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Abstract

This study investigates the Pulsed Eddy Current (PEC) technique, as an al-

ternative method, to establish its performance in a profile gauging system

for aluminium hot rolling mills. Radiation gauges are the popular choice for

profile gauging. However, they present poor accuracy (±0.1%), are not safe,

require frequent maintenance and are very expensive. A PEC system model,

was developed using analytical methods in order to allow for specimen con-

ditions that could not be easily emulated, to be investigated thus giving a

complete assessment of the PEC system. The model was validated against

experimental data. The coil probe and specimen were characterised as lumped

resistance and inductance and the characterisation gave a good fit between

simulated results and results from experiments and was therefore useful to the

investigation. Results from experiments and simulations reveal that changes in

specimen temperature show a point of crossing in the received signal agreeing

with findings made by other researchers, for other parameters. Furthermore,

results indicate that relative motion between a small probe and a massive spec-

imen does not affect the signal at the probes and a quasi-static approximation

was assumed for the model.

The developed characterisation of the aluminium specimen used in conjunction

with the developed system model indicate that differences in thickness of up to

4 microns at the minimum nominal thickness of 2 mm required for the finishing

mill could be gauged. The signal processing method described in the study

indicates that at a crown and wedge definition of 0.2%, accuracies of ±0.04%

were achieved, showing PEC to have better accuracy than radiation gauges.

Temperature changes in the specimen were successfully eliminated from the

profile measurement.This was achieved by using the relationship observed be-

tween the temperature point of crossing (TOC) and specimen thickness for
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different specimen temperatures. A method for harnessing profile measure-

ments from the PEC signal was also developed. PEC system could therefore

have potential in profile gauging systems for aluminiunm hot rolling mills.
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Chapter 1

BACKGROUND

1.1 Introduction

This study describes an investigation of Pulsed Eddy Currents (PEC) toward

the development of a profile gauging system for aluminium hot rolling mills.

The main thrust of the work is the development of a method to extract infor-

mation relevant to profile gauges from the PEC system eliminating environ-

mental, physical, dynamic and material effects. The profile of a sheet is viewed

as the measure of the variation in sheet thickness across the sheet width [2].

The profile of the sheet is created and set during the hot rolling process and

cannot be readily altered during cold rolling [3]. Therefore, in order to control

and achieve the standards required for flatness in subsequent mills, it is crucial

to gauge profile accurately in the hot mill. In this chapter, a brief overview

of a typical aluminium mill with an emphasis on conditions important to pro-

file measurement is given. Important aspects of profile gauging are explored,

described and discussed. Radiation gauges and other thickness probing tech-

niques are also discussed to establish a background for the investigation of

Pulsed Eddy Currents (PEC).
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1.2 Overview of Aluminium Hot Rolling Mill

Operation

Hulett Aluminium Hotline at Camps Drift in the province of KwaZulu-Natal in

South Africa was used as a typical example of a hot rolling mill. Information on

the mill was compiled by observation, interviews and consultation of manuals

stored at the plant[3, 4, 5, 2, 6, 7, 8].

The mill consists of a Roughing Mill and a Finishing Mill [4]. Both mills have

a drive side and an operator side. The drive side is connected to alternating

current variable speed drives that can provide a maximum roll speed of 180

meters per minute (3 meters per second), while the operator side is free to

allow the operators to access the mill. Both mills are four high stand reversing

mills [4] with two work rolls that have a diameter of 930 mm and two back-up

rolls that have a diameter of 1500 mm (figure 1.1). A force of up to 4500 ton

can be applied to the rolls, processing an incoming ingot into flat sheets of

a pre-specified thickness. An ingot having a maximum mass of 22620 kg, a

Figure 1.1: Four-high stand reversing mill.
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length of 2700 mm to 6000 mm, a width of 900 mm to 2200 mm and a thickness

of 460 mm to 630 mm, is heated to a temperature of approximately 560oC. It

is transported on rolls to the Roughing Mill, where the rolling process begins.

The rolling mill does not have the luxury of running one alloy nor does it roll

sheets of the same width. Typical sheet widths fall in the range of 850 mm to

2250 mm.

Model parameters for dynamic control are calculated and set, and a rolling

schedule is drawn up for the required sheet thickness [4]. The initial rolling

speed is slow ranging from 0.4 to 0.6 m/s and it increases to a higher steady

state rolling speed that lies between 1.0 and 1.6 m/s. There is therefore a

change in sheet velocity during any specified schedule. The aluminium ingot

is rolled from a thickness of approximately 600 mm to a gauge approximately

between 20 mm and 30 mm at the roughing mill. The transfer slab has a

length of approximately 180 m. When the desired transfer gauge is reached,

the aluminium slab is transferred to the Finishing Mill where further reduc-

tion is done to obtain a final gauge as thin as 2 mm. The finishing and the

roughing mills use the same rolling principle. They have two coilers in order to

accommodate the length of the sheet, which goes up to 1770 m. The finishing

mill overwrites (changes) the profile of the roughing mill [3] and profile gauging

should be precise at this stage.

1.3 Profile - Definitions and Measurement

As mentioned earlier, the profile of a sheet is defined as the measure of the

variation in sheet thickness across the sheet width [2]. In a hot rolling mill, the

profile of a sheet can be shaped by six major factors: tilt, roll bend, coolant

sprays, rolling loads, mechanical camber and thermal crown [3, 4, 5]. The best

required sheet profile results from a balance of all the above factors. To control

the profile, a feed forward/feedback control technique which requires precise

gauging of the profile is ideal and therefore, on line measurement of the profile

is necessary for a feedback/feed forward control of the sheet profile.

Quality control requirements [2, 6] dictate that a simple means must be found
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to identify a small number of parameters which can be used for profile descrip-

tion. One common approach is to measure the thickness at three points across

the sheet width [2]:

1. Sheet centre line, a thickness ho (also coinciding with the mill centreline)

2. At nominal distance more than 100 mm from the drive edge, thickness

h+
e

3. and at nominal distance more than 100 mm from the operator edge,

thickness h−

e .

Profile is then characterised by two main features:

1. Wedge

2. Crown

1.3.1 Wedge

This is the amount of variation in thickness in a profile from one edge of the

sheet to the other (see figure 1.2(a)). Wedge [3, 4], hwedge, is expressed as a

percentage of the centre line thickness, ho, in equation 1.1.

hwedge =
(h+

e − h−

e )100%

ho

(1.1)

If the wedge is more than 0.5% it is a concern [3]. High levels of wedge cause

loose edges on the rolled sheet and as a result the system experiences tracking

problems [3].

1.3.2 Crown

Crown [3, 5, 2] is the general term used to describe the amount of barrelling in

a body such as a sheet profile or a work roll. If the thickness of the centre of
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the sheet is thicker or thinner than the average of the two edges, the sheet is

said to have a positive crown (Figure 1.2(b) or a negative (Figure 1.2(c)) crown

respectively. Crown is expressed as a percentage of the centerline thickness ho

[3, 4] as:

hcrown =
[ho − (h+

e + h−

e )/2]100%

ho

(1.2)

A slight positive crown is the desirable crown but if it becomes excessive,

it causes loose centres in the sheet [3]. Excessive negative crown will also

cause loose edges subsequently leading to tracking difficulties. The sheet is

deliberately rolled with a thicker centre, generally in the range 0.2% - 0.8%

[3].

Consider the sheet at the finishing mill which is rolled from a thickness of

between 20 mm and 30 mm to 2 mm. For the purposes of this analysis, we

look at the three point definition of profile in hot rolling mills (section 1.1). An

Figure 1.2: Sheet profiles.

5



acceptable wedge of less than 0.5% implies that at 2 mm nominal thickness,

the difference between h+
e and h−

e should be less than 0.01 mm. A deliberate

crown of between 0.2% and 0.8% at a nominal thickness of 2 mm implies that

the average value of h+
e and h−

e should differ from the centre line thickness h0

by a typical value that lies between 0.004 mm or 4 µm and 0.016 mm or 16 µm.

At a centre line thickness of 20 mm, the acceptable wedge of 0.5% would imply

a difference between h+
e and h−

e of 0.1 mm. Therefore, difference between the

average value of h+
e and h−

e and the centreline thickness (h0) should lie between

0.04 mm and 0.16 mm. For a nominal thickness of 2 mm, it is important that

the developed profile gauging system gauges differences in profile thickness of

up to a minimum of 4 µm.

1.4 Traditional profile gauging methods in hot

mills

Radiation methods are the preferred way of gauging profiles in hot mills. It is

therefore not surprising that Hulett Aluminium took this route for their profile

gauges. However, the installed radiation gauges have not provided satisfactory

results that warrant on line profile control. The fundamentals of the physical

nature of x-rays applicable to thickness gauging are explored in this section.

On the basis of the physical nature of the x-rays, an attempt is made to analyse

the problems encountered in an example plant. Reasons for investigating Eddy

Currents are made apparent.

1.4.1 X-rays

X-rays are a form of electromagnetic radiation of the same physical nature

as visible light and radio waves [9, 10, 11]. They include a fairly wide range

of wavelengths of radiation from about 10 nm (Grenz rays or ‘soft’ rays),

which penetrates only very small thickness of solid materials, to about 10−4

nm (‘hard’ x-rays), which penetrates up to 500 mm of metals like steel [9, 10].

