup directly affect the open-circuit voltage of the pickup coil. 

Considering that the normalized magnetic coupling variation index is αoc and the affected 

open-circuit voltage is equal to OCocV , the output voltage of the pickup under magnetic 

coupling variations can be expressed by: 
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Fig. 6-7:  Output voltage behavior of parallel LC power pickup using variable CS under 

magnetic coupling variations 

Figure 6-7 shows the output voltage behavior of the LC power pickup using variable 

tuning capacitor under magnetic coupling variations. From the figure it can be seen that 

the shape of the tuning curve remains unchanged, but the level of the tuning curve is lifted 
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or lowered by a factor of αoc, and therefore the maximum output voltage VAC_ocvr_max under 

the magnetic coupling variations is changed according to OCpSoc VQ _ . 

To keep the output voltage constant at a desired level, the required adjusting ratio for the 

variable tuning capacitor can be obtained from: 
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It can be seen that the magnetic coupling variations do not affect the position of the tuned-

point but the distance between the two solutions increases with the value of αoc, which 

shows that the tuning curve gets expanded with a larger αoc. Note that the valid solutions 

in (6-18) can only be obtained when ockr  . This means that to allow the controller to 

successfully maintain the output voltage to be constant, the desired output voltage has to 

be less than or equal to the MMOV (VAC_ocvr_max3 shown in Fig. 6-7) at the tuned-point. 
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Fig. 6-8:  Adjusting ratio for parallel LC power pickup to achieve desired rk under magnetic 

coupling variations 

Figure 6-8 shows the relationship between the ratio radj and the variation index αoc for 

achieving a predetermined rk. The desired adjusting ratios are represented by radj_ocv_OT and 
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radj_ocv_UT to separately show the results obtained in the over-tuning region and the under-

tuning region respectively. The ratio for achieving the maximum output voltage has been 

found to be unity and represented by radj_ocvr. 

6.3.3 Load Variation 

To observe the effects of the load variations on the output voltage of the pickup, the 

normalized load variation index αr is used here. The output voltage under the load 

variations can therefore be obtained from: 
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and the required adjusting ratio for maintaining the desired output voltage constant under 

the load variations can be determined from: 
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Notice that the valid solutions in (6-18) can only be obtained when the condition of  

rkr   is met, which also requires that the desired output voltage to be less than the 

MMOV (VAC_rvr_max3 shown in Fig. 6-9) that caused by the load variations at the tuned-

point. Figure 6-9 and 6-10 show the output voltage behavior of the LC pickup under load 

variations and the required adjusting ratio for maintaining the output voltage to be 

constant with a given rk, respectively. From Fig 6-9 it can be seen that the output voltage 

behavior in this case, is similar to the result of magnetic coupling variations, which the 

concerned parameter variations only cause the maximum output voltage of the pickup to 

vary but does not shift the tuned-point of the pickup. It can also be observed that by 

operating the LC pickup in the detuning region, the output voltage variation with respect 

to the load variation is much less than when the pickup is fully-tuned and can therefore 

prevent the load from significant overvoltage during sudden load changes. 
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Fig. 6-9:  Output voltage behavior of parallel LC power pickup using variable CS under load 

variations 
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Fig. 6-10:  Adjusting ratio for parallel LC power pickup to achieve desired rk under load 

variations 
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6.3.4 Choice of QS_p and rk 

It is known that the quality factor QS_p of the LC pickup can change the shape and 

magnitude of the tuning curve, and the choice of rk can lead to different output voltage 

variations with respect to the concerned parameter variations. The effect of these two 

factors on the relationship between the output voltage variation and the parameter 

variation is therefore needed to be investigated. Since the output voltage behavior of the 

parallel LC pickup is almost identical in the under-tuning and over-tuning region, only the 

results in the under-tuning region are presented here. 
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Fig. 6-11:  Relationship between output voltage variation and parameter variation under a 

constant QS_p and different rk 

Figure 6-11 shows the output voltage variations (in %) caused by: a) operating frequency 

variations, b) magnetic coupling variations, and c) load variations, under a constant QS_p 

with different rk. The output voltage variation increases with rk in the case a) and c), but it 

has not been affected by rk in the case of b). In addition, it may not be obvious to observe 

the nonlinearities that appear in the results of case a) and c), but the nonlinearities do exist 

and can be improved by using lower rk. Figure 6-12 shows the output voltage variations 

(in %) caused by the considered parameter variations under a constant Vref with different 
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QS_p. From the figure, it can be seen that the output voltage variation increases with QS_p 

in the case a), but decreases to the increase of QS_p in the case c). Notice that the 

relationship between the output voltage variation and the magnetic coupling variation still 

remains unchanged, which makes it the only case that is not affected by either rk or QS_p 

amongst the three cases that has been discussed. 
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Fig. 6-12:  Relationship between output voltage variation and parameter variation under a 

constant Vref and different QS_p 

The results obtained from both Fig. 6-11 and Fig. 6-12 has shown that the LC pickup is 

most sensitive to a), followed by b), and c). Based on the obtained results, it can be seen 

that the sensitivity of output voltage in the case a) and c) can be reduced by using lower rk. 

Varying QS_p can also achieve different circuit sensitivity, but it leads to two conflicting 

situations. The first conflict is that the sensitivity of the output voltage increases with QS_p 

in the case a), but decreases in the case c), which means that a tradeoff between the output 

sensitivity of case a) and c) is needed if QS_p is to be varied. The second conflict happens 

due to the direct relationship between QS_p and rk. For example, under a given voltage 

reference, increase/decrease in QS_p would mean decrease/increase in rk. Therefore, QS_p 

and rk can only be selected by considering all three investigated cases together. 
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6.3.5 Operating Range of Variable CS 

To fully compensate for the parameter variations that have been previously analyzed, the 

integrated effect of these parameter variations on the output voltage needs to be 

investigated. The output voltage of the LC pickup under such a consideration can be 

expressed by: 
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         (6-21) 

Equation (6-21) can also be rearranged to obtain the required adjusting ratio radj_pv for 

achieving the desired output voltage under the integrated effect of the parameters 

variation, and the required ratio can be determined from: 
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To have valid solutions in (6-22), the following condition has to be met: 

rockr   

To fully compensate for all the considered parameter variations, the worst-case scenario of 

the practical operations has to be considered for obtaining the minimum and the maximum 

of the adjusting ratio radj_pv. The distance between the Min and Max of radj_pv is defined as 

the operating range of the variable CS. Based on the results shown in Fig. 6-5, Fig. 6-7, 

and Fig. 6-9, it can be seen that the Min and Max of radj_pv can be calculated using (6-22) 

with the following conditions. 

