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Abstract 

This thesis proposes a new poly-phase track topology which provides high tolerance to 

lateral movement of inductive power transfer (IPT) pickups. IPT is a technology that is widely 

used for providing power to mobile loads in industrial situations or for monorails where the 

path of the load is well defined and tightly constrained. A poly-phase track provides greater 

tolerance to load movement, and makes IPT more suitable for use in roadway applications 

for electric vehicles with limited or no driver assistance. This is achieved while using a very 

simple and low cost flat pickup structure.  

The magnetic performance of the new track topology is first analysed without the presence of 

a pickup. It is found that the moving magnetic field created by the track eliminates nulls in the 

magnetic field. The pickup is then introduced and the power transfer characteristics are 

determined. It is shown that the power transfer to the pickup can be made to be essentially 

constant across a wide area of track, with a usable width of over five times that of an 

equivalent single-phase system. A poly-phase IPT track can therefore provide enough 

tolerance to vehicular applications where the vehicle movement is relatively unrestricted. 

Due to the nonlinear nature of magnetic circuits, analytic solutions (where they can be 

formulated) are often cumbersome and provide little insight.  The approach taken in this 

thesis has therefore been to produce many results through computer simulation and to 

analyse trends that can be of use in the design of poly-phase IPT systems. These trends are 

then verified experimentally, and explained using electromagnetic theory. Using these trends, 

a simple and fast design procedure is developed for flat pickups. 

A practical three-phase prototype system was created for the thesis, exposing several 

implementation challenges. Mutual inductance exists between the track phases, and can 

disrupt the power supply operation. A model is created to analyse this effect, and several 

methods are detailed which can be used to reduce or eliminate it. A steady-state loading 

model is created for a flat pickup operating on the poly-phase track. It shows that the power 

supply components must be carefully rated because the track phases do not generally load 

share effectively, and the apparent power requirements can be much higher than the real 

load power. Together, these models show that the optimal poly-phase track uses either a 

two- or three-phase bipolar design, depending on the movement tolerance required. These 

track types provide adequate load sharing, simple tuning, and the ability to reduce the 

interphase mutual inductance. 



 

II 

Finally, a brief discussion is given on the potential for the pickup to be extended beyond the 

typical flat design. A quadrature-type pickup which makes use of an additional coil can 

provide higher power transfer in some situations, up to a 67% increase over an equivalent 

flat pickup, and comes with a minimal increase in parts count for the tuning of the additional 

coil. 
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Nomenclature 

Definitions 

Bipolar Describes a track in which the pick-up interacts with both the forward and return 

current path of any phase. 

Unipolar A track in which the pick-up only interacts with the magnetic field from the forward 

current path of any phase. 

Acronyms 

AGV Automated Guided Vehicle. 

EEVO End Effect Voltage Offset 

ICE Internal Combustion Engine 

IPT Inductive Power Transfer. 

PGR Principal Geometric Ratio, the ratio of the pick-up width to its height above the 

track. 

PWM Pulse Width Modulation. 

Symbols 

C1 The track (primary) tuning capacitor. 

C2 The pick-up (secondary) tuning capacitor. 

CB The DC blocking capacitor for the power supply output. 

CL1 Series compensation capacitor used to reduce the effective track length. 

CX Width of the pick-up coil 

CXP Width of the pick-up coil, normalised to the pick-up width. 

d Diameter of the track conductors. 

DX Horizontal displacement of the pick-up ferrite relative to the track centre. 

DXN Horizontal displacement of the pick-up, normalised to its height above the track. 

DY Vertical displacement of the pick-up ferrite, relative to the centre of the track. 

I1 Per-phase primary (track) current. 
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I2 Current in the pick-up coil. 

IB Current from the inverter bridge. 

IDC Input current to the power supply inverter. 

ISC Short circuit current of the pick-up coil. 

LB The bridge inductance of the power supply LCL output network. 

L1 The track inductance. 

L2 The inductance of the pick-up coil. 

L2H The inductance of the tangential-flux (horizontal) coil in a quadrature pick-up. 

L2V The inductance of the normal-flux (vertical) coil in a quadrature pick-up. 

L2V-A The first split-winding coil of the normal-flux coil in a quadrature pick-up. 

L2V-B The second split-winding coil of the normal-flux coil in a quadrature pick-up. 

LDC DC inductor in pick-up regulator circuit. 

M Mutual inductance. 

M12 Mutual inductance between L1 and L2 - the pickup and the track. 

N1 Number of turns in the track inductor. Often assumed to be 1. 

N2 Number of turns in the pickup-coil 

PX Width of the pick-up ferrite. 

PXN Width of the pick-up ferrite, normalised to its height above the track. Equivalent to 

the PGR. 

PY Thickness of the pick-up ferrite. 

PZ Length of the pick-up ferrite. 

Q1 Quality factor of the track network. 

Q2 Quality factor of the pickup tuned circuit. 

R1 Series resistance in the IPT track. Includes the reflected pick-up resistance as 

well as the parasitic resistance of the track conductor. 

RB Equivalent resistance as seen by the inverter bridge. 

REQ Equivalent resistance seen by the pick-up coil. 
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RL Load resistance on the pick-up regulator. 

RLB Parasitic resistance within the bridge inductance. 

Rr Reflected resistance of the pickup onto the track. 

SU Uncompensated power output of the pick-up coil (defined as VOC∙ISC). 

TOV Overlap between two phases in a bipolar system, normalised to the track spacing. 

TX Spacing between two track cables (of the same phase for bipolar tracks). 

TXN Spacing between two track cables, normalised to the pick-up vertical 

displacement. 

µ0  Permeability of free space. 

µr  Relative permeability of the pickup ferrite. 

VDC DC bus voltage in IPT power supply. 

VOC Open circuit voltage of the pick-up coil. 

VOUT DC output voltage of the pick-up regulator. 

V1 Voltage across the tuning capacitor of the IPT track. 

V2 Voltage across the pick-up coil. 

VB Output voltage of the inverter bridge. 

ω Operating frequency of the power supply. 

ω0 Resonant frequency of the pick-up or track network. 

XB Equivalent reactance as seen by the inverter bridge. 

XEQ Equivalent reactance as seen by the pickup coil. 

Xr Reflected reactance of the pickup onto the track. 

ZB Equivalent resistance as seen by the inverter bridge. 

ZEQ Equivalent impedance seen by the pick-up coil. 

Zr Reflected impedance from the pickup to the track. 
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1 Introduction 

1.1 Introduction 

Today, industrial and private electric and hybrid-electric vehicular systems must be designed 

to meet a specific and very different set of requirements depending on the intended 

application. These cover the full range of possibilities, from off-road vehicles, which require 

complete freedom of movement, to trains that follow a rigidly defined path given by the 

location of the tracks. Between these two extremes are cars and buses that follow roads, but 

which must be free to change lanes and direction at any time. Conceptually, each application 

requires a different method of providing energy to power a vehicle unless driving is 

constrained by some means. 

For vehicles that require a lot of freedom of movement, and a very large range before 

returning to a point where more energy can be supplied, onboard energy generation is the 

only practical option. This will generally be in the form of an internal combustion engine and a 

reservoir of petroleum-based fuel. If the requirement for a very large range is relaxed, then 

onboard electrical storage through batteries or capacitors becomes a practical option. These 

can be recharged whenever the vehicle is stationary and near a charging facility, and used to 

power the vehicle while it is in motion. Hybrid vehicles combine these two charging options in 

an attempt to provide the best of both by using energy supplied by the battery until it is 

considered depleted, at which time an onboard generator is used to recharge the battery on 

the fly. Lastly, if the vehicle is constrained to follow a well-defined path, the energy that it 

requires can be transferred continuously from an electrical supply associated with the 

roadway. In industrial applications, this is typically a festoon while people movers typically 

use an electrified rail, but recently an inductive channel has also become possible due to 

advances in technology. It is also possible in some applications to transfer more power than 

is required to run the vehicle. The excess energy can be stored in a battery on the vehicle to 

allow temporary movement away from the path if required. 

This thesis considers the feasibility and design challenges inherent in producing such an 

Inductive Power Transfer (IPT) system to provide power continuously to a vehicle as 

required. If this can be achieved then it should be possible to dispense with complex 

combustion engines and bulky onboard energy storage. An advantage of IPT is that it is 
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inherently clean and is a safe method of power transfer, having neither exposed electrified 

parts, nor any physical contact between the vehicle and track to transfer the power. 

The drawback of traditional [1] roadway IPT systems is that power is only available to the 

vehicle over a relatively small part (width) of the roadway; near to where the powered track is 

positioned. If this restriction can be removed, IPT can be applied to practical situations where 

the vehicles are free to move laterally across the roadway. This would enable vehicles to 

pass and to generally have greater freedom of movement without losing power or 

significantly depleting their batteries during transit. 

Presently, IPT powered vehicles achieve freedom of movement by introducing complexity 

into the vehicular side of the system, which is expensive and difficult, as the design of the 

vehicle places restrictions on what can be accomplished. This thesis investigates the effects 

of modifying the roadway side of the IPT system, while keeping the vehicular side as simple 

as possible. In this way, the overall cost and complexity can be reduced. 

1.2 Methods for Supplying Vehicles with Power 

All vehicles require power in order to perform work. There are three basic ways that this 

power can be supplied, each of which has its own advantages and disadvantages and is 

suited to different situations. Power may be: 

• Generated onboard the vehicle through an internal combustion engine (ICE) or fuel 

cell. 

• Generated remotely and transferred to the vehicle as required. 

• Generated remotely and stored onboard the vehicle in bulk. 

Some more esoteric methods have been designed, including long-distance power 

transmission by radio frequency beams [2], or transmission by electric arc [3], but none are in 

common use. 

Currently, the standard method for powering a vehicle is to use an ICE. This is a result of the 

ease with which fossil fuels can be burnt to provide large amounts of energy, the abundance 

of the fuel source, and the speed with which the fuel can be transferred to the vehicle. The 

standard fossil fuels used to power vehicles, petrol and diesel, have energy densities of the 

order of 30 to 40MJ.l-1 [4]. This allows a small amount of the fuel to provide the large amount 

of energy required to move the mass of the vehicle and its load, even when the relatively low 

peak efficiency of around 45% [5] for the diesel ICE is taken into consideration. 
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Although they offer very large freedom of movement, combustion engines are not suitable for 

all vehicle applications. The emission of by-products created by burning the fuel in the engine 

makes it completely unsuitable for clean-room applications, such as semiconductor and 

electronics manufacture. Even a small amount of contamination can render an entire 

semiconductor fabrication plant unusable for months. Emissions can also pose a problem in 

enclosed areas such as mines where ventilation is difficult. In addition, the complexity of a 

combustion engine (as compared to an electric motor) makes it unsuitable for environments 

where reliability is paramount. 

Fuel cells can overcome several of the shortcomings of internal combustion engines, but are 

far from a perfect solution. They operate by recombining hydrogen and oxygen in the 

presence of a catalyst to produce energy and water. Many require extremely high 

temperatures to operate correctly, or rely on exotic materials to catalyse the reaction. In 

addition, a supply of very pure hydrogen gas is needed, and a reservoir of this must be 

stored onboard the vehicle. This is typically obtained via reformation of hydrocarbons. This 

requires a large amount of energy to operate and has efficiencies of less than 75%, before 

the fuel cell efficiency is accounted for [6]. 

In some applications, the movement of the vehicle is restricted to known locations. Taken to 

the extreme, this leads to a vehicle that can only move around a short, known track, where a 

festoon system can be used to provide continuous electric power to the vehicle. A festoon 

simply takes the electric cables and attaches them to an overhead rail where they can be 

kept out of the way and free from entanglement. Festoons are simple but can suffer reliability 

problems due to the constant flexing of the cable as the vehicle moves. It is also possible for 

the sliding cable mounts to seize without adequate maintenance. In addition, the sliding 

cable mounts limit the speed of the vehicle. 

In many applications, the path of the vehicle is known but the distance makes the use of a 

festoon prohibitive. For applications like this, continuous power can still be provided using an 

exposed electrified rail that follows the path of the vehicle. The vehicle can then draw power 

from the rail through a sliding contact. This technique is commonly used in trains and trams 

either through overhead wires or an electrified third rail that runs alongside the normal 

vehicle conveyance rails [7-9].  

Electrified rails impose limits on the speed of the vehicle. Above 160km.h-1, it becomes 

difficult to reliably connect to a third rail with a sliding mechanical pick-up [10]. The safety of 

systems utilising third rails is also questionable since the live conductors must necessarily be 

exposed, and they carry very high voltages (typically 25kV AC on overhead lines, or 1.5kV 
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DC on third rail systems [8, 11, 12]). For clean factory situations, the sliding contacts create 

problems because they create metallic dust through wear of the contact, and the arcing that 

is present when the pick-up loses contact with the rail generates ozone. 

For applications where the movement of the vehicle is completely unrestrained and use of an 

ICE is undesirable, the only feasible way of providing electric power to the vehicle is onboard 

energy storage. This storage can take the form of either capacitors or batteries. Onboard 

energy storage has many disadvantages. Batteries are necessarily bulky to achieve the 

levels of energy required to run a vehicle (often with energy densities of less than 1 MJ.kg-1) 

and tend to be expensive. The typical energy density of common battery types varies from as 

low as 108kJ.kg-1 for lead acid batteries to as high as 576kJ.kg-1 for advanced lithium-ion 

batteries [13]. This is less than one tenth of the typical energy density of petrol.  

The storage element (either batteries or capacitors) must also be recharged when the vehicle 

is not in use. This can take a considerable amount of time and leaves the vehicle in an 

unusable or diminished state while charging is in progress. If this charging cycle is neglected, 

the vehicle is rendered useless. Batteries have finite limits as to the number of charge-

discharge cycles that they can endure, after which they must be disposed of and replaced. 

This is costly both in terms of money and the environmental effects. 

For vehicular applications in which the movement of a vehicle is known, an alternative option 

is to provide continuous power to the vehicle via a non-contact inductive channel. Operating 

similarly to a third-rail, inductively coupled systems transfer power through magnetic coupling 

from a loop or loops of wire placed along, or embedded within, the road in the form on an 

elongated inductor (known as a track) to a power pickup unit mounted on a vehicle. Such 

systems are called contactless power, or inductive power transfer (IPT), systems and provide 

many advantages [14]: 

• The system is intrinsically safe, with no exposed high voltage conductors. Since the 

energy in an IPT system is transferred from the track to the vehicle by a magnetic 

field, no physical contact between the vehicle and track is required. This means that 

the track can be completely isolated, with no exposed electrified parts. This is safer 

than traditional third rails or overhead lines, as it is impossible for people or animals to 

come into contact with high voltage rails. 

• Little or no onboard energy storage is required. An IPT system constantly transfers 

energy to the vehicle, as it is needed. In this way, the problem of storing energy 

onboard the vehicle is avoided. In cases where the vehicle movement is less 

restrained, a small amount of storage can be added for those times when the vehicle 
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is away from the track. The storage element can then be recharged when the vehicle 

returns to the track, while the vehicle is still operational. 

• Power can be supplied to fast moving or stationary vehicles equally well. Because the 

vehicle is not physically coupled to the power distribution bus, there are no issues 

caused by the speed of the vehicle. Also, the frequency of the track (typically 10 to 

50kHz) ensures that, even when the vehicle is moving very quickly, it is effectively 

stationary for the purposes of power transfer. 

• The isolation of the track has the added advantage of being extremely clean. Since 

there are no sliding contacts, slip rings or other mechanical commutators, no dust is 

produced, nor is there any chance of arcing as connections are made and broken. 

This allows an inductive system to be used within extremely clean environments, 

such as LCD or silicon wafer manufacture without the contamination problems that 

can be caused by traditional energy distribution systems. 

• Finally, the physical decoupling of the vehicle from the track enables the vehicle to 

have a greater freedom of movement. A vehicle drawing power from a third-rail or 

overhead-line must necessarily operate along a rigidly defined path. Any deviation 

from the path would break the connection to the power supply and cause immediate 

loss of power. This is improved in an IPT-based system because the magnetic fields 

spread some distance from the track, and thus power can be provided even with 

some lateral movement on the part of the vehicle. 

For the reasons outlined above, inductive power transfer is an excellent choice for vehicular 

applications where the vehicle follows a defined path. The primary drawback of traditional 

IPT systems is that the power transfer drops rapidly as the pickup moves away from the 

track. Thus, although freedom of movement is much greater than for a festoon or contact rail, 

it is still restricted. 

Historically, tolerance to misalignment has been improved by increasing the complexity of the 

pickup. Many systems employ multiple pickups such that no matter how badly aligned the 

vehicle is, one will still be able to provide adequate power [1]. This is wasteful in terms of 

cost and weight, since for much of the time only one pickup will provide power while the 

others are idle. Alternatively, it is sometimes possible to simply increase the size of a single 

pickup so that it can provide power over the desired range of vehicle positions relative to the 

track. Not only is this expensive, but there are practical size and weight limits placed on the 

pickup by the size of the vehicle. 
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Some IPT systems have also achieved greater tolerance through complex track 

arrangements. Typically this entails a track consisting of many loops in an effort to create a 

uniform magnetic field over a wide area [15-17]. While effective in low power systems, this is 

not applicable to medium or high power systems as they must employ a much larger track 

current. The extra cables needed to create the track will create more loss, driving the overall 

efficiency down to a point where it is uneconomical to operate. A similar fate befalls systems 

which attempt to utilise a track arrangement that mimics linear induction machines [18]. The 

amount of cable per unit track length is often too high for a practical level of efficiency to be 

achieved (this is examined in more detail in section 9.3.2). 

The track arrangement proposed in this thesis aims to provide a much greater tolerance to 

pickup misalignment, while making use of a low-cost pickup and keeping the track geometry 

as simple as possible. This is achieved using a new poly-phase track that creates a uniform 

magnetic field over a wide area while adding minimal cable to the track [19]. 

1.3 Brief History of Inductive Power Transfer 

The principles of magnetic induction have been known for nearly two centuries. Hans 

Christian Ørsted discovered the link between electricity and magnetism in 1820 when he 

found that a current passed through a wire would deflect a compass needle placed nearby 

[20]. Although Ørsted was unable to explain the phenomenon, his work was quickly picked 

up by fellow physicist André-Marie Ampère. 

Ampère took the work done by Ørsted and formalised it into an equation that has become 

one of the fundamental building blocks of modern electromagnetics. Known as Ampère’s 

Law, the equation states that the line integral of the magnetic field intensity around a closed 

loop is equal to the current enclosed by the loop. 

Several years later, in 1831, British physicist Michael Faraday discovered that when a 

magnet was drawn through a coil of wire, it caused a current to flow in the wire. This 

demonstrated that a changing magnetic field induced a changing electric field, a concept 

known as magnetic induction, which is formalised in Faraday’s Law. Faraday also proposed 

the concept of visualising fields as flux lines, a method still in common use today. 

In 1856, Scottish physicist James Clerk Maxwell presented a set of 20 equations to the 

Cambridge Philosophical Society. Based on the work of Ampère and Faraday, these 

equations unified all of electric and magnetic theory into a single encompassing 

electromagnetic field theory, and form the basis of all current electromagnetic theory. The 
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equations were first presented in their modern forms in 1873 in Maxwell’s textbook, A 

Treatise on Electricity and Magnetism. 

1.3.1 Transformer Coupled Systems 

I1

ϕM

V2N1 N2V1

I2

 

Figure 1-1: Ideal AC transformer. 

An AC transformer operates on the principle of magnetic induction, and indeed may have 

been invented by Faraday in 1831 to demonstrate the principles of induction. The 

transformer itself consists of a ferromagnetic core around which two or more coils of wire are 

wound (Figure 1-1). The core of a transformer provides a low reluctance path through which 

the flux will preferentially flow. If the input voltage is sinusoidal, and given by 1 1 cos( )mV V tω= , 

then from Faraday’s Law [21]: 

 
1

1 1
dV N
dt
φ

=  (1-1) 

This can be rearranged and integrated to find 1φ : 

 
1

1
1

sin( )mV t
N

φ ω
ω

=  (1-2) 

For a tightly coupled system, it is assumed that all of the flux produced by the primary coil 

couples with the secondary coil (so that 1 Mφ φ= ) and vice versa. The voltage induced on the 

secondary coil can then also be found through Faraday’s law:  

 

2 2

1
2

1

cos( )

M
m

m

dV N
dt

VN t
N

ϕ

ω

=

=
 (1-3) 

Finally, from  (1-3) the standard transformer equation can be derived [22]: 

 
1 1 2

2 2 1

N V I
N V I

= =  (1-4) 
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1.3.2 Tightly and Loosely Coupled Transformers 

The previous discussion is only exact for the case of a perfect transformer, where all the flux 

links both coils. For any practical transformer this is not the case, and some of the flux from 

each coil will not link to the other. The flux produced by the current in the primary coil which 

does link with the secondary coil is known as the mutual flux ( Mφ ) and the flux which does 

not is the primary leakage flux ( 1lφ ). There is also a secondary leakage flux ( 2lφ ) that is 

produced by the current in the secondary coil but does not link with the primary. This is 

shown in Figure 1-2. 

I1

ϕM

V2N1 N2V1

I2

ϕl1 ϕl2

 

Figure 1-2: Loosely coupled transformer. 

The proportion of the flux created by the primary coil that links with the secondary coil is 

known as the primary coupling factor: 

 1
1

Mk φ
φ

=  (1-5) 

There is a similar relation for the flux in the secondary coil: 

 2
2

Mk φ
φ

=  (1-6) 

These values are typically combined into a single value that gives an overall coupling factor: 

 1 2k k k=  (1-7) 

In a transformer with a continuous core on which both coils are wound, this can approach 

unity and the equations developed for the ideal transformer are sufficiently accurate. 

However, in a transformer in which the core either contains a gap or is missing entirely, the 

coupling factor drops dramatically and the ideal transformer equations no longer apply. The 
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result of this is that new techniques are required in order to achieve acceptable power 

transfer from the primary to the secondary coil.  

When the coupling factor is low enough, the transformer is considered loosely coupled, and 

the induced voltage and current in the secondary coil are no longer simply determined by the 

turns ratio (N1:N2), but must be considered as a function of the mutual flux linkage. The 

mutual inductance model of the transformer is well known and is shown in Figure 1-3. The 

mutual inductance is related to the coupling factor by: 

 12 1 2M k L L=  (1-8) 

Here, 1L  and 2L  are the self-inductance values of the primary and secondary coils, 

respectively. 

The mutual inductance model of the transformer [23, 24] shows explicitly that the voltage 

induced in the secondary coil is a function of the primary current, frequency and the mutual 

coupling. 

L1 L2

V2
V1 jωM12I1jωM12I2

I2I1

 

Figure 1-3: Mutual inductance model of a transformer. 

The requirement for the frequency or current (or ideally both) in the primary coil to be high in 

order to transfer a reasonable amount of power placed a practical limit on the early 

applications of loosely coupled power transfer. The switches available to generate the 

current in the primary coil could not switch high current levels at high frequencies. 

A patent for a loosely coupled inductive power transfer system was granted to Maurice Hutin 

and Maurice LeBlanc in France and then America in 1890 and 1894, respectively [25]. The 

patent covered the replacement of third rail and overhead lines with a loosely coupled 

transformer for powering trains. The limitations imposed by the poor coupling were 

recognised and methods for overcoming them were put forward; high frequency operation 

(2kHz), capacitor compensation of both the primary and secondary coils, and the use of iron 

in the secondary coil to improve the coupling. The proposed method of power flow control 

was to employ several secondary coils. As more power is required by the load, more coils 

can be switched in, and then switched out again if the power requirement was to drop. 
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However, neither the switching devices nor the capacitors available were adequate to allow 

the transfer of significant power. 

Semiconductor electronics have only recently advanced sufficiently to allow the practical use 

of IPT in medium to high power applications. Companies such as Daifuku of Japan, Vahle 

and Wampfler of Germany, and many others, have developed a range of IPT-based systems 

that can be installed easily, and offer power transfer levels from a few hundred watts to more 

than ten kilowatts.  IPT is finding widespread use among car and electronics manufacturers 

for factory automation, as well as in many other niche applications. 

In addition to high-power industrial applications, IPT has found large-scale adoption in 

medical applications. Due to its ability to transfer both power and communications signals 

transcutaneously without requiring a permanent break in the skin, it has become the 

preferred choice for powering medical implants in patients [26]. IPT is also gaining popularity 

in battery-charging applications for applications as diverse as consumer electronics [27-30] 

and electric vehicles [31-33]. 

1.4 Motivation for the Thesis 

The goal of this thesis is to improve the tolerance of loosely coupled IPT systems to 

misalignment of the pickup coil by modifying the primary coil. The main application of this 

research is with roadway based electric vehicles, where it would be advantageous to allow 

the vehicle to move more freely while still receiving power. 

Loosely coupled IPT systems allow more freedom of movement than traditional power 

delivery options such as festoon or third-rail systems, which also limit the speed of the 

vehicle, the range over which it can travel, and its horizontal movement in relation to the 

track. However, the maximum lateral movement of the pickup coil tolerated by a medium- to 

high-power IPT system is still of the order of tens of millimetres. In many roadway situations, 

it would be a great advantage to allow the vehicle unrestricted movement over the entire 

bounds of the roadway.  

While present IPT systems can go part way to achieving this goal, it often comes at the cost 

of a complex and expensive pickup. Since the cost of the pickup must be incurred once per 

vehicle, it is desirable to shift the complexity into the track, of which there is often only one 

per system. This would allow a simple pickup to be used, reducing the overall system cost. 

However, it is still desirable to keep the complexity of the track as small as possible. This 

reduces the cost of the system as well as making it simpler to design, install, and maintain. 
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For this reason, this thesis will examine the effect of driving a track with a poly-phase 

waveform while keeping the geometry simple. 

1.5 Contributions of the Thesis 

This thesis proposes a new track layout for vehicular IPT applications. This new track allows 

the vehicle much greater freedom of movement, while utilising a very simple pickup structure, 

and still transferring the required operational power. Since this track layout had not appeared 

in the literature prior to the start of this thesis, even the basic elements of its operation have 

not been characterised. This thesis will therefore begin with the basic track operation and, 

using this as a starting point, build up to a practical implementation. 

1.5.1 Magnetic Fields 

The magnetic operation of the track in the absence of a pickup is characterised first. 

Traditional tracks generate a magnetic field that has a static shape and pulsates in 

magnitude with time. The poly-phase track is fundamentally different in that it creates a 

moving field. This prevents the creation of nulls in the magnetic field that prevent power 

transfer to pickups located at that position. The width of the field is extended by virtue of the 

track containing more cables than a traditional single-phase track. These two properties give 

the track the elements required to achieve the goal of enabling vehicles operating from it to 

have more freedom of movement. 

1.5.2 Power Transfer and a Design Methodology 

The magnetic design of a poly-phase system is more difficult than that of a single-phase 

system simply because there are many more variables that must be taken into account. This 

makes it challenging to create a functional design, and very difficult to optimise any given 

variable. The traditional method of designing through computer simulation is impractical due 

to the length of time that would be required to investigate all of the options. 

Due to the nonlinear nature of magnetic circuits, analytic solutions (where they can be 

formulated) are often cumbersome and provide little insight.  The approach taken in this 

thesis has therefore been to produce many results through computer simulation and to 

analyse trends that can be of use in the design of poly-phase IPT systems. These trends are 

then verified experimentally, and explained using electromagnetic theory 

The thesis then examines the power transfer from the track to a flat pickup and determines 

that it is the linear superposition of the power transfer from each of the individual track cables 

that determines the total power transferred. This allows the total power transfer from an 
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arbitrary poly-phase track to a flat pickup to be determined very simply. Furthermore, it 

enables a straightforward and very simple design methodology to be created that uses pre-

calculated normalised coupling curves. Using this method, a design can be produced that 

optimises any desired variable. 

1.5.3 Magnetic Interference between Track Phases 

One of the challenges encountered when implementing a practical poly-phase IPT track is 

that there will be some mutual inductance between each track phase. These mutual 

inductances will allow power transfer within the track and can potentially disrupt the operation 

of the power supply. At the very least, they result in unnecessary currents flowing in the 

inverter thereby increasing the loss, and at worst they can result in a complete failure of the 

phases to load share, which could result in the failure of the inverter. The thesis examines 

and characterises this interphase mutual inductance, and gives several ways in which it can 

either be eliminated, or its effects mitigated. 

1.5.4 Creation of a Practical System 

Chapter six examines several issues that are of importance to the creation of a practical 

three-phase IPT power supply and track. A method of control is proposed, which allows a 

simple voltage-sourced inverter to have precise control over the track current. A method of 

determining the load that a flat pickup will place on each of the track phases is also 

presented. The method allows the components of the power supply to be rated appropriately. 

1.5.5 Poly-Phase Loading Considerations 

Due to the phase differences of the currents within the track of a poly-phase IPT system, the 

load that a flat pickup presents to the power supply is much more complex than for a 

traditional single-phase system. Chapter seven presents a methodology for calculating the 

loading effect of a flat pickup on a poly-phase track. The method is then used to investigate 

the loading effect on several different track configurations as the pickup is moved laterally 

relative to the track. This information is important as it allows the power supply components 

to be rated appropriately for the expected loading.  

1.5.6 Addition of a Quadrature Pickup to the Poly-Phase Track 

Quadrature pickups [34, 35] are an alternative method of increasing the tolerance of an IPT 

system to lateral misalignment of the pickup. They use two independent coils on the pickup 

core to make use of both the vertical and horizontal components of the flux that are produced 

by the track. This can provide increased power transfer for a given track and core size, as 
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well as an increase in horizontal tolerance, but comes at the expense of a more complex 

pickup and controller. The thesis considers the benefit of utilising a quadrature pickup with a 

poly-phase track in chapter eight. 

1.6 Conclusion 

There are many methods for providing power to a vehicle operating on a roadway, each of 

which has its own advantages and disadvantages. For applications where the path of the 

vehicle is reasonably constrained, the safest and cleanest method is to inductively couple the 

power to the vehicle as required. 

Providing power to the vehicle by IPT has many benefits: 

• It is safer than the exposed rail techniques such as third rails or overhead lines, as 

the track is fully insulated and generally buried under the roadway surface.  

• It is robust and requires little maintenance, as there is no physical contact between 

the vehicle and the track. 

• Movement of the vehicle is relatively unconstrained. It places no artificial limits on the 

vehicle speed or the distance that can be travelled, and allows much more lateral 

tolerance than rail systems. 

• It is very clean, as there are no combustion by-products, dust, or sparks from sliding 

electrical contacts. 

Despite these advantages, IPT still suffers from a limited tolerance to lateral movement of the 

secondary coil, which causes a rapid drop in the power available to the vehicle. The system 

developed in this thesis seeks to improve this tolerance through modifications to the track. 
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2 Inductive Power Transfer Concepts 

The purpose of this thesis is to develop a new poly-phase IPT system, primarily for use in 

roadway applications, and to compare its performance with known single phase systems. 

This chapter contains a review of IPT systems and their components as they relate to the 

thesis, with an emphasis on the components and topologies that could be expanded for use 

in a medium-power (approximately 5 to 50kW) three-phase system.  

IPT systems can be conveniently broken into several largely independent blocks, namely the 

power supply and magnetics on the primary side and the magnetics and power conditioning 

on the secondary side. The magnetic design of the pickup and track are examined first. 

Techniques for controlling the power flow from the pickup are then discussed, but only in 

passing as the focus of this thesis is the primary side of the system. Finally, several types of 

power supply are examined, but again the focus is kept to those which are applicable poly-

phase vehicular systems. 

2.1 System Overview 

An IPT system, as shown in Figure 2-1, can be neatly divided into two halves, the primary 

and the secondary, based on whether the circuitry is sourcing or sinking power. Each half 

can then be further broken into several functional blocks. While the design and operation of 

each block is influenced by each of the others, they can be examined independently. 

Energy 
Source Inverter Primary 

Magnetics

Primary Secondary

Primary 
Compensation

Secondary 
Magnetics Load

magnetic 
link

Secondary 
Compensation

Power 
Flow 

Control

 

Figure 2-1: Fundamental elements of an IPT system. 
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The energy source for an IPT supply will vary based on the environment into which it is 

installed. Automotive or industrial systems may run from 12V or 24V DC inputs, while higher 

power systems will run from a single- or three-phase AC mains supply. 

The remaining blocks will each be discussed in-depth in the following sections. 