This range of wavelengths allow them to penetrate all materials with partial
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absorption during transmission. With the industrial conditions described in

section 1.3, that include spray coolants and the inevitable dust particles, the

x-ray gauges would have to correct for these harsh conditions.

Shortcomnings in x-ray applications

X-ray thickness gauges depend on the basic law of absorption given by [9, 10,

11]:

I = Ise
−µx (1.3)

Where x is the penetrated thickness, Is is the incident intensity of radiation, I

is the transmitted intensity and µ is a constant that depends on the penetrated

material and the x-ray wavelength.

This equation is strictly true for mono-energetic radiation and for narrow beam

conditions under which the amount of scatter radiation reaching the detector

is small enough to be ignored [10]. This requirement is quite stringent and

proves to be a problem in some developed gauges [2, 6]. X-rays, like light,

travel in straight lines from a source and are therefore projected in a radial

manner from the source. To obtain a narrow beam, a collimator is used to

prevent all scattered radiation [9, 11].

X-ray generators do not provide mono-energetic radiation [11]. Also the energy

content of the beam changes as it passes through the specimen thickness [11].

These two facts make it difficult to determine thickness without uncertainties.

Two useful derivations of µ widely used are [10]:

• The half-value thickness (HVT), the thickness of the material required

to reduce the intensity by a factor of two

where HVT = 0.693/µ

• The tenth value thickness ((1/10)VT)

where (1/10)VT = 2.303/µ
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For a broad beam, neither HVT nor (1/10)VT is constant with changes in

thickness. Also their values differ from those that are determined using the true

narrow beam value. A narrow mono-energetic beam is ideal for the application

but it can only be approximated.

The source of the x-ray is never a point source. It is usually a small area of a few

millimeters in diameter [10]. This could have implications in the determination

of incident intensities at varied source-detector distances. Therefore, it should

always be necessary to consider the industrial pass-line distance from the x-ray

source in order to make equation 1.3 consistent for all system conditions.

X-rays are harzadous to humans and they have to be used carefully. The

production of x-rays is expensive, a single source costing over 20 thousand

rands in South Africa.

A summary of the shortcomings of x-rays in the mill

• The constant µ that appears in equation 1.3 depends on the material

penetrated by the x-rays, the width of the beam and the wavelength

of the x-rays [9]. The hot mill does not have the luxury of rolling one

alloy type. This implies that the value of µ changes with a change in

the rolled material alloy and could mean higher demands on calibration

and/or signal processing.

• Equation 1.3 is strictly true for mono-energetic radiation and for narrow

beam conditions under which the amount of scatter radiation reaching

the detector is small enough to be ignored [10]. X-ray generators do

not provide mono-energetic radiation. The energy content of the beam

changes as it passes through the specimen thickness making it difficult

to determine thickness without uncertainties.

• The source of the x-ray is never a point source. Pass-line distance and an-

gles from the x-ray source to the tested specimen and the detectors affect

the incident intensities, Is, of the x-rays and ultimately the consistence

of equation 1.3.

• Radiation intensity is reduced as it penetrates all materials. Under the
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industrial conditions necessary for hot rolling mills (coolant sprays, dust

particles and dirty specimen or workpiece surface) gauges using x-rays

techniques fail to produce accurate results.

• X-ray sources are very expensive and harzadous.

Hulett Aluminium Hot rolling mill installed multiple x-ray source profile gauges

[2]. The three x-ray source gauges installed in the year 2000 did not give

results that could support on line control. Other possible causes of poor results

also discussed and reported by the manufacturers [12] and Gibbon [13] could

include:

1. Dynamic response.

2. Calibration algorithm.

3. Edge distortion.

4. Emulsion on the x-ray source plates.

5. Deterioration of the equipment.

Discrepancies found in the x-ray gauges do not necessarily disqualify the gauges.

However, x-rays are cumbersome to use and very expensive [9]. An approach

that would give more precise results that are independent of specimen material

and of the hostile industrial environment would be a contribution to industry.

Typical specifications of x-rays in thickness gauging

Typical specifications from Radiometrie [14] RM 215 X-Ray Strip Thickness

Gauges are given below:

• X-ray source energies: 50 to 225 keV

• Maximum steel thickness: 73 mm

9



• Maximum aluminum thickness: 200 mm

• Detector sizes: 50 mm to 150 mm Ion chamber or PMT selected to

optimize performance

• Accuracy: ±0.1%

• Repeatability: ±0.05%

1.5 Other techniques for thickness gauging

More thickness gauging techniques are described in this section. A brief de-

scription of the technique is given and examples of accuracies achieved are

included in the discussions.

1.5.1 Optical and Laser thickness gauges

For laser sensor technology, true thickness is measured using two precision

laser sensors facing each other [15]. The measuring range of the sensors overlap

allowing the material under test to move in the gap while remaining within

the measuring range of the sensors. The true thickness of the specimen is

determined from the measurement from the two lasers. Typical specification

from Oryx systems, Inc [15] are shown below:

• Reference distance: 25 mm / 150 mm

• Measuring range: ±4.5 mm / ±30 mm

• Wavelength: 670 nm

• Spot 30: µm /70 µm

• Linearity: 0.05% FS / 0.05% FS

• Resolution: 0.05 µm / 0.5 µm

• Thickness: up to 20 mm
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• Accuracy: 0.5 µm to 5 µm

• Temperature range: 0 to 50o C

Although high accuracies have been achieved using optical sensors, the major

draw back in any optical sensor is the fact that light does not penetrate air

born dirt and steam readily and it is refracted by water. Optical components

such as lenses and lamps are easily soiled and are mechanically very sensitive.

The industrial environment that is common in hot rolling mills would be a

hindrance to any measurement accuracy.

1.5.2 Ultrasonic thickness gauges

Ultrasonic thickness gauges widely use the pulsed echo technique [16]. High

frequency sound energy is launched into the probed material and the thick-

ness of the evaluated material is calculated by considering the speed of this

energy and the time it takes to traverse the material. Typical specifications

for ultrasonic gauges [17] are given below:

• Range: 1.0 - 200.0 mm

• Resolution: 0.01 mm

• Temperature Limits:

– Ambient: -5 to 50oC

– Material: -10 to 60oC

The major draw back for the application of this technique to the industrial

scenario described earlier is the need to use a coupling fluid.
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1.6 Eddy Currents

Eddy currents are generated in conducting materials by time varying mag-

netic fields [18]. While optical and radiation gauges are hampered by the

harsh industrial environment, eddy currents are oblivious to such media. This

characteristic makes them a promising candidate for applications in the harsh

non-conducting environment of hot rolling mills.

1.6.1 Conventional Eddy Currents (CEC)

The magnetic field used to generate the eddy currents could be sinusoidal or

pulsed and eddy currents generated by these fields are referred to as conven-

tional eddy currents (CEC) and pulsed eddy currents (PEC) respectively[18,

19, 20]. In somewhat simplified terms, for CEC, the material to be measured

affects the amplitude and phase change of the electromagnetic field, yielding

two parameters. When the response is analyzed, it is difficult to separate the

influences due to the properties material from those due to the dimensions of

the material[19]. Multiple frequency CEC scans were necessary to be able to

inspect a specimen at various depths because the depth to which eddy cur-

rents penetrate the tested specimen depends on the frequency of applied field

in CEC [18]. Difficulties were also encountered in the use of conventional eddy

currents (CEC) for non-destructive evaluation of materials. These difficulties

that include the effects of low sensitivity and the presence of high harmonics

[19] led to the consideration of PEC.

1.6.2 Pulsed Eddy Currents (PEC)

The use of pulsed eddy currents (PEC) has been considered for non-destructive

testing/evaluation of materials since the 1950s [19]. Pulsed waves consist of a

continuum of sinusoidal frequencies that add up to present a pulsed waveform

[21, 22]. These frequencies are odd number harmonics of the fundamental

frequency at which the pulse wave is generated. Pulsed eddy currents have

an advantage over conventional eddy currents in that they contain all the
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information that would be acquired by the use of a multiple frequency CEC

scan [20]. Also, the pulse usually has a short duration and can be relatively

powerful without excessively heating the test probe [23] as would be the case

with CEC.

For a PEC probe in the presence of a conducting material, the measurement

of the voltage pulse induced in a pickup coil when the current in a drive coil is

suddenly interrupted reflects the magnetic field produced by the eddy current

in the conducting material. This pickup signal waveform [24] signifies the

transient response of the system arrangement which theoretically contains a

range of frequencies. By carrying out summations over the period during which

the signal is present, liftoff distance, specimen conductivity and the thickness

of the specimen can be determined [24]. Typical specifications for PEC gauges

are given below [24]:

• Minimum thickness for low alloyed aluminium: 0.1 mm

• Maximum thickness: 10 mm

• Accuracy: (relative permeability 1.0)

– strip thickness greater than 2.0 mm: 2 µm ±0.5%

– strip thickness less than 2.0 mm: 1 µm ±0.1%

• minimum strip width: 270 mm

• operating temperature: 5 to 55oC

Peak-to peak voltages of up to 20 Vp−p have successfully been used in pulsed

eddy current applications to evaluate materials dimensions [25, 26]. This im-

plies that weak magnetic fields are used to evaluate a material for thickness,

cracks, inclusions and resistivity. They work with such low energies, that they

are harmless unlike x-ray gauges.