Maximum required ratio (radj_pv_max) 

 The parallel LC power pickup is operating in the over-tuning region of the tuning 

curves. 
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 The operating frequency is at nominal value - maximum allowable tolerance, and 

the magnetic coupling and load variations are at nominal value + maximum 

allowable tolerance. 

Minimum required ratio (radj_pv_min) 

 The parallel LC power pickup is operating in the under-tuning region of the tuning 

curves. 

 The considered parameter variations are all at nominal value + maximum 

allowable tolerance. 

6.3.6 Comparison of Output Voltage Variation to Parameters Variation 

between LC and LCL Tuning Circuits 

In this section, the output voltage variation to the parameters variation between the LC and 

the LCL power pickups is compared, so that the differences between these two tuning 

configurations can be understood. 

Figure 6-13 and 6-14 show the comparison results with respect to: a) operating frequency 

variation, b) magnetic coupling variation, and c) load variation between the LC and the 

LCL pickup, under the condition of a constant kVR or QS_p with different rk and a constant 

voltage reference with different kVR or QS_p, respectively. It can be seen from the results 

that the output voltage of the LCL pickup is more sensitive to the parameters variation 

especially under the condition of a), and as the voltage boosting factor increases, its output 

voltage variation increases further and can be 4 ~ 5 times larger than the LC pickup. In the 

case of c), the results show that the LC pickup would have lower voltage variation than the 

LCL pickup when it encounters sudden load changes. However, it should be noted that if 

rk is set to unity, the LCL pickup would have zero voltage variation to the load variation 

due to its voltage source property. 

Based on the results shown in Fig. 6-13 and Fig. 6-14, it can be seen that the LC pickup 

would have better transient performance than the LCL pickup due to its lower output 

sensitivity to the parameters variation. However, if the IPT system uses a primary power 

supply with a fixed switching frequency, then the LCL circuit may still be a good 

alternative to the tuning configurations of the power pickup due to its voltage source 

property. 
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Fig. 6-13:  Comparison of output voltage variation to parameters variation between LC and 

LCL tuning circuit under a constant kVR or QS_p with different rk 
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Fig. 6-14:  Comparison of output voltage variation to parameters variation between LC and 

LCL tuning circuit under a constant Vref with different kVR or QS_p 
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6.4 Implementation of FLB-DTDCA Controlled LC Power 

Pickup 

6.4.1 Structure of Switch-Mode Variable Capacitor Controlled LC Power 

Pickup 
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Fig. 6-15:  Structure of variable capacitor controlled parallel LC power pickup 

The basic structure of the proposed parallel LC power pickup is shown in Fig. 6-15. It 

consists of the main circuit of a parallel LC power pickup and a control circuitry to form a 

complete secondary system. The LC tuning configuration provides a constant output 

current to the load under fully-tuned conditions. The tuning capacitance CS is divided into 

two parts; the first part is a fixed value capacitor CS1 which is used for starting up the 

pickup circuit, and the second part consists of a capacitor CS2 and two switches (Q1 and 

Q2), which functions as a switched-mode variable capacitor for changing the tuning 

condition of the power pickup. The output voltage VL is used as a feedback signal to the 

FLB-DTDCA for producing signals VCtrl-1 and VCtrl-2 with controlled duty cycles so that 

the ac switch Q1 and Q2 can be turned on/off accordingly to obtain the desired equivalent 

capacitance. This eventually allows the pickup to deliver the power as required by the 

load. 
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6.4.2 Selection of CS1 and CS2 

In order to have sufficient output power to startup the controller at the initial stage, the 

capacitance of CS1 is required to be selected according to the location shown in Fig. 6-16. 

Vref
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CS10 CS

CS2

Vstartup

CS1+CS2

 

Fig. 6-16:  Proper location of CS1 on tuning curve of output voltage 

The voltage Vstartup is the voltage required to startup the controller. The value of CS1 can be 

determined by using (6-22), with the operating frequency, magnetic coupling, and load 

variations being considered at nominal value - maximum allowable tolerance. Such a 

consideration would allow the pickup to startup the controller under all possible 

parameters variation that has been considered. 

The operating range of CS to fully compensate for all possible parameters variation has 

been determined previously, however since the capacitance obtained from the minimum 

required ratio radj_pv_min may not be equal to the value of CS1 determined here, the previous 

calculated operating range can only be regarded as the minimum operating range. Hence, 

the actual operating range of CS2 can be expressed as: 

1max_2 SpvS CCC             (6-23) 

where Cpv_max is the capacitance obtained from the maximum required ratio radj_pv_max. 
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6.4.3 Equivalent Capacitance of CS2 

For the resonant circuit using an ac switched capacitor, the waveform of the voltage in the 

ac tank and across the capacitor can be represented by VAC and VC respectively, in Fig. 6-

17. 
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Fig. 6-17:  Voltages and control signals of ac switched capacitor 

From the above illustration, it can be seen that the signal VCtrl-1 and VCtrl-2 control the 

on/off period of the capacitor in the positive and the negative cycles respectively. When 

the capacitor is switched off (at θ), the voltage across the capacitor would be capped at 

VC_off since there is no more current flowing through the capacitor to charge it. The 

capacitor only gets discharged when VAC is lower than VC (at π-θ). Such a technique can 

control the amount of electric charges accumulated inside the capacitor and hence 

achieves a variable equivalent capacitance for changing the tuning condition of the pickup 

[66, 67]. 
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The relationship between the switching angle and the voltages can be expressed as: 
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The switching angle can also be directly related to the duty cycles of the control signal and 

has a linear proportional relationship of: 
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where D is the duty cycle of the control signal VCtrl-1 and VCtrl-2 in percentage. Considering 

that the electric charges stored inside an ac switched capacitor are equal to that of using an 

equivalent capacitance Ceq, an equation can be obtained as follows: 
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By expanding (6-26) into segments according to VC as shown in Fig. 6-17, the following 

equation can be obtained: 

         




   



tdtVCtdVCtdtVC
V

C ACSoffCSACS

AC

eq 










sinˆsinˆ
ˆ2

1
2_2

0
2

 

(6-27) 

Solving (6-27), the variable equivalent capacitance which is obtained by changing the duty 

cycle of the control signals is determined from: 
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where D has a variable range of 50 ~ 100% since the control signals VCtrl-1 and VCtrl-2 are 

responsible for each 50% of the complete cycle. Figure 6-18 shows the relationship 

between the equivalent capacitance and the duty cycle. As it can be seen from the figure, 

the variable equivalent capacitance has a capacitance equals to CS2 when both switches are 

fully turned on and zero when both switches are at 50% duty cycle. 
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Fig. 6-18:  Relationship between Ceq and D of ac switched CS2 