2.2 The IPT Pickup 

The coupling between the track and the pickup is typically very low. This means it is no 

longer convenient to view the system as a transformer. Instead, a model based on the 

mutual inductance is utilised when analysing the system. Figure 2-2 shows a basic IPT 

pickup with a resistive load. 

L2

REQVOC V2

I2

 

Figure 2-2: Electrical schematic of an IPT pickup with a resistive load. 

The open-circuit voltage produced on a pickup coil will be given by [1, 36, 37]: 

 12 1OCV M Iω=
 (2-1) 

Here, ω  is the operational frequency of the track current ( 1I ), and 12M  is the mutual 

inductance between the track and pickup coil.  

With a short circuit placed on the pickup coil terminals ( EQR =0), the output current will be 

given by: 

 
12

1
2

SC
MI I
L

=  (2-2) 

Here, 2L  is the inductance of the pickup coil. These two quantities can be combined to give 

the uncompensated power, which gives a measure of how effective a given pickup and track 

are coupled, and how well they can transfer power: 
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2.2.1 Pickup Compensation 

By itself, the IPT pickup does a rather poor job of transferring power. This is because, when 

current flows to the load, much of the induced voltage is dropped across the inductance of 

the pickup coil. It is straightforward to show that the maximum power transfer is realised 

when 2EQR Lω= . The power transferred to the load at this condition is given by: 

 2
212

1
2

1
2
1
2

MAX OC SCP V I

M I
L

ω

=

=
 (2-4) 

In order to improve the power transfer, the pickup coil is almost invariably tuned with a 

capacitor to resonate at the frequency of operation of the track ( 0ω ω= ). The value of the 

secondary capacitance required is: 

 

0
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2 2
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L

ω

ω

=

=
 (2-5) 

The compensation capacitor can be placed in series or parallel with the pickup inductor, as 

shown in Figure 2-3. 
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Figure 2-3: An IPT Pickup with compensation capacitor (a) series compensation (b) parallel 
compensation. 

Adding the compensation capacitor has the effect of boosting the voltage and current in the 

pickup coil by an amount called the Quality Factor ( 2Q ). The formula for 2Q  depends on 

whether series or parallel compensation is used: 
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 (2-6) 
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Although the compensation boosts both the voltage and current in the resonant tank by a 

factor of 2Q , only one of these can be taken advantage of by the load. For parallel 

compensation, the load sees an increased voltage, and for series compensation, the load 

sees an increased current. Regardless of the type of compensation used, the overall power 

available to the load is boosted by a factor of 22Q : 

 

2
2

2 1
2

MAX OC SCP Q V I
MQ I
L

ω

=

=  (2-7) 

The drawback to tuning the pickup inductor is that the tuning must be done accurately to 

have the desired boosting effect. If the tuning is not accurate, the maximum 2Q  that can be 

achieved by the circuit is limited. The bandwidth ( BW ) of the resonant circuit is defined such 

that it is the range of frequencies outside of which the maximum output power is reduced by 

half and it can be shown that here the bandwidth of the resonant circuit is: 

 
2

BW
Q
ω

=  (2-8) 

Operating with an output power that is half of the maximum is impractical for a medium- to 

high-power IPT system. Since capacitors will naturally have a tolerance when manufactured, 

and therefore the tuning will never be perfect, this places an effective limit of around 10 on 

2Q  for such systems [37]. 

Series compensation carries the additional advantage that, when operated at its tuned 

frequency, the reflected impedance ( RZ ) as seen by the track is purely resistive [38, 39]: 
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ω
=  (2-9) 

The reflected impedance of a parallel tuned pickup is not purely resistive, but has a known 

reactive component: 

 ( )
2

12
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2.2.2 Pickup Controller Topologies 

In order to provide useful power to the load, the system must employ some form of controller 

to regulate the output voltage. For industrial systems this will typically be 24V, 330V or 560V, 

but is by no means limited to these standard values.  

Examining (2-7) reveals four distinct ways in which the power transfer (and hence also the 

output voltage) can be regulated. First, the magnetics can be modified [40], which changes 

the ratio 2
12 2M L . This is, however, not a practical solution as it requires physical movement 

of a barrier or shield to change the magnetic flux that couples the track to the pickup. 

Second, it is possible to regulate the load voltage by modifying the characteristics of the 

primary side (usually the track current, though frequency is also possible) [31, 33, 41, 42] but 

this is only practical for systems with a single pickup, as the control will affect every pickup 

[43, 44], and it is not possible to accurately regulate each pickup in these circumstances.  

For systems with multiple pickups, such as vehicular systems, regulation must be performed 

on the secondary side independently for each pickup. Using secondary-side control also 

allows the elimination of a feedback link between the primary and secondary sides, making 

them completely independent. 

Although linear regulation is possible [45], it is uncommon due to its inherently low efficiency, 

and switch-mode regulators are typically employed. Modifying the power flow by dynamically 

adjusting the pickup tuning is also possible [46]. However, by far the most common controller 

is known as a decoupling controller, which effectively controls the quality factor, 2Q . There 

are two broad categories switch-mode IPT decoupling controllers; boost-mode and buck-

mode, although buck-boost, Ćuk, and other regulator topologies are sometimes used [40]. 

The type that must be used will be dictated by the type of compensation used. Parallel or 

hybrid tuned pickups typically use a boost controller, and series tuned pickups use a buck 

controller. The two most common (buck and boost) controller topologies will be examined 

individually in the following sections. 

2.2.3 Boost-Mode Controller 

The boost-mode controller [47-49] is by far the most common in high power IPT pickups due 

to its simplicity and ease of control. Figure 2-4 shows a fundamental boost-mode controller, 

which consists entirely of an AC switch that can short-circuit the resonant tank. Whenever 

the switch is active, the load on the resonant tank drops to zero, and so too does the 

operating 2Q  of the resonant tank. From (2-7), this will force the transferred power to zero. 
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Figure 2-4: Fundamental boost-mode IPT pickup controller. 

A more practical version of the boost-mode controller is shown in Figure 2-5. 
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Figure 2-5: Practical implementation of a boost-mode controller. 

2.2.4 Buck-Mode Controller 

The buck-mode controller [50] works on the same principle as the boost-mode controller; 

control over the operating 2Q  of the circuit. Since the resonant tank is in a series 

configuration, rather than parallel, this means that the switch must be placed in series rather 

than parallel to be able to set the 2Q  to zero. The fundamental circuit is shown in Figure 2-6, 

and a more practical version in Figure 2-7. 
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Figure 2-6: Fundamental buck-mode IPT pickup controller. 
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Figure 2-7: Practical implementation of a buck-mode controller. 
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2.2.5 Switching Speed 

The switching speed of the pickup controller is an important design decision, and refers to 

the frequency that the controller switch is activated at. These fall into two categories; slow 

switching, which is typically less than 100Hz, and fast switching, which must be high enough 

that it avoids exciting the resonance between the AC tuning capacitor and the DC inductor 

[51]. These are applicable to both boost- and buck-mode controllers. 

Slow-switching controllers will typically employ hysteretic feedback to ensure that the output 

voltage to the load oscillates between two predetermined levels (one either side of the 

desired value), and will average out to the desired output.  

The initial switch state is normally set to allow power to flow from the pickup to the output 

until the output voltage becomes too high. During this time, the pickup resonant circuit will 

have an operating 2Q  equal to some maximum value determined by the DC output voltage 

and the open circuit voltage of the pickup. Once the output voltage becomes too high, the 

switch will activate and power flow will cease. At this time, the resonant circuit operates with 

a 2Q  of zero, and the power to the load is supplied by the output capacitor, DCC , which will 

begin to discharge. When the output voltage becomes too low, the switch will again allow 

power to flow from the pickup to the output, recharging the output capacitor.  

Slow switching is illustrated in Figure 2-8, which shows the output voltage, switch control 

voltage, and pickup resonant voltage for a slow-switched pickup controller designed to 

regulate at 10V. The pickup has an open circuit voltage of 3.4VRMS, a short circuit current of 

1.37ARMS and the load is nominally 10W. The resonant waveform switches constantly 

between an operating 2Q  of zero and approximately 10, with a duty cycle of approximately 

25%. This gives an effective average 2Q  of 2.5, which is in line with what would be expected 

from (2-7). The drawback to slow switching operation is that the pickup will couple low 

frequency harmonics onto the track and power supply. 

A fast-switching controller, in contrast, will hold the operating 2Q  of the resonant circuit 

essentially constant for a given load. This is achieved by operating the switch with a high-

frequency PWM waveform, where the mark-space ratio is controlled by the desired output 

voltage. This is illustrated in Figure 2-9, which shows the same system as Figure 2-8, but 

with a fast switching controller. The resonant waveform is constant in amplitude, 

corresponding to an effective 2Q  of approximately 3. This is slightly higher than would be 
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expected from (2-7), but at this low voltage, the forward voltage of the rectifier diodes has a 

marked effect. 
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Figure 2-8: Waveforms associated with a slow-switching pickup controller. 
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Figure 2-9: Waveforms associated with a fast-switching pickup controller. 

2.3 IPT Magnetic Structures 

Modern power electronic switches place limits on how high the frequency or primary current 

can be increased. Consequently, in order to ensure good power transfer, the ratio 2
12 2M L  

must be optimised. This is achieved through careful design of the pickup magnetic 

structures, and track layout. 
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The mutual inductance is a function of the geometry of the system, and also of the 

permeability of the medium in which it is operating. While an IPT system will essentially 

always be operating in free space, it is possible to include some magnetic material to create 

a path of low reluctance to channel flux created by the track to the pickup. However, the most 

practical gain will be had by simply choosing the geometric structure for the track and pickup 

which is most suitable for the chosen application. 

The power transfer in an IPT system is performed by the primary and secondary magnetics 

in tandem. Both must be designed with the optimal performance of each in mind. Thus it 

makes sense to analyse them together as a single component of the system. As was stated 

in chapter 1, for a magnetically coupled system, the mutual inductance is typically 

encapsulated into a coupling metric known as k , which can vary from 0 (meaning no 

coupling) to 1 (meaning all the flux generated by the track links to the pickup) and which is 

given by 12 1 2k M L L= .  

IPT systems have taken many forms, each suited to a particular application, but they can be 

broadly separated into two groups, lumped and distributed systems, based on the overall 

magnetic coupling between the track inductor and a single pickup inductor. Lumped systems 

will tend to feature “high” (k values typically in the range 0.5 to 0.8) coupling while distributed 

systems will have a much lower coupling (k values typically in the range of 0.01 to 0.1). 

2.3.1 Lumped Systems 

Lumped IPT systems are ideally suited for applications where the pickup is able to be 

positioned carefully before requiring power. They trade pickup mobility for higher coupling 

and therefore higher power transfer. The main application for medium- to high-power lumped 

IPT systems is in battery charging of electric vehicles [52-55], and for providing power across 

rotational joints in industrial machines [56-60]. 

Both the track and pickup inductors in lumped systems are typically planar coils (Figure 

2-10), which will be placed coaxially before power is transferred. Since the primary and 

secondary inductors are coils, it is feasible in a lumped system to employ magnetic material 

in both the track and pickup coils to boost the coupling. This isn’t possible in a distributed 

system as the cost would be prohibitive due to the scale of the primary inductor. 

Many battery charging systems in use today utilise a form of inductive power transfer which 

will be known as the separable transformer, shown in Figure 2-11. Here, the primary and 

secondary coils are both wound on parts of a common core which has been cut such that the 

secondary can be removed [32, 61-66]. This provides all of the advantages of IPT, such as 
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the safety and reliability, but has coupling only slightly lower than a standard transformer. 

Due to the high coupling, high power transfer can be achieved with small magnetic 

components, which enables the system to be installed inside a vehicle. Charge is then 

supplied from a paddle in a very similar way to traditionally fuelling a car. Such systems must 

adhere to the standard published by the Society of Automotive Engineers that provides 

guidelines when implementing an inductive charging interface for electric vehicles; SAE J-

1773. 

Power 
Supply

Pickup

 

Figure 2-10: Lumped IPT system with coil track and pickup topology. 

 

Figure 2-11: Separable transformer. 

2.3.2 Pickup Topologies for Distributed Tracks 

There are three main types of pickup that are utilised with a distributed IPT system, but they 

can be broadly separated into two categories depending on which flux polarisation they are 

designed to utilise. Some are designed to capture horizontally-oriented flux, and will function 

best when positioned directly over a conductor [67]. Others are designed to capture 

vertically-oriented flux and will function best when positioned to the side of a conductor. 

Figure 2-12(a) shows a standard flat pickup, which features an extremely simple flat bar 

ferrite core and a horizontally oriented coil. This type of pickup is favoured for vehicular 

applications because it uses little ferrite and is inexpensive to manufacture. It is designed to 

capture the horizontal flux, and can be made very large if needed to give a reasonable 
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amount of tolerance to horizontal displacement from the track conductor. Figure 2-12(b) 

gives a representative flux path through the pickup. 

track

ferrite

coil

(a) (b)
 

Figure 2-12: Flat pickup for horizontal flux and high movement tolerance showing (a) the 

labelled pickup and (b) an approximate flux path. 

A variation on this is the flat-E pickup shown in Figure 2-13(a). This pickup utilises vertically-

oriented flux and is suited for parallel-conductor tracks, as these have a large vertical flux 

component in the centre of the track. The tolerance to movement provided by the flat-E 

pickup is generally less than for the normal flat pickup, as it cannot easily be made wider to 

capture more flux, without also redesigning the track. A representative flux path is shown in 

Figure 2-13(b). 

(a) (b)

track 
cables

core

coil

 

Figure 2-13: Flat-E pickup for vertical flux and high movement tolerance showing (a) the parts 

of the pickup and (b) representative flux paths. 

There are, of course, many variations on the basic pickup shapes given in Figure 2-12 and 

Figure 2-13. These variations in the geometry include changing the size of the ferrite core, 

and the size and number of turns in the coil. In addition, small pieces of extra ferrite can be 

added to the core in order to slightly increase the power transfer or the tolerance to 

movement. 

A new pickup topology has recently been proposed, which is designed to capture both the 

horizontal and vertical components of the flux produced by an IPT track. Known as a 
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quadrature pickup [34], this pickup consists of two independent coils wound on a flat-E core, 

as shown in Figure 2-14.  

In a single-phase bipolar track, the vertical flux is at a maximum when the horizontal flux is at 

a minimum, as shown in Figure 2-18. Thus, by utilising both flux components, the quadrature 

pickup is able to offer greater freedom of movement than either the standard flat or flat-E 

pickups, while still making use of a two-phase bipolar track.  

 

Figure 2-14: Quadrature pickup, utilising a flat-E core. 

If power is required over a substantial width of the roadway using a very simple low-cost 

track topology such as the parallel-cable track, the common approach is to employ multiple 

pickups [1]. If each pickup can be located in a different position on the vehicle then, no 

matter where the vehicle is located relative to the track, at least one will be in a position to 

transfer power. Although this is functional, it is wasteful in terms of the amount of ferrite and 

copper that must be used in the pickups, most of which will be idle at any given time. 

An alternative technique is to physically move a single pickup so that it is always in a position 

to provide power [68]. Again, this is a functional solution, but the additional mechanical 

apparatus required to move the pickup lowers the reliability of the system. Furthermore, 

additional electronics are required to sense the magnetic field so that the position of the 

pickup can be adjusted accordingly. 

2.3.3 Distributed Track Systems 

In contrast with a lumped system, distributed systems feature an extended track inductor, 

and therefore a much lower coupling between the track and pickup [37]. This extended track 

gives the pickup much greater freedom to move while still receiving power, and enables 

multiple pickups to operate from the track simultaneously. 

Each track configuration examined here will be shown along with a plot of the RMS magnetic 

flux density that would be expected at a certain height above the track surface within the 

vicinity of that track type. No values will be provided on these plots as they are only intended 

to be indicative of the problems associated with that track type when applied to vehicular 

systems. A more thorough examination of the flux density is undertaken in the next chapter. 
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The most basic extended track configuration is the loop track [69, 70], shown in Figure 2-15. 

The technical classification for this track, as used in this thesis, is a single-phase unipolar 

track, as each pickup is exposed to only a single track cable at any time. The loop track is 

not often used in production systems for two primary reasons. First, the inductance of the 

track is very high due to the area of the loop. The inductance is also highly dependent on the 

diameter of the wire used, and is difficult to predict. Second, the magnetic field generated by 

a loop track is not well contained. Regulations about the level of magnetic field strength that 

people can be exposed to are very strict in many regions. Notably, European standard EN 

50366 limits the maximum magnetic flux density to which people can be exposed to 6.25µT 

over the frequency range of 800Hz – 150kHz. The flux density generated by a loop track can 

be significantly higher than this even at a significant distance from the track cable, although it 

quickly drops to levels unsuitable for the transfer of power. 

A plot of the magnetic field density associated with a track of this type is shown in Figure 

2-16. It can be seen that the tangential flux drops quickly as the distance from the track cable 

increases, which indicates that movement relative to the track conductor would be limited. 

The normal flux stays more constant, but suffers from a centrally located null, where no 

power can be transferred. Again, this is unsuitable for vehicular applications requiring 

freedom of movement. 

Power 
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Figure 2-15: Loop IPT track with several pickups. 

A more popular track configuration is the parallel-cable, or single-phase bipolar, track shown 

in Figure 2-17. This track can also service many simultaneous pickups over a potentially long 

linear distance, but the forward and return current paths are kept much closer together. This 

causes a cancellation of the generated field as the distance from the track increases, and 

thus helps to lower the radiated magnetic field and reduce the track inductance. This track is 
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ideally suited for monorail-type applications where the vehicle is mobile, but only moves 

along a defined path [71-73]. 

 

 

Figure 2-16: Shape of the magnetic field density produced by a single-phase loop track. 

The shape of the flux density associated with parallel-cable tracks is shown in Figure 2-18. 

The tangential flux now has a centrally located null point, while the normal flux has two null 

points, and is significantly reduced external to the track loop. 
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Figure 2-17: Parallel-cable IPT track with several pickups. 
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Figure 2-18: Shape of the magnetic field density produced by a single-phase parallel-cable 

track. 

2.3.4 Distributed-Cable and Meander Tracks 

Although the distributed track topologies given in the previous section allow the pickup to 

move anywhere along the length of the track and still receive power, they are limited in how 

much tolerance to lateral movement they provide. Two track topologies that aim to improve 

this situation are the distributed-cable track (Figure 2-19) and the meander-coil track (Figure 

2-20) [16, 74, 75].  

The distributed-cable track is best for horizontal-flux flat pickups, as it employs several 

cables in parallel for both the forward and return current paths. This has the effect of 

spreading the current distribution and creating a wider area over which horizontal flux is 

available to the pickup. Unfortunately, for a given total track current, it also reduces the 

magnitude of that flux and thus a larger pickup is required to transfer a given amount of 

power, than for a track that only uses a single conductor. Also, there is still a null point in the 

centre of the track where no power can be transferred to a horizontal-flux pickup, as shown 

in the flux density plot in Figure 2-21. 
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Figure 2-19: Distributed-cable track with cross-sectional view. 
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Figure 2-20: Meander-coil track with cross-sectional view 

The distributed-cable track is also difficult to create in practice, as the proximity effect 

(described in section 2.3.6) will act to make the cable currents uneven. This disrupts the 

magnetic flux density profile from the ideal and increases the system losses. 

 

Figure 2-21: Shape of the magnetic field density produced by a distributed-cable track. 
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The meander-coil track takes a different approach, and uses a standard parallel-cable track, 

but winds the conductors back and forth along the length of the track. This has the effect of 

keeping a high flux density within the bounds of the track while also creating a wider area 

over which both horizontal and vertical flux are available. The primary drawback to a 

meander coil track is the increased inductance of the track due to the much longer track loop. 

This will require a much higher driving voltage, or capacitive compensation to reduce the 

effective inductance. In addition, as shown in Figure 2-22, the meander-track contains many 

null points (in both the vertical and horizontal components) along its width, where no power 

can be transferred to a pickup. 

 

Figure 2-22: Shape of the magnetic field density produced by a meander-coil track. 

Figure 2-23 gives a pictorial view of a flat pickup above a track with parallel  cables, such as 

a meander or distributed-cable track. 
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Figure 2-23: A flat-pickup above an IPT track with six parallel cables. 

The poly-phase track that is presented and analysed in this thesis is a distributed track 

system, and takes a very similar form to both the meander and distributed-cable track, with 

several parallel cables. However, instead of driving the track with currents that are 180° out-

of-phase as the meander and distributed-cable tracks are, the poly-phase power supply 

drives currents which are sequential in phase and are not an integer multiple of 180°. 

2.3.5 Multiple-Coil Tracks 

If it is desirable to make use of a very simple, low-cost pickup structure and still provide the 

vehicle with greater freedom of movement, a common approach is to create the track from 

multiple coils. There are three distinct approaches to this. The first simply excites every coil 

in an attempt to create a non-rotational field that covers a very wide area [27, 76], in a similar 

fashion to a Helmholtz Coil. This often takes the form of a honeycomb track structure of 

many discrete track coils, as shown in Figure 2-24. 
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Figure 2-24: Honeycomb track structure to support pickup movement in two dimensions. 

The second will independently excite each coil as the vehicle comes into close enough 

proximity that power can be coupled [15, 17, 77, 78]. This will provide for a theoretically 

unlimited range for the vehicle, but requires that the position of the pickup or pickups can be 

detected. The power can be supplied from one or more supplies that are run through a 

switching network to energise a selected portion of the track as in Figure 2-25(a), or multiple 

supplies can be used, each of which energises a single portion of track as in Figure 2-25(b).  
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Figure 2-25: Individually excitable track coils driven by (a) a single power supply and (b) 
multiple power supplies. 

The third approach is to sequentially excite each coil, regardless of whether the vehicle 

happens to be in proximity. If this is performed with an appropriate phase and time delay 

between the coil excitations, a moving wave can be created that travels the length of the 

roadway [18]. Systems of this type typically employ cables that are laid lengthwise across the 
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roadway, and create a wave that moves along the length of the roadway. They are very 

similar to standard linear induction machines. 

Employing multiple short track coils is a very good way to keep the inductance of the track 

loops to a small value, which reduces the voltage required to drive them without series 

compensation (as discussed in section 2.4.5). It also keeps the parasitic resistance of the 

track small, reducing the loss in each track loop. Furthermore, it is often desirable to utilise 

multiple small power supplies rather than one very large power supply, which becomes 

simple if multiple independent tracks are used. Provided that the vehicles have some 

nominal amount of onboard energy storage, this scheme will also provide a measure of 

redundancy. If one power supply fails, then only a small section of track will become 

unpowered. If a single power supply is powering a long stretch of track and a failure is 

experienced then the system may be completely halted. 

Finally, it is simpler to meet strict magnetic field standards in a system that uses multiple 

small track loops which are only energised when the pickup is present. This is because the 

pickup itself and the vehicle to which it is mounted will provide a measure of shielding. If a 

single long track is used, this is much more challenging. 

2.3.6 Frequency Considerations 

IPT systems rely on an AC current to function. Medium to high power systems will typically 

operate at 10 to 50kHz and low power systems will operate at even higher frequencies, often 

exceeding 100kHz. At these frequencies, both skin and proximity effects must be taken into 

consideration when designing the track and pickup windings. 

Skin effect is the term given for the tendency for high frequency currents to flow primarily on 

the surface of a conductor. This results in the conductor having a much smaller effective 

cross section than it would at very low frequencies or DC, and therefore increases the 

resistive losses. The tracks used in high power systems will often run at peak currents of 

200A or more, and the skin effect can cause significant problems. The same effect occurs in 

the pickup windings. To mitigate this, the track and pickup are often wound with Litz wire [55, 

79, 80]. This is a special cable made up of many individually insulated strands, which are 

twisted in a special fashion within the cable.  

Skin depth is given by: 

 
0

2δ
σµ ω

=  (2-11) 
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Taking the conductivity of copper at room temperature to be 58x106 S.m-1 [81], the skin depth 

at 20kHz is only 0.47mm. Thus, any conductors greater than about 1mm in diameter are not 

being fully utilised. 

The proximity effect is caused by the magnetic fields created by the currents in one 

conductor affecting the currents carried in parallel conductors. The conductors in Litz wire 

are woven in a specific way such that the proximity effect, which makes the current 

preferentially flow in only some strands, cancels out along the length of the track. This allows 

much larger track currents to be used without the associated standing losses of standard 

wire. The proximity effect also means that the distributed-cable track configuration presented 

in Figure 2-19 is difficult to make work in practise. This is because current will preferentially 

flow in only the outer conductors, and the current distribution will not be uniform.  

There are two drawbacks to using Litz cable. The first is simply that it costs much more than 

normal cable of equivalent size. The second, and more important, drawback is related to the 

installation of the track. Since the strands that make up the cable are insulated, it cannot be 

crimped in the normal way to create terminals. Instead, the ends must be soldered at high 

temperature to burn off the insulation. For systems that are installed in clean room situations, 

this causes unacceptable contamination and Litz wire cannot be used. This limits the 

operational frequency for these systems to around 10kHz. 

2.4 IPT Power Supplies 

The power supplies used to drive IPT tracks are almost invariably switch-mode in nature. 

This is required because it is impractical to use the mains supply directly as the frequency is 

too low. If an IPT system was to run at 50 or 60Hz, the magnetic and compensation 

components would be impractically large. Power supplies can be separated into two main 

categories; voltage-sourced and current sourced. Each of these types can be further 

separated into full-bridge and half-bridge converters. Each of these four power supply 

topologies will be examined below, but the focus will be on full-bridge voltage-sourced 

supplies, as these are the most practical for use in high-power multi-phase systems. 

A further option for IPT power supplies is whether to run with a constant frequency, or a 

variable frequency [82]. Early high-power supplies tended to use variable-frequency 

controllers, as these allow the supply to operate at a frequency where the VAR loading is 

minimised. However, with pickups tuned for a specific operational frequency, this is 

detrimental to the power transfer. Furthermore, it is possible for the supply to oscillate 

between two stable operating frequencies, a phenomenon known as bifurcation [37, 54, 82]. 
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For these reasons, newer supplies tend to operate with a fixed output frequency, and must 

simply bear any VAR loading applied. 

2.4.1 Current-Sourced Supplies 

Current-sourced IPT supplies [14, 31, 83-86] are easily identified by the inclusion of a very 

large DC inductor ( DCL ) in series with the input voltage source ( DCV ) [87-90]. As long as this 

inductor is made large enough, the input current ( DCI ) to the inverter can be assumed to be 

constant. This input current is then fed into the inverter which chops it up to create a square 

wave current at the output terminals. Since the inverter is fed with a current source, it is very 

important that at all times there is a conductive path for the current to flow. 

The operation of the full-bridge inverter shown in Figure 2-26(a) is very simple. Each pair of 

switches (S1+/- and S2+/-) is driven with complementary square wave signals. For one half of 

the switching cycle, switches S1+ and S2- are on and current can flow in one direction through 

the load. For the other half of the cycle the other pair of switches is on and the current flow in 

the load is reversed. 

For the half-bridge inverter, the top two switches are replaced by a centre-tapped inductor 

[91]. The coupling between the two windings must be as close to unity as possible, so that 

positive current flow in one winding is matched by negative current flow in the other. This 

topology has the advantage of not requiring isolated drive signals for the switches, as both 

are referenced to ground. 
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LDC LDC

S1 S2

VDC

S1+

S1-

S2+

S2-

IDC IDC

(b)(a)

 

Figure 2-26: Current-sourced power supplies (a) full-bridge (b) half-bridge. 

Other switch topologies are possible, including single-switch topologies [92, 93], but are 

uncommon. Current-sourced power supplies have the advantage of an intrinsically constant 
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track current, but the requirement for the large DC inductor can make them bulky and 

expensive.  

2.4.2 Voltage-Sourced Supplies 

Voltage-sourced power supplies [32, 39, 94] are slightly simpler than current-sourced 

versions, due to the lack of the large DC inductor. Instead the DC input voltage is applied 

directly to the inverter bridge. A full-bridge power supply as shown in Figure 2-27(a) has four 

switches which are controlled in the same way as for a current-sourced inverter [95, 96], with 

complementary drive signals for the pairs of switches. The output waveform is therefore a 

square wave voltage. This time however, it must be ensured that a pair of switches is never 

on at the same time, to prevent shoot-through. 

 The half-bridge converter replaces one pair of switches with two very large DC capacitors 

[97, 98], as shown in Figure 2-27(b). These capacitors hold one of the output terminals at 

half of the DC input voltage, and must be large enough that the voltage at their common 

node remains essentially constant. The other terminal then oscillates around this value. This 

reduces the drive circuitry requirements, but requires two bulky capacitors and reduces the 

maximum output voltage to half that of the full-bridge converter. 

More complex inverter topologies, such as multilevel inverters have also been investigated 

[99]. 
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Figure 2-27: Voltage-sourced power supplies (a) full-bridge (b) half-bridge. 

2.4.3 Full-Bridge Voltage-Sourced Inverter Operation 

Since the most common topology for medium- to high-power IPT power supplies is the full-

bridge voltage-sourced inverter, its operation will be examined in some depth here.  

As stated, the drive signals for each of the switches in a pair are complementary. That is, 

when S1+ is on S1- must be off in order to prevent a shoot-through condition. For simplicity, 
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propagation delays and switching times will be neglected for this discussion, but must be 

taken into account in a physical design. For medium-power supplies, dead times of 500ns 

are adequate, but for high-power designs several microseconds may be required. This will 

limit the maximum switching frequency of the supply. 

Typically, the drive signals to each pair of switches will be a 50% duty-cycle square wave at 

the desired output frequency, with a phase shift between the two signals [100], as shown in 

Figure 2-28. This phase shift is used to provide control over the amplitude of the fundamental 

component of the output. 
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S2+

S2-
 

Figure 2-28: Phase-shift control of a voltage-sourced inverter. 

The output waveform at the terminals of the inverter will be a square-wave voltage which 

oscillates between DCV+  and DCV− , as shown in Figure 2-29. The fundamental component of 

this voltage is at the desired operational frequency of the IPT track, but there is also a large 

amount of harmonic content in the waveform. 
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Figure 2-29: Output voltage of a voltage-sourced inverter with phase shift control. 

A Fourier analysis can be performed on the output waveform shown in Figure 2-29: 
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The results of (2-13) for the first five non-zero harmonics are shown in Figure 2-30, where 

the magnitudes have been normalised to DCV . The supply is generally designed such that it 

will operate with a conduction angle of θ  = 120° (2.09 radians), as this gives the most 

favourable harmonic content in the output by suppressing the low order harmonics, which are 

more difficult to filter.  

 

Figure 2-30: Harmonic content of the output voltage. 

2.4.4 Track Compensation 

In order to reduce the required VA rating of the power supply for a given output power the 

track inductance is capacitively compensated, in much the same fashion as for pickups, such 

that it forms a resonant circuit with the track inductor. Parallel compensation can be added to 

current-sourced inverters, or series compensation to voltage-sourced inverters, as shown in 

Figure 2-31. A voltage sourced inverter cannot utilise parallel compensation because the 

output voltage source would be placed in parallel with the compensation capacitor, short-

circuiting it twice per cycle. Similar reasoning follows for the current-sourced inverter and the 

series compensation scheme. 
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Figure 2-31: Basic track compensation (a) parallel (b) series. 

A parallel-tuned system [1, 37, 101] has the advantage that the power supply must only 

supply the real power used by the load and losses within the track. Also, the track current 

can be much larger than the inverter output current, which further helps to reduce the losses 

in the switches. 

Series compensation [55, 102] allows the voltage across the track inductor to become much 

larger than the inverter output voltage. This is useful for driving long tracks with a low voltage 

IPT power supply. However, the switches must carry the full track current, which can 

potentially be very large. 

Recently, a new hybrid topology has been proposed that allows a voltage-sourced inverter to 

drive a parallel-resonant track network. Termed the LCL network [103-112], it relies on three 

resonant components, as shown in Figure 2-32. If the components are chosen such that 

1BL L L= =  then the network will become resonant at a frequency given by 0 11 LCω = . 

R1C1

L1LB

VB

IB I1

 

Figure 2-32: LCL track compensation network for voltage-sourced inverters. 