It can be sumarizesd that PEC techniques are:

• Contact-free
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• Totally insensitive to non-conducting materials

• harmless

1.7 Summary and conclusion

The environment in the hot mill is harsh and many physical phenomena

cannot be readily applied to gauge the profile of a sheet for on line feed-

back/feedforward control of the rolling process. Sheet temperatures, coolant

sprays and a general presence of a harsh industrial environment are a challenge

to the gauges. Although radiation, optical and laser gauges show high levels

of accuracy, the industrial environment in the hot rolling mills renders them

unsuitable for on-line profile guaging. Eddy current techniques on the other

hand can be used to eliminate the harsh industrial environment since they will

not be induced in the environment. However, there are other factors involved

in the rolling process that could be important to the development of a PEC

application in this environment. These factors were explored in this chapter

and are summarized as:

• The tested strips begin the rolling process at a temperature of about

560oC. Temperature changes are therefore inevitable in the evaluated

specimen.

• The rolling process implies a moving specimen as opposed to a stationary

one. Changes in velocity might be vital to the gauging of the profile in

pulsed eddy current application.

• The strip is not restricted and may not necessarily be horizontal at all

times leading to varying pass line angles and pass line distances.

• The rolling process results in changes in the nominal thickness with a

profile that may vary during the rolling schedule.

• The mill does not have the luxury of rolling one alloy type leading to

inevitable differences in materials properties such as conductivity and

permeability.
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The study describes an investigation of PEC toward the development of a

profile gauging system. The main thrust of the work is the development of a

method to extract information relevant to profile gauges from the PEC system

eliminating environmental, physical, dynamic and material effects.

The thesis is divided into chapters covering the following topics:

• Chapter 1 has given an overview of the rolling mill environment, the

existing profile gauging in the mills and the problems that have led to

the investigation described in the study.

• A literature review of research undertaken on Pulsed Eddy Currents

and present practices of extracting information on specimen thickness is

presented in chapter 2.

• A report on the development of a PEC system model that was used to

predict system parameters and to verify results from the PEC system

probes is described in chapter 3.

• A simulation environment was developed using Matlab and Simulink and

this is discussed in chapter 4

• The model was verified by a set of experimental tests deemed to be

relevant to hot mill profile definition. Validation of the model is presented

in chapter 5

• A simulation study was done and is presented in chapter 6 to estab-

lish a basis on which decision on source amplitudes and frequencies in

conjunction with probe parameters are made.

• Experiments involving specimen temperatures and thicknesses, and the

results there of are presented in chapter 7. Simulations were used in

situations were specimen parameters involved could not be emulated.

• Chapter 8 presents the analysis and discussions of experiments and sim-

ulations. A method of extracting thickness measurements from other

influences is established in this chapter.

• Findings of the study and their implications, limitations, recommenda-

tions and a conclusion are presented and discussed in chapter 9.
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Chapter 2

EDDY CURRENTS: A

LITERATURE REVIEW

2.1 Introduction

It has been established in chapter 1 that eddy currents are only induced in

conducting medium. The technique ignores the harsh industrial environment

and is therefore a good candidate for evaluating sheet profile for aluminium hot

rolling mills. Existing practices in PEC applications, especially for thickness

gauging, are explored in this chapter.

Eddy currents are generated when time varying magnetic fields are applied to

conducting materials satisfying Faraday’s law [27]. These currents flow in such

a way that secondary magnetic fields are produced to oppose the applied (pri-

mary) magnetic field satisfying Lenz’s law [27]. The directions of the currents

and the magnetic fields in Figure 2.1 illustrates both Faraday’s and Lenz’s

laws.

Pulsed eddy currents (PEC) have favourable advantages over conventional

eddy currents (CEC). They are a result to the sum of a continuum of odd

number harmonics of the fundamental sinusoidal waveform frequency of the

pulse [21, 22]. Therefore, a transient response (figure 2.2) obtained from the
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Figure 2.1: An illustration of Faraday’s and Lenz’s laws for eddy currents

induced in a conducting specimen.

pulsed eddy current system contains many frequencies. Because of the skin

effect [18, 28], the depth to which eddy currents penetrate the tested specimen

depends on the frequency of applied field in CEC. However, skin effect depends

on the duty cycle period of the probing pulse in PEC [18]. Therefore using

PEC allows the inspection of various specimen depths with just one pulse as

opposed to the multiple frequency scans required for CEC.

Changes in various specimen characteristics such as thickness, conductivity

and permeability affect the eddy currents induced in the specimen [22, 29].

Various techniques have been employed to harness effects of the induced eddy

currents on the magnetic field that creates them. Sensors employed by various

researchers include:

• Hall effect sensors; though more sensitive than coil sensors, they have

several factors that introduce nonlinear deviations to the Hall voltage

[30]. These factors include temperature, magneto-resistance and contact

problems among others.

• Giant Magneto- resistive (GMR) sensors; investigated by Ward and

Moulder [31], compared the relative abilities of a coil sensor and the

GMR sensor to harness information from multiple layers of metal. The

signal from the GMR sensor was found to be eight times stronger.
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• Superconductive quantum interference devices (SQUID) were used by

Podney [32] in his test bed instrument that operated at 5 Kelvin. The

applications are limited to laboratory conditions.

• Coil sensors have been used by Waidelich et al [29], Lefebvre et al [33]

and others [19, 24, 34].

Coil sensors have been used by many researchers [29, 33, 19, 24, 34] with

promising results. Thickness gauges with accuracies of 2 µm ±0.5%, for thick-

nesses greater than 2.0 mm have been developed for aluminium cold rolling

mills [24].

Coil probes used by researchers include:

• A single coil acting simultenuously as the drive coil and the pickup coil

[19] .

• A sliding coil probe with the drive coil and the pickup coil placed side-

by-side [29].

• A reflection coil probe with the drive coil and the pickup coil placed

concentric to each other [25, 26].

The drive coil is the source for the time varying magnetic field while the pickup

coil presents the effects of the generated eddy currents.

2.2 Position of the pickup coil

Waidelech and Lahmeyer observed that the pulse energy received from the

tested specimen was the same on both sides of the specimen [29]. A receiving

probe (pick-up coil) could be placed on either side of the specimen and the

received signal found to be the same for both situations. They also observed

that moving the pick-up coil away from the drive coil in the sliding probe

arrangement resulted in the signal strength from the pickup coil decreasing
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[29]. This suggests that the drive coil and the pickup coil should be placed

tightly together to maximise pickup coil signal strength.

Lefebvre and Dubois [33] and other researchers [25, 26] used the pickup coil

and the drive coil on the same side to successfully carry out evaluations on

materials. When a pulsed magnetic field is setup by the drive coil, the volt-

age signal received in the pickup coil contains information on the specimen

characteristics which include thickness, conductivity and permeability.

It has been found experimentally by various researchers [19, 34, 35], that the

referenced subtracted signal observed at either a pickup coil or a drive coil

takes on a characteristic shape similar to that shown in figure 2.2(c). This

signal will rise to a peak value, decrease going through zero, reach a negative

peak and then gradually approach zero.

Figure 2.2: An illustration of a referenced subtracted signal observed at a drive

coil.

The signal has three discernible features:
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• peak amplitude,

• time to peak amplitude

• and time to zero crossing.

The three features are dependent on various parameters of the system [23, 19,

35, 36] among which are:

• the thickness of the tested specimen,

• lift-off (see section 2.4),

• conductivity of the specimen

• and permeability of the specimen.

2.3 Thickness and Pulsed Eddy Currents

Results for a physics co-op work term report written by Brian Wallace [1]

(Table 2.1) show:

• Maximum amplitude increases with increased thinning (decreasing thick-

ness).

• Time to maximum amplitude decreases with increased thinning (decreas-

ing thickness).

• Time to zero crossing decreases with increased thinning (decreasing thick-

ness).

These results agree with the conclusions reported by Waidelich and Lahmeyer

[29] which were:

• the peak of the observed output pulse decreased with increasing thickness

and that the peak voltage varied approximately inversely with the fourth

power of the thickness of the metal.
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Table 2.1: Amplitude and time of flight for an A-scan [1]

%Thinning Max. Amplitude (V) Time to Max. (µs) Time to zero (ms)

3.75 0.143585 66 0.239

16.25 0.342407 55 0.207

38.75 0.621643 56 0.194

52.5 1.539307 45 0.160

• the time delay of the peak of the received pulse increased as the thickness

of the metal increased. This delay was approximated to vary as the 1.6

power of the thickness of the metal.

2.4 The Lift-off problem

In eddy current applications, the distance between the pick up coil and the

specimen is referred to as lift-off. Variations in this parameter tend to affect the

time delay to the peak of the received signal in the reference subtracted signal

[19]. A crossing point for varying steps of lift-off with all other parameters kept

constant was first observed by Waidelich and Haung [29]. In their investigation

of the crossing points observed under various scenarios, they concluded that a

crossing point at a specific time, could be found for any parameter such as lift-

off, thickness of the specimen, conductivity of the specimen, and permeability

of the specimen. For the coils they used in their experiments, they observed

that the crossing point for the changing lift-off distance was at time t = 0.0165

s, while that for the changing conductivity was at a time t = 0.125 s. They

suggested that computations on the signals could be used to find the position

where the maximum variation of parameter might be observed in the pulse

response of the system. They also suggested that using time gates would

allow for the elimination of unwanted parameter effect on the received signal.