6.4.4 Switching Signals for Q1 and Q2 

CS2

a)

Q1

I Q1

VQ1=0
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VQ1=0
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CS2 CS2

VQ2=0Q2 Q2
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I Q2

VQ2=0

c) d)

 

Fig. 6-19:  Conditions of achieving ZVS in Q1 and Q2 

To reduce the switching losses in Q1 and Q2, soft-switching technique such as ZVS (Zero 

Voltage Switching) has to be employed. Figure 6-19 shows the conditions when the ZVS 

can be achieved in Q1 and Q2. Assuming that both Q1 and Q2 are ideal switches and have 

no voltage drop in full conduction states, the conditions of a) and c) show that Q1 and Q2 

can be turned off anywhere in between θ1 to θ2 and θ4 to θ5 as shown in Fig. 6-20, 

respectively, to achieve ZVS, as long as these switches are in forward conduction. 
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Fig. 6-20:  Voltage and current waveforms of CS2 under full conduction and being switched 

To achieve ZVS in the conditions of b) and d) where the current starts to flow through the 

body diode of the switches and the voltage across the switches equals to zero if the 

forward voltage drop of the diode is neglected, Q1 and Q2 have to be switched on in 

between θ3 to θ5 and θ6 to θ7, respectively. 

In order to achieve the ZVS while still giving the correct control signals to Q1 and Q2 and 

obtain the desired equivalent tuning capacitance, a CSC (Control Signal Conversion) 
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method is proposed here. Figure 6-21 shows the signal waveforms that are required for 

generating the control signals for Q1 and Q2 to achieve such a task. 

VC

ωt

ωt

ωt

ωt

ωt

VCtrl-1

VCtrl-2

Vsq

Vtrig

on

off on on

on

off

off off

SQ1

SQ2

 

Fig. 6-21:  Waveform of signals used for generating VCtrl-1 and VCtrl-2 

The voltage signal Vsq is obtained by comparing VAC with ground reference through a 

comparator as shown in Fig. 6-22 a), and it is used as an indicator for the positive (Vsq > 0) 

and the negative (Vsq < 0) cycles of VAC. The voltage signal Vtrig is obtained by integrating 

Vsq through a passive integrator as shown in Fig. 6-22 b), and it is used as a reference 

signal with which the control signals 
1QS  and 

2QS  are compared. The signals 
1QS  and 

2QS  

have a relationship: 

21 QQ SS                  (6-29) 

where 
1QS  is equal to the output signal U(t) of the FLB-DTDCA. 
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Fig. 6-22:  Signal generation of: a) Vsq and b) Vtrig 

The waveform of the signals shown in Fig. 6-21 has been summarized in Table 6-1. 

Table 6-1:  Truth table for VCtrl-1 and VCtrl-2 generation 

Possible 

Cases 

sqV  > 0 

(x1) 

1QS > Vtrig 

(x2) 

2QS > Vtrig 

(x3) 
VCtrl-1 VCtrl-2 

Case 1 0 0 0 1 0 

Case 2 0 0 1 N/A N/A 

Case 3 0 1 0 1 0 

Case 4 0 1 1 1 1 

Case 5 1 0 0 1 1 

Case 6 1 0 1 N/A N/A 

Case 7 1 1 0 0 1 

Case 8 1 1 1 0 1 

 

The result of Table 6-1 can further be simplified using Boolean expressions. Hence the 

control signals VCtrl-1 and VCtrl-2 can be obtained as: 

211 xxVCtrl          (6-30) 

312 xxVCtrl          (6-31) 

6.4.5 Guideline for Selecting Sampling Frequency of LC Power Pickup 

Similar to the LCL power pickup, the LC pickup also requires certain time period for the 

circuit to reach its steady state after taking control action, and the controller has to wait for 
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that period of time to pass by before it can take another valid sample from the output 

voltage. The LCR (Inductor-Capacitor-Resistor) circuit at the dc side of the LC pickup has 

been identified as the major cause of this output delay. Figure 6-23 shows the dc side of 

the LC pickup, and the output voltage can be approximated by using the model shown in 

the figure. 

CDC RL VL

LDC

Vrect

 

Fig. 6-23:  Model for dc output voltage analysis of parallel LC power pickup 

As each control action would cause the output voltage to have a step change, the rectified 

voltage Vrect is therefore modeled as a step voltage, and a differential equation can be 

derived as: 

rectL
L
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DCDC VV

dt

dV
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            (6-32) 

The time-domain solution of the output voltage to this step change in the input voltage can 

be obtained from: 
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where ,2,
4
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1
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Equation (6-33) can be further simplified as: 
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where α is a real number in (6-34) and an imaginary number in (6-35). The nature of α is 

determined by the term B, and α has real numbers when 
DCLDC CRL

2
4  or imaginary 

numbers when .4
2

DCLDC CRL   Depending on the value of α, the output voltage response 

can be under-damped, critically-damped, or over-damped. Figure 6-24 shows the three 

different types of the output voltage response. 

0 t

VL

Under-damped (LDC < 4RL
2
CDC)

Critically-damped (LDC = 4RL
2
CDC)

Over-damped (LDC > 4RL
2
CDC)

 

Fig. 6-24:  Output response of LCR circuit to a step voltage under different LDC 

The ideal output voltage response here is to have a fairly short settling time while still 

having low overshoot (under-damped but close to the boundary of critically-damped). This 

can be achieved by properly selecting the values for LDC and CDC. In [116], it has been 

found that in order to obtain a power transfer capacity that is close to the maximum (≥ 

90%), the minimum inductance of LDC has to be selected according to: 



min_min_

min_ 992.0
LL

DC

RR
L         (6-36) 

where RL_min is the minimum load resistance. Note that the dc inductance obtained in (6-

36) is only valid when the output of the pickup is a constant dc voltage. By substituting (6-
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36) back to the term B, the critical capacitance of CDC to give an ideal output voltage 

response under all possible load resistances can be obtained by meeting the condition of: 

min_

_
4

1

L

CDC
R

C


           (6-37)
 

However, it does not guarantee the constancy of the output voltage. To select a proper 

capacitance for CDC so that it forms a low-pass filter together with the dc inductance LDC, 

the reactance of CDC has to be much smaller than that of LDC (XC << XL). This would allow 

the LC low-pass filter to function as a voltage divider with a large dividing ratio for the ac 

component of the actual rectified voltage Vrect, and hence can result in a constant voltage 

at the output. The ripple magnitude of the output voltage can be obtained from [117]: 

L

DCDC

ripple V
CL

V 
23

1


             (6-38)

 

The capacitance of CDC under a given ripple magnitude can be determined from: 

ripple

L

Lripple

L

DC

DC
V

V

RV

V

L
C 

min_
2 3

1

3

1


             (6-39) 

Note that (6-39) is obtained by substituting the inductance of LDC from (6-36). 