When operated with a sinusoidal voltage source at the resonant frequency, it can be shown 

that the track current ( 1I ) is constant and independent of the load ( 1R ): 

 1
0

BVI
Lω

=
 (2-14) 

Also, the input impedance of the network is purely real: 

 

2
0

1

( )
IN

LZ
R

ω
=  (2-15) 
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This allows the track current to be very easily regulated by the inverter, simply by changing 

the conduction angle of the switch drive signals. There will also be very little reactive load 

placed on the inverter (although not zero, as the inverter supplies a square wave voltage, 

rather than sinusoidal), which ensures that the switching and conduction losses remain low 

and the VA rating can be minimised. 

2.4.5 Track Inductance Considerations 

One aspect of an IPT system is the necessary voltage ( 1V ) used to drive an RMS current ( 1I ) 

in the track, as given by (2-16). Note that for parallel-tuned tracks this is equal to the inverter 

output voltage ( BV ), but this is not the case for series-tuned tracks, in which the track voltage 

can resonate to become much larger than BV . This voltage is limited by the capabilities of the 

switching devices used in the power supply. The inductance of a general single phase 

bipolar track, with track spacing XT  and conductor diameter d  is given by (2-17). As the 

inductance of the track is proportional to its length, the voltage required to drive a given 

current into a track increases linearly with track length until the limit of the supply is reached, 

at which point the current in the track cannot be maintained constant.  

 1 1 1V L Iω=
 (2-16) 

 
-10

1
21 ln         (H.m )

4
XTL

d
µ
π
  = +       (2-17) 

One way of combating this effect is to add compensating capacitors ( 1LC ) in series with the 

track at various points. These are used to ‘tune out’ some of the inductance and allow a 

longer track to be driven, while also limiting the voltage at any point along the track length (

1( )MAXV ).The remaining length of track which is not compensated thus sets the required driving 

voltage for the power supply ( 1V ). This voltage limiting is important as the maximum voltage 

is limited by the safety standard applicable to the area in which the system is to be installed. 

Japan, for example, limits the maximum voltage to 400V. 

The compensation capacitors are chosen such that their reactance ( 11 LCω ) is equal to that 

of a section of the track ( Lω ) at the frequency of operation (ω ). The length of track that can 

be run between compensation capacitors is decided by the maximum allowable voltage, the 

track current, and the track geometry (which sets the inductance per meter of track). For 

example, a given IPT system operates at 38.4kHz (this precise value is chosen for historical 
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reasons, and is essentially arbitrary) with a track current of 100A RMS. The track has an 

inductance of 1.3µH per meter length (corresponding to a cable diameter of 1cm, and a 

10cm separation between the conductors), and regulations require the driving voltage to be 

no more than 400V RMS. This limits the track length to approximately 12.75m before 

compensation must be added (neglecting resistive loss within the track, which would act to 

shorten this length).  

The effect of series track compensation is shown in Figure 2-33, which plots the RMS 

voltage at each point along the track length assuming that the end point of the track is 

designated as being 0V. Note that this diagram includes a measure of phase, with positive 

RMS voltages being inductive (that is, leading the track current by 90°) and negative RMS 

voltages being capacitive (lagging the track current by 90°). 

Figure 2-33 includes a feature that will be referred to as “over-compensation”, where the 

capacitors are sized to compensate twice the maximum track length that can be driven by 

the maximum allowed voltage. This means that only half as many compensation points are 

required for a given track length. After each compensation point, the voltage will still be a 

maximum, but will be reversed in phase by 180° relative to the track current.  

The compensation in Figure 2-33 is shown as being split into two halves to keep the two 

sides of the track balanced. This is not strictly necessary. 
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Figure 2-33:  An (unloaded) IPT track with series compensation shown with the RMS voltage 

along its length. 
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2.5 Conclusion 

An IPT system consists of two relatively independent halves; the primary side and the 

secondary side. Each of these can be further broken down into several functional blocks, 

including the power supply, the primary and secondary magnetics and the secondary power 

controller. This chapter examined the current state of the art in each of these blocks, with the 

focus on those elements which could be applied to the development of new three phase 

systems for use in vehicular applications. 

A number of track and pickup configurations were demonstrated. The configuration that most 

easily lends itself to extension into a poly-phase system for maximum tolerance to pickup 

movement is a single-phase bipolar track with flat pickup.  The power supply used to drive 

such a track is most likely to be a voltage-sourced full-bridge inverter. When run in a fixed-

frequency mode, this supply does not suffer from bifurcation phenomenon, and no bulky DC 

inductor is required. If an LCL network is then used to drive the track, the stress on the 

switches can be minimised as they only supply the real power to the load, and do not have to 

switch the full track current. 

 

 

 





 

45 

3 Poly-Phase IPT Track Magnetic Fields 

3.1 Introduction 

In this chapter, poly-phase IPT tracks are introduced as an alternative to overcome the major 

shortcoming of traditional single phase tracks; namely their limited tolerance to horizontal 

movement of the pickup. Roadway IPT systems which are used to provide power to vehicles 

call for potentially large horizontal movement of the pick-up. Traditional single phase systems 

are designed to capture either the vertical or horizontal component of the magnetic field, and 

consequently are unable to provide the required tolerance, as they suffer from nulls in the 

power output as the pickup is moved laterally across the track. 

Various systems have been proposed to improve this tolerance, such as using multiple 

pickups per vehicle, or a honeycomb track arrangement, but these typically result in either a 

complex or bulky pickup structure or a track topology that cannot easily be applied to a high-

power system. The primary goal of poly-phase tracks is to allow the use of a simple, low cost 

pickup structure, while still providing as much freedom of movement as possible. To this end, 

it is desirable that the track generate a field profile that contains no null points, and is as wide 

and constant as possible. 

The chapter begins by defining exactly what constitutes a poly-phase track, and the 

terminology that relates to it. The magnetic fields that are produced by a poly-phase track, 

and which give it its properties, are then examined. Since the focus of this chapter is the 

track itself, pickups are largely unconsidered. This prevents any distortion of the magnetic 

field as would be caused by the ferrite used in most pickup cores, and simplifies the analysis 

considerably (in later chapters, the effect of ferrite is considered in detail). Furthermore, it is 

assumed that a power supply is available to drive the track. The exact form of such a supply 

is superfluous to this discussion, and is examined in a later chapter. 

3.2 Poly-Phase Track Parameters 

This thesis defines a poly-phase track as any track where the pickup is simultaneously 

exposed to a magnetic field generated by two or more currents that are electrically separated 

by other than an integer multiple of 180°. This definition keeps them distinct from both 
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distributed-cable and meander style single phase tracks, both of which also use an increased 

number of track cables. 

As the name and the slightly cumbersome definition suggests, a poly-phase track can consist 

of any number of phases in any arrangement. It is therefore important to define some terms 

with which to specify a given track. These will be split into two categories; physical and 

electrical. 

3.2.1 Physical Parameters 

Since this thesis will focus on vehicular applications, it is appropriate to limit the possible 

track arrangements to those in which the cables are coplanar. The physical layout of a given 

track can then be uniquely defined by the number of cables that it contains ( N ) and the 

spacing between each of the cables ( XT ).  

3.2.2 Unipolar and Bipolar Tracks 

Poly-phase IPT tracks, will fall into two broad categories; unipolar and bipolar. A unipolar 

track is one in which the pickup is only exposed to the magnetic field generated by the 

forward current of any one phase. A bipolar track is one in which the pickup can be exposed 

to both the forward and return currents of any phase. An equivalent definition is that, for a 

bipolar track, each current is paired with another that is 180° out of phase while a unipolar 

track has no such pairing. 

For example, a three-phase unipolar track, as shown in Figure 3-1(a), will contain three 

cables, each carrying a current separated by 120° in phase. These three cables are shorted 

together at the far end of the track. Since the currents sum to zero, no return cable is 

required. A three-phase bipolar track is shown in Figure 3-1(b). It contains six cables, as 

each of the three cables from the unipolar track is now returned individually to the power 

supply. By laying out the cables in the correct order, the currents flowing in each will be 

separated from that in each of the adjacent cables by 60° in phase. 

Power 
Supply

Power 
Supply

(a) (b)
 

Figure 3-1: (a) Three-phase unipolar track (b) three-phase bipolar track. 
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It is also possible to create a three-phase unipolar track with three complete loops of cable 

(each still separated by 120° in phase) if the return cables are placed far enough away that 

they do not interact with the pickup, rather than being part of the track as they are with the 

bipolar variant. This arrangement is shown, along with an example pickup, in Figure 3-2. This 

is an impractical method of fabrication for the same reasons that the single-phase unipolar 

track is impractical. The inductance of the three loops is highly dependent on the exact 

geometry of the loop, as well as the diameter of the cable. In addition, the inductance is likely 

to be much too high to drive any practical track length, and the magnetic field is not well 

contained. 

Power 
Supply

pickup

 

Figure 3-2: Three-phase unipolar track with three complete track loops. 

3.2.3 Electrical Parameters 

For the electrical specifications, a single frequency is adequate. IPT pickups are normally 

tuned for operation at the frequency of operation [37], so no advantage will be gained from 

running individual phases at different frequencies. Likewise, the current in each cable will be 

regulated to a single, constant value. More importantly for poly-phase tracks, the phase of 

the current in each cable must be specified. 

3.3 Calculating the Magnetic Field Density 

Since the magnetic field is the medium by which IPT systems transfer power, it is appropriate 

to begin the characterisation of the poly-phase track by examining the magnetic field that is 

produced. If it is assumed that the track is situated in free space, it is straightforward to 

calculate the magnetic field produced from first principles. 

The magnetic field at a point in space produced by a differential current element is given by 

the Biot-Savart law, as shown in Figure 3-3: 

 2 sin
4

IdLdB
r

µ θ
π

= ⋅  (1.1) 
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dL I
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dB

 

Figure 3-3: The magnetic field produced by a current element. 

If the cable is assumed to be straight and infinitely long, then this simplifies to (1.2), which 

gives the magnetic field at a point ( , )x y  around the cable located at 0 0( , )x y , as shown in 

Figure 3-4: 
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Figure 3-4: Magnetic flux around an infinitely long, straight cable. 

While a practical IPT track is not infinitely long, the deviation from this ideal case is not large 

enough to be significant, especially when considering roadway applications which are likely 

to utilise tracks at least several meters in length. 

IPT pickups are typically designed (by the shape of the magnetic material, and position of the 

coil) to capture either the tangential flux ( XB ) or the normal flux ( YB ). As such it is useful to 

split the total magnetic field into these components and treat each separately. 

Correspondingly, (1.2) can be rewritten as: 
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The current in an IPT track is invariably driven from a resonant supply into a tuned network 

which naturally filters harmonic components. As such the current in the track is almost 

always close to a pure sinusoid with controlled magnitude. The phase of the current 

however, must be taken into account so that the magnetic field can be found for any point in 

time. Thus, (1.3) can be further described as: 
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Here, ω  is the track operating frequency and φ  is the phase-offset of the current in the 

cable. No attempt is made here to account for the finite speed of propagation of 

electromagnetic waves. It is simply assumed that the geometry of the track is electrically 

short at the frequency of operation. 

If the track contains N  cables then, given that the medium is linear, the total magnetic field 

at any point in space and time can be determined from the vector addition of the contribution 

of each of the cables. Thus, using (1.4), the total magnetic field of a poly-phase track at a 

point is: 
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Here each cable has position and phase ( , , )n n nx y φ . 
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3.4 Magnetic Field Comparisons 

There are two convenient ways in which the magnetic field density can be presented for both 

single- and poly-phase tracks. Each enables a different property of the fields to be best 

illustrated. The simplest is a plot of the instantaneous magnetic field density at a constant 

height across the width of the track. This conveys the least useful information, but does give 

a visual indication of how the fields change with time. 

Alternatively, the RMS value of the magnetic field can be calculated at a constant height 

across the width of the track. While this cannot be used to directly determine the power 

transfer to a pickup, it can give an idea of the shape of the final power profile. It is also 

particularly useful for indicating the presence of statically located nulls in the magnetic field, 

where no power would be transmitted to a pickup. 

For simplicity, all of the tracks presented in this section will assume a 100A peak track 

current, and track cables of negligible diameter. The track is assumed to be sufficiently long 

that end effect can be neglected. Where the magnetic field density is plotted across a line 

above the track (as it is for the RMS and instantaneous magnetic field density plots), this line 

will be 20mm above the plane of the track. Finally, a positive phase sequence will be 

assumed for all poly-phase tracks, which means that phase A will lead phase B (which itself 

leads phase C for three-phase tracks). 

3.4.1 RMS Magnetic Field Density 

Plotting the RMS magnetic field density produced by a track gives the best insight into what 

the power transfer profile to a flat pickup will look like. A pickup that includes magnetic 

material will tend to have an averaging effect of the field profiles, somewhat smoothing the 

variations, but the basic shape remains similar. Any null points in the RMS field profiles will 

result in nulls in the power transfer profiles, and the locations of local maximum and minimum 

locations in the field profiles well also tend to be reflected in the power profiles. 

RMS magnetic field density plots for several track configurations are shown in Figure 3-5. 

Each of these plots shows the field density across a horizontal line drawn 20mm above the 

centre of the track cables (which are treated as infinitesimal filaments), and each track has a 

current of 100A peak per cable. 
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Figure 3-5: RMS magnetic field density plots for (a) single-phase unipolar (b) single-phase 

bipolar (c) three-phase unipolar and (d) three-phase bipolar tracks. 

As expected from previous work [1], both of the single-phase tracks in Figure 3-5(a) and 

Figure 3-5(b) contain nulls in the profiles of the vertical field component. The single-phase 

bipolar track in Figure 3-5(b) also contains a central null in the horizontal field component. 

These nulls severely limit the movement tolerance that these tracks can provide to flat 

pickups. However, it is apparent that if a pickup was able to make use of both the tangential 

and normal field components (such as in a quadrature pickup), the nulls would be eliminated, 

although this would result in only a slight improvement in horizontal tolerance for the single-

phase bipolar track. 
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The addition of a third cable to the track, and the modification of the current phases in each 

cable to be 120° separated (rather than 180° as in the single-phase tracks) gives the three-

phase unipolar track profile, shown in Figure 3-5(c).The improvement that this track offers 

over single-phase tracks is two-fold. First, neither field component contains null points, 

indicating that the pickup will be able to draw power at any point across the width of the 

track. Secondly, the width of the area over which the field extends has been significantly 

increased by the addition of the third cable. 

The three-phase bipolar track shown in Figure 3-5(d), in which each cable is separated by 

60°, provides an incremental improvement of the flux density produced by the three-phase 

unipolar track. The area over which the magnetic field extends has been further widened due 

to the three extra track cables introduced, and the magnitude of the field profiles has been 

increased across the width of the track. 

Finally, it is apparent from Figure 3-5(c) and (d) that a quadrature pickup could be beneficial 

when used with either the three-phase unipolar or bipolar tracks. Similarly to the single-

phase track, it is unlikely to result in a large gain in horizontal tolerance. However, within the 

bounds of the track, there is a large normal component which is reasonably constant in 

magnitude. Making use of this field component in addition to the tangential component could 

provide a boost to the power transfer and this allow smaller track currents (or even a smaller 

pickup) to be used, but at the cost of a slightly more complex pickup. 

3.4.2 Instantaneous Magnetic Field Density 

The RMS magnetic field density plots are useful for demonstrating that the fields generated 

by the poly-phase tracks do not contain any null points in the fields, but do not give any 

indication as to how this is accomplished. Plots of the instantaneous magnetic field density 

give this insight by plotting the magnetic field density at many points in time and showing 

how it changes. 

Figure 3-6(a) and Figure 3-6(b) show the instantaneous magnetic field generated by a single-

phase unipolar and bipolar track, respectively. The field is plotted across a line 20mm above 

the track, and both tracks carry 100A peak per cable. Figure 3-7(a) and Figure 3-7 (b) show 

the instantaneous magnetic field generated by a three-phase unipolar and bipolar track, 

respectively, under the same conditions. For each of the four track configurations, the field is 

plotted at six consecutive instants in time. To make the results independent of frequency, the 

time has been converted to a phase given by tθ ω= . Finally, the results are plotted every 30° 
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for only the first 150° of operation, since after this time they repeat but mirrored around the x-

axis.  
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Figure 3-6: Instantaneous magnetic field density plots for two track configurations: (a) single-
phase unipolar (b) single-phase bipolar. 
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Figure 3-7: Instantaneous magnetic field density plots for two track configurations: (a) three-

phase unipolar (b) three-phase bipolar. 
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Notice that the fields produced by both of the single-phase track configurations do not 

change their shape with time. Only the amplitude changes with time. It is this property which 

causes the statically-located nulls in the RMS field profiles given in Figure 3-5(a) and Figure 

3-5(b). In contrast, the rotation of the magnetic field produced by a poly-phase track can be 

seen clearly in Figure 3-7(a) and Figure 3-7(b). Taking the three-phase unipolar track of 

Figure 3-7(a) as an example, at 0° the peak amplitude of the horizontal component is located 

at -100mm – the location of the left-most cable. Sometime later, at 90°, the location of the 

maximum has shifted to be located at 0mm – the location of the central cable. 

3.5 Effect of Phase Sequence Errors 

The preceding discussion assumed that the track cables were lain out such that the phase 

difference between any two adjacent cables was minimised. This was defined as being the 

standard layout for a poly-phase track, but it is instructive to examine why this is 

advantageous. 

It is simple to show why this cable ordering is advantageous by qualitative argument. The 

voltage induced in an IPT pickup is proportional to the magnetic field enclosed within the 

turns of its coil. The amount of power transferred (for a constant pickup geometry) can 

therefore be increased by maximising the magnetic field density within the pickup. Using 

(1.2), the magnetic field at a point is proportional to the current generating it, and inversely 

proportional to the distance from that current. 

It follows, then, that by grouping in-phase currents closely and separating out-of-phase 

currents, the effective total current, and therefore field density, seen by the pickup will be 

increased. Extending this concept to the track as a whole, it can be seen that cables that are 

closely matched in phase should be adjacent, and cables that are of opposite phase placed 

far away. This naturally leads to arranging the track cables in order of phase. 

As an example, the RMS magnetic field density across a line 20mm above a two-phase 

bipolar track is plotted in Figure 3-8. The first figure gives the result assuming correct cable 

phase ordering. The second plot shows the effect of swapping the phase of the two central 

cables. Note that the maximum value of the tangential field has been slightly reduced, and 

the minimum value has been significantly lowered. The effect on the normal field is even 

more pronounced, with a large drop in magnitude near the centre of the track. 
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Figure 3-8: The effect of swapping the phase of the two central cables of a two-phase bipolar 

track. 

This result clearly indicates that for optimal power transfer, the IPT track must be laid out with 

the correct phase sequence. Failure to do so will result in increased field cancellation and 

subsequent disruption of the magnetic field profile. 

3.6 Effect of Cable Spacing 

The effect of cable spacing on the magnetic field profile can be simply evaluated assuming 

all other variables are equal. A track with more closely spaced conductors will generate a 

magnetic field that is stronger than one in which the cables are widely spaced, but will not 

allow a large lateral tolerance for the pickup. 

This is illustrated in Figure 3-9, which plots the RMS magnetic field density across a line 

20mm above a two-phase bipolar IPT track. In both cases, the track carries 100A peak per 

cable but the separation of the cables is changed. Note that although the maximum flux 

density of the tangential component is essentially unchanged, the troughs are now much 

shallower. Similarly, the normal field profile is much stronger within the bounds of the track. 

The drawback to closely spaced conductors is that the field is not as wide as it could have 

been, so there are limits as to how closely the conductors can be placed before the 

movement tolerance is too restrictive. 
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Figure 3-9: Effect of different cable spacing on the magnetic field generated by a two-phase 

bipolar IPT track with (a) 80mm cable spacing and (b) 60mm cable spacing. 

3.7 Effect of Height 

The final effect that must be considered is that of the height above the track surface. All of 

the previous graphs have been derived across a line 20mm above the centre of the track 

cables. Figure 3-10 shows how the RMS magnetic field density changes as the height above 

a two-phase bipolar track with 80mm cable spacing is increased. Figure 3-10(a) gives the 

RMS magnetic field density at 20mm above the track, while Figure 3-10(b) gives the same 

data for a 40mm height. 

As would be expected, the maximum value for both components of the magnetic field density 

has been greatly reduced. From (1.2), it would be expected that the maximum field density at 

twice the vertical distance from the track would have approximately halved. The results in 

Figure 3-10 confirm this, with the maximum tangential field density dropping from 0.69mT to 

0.34mT. There is a much smaller reduction in the vertical field component, which drops from 

0.58mT to 0.4mT. 

Of greater interest though, is that the minimum RMS field density within the bounds of the 

outer track conductors has not changed much. The tangential field density has actually 

improved slightly, going from 0.17mT to 0.20mT as the height increases. The overall effect of 

this is that, although the power transfer to a pickup may decrease as the pickup height 

increases, the power transfer will likely be more consistent across the width of the track. 
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Figure 3-10: Effect of height on the RMS magnetic field density for a two-phase bipolar track (a) 
20mm above the track and (b) 40mm above the track. 

3.8 Conclusion 

Traditional single-phase IPT systems place strict limits on how much a pickup may move 

before the power transfer drops to unacceptable levels. They also feature nulls in the 

magnetic field profile across the width of track in both field components, where no power can 

be transferred to a pickup designed to capture that component of the flux. These features 

make them unsuitable for use in vehicular systems, which will benefit from unrestricted 

movement of the pickup within the limits of the track area.  

Poly-phase IPT tracks have been proposed as a method of increasing the tolerance of an 

IPT system to movement of the pickups, while allowing the use of a low cost, simple pickup 

structure. As has been shown in this chapter, this is achieved by generating a rotational 

magnetic field which eliminates nulls in the field profile. They also provide a much wider field 

profile by virtue of the increased number of cables used in the track. 

The magnetic field density cannot directly be used to determine the power transfer to a 

practical IPT pickup, as the ferrite that is used for the pickup core to improve the power 

transfer will distort the field. It is extremely difficult to calculate the magnitude and shape of 

the magnetic field in the presence of the ferrite, and so computer simulation methods must 

be employed to find the power transfer. This is the subject of the next chapter. 
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4 Power Transfer to a Flat Pick-Up 

4.1 Introduction 

The power transfer from a track to a pickup in an IPT system cannot be easily determined, 

due to the nonlinearities introduced by the magnetic material (typically ferrite) used in the 

pickup. These nonlinearities mean that being able to determine the magnetic field created by 

the track in the absence of a pickup gives only a little insight into the power profile produced 

when a pickup is introduced. The power transfer can only be reliably obtained by computer 

simulation or experimental measurement. 

This chapter will begin by presenting results obtained through computer simulation for the 

power transfer from a poly-phase track to flat pickups of various sizes. From these simulation 

results, several conclusions are drawn regarding optimal pickup designs for a given track, 

which is helpful when performing a system design. 

To ease the process of determining the power transfer to a flat pickup in a vehicular system, 

a new coupling metric has recently been introduced [113] that relates the magnetic coupling 

between a pickup and a single cable to the cross-sectional geometry. This allows the design 

process to be simplified, and can greatly reduce the need for computer electromagnetic 

simulation. The coupling metric will be briefly introduced, along with a description of how it is 

determined from the geometry of an IPT system and how it is used to find the power output 

of the pickup. It will then be shown that this technique can be extended for use with poly-

phase tracks of any type. 

The traditional design of an IPT system has relied on three methods; computer modelling, 

experimental verification, and experience on the part of the designer. However, since the 

number of independent variables introduced by a poly-phase track is so large, these 

traditional methods become ineffective. The amount of time required to produce a functional 

design by simulation and experimental methods is vast, and an optimal design could be 

permanently out of reach. If poly-phase tracks are to be utilised in a practical system, there 

must be a method that allows a functional design to be produced with reasonable speed. 
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This chapter will show a method, based on the foundation introduced in the previous chapter, 

which can be used to produce a system design that is very close to optimal, subject to 

constraints specified by the designer. 

4.2 Power Transfer from a Poly-Phase Track to a Flat Pickup 

This section presents the results of a series of measurements and computer simulations that 

show the power transfer from various poly-phase track configurations to a flat pickup. 

All computer simulations were performed using a software package called JMAG, produced 

by Japan Research Institute. JMAG uses the finite element method (FEM) to iteratively 

determine the solution to complex electromagnetic geometries. It is ideally suited to 

simulating the magnetic components of IPT systems and determining the electrical outputs of 

the pickup. The accuracy of this method has been thoroughly tested in previous work [35] 

and outputs are typically accurate to within 5% of measured values. Figure 4-1 shows a flat 

pickup above a single track conductor, along with some of the magnetic field lines, as 

produced by the JMAG software. 

 

Figure 4-1: Magnetic flux lines, produced by the FEM simulation package JMAG. 

The following discussion will refer to these variables: the height of the pickup above the track 

conductors ( YD ), the horizontal displacement from centre of the track ( XD ), the width of the 

pickup ferrite ( XP ), and the width of the coil ( XC ). The definition of these variables for a track 

consisting of only a single cable is shown in Figure 4-2. Not shown in this diagram is the 

length of the pickup along the track conductors ( ZP ). 
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Figure 4-2: The important dimensions of a flat pickup and single-cable IPT track. 

For the majority of the power transfer plots, only the uncompensated power ( US ) transferred 

to the pickup coil will be shown, as this value is independent of 2N , the number of turns in 

the pickup coil. The shape of the open-circuit voltage and short-circuit current curves will be 

similar to that of the uncompensated power, but their exact value is dependent on 2N , 

making them inconvenient for geometric comparison purposes. Therefore, the current and 

voltage values are shown only if they are specifically called for. 

Due to the number of geometric variables, it is not feasible to measure or simulate every 

possible pickup geometry. For this reason, only the most important geometries will be 

presented here, along with some key findings. For each of the simulations performed in this 

section, many variables are held constant while another is varied. The quantity to be varied 

and its range of values will be stated with each set of results. The other values will be 

assumed to be held constant at the value given in Table 4-1.  

Table 4-1: Standard Values for Power Transfer Simulations. 

Variable Standard Value 

Pickup Width, XP  60mm 

Pickup Thickness, YP  5mm 

Pickup Length, ZP  35mm 

Pickup Coil Width, XC  20% of XP  

Number of Pickup Coil Turns, 2N  20 

Pickup Ferrite Relative Permeability, rµ  2300 

Pickup Height, YD  10mm 

Frequency 38,400Hz 

Track Current (per cable), 1I  80A RMS 
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4.2.1 Basic Power Transfer Comparisons 

As an example of the benefits of utilising a three-phase track over a traditional single-phase 

track, this section presents three comparisons of the uncompensated power transfer from 

these track types to a flat pickup. 

The graphs in Figure 4-3 were produced by computer simulation of a standard flat pickup (as 

defined in Table 4-1) operating from various tracks. Each track has 40mm separation 

between adjacent cables, and is operating at standard frequency and current. It can be seen 

that, as the number of cables in the track increases, so too does the width over which power 

is available to the pickup. This would be expected, as the track cables are spread over a 

wider area. Also, with the exception of the single-phase unipolar track, the power transfer 

increases with the number of track cables. Again, this is expected as the total current within 

each track is proportional to the number of track cables. 

 

Figure 4-3: Comparison of uncompensated power profiles for a flat pickup operating from 

several track types with constant per-cable track currents. 

As another comparison, the output of the same standard pick-up was simulated when 

operating from tracks in which the per-cable currents had been modified such that the total 

standing power loss in each track configuration was kept constant. The standing loss due to 

series resistance in a single cable of the track is given by 2
1 1 1L LP I R= , where 1I  is the per-
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cable current, and 1LR  is the parasitic resistance of the track cable. Assuming that the track 

frequency and the cross-sectional area of the cable are kept constant, the resistance of the 

track cable is proportional to its length, and a track comprised of n  cables will have a total 

resistance of 1LnR . Therefore, to keep the track losses equal, the per-cable track current 

must be adjusted to be n  times lower than the single-cable track. For example, a three-

phase unipolar track will have its track current reduced by a factor of 3  as compared to the 

single-phase unipolar track. Note that this will also lower the current density in the track 

cable, but a corresponding decrease in the area of the cable to hold the current density 

constant would increase the losses. These results are shown in Figure 4-4 (the single-phase 

unipolar result has been removed as it dwarfs the other profiles, and is not a fair comparison 

as it cannot physically be produced due to the requirement of a return current path).  

 

Figure 4-4: Comparison of uncompensated power profiles for a flat pickup operating from 

several track types with normalised track currents. 

The trends from the previous plot hold when the currents are normalised, however increasing 

the number of track cables no longer simply increases the available power. It does, however, 

reduce the variation in transferred power to the pickup which is itself of benefit as it makes 

the controller design simpler. 
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4.2.2 Effect of the Pickup Length (PZ) 

It is known from previous work on single-phase tracks that increasing the length of the pickup 

( ZP ) will increase both M  and 2L  in approximately equal measures [35, 114]. Because of 

this, it will have almost no effect on the pickup short-circuit current, but the open-circuit 

voltage will increase essentially linearly with the pickup length. This assumes that the pickup 

is not extremely short (so that no saturation occurs) and is situated far enough from the ends 

of the track that end effects are negligible (in practice, a distance of approximately 10 times 

the length of the pickup has been found to be adequate [35]).  

To confirm that this effect is the same for a pickup used with a poly-phase track, several 

computer simulations were conducted. The graphs in Figure 4-5 and Figure 4-6 were 

produced by computer simulation of a flat pickup dimensions of XP  = 100mm or 150mm, and 

varying values of ZP , operating from a three-phase bipolar track. Adjacent track cables are 

separated by 40mm. In both cases, the pickup is centred over the track. 

The results show that, in the same fashion as for a single-phase unipolar track, increasing 

the length of a flat pickup on a poly-phase track increases the open-circuit in an 

approximately linear fashion, while maintaining a constant short-circuit current. 

 

Figure 4-5: The effect of increasing pickup length on the open-circuit voltage. 
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Figure 4-6: The effect of increasing pickup length on the short-circuit current. 

If the induced voltage graphs are approximated with a linear trend line, and this trend line is 

then projected backwards, it can be used to find the induced voltage in a pickup of zero 

length. This voltage is not zero, as might be expected but gives a value for the end effect 

voltage offset (EEVO) [35]. This is the voltage that is caused by flux coupled from portions of 

the track cables which do not lie vertically under the pickup, and can make up a significant 

portion of the total OCV  of the pickup. 

4.2.3 Results for a Three-Phase Unipolar Track 

This section presents the power transfer profiles obtained through computer simulation for a 

standard flat pickup with values of XP  varying from 40mm to 90mm, used with a three-phase 

unipolar track. Note that, since the coil width is defined as spanning the centre 20% of the 

ferrite width, the coil will be wider when wound on a wider ferrite.  

Figure 4-7 shows the coupled power from a three-phase unipolar track with 40mm spacing 

between adjacent cables. Figure 4-8 shows the results for the same pickups used with a 

track of 60mm spacing between adjacent cables. Both tracks operate at the standard 

frequency and current, and have an electrical phase separation of 120° between adjacent 

cables. 
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Figure 4-7: Uncompensated power profiles generated by a flat pickup of various widths on a 
three-phase unipolar track with 40mm track spacing. 

 

Figure 4-8: Uncompensated power profiles generated by a flat pickup of various widths on a 
three-phase unipolar track with 60mm track spacing. 
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outermost track cable). This represents a drop of nearly 96% in transferred power. In 

contrast, the 90mm wide pickup couples a maximum of 26VA and a minimum of 6.8VA. This 

is a variation of only 74%. The pattern is similar for the more closely spaced track, with the 

40mm pickup experiencing a variation of 82% and the 90mm pickup experiencing a variation 

of 51% across the width of the track. However, the narrow track transfers overall less power, 

with the 90mm transferring a maximum of 26VA from the widely spaced track and 21VA from 

the closely spaced track. 

4.2.4 Results for a Two-Phase Bipolar Track 

This section presents the power transfer profiles for a standard flat pickup operating from a 

two-phase bipolar track, with XP  values varying from 40mm to 90mm. The results in Figure 

4-9 are for a track with 40mm between adjacent cables, and the results in Figure 4-10 are for 

a track with 60mm between adjacent cables. Both tracks operate at standard frequency and 

current, and have an electrical phase separation of 90° between adjacent cables. 

 

Figure 4-9: Uncompensated power profiles generated by a flat pickup of various widths on a 

two-phase bipolar track with 40mm track spacing. 
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Figure 4-10: Uncompensated power profiles generated by a flat pickup of various widths on a 

two-phase bipolar track with 60mm track spacing. 