They pointed out that if the pulse read out was adjusted to occur at the

crossing point, the response of the system would relatively be independent

of the parameter associated with that particular crossing point. They also

pointed out that on the other hand, positions in time could also be found

where maximum variation of a parameter might be observed in a pulse response

system. This concept was effectively used in the lift-off point of Intercept (LOI)
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to:

• characterise material loss with gap and lift-off variation [25]

• successfully map out corrosion [26]

• detect cracks under installed fasteners [37]

• quantify defects and their locations in multilayered specimen [38]

2.5 Analysis of the received pulsed eddy cur-

rent signal

From section 2.3 and 2.4, it can be concluded that the potential application of

PEC to thickness gauging has relied on the analysis of a referenced received

signal features, such as:

• Amplitude

• Time delay to peak of the received pulse

• And/or time delay to zero crossing of the received signal

These features are unique to coil sensors [29, 39]. In addition to being sensitive

to changes in material thickness, the features of the referenced signal have also

been found to be sensitive to lift-off and the conductivity of the material [33].

Giguere et al [26] and Lefebvre et al [33], have reported on the successful

use of the crossing point phenomenon in eliminating lift-off effects in PEC

evaluation of conducting specimen. They were able to extract the thickness of

a material independent of lift-off by time gating the signals around the time of

the lift-off point of intersection. Safizadeh et al [39] however observed that the

crossing point actually varied and they considered other aspects of the signal

to separate effects due to lift-off and thickness.
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In their experiments to establish the effects of lift-off and specimen thickness on

the PEC received signal, Safizadeh et al [39] first analysed the received signal

in the time domain and then in the time-frequency domain. They carried out

an analysis on the signals received with variation in thickness and/or lift-off

distance, in the time-frequency domain, using the Wigner-ville distribution

[39, 40]. Their study showed that the time-frequency analysis of PEC signals

provides specific visual patterns that could be related exclusively either to the

lift-off distance or the material loss (reduction in thickness). Their analysis

shows that changes in specimen thickness affects the lower frequency range of

the recieved transient signal while changes in lift-off distance affect a higher

frequency range agreeing with other reseachers.

Researchers at ABB have analysed the pulse induced in the coil by consid-

ering the signal at different times of the transitional period [24]. The ABB

technology is based on the measurement of the voltage pulse induced in the

coil when the current is suddenly interrupted. After the abrupt interruption

of the constant excitation current, the magnetic field produced by the eddy

current in the metal sheet is measured as a factor of the voltage it induces in

the coil. They explained that at the instant of interruption, the eddy current

is present only on the surface of the workpiece and has not yet penetrated

deeper into the substrate. By tracing the entire penetration sequence via the

voltage induced across the coil, three unique signal values at three different

times can be derived. They quantify the three parameters by taking integrals

over specific times of the signal. These parameters include

• the lift-off,

• the electrical resistivity of the specimen and

• the thickness of the specimen.

Lift-off affects earlier times of the signal while changes in the thickness of

the specimen affect later times[24]. This agrees with the findings made by

Safizadeh et al [39] and comfirms that information on the thickness of a ma-

terial is stored in the later times of a period of the received PEC signal.
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Grman [41] reported on the application of Wavelet Transformation in Eddy

Current Testing. Wavelet analysis has some similarities with the traditional

Fourier analysis [21] which involves representing a signal as the sum of sines

and cosines of various frequencies. Fourier analysis is not good at investi-

gating non stationary signals where the component frequencies change with

time because it averages key features of a time varying signal over the en-

tire length of the signal meaning that fine detail is lost [42]. Short Fourier

transform, developed to overcome this problem by averaging short duration

components, cannot capture those components that last for longer periods.

However, wavelet analysis is able to take into account the scale as well as the

time shift of the signal components. Using narrow wavelets for high frequency

features and wider wavelets for longer lasting features, allows one to zoom

in on individual small scale, high frequency component or pan out to pick

large-scale, low-frequency components. The process involves the convolution

of the wavelet function [43] with the signal and presents signal information in

a manner that separates various aspects of the same [42, 43, 44, 45].

In his paper, Grman [41] defines wavelet transforms as a shifted version of

a wavelet function of time, scale and location. The results of the wavelet

transform are many coefficients which are a function of scale and position. He

used the continuous wavelet transform command from Matlab wavelet toolbox.

The application was geared toward multiple-frequency Eddy Current method.

For each frequency, an absolute value for all wavelet coefficients was calculated.

The purpose was to localise and classify defects by using wavelets with different

levels of scale and location to convolute with the eddy current signal.

The Continuous Wavelet Transform (CWT) is highly redundant (there is a lot

of repetition of information between transformation coefficients) and it uses

large amounts of computer memory. Discrete Wavelet Transforms (DWT) [42]

developed to address the problem of redundancy, have proved to be popular

and the technique is widely available within common software packages like

Matlab. However, even though the discretized wavelet transform is used to

address the redundancy problem of continuous wavelet transforms, and can

be computed on a computer, these computations may take anywhere from a

couple of seconds to a couple of hours [46], depending on the signal size and

the required resolution. Therefore one can conclude that wavelet transform
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would be cumbersome for an on line application.

2.6 Modeling Pulsed Eddy Current systems

In this study, modeling the PEC system served as a means of acquiring an

understanding of the phenomena involved in the formation of the received

PEC signal but also as a means of providing a simulation environment for the

study. There has been a great deal of effort put into modeling and simulating

eddy current response by various researchers [47, 48, 49, 50, 51, 52, 53]. This

section provides a brief literature overview of some of the accomplishments

achieved by previous researchers.

Bowler and Johnson [49], present an idealised equivalent circuit for the drive

coil in free space. The coil considered had a rectangular cross section and its

axis was perpendicular to the surface of the specimen (conductor). A bipolar

square wave voltage, the amplitude of which determined the amplitude of the

coil current was the source to the system. An RC filter that determined the

time variation of the coil (the value of the resistance was as high as 4048

ohms) and a trans-conductance amplifier that ensured that the coil current

was proportional to the filter voltage and independent of the coil resistance,

conditioned the source. Bowler et al [49], in their paper, explore field theory,

coil fields and time domain fields. They calculate the emf of a coil due to

transient eddy-currents in a half-space conductor from closed-form integral

expressions. They point out that circuit theory alone is not suited to the

prediction of the coil emf due to the induced eddy currents if the coil is placed

on a conducting half plane.

Hurley and Duffy [54], reported on the calculation of self and mutual impedances

of planar magnetic structures on ferromagnetic substrates a scenario analogous

to the setup of a coil placed on one side of a specimen. The spiral coil in air was

represented by a lumped parameter model. The input impedance of the spi-

ral coil in air was calculated numerically and validated experimentally. They

reported that placing the coil on a magnetic substrate leads to a doubling of

the coil inductance. They developed a set of formulae for calculating self and
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mutual impedances of planar coils on homogeneous ferromagnetic substrates.

The formulae were derived from Maxwell’s equation and served as useful gauge

for simpler approximations.

The field produced by a current carrying coil placed on a conducting specimen

generates eddy currents in the specimen. These generated currents experience

both resistive and reactive losses inflicted by the conducting specimen. Many

researchers have used finite element analysis to characterise the effect of the

induced eddy currents on the primary field due to the reflected field of the

conducting medium [50, 51, 52]. Hurley and Duffy [54], in their paper on

the calculation of self and mutual impedances in planar magnetic structures

established formulae that represented the substrate impedance and validated

them against the finite element approach. There was good agreement between

the two approaches.

The finite element approach is a numerical method [55, 56, 57]. It provides

solutions to problems that would otherwise be difficult to obtain. These are

normally problems that are represented by partial differential equations (PDE)

or as intgeral equations. The approach either completely elimimates the PDE

leading to a steady state problem, or it approximates the PDE to ordinary

differential equations. These are then numerically solved using standard tech-

niques such as Runge-Kutta [58]. Finite element method uses mesh discretiza-

tion of a system into a set of subsystems. The system then becomes a collection

of elements joined together at nodes. Dividing a system into smaller subsys-

tem, allows one to focus on regions within the system where high variations in

investigated parameters occur. In simulation this would allow for a reduction

in simulation time.

Aulder et al [53] gave a review on the advances in quantitative eddy current

nondestructive evaluation. They explored literature on the change in probe

impedance due to the defect in the specimen. The probe response was explored

in the frequency domain but could be converted to the time domain for pulsed

eddy current applications by taking Fourier transforms.
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2.7 Summary and conclusion

From the literature review carried out in this section, it can be concluded

that obtaining a signal from the PEC system is a relatively easy and straight

forward procedure. However, analysing the signal received from the system to

separate effects from the various parameters involved, proves to be the major

challenge.

Researchers have used various ways of harnessing the effect of eddy currents

on the primary magnetic field. Hall effect sensors, Giant Magneto-resistive

sensors, Superconductive quantum interference devices and coil sensors are

among the techniques used to detect changes due to the induced eddy currents.

Coil sensors have been used by many researchers with promising results. They

are further investigated for profile gauging in aluminium hot rolling mills.

Various techniques have been used to analyse the PEC signal. Time-gating,

Wigner distribution and wavelet theory have been used to separate information

from the received signal. It has been established that lift-off affects earlier times

of the signal half period while changes in the thickness of the specimen affect

later times and conductivity affects the middle times of the of the signal.