Considering the settling time ts is the time required for the output of LCR circuit to reach 

and stay within a specified tolerance band, for example, 2% of its final value, then the 

settling time is given by: 

,802.0
2

DCLs

CRt
CRtore DCLs 


           (6-40) 

and the sampling frequency of the controller needs to be designed base on the maximum 

settling time ,8 max_max_max_ DCLs CRt   where RL_max is the maximum load resistance and 

CDC_max is the maximum dc capacitance. The value of CDC_max can be obtained by 

substituting max_LL VV   into (6-39). Therefore, the sampling frequency of the controller is 

determined from: 



Chapter 6                                  Fuzzy Logic DTDCA Control of Parallel LC Power Pickup 

- 187 - 

 

max_max_

min_
375.0

L

ripple

L

L

s
V

V

R

R
f 


                (6-41) 

Equation (6-41) can be used as a general guideline for selecting the sampling frequency of 

the FLB-DTDCA. A faster sampling frequency can be achieved by using a dc inductance 

larger than the minimum required dc inductance obtained in (6-36) despite the fact that the 

ESR of the inductor may be increased, which would reduces the required dc capacitance in 

(6-39) and hence increases the sampling frequency. 

6.5 Simulation and Experimental Results 

6.5.1 Simulation Study of FLB-DTDCA Controlled LC Power Pickup 

The FLB-DTDCA controlled LC power pickup is simulated in Matlab/Simulink with 

PLECS. Figure 6-25 and 6-26 show the LC power pickup circuit emulated by PLECS and 

the complete simulation model respectively. 

 

Fig. 6-25:  PLECS model of parallel LC power pickup 

The pickup coil has a self-inductance of 17.8 μH (L1) with an open-circuit voltage of 2.8 

V under the operating frequency of 38.4 kHz. The nominal dc load has a resistance of 20 

Ω. This gives the quality factor QS_p of the tuning circuit to be approximately equal to 5.75 

under fully-tuned condition. The maximum dc output voltage of the pickup can reach up 

to 10 V; however the desired dc output voltage is predetermined to be 5 V in order to fully 

compensate for all possible parameters variation. The dc inductance L2 and capacitance 

C2 of the LC filter are selected to be 49.736 μH and 18.42 μF, respectively, with the 

assumptions that VL_max equals to 8 V and Vripple ≤ 0.05 V. The calculated sampling 
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frequency based on the selected L2 and C2 is around 242 Hz. However a preliminary 

simulation has shown that by using a sampling frequency that is several times faster than 

the calculated sampling frequency can still give valid output voltage samples to the 

controller. The initial capacitance of the variable tuning capacitor C1 is predetermined at 

0.45 μF (in the under-tuning region; tuning circuit is fully-tuned when C1 = 0.965 μF) to 

provide a minimum startup voltage (≈ 3 V) for the pickup. 

 

Fig. 6-26:  Simulink model of FLB-DTDCA controlled parallel LC power pickup 

The parallel LC power pickup model is simulated under variations in the operating 

frequency, magnetic coupling and load resistance. These are represented by the function 

blocks of Variable V_oc and Variable R in Fig. 6-26 and act as the inputs to the LC power 

pickup circuit. The operating frequency is varied within a range of ±2%, which would 

cause the operating frequency to vary from 37632 ~ 39168 Hz. Under such a variation, the 

amplitude of the open-circuit voltage is varied from 2.744 ~ 2.856 V. Figure 6-27 shows 
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the controlled output voltage of the LC power pickup under the operating frequency 

variations. 

(V)

(H)

(F)

t (s)

a)

b)

c)

d)

 

Fig. 6-27:  Simulation result of: a) output voltage VL, b) capacitance of CS, c) tuning 

direction signal S4, and d) tuning step-size Δh, of a FLB-DTDCA controlled LC power pickup 

under operating frequency variations 

As can be seen from the simulation result, the FLB-DTDCA has been delayed for 0.01 s to 

allow the LC pickup to obtain an initial startup voltage at around 3 V. Then the controller 

proceeds with its algorithm to track the reference voltage and stabilizes at 5 V after 0.003 

s. The pickup experiences the maximum tolerable operating frequency at 0.04 s and has a 

0.48 V of voltage deviation from the reference. At time 0.07 s the pickup experiences the 

minimum tolerable operating frequency and the output voltage deviates from the reference 

by 1.14 V. It takes 0.0006 s and 0.0016 s for the FLB-DTDCA to successfully regulate the 

output voltage back into the desired value for the maximum and the minimum tolerable 

operating frequency, respectively. 
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Fig. 6-28:  Simulation result of: a) output voltage VL, b) capacitance of CS, c) tuning 

direction signal S4, and d) tuning step-size Δh, of a FLB-DTDCA controlled LC power pickup 

under magnetic coupling variations 

Figure 6-28 shows the simulation result of the LC pickup under the magnetic coupling 

variations. The coupling variation is emulated by having a 30% rise in the open-circuit 

voltage (3.64 V) at 0.04 s and a 30% decrease in the open-circuit voltage (1.96 V) at 0.07 

s. The rise in VOC causes the output voltage to increase to 6.5 V and takes 0.0018 s for the 

controller to bring it back to the reference. The decrease in VOC results the output voltage 

to have a 2.7 V drop and takes 0.003 s for recovery. 

Figure 6-29 shows the simulation result of the LC pickup under the load variations. In this 

simulation, the pickup encounters a drastic +40% load change at 0.04 s which varies the 

nominal load resistance from 20 Ω to 28 Ω and causes small variation in the output 

voltage. Then the pickup encounters a -40% change in the load resistance at 0.07 s and 

changes the load resistance from 28 Ω to 12 Ω. This causes the output voltage to have a 

voltage drop of 0.93 V but is regulated by the controller after 0.0024 s. 
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Fig. 6-29:  Simulation result of: a) output voltage VL, b) capacitance of CS, c) tuning 

direction signal S4, and d) tuning step-size Δh, of a FLB-DTDCA controlled LC power pickup 

under load variations 

6.5.2 Experimental Study of FLB-DTDCA Controlled LC Power Pickup 

A prototype has been built to verify the FLB-DTDCA controlled LC power pickup. The 

secondary pickup coil has a self-inductance of 17.8 μH (LS in Fig. 6-15) with 11 turns of 

winding, and it has a nominal open-circuit voltage of 2 V when it is placed 20 mm away 

from the primary track. A nominal coupling factor of approximately 0.2 is obtained from 

this experiment setup. The fixed tuning capacitor CS1 has a capacitance of 0.6 μF and is 

used to provide a startup voltage of approximately 3 V for the connected load having a 

nominal resistance of 100 Ω. The variable tuning capacitor CS2 has a capacitance of 0.57 

μF, which together with CS1 the tuning capacitor bank gives a variable range of 0.6 to 1.17 

μF for covering both the under-tuning and over-tuning regions of the LC power pickup. 