The power transferred by the two-phase bipolar track shows a big improvement over that of 

the three-phase unipolar track. Taking the 90mm wide pickup as an example, when 

operating from the three-phase unipolar track with 60mm track spacing, it exhibits a drop in 

transferred power of approximately 74% from the highest to the lowest points (within the 

bounds of the outermost track cable) and a variation of 51% when operating with a 40mm 

track spacing. The same pickup exhibits a 53% power drop when operating from a two-

phase bipolar track with 60mm track spacing, and a 27% power drop with 40mm track 

spacing. 

The two-phase bipolar track has two advantages over the three-phase unipolar track; a more 

consistent induced voltage profile across the width of the track, and a wider voltage profile by 

the virtue of having an additional track cable. 

4.2.5 Results for a Three-Phase Bipolar Track 

This section will present the uncompensated power profiles, obtained through computer 

simulation, for a standard flat pickup with XP  values of 40mm to 90mm used with a three-

phase bipolar track. The results in Figure 4-11 are for a track with 27mm between adjacent 

cables, and the results in Figure 4-12 are for a track with 40mm between adjacent cables. 

Both tracks operate at standard frequency and current, and have an electrical phase 

separation of 60° between adjacent cables. 
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The overall results follow a similar pattern to those of the previous track configurations: wider 

pickups have a higher power transfers, and the more closely spaced track has a smaller 

variation in coupled voltage across the width of the track for a given width of pickup. A 90mm 

pickup has a maximum and minimum transferred power levels of 49.1VA and 40.3VA, 

respectively, on the 40mm spaced track. This represents a variation of under 18%. The same 

pickup, when operating from the more closely spaced track experiences a variation of 25% in 

transferred power. This deviation from the previous results is due to the currents within 

adjacent cables in the track being so similar in phase. There is a high degree of constructive 

interference, as will be discussed in section 4.2.8. 

Practical measurement results are shown in Figure 4-13. The track operates at 38.4kHz and 

carries 20A RMS in each cable. Both pickup have dimensions of YP  = 10mm, ZP  = 35mm 

and are wound with a 20 turn coil spanning the centre 20% of the ferrite width. Pickup A is 

120mm wide, and pickup B is 60mm wide. They are situated 10mm above the track. 

 

Figure 4-11: Uncompensated power profiles generated by a flat pickup of various widths on a 
three-phase bipolar track with 27mm track spacing. 
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Figure 4-12: Uncompensated power profiles generated by a flat pickup of various widths on a 
three-phase bipolar track with 40mm track spacing. 

 

Figure 4-13: Measured coupled voltage values for pickups operating on a three-phase bipolar 

track with 40mm cable spacing. Pickup A is 120mm wide, and B is 60mm wide. 
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4.2.6 Effect of Coil Width (CX) 

To this point, all of the simulations have been performed with a coil width ( XC ) equal to 20% 

of the total ferrite width ( XP ). This section will examine the effect on the power transfer of 

changing the coil width. It should be noted here that, regardless of the number of turns in the 

coil ( 2N ), the entire winding window must be filled. That is, if a very wide coil is to be wound 

with only a small number of turns, then it is important that the coil is wound with several 

strands placed in parallel and spread out such that the entire winding area is filled. If this is 

not the case, it is possible for flux to enter and exit the winding area without linking to any of 

the pickup turns, and thus not contributing to the power transfer. 

The effect of changing the coil width on a standard flat pickup is illustrated in Figure 4-14. 

Examining the open-circuit voltage first, it can be seen that the profile becomes much more 

consistent as the coil is made wider. With a 20% coil width, the induced voltage changes 

between a maximum of 15.4V and a minimum of 11.5V across the internal width of the track, 

a change of over 25%. When the coil is increased to 80% of the pickup width, these values 

change to 12V and 10.9V, a change of only around 9%. 

The drop in induced voltage can be understood by considering the flux generated by a single 

cable and which couples into the ferrite core. This is shown in Figure 4-15 for a standard flat 

pickup with two different coil widths operating 10mm above a single track cable, which 

carries 80A RMS. The horizontal component of the magnetic flux density in each of these 

pickups (which is the component which induces the voltage) across a horizontal line through 

the centre of the pickup (as shown in Figure 4-16) is plotted in Figure 4-17. Notice that 

(allowing for small deviations that result from variations in meshing between the two 

simulations) the two flux plots are exactly equal. The coils in each of these figures are open-

circuited, so that no current flows in them. 
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(a)  

(b)  

(c)  

Figure 4-14: Effect on the power transfer of changing the coil width (a) open-circuit voltage (b) 

short-circuit current and (c) uncompensated power. 
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(a) (b)
 

Figure 4-15: Magnetic flux density vectors for a single track cable and a standard flat pickup 
with (a) a 20% coil width and (b) an 80% coil width. 
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Figure 4-16: The sectional line over which the horizontal component of the flux density is 

plotted. 

 

Figure 4-17: Flux density plots across a line through the centre of the two flat pickups. 

0

0.005

0.01

0.015

0.02

0 10 20 30 40 50 60

Fl
ux

 D
en

si
ty

, B
X

(T
)

Position, x (mm)

20% coil

80% coil



Chapter 4   Power Transfer to a Flat Pick-Up 

74 

Since the flux that couples to the two pickups is equal, the difference in induced voltage must 

arise from differences in the coils. Consider the distribution of the turns in each of the two 

coils. The narrow coil contains 20 turns each positioned within the centre 12mm portion of 

the core, where the flux density is highest. The wide coil contains the same 20 turns, but 

distributed more sparsely; across the centre 48mm of the core.  

Faradays law states that the voltage induced in a loop is given by V N d dtφ= . This can be 

simplified by considering each of the turns in the coil separately. The voltage generated in 

the nth turn will be given by n
n

dV dt
φ= , where nφ  is the flux enclosed by that turn. The total 

coil voltage is then the summation of the voltages generated in each turn. It is simple to see, 

from Figure 4-17, that the average voltage induced in each of the turns of the narrow coil will 

be higher than for the wide coil, as each of the turns is in an area of the core where the flux 

density is higher. 

In addition, as the coil is spread out along the width of the pickup, the inductance of the 

pickup coil reduces (assuming a constant number of turns). For example, the standard 

pickup used here has self inductances of 54µH, 44µH, 37µH, and 31µH as the coil width is 

changed from 20% to 80% of the pickup width (this is determined by computer simulation 

with the JMAG package). 

The drop in self-inductance of the coil as the width is increased can be explained in a very 

similar way to the drop in coupled voltage. Consider the pickup by itself, separated from the 

track. If the coil is energised with an alternating current ( i ), an alternating magnetic field is 

created around the wire that makes up the coil. A voltage (V ) will be developed at the coil 

terminals, and is given by diV L dt= , where L  is the coil inductance.  

As before, consider the coil as being made up of N individual turns in series. The voltage 

across the terminals of the overall coil will be the summation of the voltages across each of 

the individual turns. The voltage on each turn is again given by n
n

dV dt
φ= , but now nφ  is the 

flux generated by the current in each of the turns. The flux generated by each turn is in-

phase due to the common current.  

It was shown in chapter three that the magnetic flux produced by a current drops rapidly as 

the distance from that current increases. If each of the turns is physically distant from the 

others, then the total flux within it will be small and so will the voltage that it produces. 

However, if the coils are bunched together then the total flux within each will be large since 

they will all contribute to a much greater degree. Thus, the total voltage developed across the 
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narrow coil for a given current will be larger, and hence so will its inductance. The concept of 

inductance will be examined in much greater depth in chapter five. 

The drop in self inductance gives an increase in short-circuit current, and the end result is 

that the power transfer to the pickup is significantly improved. With a 20% coil, the power 

varies from 18.2VA to 10.1VA across the width of the track, a variation of over 45%. When 

the coil width is increased to 80%, the power varies between 19.3VA and 15.9VA, a range of 

under 18%, in addition to higher overall power transfer. 

4.2.7 Effect of Pickup Height (DY) 

It is known from previous work [35] that increasing the vertical offset of a pickup from the 

track will cause the induced open-circuit voltage and hence the uncompensated power to 

drop.  However, the exact nature of this drop has not been quantified, nor has the effect of a 

rotational field been quantified. 

The uncompensated power profiles produced by a flat pickup operating from a three-phase 

bipolar track are shown in Figure 4-18. The pickup has dimensions of XP  = 120mm, YP  = 

10mm, and ZP  = 35mm. It is wound with a 20 turn coil spanning the centre 20% of the ferrite 

width. The track has a current of 40A RMS per cable and operates at 38.4kHz. There is a 

40mm separation between adjacent cables. As expected, the transferred power reduces as 

the pickup is moved vertically away from the track conductors. When the pickup is very close 

to the track (10mm, in this case) there is a noticeable distortion in the power profile that 

arises due to some cables having a much higher coupling to the pickup than those which are 

away from it. When the pickup is further away this effect is diminished as the coupling to 

each of the cables is more uniform.  

Figure 4-19 shows measured coupled voltages for a flat pickup on a three-phase bipolar 

track. The track is running at 38.4kHz, with 40A RMS per cable, and 40mm separation 

between adjacent cables. The pickup has dimensions XP  = 120mm, YP  = 10mm, and ZP  = 

35mm. It is wound with a 20 turn coil spanning the centre 20% of the ferrite width. The 

results agree well with that expected from Figure 4-18. The shape of the curve is largely 

unchanged as the height of the pickup above the track is increased, but the magnitude of the 

induced voltage decreases. 
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Figure 4-18: Simulated uncompensated power profiles for a pickup operating from a three-

phase bipolar track at various heights. 

Figure 4-20 shows the effect of raising the pickup of the induced voltage. The track is a  two-

phase bipolar configuration, with 40mm separation between adjacent cables. The pickup has 

dimensions of XP  = 60mm, YP  = 5mm, and ZP  = 35mm. It is wound with a 20 turn coil 

spanning the centre 20% of the ferrite width. The track has a current of 80A RMS per cable 

and operates at 38.4kHz. The pickup has been located at two different points; centred above 

the track, and with a 20mm offset (placing it directly above one of the two central 

conductors). The graph shows that, as the pickup is raised, the voltage drops with a roughly 

exponential rate. When the pickup is centred, a curve with equation 0.02915.088 YD
OCV e−=  fits 

the data very well. The offset data is matched less exactly by an exponential as shown, but 

the shape of the curve is similar. 
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Figure 4-19: Measured coupled voltage values for a flat pickup on a three-phase bipolar track at 

various heights. 

 

Figure 4-20: The effect of increasing height on the open circuit voltage of a flat pickup 

operating from a two-phase bipolar track at two different offsets. 

4.2.8 Power Transfer Summary 

One of the primary considerations when designing the magnetics for a poly-phase IPT 

system is the amount and type of interference between the magnetic fields generated by the 
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track cables. There are two kinds of interference; constructive and destructive, and they arise 

due to phase differences in the voltages induced in the pickup coil by the various track 

currents.  

The best example of constructive interference is the ability to create, for example, a 200A 

track current with two turns each having a 100A current. If the two turns are very close 

together, then the two systems will be equivalent, as both of the turns of the 100A track will 

have nearly equal mutual inductances with the pickup, and since their currents are in-phase, 

so too are the voltages that they induce in the pickup coil. Their effects will therefore 

reinforce and be equivalent to a single turn with 200A current. 

The most extreme example of destructive interference is the null point that appears in the 

power profile produced by a flat pickup, which captures tangential flux, centred over a single-

phase bipolar track. At this point, the mutual coupling between the pickup and each of the 

two track cables is equal but, since the two currents are 180° out of phase, so too are the 

voltages induced in the pickup coil by each current. The two induced voltages are therefore 

equal in magnitude but 180° out of phase and the resultant voltage is zero. 

In light of this, the major difference between the three-phase bipolar and unipolar tracks is 

that while the coupled voltage (and thus the transferred power) from the unipolar track 

increases with cable separation, the reverse is true for the bipolar track. This is due to the 

phase separation between adjacent cables; 60° for the bipolar track and 120° for the unipolar 

track. This results in a large degree of destructive interference between the induced voltages 

from the unipolar track, while the induced voltages from the bipolar track are primarily 

constructive. Of course, this will be true only to a point. A pickup that is extremely wide when 

compared to the bipolar track width will once again couple destructively to some cables, 

reducing this effect. 

Data taken from the computer simulation results in Figure 4-7 to Figure 4-12 is shown in 

Table 4-2.  In this table, the “width” is calculated as being the point furthest from the track 

centre where the power transferred to the pickup drops to be equal to the minimum value of 

the transferred power within the bounds of the outermost track cable, as shown in the 

example in Figure 4-21. The value is rounded down to the nearest 10mm increment. This 

allows a basic comparison to be made between the various track and pickup configurations 

without needing to normalise the total track currents. 
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Table 4-2: Data from selected voltage profile simulations. 

Cable 
Count ( N

) 

Pickup 
Width 

( XP , mm) 

Coil 
Width 

( X XC P ) 

Track 
Spacing 

( XT , mm) 

Max US  
(VA) 

Min US  
(VA) 

Approx. 
Width 
(mm) 

3 60 0.2 40 15.56 5.00 ±60 

3 60 0.6 40 16.28 7.12 ±60 

3 60 0.2 60 17.56 1.80 ±90 

3 60 0.6 60 18.75 2.57 ±90 

4 60 0.2 40 18.24 10.07 ±70 

4 60 0.6 40 19.66 14.33 ±70 

4 60 0.2 60 18.76 3.61 ±110 

4 60 0.6 60 20.06 5.17 ±110 

6 60 0.2 40 25.18 18.44 ±110 

6 60 0.6 40 28.11 24.22 ±105 

 

 

Figure 4-21: Example for the method used to calculate the usable width of a given track and 

pickup combination. 
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From the results in Table 4-2, it is clear that the three-phase bipolar track gives the best 

results in terms of the tolerance to pickup movement and consistency of the power profile, 

when used with a pickup with a wide coil. However, the two-phase bipolar track is a good 

alternative. It offers almost the same tolerance to movement of the pickup and also has 

extremely good consistency of the power profile. It achieves these results despite having 

33% less track cables, making the track less costly to produce, and possibly requiring a less 

expensive inverter (this will be discussed later, in chapter 6). 

4.3 Determining the Power Transfer Analytically 

As mentioned in the previous section, a poly-phase system with a flat pickup simply has too 

many geometric variables to consider simulation or measurement of all the possible 

combinations. For this reason, a more analytic approach to determining the electrical outputs 

of the pickup must be found. 

4.3.1 Coupling Metrics 

There are two electrical outputs from an IPT pickup, regardless of what geometry it utilises. 

These are the open circuit voltage and short circuit current: 

 1OCV j MIω=
 (4-1) 

 1
2

SC
MI I
L

=  (4-2) 

The product of these is the uncompensated power; a metric that can be used to compare the 

effectiveness of two pickups on an identical track: 

 

2
2

1
2

U OC SC
MS V I I
L

ω= =  (4-3) 

Since most IPT systems will hold 1I  and ω  constant, it is important that the magnetic design 

of the system (which determines the ratio 2
2M L ) is optimised. 

These values are challenging to use in the design of a new IPT system because they rely on 

knowledge of the mutual inductance between the track and the pickup. Due to the 

complicated effect that the pickup ferrite has on the magnetic flux lines, this is impossible to 

determine analytically, and computer simulation must be employed.  

Traditionally, the mutual inductance has been quantified by a metric known as the coupling 

factor: 
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1 2

Mk
L L

=  (4-4) 

While the coupling factor is useful for designing traditional, tightly-coupled magnetic devices, 

such as rotational machines or transformers, it is not as useful for designing an IPT pickup 

because its value depends on the inductance of the track. It is, however useful when 

designing the IPT system as a whole, as it can be used to determine the impact of the 

pickups on the track and power supply. For a distributed IPT system, as long as the track is 

sufficiently long that the pickup is not susceptible to end effects, its exact length or 

inductance has little to no effect on the power transfer. The coupling factor is thus rather 

misleading as its value drops as the track length increases.  

A new coupling factor ( φκ ) has been recently proposed [113] which aims to alleviate this 

problem. It is influenced primarily by the geometric properties of the pickup and the section of 

track to which it is directly coupled. In practice, this minimises the effect of the track length on 

the calculated coupling, and gives a much more effective measure of the magnetic 

effectiveness of a pickup. 

 
2

1 2

N M
N Lφκ =  (4-5) 

This coupling factor can be determined experimentally by exciting the pickup with an arbitrary 

current, and measuring the voltage induced in the track. 

It is possible to express both the open circuit voltage and short circuit current in terms of this 

new coupling factor: 

 
1

2 1
2

OC
NV j L I
N φω κ=  (4-6) 

 
1

1
2

SC
NI I
N φκ=  (4-7) 

The power transfer to the pickup is therefore given by: 

 

2
2 21

1 2
2

U
NS I L
N φω κ

 
=  

   (4-8) 

It has been shown that for any given system, kappa is primarily determined by the cross-

sectional geometry of the pickup and track [35]. This allows a simple, first-order estimate of 

the coupling to be made by considering only four variables: the height of the pickup above 
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the track conductor ( YD ), the horizontal displacement from the conductor ( XD ), the width of 

the pickup ferrite ( XP ) and the width of the coil ( XC ), as shown in Figure 4-2. 

As a further simplification, the coupling factor is closely related to the ratios of these 

dimensions. That is, any two pickups where the ratios X YC D , X YP D , and X YD D  are 

equal, will have nearly equal coupling factors. If all dimensions are normalised with respect to 

YD , this allows the exact dimensions of the pickup to be neglected until the final stages of 

the design, greatly simplifying the analysis. This normalisation process gives several new 

variables: XNC , XND , and XNP . Instead of normalising XC  to the height, it will instead be given 

as a percentage of the total pickup width ( X XC P ). This notation is chosen simply for 

convenience, as it is more closely related to how the pickup is actually wound. 

4.3.2 Power Transfer from a Single Cable 

Since the coupling factor of a given pickup depends on so few independent variables, it is 

feasible to create, by computer simulation, a set of standard graphs that relate the coupling 

factor to these variables. Figure 4-22 and Figure 4-23 show two such graphs, for coils 

spanning the centre 20% and 60% of the pickup, respectively. Each graph contains several 

curves, corresponding to different values of X YP D . Although only two standard graphs are 

shown here, more can easily be produced, and with more closely spaced data points for 

increased accuracy of the results. Pickups with dimensions that do not correspond directly to 

one of the standard curves can be approximated by interpolating appropriate values from the 

available curves. 

For the full set of normalised coupling curves, see Appendix C. 

Determining the power transfer from an IPT track consisting of a single cable is a two-step 

process. First, producing the appropriate geometric variables, normalised to YD , the 

coupling variable can be read directly from one of the standard graphs. Second, the coupling 

variable is scaled by the electrical parameters of the system, as given by (4-6) and (4-7).  

This process assumes that 2L  remains constant. Since vehicular and monorail based IPT 

systems do not employ magnetic material in the track for economic reasons, this is a valid 

assumption. 
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Figure 4-22: Standard φκ  graph for different values of X YP D  with a coil width of 20%. 
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Figure 4-23: Standard φκ  graph for different values of X YP D  with a coil width of 60%. 

 



Chapter 4   Power Transfer to a Flat Pick-Up 

84 

4.3.3 Power Transfer from Multiple Cables 

The standard equations, (4-6) and (4-7) used to find the power transfer from a single phase 

track are still applicable to poly-phase tracks, however the quantities M  and 1I  are more 

difficult to find. Equivalent parameters can be formulated by taking the position and phase of 

each of the track conductors into account, in a similar fashion to that shown in Chapter 3, 

however a much simpler method exists as discussed following.  

A non-saturating magnetic circuit is inherently linear, and can be modelled as a linear 

electronic circuit with sources (equal to the ampere-turn product of the magnetic field 

sources) and loads (equal to the reluctance of the materials in the magnetic path). 

Consequently it should be possible to apply the principle of superposition to magnetic circuits 

in general, and specifically to poly-phase IPT tracks and pick-ups. This is essentially the 

same approach that was used to calculate the total magnetic field produced by a track in the 

absence of a pickup. 

Using superposition, the total response of an IPT pick-up to an arbitrary N -cable track 

arrangement is the vector summation of the responses to each individual track cable. A 

series of measurements and simulations were performed which support this conclusion, and 

are examined in following sections. 

4.3.4 Combining Electrical Curves 

The electrical outputs of the pickup can be combined directly to obtain the overall power 

profile.  

Let OCnV  represent the voltage coupled from the n-th track cable (which has a position nx  

relative to the track centre) to the uncompensated pickup. Assuming that superposition 

holds, the overall open circuit voltage of the pickup ( OCV ) at each point across the width of 

the track can be computed by summing the contributions of each cable ( OCnV ) at that point, 

while taking into account the phase ( nθ ) of the current flowing in each of the cables: 

 [ ]
1

( ) ( )
N

OC OCn n n
n

V x V x x θ
=

= − ∠∑  (4-9) 

An identical approach is taken with the short circuit current, resulting in: 

 [ ]
1

( ) ( )
N

OC OCn n n
n

I x I x x θ
=

= − ∠∑  (4-10) 
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The uncompensated power output at each point can then be calculated from the product of 

(4-9) and (4-10). 

This theoretical calculation was verified by computer simulation performed in the 

electromagnetic modelling package JMAG (created by the Japan Research Institute). This 

software uses the finite element method (FEM) to analyze geometries containing realistic 

ferrite materials and electrical currents. The ferrite used was approximated by a linear 

magnetic material with a relative permeability of 2300 (which is the relative permeability at 

25°C of the Ferroxcube material 3C94, a general purpose power ferrite for frequencies up to 

300kHz). This is sufficiently accurate as the pickup is never allowed to saturate. 

The simulation was performed for a flat pickup measuring 100x5x35mm. The pickup is 

wound with a coil of 20 turns spanning the centre 20% of the ferrite. It was placed 10mm 

above a three-phase unipolar track, carrying 80A RMS in each cable, and which had 40mm 

spacing between adjacent cables. Figure 4-24(a) shows the three open circuit voltage 

profiles of this pickup, each corresponding to a single one of the track cables. These three 

profiles were then combined at each point ( XD ) across the width of the track, taking into 

account the required 120° separation in the adjacent currents. The result is shown in Figure 

4-24(b), along with results from a full 3D magnetic simulation of the complete track and 

pickup. The two curves agree exactly. 
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Figure 4-24: Superposition of induced voltages for a three-phase unipolar track (a) individual 

voltages from each cable (b) combined resultant voltage. 

In the example above, the three cables were identical except for the phase difference. This is 

not required by the method, which will give correct results for an arbitrary track, both in terms 

of the currents and the cable positioning.  

4.3.5 Combining Coupling Curves 

The previous section showed that it was possible to create accurate composite profiles of 

OCV  and SCI .  Assuming 1I  and ω  are held constant, and 2L does not vary, then from (4-6) 

and (4-7), it follows that it is also possible to create composite profiles of φκ : 

 1
( ) ( )

N

n n n
n

x x xφ φκ κ θ
=

 = − ∠ ∑  (4-11) 
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The cables in an IPT track will typically be coplanar and thus the height of the pickup with 

respect to each of the cables is equal. Because of this, it can be inferred from the previous 

discussion that the coupling factor profiles between the pickup and each track cable will also 

be equal. Therefore, only one coupling curve needs to be created, either through simulation 

or measurement. This curve can then be used to produce a composite profile for an N-phase 

system. Once the composite coupling profile has been calculated, the final electrical outputs 

of the pickup can be calculated from (4-6) and (4-7).  

The benefit of this approach is that it allows several design decisions to be deferred until 

much later than usual. The track current and frequency, and the inductance of the pickup can 

be chosen to fit the design requirements.  

The standard coupling curves can be combined and scaled as appropriate to produce a 

system design. Figure 4-25 shows the results of using a standard coupling curve on a flat 

pickup measuring 120mm wide, 30mm long and 3mm thick, placed 30mm above a six-cable 

track carrying 35A per cable and wound with a 20 turn coil spanning the centre 20% of the 

ferrite. The three curves show excellent agreement. The discrete nature of the underlying 

coupling curves can be seen in the final composite, but this could be smoothed using 

interpolation if required. 

 

Figure 4-25: Measured, simulated and composite voltage output from a flat pickup on a three-

phase bipolar track. 
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4.4 Poly-Phase System Design 

The design process for a poly-phase track is necessarily more complex than that for a single-

phase bipolar track, which is itself already a challenging process [114, 115]. In the simplest 

case, the power transfer from a poly-phase track (when the pickup has moved beyond the 

outermost cable) will be roughly equal to that of a single-phase track, as only the outermost 

cable plays any significant role in transferring power. Due to this, a design process similar to 

that of a single-phase track as examined in [114] is possible, but this does not account for 

the possibility of the power transfer dropping below the allowable minimum within the bounds 

of the track. It is this possibility that demands a more rigorous design process. 

The procedure for combining coupling curves can be used to very quickly produce a design 

to meet a given system specification. Due to the number of design variables, this is achieved 

through an iterative process. The major steps in this process are identified in Figure 4-26, 

and will be examined in detail in the following sections. 

Specify Design 
Requirements

(CEPMIN, ΔX, ΔY)

Identify allowable 
ranges for remaining 

variables

Create κφ profiles

Apply weighted sort

Select and verify final 
design

Adjust parameters

Design satisfies the 
requirements?

No

Done

Yes

 

Figure 4-26: Major steps in the design process. 

4.4.1 Defining Critical Parameters 

The required design specifications are largely the same as that used for a traditional single 

phase unipolar system, as presented in [114].  The focus of the design is around one of the 
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electrical parameters of the pickup; the open-circuit voltage or the short-circuit current. For 

each type of pickup compensation (either series or parallel) one of these parameters is fixed 

and cannot be increased other than by changing the geometry of the system, the track 

current, or the frequency. The other parameter can be increased by a factor of Q  as outlined 

in chapter 2. For example, the output voltage of a series compensated pickup is limited to a 

maximum of the open circuit voltage of the pickup coil. The output current however (and 

hence also the output power), can be increased by a factor of Q  times the short-circuit 

current. The electrical parameter which is set in value is known as the constrained electrical 

parameter (CEP), and is the focus of the electrical design. A minimum allowable value must 

be defined for it, and will be referred to as CEPMIN. 

The second most important parameter is X∆ , the width over which the power transfer must 

be sufficient to keep the CEP above its minimum value. This is defined as the offset from the 

centre of the track (the majority of IPT tracks are symmetrical about the centre). 

Finally, the maximum height of the pickup above the track ( Y∆ ) must be known. Since power 

transfer drops as the pickup moves vertically away from the track, the design must be 

produced to meet the power transfer requirements with maximum displacement. This will 

ensure the power transfer never drops below the minimum value, and it is assumed that the 

control circuitry can cope with any increase in transferred power that may result from the 

pickup moving closer to the track. 

4.4.2 Determine Limits for Design Variables 

The second step is to determine the ranges over which the design variables can vary.  

Many of the design variables will be constrained by the physical dimensions of the system. 

For example, it is unlikely that the width of a pickup will be greater than the width of the 

vehicle on which it is mounted, which places an upper limit on the XP  variable. 

Due to the gradual roll off of φκ  as the pickup moves (which can be seen in the curves of 

Figure 4-22 and Figure 4-23), the width of the track ( XT , defined as the distance between the 

centre of the track and the centre of the outermost) will never need to be larger than X∆ . It is 

also convenient to define the track cables as being evenly separated, coplanar, and carrying 

currents which are electrically separated in adjacent conductors by 360°/ N  (other 

arrangements are of course possible, but this has been shown to produce the best power 

profiles as it maximises constructive interference and minimises destructive interference 

between adjacent cables [19].). 
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Practical limits exist for other design variables such as N , the number of track cables. 

Increasing N  will lower the amount of variation in the power transfer across the width of the 

track, but the increased complexity of the inverter becomes prohibitive.  

4.4.3 Performing the Design 

Once the range for each variable has been established, a set of designs is created. Each 

design contains a value for each of the design variables. As many of the design variables are 

continuous, it must therefore be decided how many steps to divide each variable into. This 

will in turn determine how many designs must be examined. The composite φκ  curve for 

each design is then created. Although this will create a potentially very large number of φκ  

curves, the process is extremely quick as only simple mathematical operations are required.  

4.4.4 Selecting a Final Design 

It is likely that many of the designs created in the previous step are capable of fulfilling the 

system specifications. A number of details can be quickly extracted from each that will allow 

the most suitable one to be selected. The required data is MAXφκ , the maximum value that φκ  

takes, and MINφκ , the minimum value of φκ  within the selected displacement bounds of X±∆ . 

When all of the data is available, a weighted sort can be applied to the list of results that 

emphasizes the design requirements. As a simple example, if minimizing the pickup cost is 

desired, a heavy weight would be given to solutions with small PGR values so that less 

ferrite is needed. 

Finally, the selected solution must be examined in detail through a FEM simulation followed 

by practical measurements from a prototype system to ensure that it does meet the 

specifications. 

4.4.5 Example Design 

An IPT system is to be created to allow radio controlled toy cars to race around a track. The 

cars are 180mm wide and it has been decided that a lane width of 450mm is desired. From 

this, it can be determined that the centre of the car will move a total width of 270mm. 

The first step in creating a design is to determine the critical parameters. The cars operate 

from a 10V supply and require 20W of power, which must be available over a width of 

270mm ( X∆  = ±135mm). A parallel tuned pickup is desired, which makes SCI  the 

constrained parameter. 
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Assuming that the rectifier diodes are kept in continuous conduction, the maximum DC 

output current is related to the AC short circuit current by [116]: 

 
2 2

DC SCI I
π

=  (4-12) 

The short circuit current must therefore be maintained at a minimum of 1.82A RMS across 

the width of the track. Once mounted under the car, the pickup will be 15mm above the track. 

Constraints on the remaining variables can now be identified. The track width will be less 

than or equal to 270mm, and the pickup width will be limited to a maximum of 180mm, so 

that it does not extend past the width of the car. 

The system will utilize an existing power supply, which operates at 38.4kHz and regulates 

the track current at 40A. Track arrangements consisting of 1,2,3,4, and 6 cables will be 

considered at these can easily be generated with the existing power supply. 

These variables are then divided into many discrete system designs. The pickup width will be 

divided into steps of 6mm, and the track width will be divided into steps of 10mm. This will 

give adequate resolution for a first order design. 

Once the range of designs that will be tested have been determined, the actual coupling 

profiles are created. Using the required short circuit current and the track current limit of 40A, 

then from (4-7), any designs with a φκ  of less than 0.0455 can be trivially discarded as being 

unable to meet the design specifications. Table 4-3 shows several of the remaining designs. 

Table 4-3: Selected possible designs for the example system. 

Track Width 
(mm) 

N  XP  (mm) MAXφκ  MINφκ  

200 6 120 0.7494 0.3705 

200 6 105 0.6844 0.3106 

200 3 120 0.4608 0.1957 

200 3 105 0.4368 0.1462 
 

The primary criteria used to select the final design was minimizing the track width, as this 

gives a smaller inductance, allowing a longer track to be driven by a given voltage. To keep 

the power transfer as constant as possible across the track width, a high number of track 

cables were desired. When sorting the results, these variables were therefore given priority. 
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It would also have been possible to optimize for a smaller pickup, at the cost of a wider track, 

or fewer track cables which would have needed both a wide track and pickup. 

The selected design uses a three-phase bipolar track with 40mm between the cables, giving 

a track width of 200mm. The pickup has a width of 120mm and is wound with an 8 turn coil 

that spans the centre 80% of its width. This results in SCI  = 1.85A at XD  = 135mm, which 

meets the specifications. The final SCI  profile produced by the design process is shown in 

Figure 4-27, along with a simulated version of the same system. It can be seen that the two 

agree well, especially towards the edges, which is the critical point of the design. 

Photographs of the constructed track are shown in Figure 4-28 and Figure 4-29, along with 

one of the cars that it was designed for. The six black cables of the track can be seen clearly. 

 

Figure 4-27: Short-circuit current profile for the selected system design. 
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Figure 4-28: Photograph of the three-phase bipolar track.  Both the oval and straight tracks are 

visible here, and both have a total length of 12.5m. 

 

Figure 4-29: Photograph of the final oval track in use, with two cars being driven. 
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4.5 Conclusion 

Traditional IPT systems severely restrict the mobility of vehicles that couple all of their power 

from them. To enable freedom of movement, systems will often employ bulky pickups,  

complex pickup and track arrangements, or added onboard energy storage. Poly-phase 

tracks have recently been proposed as a solution, enabling simple pickups to be used on 

vehicles while still providing a wide area over which power is available. The drawback is that 

the magnetic design becomes challenging, as the number of independent variables is large.  