The study described in this thesis involves the PEC system signal harnessing,

analysis and processing. The purpose being to make holistic recommendations

toward the development of a profile gauging system applicable in aluminium

hot rolling mills. An effective way of processing a value that defines profile in

a temperature changing specimen is sought for. An electrical representation of

the PEC system is assumed and developed in chapter 3. Expressions charac-

terising the alumnium sheets as resistance and inductance for the PEC system

model were one of the major developments in the modelling process. Though

the basis of the modelling is anchored on findings from literature, these findings

are developed further to suit the investigated scenario.
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Chapter 3

MODELING A PULSED

EDDY CURRENT SYSTEM

The process of modelling the PEC system served two purposes; that of acquir-

ing a good understanding of the system and also providing a suitable environ-

ment to simulate profiles that could not be readily emulated experimentally.

A report on the development of a model of the envisaged PEC system that

can be used to make informed predictions on a profile gauging system is pre-

sented in this chapter. The system is seen as three electrical circuits coupled to

each other by principles of electromagnetism. In these circuits, the coils and

the specimen are represented by lumped resistances and inductances. This

approach is used in electrical engineering systems in the derivation of their

equivalent circuits [59]. Mathematical expressions for the various aspects of

the model are derived using fundamental physical phenomena. Understanding

the nature of the generated eddy currents assisted the characterisation of the

specimen as resistance and inductance presented to the eddy currents as they

swirl in the bulk of the material. The dynamics involved in the whole scenario

are considered and addressed. Effects of temperature changes, limitations pre-

sented by the concept of skin effect and the effects of specimen thickness are

considered and included in the mathematical expressions that are developed

for the specimen characterisation.
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3.1 Introduction

Variables present in aluminium hot rolling mills that affect the signal received

from the PEC system (section 1.4) were considered and accounted for in the

developed model. These include:

• The tested sheets begin the rolling process at a temperature of about

560oC. Temperature changes are inevitable in the evaluated specimen.

• The rolling process implies a moving specimen as opposed to a stationary

one. The sheet moves up to a speed of 3 m/s. Changes in velocity might

be vital to the gauging of the profile.

• The rolling process results in changes in the nominal thickness with a

profile that may vary during the rolling schedule.

The sections that follow report on the development of the various mathematical

expressions that were susquently used to develop the simulation environment

(chapter 4) that was used for the study.

3.2 Pulsed Eddy Current System Model

On the strength of Waidelich and Lahmeyer’s observations and conclusions

[29], the investigations on the received signal were carried out with the test

probe placed on one side of the specimen.

Figure 3.1 shows a vertical cross sectional view of a single coil probe placed

with its axis perpendicular to the specimen. It illustrates the dimensions of a

coil and other system parameters. These include:

• coil length ldg

• inner radius r1
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• outer radius r2

• liftoff x

• specimen with thickness y

Figure 3.1: Cross sectional view of single coil probe configuration on a specimen

with thickness y at liftoff x. The coil has an inner radius r1 and an outer radius

r2.

The cross sectional view of the setup for a sliding coil probe and a reflection

coil probe are given in figure 3.2. A reflection coil probe was used in this study.

The electric circuit model representing the probe in close proximity with the

specimen is shown in figure 3.3. The subscripts d, p and s refer to the drive

coil, pickup coil and specimen parameters respectively.

Figure 3.2: Orthographic view of a sliding probe and the reflection probe

A pulsating supply voltage, vd(t), is connected across the drive coil and the

received signal is taken across a resistance, Ro, that is connected in series with

the pickup coil. The drive coil and the pickup coils are characterised by the

resistances Rd and Rp and the inductances Ld and Lp. The two coils interact
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with each other through their self and mutual inductances, Ld, Lp and Mdp,

and also through the electric and magnetic fields in and around them.

As discussed in section 2.6, finite element approach has been used for the anal-

ysis of eddy currents induced in conducting materials by various researchers

[50, 51, 52, 60, 61, 62, 63]. However, other researchers have developed formulae

for calculating self and mutual impedances of planar coils on homogeneous fer-

romagnetic substrates [54]. Lumped parameter models were used to represent

impedances. Impedances were calculated numerically and validated experi-

mentally. The approach in this study considers a lumped representation of

the specimen by a resistance and an inductance. An analytical approach is

used in the development of the specimen characterisation to suit the simula-

tion environment used for the study. Since most circuit theories seek to reduce

complicated circuit networks to simple equivalences of source and impedance,

the complexity of the modelled lumped parameters is carefully considered in

the analytical appraoch. The aim being, to develop two equations representing

the inductance Ls and the resistance Rs that the probed material presents to

the eddy currents generated in it. In this approach, the specimen impedance

is seen to interacts with the probe impedances, currents, emfs and associated

magnetic fields, governed by electromagnetic rules. The system is modeled

as a whole; the final effects harnessed and observed in the probe pickup coil

signal.

The proposed system is surrounded by a non-conductive environment that

represents the industrial environment.

3.3 The probe parameters

In this section, the expressions for the voltages, currents, resistances and in-

ductances of the drive and the pickup coil are derived analytically using well

known circuit and electromagnetic theories.
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3.3.1 Drive coil current id(t)

To allow for signal interaction between networks in the Matlab and Simulink

simulation environment developed in chapter 4, solutions for the drive coil

current and the pickup coil current had to be established. In this section, an

equation for the drive coil current, id(t) (equation 3.7), is derived.

Figure 3.3: Electrical Circuit representation of a Sliding/reflection probe in

close proximity with the tested specimen.
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The three networks of figure 3.3: the drive coil circuit, network (a), the pickup

coil circuit, network (b) and the specimen circuit, network (c), are intercon-

nected through electromagnetic laws. A changing flux due to a current in

another coil will induce a voltage in the coil proportional to the mutual induc-

tances of the two coils [64, 65]. The voltage induced in the drive coil circuit

vdp due to the current ip in the pickup coil is:

vdp = Mdp
dip
dt

(3.1)

where Mdp is the mutual inductance of the two coils represented by [66]:

Mdp = Mpd = Kdp

√

LpLd (3.2)

and Kdp, a coefficient of coupling, is dependent on coil orientation with respect

to each other.

In the same way, a voltage vds due to the current is (induced eddy currents)

in the specimen is induced in the drive coil:

vds = Mds
dis
dt

(3.3)

The voltage appearing cross the primary source, vd(t), in the time domain, is

the sum of effects due to self inductance Ls, the resistance in the circuit RT

and the mutual inductances Mdp and Mds. This is expressed as:

vd(t) = RT id + Ld
did
dt

+ Mdp
dip
dt

+ Mds
dis
dt

(3.4)

Representing the sources due to mutual inductances Mdp and Mds as vdp(t)

and vds(t), equation 3.4 becomes:

vd(t) = RT id + Ld
did
dt

+ vdp(t) + vds(t) (3.5)

Re-arranging equation 3.5:

RT id + Ld
did
dt

= vd(t) − vdp(t) − vds(t) (3.6)

The expression on the right hand side of equation 3.6 represent the primary

and secondary sources in circuit (a) of figure 3.3. The required solution for

the drive coil current in the differential equation (equation 3.6) is found by
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applying forward and inverse Laplace transformation [67] to the equation.

The solution to the drive coil current is derived by considering primary voltage

source vd(t) and the secondary voltage sources (vdp(t) and vds(t)). An inverse

laplace transform yields the solution:

id(t) = (vd(t) − vdp(t) − vds(t))e
RT
Ld

t
(3.7)

3.3.2 The primary magnetic field as a function of the

drive current id(t)

In this section, an expression for the primary magnetic field, Bx(t) (equation

3.12), is derived as a function of the drive coil current, id(t).

The drive coil current id(t) produces a magnetic flux density around it that is

quantified using Boit-Sarvat law [68, 69]. A conducting element of wire with

a small length ds carrying a steady current I will produce a magnetic field dB

at a point a distance r from the element. The produced field is perpendicular

to the direction of the current flow and to the direction of a unit vector r̂ in

the direction of the point. The field is directly proportional to the current and

the magnitude ds of the element but it is inversely proportional to r2. These

observations are summarized mathematically as [68]:

dB =
µo

4π

Ids × r̂

r2
(3.8)

To evaluate the magnetic field for the conductor, an integration over the whole

length of the conductor is required.

dB =
µoI

4π

∫ ds × r̂

r2
(3.9)

For a circular coil with radius r1 and Nd number of turns the magnetic field

created by the coil is derived from equation 3.9 by considering the current

flowing through each turn as id(t). If the field is considered at a point a

distance x from the bottom of the coil, equation 3.9 is modified to include the

distance x and it becomes [68, 69]:

Bx(t) =
µoNdid(t)r1

4π(x2 + r2)3/2

∮

ds (3.10)
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∮

ds = 2πr1 (3.11)

Equation 3.10 becomes:

Bx(t) =
µoNdid(t)r1

2

2(x2 + r1
2)3/2

(3.12)

Bx(t) is the primary magnetic field at a lift-off distance x referred to in chapter

2.

For the magnetic induction, B(t), at the center of the drive coil x = 0 and

B(t) is expressed as:

B(t) =
µoNdid(t)

2r1

(3.13)

3.3.3 Electromotive force induced in the pickup coil and

the pickup current

In this section, expressions for the electromotive force, Ep(t), induced in the

pickup coil (equation 3.18) and the pickup current, ip(t) (equation 3.20) are

derived.