The equivalent capacitance of CS2 is controlled by switching the semiconductor devices Q1 
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and Q2 according to the control signals VCtrl-1 and VCtrl-2 respectively. Figure 6-30 shows a 

working prototype of the parallel LC power pickup in the laboratory. 

 

Fig. 6-30:  Working prototype of parallel LC power pickup 

Similar to the considerations that have been previously taken in the simulation studies, the 

control results to the variations in the operating frequency, magnetic coupling and load 

resistance are included here. 

6.6 V

5.75 V

4.2 V
3.9 V

5 V

 

Fig. 6-31:  Output voltage waveform of FLB-DTDCA controlled LC power pickup under load 

variations 
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Figure 6-31 shows the controlled output voltage waveform of the pickup under the load 

variations. The resistance of the load was switched in the sequence of 100 → 140 Ω, 140 

→ 100 Ω, 100 → 60 Ω, and 60 → 100 Ω. Note that the primary power supply has a ±1% 

variation in its operating frequency. Therefore the operating frequency variation was not 

separately investigated but naturally integrated into other experiments. From Fig. 6-31, it 

can be seen that the FLB-DTDCA can successfully regulate the output voltage of the 

prototype to the desired 5 V. Although some chattering in the output voltage has been 

noticed, it was due to the limitation of dSPACE output resolution. 

4.3 V
4.5 V

5.55 V 5.6 V

5 V

 

Fig. 6-32:  Output voltage waveform of FLB-DTDCA controlled LC power pickup under 

magnetic coupling variations 

Figure 6-32 shows the controlled output voltage waveform of the pickup under the 

magnetic coupling variations. The experiment was carried out by changing the operating 

distance between the primary and the secondary side in the sequence of 20 → 30 mm, 30 

→ 20 mm, 20 → 10 mm, and 10 → 20 mm. And still, the output voltage of the prototype 

gets regulated by the FLB-DTDCA and has remained constant at 5 V. 

Figure 6-33 shows the switch control signals VCtrl-1 and VCtrl-2 during each commutation 

cycle. As can be seen from the figure, position P1 and P2 are places where switch Q2 are 

tuned off and on respectively and position P3 and P4 are places where switch Q1 are turned 

off and on respectively. Each of the control signals can be varied to have duty cycles from 
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50 to 100%, and together, they control the equivalent capacitance of CS2 from zero to full 

capacitance. 

a)

b)

c)

P1 P2

P3 P4

 

Fig. 6-33:  Voltage waveforms of: a) VAC, b) switching control signal VCtrl-1, and c) switching 

control signal VCtrl-2 
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Fig. 6-34:  Voltage waveforms of: a) VAC, b) voltage across switches Q1 and Q2, and c) 

voltage across CS2 

Measurements of the voltage across the ac switch (Q1 and Q2) and the variable tuning 

capacitor CS2 were taken to verify the ZVS of the switches. Figure 6-34 shows the 

measurement results, and the positions P1, P2, P3, and P4 here are corresponding to the 

positions shown in Fig. 6-33. From the above figure, it can be seen that switches Q1 and 
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Q2 are zero voltage switched off at P1 and P3 respectively. At positions P2 and P4, Q1 and 

Q2 are zero voltage switched on if the forward voltage drop VF of the body diode of the 

switch is neglected. Hence, ZVS technique was successfully implemented on the 

prototype to reduce the switching losses in Q1 and Q2. 

6.6 Summary 

In this chapter, the proposed FLB-DTDCA controller has been applied to a conventional 

parallel LC power pickup for the output voltage regulation. The behaviors of the LC 

tuning circuit including the output voltage, current and power have been investigated 

under variable tuning capacitor control in the resonant tank. 

Effects of variations in the operating frequency, magnetic coupling and load resistance on 

the pickup output voltage have been analyzed, and equations for calculating the required 

tuning capacitance to achieve the desired output voltage under these parameter variations 

have been obtained. It has been found that in order to cover all the considered parameter 

variations, the LC power pickup has to be operated in the detuning region. 

The effects of using different quality factor or rk (ratio between the desired output voltage 

and the maximum output voltage under fully-tuned condition) on the relationship between 

the tuning capacitance and the output voltage have also been investigated. The results 

obtained show that the relationship between the output voltage and the magnetic coupling 

variation is not affected by the quality factor and rk. However, these two factors do affect 

the sensitivities of the output voltage to the variations in the operating frequency and the 

load. It has been found that the sensitivities of the output voltage to the variations in the 

operating frequency and the load can be reduced by lowering rk. However, if the output 

sensitivity is to be reduced through changing the design of quality factor, then by lowering 

the quality factor can only reduce the output sensitivity to the operating frequency 

variation. But this will increase the output sensitivity in the case of load variation. In 

addition, with a predefined constant output voltage, decreasing one of the two factors 

means increasing the other. 

A comparison between the LC and the LCL power pickup has been carried out based on 

the results of the output sensitivities to the considered parameter variations. The results of 
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the comparison show that the LC tuning circuit is less sensitive to the parameter variations 

in the detuning region. 

A general structure of the FLB-DTDCA controlled LC power pickup has been proposed 

based on switch-mode variable tuning capacitor technique. The control range of the 

variable tuning capacitor has been determined and the relationship between the controlled 

duty cycle and the equivalent tuning capacitance has been obtained. A simplified model 

has been introduced which approximates the dc output voltage of the pickup after the 

application of each control action. Moreover, a general guideline for selecting the 

sampling frequency of the controller has been proposed based on this model. 

A method for converting the original output signal of the FLB-DTDCA into control 

signals VCtrl-1 and VCtrl-2 for the ac switch Q1 and Q2, respectively, has been proposed and 

designed for the switches to achieve ZVS. The conversion method has been practically 

implemented on a prototype circuit to help reduce the switching losses during operation 

while achieving the desired equivalent tuning capacitances. 

Both the simulation and experimental results have demonstrated the effectiveness of the 

proposed FLB-DTDCA in regulating the output voltage of LC power pickups. 
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Chapter 7 
 

Conclusions and Suggestions for Future 
Work 
 
 
 
 
 
 

 

7.1 General Conclusions 

A comprehensive investigation of full-range tuning power flow control for IPT (Inductive 

Power Transfer) power pickups has been undertaken in this thesis. Attention has been paid 

to the following four main aspects: 

 New power flow control methods and algorithms for the IPT power pickups. 