It has been shown in this chapter that a poly-phase track gives much improved power 

transfer to a standard flat pickup, as compare to a traditional single-phase track. The poly-

phase track completely eliminates the null points within the power transfer profile within the 

bounds of the track, and provides a much greater tolerance to lateral movement of the 

pickup. In addition, the power transfer is generally higher than for a single-phase track 

carrying the same current per track cable. This allows the track current to be reduced and 

hence smaller track conductors to be used.  

Also demonstrated here, is that the voltage induced in the coil of a flat pickup by a poly-

phase track is equal to the sum of the voltages induced by each of the individual track 

cables. This allows an overall coupling profile to be created that encompasses the magnetics 

of the track and pickup, and can therefore enable the creation of a generalised design 

procedure. 

Using the design procedure outlined in this chapter, composite coupling profiles are created, 

and many design variables can be selected to fit the design requirements. This allows a very 

good first order design to be produced quickly that optimizes any required aspect of the 

system. The selected design can then be experimentally verified. This method saves many 

hours of computer simulation. 
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5 Interphase Mutual Inductance 

5.1 Introduction 

It has been shown in the previous chapters that poly-phase tracks can easily achieve the 

goal of creating a wide, flat power zone across the width of the track. This significantly 

increases the tolerance of the system to movement of the pickup, while allowing a simple, 

low cost magnetic structure to be used. However, up to this point, it has simply been 

assumed that a power supply was available that could drive the required track layout. In 

practice, the creation of such a power supply is not a trivial task. 

While the track and pickup design are simple in a poly-phase system, the track is difficult for 

the power supply to drive. This is due to the physical layout of the track which gives rise to 

mutual inductance between the phases. In a similar fashion to the mutual inductance 

between a track and pickup, these mutual inductances allow power flow between the phases 

of the track. Unless steps are taken to minimise their impact, the interphase mutual 

inductances can cause significant disruption to the operation of the power supply. 

This chapter begins by quantifying the mutual inductance for the individual cases of unipolar 

and bipolar track layouts. Once this is known, an analytical assessment of the problems that 

will be caused by the mutually induced voltages and currents in two different track tuning 

topologies is presented. Finally, three methods are presented that can be used to at least 

partially mitigate the detrimental effects of the mutual inductances. Two of these involve 

modifications to the geometric layout of the track cables while the third requires the addition 

of ferromagnetic toroids to the track to compensate for the mutual coupling.  

5.2 Discussion on Inductance 

This section will present an overview of inductance as a physical property of both lumped 

components and as a distributed property of the circuit. It will be assumed that the circuit 

being examined is electrically small. That is, no attempt is made to account for the finite 

speed of propagation of the magnetic field; the field created by a current is assumed to be in-

phase at every point in space. 
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5.2.1 The Nature of Inductance 

Inductance and its effects are based on two basic laws of electromagnetism. Ampere’s law 

states that any electric current will create a magnetic field: 

 ·
C

H dl I=∫  (1.1) 

Faraday’s law states a change in the amount of magnetic flux that couples to a loop will 

induce a voltage in that loop. From Lenz’s law, this induced voltage will act in such a way as 

to oppose the change in flux: 

 
dv N
dt
φ

=  (1.2) 

These two effects are all that is required to create a lumped-element inductor, as commonly 

used in electronic circuits (Figure 5-1).  If an electric current is passed through a loop, then a 

magnetic field will be created. If that current is then changed, the amount of flux linked to the 

loop must also change, inducing a voltage in the loop.  

L

φ

v
 

Figure 5-1: A lumped inductor. 

The inductance value of the coil is the ratio between the rate-of-change of the current and 

the voltage developed: 

 
div L
dt

=  (1.3) 

For a linear system, the definition of inductance is typically obtained by equating (1.2) and 

(1.3): 

 
NL
I
φ

=  (1.4) 

If two inductors ( AL  and BL ) are placed in series, their inductance will add. This can easily be 

derived from (1.3): 
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( )

A B

A B

A B

v v v
di diL L
dt dt

diL L
dt

= +

= +

= +

 (1.5) 

However, unless the inductors are separated by a great distance or somehow shielded from 

each other, the flux created by one inductor will link with the turns of the second and vice 

versa. This complicates the situation, and must be accounted for.   

Consider Figure 5-2. If AL  is energised by passing a current from terminal A to terminal B, it 

will produce some amount of flux ( Aφ ). A portion ( AB kφ φ= , where 0 1k≤ ≤ ) of this flux will 

link with the turns of BL . In accordance with (1.2), the voltage measured between terminals B 

and C is given by: 

 
( )AB AB

BC B B
d k dV N kN

dt dt
φ φ

= =  (5-6) 

It can be shown using the same reasoning to derive (1.4) that this can be treated as an 

inductance of value: 

 
B ABkNL
i
φ

=  (5-7) 

To differentiate it from a regular inductance that is produced by a current driven through the 

same coil in which the voltage is measured, this new inductance is termed mutual 

inductance, and is given the symbol M . Further, since this is a voltage produced within 

inductor two, by a current through inductor one, it is referred to as ABM . 

The remaining flux, Aφ , does not link with the second inductor, and generates voltage only 

within the first inductor. 

LA LB

φAB

φA

A B C
 

Figure 5-2: Two inductors in series, showing the flux generated by the first inductor. 



Chapter 5   Interphase Mutual Inductance 

98 

The principle of reciprocity tells us that the mutual inductance between two inductors is 

equal. That is, AB BAM M= . This can be qualitatively confirmed by considering the two 

inductors energised separately in turn. If AL  is energised and produces a flux within the turns 

of BL , the magnitude of this flux will be proportional to A AN I . The voltage it induces in BL  is 

proportional to BN , and hence (using (1.4)) the mutual inductance is proportional to A BN N . A 

similar argument can be followed to show that if BL  is energised, the mutual inductance that 

it forms with AL  will also be proportional to A BN N , and thus the two mutual inductances will 

be equal. 

The total voltage drop across the two series inductors must therefore be given by: 

 
( 2 )

t A AB B BA

A B AB

di di di div L M L M
dt dt dt dt

diL L M
dt

= − − − −

= − + +
 (1.8) 

It should be noted that it is also possible for the two inductors to be connected out-of-phase, 

instead of in-phase as shown in Figure 5-2. In this case, the mutual inductances will be 

subtractive from the total, instead of additive. 

In general, the total inductance of any circuit consisting of N  elements will require 2N  

inductances to calculate: 

 1 1

N N

T ij
i j

L M
= =

=∑∑  (1.9) 

Here any value of ijM  where i j=  is the self inductance of element i . This is illustrated in 

Figure 5-3, where only one of the four sets of mutual inductances is shown. 

LT L1

L2

L3

L4

M31

M21M41

 

Figure 5-3: Self inductance of a complex structure, showing one set of mutual inductances. 
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5.2.2 The Self-Inductance of a Closed Loop 

The preceding discussion was directed towards lumped inductive elements, but any 

conductor carrying an electric current will develop a magnetic field and can be thought of as 

an inductor. For example, the three connecting wires shown in Figure 5-2 can be modelled 

as inductors when built in a physical circuit, even though they are normally treated as perfect 

conductors since ideally they are designed such that they contain negligible electric or 

magnetic field. 

On occasion, however, the inductance of the connecting wires becomes non-negligible. 

Consider a circuit similar to that of Figure 5-3, but with the coils removed. Such a circuit is 

shown in Figure 5-4. Even though there are now no coils present in the circuit, some 

inductance will be measured at the terminals. There are two ways to view this situation, both 

of which are equally valid. The first is that the circuit is itself a single-turn inductor and its 

value can be calculated by finding the integral of the flux density across its cross-sectional 

area. The difficulty with this approach is that the integral quickly becomes unmanageable as 

the geometry of the circuit increases in complexity. 

The second approach is to view the circuit as a set of series-connected distributed inductors. 

In the case of Figure 5-4, there would be five such inductors; the two long side pieces, one 

short end piece and two very short end pieces. Depending on the ratio /l d , some of these 

may become negligible. As with lumped inductors, the mutual inductances of the distributed 

inductors must also be accounted for and the analysis of the circuit inductance will include 
2N  terms, where N  is the number of inductors the circuit is broken into. Once the 

inductance values are calculated, the total value of the circuit inductance can be found from 

(1.9), just as for lumped inductors. 

l

d

 

Figure 5-4: Circuit containing no inductors, with physical dimensions marked. 

5.2.3 The Self-Inductance of a Straight Cable 

A method for computing the inductance of even fairly complex geometries has been 

popularised in recent years [117-121]. Known as Partial Inductance (PI), it involves breaking 
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a complex geometry into a series of simpler geometries, for which individual solutions can be 

found before being recombined to find an overall inductance for the original geometry. PI has 

been used mainly in the semiconductor industry, for analysing the inductance associated 

with the structures within integrated circuits. These structures are often extremely complex 

and even traditional computer simulation becomes unwieldy. 

One of the features of PI is that it gives a mathematical significance to the self-inductance of 

a straight piece of wire. Traditionally, the view is held that it is meaningless to associate an 

inductance with any geometry that does not form a closed circuit [122]. This is because, from 

(1.4), the inductance must be calculable by means of a flux integral. If the geometry does not 

form a closed loop then there is no unique area over which to integrate the flux and thus no 

uniquely defined inductance. Partial Inductance assigns a unique inductance value to a 

straight wire under the condition that it is accepted that the value has no inherent meaning 

until the wire forms part of a closed loop [119]. 

Consider a wire AB of length l  and radius r , carrying a current i . In order to find the self-

inductance of this wire, PI defines the area over which the flux integral is to be performed as 

a rectangle bounded on two sides by the wire itself and infinity, and on the other two sides by 

lines drawn normal to the wire and extending from the points A and B to infinity (Figure 5-5). 

dx

D
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B
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Figure 5-5: Physical layout and dimensions used for the flux integral of a straight wire. 

The external flux density at any point P due to a differentially small length of the wire is given 

by the Biot-Savart law [22]: 
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The flux density at point P due to the whole length of wire AB is then: 
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 (1.11) 

This can be used to find the number of lines of flux in the area CC’D’D, of width dx : 
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Finally, the total amount of flux contained within the bounding rectangle can be found by 

setting a x=  and integrating this from the radius of the wire out to infinity: 
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From this, the definition of inductance is used to find the inductance of the cable that is 

caused by the external field: 

 
2 2

2 20 ln
2ext

l l rL l l r r
r

µ
π

 + +
= − + + 

  
 (1.14) 

For cables where the current is contained within a thin shell at the surface of the wire, such 

as where a standard conductor is used at a very high frequency, this is equal to the self-

inductance of the cable.  At low frequencies, or when Litz wire is used at high frequencies, 

the current density is uniform across the cross-sectional area of the conductor, and the 

contribution to the self-inductance of the flux contained within the wire radius must be 

considered. 
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The current density within the wire can be given by 2J i rπ= . At a radius x  within the wire 

the total current enclosed by a coaxial circular path is 2 2 2( )i J x i x rπ∆ = = .  

r
dx

x

 

Figure 5-6: Dimensions used to calculate the internal flux of a circular wire. 
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The total flux contained in a ring of width dx  for a cable of length l  is given by: 

 xd lB dxφ =
 (1.16) 

The total flux contained within the radius of the cable can therefore be found by integrating 

dφ  to the radius of the cable. However, this internal flux does not link with the entire current 

of the cable, but only a portion of it given by i i∆ . Its contribution to the internal inductance of 

the cable must therefore be weighted accordingly: 
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The internal inductance of the wire is then given by:  

 int 8
lL µ
π

=  (1.18) 

Finally, the total self-inductance of the cable is given by the sum of these two parts: 

 

int
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 (1.19) 
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5.2.4 Mutual-Inductance of Two Parallel Cables 

The mutual inductance between two straight, parallel cables can be found using a similar 

route to that taken to find the self inductance of a single wire. The primary difference is that, 

instead of the external flux being integrated from the radius of the wire to infinity, it is taken 

from the position of the second wire to infinity. Further, no account is taken of flux internal to 

either wire, as this correction becomes vanishingly small as the distance between the wires 

becomes large compared to the radius. Instead, the wires are both taken to be filaments, 

with location equal to their centres. 

No attempt is made here to analyse conductors that are not parallel or coplanar. These 

results are not needed for this application, and are significantly more complex. They can be 

found in the literature if required [123]. 

Continuing from (1.13), 
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And hence the mutual inductance is given by: 

 
2 2

2 20 ln
2

l l dM l l d d
r

µ
π

 + +
= − + + 

  
 (1.21) 

5.3 Magnitude of the Mutual Inductance 

5.3.1 Bipolar Tracks 

Calculating the magnitude of the mutual coupling in a bipolar track is straightforward, as each 

phase exists as a discrete loop. This allows a close approximation to be made directly from 

first principles. 

Consider two infinitely long coplanar loops, A and B. The cable making up the loops is 

infinitesimally thin (a filament). The width of the two loops is equal and normalised to one 

meter. The amount of overlap between the two loops ( x ) is defined relative to the total loop 

width. A cross-sectional view of this is shown in Figure 5-7, where the cable diameters have 

been exaggerated for clarity. 
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A+ A-B+ B-
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Figure 5-7: Cross-sectional view of two loops with dimensions marked. 

Using the simplified Biot-Savart law for infinitely long, straight conductors, if a current of 

magnitude I  flows in loop A, then the flux generated by cable A+ and enclosed by loop B is 

given by: 
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Similarly, the flux generated by cable A- and enclosed by loop B is given by: 
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The total flux generated by loop A and enclosed by loop B per meter length can therefore be 

given by: 
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Using the definition for inductance, and assuming that the two loops have only a single turn (

1N = ), the mutual inductance between the two loops is given by: 
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 (1.25) 

This equation is plotted for 0 1x< <  in Figure 5-8. 
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Figure 5-8: The mutual inductance of two overlapping loops per meter of loop length, as a 

function of the overlap. 

It is also possible to calculate this mutual inductance in a more rigorous fashion with the 

methods outlined in section 5.2.4. When using this method, however, it is important to get the 

phase of the mutual inductance contributed by each cable correct. 

The mutual inductance between loops A and B consists of four parts, corresponding to the 

mutual inductance between each of the cables of loop A and each of the cables of loop B:  

 AB A B A B A B A BM M M M M+ + + − − − − += − + −
 (1.26) 

Unlike the previous equation, this does not give a constant mutual inductance per meter of 

cable length. The two equations are therefore compared for a 10m long loop in Figure 5-9. 

The agreement between the two methods is very good. 

 

Figure 5-9: Comparison of the exact and approximate methods for calculating the mutual 

inductance of two 10m long overlapping loops. 
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The accuracy of these equations can be checked with simple measurements. As shown in 

(1.9), the total inductance measured with a standard inductance meter will be given by: 

 
2T A B ABL L L M= + ±

 (1.27) 

Where the sign associated with the mutual inductance term is determined by whether the 

inductors are connected in- or out-of-phase. 

A further check can be found by considering the T-model of a standard transformer, as 

shown in Figure 5-10. From this model, the self inductances AL  and BL  can be found by 

measuring the inductance between terminals A-B and C-D respectively, with the other pair of 

terminals left open-circuit. A third measurement can be made to find the inductance ( AL′ ) 

between terminals A-B with terminals C-D short-circuited. 

MAB

LA-MAB LB-MAB

A

B

C

D
 

Figure 5-10: Standard T-model of a transformer. 

Using these three measurements, the mutual inductance can be calculated as: 

 ( )AB B A AM L L L′= −  (1.28) 

These measurements were performed on a two-phase bipolar track where each track loop 

was 120mm wide, and the two loops overlapped by 66.7% (x = 0.667) as shown in Figure 

5-7. From (1.25), this overlap should result in a mutual inductance of 416nH per meter of 

track length. Three different track lengths were measured, and the results are presented in 

Table 5-1. In each case, the measured values match the theoretical value closely.  

Linear trend lines can be fitted to these graphs with a least-squares algorithm. This gives an 

equation of 0.4076 0.1065M x= +  for the measured values, where M  is the mutual 

inductance in microhenries and x  is the track length in meters. The equation for the line of 

best fit for the points based on equation (1.21) is 0.415 0.243M x= − , and for the points based 

on equation (1.25) is 0.416M x= . For tracks lengths on the order of 6 to 12 meters, the two 

methods give very similar results for the per-meter mutual inductance, but the more rigorous 

method has an offset error that can be attributed to end effect. So, while equation (1.25) is 
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strictly less accurate than equation (1.21) since it does not consider the finite length of the 

conductors, the error acts in such a way as to make it match the measured values more 

closely. This is also likely to be the case for very short track lengths where the end effect 

plays an even larger role in determining the mutual inductance. For much longer track 

lengths the per-meter mutual inductance will converge to the value predicted by (1.25). It is 

therefore recommended to always use the mutual inductance value predicted by the 

equation (1.25) for bipolar tracks. 

Table 5-1: Mutual inductance between two overlapping loops compared with 
calculated values. 

Track Length 
(m) 

Measured (µH) Calculated using 
(1.25) (µH) 

Calculated using 
(1.21) (µH) 

6.5 2.74 2.704 2.455 

7.2 3.06 2.995 2.745 

12.5 5.2 5.200 4.945 
 

5.3.2 Unipolar Tracks 

Finding the mutual inductance within a unipolar track is significantly more challenging than 

for a bipolar track due to the lack of discrete track loops. This makes it impossible to 

measure any of the important inductance values; however they can be calculated using the 

techniques shown earlier. 

Figure 5-11 gives a model of the three-phase unipolar track with the self and mutual 

inductances of each of the three cables. Values for these components can be calculated 

using (1.19) and (1.21). Due to geometric symmetry, many of the values given in Figure 5-11 

are equal. Consequently three new values are defined here, such that 1 A B CL L L L= = = , 

1 AB BA BC CBM M M M M= = = = , and 2 AC CAM M M= = . 
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Figure 5-11: The inductances present in a three-phase unipolar track (a) fundamental values (b) 

simplified values using geometric symmetry. 
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This model was tested using a 5 meter long three wire track, with 8cm separating each of the 

wires, each of which had a 1.3mm radius. Using (1.19) and (1.21), this geometry gives 

values of 1L =8.124µH, 1M =3.844µH, and 2M =3.167µH. As stated earlier, none of these 

values are directly measurable, but they can be measured as part of the overall loop 

inductance. Here, 1 12 2AB BCL L L M= = −  and 1 22 2ACL L M= − . Results for this are given in 

Table 5-2. The agreement between the measured and calculated loop inductances is 

extremely good.  

Table 5-2: Measured and calculated loop inductances for a three-phase unipolar 
track. 

 Measured (µH) Calculated (µH) Error (%) 

ABL  8.3 8.56 3.13 

BCL  8.38 8.56 2.17 

ACL  9.73 9.914 1.89 

 

A further test can be done by passing a current through one of the track loops and measuring 

the voltages induced. For example, if an alternating current ( I ) of angular frequency (ω ) is 

passed through loop AB, the voltage measured across terminals BC will be given by: 

1 1 2( ) ( 2 )BC B CA BA CAV I L M M M I L M Mω ω= + − − = + − . Notice that the BCM  term has been 

neglected, as there is no current in branch C to induce a voltage in branch B. This was tested 

with a current of 10A at 38.4kHz, and a voltage of 8.45V was measured. This compares well 

with the expected value of 8.69V. Similarly, if a current is flowing in loop AC, then the voltage 

measured from node A or C to node B will be given by 1 1( )BCV I L Mω= − . A 10A current 

would therefore induce a voltage of 11.96V which compares well to the measured voltages of 

ABV =11.37V and BCV =11.68V. 

5.4 Effect of the Coupling on a Tuned LCL Network 

Once the magnitude of the mutual coupling is known, its effect on the operation of the track 

and inverter can be determined. Just as the mutual inductance between a track cable and a 

pickup coil allows the transfer of power, the mutual inductance between the different track 

phases allows power transfer within the track. This is achieved in the same way; by inducing 

voltages within the track cables. The exact effect of these voltages will depend on both the 

structure of the track network, and the inverter topology. 
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For simplicity, this section will only fully examine a two-phase bipolar track network but the 

technique is applicable to tracks with any number of phases. The discussion will be further 

limited to properly tuned track networks. 

Consider a two phase bipolar IPT system consisting of two identical and independent power 

supplies each driving one phase of the track. The inverters use a basic square-wave 

switching technique and no active control of the track current is attempted. 

Using a technique known as Fundamental Mode Analysis (FMA) [124, 125], the inverters are 

replaced with sinusoidal voltage sources with amplitude and frequency equal to that of the 

fundamental component of the inverter output voltage. The arrangement is shown in Figure 

5-12. For this investigation, resistor LBR  will include both the internal losses of the inverter 

and the bridge inductance ( BL ). Voltage 11V ′  represents the voltage induced in inductor 1L  

by the current in inductor 1L′  and vice versa for 1 1V ′ . Driving voltage BV  will be used as the 0° 

reference, and BV ′  must lag this by 90° in order to satisfy the requirements of a poly-phase 

track.  The voltages and currents present in the system can be calculated using 

superposition. 

VB

LBRLB L1 R1

C1 V11'

I1IB

VB'

LB'RLB' L1' R1'

C1' V1'1

I1'IB'

 

Figure 5-12: Circuit for FMA of a two-phase IPT system with mutually induced voltages. 

It is first assumed that there is no mutual coupling between the two phases (i.e. voltages 11V ′  

and 1 1V ′  are zero). Consequently the equations that describe the system can be easily 

formulated: 

 2

1

B
B

LB

VI
X RR

=
+





 (1.29) 



Chapter 5   Interphase Mutual Inductance 

110 

 1 2

1

1B LB

LB

V RI j
XX RR

 
 = − − 

+ 
 





 (1.30) 

 2

1

B
B

LB

VI
X RR

′
′ =

′+′





 (1.31) 

 1 2

1

1B LB

LB

V RI j
XX RR

 
′ ′ ′ = − − ′+ ′ 





 (1.32) 

For a practical system in which 11M ′  is non-zero, the exact solutions can only be computed 

iteratively (for example, using a SPICE simulation). However, if it is assumed that the first 

iteration of this calculation is sufficiently accurate, closed form expressions can be derived. 

These are: 
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The sign associated with the mutual coupling in (1.33) and (1.34) will depend on whether the 

track is laid out with a positive or a negative phase sequence. Here a positive phase 

sequence is assumed, making 11V ′  positive. If a negative phase sequence is used then in the 

following discussion the two supplies are simply swapped ( BI  becomes BI ′  and so forth).  

To demonstrate the accuracy of these expressions, a SPICE simulation was created for the 

balanced system shown in Figure 5-12. The parameters used were LBR =0.25Ω, 1R =5Ω, BL =

1L =52µH, 1C =330nF. The sinusoidal driving voltage was 100VRMS at a tuned frequency of 

38.4kHz. Without any coupling between the track inductors, the circuit quantities match those 

in (1.29)–(1.32), as expected. The results when the mutual inductance is increased to 

5.71µH (which corresponds to a 0.5 overlap of a track 26m in length, as calculated in (1.25)) 

are summarised in Table 5-3. As shown, the simplified expressions of (1.33)–(1.38) are 

sufficiently accurate. 

From (1.35), the bridge current for the first power supply is increased by an amount 

proportional to the mutual voltage. The effect of this is to make the loading on the power 

supply appear larger than normal. A similar effect applies to the second power supply except 

that the current (and therefore the apparent load) is reduced. The overall effect is that one 

power supply bears a greater share of the load. 

Under the assumption that 1/ 1X R > , the contribution of the mutual coupling to both BI  and 

1I  is largely independent of the load on the system. This causes a significant problem when 

the system as a whole is very lightly loaded ( 1R  and 1R′   are small). In this situation, BI  and 

BI ′    would normally be small as little power is being dissipated. However in a coupled 

system, the contribution of the mutual coupling to BI  becomes greater than the contribution 

of the load. This results in one of the two supplies sinking rather than sourcing power. 

Table 5-3: Comparison of simulated and calculated currents in a mutually coupled 
two-phase system. 

 Calculated Simulated Error 

BI  4.014A 3.989A 0.6% 

1I  7.925A 7.799A 1.6% 

BI ′  2.288A 2.272A 0.7% 

1I ′  7.891A 7.827A 0.8% 
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The total effect of a reverse current into the power supply is only apparent when the voltage 

source is replaced by the original circuit that it represents. Under these circumstances, the 

body diodes in the inverter bridge act as a full-wave rectifier and the voltage across the DC 

bus capacitance rises, reaching a final value considerably higher than the nominal bus 

voltage. This can cause problems with control, as the inverter must adjust the output to 

compensate for the higher bus voltage, often resulting in less favourable harmonic content in 

the output waveforms [19, 126]. 

Finally, the larger DC bus voltage creates further load sharing problems for the two supplies, 

as the rectifier from the mains utility voltage can no longer operate once the diodes are 

continuously reverse-biased. The first inverter must therefore supply all load power for both 

track phases. 

A two-phase bipolar IPT system was created to demonstrate these effects. The two power 

supplies are each equivalent to that shown in Figure 5-13, operate at 38.4kHz, and utilise 

square-wave switching with a constant phase delay of 120° between the full-bridge inverter 

legs. No track current regulation is attempted. The nominal DC bus voltage is 130V. Each 

supply has a properly tuned LCL output network, with a track inductor of 52µH. This gives a 

nominal track current of 8.1A RMS. The only load is the parasitic resistance of the track 

inductors, which was measured at 0.2Ω per track. Oscilloscope captures taken from the first 

power supply are given in Figure 5-14, and show the ideal supply operation with zero mutual 

inductance between the two tracks. Oscilloscope captures of a two-phase bipolar system 

with mutual inductance between the track phases are then shown in Figure 5-15.  

52uH52uH

330nF

 

Figure 5-13: One of the two equivalent power supplied used for the mutual inductance tests. 

A measured mutual inductance of 2µH between the two track inductors was then introduced. 

Figure 5-15(a) shows the output voltage and track current from the first inverter. Figure 

5-15(b) shows the output voltage and track current from the second inverter. Figure 5-15(c) 

shows the bridge currents from two inverters. As predicted by (1.35), one supply has a much 



Chapter 5   Interphase Mutual Inductance 

113 

larger inverter current. The supply in Figure 5-15(b) also has a much larger DC bus voltage 

as expected due to the transfer of energy between the supplies. 

(a) (b)
 

Figure 5-14: Oscilloscope capture of the output waveforms of a single IPT power supply (a) 

track current and bridge output voltage (b) bridge output current and voltage. 

The effects described above will occur in any poly-phase system where each supply has an 

independent DC bus. For a system with a shared DC bus, all the transferred power will be 

returned to the shared bus. This avoids problems caused by the DC bus charging to 

undesirable levels. The induced voltages will still disrupt the power supply operation, 

however, with potentially large currents flowing within the inverter. 

(a) (b)

(c)
 

Figure 5-15: Oscilloscope captures of a two-phase bipolar system (a) output voltage and track 

current of phase A (b) output voltage and track current of phase B (c) bridge 

currents for phases A and B. 
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5.5 Compensation Methods 

The various coupled mutual inductances between the phases of an IPT track are obviously 

detrimental to system operation. A method must therefore be devised to reduce or eliminate 

their effects. This section will outline three such methods. 

5.5.1 Cable Rotation 

It is possible to modify the interphase mutual inductance by changing the ordering of the 

track conductors at certain intervals (rotating them). This would allow the mutual inductance 

to be balanced or even be eliminated in some situations. A two-phase bipolar track for 

example, can have the mutual inductance removed by means of a transition from a positive 

to a negative phase sequence layout at the halfway point (Figure 5-16). The effect of this 

transition is that the net positive flux coupled from one phase to the other in the first half of 

the track is matched by a net negative amount of flux coupled within the second half of the 

track. 

 

Figure 5-16: Two-phase bipolar track with phase sequence change at the midpoint. 

It is important to note that this method does not eliminate the mutual inductance within the 

track. The distributed mutual inductance still exists at all points within the length of the track, 

and will still induce a distributed voltage along the track conductors. However the net positive 

flux coupled in the first half of the track is balanced by a net negative amount of flux in the 

second half (Figure 5-17). Therefore, no mutual inductance is measured at the track 

terminals, and the coupled voltage has no effect on the power supply. 
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Figure 5-17: Mutual inductance between the phases of a two-phase bipolar track with a 

crossover point. 

It is not possible to eliminate the mutual inductance in this fashion with higher phase count 

tracks without detriment to the power transfer, as the cables would not be in a valid phase 

sequence after the transitions. However, they can have the mutual inductances balanced by 

rotating the cables at regular intervals along the track length (Figure 5-18). An N-cable track 

will require a minimum of N-1 rotation points. Since it is unlikely that the rotation points will be 

precisely located, it is preferable that there be more than one cycle of rotations to average 

out the errors (giving a total of M(N-1) transitions, where M is a positive integer). 

 

Figure 5-18: Three-phase bipolar track with one complete set of rotations. 

A 6.3m long three-phase bipolar track was created with five rotation points, similar to that 

shown in Figure 5-18. The distance between the forward and return cables of each phase 

was 120mm. The mutual inductance measured between each of the three phase pairs was 

equal at 1.4µH. The self-inductance of each phase was also equal, at 14µH. A track of equal 

length but without the track rotation had a measured per-phase self-inductance of 10.35µH, 

and so the rotation added 3.65µH, or approximately 35% to the total self-inductance of each 

phase. 

There are several drawbacks to cable rotation. The first is that the crossover points will 

present disturbances to the power transfer at that point. This is exacerbated by the fact that 
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the cable utilised in high power tracks can be extremely difficult to bend, making the length of 

the transition zone non-trivial and installation difficult.  

The extra cable needed for the transitions increases the standing loss in the track due to the 

series resistance of the cable. Assuming that a single cable of Litz wire is used for the track 

(and thus skin and proximity effects are negligible) the track loss per meter of cable can be 

given by: 

 

6
1 1

/
10

m
I JP

σ
⋅ ⋅

=  (1.39) 

Where 1I  is the track current, σ  the conductivity of the material and 1J  is the rated current 

density (measured in A.mm-2). Therefore, at 100A, each meter of track cable will add nearly 

7W of standing loss, assuming a rated current density of 4A.mm-2 and taking the conductivity 

of copper as 5.9x107 S.m-1. 

The extra cable also adds inductance to the track, although the exact amount is difficult to 

quantify, as it is dependent on the exact geometry of the crossover point. This reduces the 

length of track that can be driven for a given bus voltage before capacitive compensation is 

required. 

The cable rotation method of balancing the mutual inductances results in a track that has 

nearly ideal power-transfer characteristics, except for the points at which the cable rotations 

occur. Disruption will occur at the rotation points, but will only minimally affect a moving 

vehicle as the points are small in length compared to the entire track length. If the vehicle 

was to stop directly on a rotation point, it is possible that power transfer could drop to 

unacceptably low levels. In this case, a certain amount of onboard energy storage would be 

required. 

5.5.2 Phase Positioning 

Since the mutual inductance between two phases is a function of the physical positioning of 

the cables, it follows that it maybe be possible to find a cable arrangement that will minimise 

it. Using (1.25), it can be shown that when x = 0.29 the mutual inductance between two track 

loops goes to zero. There is a further zero at x  = 1.71 which corresponds to the same 

overlap but on the other side of the track. 

Since this involves precise positioning of both the forward and return current paths, it is only 

applicable to bipolar tracks. Furthermore, in tracks with more than two phases, not all of the 

phases can overlap every other phase by the required amount to give zero mutual 
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inductance in the track. This does not pose a significant problem, as the phases which are 

separated by larger distances will naturally have lower mutual inductances, and will therefore 

affect the power supply less. 

This method of reducing the mutual inductances was verified on a 6.8m long three phase 

bipolar track. Each of the track phases had 120mm between the forward and return cables. 

In a standard configuration, each outer phase in a three phase bipolar track will overlap the 

centre phase by x  = 0.67, while the two outermost phases overlap by x  = 0.3 (Figure 

5-19(a)). For the configuration that minimised the interphase coupling, the outer phases were 

shifted so that they each overlapped the centre phase by x  = 0.29, and no longer 

overlapped each other at all (Figure 5-19 (b)). 