The primary magnetic field (equation 3.12) due to the current flowing in the

drive coil (equation 3.7), induces an electromotive force (emf) both in the

pickup coil and in the specimen. In this section, we consider the emf, Ep(t),

induced in the pickup coil.

An expression for the electromotive force, ǫp(t), induced in the pickup coil is

derived by applying Faraday’s law of induction and Lenz’s law [27]. Faraday’s

law states that the emf induced in a circuit is directly proportional to the time

rate of change of the magnetic flux, ΦB, through the circuit and Lenz’s law

states that the induced current and the induced emf in the conductor are in

such a direction as to set up a magnetic field that opposes the change that

produced them. This is expressed mathematically as:

Ep(t) =
−dΦB

dt
(3.14)
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The magnetic flux ΦB is expressed in terms of the magnetic field density B as:

ΦB =
∮

B.dA (3.15)

where dA is a small area cut by the magnetic field.

Ep(t) = −ApcosΨ
dB(t)

dt
(3.16)

Ap is the area cut by the flux density at the centre of the drive coil B(t) and

Ψ is the angle between the magnetic field lines of the magnetic induction B(t)

and the axis of the pickup coil.

Using the same approach used for the drive coil circuit, the pickup coil circuit

represented in network (b) of figure 3.3, the induced emf ǫp(t) , in the time

domain, is the sum of effects due to self inductance Lp, the resistance in the

circuit Rp and the mutual inductances Mpd and Mps. This is expressed as:

Ep(t) = Roip + Rpip + Lp
dip
dt

+ Mpd
did
dt

+ Mps
dis
dt

(3.17)

Representing the sources due to mutual inductances Mpd and Mps as vpd(t)

and vps(t), equation 3.17 becomes:

Ep(t) = (Rp + Ro)ip + Lp
dip
dt

+ vpd(t) + vps(t) (3.18)

Re-arranging equation 3.18:

(Rp + Ro)ip + Lp
dip
dt

= Ep(t) − vpd(t) − vps(t) (3.19)

The expression on the right hand side of equation 3.19 represent the secondary

sources in circuit (b) of figure 3.3. The required solution for the pickup coil

current ip(t) in equation 3.19 is found by applying Laplace transformation [67]

to the equation and the inverse laplace transform yields the solution:

ip(t) = (Ep(t) − vpd(t) − vps(t))e
(Rp+R0)

Lp
t

(3.20)

The pickup coil current is expressed in terms of the secondary sources ǫp(t),

vpd(t) and vps(t)
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3.3.4 Resistance and Inductance of the drive coil and

the pickup coil

Resistance Rd of drive coil and Rp of the pickup coil

Expressions for the drive coil resistance, Rd (equation 3.27), and the pickup

coil resistance, Rp (equation 3.31), are derived in this section.

The resistance of a resistive material is related to the material’s resistivity and

dimensions as [70]:

R =
ρl

a
(3.21)

R, a, l and ρ represent the resistance, cross-sectional area, length and resistivity

of the conductor respectively.

A wire with a cross sectional diameter dd used to construct the drive coil would

have a cross sectional area ad given by the expression below.

ad =
πd2

d

4
(3.22)

The drive coil is a solenoid and is constructed using a wire conductor with a

cross sectional area ad, a length ld and resistivity ρd.

We seek to express the resistance as a function of the coil dimensions and the

characteristics and dimensions of the wire from which it is constructed. The

length of the wire ld is calculated from the number of turns that can fit in the

cross sectional area of the solenoid coil Ad multiplied by the average length of

each turn. The drive solenoid coil has an inner radius r1, an outer radius r2

and a height ldg. The area Ad is expressed as:

Ad = (r2 − r1)ldg (3.23)

It is observed that the number of conductors that can fit in the solenoid cross-

sectional area constitutes the number of turns that make up the solenoid wind-

ing. However, the conductor has a circular cross-sectional area and there will
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be area that cannot be occupied by the conductors. A fill factor kf estimated

by taking the ratio of the turn value determined at the time of winding Ndet.

to the calculated turn value Ncal., is used to determine the actual number of

turns.

Kf =
Ndet.

Ncal.

(3.24)

The fill factor is always less than one and experimental results presented in

Appendix B, show that Kf lies between 0.7 and 0.9 depending on the wire

diameter and that the thinner the wire that forms the winding, the higher the

factor. This factor was used as a fitting factor in the simulation environment.

The number of turns in the drive coil was calculated using the equation 3.25.

Nd = Kf
Ad

ad

(3.25)

The resistance of a wire conductor is given by the expression in equation 3.21.

The length of the drive coil wire can be calculated in terms of the number of

turns Nd and the inner and outer radii of the solenoid,r1 and r2, using equation

3.26.

ld = Ndπ(r1 + r2) (3.26)

Using all the expressions derived above (equations 3.21 to 3.26) the resistance

of the drive coil is expressed as:

Rd =
ρdNdπ(r1 + r2)

ad

(3.27)

Knowing the wire size and shape and the former size and shape, together with

the possible range of the fitting factor kf allows the model to fit the measured

values of the test probe to the simulated values.

Similarly, the resistance of the pickup coil with an inner radius r3, an outer

radius r4, a wire diameter dp is derived using the same procedures as those
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used for the drive coil. They are summarised as:

ap =
πd2

p

4
(3.28)

Ap = (r4 − r3)lpg (3.29)

Np = Kf
Ap

ap

(3.30)

Rp =
ρpNpπ(r3 + r4)

ap

(3.31)

Inductance Ld of drive coil and Lp of the pickup coil

Expressions for the drive coil inductance, Ld (equation 3.33), and the pickup

coil inductance, Lp (equation 3.34), are derived.

The inductance L of a solenoid coil is derived using coil dimensions and

Maxwell’s equations. For a solenoid coil with core cross sectional area Ac,

height l and N number of turns, (see figure 3.4), the inductance of the solenoid

is expressed as [70]:

L =
µN2Ac

l
(3.32)

µ is the permeability of the material used for the wire.

Figure 3.4: An illustration of solenoid dimensions

Therefore, Ld and Lp the inductance of the drive coil and the pickup coil are

expressed as:

Ld =
µdN

2
dAcd

ldg

(3.33)
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Lp =
µpN

2
p Acp

lpg

(3.34)

Where the subscripts d and p refer to the drive coil and pickup coil parameters

respectively.

3.4 Specimen parameters

The specimen was modelled as resistance and inductance that interact with

the induced eddy currents. A single resistance and inductance was used to

represent the specimen. Figure 3.3 shows the cross sectional area occupied by

the eddy currents. The currents occupy a ring with an inner radius and an

outer radius similar to the drive coil dimensions. Aluminium is conductive and

obeys Ohm’s law and this law is used in the development of the expressions

that characterise the specimen. The expression relating the dimensions of a

conductor, to the resistance the conductor offers to an electric current (equa-

tion 3.21), also applies to the dimensions of the ring occupied by the circulating

eddy currents. Therefore representing the specimen as a single resistance and

inductance was deemed to be appropriate to characterise the conducting ring

in the bulk aluminium specimen. However, care is taken to address changes in

the ring dimensions that could be a result of various physical phenomena like

skin effect and inner and outer radius paths within the specimen.

In this section, expressions for the electromotive force, Es(t) (equation3.36),

induced in the specimen, the eddy current is(t)(equation 3.39) in the specimen

and those of the specimen resistance, Rs(t) (equation 3.59), and inductance,

Ls(t)(equation 3.68), are derived using analytical methods.

3.4.1 Electromotive force induced in the specimen

The rolled aluminium sheet is a bulk piece of solid metal with no possible

displacement currents. Aluminium is isotropic with a resistivity, ρs of 27 nΩm

and a relative magnetic permeability µs of approximately one [71]. The analysis

of the aluminium specimen is done at a macroscopic level, and therefore no
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atomic effects are considered.

The scenario in this study is an interface problem with a boundary between the

industrial environment and the tested aluminium metal sheet. The environ-

ment is not conductive and it has a relative permeability µe of approximately

one [71]. The primary magnetic field that is a result of the pulsating currents in

the drive coil will therefore induce circulating eddy currents in the conductive

aluminium specimen and not in the non-conductive environment.

The relative permeability of the environment and that of aluminium are both

approximately one. Considering a field normal to the specimen surface, the

magnetic fields in both media are therefore equal. Therefore, the magnetic

field just at the entrance of the specimen is the same as that at the surface of

the specimen and is expressed in equation 3.12 as Bx(t).

The presence of the magnetic induction Bx(t) incident perpendicular to the

surface of the aluminium specimen induces an electromotive force (emf) in the

specimen but not in the non-conductive environment. As discussed earlier,

this emf results in circulating currents, commonly referred to as eddy currents,

in the bulk aluminium body.

An expression for the electromotive force, Es(t), induced in the specimen is

again derived by applying Faraday’s law of induction and Lenz’s law [27]. This

is expressed mathematically as:

Es(t) = −Ascosθ
dBx(t)

dt
(3.35)

As is the area cut by the flux density Bx and θ is the angle between the field

Bx and the normal to the specimen surface.