 Full-range control of tuning curves of IPT power pickup tuning circuits. 

 Effects of variations of parameters of pickup circuit on the output voltage of the 

IPT power pickups. 

 Performance evaluation of the output voltage regulation of the IPT power pickups. 

A general introduction to contactless/wireless power transfer systems has been given in 

Chapter 1. It has been shown that although currently the majority of mainstream power 

transfer systems are based on direct power flow along the conductors, the demands of 

contactless/wireless power transfer systems have significantly been increased in the past 

decade and continues to grow due to the unique and convenient way of transferring power. 

Three main contactless/wireless power solutions have been discussed, which are energy 

harvesting, CPT (Capacitive Power Transfer), and IPT. However, since the energy 

harvesting systems are limited to low power applications, and practical implementation of 

7.1 General Conclusions 
7.2 Contributions of This Thesis Work 
7.3 Suggestions for Future Work 



Chapter 7                                                       Conclusions and Suggestions for Future Work 

- 198 - 

 

CPT is often difficult due to low permittivity of air, the IPT systems have become the 

preferable choice for many practical applications. Nevertheless, accurate power flow 

control of the IPT systems has been found to be challenging, particularly under variations 

of several circuit parameters such as variations in the operating frequency, magnetic 

coupling between the primary and the secondary side of the system, tuning capacitance, 

load resistance, etc. 

In Chapter 2, the basic structure and major components of an IPT system have been 

systematically discussed including an overview of the power flow control methods of the 

IPT systems. The power flow control methods of the IPT systems are categorized into the 

control of primary track current and the control of secondary power pickup. Although the 

primary track current can be controlled to regulate the pickup output voltage, it is only 

suitable for single power pickup applications. On the contrary, if the power flow control is 

applied to the secondary power pickups, each pickup which couples to the primary power 

supply can have their own power regulation. Thus the power flow control of the secondary 

pickup is a preferable control strategy for multiple-pickups operation. 

In the secondary power pickup control, there are three different methods that have been 

commonly used in the IPT applications. These are the adoption of simple voltage 

regulator, shorting-control, and the dynamic tuning/detuning control. The adoption of 

voltage regulator and shorting-control have several drawbacks, e.g., 1) it requires that the 

circuit to be fine-tuned and overdesigned to meet the output power requirement under all 

parameter variations, 2) significant excessive power may exist under light loading 

conditions, and 3) a heat sink is needed for the dissipation of excessive power. Under high 

Q operation, the fine tuning process can be more troublesome as the circuit tuning of the 

pickup becomes more sensitive to the variations of the circuit parameters. As a result, Q 

factor of the power pickup circuit has to be limited, and it is normally below 6 and a 

maximum of 10. The dynamic tuning/detuning control which is designed to dynamically 

change the tuning condition of the power pickup allows the secondary pickup to only take 

sufficient power from the primary side according to the actual load demands and hence 

increases the overall efficiency of the secondary pickup. Nevertheless, the adopted 

conventional PI (Proportional and Integral) controller is only able to achieve single-side 
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tuning control in either under-tuning or over-tuning region, rather than covering the entire 

tuning curve of the pickup circuit. 

Following the overview of the IPT system and its existing power flow control methods, a 

novel control algorithm called as DTDCA (Directional Tuning/Detuning Control 

Algorithm) has been proposed in Chapter 3 for the output voltage regulation of the pickup. 

The concept of DTDCA is based on using the comparison result of: 1) output voltage 

VL(tn) and reference voltage Vref(tn), 2) output voltage VL(tn) and output voltage of previous 

state VL(tn-1), and 3) the validity of the previous tuning direction signal, to determine the 

tuning direction signal of the next state control. Similar to other discrete controllers, the 

performance of DTDCA is also dependent on the selection of sampling frequency and the 

magnitude of control signal (tuning step-size). However these two factors can vary 

depending on the topology of the pickup circuit and therefore require to be examined for 

each individual case. 

In Chapter 4, an LCL tuning configuration has been thoroughly studied as a potential 

alternative to the conventional LC tuning circuit. Theoretically, the LCL tuning circuit 

behaves as a voltage source under fully-tuned condition, which is very advantageous in 

most applications; since the output voltage can always remain constant regardless of the 

load variations. However, variations in the operating frequency, magnetic coupling, tuning 

capacitance, and load can exist in practical operations, and their combined effect can cause 

the output voltage to significantly deviate from the desired value. It has been found that 

the above considered parameter variations would change the magnitude of the possible 

maximum output voltage. In addition, the variations in the operating frequency and the 

tuning capacitance would also shift the tuned-point from its designated point. These facts 

have shown that in order to fully compensate for all the considered parameter variations, 

the LCL power pickup has to be operated in the detuning region, which consequently loses 

its voltage source property. 

Both the simulation and experimental results have proven the effectiveness of the 

proposed DTDCA in achieving full-range tuning control, output voltage regulation, and 

compensation for the considered parameter variations. This enables the pickup to be fully-

tuned on-line, if required, and makes the high Q operation possible. The two key factors 

that govern the controller performance, namely the sampling frequency and the tuning 
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step-size, have also been determined. The sampling frequency for the LCL power pickup 

has been found to have a proportional relationship with the system operating frequency 

and magnitude of the output voltage ripple, but it is inversely proportional to the 

magnitude of output voltage. As for the tuning step-size of the controller, it has been 

designed to vary according to the state of controller. When the controller is in the coarse 

tuning state, the tuning step-size is a fixed value which avoids the tracking process from 

traversing between the under-tuning and over-tuning regions. When the controller is in the 

fine tuning state, the tuning step-size is changed by an algorithm, called Simple Step-Size 

Adjustment (SSSA), to help the DTDCA in reducing the control signal and hence 

gradually reaching to the reference value. However, several issues have also been 

discovered in the DTDCA controlled LCL power pickup in terms of control quality. First 

of all, it has been found that the pickup output voltage is much more sensitive to the 

operating frequency and tuning capacitance variations in the over-tuning region than in the 

under-tuning region. This causes the LCL pickup to have poor transient output 

characteristic when operating in the over-tuning region, and has the possibility of 

generating overvoltages when the considered parameters change dramatically. Second, 

since the DTDCA requires a validity check for the previous control action before it can 

determine the next control signal, the tuning attempt performed by the DTDCA may have 

a 50% chance of tuning to the wrong direction with additional error to the output voltage. 