A+ A- B+ B-C- C+

A+ C- B+ A- C+ B-

(a)

(b)  

Figure 5-19: Three phase bipolar track layouts (a) standard layout for best power transfer (b) 

modified layout for zero mutual inductance between two phase pairs. 

For each of these two track layouts, the self inductances of each phase and each of the 

mutual inductances was measured. The results are summarised in Table 5-4, which shows 

that the mutual inductances effectively reduce to zero when the overlap is 0.29. The residual 

mutual inductance can be attributed to a combination of end effect in the track, measurement 

error, and the effects of a track conductor of finite size. 

Table 5-4: Measured Inductance Values 

 x  = 0.67 x  = 0.29 

Self Inductance 10.33 µH 10.33 µH 

Inductance, ABL  0.65 µH 0.42 µH 

Inductance, CAL  2.8 µH 0.021 µH 

Inductance, BCL  2.83 µH 0.035 µH 
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Modifying the layout of the track carries the disadvantage that the cables are no longer 

optimally positioned relative to each other, and thus it disrupts the magnetic field created, as 

was explained in Chapter 3. This disruption affects the power transfer to a pickup. Figure 

5-20 shows simulated power profiles of a standard flat pick-up 10mm above each of the 

tracks shown in Figure 5-19. The simulated track carries 80 amperes per phase. The pick-up 

has dimensions of width = 80mm, thickness = 5mm and length = 35mm. It is wound with a 20 

turn coil spanning the centre 32mm of the pick-up. 
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Figure 5-20: Power profiles generated by a flat pickup above three-phase bipolar with two 

difference cable layouts. 

This method is favourable in terms of balancing the inverter. It also has the distinction of 

being the only method that actually completely removes the magnetic coupling from the track 

phases that overlap by a factor of 0.29 and is thus ideal from the perspective of the power 

supply operation. However, this layout adversely affects the power flow to any coupled 

pickup, particularly if it moves laterally relative to the track, and is therefore undesirable. 

5.5.3 Flux Compensation 

An alternative method of compensation is to find a means whereby additional flux can be 

coupled between phases that is equal in magnitude but opposite in phase to that caused by 

the inherent interphase mutual inductance. Unlike the previous geometric solutions, this is a 

lumped solution but still operates on flux and in consequence, is independent of the 

frequency at which the inverter is run. 

The required flux compensation can be created by transformer coupling the two phases in 

question by a specific amount, as shown in Figure 5-21. This is most easily accomplished by 

passing one cable from each phase through one or more toroidal cores. Care must be taken 
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that the correct pair of wires are used in the coupling to get the phase correct to avoid merely 

increasing the existing mutual inductance. 
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Figure 5-21: Lumped flux compensation of a two-phase bipolar track. 

This method was tested by adding different numbers of identical gapped toroidal cores to a 

bipolar two phase track. The track was 7.5m long, and had an overlap of x  = 0.67. The 

results in Figure 5-22 show that as more toroids are added, the magnitude of the mutual 

inductance at the track terminals decreases to zero and then begins increasing again (but 

with a phase reversal) as the mutual inductance from the toroids swamps the inherent mutual 

inductance in the track. 
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Figure 5-22: The effect of adding toroidal coupling on the mutual inductance of two 
overlapping loops. 

It is unlikely that the perfect case of zero mutual inductance can be achieved with this 

method, as each toroid adds a discrete amount of mutual inductance. However, it is simple to 

achieve a level of mutual inductance where the effect on the power supply is negligible. 

Furthermore, once the change in mutual inductance resulting from the addition of each toroid 

is known, it is trivial to calculate the number needed for a particular track. For a long track, it 
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is likely that a large amount of mutual inductance will need to be added. In this case, multiple 

turns of the track can be used through the toroids, reducing the number needed. 

Using this method, the mutual inductance between phases can be minimised without 

changing the layout of the track. There is therefore little effect on the power transfer to a pick-

up at any point along the track. The primary drawback of this method is that each toroid adds 

a discrete amount to self inductance to the track phase in which it is added. This effectively 

reduces the length of track that can be driven with a given voltage, unless series capacitance 

is used to compensate for the extra inductance.  

In a bipolar three phase track, there are three distinct track loops. By virtue of the physical 

layout of the track cables, the two outer loops naturally overlap by x  = 0.3, which is close 

enough to the zero mutual inductance point that no compensation may be required. The 

remaining two pairs of tracks require compensation; A-C and B-C. If it is calculated that X 

toroids are required to fully compensate two track loops, then track loops A and B will each 

pass through X toroids, while loop C will pass through 2X toroids as it must be compensated 

with both the A and B phases. This requires that either X additional toroids are added to both 

the A and B phases to keep the self inductance of each phase equal, or the inductance of the 

X additional toroids on phase C be compensated out with series capacitors. 

It is important that the toroids do not saturate during operation, which would reduce their 

effectiveness and cause heating and possible failure. To this end, air gaps are cut into the 

toroids. This reduces the maximum flux density in the ferrite to a level below the saturation 

flux density, SATB . The flux density generated inside the toroidal core, CB , can be calculated 

by first finding the total flux (φ ): 
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∑
 (5-40) 

Here, CA  is the area of the toroid, and Cl  is the mean path length through it. airA  and airl  are 

the same measures for the air gap. Cµ  is the relative permeability of the ferrite used in the 

toroid, and NI  is the number of ampere-turns through the toroids. Fringing of the flux across 

the air gap must be taken into account. For air gaps which are small relative to the area of 

the core, this can typically be approximated by increasing the cross-sectional dimensions by 

the length of the air gap. For air gaps which are long relative to the core area, this may not 

be accurate. 
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The flux density within the ferrite can then be found: 

 C
C

B
A
φ

=  (5-41) 

The peak value of CB  must be significantly lower than SATB , or the ferrite will heat and its 

permeability will drop, causing a destructive thermal runaway condition. 

A consequence of cutting an air gap in the toroids is that the amount of inductance they each 

add will drop significantly. This results in more toroids being required to fully cancel the 

mutual inductance. Since inductance is proportional to the square of the turns, this can be 

avoided by using more than one turn. 

This compensation method was implemented on a three phase bipolar test track 7m in 

length. Measurements showed that six toroids add enough mutual inductance to compensate 

the track. As shown in Figure 5-23, five toroids (with 2 turns through each) were added to 

phase pairs A-C and B-C, while five dummy toroids were added to phases A and B to 

balance the additional self inductance. The final toroid cancels the small amount of mutual 

inductance between phase pair A-B. 

For either very long or very high-current tracks, this method of compensation will require a 

large number of toroids, which will be bulky and expensive. Thick cables will also be difficult 

to bend into multiple turns, requiring even more toroids. Thus the method does not scale 

well, and is best suited to medium-power systems of small to medium length. 

 

Figure 5-23: A practical implementation of the toroidal coupling. 
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The self and mutual inductance measurements for each phase of the track before and after 

compensation are shown in Table 5-5. The self inductance of the track increased by 19%, 

which would need to be either tuned out, or taken into account when tuning the track and 

calculating the voltage required to drive it. 

Table 5-5: Measured inductance values with toroidal compensation. 

 Before After 

Self Inductance 12.15 µH 14.45 µH 

Inductance, ABL  0.4 µH 0.05 µH 

Inductance, ACL  2.6 µH 0.24 µH 

Inductance, BCL  2.58 µH 0.26 µH 

 

Although the mutual inductances are not quite equal to zero, nor exactly balanced, their 

magnitudes have been reduced by around 90% to a point where their affect on the power 

supply is small. An oscilloscope capture of the three bridge currents sourced by an unloaded 

power supply operating with this compensation scheme is shown in Figure 5-24. The track 

current is 40A RMS per phase, and the only power draw is the loss in the track and the 

compensating toroids, which corresponds to around 175W per phase. 

 

Figure 5-24: Oscilloscope capture showing nearly balanced LCL input currents when using flux 

compensation. 
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5.6 Conclusion 

Three-phase power supply and track systems have recently been proposed for roadway 

power electric vehicles. These systems increase the total power available, and provide an 

improved power profile across the track without null points compared with single phase 

alternatives, enabling simpler and smaller pick-ups to be used on vehicles.  However, the 

geometric layout of the proposed tracks creates unbalanced mutual inductances between the 

track phases. 

Three methods have been presented to correct for these imbalances. First, the track cables 

can be rotated at carefully located positions along the track length. This allows the mutual 

coupling to be balanced or, in the case of two phase bipolar tracks, removed. This can add a 

significant length of cable to the track, increasing standing losses, and also disrupts the 

power transfer at the crossover points. 

The second relies on precise placement of the track cables. If the two loops overlap by 29% 

there will be no mutual inductance between them, but this disrupts the power profile, largely 

negating the benefits provided by a poly-phase track. 

The final option is to add additional magnetic coupling to the track phases which cancels the 

existing coupling. This is easily achieved by threading toroidal cores onto the track until the 

measured coupling between the phases is zero and is independent of the operating 

frequency of the inverter. This increases the self-inductance of the phases, and consequently 

the maximum track length that can be driven for a given voltage is reduced unless series 

capacitive compensation is used to counteract the extra inductance. However, since it results 

in no disruption of the power transfer to the pickup, this is the preferred option. 

 

 





 

125 

6 Practical Three-Phase IPT Power Supplies 

6.1 Introduction 

The difference between the electronic circuitry required of a single-phase and a poly-phase 

IPT inverter is straightforward, well known, and understood as it is not unlike that used in 

poly-phase motors. It was therefore assumed that an inverter of the appropriate number of 

phases was available to drive the track network. 

There is however one inherent difference in the setup of the IPT power supply over that of a 

normal inverter-driven system such as a motor drive that must be overcome; that of its 

installation. A motor is a carefully controlled load, where the winding resistance and 

inductance are deliberately designed, normally all the phases are balanced, and the 

parameters can be measured to a good degree of accuracy at the factory before being 

transported to the point of installation. The track that an IPT supply is expected to drive offers 

no such luxury. By its very nature, the IPT track must be fabricated at the point of installation 

and will be subject to all kinds of environmental factors that are beyond the control of the 

designer. 

This chapter examines the practical considerations involved in creating and installing a 

hybrid LCL-resonant IPT track and power supply. First, the circuitry and method of control is 

presented for a three-phase IPT power supply. Then a method of detecting the “tuned point” 

of the track network is presented. This method can be used to verify that the track is of the 

proper reactance for the power supply to operate, and allows the power supply to protect 

itself from errors in track tuning and to even assist in its own installation, reducing the need 

for specialised equipment which is often fragile and expensive. Finally, the loading effect of a 

flat pickup (as would be utilised in a roadway IPT system) on the track is examined. This is 

important, as it allows the components used in the production of the inverters to be rated 

appropriately. 

6.2 The Three-Phase Power Supply 

The circuitry to create a three-phase power supply is common to both unipolar and bipolar 

track topologies, and is very similar to that of a single-phase power supply. This section will 
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introduce the power circuitry required for a three-phase power supply, and then give the 

method of control that was implemented for the power supply used throughout this thesis. 

6.2.1 Track Network 

The basic circuit of a typical single-phase IPT power supply is shown in Figure 6-1. It 

comprises an H-bridge voltage-sourced inverter driving an LCL track network. The first 

inductor of the LCL network ( BL ) is physically made up of the leakage inductance of the 

output transformer, which can have any convenient turns ratio. The transformer is wound 

such that the leakage inductance is much larger than required, and the excess inductance is 

tuned out with the capacitor BC , which also acts as a DC-blocking capacitor, preventing 

saturation of the transformer. 1C  is the track tuning capacitor. 
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Figure 6-1: A basic IPT power supply with LCL track network. 

The extension of the single-phase inverter to its three-phase counterpart is simple, and only 

requires the addition of two switches, as shown in Figure 6-2. A twelve-switch version of the 

inverter, configured as three H-bridges (each equivalent to that in Figure 6-1), is also 

possible, allowing independent control of each phase. 
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Figure 6-2: Three-phase six-switch inverter. 

The exact form of the track network will depend on whether a unipolar or bipolar track is 

desired. In both cases, a delta-connected output transformer is connected to the terminals of 

the inverter via three DC-blocking capacitors. For the unipolar case the transformer output 

will be delta-connected, as shown in Figure 6-3(a) (wye-connected is also possible), and for 
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the bipolar track, an open-delta is used, which results in six output terminals, as shown in 

Figure 6-3(b). In each case the leakage inductance of the transformer is used as the first 

inductor of the LCL network, and is reduced in size to the correct amount by the use of a DC 

blocking capacitor. A complete three-phase power supply with bipolar track network is shown 

in Figure 6-4. 

A three-phase unipolar track network is subtly more difficult to tune because, if it is laid out 

with straight cables, then the inductances measured between the three pairs of terminals are 

not equal. This was detailed in the previous chapter. There are two ways to overcome this 

imbalance. An additional lumped inductor can be added to the central cable such that the 

three measured inductances are now equal, or the track can be laid out with cable crossover 

points. The track inductance to be tuned is then one half of the measured inductance 

between any two terminals (this is what would be expected from the previous chapter). The 

full three-phase unipolar track and power supply is shown in Figure 6-5. 
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Figure 6-3: Three-phase output transformer configurations (a) unipolar (b) bipolar. 
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Figure 6-4: Three-phase bipolar IPT power supply utilising a six-switch inverter and delta-delta 

output transformer. 
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Figure 6-5: Three-phase unipolar IPT power supply utilising a six-switch inverter and a delta-

delta output transformer. 

6.2.2 Track Current Control 

With standard single-phase inverters, the switches are in pairs driven with complementary 

drive signals, so that when one switch is on, the other must be off. This is to prevent shoot-

through, a condition which occurs when both of the switches in a pair is on simultaneously. 

This places a short-circuit across the DC bus, resulting in a very large current through the 

two switches. Repeated occurrence of this condition can result in switch failure. Here, the 

non-ideal switching times of the semiconductors are ignored for simplicity and it is assumed 

that no dead-time is required in the switching signals. 

Since the output transformer of the three-phase power supply is a delta input, a technique 

known as third-harmonic injection can be used for control over the track current. This 

involves the addition of pulses and notches to the drive waveforms of the inverter switches in 

order to introduce varying amounts of third harmonic content to the output waveforms. Figure 

6-6 shows the drive signals required to implement the control strategy. θ  is the width of the 

notches and pulses that have been introduced into the drive signals, and can vary from 0° to 

60°. Oscilloscope capture of the implemented drive signals are shown in Figure 6-7, where 

the effect of the pulse (marked as trace “P” in the oscilloscope capture) on the drive signals 

can be seen as the pulse width increases from 15° to 45°. 
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Figure 6-6: Switch drive signals to implement third-harmonic injection control. 
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Figure 6-7: Oscilloscope capture of the implemented drive signals showing (a) 15° pulse (b) 45° 

pulse. 

A Fourier series expansion can be performed on the line-to-neutral output waveforms (shown 

in Figure 6-6) to express them as an infinite sum of sinusoids. A DC bus voltage of 1V will be 

assumed here for generality. The harmonic magnitudes can then be scaled for any given bus 

voltage. 

 0
1

2 2( ) cos( ) sin( )LN n n
n

nx nxV x a a b
T T
π π∞

=

 = + +  
∑  (6-1) 

The three coefficients ( 0a , na , and nb ) can be calculated as: 
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It can be shown that the series contains only odd harmonics. The magnitude of each 

harmonic is given by: 

 
2 2

n n nH a b= +  (6-3) 

The harmonic content of the line-to-neutral output voltage is plotted in Figure 6-8 as a 

function of the notch width. Notice that as θ  increases, the magnitude of the fundamental 

component drops almost linearly, while the magnitude of the third harmonic rises. 

A Fourier analysis can also be performed on the line-to-line output voltage ( ABV , BCV , or CAV

). This can be drawn as an even function with zero DC offset, which gives the coefficients as: 
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 (6-4) 

Although this result cannot be readily simplified, it can be shown that the only harmonics 

present in the output voltage will be given by 6 1n x= ± , and that the normalised magnitude of 

the fundamental component will be given by 
2 3 cos( ) 2sin( )

2 2
θ θ

π
 − 
 

. The harmonic content is 

shown graphically in Figure 6-9. Note that, because they are zero-sequence, the triplen 

harmonics (defined as the odd multiples of the third harmonic, i.e. 3rd, 9th, 15th, etc.) have 

been completely eliminated by the use of the delta-connected output transformer. However, 

over most of the range of pulse widths, there is a non-negligible amount of fifth harmonic 

present in the output. This is a negative-sequence harmonic which opposes the action of the 

positive-phase-sequence fundamental component. Some additional amount of fundamental 

is therefore required to provide a given output voltage. 
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Figure 6-8: Harmonic content of the line-to-neutral output voltage. 

 

Figure 6-9: Harmonic content of the line-to-line output voltage. 

The primary drawback to this switching scheme is that the required switching speed is very 

high. In order to run the inverter at 38.4kHz, the switches much be switched at three times 

this frequency, or 115.2kHz. This is very high, and will limit the power level that can be 

implemented at this frequency. Furthermore, the dead time required to ensure no shoot-

through can interfere with the very small pulses needed when the pulse is close to either end 

of its range.  
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Practical limits to the pulse width have been found through measurement to be 15° to 45°, 

although this will vary with the exact driver chip and switches used (the test system used an 

IR2104 driver chip from International Rectifier, with a nominal intrinsic dead-time of 520ns, 

and IRFP22N50A MOSFETs, also from International Rectifier). The gate drive signals for the 

high and low side MOSFETS can be seen in the oscilloscope capture in Figure 6-10 (along 

with the mathematical difference of the two signals), where a pulse width of 20° has been 

used. Note that, while the notches are reasonably well formed, the pulses are not. This limits 

the effectiveness of the control scheme. 

 

Figure 6-10: Gate drive signals to the high and low side MOSFETS in a single inverter leg with 

20° pulse width. 

As stated earlier, an alternative inverter configuration is to use 12 switches to form three 

independent H-bridges, each equivalent to Figure 6-1. This allows a standard phase-delay 

output control scheme to be used [126], which has the same switching speed as the desired 

track frequency. This also allows the implementation of many alternative switching schemes 

to eliminate selected harmonics from the supply output [127]. 

6.3 Installation of an IPT Power Supply 

With any IPT system, it is very important that the resonant track network be properly tuned. 

This is particularly so for fixed-frequency LCL systems, which are becoming the norm, as the 

inverter has only minimal capacity to adjust for errors in the tuning. Failure to tune the track 
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properly results in an undesired reactive load on the inverter, reducing the maximum power it 

can provide and putting unnecessary stress on the switching devices. A variable-frequency 

power supply can adjust for errors in tuning at the output stage of the inverter to minimise 

stress on the switches, but this will normally result in reduced power transfer to the load in an 

IPT system (as the load is tuned for operation at the nominal track frequency), and operation 

at undesirable modes or greater EMI [82, 128]. 

The exact amount of reactive loading desired is a trade-off. It is desirable to have the inverter 

bridge running with unity displacement power factor (DPF), as this gives the minimum 

conduction losses, even though this means the bridge is hard switched. However, it has 

been shown that operating the inverter with a slightly lagging power factor can result in lower 

switching losses [129-131].  

To ensure that the inverter is run with the most desirable loading conditions (either zero or 

slightly lagging DPF), the impedances of the components in the LCL network must be 

carefully controlled. This is possible for the first two components, BL  and 1C , as they are 

installed when the power supply is manufactured, and can therefore (neglecting the effects of 

temperature and time degradation) be made essentially perfect. However, this is not the case 

for the track inductor, 1L , which must be fabricated at the point of installation. 

The final inductance of the track is determined by two factors; its geometry, and the presence 

of nearby materials. While it is possible to know the geometry ahead of time, this is not true 

for the materials. At the present time, industrial IPT systems are typically installed in areas 

where the surroundings are tightly controlled so that they do not affect the operation of the 

track. However, new applications are becoming possible that would require the track to be 

used in locations where the environment cannot be so tightly controlled, and there may be a 

large amount of metal around, for example steel rebar in concrete or nearby structures in a 

home. This metal may affect the inductance of the track.  

Since IPT pick-ups employ ferrite cores to boost power transfer, these will also affect the 

total inductance of the track. The track network tuning is therefore performed with the pick-

ups in place on the track. However, it has been shown [38, 39] that, while operating, a series 

tuned pick-up reflects no additional reactive load onto the track, and the reactance reflected 

by a parallel tuned pick-up is independent of load, providing that a decoupling controller is 

used [36]. Thus assuming that either the number of pick-ups is known and remains fixed 

(which is common in all materials handling and the majority of other industrial applications) 

and that these pick-ups are correctly tuned, or that the coupling between each pickup and 
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the track is low enough the ferrite has little effect on the track inductance, any reactive 

impedance reflected back onto the power supply can be exactly compensated and it is 

sufficient to model these as a pure resistive load. 

Due to these effects, it is essential that the tuning of the track be accurately measured in situ 

after it is installed. Specialized measurement equipment is normally required to determine 

the track inductance, but the process of achieving the correct overall tuning of the LCL 

network can be a time consuming, laborious process. This is further complicated because a 

standard LCR meter has insufficient drive current to accurately measure the impedance of 

high-Q circuits. The power supply itself is therefore in the best position to assist in its own 

installation by measuring the network impedance and detecting potentially damaging tuning 

errors. 

6.3.1 Input Characteristics of the LCL Network 

It was described in Chapter 2 that, when operated at resonance, the input impedance of the 

LCL track network is purely real. This is the ideal operating condition, but any method of 

detecting the tuned point of the network must be concerned with the behaviour of the circuit 

away from the resonant point, and with various tuning errors. 

Let the input impedance ( BZ ) of a generic LCL network (as shown in Figure 6-11) at some 

arbitrary angular frequency (ω ) be given by: 

 B B BZ R jX= +
 (6-5) 

R1

L1LB

C1
ZB

 

Figure 6-11: Generic LCL network with resistive load. 

Neglecting the parasitic impedance of the resonant components; 
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Since there are three reactive components, there are several possible resonant points for the 

LCL circuit. However only one is utilised in continuous-conduction IPT power supplies, 

corresponding to the inductive elements chosen such that 1BL L L= = . The supply is then 

resonant at one frequency: 0 11 LCω = . When operated at 0ω ω= , the input reactance goes 

to zero and the resistance simplifies to:  

 

2
0

1

( )
B

LR
R

ω
=  (6-8) 

Consequently, at this frequency, the input impedance is purely real allowing the inverter to 

operate at unity DPF. 

6.3.2 Detection of the Tuned Point 

There are two characteristics of BZ  that can be measured by the power supply; its phase and 

magnitude, both of which are frequency-dependent. Since the goal is to run with either unity 

or slightly lagging power factor, the ideal approach would be to determine the phase of the 

input impedance. However, the phase is very difficult to work with due to the LCL network 

being driven by a square wave inverter rather than a sinusoidal source. The input voltage 

and current both contain a large amount of harmonic content and accurately extracting the 

fundamental component is challenging. Furthermore, it is desirable to make the protection 

routine as simple as possible, and use a minimum of extra hardware. The magnitude of the 

input current is therefore preferable as the detection variable. Typically the output current of 

the inverter is measured for over-current protection purposes and thus the hardware required 

is already present and can be made use of.  

Proof that the track network tuning can be detected through only the magnitude of the input 

impedance will first be approached in a qualitative fashion. Figure 6-12 shows a plot of the 

magnitude and phase of BZ  for a properly tuned LCL network as the frequency is changed. 

The network is tuned to 38.4kHz, with a track inductance of 52µH and a load resistance of 

0.5Ω (a lightly loaded track was chosen, rather than unloaded, to improve the clarity of the 

graphs). Note that the frequency at which the phase goes through zero (i.e. the input is 

purely resistive) is very close to the point of maximum input impedance, which is in turn 

approximately equal to the tuned frequency.  

The individual components of the impedance are plotted in Figure 6-13 for the same LCL 

network. As expected from the previous results, as the input impedance reaches a 

maximum, so does the resistive component, and the reactive component goes to zero. This 
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indicates that finding the frequency which minimises the input current will be a good 

indication as to the tuned frequency of the LCL network. 

 

Figure 6-12: Input impedance of a lightly loaded and properly tuned LCL network. 
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Figure 6-13: Input impedance of a properly tuned LCL network as a function of input frequency. 

The frequency at which the current from the inverter is minimised will be the frequency that 

maximises the input impedance, ( )BZ MAXf f= . For an unloaded, perfectly tuned LCL network, 

it can be shown from (6-6) that this is the frequency at which 0BX =  and BR = ∞ . Therefore, 

for an unloaded, perfectly tuned LCL network, ( ) ( ) ( )B B BZ MAX X MIN R MAXf f f= = . Operation at this 

frequency will give unity displacement power factor and the minimum input current. 

A practical network cannot be perfectly tuned, nor will it ever be completely unloaded, and 

hence, in a practical system, these three frequencies will not be exactly equal, and simply 

finding the maximum input impedance will not give perfect power factor. However, it is 

acceptable that some error will exist when such a simple detection method is used, and a 

small derating of the power supply is allowed. It will be shown that in most circumstances, 

detecting ( )BZ MAXf  gives a close approximation to the tuned point of the LCL network. 

It can be found from (6-6) that the frequency which maximises BR  is given by: 
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It can also be shown from (6-7) that the frequency at which BX  is reduced to zero is: 

 ( )
2

1
( ) 2

1 1 1 1

1 1 1 1 1
2 2 2BX ZERO

B

Rf A
L C L L Cπ

= − + ± −
 (6-10) 

Where 

 
2 2

1 1 1 1
2 2
1 1 1

4 2B B BC R L L L R CA
L L L

 
= − − 

   (6-11) 

Derivations of these results are given in Appendix B. 

From (6-10), there are two frequencies (above DC) at which 0BX ≈ . It is the lower of these 

frequencies which is of interest for this application. The higher frequency zero corresponds to 

a mode in which the input impedance of the network goes to zero, which is undesirable for 

this application. If it is assumed that the mistuning is not too severe then the two inductances 

will be of similar magnitude ( 1BL L≈ ). Consequently, if the inverter is operated at lightly 

loaded conditions, such that 
21 0 1R Lω<<  (where 

20 1 11 L Cω = ), then it can be shown that the 

term 1 1A− ≈  and that the lower of the two frequencies ( ) ( )B BX ZERO R MAXf f≈ . Thus, the 

frequency at which the real current sourced from the inverter is minimised will also 

approximately equal the unity DPF frequency. 

Figure 6-14 shows the input impedance of an LCL network with a tuning error in 1L . The 

network is ideally tuned to 38.4kHz, with an 1L  value of 52µH, and a load resistance of 0.5Ω. 

For each sweep, the value of ( )BR MAXf  is shown using a vertical line. It can be seen that 

( ) ( )B BZ MAX R MAXf f≈  despite significant mistuning of the track inductor.  Since the load 

impedance is very low, this frequency must also be approximately equal to ( )BX ZEROf . 
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Figure 6-14: Input impedance as a function of frequency with an error in the value of L1. 

6.3.3 Practical Implementation of the Tuning Detection 

The advantage of the above method of tuning detection, described in section 6.3.2, is that it 

requires a minimum of sensors and processing on the part of the power supply. A single 

current transformer is required to sense the inverter bridge output current. Typically, this 

sensor is already present to provide over-current protection for the inverter switches. 

To perform the tuning detection, the inverter is swept over a range of frequencies by 

operating it for a short period of time at each of a series of predefined frequencies. The range 

of the sweep encompasses the nominal operational frequency. At each frequency the bridge 

output current is measured and recorded. The frequency at which the minimum bridge 

current occurs is determined after the sweep. If this frequency is determined to be acceptably 

close to the expected nominal operation frequency, the supply is allowed to power up and 

run as normal. 

If this frequency is outside acceptable limits, several actions are possible depending on the 

application. In most cases, it would be most appropriate for the power supply to simply 

indicate an error and power down. Corrective action can then be taken by an operator. In 

almost all practical installations series compensation (capacitance) is added into the track to 
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adjust the overall inductance to that desired, and this can now be adjusted to correct the 

problem. Alternatively active tuning could be employed to modify the series capacitance in a 

manner similar to that described in [132]. 

Track tuning detection (as proposed here) could also be applied periodically during 

operation, providing the system is operating under light load, as the detection algorithm takes 

little time and the test under these conditions would not cause the supply to be overrated.  It 

cannot be undertaken when operating with higher loads however, as this would place 

significant stress on the power switches.  In practice once the inductance of the track has 

been correctly tuned, it does not change significantly during operation. Detuning may occur 

slowly over many years due to capacitor degradation – but this would almost certainly be 

determined by the tuning sweep as described, which would run at each power-up.  

The measured input current into an essentially unloaded LCL network with varying frequency 

is shown in Figure 6-15. The network is ideally tuned to 38.4kHz with a track inductance of 

52µH. Oscilloscope captures of the power supply performing this sweep automatically are 

then shown in Figure 6-16. Figure 6-16(a) shows the current from the inverter bridge, and 

Figure 6-16(b) shows the feedback voltage that is derived from this current by a current-

transformer and rectifier. The frequency in this sweep is changed from 40,960Hz to 

36,141Hz in nine equal steps of approximately 535Hz. From Figure 6-16(b), the minimum 

current is detected at 39,009Hz, which is an error of less than 1.6% from the nominal 

38.4kHz. 
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Figure 6-15: Measured input current for an LCL network with various track inductance values. 
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(a) (b)
 

Figure 6-16: Practical results of using the tuning sweep (a) current from the inverter bridge (b) 

feedback voltage. 

6.3.4 Performing the Sweep under Load. 

System load ( 1R ) will obviously have an effect on the results of the tuning sweep. This is 

shown in (6-6). In practice, this load will be composed of both the parasitic resistance of the 

track conductor, and the reflected load of any pickups present on the track. 

The effect of different load resistors on the RMS input current of an LCL network is shown in 

Figure 6-17. As before, the network is properly tuned for operation at 38.4kHz, with a track 

inductance of 52µH. As is expected from (6-8), the minimum input current becomes larger as 

the load resistance increases due to the power requirements of the load. 
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Figure 6-17: RMS Input current to an LCL network as a function of frequency as the load 

resistance changes. 

The drawback to performing the tuning sweep with a significant load of the system is that as 

the load increases, the minimum of the input current becomes broader and less defined. This 

makes it harder to detect, requiring more accurate feedback. The location of the minimum 

also shifts to a lower frequency as the load increases. The result of this shift is that an on-

tune system with a heavy load appears to be off-tune. 

For these reasons, the tuning sweep should be performed while the system is lightly loaded. 

It is possible that high-loss tracks (particularly tracks that are not fabricated with Litz wire) will 

make the sweep impractical to implement. Any pickups present on the track must be made to 

draw a minimum of power while the system starts and performs the sweep. This is possible, 

as “smart” pickups can draw enough power to operate their control circuitry but not supply 

power to the load. The entire tuning sweep process takes less than a second to perform, 

after which full load power can be turned on, provided that the track has been deemed by the 

power supply to be acceptably tuned. 

6.3.5 DC Blocking Capacitors. 

As noted earlier, the power supply will normally feature a capacitor ( BC ) in series with the 

primary winding of the output transformer. This capacitor serves two purposes. First, it blocks 

any DC current, which would saturate the output transformer core. Second, it is a method of 
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trimming the leakage inductance of the output transformer, which is often used as the first 

inductor of the LCL network. The leakage is very difficult to design and accurately create, so 

the transformer is typically designed such that it has a much higher leakage than is required, 

and the excess is compensated using the DC blocking capacitor. 

It is assumed here that, at the nominal operating frequency of the power supply, the DC 

blocking capacitor and the leakage inductance of the transformer combine to create an 

effective inductor of the correct value (i.e. equal in value to the track inductor ). The DC 

blocking capacitor then has minimal effect on the input impedance of the LCL network as the 

frequency is swept for the tuning test.  

Figure 6-18 shows a plot of the input impedances of two LCL networks. Both networks are 

tuned for operation at 38.4kHz, with nominal track inductors of 52µH, and include a 0.5Ω load 

resistor. The first network includes a much larger input inductance of 224µH, compensated 

with a capacitor of 1µF. The second network includes only a 52µH inductor. It can be seen 

that around the tuned point, the two plots are nearly equal. Only away from the tuned point 

do they differ, and these differences are typically not enough to affect the performance of the 

tuning sweep. Consequently the detection method, as outlined in section 6.3.2, can still be 

used to detect the tuned frequency of the LCL network. 

 

Figure 6-18: Comparison of LCL network input impedances with and without DC blocking 

capacitors. 