Figure 3.3c represents the specimen network. The induced emf ǫs(t) , in the

time domain, is the sum of effects due to self inductance Ls, the resistance in

the circuit Rs and the mutual inductances Msd and Msp. This is expressed as:

Es(t) = Rsis + Ls
dis
dt

+ Msd
did
dt

+ Msp
dip
dt

(3.36)

Representing the sources due to mutual inductances Msd and Msp and vsd(t)

and vsp(t), equation 3.36 becomes:

Es(t) = Rsis + Ls
dis
dt

+ vsd(t) + vsp(t) (3.37)

41



Re-arranging equation 3.37:

Rsis + Ls
dis
dt

= Es(t) − vsd(t) − vsp(t) (3.38)

The expression on the right hand side of equation 3.38 represent the secondary

sources in circuit c of figure 3.3. The required solution for the pickup coil

current ip(t) in equation 3.39 is found by applying Laplace transformation [67]

to the equation and the inverse laplace transform yields the solution:

is(t) = (Es(t) − vsd(t) − vsp(t))e
Rs
Ls

t (3.39)

The eddy currents are expressed in terms of the secondary sources Es(t), vsd(t)

and vsp(t)

3.4.2 Skin effect

The induced eddy currents expressed in equations 3.39 result in a secondary

magnetic induction Bxs that opposes the primary magnetic field according

to Lenz’s law. This opposing field tends to screen the interior depth of the

aluminium sheet from the applied field, and the total magnetic field decays

exponentially with distance into the sheet. This phenomenon is known as the

skin effect [72]. The characteristic decay length is termed the skin depth. The

skin depth is defined as the depth at which the magnetic field decreases to 1/e

of its value at the surface of the specimen. The commonly used notation for

the analysis of eddy current penetration δ(t), for a unit step, is expressed as

[73]:

δ(t) =

√

4t

µσ
(3.40)

For pulsed eddy currents, each applied waveform is characterised by a duty

cycle (a time in a cycle when the pulse is present). Equation 3.40 shows that the

penetration depth into the aluminium sheet depends on the time (duty cycle),

magnetic permeability and conductivity of the sheet. The longer the duty-

cycle of the pulse, the deeper the eddy currents will penetrate the specimen

sheet. This agrees with Waidelich’s findings [19, 29] that thicker aluminium

specimens needed longer duration pulses to effect total penetration.
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3.4.3 Eddy Currents and skin effect

The eddy current density decreases exponentially as the depth penetrated by

the currents increases [72]. To express the current density as a function of the

specimen thickness we use the definition of skin depth (section 3.4.2). At a

depth y = δ(t), the current density J(y, t) a function of time t and depth y will

have decayed to 1/e of the current density at the surface of the specimen. If

J(r) is the current density at the surface of the specimen at a radius r from the

inner edge, at radius r of the eddy current ring (see Figure 3.1), the current

density at depth y is expressed mathematically as:

J(y, t) = J(r)/e (3.41)

For an exponential decrement of the current density as the depth of penetration

increases, the current at a depth y ≤ δ(t) is expressed as:

J(y, t) = J(r)e−y/δ(t) (3.42)

The path on the inside edge of the ring is shorter than that on the outside

edge with consequential higher current density on the inside edge of the eddy

current ring. This can be approximated by inverse relationship between the

current density J(r) and the radius r increasing from the inner radius r1 to

the outer radius r2 of the conducting ring and is expressed mathematically as:

J(r) =
K

r
(3.43)

To get the actual current density J(r, y, t), a function of eddy current ring

radius, depth into specimen and time, we combine the current density J(y, t)

a function of depth and time (equation 3.54) and J(r) a function of the eddy

current ring radius (equation 3.55). J(r, y, t) becomes:

J(r, y, t) =
K

r
e−y/δ(t) (3.44)

The total eddy current, is(t), induced in the specimen is derived from equation

3.44 by finding the integral of the varying eddy current density both radially
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and into the thickness of the specimen. For an infinitely thick specimen, the

total eddy current within the eddy current ring of an inner radius r1 and an

outer radius r2 can be expressed as:

is(t) =

r2
∫

r1

0
∫

−∞

J(r, y, t) dy dr (3.45)

Substituting for J(r, y, t) (equation 3.45), and solving for is(t) for a specimen

with a thickness y is done in the following steps:

is(t) =

r2
∫

r1

0
∫

y

K

r
e−y/δ(t) dy dr (3.46)

Re-arranging equation 3.46 and finding the integrals for the indicated limits

is(t) =

r2
∫

r1

K

r

0
∫

y

e−y/δ(t) dy dr (3.47)

is(t) =
K

r
rln

r1

r2

δ(t)(1 − e−y/δ(t)) (3.48)

The total induced eddy current at an instant in time is(t) is written in terms

of the current density J(r, y, t) by substituting J(r, y, t) in equation 3.60 using

equation 3.56 to get equation 3.61.

is(t) = J(r, y, t)δ(t)r.ln
r1

r2

(

1

e−y/δ(t)
− 1

)

(3.49)

The expression for the eddy currents given in equation 3.49 takes the skin

effect into consideration and is used to arrive at equations that present math-

ematical expressions of the specimen resistance Rs and self inductance Ls of

the specimen.

3.4.4 Resistance presented by the specimen to the eddy

currents

Equations for the specimen resistance Rs (equation 3.59) and specimen induc-

tance Ls (equation 3.68) are derived in this section.
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Aluminium is resistive and obeys Ohm’s law. A potential difference △V , a

result of the emf ǫs(t) induced in the specimen by the primary magnetic field

is maintained in the specimen resulting in the circulating eddy currents is(t)

(equation 3.39). For a uniform conductor of a length l, the potential difference

is related to the induced emf by:

△ V = ǫs(t)l (3.50)

Ohm’s law written in terms of resistivity ρ yields:

J(r, y, t) =
△V

ρsled
(3.51)

where ρs is the resistivity of the aluminium specimen, led is the eddy current

path length in the specimen. Equation 3.63 is re-arranged to give:

△ V = ρsledJ(r, y, t) (3.52)

The potential difference △V is related to the total eddy current is(t) and the

resistance presented by the specimen Rs by:

△ V = is(t)Rs (3.53)

Equating equations 3.52 and 3.53 and substituting for is(t) (equation 3.49)

yields:

ρsledJ(r, y, t) = J(r, y, t)δ(t)r.ln
r1

r2

(

1

e−y/δ(t)
− 1

)

Rs (3.54)

Geometric mean radius of the eddy current conducting ring ro

The path of the inner radius of the ring is shorter than that of the outer radius

and therefore the resistance on the inner radius is lower. Hurley and Duffy [54]

showed that an integration of the current density between the inner radius r1

and outer radius r2 of a planar section when the width to height ratio w : h

moving away from 1 with w greater than h, an equal current division occurs at

the radius given by the geometric mean (GM)ro of the inner and outer radius

and it is given by the expression:

ro =
√

r1r2 (3.55)
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The eddy current path led through which the eddy currents follow, signifies the

length of the conductor in equation 3.66 and it is quantified as a function of

the geometric mean radius as:

led = 2πro (3.56)

The formula for the specimen resistance Rs is obtained after reducing equation

3.66 and substituting the radius with the geometric mean radius ro.

Rs =
ρsled

δ(t)
(

1
e−y/δ(t) − 1

)

ro.ln
r1

r2

(3.57)

Temperature changes in the specimen

The resistivity of a conductor ρ varies approximately linearly with temperature

over a limited temperature range [74, 75]. Let ρsT1 be the resistivity of the

specimen at temperature T1 and ρs20 the resistivity of the specimen at 20oC,

then:

ρsT1 = ρs20(1 + αT1 + βT 2
1 + γT 3

1 ....) (3.58)

Substituting for resistivity at a temperature T1 into equation 3.57, the resis-

tance presented by the specimen to the eddy currents at temperature T1 is

expressed as:

RsT1 =
ρsT1led

δ(t) (ey/δ(t) − 1) ro.ln
r1

r2

(3.59)

3.4.5 Inductance presented by the specimen to the eddy

currents

The equation 3.59 is completely equivalent to the expression for the resistance

of a conductor with length and cross-sectional area. Let as be the cross-

sectional area occupied by the eddy currents then:

RsT1 =
ρsT1led

δ(t) (ey/δ(t) − 1) ro.ln
r1

r2

≡ ρled
as

(3.60)
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This implies that the area as cut by the eddy current flow can be expressed

as:

as = δ(t)
(

ey/δ(t) − 1
)

ro.ln
r1

r2

(3.61)

This area that cuts the eddy current flow is assumed to be approximately

rectangular for the conditions when the thickness is less than or equal to the

skin depth (see figure 3.1), the sides of the rectangle will take on the dimensions

δ(t)
(

ey/δ(t) − 1
)

as the depth y changes and ro.ln
r1

r2
as the radii r1 and r2 vary.

The self inductance expressed as a function of the total flux Φs(t) and the eddy

current change that it opposes is(t) is [68, 69]:

Ls =
Φs(t)

is(t)
(3.62)

The total flux expressed in terms of the flux density Bx and the area As it cuts

is:

As(t) = πr2
1 (3.63)

Φs(t) = Bxπr2
1 (3.64)

Also the magnetic flux density Bx is related to the current by the expression:
∮

Bx(t)ds = µsis(t) (3.65)

Using the dimensions of the area cut by the eddy currents as,
∮

ds = 2
(

δ(t)(ey/δ(t) − 1) + ro ln
r2

r1

)

(3.66)

The magnetic field Bx around the eddy current ring derived using equations

3.65 and 3.66 can be expressed in terms of the radial and depth parameters of

the eddy current conducting ring.