Third, although the tuning step-size for the coarse tuning state has been determined on the 

basis of avoiding the tracking process from traversing between the operating regions of the 

tuning curves so a more efficient control can be achieved. This feature is however only 

guaranteed at the initial startup of the controller but cannot be assured at any other times 

during the operation. 

To solve the above problems, a fuzzy logic based tuning step-size control has been 

integrated to the DTDCA in Chapter 5. In the design of the fuzzy logic controller (FLC), 

the error and rate of error of the output voltage are taken as the input signals to the 

controller. By processing the input signals through the control rule base and 

defuzzification, the FLC can generate three different types of output signal, which are 

zero, medium and large tuning step-sizes for the corresponding conditions of the FLC 

input signals. The analytical structure of the proposed FLC has been analyzed and found 

to have 13 different analytical expressions for 28 different input combinations (ICs). The 
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obtained analytical expressions can also be expressed by classical forms (P, PI, PD, or 

PID) and has got 4 different P-like, 5 different D-like and 2 different PD-like controllers. 

These controllers all have nonlinear and variable proportional and derivative gains, and 

they can only be treated as „local‟ P-, D-, or PD-like controllers as they are only valid to 

the corresponding ICs. A special attention has been paid to the condition of the output 

voltage having a large error and a large rate of error in the wrong tuning direction. 

Because the output signal of the FLC under such a condition may go down to zero 

according to the control rule base. This requires the interval L of the input signals of the 

FLC to be designed larger than the expected maximum rate of error, so insufficient 

perturbations during the control process can be avoided. 

Both the simulation and experimental results have shown that the LCL power pickup 

using FLB-DTDCA (Fuzzy Logic Based Directional Tuning/Detuning Control Algorithm) 

for its output voltage regulation obtains better performance in the following aspects: 

 Achieving smooth reference tracking without chattering effect in the output 

voltage since the tuning step-size is dynamically changed according to the 

conditions of error and rate of error. 

 Reducing perturbation error in the output voltage when the controller performs a 

tuning attempt. 

 Removing the steady state error that was originally existed in the SSSA-DTDCA 

(DTDCA using Simple Step-Size Adjustment). 

In Chapter 6, the FLB-DTDCA has been applied to the conventional parallel LC power 

pickup. The equivalent capacitance of the tuning capacitor is switch-mode controlled by 

the control signals of the FLB-DTDCA so that the tuning condition of the pickup can be 

varied to have different pickup output powers/voltages for meeting the actual load 

demands. The effects of variations in the operating frequency, magnetic coupling, and 

load resistance on the output voltage of the LC pickup have been studied, and it has been 

found that the operating frequency variation causes the designated tuned-point to shift, and 

the variations in the magnetic coupling and load resistance both change the magnitude of 

the maximum output voltage. A comparison on the output voltage variation to the 

parameters variation between the LC and the LCL power pickups has also been carried 

out. The results have shown that since both the LC and LCL power pickups have to be 
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operated in the detuning region to fully compensate for all possible parameter variations, 

the higher output sensitivity possessed by the LCL power pickup (especially in the over-

tuning region) makes the LC power pickup a more preferable choice in applications where 

tolerance of drastic output voltage variation is low. 

7.2 Contributions of This Thesis Work 

The main contributions of this thesis work include: 

Proposing a full-range tuning control algorithm namely DTDCA (Directional 

Tuning/Detuning Control Algorithm), and using it to successfully regulate the output 

voltage of the secondary power pickups for the IPT systems. This enables the pickup to be 

fully-tuned on-line, when necessary, even under high Q or kVR operation. 

Analyzing the fundamental properties of the LCL and the LC power pickups, and the 

effects of variations in the operating frequency, magnetic coupling between the primary 

and the secondary side, tuning capacitance (for the LCL tuning configuration), and load 

resistance on the output voltage of the LCL and the LC power pickups in the steady state. 

The analytical method used can also be extended for analyzing other possible parameter 

variations of the secondary power pickup. 

Determining the control range for the variable tuning inductor/capacitor of the LCL/LC 

power pickup to achieve full-range tuning control under all considered parameter 

variations. 

Determining the proper sampling frequency for the DTDCA in the LCL/LC power 

pickups. 

Proposing and developing the SSSA-DTDCA to control an LCL power pickup with a 

linear-mode saturable inductor. 

Proposing a fuzzy logic based tuning step-size control to dynamically change the tuning 

step-size for the DTDCA according to the input combinations of the error and rate of 

error. It has been successfully used to improve the performance of the SSSA-DTDCA in 

the LCL and the LC power pickups. The analytical structure of the proposed fuzzy logic 
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controller has been developed and expressed in the classical P, D, or PD controller forms 

for the corresponding input combinations. 

Proposing and developing a method for converting the raw control signal of the FLB-

DTDCA into duty cycle controlled switching signals for the ac switch of the switch-mode 

variable capacitor that used in the LC power pickup. It has been used to achieve the 

required equivalent tuning capacitance and also to reduce the switching losses through 

ZVS (Zero Voltage Switching) operation. 

Part of the above contributions has been published in one journal paper [118] and five 

conference papers [72, 119-122], and one book chapter has been accepted [123]. Another 

journal paper has been submitted and under review [124]. A provisional patent based on 

the FLB-DTDCA controlled LC power pickup has been filed. 

7.3 Suggestions for Future Work 

The work conducted in this thesis has focused on the development of full-range tuning 

controller for the power flow control of the IPT secondary power pickups. Various 

theoretical analyses, system and component level simulations, and experimental tests have 

been undertaken to achieve the research objectives. As a result, the controller has been 

successfully developed with very useful results for practical analysis and design. Further, 

more areas have also been opened for investigation in the future. To conclude this thesis, 

several areas are suggested here for future research on the topic. 

Reflected effects to the primary power supply 

Unlike fully-tuned series/parallel power pickups, the proposed DTDCA tunes/detunes the 

secondary pickups to meet the actual load demand so the reflected impedance may have 

large imaginary components which may affect the primary converter operations. The 

actual reflected impedance on the primary side therefore needs to be further investigated. 

The obtained results can be very useful in designing the primary power supply of the IPT 

system that adopts the DTDCA control at the secondary. 

Systematic design method for determining the proper kVR, QS_p, and rk 

As it has been described in Chapter 3 and Chapter 5 of this thesis, the choice of kVR, QS_p 

and rk can all affect the output sensitivity of the secondary power pickups to the 
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considered parameter variations in different degrees. If a relationship between the choice 

of kVR, QS_p, rk, and specifications of the application can be established, the obtained result 

can be very useful, especially for optimizing power pickup design. 