6.3.6 Track Compensation Capacitors 

It was noted in chapter 2 that, if the length of track that must be driven is too large, series 

compensation capacitors can be added to reduce the equivalent track inductance, as shown 
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in Figure 6-19. This allows a given bus voltage to drive a given current into a much longer 

track than would otherwise be possible. These track compensation capacitors can interfere 

with the tuning sweep, as it is implemented above. 

R1

L1LB

C1
ZB

CL1

 

Figure 6-19: LCL track network with series compensation of the track inductor. 

As the inductance of the track ( 1L ) increases, the impedance of the series compensation 

capacitor ( 1LC ) must also increase such that the total equivalent inductance that is presented 

to the LCL network remains equal to the input inductance ( BL ). Assuming that 1LC  is 

accurate, then at the nominal operating frequency, the LCL network will have an equivalent 

input impedance that is purely real, as before. However, the shape of the input impedance of 

the network as the operating frequency is changed depends on the value of 1LC . 

The input impedance of an LCL network tuned for operation at 38.4kHz, and with a nominal 

track inductance of 52µH, is shown in Figure 6-20(a) and (b). The difference between the two 

simulations is that the network in Figure 6-20(a) actually contains a track inductance of 

156µH, but also includes series compensation of 166nF. At the nominal frequency of 

38.4kHz, this results in a total inductance of 52µH as required. The network simulated in 

Figure 6-20(b) simply uses a 52µH track inductance directly, with no series compensation. 

Both networks are loaded with 0.5Ω resistors. 

Notice that the graphs of the input impedance for the network including the series 

compensation are much narrower than for the network without series compensation. This 

effect becomes even more pronounced as the track inductance increases and the 

compensation capacitor becomes smaller (so that it has a larger impedance). While in theory 

this does not affect the tuning sweep, in practise it may cause problems due to the discrete 

frequency steps that are used to detect the frequency of peak input impedance. For very 

large track inductances, it is possible that none of the test frequencies employed by the 

routine will fall on or near the peak of the impedance graph. The only solution to this problem 

is to use a larger number of smaller sized frequency steps in the detection routine.  
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Figure 6-20: The input impedance of a properly tuned LCL network as the frequency is changed 

(a) with series compensation of the track and (b) with no series compensation. 

6.4 Conclusion 

This chapter has examined the inverter circuitry and resonant structures that will make up a 

practical three-phase IPT power supply and track. An operational strategy was developed 

that allowed a six-switch inverter to set the line-to-line output voltage of the inverter, and 

therefore control the track current, by injecting third-harmonic content into the output 

waveforms. The third-harmonic is blocked by the delta-connected output transformer. This 

strategy requires the inverter to switch at three times the desired output frequency and so is 

only applicable to systems running at lower frequencies or medium output powers at higher 

frequencies. 

The installation of an IPT system is challenging, since the output network must be carefully 

tuned and there are many factors that affect the inductance of the track, which must be 

fabricated at the installation site. A tuning detection algorithm was presented that allows the 

power supply itself to detect the tuned point of the track network, and thus assist in its own 

installation, and detect tuning errors before they can damage the inverter. This involves 

sweeping the inverter output frequency over a range that encompasses the desired nominal 

tuned frequency and detecting where the inverter output current is a minimum. The benefit of 

this system is that it is very simple, and requires very little auxiliary hardware to implement. 
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7 Poly-Phase System Loading 

7.1 Introduction 

The loading of a single-phase IPT system by a pickup is straightforward, since all of the 

power is supplied by the single power supply. The only considerations are the magnitude and 

power factor of the reflected load. The situation is significantly more complex for a poly-

phase track due to the multiple track loops that must be considered. Each loop can be 

providing a portion of the total pickup power, and will also be supplying an amount of reactive 

power that will vary with the position of the pickup relative to that loop. 

It is important to be able to calculate the loading conditions for each phase of the IPT track, 

as this is then used to calculate the appropriate VA ratings for the output transformers and 

switches in the inverter. The alternative is to simply assume that each phase must be 

capable of providing the entire output power, but this will result in an unnecessary overrating 

of the components and an increase in the cost and size of the power supply. In fact, as 

shown in this chapter, this could result in the power supply being under-rated for some track 

configurations, and is not an adequate approach. 

It should be noted that the effect of the pickup ferrite is neglected for this work. It is assumed 

that the change in inductance of each of the track phases as the ferrite moves relative to that 

phase is small. 

7.2 Background 

For this analysis, only steady-state conditions will be considered. Further, it will be assumed 

that the pickup is compensated with either a parallel or series topology, as shown in Figure 

7-1, and is operated at the resonant frequency ( 0ω ), given by: 

 0
2 2

1
L C

ω =  (7-1) 
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REQ
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L2 C2
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Figure 7-1: Pickup resonant structures with equivalent load (a) parallel resonant (b) series 

resonant. 

There are two load configurations in common use for IPT pickups, the inductive output filter 

and the capacitive output filter, as shown in Figure 7-2. These are the basis of the boost and 

buck power regulators, respectively. It has been shown [39] that the ideal equivalent load (

R EQ ) presented by these output structures can be given by: 

 
2

2

8 inductive filter
R

capacitive filter
8

L

EQ
L

R

R
π
π


= 



 (7-2) 

RL

L

C
REQ

RLC
REQ

(a) (b)  

Figure 7-2: Load configurations for an IPT pickup (a) inductive filter (b) capacitive filter. 

Referring to the mutual inductance model of the transformer that was introduced in chapter 

one, the influence of the pickup on the track can be represented as a voltage source in series 

with the track [36]. The value of this voltage source is given by: 

 12 2rV j M Iω=
 (7-3) 

Here 12M  is the mutual inductance between the track cable and pickup, and 2I  is the current 

flowing in the pickup coil. 
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To find the current flowing in the pickup coil, the impedance presented to the induced voltage 

source, OCV , by the circuits in Figure 7-1 (the apparent load) must be found. This is given by 

[38]: 

 ( )

2
2 2

2

2 2
2 2 2 2

2 2
2 2

1 series tuned

( 1)
parallel tuned

( ) 1 ( ) 1

EQ

EQ
EQEQ

EQ EQ

L CR j
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L C R L CR

j
C R C R

ω
ω

ω ω

ω ω

  −
+  

 
= 

+ − + + +

 (7-4) 

With the pickup operating at resonance, these expressions can be significantly simplified: 

 0
2

2 2
2 2

series tuned

parallel tuned
1 1

EQ

EQEQ

R
RZ Lj

Q Q
ω ω

ω
=


=   +   + + 

 (7-5) 

Here, 2Q  is the secondary quality factor, which for a parallel tuned pickup is defined as 

2 0 2 EQQ C Rω= . 

The current flowing in the pickup coil will then be given by: 

 2
OC

EQ

VI
Z

=  (7-6) 

The final piece of information needed to calculate the reflected voltage is the mutual 

inductance. If a flat pickup is used, which is the most likely for a vehicular application, the 

mutual inductance can be found using the standardised φκ  curves introduced in chapter four. 

For any other pickup shape, this step will be more challenging and will likely require 

computer simulation or measurement. 

As detailed in chapter four, in order to determine the mutual inductance between a single 

track cable and the pickup, the dimensions of the pickup must be normalised to find 

Xn X YP P D=  and Xn X XC C P= . The horizontal displacement of the pickup from the track cable 

in question must also be normalised to find Xn X YD D D= . The value for φκ  is then read 

directly from the standard curves. Finally, the value for the mutual inductance between the 

pickup and the nth track cable is found: 

 
1

2 2
2

n n
NM L
N φκ=  (7-7) 
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The voltage that is reflected to the nth track cable as a result of the current flowing in the 

pickup coil is therefore given by: 

 

2 2

1
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rn n
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V j M I
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N Zφ

ω

ω κ

=

 
=  

 
 (7-8) 

From this, the reflected impedance can be found: 
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=  

 

 (7-9) 

Where 1nI  is the current flowing in the nth track cable. 

For single-phase unipolar systems, which consist of only a single track cable, the expression 

in (7-9) can be simplified further, since it is possible to express OCV  in terms of the single 

track current: 12 1OCV j M Iω= . This gives the familiar expression [38]: 

 

2 2
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ω κ

= −
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 (7-10) 

Notice that φκ  (and therefore the mutual inductance) is a scalar quantity. The phase 

information contained in (7-8) comes from the phase of the pickup current, which is in turn 

determined by the phase of the induced voltage and the load on the pickup coil. These 

values are constant for a given pickup location. The voltages reflected onto each track cable 

must therefore be equal in phase, although the magnitudes will vary by virtue of the differing 

nφκ  values. Since the cable currents are at different phase angles, the pickup will present a 

reactive load to several, if not all, of the track cables. 

The phase of the impedance phasors will be determined by the difference in phase between 

the reflected voltage and the track current, which remains constant. It is therefore 

straightforward to calculate the resistive and reactive impedances reflected by the pickup 

onto any given cable, n: 
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 (7-12) 

As a final note, it can be seen from (7-10) that this method will result in a negative resistance 

reflected onto the track to indicate a transfer of power from the track to the pickup. Since this 

is simply a matter of nomenclature it is appropriate to negate rZ  (and hence also rR  and RX

) in the interest of clarity. This will result in a positive resistance being reflected to indicate 

real load, as would normally be expected. 

7.2.1 Reflected Load Example 

The reflected impedances will be calculated for a flat pickup centred above a three-phase 

unipolar track. The track consists of three cables spaced 100mm apart, and each carrying 

70ARMS of current at 38.4kHz. The currents in adjacent cables are separated electrically by 

120°, as is required for a three-phase unipolar track. The pickup is 20mm above the track 

and has a width of 200mm. It is wound with a 20-turn coil spanning the central 20% of the 

core width. This is shown, approximately to scale, in Figure 7-3. The inductance of the coil is 

56µH, and it is rated for 50W output into a resistive load. 

The coupling curve can be obtained from the graph in Figure 4-22 by reading off the line 

corresponding to a XnP  value of 10.0. The two points on this curve that give the correct φκ  

values are XnD  = 0.0 and XnD  = 5.0. Using these φκ  values, the mutual inductances are 

found using (7-7). Each of these values is given in Table 7-1. 

A B C

100mm

200mm

20mm

 

Figure 7-3: The pickup and track used for the loading example. 
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Table 7-1: Coupling values for the loading example 

 
XnD  nφκ  2nM  (µH) 

Phase A 5.0 0.079 0.221 

Phase B 0.0 0.364 1.019 

Phase C 5.0 0.079 0.221 
 

Also using the techniques outlined in chapter 4, the composite open-circuit voltage and short-

circuit current curves (shown in Figure 7-4) can be found. The uncompensated power curve 

is shown in Figure 7-5. As before, the discontinuities are caused by the discrete nature of the 

underlying coupling curves, and could be smoothed if required. From these curves, the 

voltage induced in the pickup coil at the centred location is 14.2V. The phase of the induced 

voltage must be determined from first principles: as shown in Figure 1-3, all induced voltages 

are 90° advanced in phase from the current that induced them. Since acV  is a composite 

voltage, the phases of each of the contributing currents must be accounted for. The phasor 

diagram showing the three track currents and their contributions is shown in Figure 7-6(a) 

(the phasor magnitudes are only representative). The values of these induced voltages are 

shown in Table 7-2. The phase of OCV  can be determined to be -30°. 

Table 7-2: Voltage induced in the pickup coil by each track current 

 
1nI  (A) 2nM  (µH) OCnV  (V) 

Phase A 70∠ 0° 0.221  3.73∠ 90° 

Phase B 70∠ -120° 1.019 17.21∠ -30° 

Phase C 70∠ 120° 0.221 3.73∠ -150° 
 

The pickup current caused by this voltage depends on the apparent load, which in turn 

depends on the method of tuning. For a series tuned pickup operated at the resonant 

frequency, the apparent load is purely real. In order to deliver 50W to the load with a OCV  of 

14.2V, the load must be 4.03Ω. Since the load is real, the current in the pickup coil will 

therefore be in-phase with the induced voltage, and equal to 3.52A. The voltages reflected 

onto the track cables can be calculated from (7-8). The values of these voltages are given in 

Table 7-3, and are shown graphically in Figure 7-6(b). Only one reflected voltage is shown, 

rather than all three, to simplify the diagram as they are all in-phase. 
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Figure 7-4: Voltage and current profiles for the example pickup. 

 

Figure 7-5: Uncompensated power produced by the example pickup. 

 

Table 7-3: Reflected voltages induced in each of the track phases 

 
2nM  (µH) rnV  (V) 

Phase A 0.221  0.19∠ 60° 

Phase B 1.019 0.87∠ 60° 
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Phase C 0.221 0.19∠ 60° 
The reflected impedances for each phase are found by dividing the reflected voltage by the 

track current. Simple trigonometry is then used to decompose this value into real and 

imaginary parts. These values are given in Table 7-4. The resultant impedance vectors are 

also shown graphically in Figure 7-6(b). 

I1-A

I1-B

I1-C

Vr

Zr-A

Zr-C

VOC

I2

Zr-BI1-A

I1-B

I1-C

VOC-B

VOC-A

VOC-C VOC

(a) (b)
 

Figure 7-6: Phasor diagram showing (a) the track currents and voltages induced in the pickup 
coil (b) reflected voltage and reflected impedances. 

Finally, the power (both real and reactive) supplied by each track phase can be found by 

multiplying the reflected impedances by the square of the track current: 2
N rNP I R= , and  

2
N rNVAR I X= . These powers are given in Table 7-5. When calculated in this fashion, negative 

power indicates power transferred from the track to the pickup, and positive power indicates 

power returned from the pickup to the track. 

It is also important to note that, if a bipolar track is being used instead of a unipolar track, the 

total reflected impedance seen by a single phase of the track is the sum of the reflected 

impedances on each of the cables that make up that phase (for example, the A phase is 

composed of the A+ and A- track cables). This summing ensures that, for a flat pickup, even 

though the pickup will reflect impedance onto the individual cables of a given track phase 

these impedances will sum to zero if the pickup is centred over the phase, and hence the 

pickup will not interact with that phase as would be expected. 

Repeated rounding errors have introduced small inaccuracies into the results given in Table 

7-5, but it can be seen that, even though the track is delivering only 47.6W to the pickup (and 
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hence to the load), phase B must supply 60.86W, a significant overhead of nearly 28%. The 

additional power is not wasted, however, but is returned to the power supply through phases 

A and C, which each draw 6.64W from the pickup. In addition, since the pickup is series 

tuned, it would present only a real load to a traditional single-phase system. In this three-

phase system, phases A and C must each supply 11.52 VARs. This highlights the need to 

consider the loading effects that are particular to poly-phase systems in the design phase. 

Table 7-4: Impedance reflected to each of the track phases 

 
rnV  (V) 1nI  (A) rnZ  (mΩ) rnR  (mΩ) rnX  (mΩ) 

Phase A 0.19∠ 60° 70∠ 0° 2.71∠ -120° -1.355 -2.35 

Phase B 0.87∠ 60° 70∠ -120° 12.42∠ 0° 12.42 0 

Phase C 0.19∠ 60° 70∠ 120° 2.71∠ 120° -1.355 2.35 

 

Table 7-5: Power delivered by each of the track phases 

 Real Power (W) Reactive Power (VARs) 

Phase A -6.64 -11.52 

Phase B 60.86 0 

Phase C -6.64 11.52 
 

7.3 Load Profiles 

The previous example explained the effect of a flat pickup on a three-phase track at a single 

position. As the pickup moves laterally across the track, the coupled voltage will change in 

both phase and magnitude, and the coupling coefficients to each of the track cables will 

change. The interaction between the pickup and track can therefore be very complex.  

The complexity of the changes in system load as the pickup moves horizontally across the 

track will be abstracted here into a set of curves known as a load profile (LP). The load 

profile consists of two curves for each phase of the track: one represents real load and the 

other reactive load. In this manner, the effect that the pickup has on each of the track phases 

at each point across the width of the track area can quickly be identified. 

Producing the load profiles is a simple matter of repeating the steps outlined in the previous 

section for numerous pickup positions across the width of the track. At each position, the 
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coupling between the pickup and each of the track cables must be re-evaluated, along with 

the magnitude and phase of the induced voltage in the pickup coil. 

Each of the load profiles shown in this section will make use of the standard pickup as was 

defined in section 4.2. The track will also operate at the standard frequency of 38.4kHz, and 

current of 80A RMS. In each case, the pickup is delivering 100W real power to a resistive 

load through a controller, and it is assumed that the tuning is such that the pickup can 

operate at a sufficiently high SQ  to achieve this power.  Except where noted, the pickup is 

series tuned. 

7.3.1 Three-Phase Unipolar Load Profiles 

Full load profiles for a three-phase unipolar track system with 40mm cable separation are 

shown in Figure 7-7. The slight jaggedness is caused by the discrete nature of the coupling 

curves that the load profiles are derived from. As expected from the previous discussion, the 

load on the B-phase is purely real when the pickup is centred above the track, and moves 

between inductive and capacitive as the pickup moves across the track. At each location 

there is a total of zero reactive power being sourced by the pickup, which is to be expected 

as it is series tuned and must present a purely real load to the system as a whole. 

It can be seen from Figure 7-7 that the load-sharing between the phases of the unipolar track 

is extremely poor. The pickup is delivering 100W to the load, and all three phases exceed 

this value over a reasonable portion of the track width. In addition, the reactive power that 

each phase must supply exceeds 90 VARs, both capacitive and inductive, over parts of the 

track width. 
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Figure 7-7: Load profiles for a three-phase unipolar track showing the reflected (a) resistance, 
(b) reactance, (c) real power (d) reactive power (e) total power.  

7.3.2 Two-Phase Bipolar Load Profiles 

The load profiles for the same pickup operating from a two-phase bipolar track are shown in 

Figure 7-8. The track has 40mm between adjacent cables. 

When centred above a phase-pair (i.e. the forward and return cable of a single phase) the 

pickup cannot interact with that phase in any way because it reflects an equal but opposite 

impedance onto each of the cables, which sums to zero. The two-phase bipolar track 

illustrates this effect clearly, with each phase being required to supply the full load power of 

100W when the pickup is centred over the other phase. In addition, the total reactive power 

reflected onto either phase is reduced by nearly 50% to around 50VARs. 

The two-phase bipolar track load shares more effectively than the three-phase unipolar track. 

Neither phase is required to supply more than the rated load power for any point across the 
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track width. The reactive loading is also reduced to approximately half of the total real load 

power. 
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Figure 7-8: Load profiles for a two-phase bipolar track showing the reflected (a) resistance, (b) 

reactance, (c) real power (d) reactive power (e) total power.  

7.3.3 Three-Phase Bipolar Load Profiles 

The load profiles for the same pickup on a three-phase bipolar track with 40mm spacing 

between adjacent cables are shown in Figure 7-9. Again, the reactive load that is reflected 

onto the track at each point sums to zero as required. The load sharing for the bipolar track is 

much better than for the unipolar one. Within the bounds of the track, the power required by 

any given phase never exceeds 90W, and the reactive load has been reduced to around 

30VARs. 

For comparison, the loading profile of the same pickup and the same three-phase track 

layout is given in Figure 7-10, but with a parallel tuning circuit. Notice that the load sharing 
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has been degraded, and that the total reactive load reflected onto the track is no longer zero, 

but varies to as much as 25 VARs. 
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Figure 7-9: Load profiles for a three-phase bipolar track showing the reflected (a) resistance, 

(b) reactance, (c) real power (d) reactive power (e) total power.  
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Figure 7-10: Load profiles showing the transferred power for a three-phase bipolar track with 
parallel tuned pickup (a) real power (b) reactive power (c) total power. 

7.3.4 Practical Measurement of Load Profiles 

To confirm the methodology used to produce the load profiles, a test system was created 

and the loading effects measured as the pickup was moved across the width of the track. 

The track used in the test system is a three-phase bipolar design with 40mm between 

adjacent cables. It operates at 38.5kHz and carries 40A RMS pr cable. 

The pickup used has dimensions of XP  = 120mm, YP  = 20mm, ZP  = 210mm, and is wound 

with an 11 turn coil which spans the centre 40% of the ferrite. The pickup coil is measured to 

have a self-inductance of 63µH, and is parallel tuned with a 275nF capacitor.  When placed 

on the track, the pickup is 15mm above the centre of the cables. The pickup output is 

regulated (using a fast-switching boost-topology regulator) to 300V DC, and the load profile 

was taken with a constant load of 400W. The theoretical load profile for this system is shown 

in Figure 7-11. 
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Figure 7-11: Load profiles showing the transferred power for the practical system (a) real 

power (b) reactive power (c) total power. 

Unfortunately, the load measurement is difficult to make accurately. Ideally, the voltage and 

current in the track inductor would be measured. From the phase and magnitude of these 

two measurements, the real and reactive loads on the track could be deduced. This method 

isn’t practical however, since the quantity of VARs in the track is so large (a track inductance 

of 30µH, operating at 38.4kHz and carrying 40A results in 11.58kVAR) the phase difference 

that results from a small load change is so small that it is very difficult to measure accurately. 

An alternative method was chosen here, where the RMS input current to the track LCL 

network was measured at each load position. A full schematic of the test system with the 

measurement points is shown in Figure 7-12. Again, this method is not ideal as the input 

current to a practical LCL network driven with a square-wave voltage contains many 

harmonics, and it is impossible to separate the real and reactive power. However, the 

changes in load with position can be measured, and so it is preferable to the previous 

method. The measured RMS input current for each of the three track phases is shown in 

Figure 7-13 (where the pickup location is measured relative to the side of the track). 

It is difficult to see the precise effect of the pickup load from these measurements, since they 

include the standing losses in the track, the input harmonic content, and also any reactive 

power needed to overcome an error in the tuning of the LCL network. To reduce these 

errors, the unloaded RMS current of each phase can be subtracted from the measurements 

to give a new value, ΔIB which represents the deviation of the input current from the unloaded 

value due to the effect of the pickup. The resultant values should more accurately represent 

the effect of the pickup load. The results of this are shown in Figure 7-14. 
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Figure 7-12: Three-phase IPT system showing measurement point for LCL input currents. 

 

Figure 7-13: Measured RMS input current for the practical system. 

While the measured results to not exactly match the theoretical predictions, they do show the 

same trends and have many similarities. For example, the input current of phase B is 

approximately equal to the no-load input current when the pickup is centred over the track. In 

addition, each of the phases shows a variation of around 1A RMS in input current. With the 

power supply outputting a fundamental RMS voltage of 300V, this comes close to the 300W 

that each phase is required to supply, as predicted. The plot of the input power to each 

phase, obtained by multiplying the results in Figure 7-14 by the RMS voltage, is shown in 

Figure 7-15. It is expected that a closer match between the measured and predicted results 

would be achieved if the quantities could be measured more accurately. 
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Figure 7-14: Measured RMS input current for the practical system, with standing losses 
removed. 

 

Figure 7-15: Approximate power (excluding standing loss) delivered to each phase. 

7.4 Conclusion 

This chapter examined the loading effect of a flat pickup on a poly-phase track. Due to the 

phase difference between the track cables, the load that is presented by the pickup is much 

more complex than for that of a single-phase track. Even series-compensated pickups place 

a large reactive load each phase, whereas they would not on a single-phase track.  
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It was also shown that a three-phase unipolar track will not load-share as might be expected, 

and in fact each phase must be rated for continuous transfer of real power much greater than 

the rated output of the pickups running from it. This is in addition to the large reactive load. 

A three-phase bipolar track will load-share much more effectively, and allows the inverters to 

be produced with lower rated components, enabling a cost saving. However, the inverter 

must still be capable of supplying the reactive power required by the pickup. 

In the future, the additional effect of the changing phase inductances as the pickup ferrite 

moves must also be taken into account. This may act in such a way as to reduce the 

undesired reactive loading of the pickup, or it may act in such a way as to worsen it. 
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8 Quadrature Pickups for Poly-Phase Systems 

8.1 Introduction 

This thesis has investigated the possibility of enabling the pickups in an IPT system to have 

greater freedom of movement while still maintaining an adequate power transfer through 

modifications to the track. This has been achieved through a new poly-phase track topology, 

which generates a rotational magnetic field instead of the static field created by a traditional 

single-phase track. This system allows the use of a very simple and low-cost flat pickup 

structure, and so the bulk of the work has been towards making the best use of this pickup 

structure. 

Traditional flat pickups only make use of the tangential component of the flux that is 

generated by the IPT track. For single-phase tracks, this creates a problem because of the 

centrally-located null in the tangential field profile, where no power can be transferred. This is 

not the case for poly-phase tracks because the rotational nature of the magnetic field means 

that there are no null points in the tangential component across the width of the track. 

However, it does mean that the normal component of the field is being wasted. The magnetic 

field plots in chapter two showed that the normal component of the magnetic fields generated 

by the poly-phase track is nearly equal in magnitude to that of the tangential field, and is also 

essentially constant across the width of the track. Making use of the normal field component 

in addition to the tangential component would therefore possibly convey some advantages to 

the pickup in terms of the magnitude and consistency of the power transfer across the width 

of the track. 

This chapter investigates the possibility of adding a second winding to the flat pickup that will 

allow it to take advantage of the normal field component as well as the tangential component. 

Ideally, this addition will be made while sacrificing as little as possible of the performance of 

the tangential coil and will still allow the low cost flat pickup core to be used instead of a more 

expensive flat-E core. 
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8.2 Quadrature Pickups 

The quadrature pickup was introduced in chapter 2, as a pickup that utilises both the vertical 

and horizontal components of the magnetic flux produced by the IPT track. Typically, this is 

achieved by physically winding two coils on a common core in a quadrature arrangement; 

one oriented horizontally to capture the normal flux and the other oriented vertically to 

capture the tangential flux. These kinds of pickups typically use a flat-E core as shown in 

Figure 8-1, as the two coils can easily be wound on the E-shaped core.  

 

Figure 8-1: Quadrature pickup with a flat-E core. 

The same E-core quadrature pickup is shown in Figure 8-2 without the vertical coil but with 

some representative flux lines added. This pickup is only capable of capturing the normal flux 

component. 

 

Figure 8-2: Flat-E pickup with only the normal-flux coil, showing flux paths. 

It is also possible to create a quadrature pickup using two coils wound on a flat core if the 

coils are carefully positioned and connected. Figure 8-3 shows a flat core with two physically 

separate coils wound on it; a “split coil”. The two coils are identical except for their positioning 

on the core. The width of each half-coil is denoted X VC −  and the distance between their 

centres (the coil separation) is SC . 

CX-V CX-V

CS

 

Figure 8-3: Quadrature pickup with flat core, showing dimensions. 
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There are two possible series electrical connections for the two coils; in-phase as shown in 

Figure 8-4(a), or out-of-phase as shown in Figure 8-4(b). If the two coils are connected in-

phase then they will act as the standard horizontal tangential-flux coil. That is, any flux that 

couples to both coils, as shown in Figure 8-5(a) will induce a voltage within them that is in-

phase and the voltages will sum to give an overall output voltage.  

(a) (b)

VOC-A

VOC

VOC-B VOC-A

VOC

VOC-B

 

Figure 8-4: Possible electrical connections for the split-winding of the flat-core quadrature 

pickup (a) in-phase (b) out-of-phase. 

If the coils are connected out-of-phase then any flux that couples to both coils will oppose 

and generate no overall output. However, if the pickup is positioned over the track in such a 

way that the flux coupling to each coil is also out-of-phase, as shown in Figure 8-5(b), then 

there will be an overall voltage generated at the pickup terminals. Therefore, if the split coil is 

connected out-of-phase, it forms an effective pickup for normal flux. If it is then combined 

with a standard tangential flux coil on the same core, a quadrature pickup has been created. 

(a) (b)
 

Figure 8-5: Possible flux paths through the flat-core quadrature pickup (a) common flux (b) 

opposing flux. 

The final geometry of the flat-cored quadrature pickup is shown in Figure 8-6. Three coils are 

used; the outer two being connected out-of-phase to form the normal flux winding and the 

inner coil forming the tangential flux winding. The three coils have been shown slightly 

physically separated for clarity. This is not required, and it is likely that the winding area 

would be completely filled in a practical design. 
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L2HL2V-A L2-VB

 

Figure 8-6: The flat-core quadrature pickup, showing the spit-winding normal-flux coil and the 

standard tangential-flux coil. 

The method of tuning and control for the quadrature pickup is very similar to that of the 

standard tangential-flux flat pickup [34]. Each of the two coils is parallel-tuned to be resonant 

at the operating frequency of the track. The two tuned circuits are then independently 

rectified and the outputs of the rectifiers are themselves placed in parallel. The output of this 

is controlled with a standard boost-topology switching controller. A schematic of this is shown 

in Figure 8-7. Since the parallel-tuned circuits act as current sources at resonance, their 

power output can be added in order to find the total power output of the pickup. 

VOUTCDC

LDC

L2H C2H

C2V

L2V-B

L2V-A

 

Figure 8-7: Tuning and control circuitry for the quadrature pickup. 

The split winding will take up some of the space on the core that could have been used for 

the tangential winding. It was shown in chapter four that, in general, a wider tangential flux 

coil is better than a narrow one. It provides a more consistent power profile and lowers the 

coil inductance (assuming a constant number of turns), giving a higher short-circuit current. It 

will generally not be possible to make the tangential flux winding the full width of the core and 

then add the split winding on top of this, as it will increase the thickness of the pickup and 

therefore reduce the ground clearance. The core would then have to be raised to 

compensate for this which will lower the power transfer. 

The goal here then, is to examine the effect of the split winding geometry on the power 

transfer. While it may be that many applications are unable to benefit from the addition of the 
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split winding due to constraints on the core size, it is also possible that some applications 

could realise a significant improvement in the total power transfer to a given core size by 

reducing the size of the tangential-flux coil and adding a split winding. To generate the 

maximum output, the flux that couples to the two halves of the split winding must be 180° out 

of phase. Because of this, the positioning of the two halves on the core is very important, and 

will be dependent on the track spacing. 

8.3 Spit Coil Geometry 

As noted earlier, since the two split-coils that make up the vertical winding are connected 

out-of-phase, it is desirable that the flux coupled to each half coil is also 180° out-of-phase in 

order to maximise the output. This would indicate that the optimal location for each of the 

coils is likely to be with each half coil centred above cables carrying currents that are 180° 

out-of-phase. 

To test this theory, a set of computer simulations were created that used a single large ferrite 

bar located 10mm above the centre of the track, shifting the positions of the half coils on the 

bar.  The bar itself had dimensions XP =160mm, YP =5mm, and ZP =35mm. The simulation 

was run for half coils of various widths (10mm, 20mm, and 40mm), but each half was wound 

with 10 turns. A three-phase bipolar track was used, containing 80A RMS per cable and 

operating at 38.4kHz. The results of the simulations are shown in Figure 8-8(b). The same 

simulation was repeated with the ferrite bar made 200mm wide, and the results are shown in 

Figure 8-8(b). 

Since the track uses 40mm spacing between adjacent conductors, it would be expected that 

the coil spacing which gives maximum power transfer would be 120mm (i.e the coils are 

situated above the forward and return cables of the same phase). For the two simulations 

X VC −  equal to 10mm and 20mm, this is true, however when the coil width is increased to 

40mm, the optimal point becomes slightly smaller; approximately 110mm. 

It can also be seen that using wider vertical coils results in a higher power transfer. The 

10mm coils give a peak power output of 54VA for the 160mm ferrite bar, while the 40mm 

coils give a peak output of 65VA. Since each of the half-coils can be viewed as a standard 

tangential flux coil by itself, this is not surprising given the previous results for the horizontal 

coil that suggested a wider coil has a grater coupling factor and less inductance (assuming a 

constant number of turns), which will result in higher power transfer. 
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(a)  

(b)  

Figure 8-8: Power transfer to the normal-flux coil of a flat quadrature pickup as a function of 

the split-winding coil spacing at three different coil widths with (a) 150mm ferrite 

width and (b) 200mm ferrite width. 

The size of the ferrite that the coils are wound on will obviously also affect the power transfer.  

This effect is demonstrated in Figure 8-9, which shows the power transfer to a split-coil 

winding on a standard flat ferrite bar operating from a standard three-phase bipolar track with 

40mm cable spacing. For these simulations, the width of the ferrite bar was increased from 

140mm to 200mm, while all the other variables were held constant. The split coil size was 

X VC − =20mm, and the separation was SC =120mm.  These results show that, as the ferrite 

width is increased, the power transfer increases almost linearly. From previous results with 

horizontal-flux flat pickups, it is very likely that this increase will reduce and even reverse for 
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very large ferrite widths, but by that time the ferrite will already be unreasonably large 

compared to the total track width. 