Better approximation for settling time of pickup circuits 

Two simplified models have been introduced in this thesis to separately approximate the 

settling time of the investigated pickup circuits. The model that has been used in modeling 

the CR filter with a current step change is proven by the simulations to provide valid 

approximation for the settling time of the LCL power pickup. However, the model that has 

been used in modeling the LCR filter with a voltage step change can only provide a very 

general guideline on how to select the sampling frequency for the LC power pickup, and 

caused the calculated sampling period is much slower than the actual settling time of the 

circuit. To obtain a better controller performance in the LC power pickup by selecting the 

proper sampling frequency, a better approximation of the settling time for the LC pickup 

needs to be provided.  

Accurate secondary power pickup modeling 

Although the DTDCA has been proven effective on the power flow control of the 

secondary power pickups, an accurate closed form secondary power pickup model with 

actual rectification circuitry and the proposed DTDCA controller has not been obtained in 

this research. Difficulties in achieving such a task include the model establishment of the 

circuit with nonlinear components like diode rectifications, and fitting the DTDCA into an 

analytical form. These two topics can be regarded as new research directions for better 

understanding of both the transient and steady state behaviors of the DTDCA controlled 

power pickups. 
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Appendices 
 

 

Embedded Matlab Functions of SSSA-DTDCA and FLB-

DTDCA Simulations 

%----------------------------------------------------------------------% 

 

function NxtS = fcn(Vo, Vprev, Vref, PrevS) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details. 

  
%This program is used to determine the tuning direction signal according 
%to equation 3-3. 

     
    if Vo > Vref 
        S1 = 1; 
    else 
        S1 = 0; 
    end 

     
    if Vo > Vprev 
        S2 = 1; 
    else 
        S2 = 0; 
    end 

     
    NxtS = or(and(PrevS, xor(S1, S2)), and(~PrevS, ~xor(S1, S2)));  %S4 

 

%----------------------------------------------------------------------% 

 

function S7 = fcn(Vo, Vprev, Vref, Vpprev) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details. 

  
%This program is used to generate signal for determining whether the 

%pickup should be coarse-tuned or fine-tuned according to equation 

%3-6. 

     
    if Vo > Vref 
        S1 = 1; 
    else 
        S1 = 0; 
    end 

     
    if Vo > Vprev 
        S2 = 1; 
    else 
        S2 = 0; 
    end 
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    if Vprev > Vref 
        S5 = 1; 
    else 
        S5 = 0; 
    end 

     
    if Vpprev > Vref 
        S6 = 1; 
    else 
        S6 = 0; 
    End 

 
    S7 = or(or(and(S5, and(S1, S2)), and(~S5, and(~S1, ~S2))), 

         or(and(S6, and(S1, S5)), and(~S6, and(~S1, ~S5)))); 

 

%----------------------------------------------------------------------% 
 

function h = fcn(S7, hprev, Vo) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details. 

 

%This program is used to determine tuning step-size of the DTDCA using 

%Simple Step-Size Adjustment (SSSA) according to equation 3-5. 

     
    hm = 7.01e-6; 
    beta = 0.1; 
    h = hprev; 

  
    if S7 == 1 && Vo < 5.1 && Vo > 4.9 
        h = 0; 
    elseif S7 == 0 && Vo < 5.1 && Vo > 4.9 
        h = 0; 
    elseif S7 == 1 
        h = hm; 
    elseif S7 == 0 
        h = hprev-beta*hm; 
    end 

 

%----------------------------------------------------------------------% 
 

function h = fcn(err, errprev) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
 

%This program is used to determine tuning step-size for the DTDCA using 
%Fuzzy Logic Control Algorithm. 

  
    GE = 0.6;                   %Scaling factor for error 
    GR = 0.37;                  %Scaling factor for rate of error 
    SG = 4e-6;                  %Scaling factor for output signal 
    L = 1;                      %Interval L 
    H = 1;                      %Interval H 
    e = GE*err;                 %Error 
    r = GR*(err - errprev);     %Rate of error 

     
    %Fuzzification (L can be changed, depends on the design) 
    %------------------Membership Functions for error------------------% 
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    if e>=0 
        ep = e/L; 
        epz = (L-e)/L; 
        enz = 0; 
        en = 0; 
        if e>L 
            ep = 1; 
            epz = 0; 
        end 
    else 
        en = ((-1)*e)/L; 
        enz = (L+e)/L; 
        epz = 0; 
        ep = 0; 
        if e<(-1)*L 
            en = 1; 
            enz = 0; 
        end 
    end 
    %--------------Membership Functions for rate of error--------------% 
    if r>=0 
        rp = r/L; 
        rpz = (L-r)/L; 
        rnz = 0; 
        rn = 0; 
        if r>L 
            rp = 1; 
            rpz = 0; 
        end 
    else 
        rn = ((-1)*r)/L; 
        rnz = (L+r)/L; 
        rpz = 0; 
        rp = 0; 
        if r<(-1)*L 
            rn = 1; 
            rnz = 0; 
        end 
    end 
    %-------------------End of Membership Functions-------------------% 

     
    %------------------------Control Rule Base------------------------% 
    ur1 = min(ep, rp);          %Rule 1 
    ur2 = min(ep, rpz);         %Rule 2 
    ur3 = min(ep, rnz);         %Rule 3 
    ur4 = min(ep, rn);          %Rule 4 
    ur5 = min(en, rp);          %Rule 5 
    ur6 = min(en, rpz);         %Rule 6 
    ur7 = min(en, rnz);         %Rule 7 
    ur8 = min(en, rn);          %Rule 8 
    ur9 = min(1, epz+enz);      %Rule 9 
    %---------------------End of Control Rule Base---------------------% 

     
    %--------------------------Defuzification--------------------------% 
    ol = min(1, ur2+ur3+ur6+ur7); 
    om = min(1, ur4+ur5); 
    oz = min(1, ur1+ur8+ur9); 

     
    Sol = ol*(2-ol)*H; 
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    Som = om*(2-om)*H; 
    Soz = oz*(2-oz)*H; 

     
    %Centroid Defuzzification 
    o = ((Sol*H)+(Som*0.5*H)+(Soz*0))/(Sol+Som+Soz); 
    h = SG*o; 
    %---------------------End of Defuzification---------------------% 

%----------------------------------------------------------------------% 
 

function CS = fcn(NxtS, h, CSprev) 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details. 

 

%This program is used to determine the final output signal of the DTDCA 

%using either Simple Step-Size Adjustment or Fuzzy Logic Control. 

 
    SS = NxtS*1; 
    CS = CSprev + h*(-1)^(SS+1); 

 

%----------------------------------------------------------------------% 

 

 

 

 

 

 

 

 

 

 

 

 

 