 

Figure 8-9: Power transfer to the normal-flux coil of a quadrature pickup as a function of ferrite 
width with constant coil parameters. 

8.4 Flat-Core Quadrature Pickup Power Transfer 

It has been determined that for optimum operation, the split-winding coils must be separated 

by a distance that places them above cables in which the currents are separated electrically 

by 180°. For a three-phase bipolar track with 40mm cable spacing (as tested here), this gives 

an optimum coil separation of 120mm. As well, the power transfer improves as the coil width 

increases and as the ferrite width increases.  

8.4.1 Split-Winding Coil Power Transfer 

In order to determine the benefit of using both the split-winding normal-flux coil and the 

standard tangential-flux coil on the flat pickup, a series of simulations were run using the 

same ferrite pickup core and with a number of coil configurations. The core measurements 

are YP =5mm, Pz =35mm, and XP =150mm, and it is operating 10mm above a three-phase 

bipolar track, with 40mm cable separation and 80A RMS current per cable. 

Two different split-winding coil configurations were tested on this core. The first used coils 

10mm wide and separated by 120mm. The second used coils 40mm wide and separated by 

110mm, which was discovered previously to be the optimal location for coils of this width. 

The results of these simulations are shown in Figure 8-10. 

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250

U
nc

om
pe

ns
at

ed
 P

ow
er

, S
U

(V
A

)

Pickup Width, PX (mm)



Chapter 8   Quadrature Pickups for Poly-Phase Systems 

172 

 

 

Figure 8-10: Power transfer profiles for two optimally-located spit-winding coils of different 
widths on a 150mm wide flat core. 

8.4.2 Tangential-Coil Power Transfer 

A second set of simulations was performed for three different tangential-flux coils with the 

same track and core as in the previous section; 70mm, 110mm and 150mm. The first two 

coils are sized to fit between the split-windings of the normal-flux coils simulated previously. 

The third coil is sized to completely cover the pickup core. These results are shown in Figure 

8-11. 

 

Figure 8-11: Power transfer profiles for three different widths of tangential-flux coil on a 150mm 

wide flat core. 
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The tangential-flux coil results in Figure 8-11 are interesting because no optimisation has 

been attempted for the tangential-flux coil. Indeed, the core width is far from optimal for a 

tangential-flux coil design. Notice that as the coil width decreases the power transfer in the 

centre of the track actually improves. This indicates that the core is too large for the given 

track spacing and vertical displacement of the pickup, and too much destructive interference 

is occurring between the voltages coupled from the different track cables. However, the 

effect is relatively minor compared to the much larger detrimental effect of having the spit 

windings of the normal-flux coil placed sub-optimally. 

8.4.3 Overall Power Transfer to the Pickup 

The final set of results is simply the summation of the uncompensated power of the normal 

and tangential-flux coils appropriate for each configuration (150mm tangential-flux coil only, 

or 70mm tangential coil with a 40mm split-winding normal-flux coil etc.), and is presented in 

Figure 8-12. 

 

Figure 8-12: Overall power transfer to three different configurations of a flat-core quadrature 

pickup. 

From these results, it can be seen that the addition of the normal-flux coil offers a substantial 

increase in power transfer over an equivalently sized pickup that utilises only a tangential-flux 

coil. At the central position, the addition of a 10mm spit-winding coil gives an increase of 

nearly 56%, and this increases to around 67% with the 40mm split-winding.  

The magnetic fields created by a single-phase or meander-style track contain nulls in both 

components. Therefore, when a quadrature pickup is utilised on one of these type of tracks, 

there are points at which one of the coils must supply the entire load power because the 
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pickup is located such that the other coil is producing no power. Because of this, it is 

desirable that the uncompensated power output of both coils be of a similar level, to simplify 

the controller design and to keep the operating value of SQ  low. In contrast, due to the 

rotating field created by the poly-phase track, there are no nulls in either component of the 

magnetic field across the width of the track. At all points the power output from the two coils 

can both be utilised and they simply reinforce each other. There is therefore no need to 

attempt to balance their outputs. 

8.5 Inductance Considerations 

One of the more difficult aspects of fabricating a quadrature pickup on a flat core is that the 

inductance of the overall vertical-flux coil is very sensitive to the positioning of the two half 

coils which comprise it. Since the two half coils are connected out-of-phase, the flux that they 

generate when energised will naturally interfere destructively. If the coil spacing was zero 

and the two coils were wound on top of each other, this would lead to zero overall self 

inductance and the coil could not be tuned. Since a pickup will be constructed with a non-

zero coil separation, each half coil has some leakage inductance, and this combines to make 

up the inductance of the overall coil. Figure 8-13 shows the overall vertical-flux coil 

inductance for a standard flat pickup with a width of 160mm when the spacing of the two half 

coils is changed.   

 

Figure 8-13: Inductance of the split-winding normal-flux coil as a function of the coil separation 

and width. 
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taken when fabricating the split-winding coil. For this example, when the vertical-flux coil is 

fabricated from two 20mm half-coils, it has an inductance of 93µH when placed in the optimal 

120mm separation, but this changes to 83µH at 130mm and rises to 99µH with 110mm 

separation, changes of -11% and +6%, respectively. 

8.6 Conclusion 

This chapter has introduced the use of a quadrature pickup with a poly-phase track 

configuration. The quadrature pickup was first introduced as a way to improve the tolerance 

of single-phase IPT systems to misalignment of the pickup. Due to the rotational nature of 

the magnetic fields generated by a poly-phase track, this benefit is no longer of primary 

interest, however since the quadrature pickup utilises both components of the flux, it can 

provide a substantial boost to the power transfer over a standard horizontal-flux flat pickup 

with the same core size. The tests performed here show an improvement of up to 70%. 

It has been shown that the power transfer to the normal-flux coil of a flat-core quadrature 

pickup is maximised by positioning each of the split-winding coils such that they are above 

cables containing currents that are electrically separated by 180°. Furthermore, the power 

transfer is improved by widening the split-winding coils, and by adding additional ferrite at the 

ends of the pickup core. 

The power transfer is highly sensitive to the positioning of the split-winding coils, and as such 

the flat-core quadrature pickup will not be appropriate for all systems. However, it can 

provide a significant improvement in power transfer if the core can be sized appropriately, 

and the additional tuning and control circuitry is an acceptable cost. 

This chapter has only touched on the design and power transfer characteristics of the flat-

core quadrature pickup. More work is required in the future to optimise the geometry, and 

this is the focus of ongoing work towards another PhD thesis. 
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9 Conclusions and Future Work 

9.1 General Conclusions 

The goal of the work carried out for this thesis was the characterisation of new poly-phase 

IPT track layouts. Poly-phase tracks are intended to increase the width over which power is 

available to the IPT pickups while enabling the use of simple low cost pickup structures. 

The application of IPT to vehicular systems has presently been limited to battery charging of 

a stationary vehicle, or systems where the vehicle movement is essentially one-dimensional 

(such as monorails or trains). This is because the power transfer from the track to the pickup 

drops rapidly as the pickup moves away from the IPT track cables. In applications where the 

vehicle is operated by a person, the alignment requirements for acceptable power transfer 

cannot be met. 

Many ways of increasing the tolerance of the system to misalignment of the pickup have 

been proposed. Typically, these involve a bulky pickup structure which is heavy and 

expensive, or complex track arrangements which do not scale well to high power levels. The 

poly-phase track takes a different approach, using a simple track arrangement of three or 

more parallel conductors running the length of the roadway, each driven by a phase-shifted 

waveform. Chapter 3 showed that this creates a moving magnetic field in the style of a linear 

induction motor, but where the field rotates across the width of the roadway rather than down 

its length. 

The rotational magnetic field avoids the nulls that are created by traditional single-phase 

tracks and, by virtue of the multiple track conductors, the magnetic field is created over a 

significantly greater width. This gives the pickup much greater tolerance to movement while 

still maintaining a high level of power transfer. In addition, simple flat pickups can be used, 

keeping the cost and weight to a minimum. 

In addition to the coupling improvement of the pickup when moving laterally relative to the 

track, poly-phase tracks can also provide a higher power transfer to a given pickup than a 

single-phase track with the same current per cable. This is due to constructive interference 

between the adjacent track cables. Alternatively, the track current can be lowered in the poly-
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phase track to bring the power transfer to a comparable level and save money on the 

required track cables. 

9.1.1 Power Transfer to a Flat Pickup 

While a poly-phase track allows the pickup much greater freedom of movement, the system 

is very difficult to design due to the number of independent variables. Traditionally, IPT 

systems are designed through a process of computer simulation and experimental 

verification. The number of variables in a poly-phase system makes this approach difficult.  

It was shown in chapter 4 that the total voltage induced in a flat pickup by a poly-phase track 

is equal to the superposition of the contributions of each of the cables in the track. It is 

possible to calculate the voltage induced in a flat pickup from an arbitrary poly-phase track 

arrangement by considering each of the cables separately. Using a technique developed 

earlier [113], the voltage induced in a flat pickup by a current in a single cable is determined 

by the cross-sectional geometry. This reduces the number of variables that need to be 

considered and allows the creation of normalised curves that can be used to determine the 

induced voltage in an arbitrary pickup by a current in a single cable. By using the normalised 

curves and the superposition techniques, the induced voltage in an arbitrary flat pickup by an 

arbitrary poly-phase track can be found through a few simple calculations, without any 

computer simulation or measurement. 

Since it is possible to find the induced voltage in a given flat pickup topology very quickly, 

either by simulation, the coupling curves, or measurement, a design procedure becomes 

possible. This involves creating a set of specifications that places limits on each of the 

geometric variables. The variables are then quantised and a set of each of their possible 

values created. For example, if a system is to be created for a vehicle that is 2m wide, then it 

is very unlikely that the pickup can be wider than 2m. The set of possible pickup widths can 

then be set from a minimum of 0.5m to a maximum of 2m in steps of 5cm. Both the minimum 

size and step size are chosen arbitrarily. Making them smaller will result in more possible 

system geometries. For each possible value of each variable, a system geometry is created 

and the power transfer profiles are calculated. Even for designs with a great number of steps 

in each variable, this will only take a few seconds. 

Due to the number of variables, there will typically be many system designs that can meet 

the electrical and physical specifications. Determining the final design will then require 

picking which of the variables is to be optimised. For example, it may be decided that 
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designs which feature a pickup using only a small volume of ferrite are to be favoured, 

perhaps even at the cost of an increased track current requirement. 

9.1.2 Selecting a Track Topology 

This thesis focused on two-phase bipolar, three-phase unipolar, and three-phase bipolar 

track topologies, but the techniques presented are applicable to systems where the track 

contains any number of phases. Increasing the number of phases in the track provides 

benefit to the power transfer in the form of higher power transfer for a given track current and 

greater consistency in the power profile. It is tempting then to go to extremes and consider 

the use of a very high number of phases. Although this would indeed provide a very high 

power transfer, constant over the width of the track, it comes with a number of drawbacks, 

and the number of phases used must be carefully considered. 

As the number of phases increases, the magnitude of the power transfer also increases due 

to the constructive coupling between adjacent cables. This allows a smaller per-cable track 

current to be used to obtain the same power transfer, and thus smaller track conductors. 

Therefore, the incremental cost of running more conductors the length of the track is smaller 

than it may first seem; the total amount of copper required does not increase linearly with the 

number of track phases. Taken in addition to the decreased variation in the induced voltage, 

and higher tolerance to movement, that comes with the increased number of track phases, 

then the increase in track conductor cost may be worthwhile. 

However, the cost and complexity of generating the required track currents also increases 

with the number of track phases. The prototype system used for this thesis created a three-

phase bipolar (six wire) track using a six-switch inverter and a three-phase delta-delta 

isolating transformer. This topology and the subsequent track current control required very 

fast switches, capable to switching at three times the desired track current frequency. This 

becomes prohibitive at higher power levels due to limitations in semiconductor technology. A 

simple twelve-switch inverter may have been a better topology. While this uses twice the 

number of switches, it allows a much slower switching frequency, equal to the desired track 

current frequency, to be used while still controlling the track current [126]. 

It seems likely then, that there is an optimal number of phases for any given system to use. 

This will be dependent on the cost of the components, such as the track cables and inverter 

switches, as well as the required characteristics of the power transfer to the pickup; however, 

it is very likely that a two-phase bipolar track is close to the optimal. This system would use 

an eight-switch inverter (comprising two full H-bridges) and require four track cables. This is 
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one more cable and two switches more than a three-phase unipolar system, but provides a 

large improvement in power transfer to a flat pickup. It is also four switches and two track 

cables less than a three-phase bipolar track, while providing only a small decrease in power 

transfer performance. Finally, it reduces the requirements for the minimisation of interphase 

mutual inductance, by enabling only one set of toroids or a cross-over style technique to be 

used. 

9.1.3 Interphase Mutual Inductance 

Chapter 5 showed that due to the geometric layout of the poly-phase track, some mutual 

inductance exists between each of the phases, and is not of a negligible size. This mutual 

inductance allows the transfer of energy between the phases and can interfere with the 

power supply operation by causing high currents to flow within the inverter and increasing the 

losses in the inverter switches. If each of the phases is driven by an independent inverter, the 

energy transfer can lead to load sharing imbalances and destructively high DC bus levels. 

There are three ways to mitigate the effects of the mutual inductance in a poly-phase system. 

The first is to rotate the track cables along the length of the track. This will balance the 

mutual inductance between each of the phases and ensure that the energy transfer between 

them will not affect the average DC bus voltage. It also keeps the power transfer to the 

pickup as close to ideal as possible, except for the rotation points, where there will be a 

minor disruption. 

Second, for bipolar tracks it is possible to modify the layout such that there is no mutual 

inductance between phases. This is achieved by laying out the track such that the loops 

overlap by a factor of 0.29 of their width. This cannot remove the mutual inductance between 

every phase, as they cannot all overlap each other by a factor of 0.29, but some phase pairs 

may be separated by a sufficient distance that the mutual inductance is naturally low enough 

as to be insignificant. However, this causes the layout of the track to be suboptimal, and 

significantly affects the power transfer to the pickup. For this reason, this is not a 

recommended approach. 

Finally, it is possible to counteract the mutual inductance between two phases by adding a 

lumped mutual inductance between them using magnetic material such as ferrite toroids. 

This method completely eliminates the overall mutual inductance of the track, so that the 

power supply is unaffected. It also keeps the ideal track layout and thus does not affect 

power transfer to the pickup. However, the method also has several drawbacks. In particular, 

the toroids add self-inductance to the track, reducing the total track length that can be driven 
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before compensation is required. This effect is compounded by long tracks requiring many 

toroids to cancel out the total mutual inductance. Finally, since care must be taken that the 

toroids are not saturated, it will require an air gap cut into the toroids. This lowers the 

permeability of the toroids, and further increases the numbers of toroids required which can 

make this a very bulky, expensive solution.  

9.1.4 Loading Considerations 

For a traditional single-phase IPT system, the load reflected onto the track by a series-tuned 

pickup (assuming it is accurately tuned) is purely real. The load reflected by a parallel-tuned 

pickup contains a reactive component, but since the pickup does not move much relative to 

the track conductor, the reactive component remains largely constant and can be 

compensated for when the track is tuned. 

Chapter 7 showed that, even for a series-tuned pickup, there is a large amount of reactive 

load reflected onto the phases of the track due to the relative phasing of the currents in the 

track cables. Furthermore, the reactive component changes greatly as the pickup moves 

across the width of the track and therefore cannot be easily compensated for. 

In addition to this, the various phases do not load-share adequately. The pickup will typically 

be drawing much higher power from one phase of the track than from the other phases. In 

some situations, the pickup actually draws more real power from one phase than it outputs to 

the load. The additional power is not wasted, but is output to the other phases of the track. 

These effects must be taken into account when the power supply is designed so that the 

inverter and output transformers (if present) can be rated appropriately. Due to the large 

amount of reactive load that is possible, this will also affect the thermal design of the power 

supply. 

9.1.5 Quadrature Pickups 

Chapter nine introduced the possibility of utilising a quadrature pickup structure on the poly-

phase track. Unlike the standard flat pickup which utilises only the tangential component of 

the flux, the quadrature pickup utilises both the normal and tangential components. This is 

achieved through the addition of a second split-winding coil to the flat core. 

The flux produced by a single-phase track never contains a null in both components at the 

same point across the width of the track. Because of this, quadrature pickups can allow a 

greater tolerance to lateral movement for single-phase systems, but both coils must be 

capable of supplying the full load power. Due to the rotational nature of the flux produced by 
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a poly-phase system, there are no nulls in the power profile of either flux component and the 

power from the new normal-flux coil simply adds to that of the standard tangential-flux coil.  

It was shown in chapter four that it is generally preferable for a tangential-flux flat pickup to 

make use of a coil that is as wide as possible. However, by sacrificing a small part of the 

tangential-flux coil, space can be freed on the core to add the normal-flux coil. This provides 

a significant boost to the available power; around 72% in the tests that were conducted in 

chapter eight. 

The drawback to adding the normal-flux split-winding is that the power transfer is very 

sensitive to exactly where each of the half coils is positioned relative to the track cables. 

Unless the coils can be positioned such that each half is centred over cables containing 

currents that are electrically separated by 180°, there may not be enough gain to warrant 

sacrificing the required tangential-flux coil width. This also requires that the pickup core is 

large enough to both position the coils in the required place, and contain their width. Whether 

the gain is significant enough to warrant this extra expense would need to be assessed on a 

system-by-system basis. 

9.2 Future Work 

9.2.1 Transient Response of the System 

To date, much of the work related to the analysis of transients in IPT systems has been 

focused on the response of the system to load changes while maintaining a constant 

coupling between the track and pickup. This is not adequate for modelling the transient 

response of a poly-phase system, as it is likely to involve changes to both the load and the 

mutual coupling, and often these will occur together, as a vehicle is changing lanes or 

rounding a corner. 

In addition to this, as the pickup moves laterally relative to the track, the phase of the induced 

voltage relative to the track current changes, at the same time as the mutual inductance is 

changing. This could lead to a very complex response, and should be investigated if a poly-

phase system is to be used in a high-power application. 

9.2.2 An Alternative Poly-Phase Track Layout 

The poly-phase tracks presented in this thesis have all been designed with the cables of the 

track running along the length of the roadway (a longitudinal poly-phase track). The magnetic 

field that is generated will rotate from one side of the roadway to the other, but at any point in 
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time the field at any point across the width of the roadway will be constant along the length of 

the roadway. 

This has the potential to cause significant loading problems if a system was designed to 

accommodate several pickups simultaneously. Since it is possible that all of the pickups 

could be in approximately the same location across the width of the track (but at different 

locations along the length of the track) their combined loading would be very unbalanced and 

would likely place very high reactive load on some phases of the track, as shown in chapter 

6. 

An alternative way of arranging the poly-phase track cables to help avoid this situation is to 

wind them back and forth across the width of the roadway (a transverse poly-phase track), as 

shown in Figure 9-1. This track layout functions in a very similar fashion to that of the 

longitudinal tracks presented throughout this thesis, but creates a travelling magnetic field 

instead of a rotational field. A plot of the magnetic field generated by this track across a line 

some distance above the track is shown in Figure 9-2. Although this is shown as being 

sinusoidal, it will only be so when plotted some distance above the track. As the height 

decreases, the influence of the individual track cables will become more pronounced, and will 

show up as lumpiness in the waveform. 

Power Supply

direction of 
vehicle 

movement

width of 
roadway

 

Figure 9-1: Transverse three-phase unipolar track (top-down view). 

This track is very similar in function to a linear induction motor or linear synchronous motor 

with the exception that it is not intended that the speed of the vehicle is comparable to the 
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speed of the travelling magnetic field. The speed of the travelling magnetic field will be given 

by 6v fx= , where f  is the frequency of the power supply, and x  is the distance between 

adjacent track cables. For a power supply operating at 20kHz and with 30cm between 

adjacent cables, this gives a speed of 36,000m.s-1. In contrast, a vehicle moving at full 

highway speed of 100km.h-1 is only moving at 27.8m.s-1. For practical purposes, the vehicle 

is therefore essentially stationary when calculating coupled flux. 

There are two significant benefits of the transverse track arrangement over that of the 

longitudinal track. The first is that, due to the repeating nature of the cable layout, there is 

almost zero mutual inductance between any two phases. This eliminates the need for any 

kind of compensation but requires additional track cable, resulting in more cost per meter of 

track length. The exact amount of extra cable will depend on the cable separation and width 

of the roadway, but for comparison a 2m wide roadway will be assumed, and a 40cm cable 

separation. For this case, a three-phase bipolar track of 10m length would require 60m of 

cable. The same three-phase unipolar transverse track would require approximately 80m of 

cable. The additional cable required for the transverse track may be offset by the lack of any 

required interphase mutual inductance compensation, such as the toroids presented in 

chapter five. 

The second benefit is that it is very unlikely that a significant number of pickups will be 

coupled to the same phase at any given time. For long tracks, this will introduce a measure 

of load sharing that cannot be assumed to exist in the longitudinal track. 
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Figure 9-2: Vertical component of the magnetic flux generated by a transverse three-phase 

track. 
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9.2.3 Load Profiles 

The effect of the pickup ferrite on the load profiles for a poly-phase track must be quantified. 

As noted in chapter seven, as the ferrite moves relative to a given track phase, the self-

inductance of that phase will change (becoming higher as the ferrite comes closer). For 

example, a parallel-tuned pickup will typically reflect a capacitive load onto a single-phase 

track, making the track inductance appear lower. This is balanced, in part, by the increase in 

self-inductance caused by the ferrite core of the pickup. Whether a similar effect will still 

occur in a poly-phase track, and to what extent, should be investigated. 

9.2.4 Quadrature Pickups and Poly-Phase Tracks 

Although the advantages of using a quadrature pickup with a poly-phase track with respect to 

the power transfer have been touched upon in chapter eight, additional aspects of the 

combination will need to be investigated. The benefits of implementing a quadrature-style 

pickup should be weighed against the increased cost and complexity of the pickup 

electronics, which may also introduce more loss. 

Optimisation of the pickup core and coil geometry is required, as well as a comparison of the 

flat and flat-E variants of the quadrature pickup. All of the simulation data that appeared in 

chapter eight was performed at a constant height above the track of 10mm. The effect of 

varying the pickup height on the optimal geometry must be considered. 

The effect of the pickup and load on the track and power supply should be considered. It may 

be appropriate to approach this analysis in a fashion similar to that taken for the loading 

analysis in chapter seven, although the mutual coupling between the normal-flux coil and the 

track cables will need to be investigated and taken into account.  

Finally, the benefits of using a quadrature-style pickup with a poly-phase track arrangement 

should be compared to implementing the same pickup with a meander-style track type which 

can be implemented with a significantly less complex power supply unit. These should both 

be compared to simply using a standard tangential-flux flat pickup with a poly-phase track in 

terms of both the cost and the power transfer characteristics. 
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Appendix A. Power Supply Detail 

A.1. The Inverter 

The six-switch inverter that was produced for this thesis is shown in Figure A-1, and again in 

Figure A-2, where the functional blocks have been outlined. 

 

Figure A-1: The three-phase inverter. 

 

Figure A-2: The three-phase inverter, showing major functional blocks. 

The inverter operates at a nominal frequency of 38.4kHz (although this is adjustable to 

implement the tuning sweep). 
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A.2. The LCL Output Network 

A three-phase bipolar track was created for the test system. The track is 12.5m in length, and 

has 40mm separating adjacent cables (giving a total track width of 200mm). This gives a 

measured inductance of 23µH per phase. 

To counteract the mutual inductance between the track phases, a toroidal compensation 

block was designed. Each track loops through two sets of five toroids, with two turns in each 

set. This resulted in a total track inductance of approximately 31.5µH per phase. At 38.4kHz, 

this is an impedance of 7.6Ω. To tune this at 38.4kHz requires parallel capacitance of 545nF. 

This was implemented as two series-connected 1.1µF capacitors to create a centre-tapped 

capacitor. 

With a DC bus voltage of 390V (supplied by an external high voltage DC bench supply), and 

a pulse width of 0° (which corresponds to full output voltage, the peak of which is 1.1 times 

the DC bus voltage) this will give a maximum track current of 40A RMS. 

The output transformers are wound with a turns ratio of 1:1, and such that each winding has 

a self-inductance of approximately 2.85mH. The primary windings are connected in a delta 

configuration, and the secondary windings are centre-tapped and connected in an open-delta 

configuration. The centre-tap of the transformer outputs is connected to the centre-tap of the 

tuning capacitors. This point can be earthed if desired, to reduce RFI emissions, and also as 

a possible means of detecting track faults to earth, although this is not implemented on the 

prototype supply. 

Each of the transformers has a total leakage inductance of 95µH, referred to the primary. A 

DC blocking capacitor of 270nF is then added in series with each of the primary windings to 

reduce the leakage inductance to the same value as the track inductor. 

A schematic of the output network is shown in Figure A-3. The component values are shown 

for the A-phase, but they are equal for all three phases. Figure A-4 shows a photograph of 

the power supply and the first part of the track. A closer view of the power supply with the 

functional blocks noted is shown in Figure A-5. 
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Figure A-3: The output network of the prototype three-phase bipolar supply, showing the 

component values for one phase. The other two phases use equal values. 

 

Figure A-4: Photograph of the power supply prototype showing the DC blocking and tuning 

capacitors and the track compensation toroids. 
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Figure A-5: Zoomed photograph of the power supply and part of the output network, showing 

the functional blocks. 

A.3. Generation of Three-Phase Waveforms 

Direct creation of the three-phase waveforms with the inserted third-harmonic pulses was 

beyond the capabilities of the low cost microcontroller selected for the power supply (an 

Atmel ATmega168). Instead of using a more expensive microcontroller, it was decided to add 

a programmable logic chip that would generate the waveforms. 

This choice carries the advantage that the over-current protection system can operate 

through the logic chip, and is thus independent of the microcontroller. It is therefore not 

possible for the microcontroller to be too slow in activating the protection if a problem arises. 

The error condition must still be checked and cleared by the microcontroller, but this is not a 

time-critical function. 

The programmable logic chip implements a state machine to generate the three-phase 

waveforms. The state machine is shown in Figure A-6. Since there are six states (S1 – S6), 

the machine must be clocked at six times the desired frequency of the three-phase 
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waveforms, or 230.4kHz for a 38.4kHz output. Each of the three bits that encodes the state is 

used directly as one of the outputs.  

S1
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011

S4
100

S2
010

S6
110

S5
101

S0
000

S7
111

clk

clk

clkclk

clk

clk
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Figure A-6: The state machine to generate the three-phase waveforms. 

The notches and pulses that implement the third-harmonic injection control are added to the 

pure three-phase waveforms by means of logic equations. 

A.4. Protection 

The protection system consists of three current transformers that are used to monitor the 

current from each of the three inverter legs. The output from each transformer is rectified and 

low-pass filtered. The output voltage of the filter is compared with a predetermined safe level 

and, if this level is exceeded, the error is signalled to the programmable logic chip. The chip 

will respond to the error condition within one clock cycle, which is 4.34µs when generating 

38.4kHz waveforms. 

The drive waveforms are produced and sent to the MOSFET drivers regardless of the state 

of the hardware protection (i.e. whether the protection systems has been tripped or not). If 

the protection is activated then the shutdown pins of the MOSFET drivers are simply held 

high so that all of the switches are held in the off state. 

In addition to driving the MOSFET driver shutdown pins high, the programmable logic chip 

also notifies the microcontroller of the error condition. The microcontroller can then take 

steps to try to correct the problem. Typically this will mean reducing the output voltage and 

then attempting to restart the inverter. 
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A.5. GAL Code 

The code for the GAL was developed in a language known as CUPL. This is an extremely 

simply language designed for implementing the type of logic that is typically present in a 

small programmable logic chip.  

The code is shown below in its entirety, and can be complied with the tool WinCUPL version 

5.30.4, which is a free download from the Atmel website. 

/********************************************* 
* Three Phase ICPT Drive Logic 
* with third harmonic injection and shutdown. 
*********************************************/  
Name      3PPWM; 
Partno    PL0001; 
Revision  06; 
Date      24/05/2005; 
Designer  Michael Kissin; 
Company   University of Auckland; 
Assembly  Supply; 
Location  U202; 
Device    g16v8; 
 
/**========================================================== 
INPUTS  
===========================================================*/  
Pin 1        = inClock; 
Pin 2        = inPulse; 
Pin 6        = inShutdown; 
Pin 7        = inRestart; 
Pin 8        = inOverCurrent; 
 
/**========================================================== 
OUTPUTS  
===========================================================*/  
 
Pin [13..15] = [A,B,C]; 
Pin 19       = outPhaseA; 
Pin 18       = outPhaseB; 
Pin 17       = outPhaseC; 
Pin 12       = outShutdown; 
 
/**========================================================== 
Declarations and Intermediate Variable Definitions 
===========================================================*/  
/* Three phase states. Note that these are output into pins */ 
field count = [A,B,C]; 
$define S0 'b'000 
$define S1 'b'101 
$define S2 'b'100 
$define S3 'b'110 
$define S4 'b'010 
$define S5 'b'011 
$define S6 'b'001 
$define stop 'b'1 
$define run  'b'0 
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/**========================================================== 
State Machines 
===========================================================*/  
/* 3 phase square wave */ 
Sequenced count 
{ 
 present S0      next S1; 
 present S1      next S2; 
 present S2      next S3; 
 present S3      next S4; 
 present S4      next S5; 
 present S5      next S6; 
 present S6      next S1; 
} 
 
/* shut down and restart flip flop */ 
Sequenced outShutdown  
{ 
present run if inOverCurrent # inShutdown 
next stop; 
   default 
next run; 
 present stop if !inOverCurrent & !inShutdown & inRestart 
next run; 
                 default 
next stop; 
} 
 
/**========================================================== 
Logic Outputs 
===========================================================*/  
outPhaseA = A&!B&C # A&!C&!inPulse # A&B&!C # !A&B&C&inPulse; 
outPhaseB = !A&B&C # A&B&!C # !A&B&!inPulse # A&!B&C&inPulse; 
outPhaseC = A&!B&C # !A&B&C # !B&C&!inPulse # A&B&!C&inPulse; 
 

 

 

 

 





 

195 

Appendix B. Derivations 

B.1. LCL Network Input Resistance 

This section derives the frequency at which the resistive part of the input impedance of an 

LCL network is a maximum. The equation given in (6-6) for the input resistance of the LCL 

network is: 
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To find the angular frequency which maximises the input resistance, this is differentiated with 

respect to ω  and the result equated to zero. 
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The numerator of this must therefore be equal to zero: 
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This gives three possible solutions: 
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Each of these solutions corresponds to a frequency; one at DC (zero frequency) and two 

which are equal in magnitude but counter-rotational. 
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The solution of interest is therefore the positive non-zero frequency: 
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B.2. LCL Network Input Reactance 

This section derives the frequency at which the reactive part of the input impedance of an 

LCL network is zero. The equation given in (6-7) for the input reactance of the LCL network 

is: 
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To find the frequency at which 0EQX = , this expression is converted to an improper fraction 

and the numerator equated to zero: 
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The result is a fifth-order polynomial, giving five solutions. One of these frequencies is zero, 

or DC. The remaining four solutions are the roots to: 

 ( )4 2 2
2

2 2 2 2
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which is a quadratic in 2ω . The equation can be solved by use of the quadratic formula: 
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When this equation is solved, the solutions are: 
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Neglecting the resultant negative frequency, the frequency that gives 0EQX =  is: 
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Appendix C. Normalised Coupling Curves 

Two of the normalised coupling curves were presented in the text, in section 4.3.2, for flat 

pickups with coil widths of 20% and 60%. For simplicity, these two graphs each contained 

only half of the number of curves that were generated for that coil size. 

This appendix presents the normalised coupling curves for a flat pickup with PGR values up 

to 10, and with coil widths of 20%, 40%, 60% and 80%. 

 

Figure C-1:  Normalised coupling curves for a flat pickup with a 20% coil width. 
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Figure C-2: Normalised coupling curves for a flat pickup with a 40% coil width. 

 

Figure C-3: Normalised coupling curves for a flat pickup with a 60% coil width. 
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Figure C-4: Normalised coupling curves for a flat pickup with a 80% coil width.
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