Bx(t) =
µsis(t)

2
(

δ(t)(ey/δ(t) − 1) + ro ln r2

r1

) (3.67)

Substituting for Bx(t) in equation 3.64 and for Φs in equation 3.62 yields

expression for the specimen inductance Ls:

Ls =
µsπr2

1

2
(

δ(t)(ey/δ(t) − 1) + ro ln r2

r1

) (3.68)
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3.4.6 Moving Specimen and Stationary Probe

The rolling process implies a moving specimen as opposed to a stationary one

(chapter 1). To investigate the effects of a moving specimen on the received

pickup coil signal, an analysis of these effects is carried out in this section.

The majority of eddy current applications involve moving media. Eddy cur-

rents can be created by relative motion between the magnetic field lines and

the medium. This condition leads to an additional term in equation 3.47 [68].

Eddy currents can therefore be produced by two mechanisms of induction:

• Eddy currents induced by time-varying excitation and represented by the

term ∂H
∂t

or ∂B
∂t

• Eddy currents induced by motion and represented by the term curl(v ×
H) or curl(v × B)

Moon [76] uses a magnetic Reynolds number Rm to evaluate the type of eddy

currents that dominate.

Rm = σµLv (3.69)

where L is the characteristic length of the body in contact with the magnetic

field lines, σ and µ are the conductivity and the permeability of the body and v

is the relative velocity between the body and the field. If Rm is small the eddy

currents induced by time-varying excitation prevails while for large values of

Rm, the effects of motion dominate. When Rm is of the order unity neither of

the two effects can be ignored.

With Rm as the determining factor for the predominant eddy current type

present in the specimen, considering the characteristic length L of the specimen

in contact with the primary field and the maximum velocity of the tested

specimen (section 1.1), Rm is of the order 10−2. This value is much smaller

than unity and the eddy currents induced by time-varying excitation prevail

over those induced by motion.
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To verify this, experiments were carried out using a longer specimen. The

specimen was 1000 mm long. To begin with, voltage readings were recorded

across the pickup coil circuit output resistance with the coil kept stationary.

Then observations were made on the received signal with the coil moving at

speeds between 0 mm and 150 mm per second (see Appendix A). Results agreed

with the prediction that there should be no observable effects on the received

signal due to specimen movement. Therefor, a quasi-static approximation was

adopted for the model.

3.5 Summary and Conclusion

A model for the pulsed eddy current system envisaged for this application has

been developed and presented. The system is seen as electrical circuits coupled

to each other by principles of electromagnetism. Mathematical expressions for

the various aspects of the model have been derived. The dynamics involved in

the whole scenario have been addressed. An investigation on sheet movement

resulted in the assumption of a quasi-static approximation for the system. Ef-

fects of temperature changes have been explored and included in the developed

expressions. Limitations presented by the concept of skin effect have been con-

sidered using analytical methods. Skin effect affects the final expression for

the resistance and inductance of the specimen as the thickness of the material

changes. The expressions are a function of skin depth δ(t), which in turn is a

funcion of time t. The derived formulae are consolidated in chapter 4, carefully

considering their interrelationships and arriving at a complete model that was

used in a simulation study presented in chapter 6. The model is validated in

chapter 5 and a discussion on differences in experiment and simulated results

are compared with an analysis of the errors that are presented by the model

in the same chapter. The equations developed to represent the specimen give

PEC signals that match perfectly with results from experiments, for the time

periods considered in the signal analysis process.
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Chapter 4

MATLAB AND SIMULINK

SIMULATION

ENVIRONMENT

4.1 Introduction

The mathematical expressions developed for the pulsed eddy current system

in chapter 3 were converted into an interactive simulation environment using

Matlab and Simulink [77, 78, 79]. Most of the expression were dynamic first or-

der differential equations. Background on solving such expressions stems from

Laplace transforms [67]. Subsystems were represented by transfer functions.

The transfer functions are defined as the ratio of the Laplace transform of the

output to the Laplace transform of the input, provided the initial conditions

are zero[67, 80]. These were interlinked with differentiation, gain, product,

summing, source and sink blocks, offered by the Simulink environment; and

used to weave the system model in order to achieve its dynamic electromagnetic

nature. The ultimate outcome of this exercise was a simulation environment

that was used as a tool for further investigative exercises.
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4.2 Simulink model

Simulink works with transfer functions to give a solution to a dynamic sys-

tem. The environment has a source library that offers possible signal sources

that can be used to test the model [77, 78, 79]. The pulsed eddy current

system model uses the pulse generator as the source to the system. It also

provides a linear library that includes blocks that emulate linear mathemati-

cal expressions. System transfer functions, state-space representations, simple

gain, summers, derivatives, integrators, products are among possible blocks

that can be interconnected to represent systems in a Simulink environment

[77, 78, 79]. Simulink block diagrams use lines to represent pathways for sig-

nals between blocks in a model. As the model increases in complexity, it can

be simplified by grouping blocks into subsystems. This facility allows for the

reduction in the number of blocks displayed, the keeping of functionally related

blocks together and the establishment of hierarchy. Block interconnection can

also be achieved by the use of a tag system [77, 78, 79]. This reduces the use

of interconnecting pathways within blocks and subsystems.

Simulink and Matlab were used together to create the simulation environment.

Variable parameters together with mathematical expressions that represent

their relationships were entered in the Matlab command window as an m-file.

Variable parameters, defined as those parameters that can be manipulated by

choice of component dimensions or component materials, formed the basis of

all other calculated parameters that were vital to the simulation, analysis and

visualization of model results. A block diagram and a Matlab m-file are the

outcome of the development and are presented in Appendix C.

Considering the electrical circuit used to model the PEC system and shown

in figure 3.3, the current id(t) from the primary source vd(t) is generated from

the simulink environment when the said voltage is connected as an input to

the transfer function of network a of figure 3.3. Equation 4.1 is a first order

differential equation representing the electrical behaviour of this network. Its

Laplace transform is given in equation 4.2.

vd(t) = RT id + Ld
did
dt

+ vdp(t) + vds(t) (4.1)

The drive coil current id(t) is the output of network a and the voltages vd(t),
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vdp(t) and vds(t) represent the input.

Vd(s) = RT Id(s) + sLdId(s) + Vdp(s) + Vds(s) (4.2)

Manipulating this algebraic expression gives the transfer function as:

Id(s)

Vd(s) − Vdp(s) − Vds(s)
=

1/Ld

s + RT /Ld

(4.3)

Equations 4.3 is the transfer function of a system represented in figure 4.1.

Figure 4.1: System block diagram

Equation 4.3 is represented by the blocks in the diagram of figure 4.1 as indi-

cated below:

• The sum of the pimary and secondary voltage soures Vd(s) − Vdp(s) −
Vds(s) is the input

• 1/Ld

s+RT /Ld
is the transfer function

• Id(s) is the output

Similarly, the expressions for the induced electromotive force in the pickup coil

network b of figure 3.3 and that in the specimen network c of the same figure,

included here as equations 4.7 and 4.8,

Ep(t) = Rpid + Lp
dip
dt

+ vpd(t) + vps(t) (4.4)

Es(t) = Rsis + Ls
dis
dt

+ vsp(t) + vsd(t) (4.5)

would result in expressions for their respective transfer functions given in equa-

tions 4.6 and 4.7.

Ip(s)

Ep(s) − Vpd(s) − Vps(s)
=

1/Lp

s + Rp/Lp

(4.6)
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Is(s)

Es(s) − Vsp(s) − Vsd(s)
=

1/Ls

s + Rs/Ls

(4.7)

The induced electromotive forces Ep and Es are functions of the derivatives of

magnetic field B(t) (equation 4.9) and Bx(t) (equation 4.8) respectively. They

are represented with the use of derivative blocks available in the Simulink

environment. The magnetic fields B(t) and Bx(t) are functions of the drive

current id(t).

Bx(t) =
µoNdid(t)r1

2

2(x2 + r1
2)3/2

(4.8)

B(t) =
µoNdid(t)

2r1

(4.9)

Also the secondary sources due to the mutual inductances of the three networks

in figure 3.3, vdp(t), vds(t) are functions of either one of the three currents

ip(t), is(t) and id(t). These are represented by differentaition blocks in the

simulink environment with the indicated curents as the inputs to these blocks.

Equations 4.10 and 4.11 are example equations of these secondary sources.

vdp = Mdp
dip
dt

(4.10)

vds = Mds
dis
dt

(4.11)

Transfer function blocks available in Simulink were used to achieve the so-

lutions for the currents (figure 4.1). Appropriately interlinking the solutions

from these block with gain blocks used together with product, addition and

difference blocks resulted in an interlinked model for the PEC system. Dur-

ing the simulation process, all calculations for the various model parameters

developed in chapter 3 are carried out by Matlab and are then made available

to Simulink through the software workspace resource.

Some of the mathematical expressions modelled by Simulink graphical envi-

ronment are presented in appendix C in figures C.1 to C.6. These are given

as an example of the decreasing hierarchy typical to the Simulink environment

and used in the development of the simulation environment.
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4.2.1 Simulink solvers

Simulink simulates a dynamic system by computing its states at successive

time steps over a specified time span, using information provided by the model.

The process of computing the successive states of a system from its model is

what is referred to as solving the model[78, 79]. Simulink provides a set of

programs, known as solvers. Each have a particular approach to solving the

model. These solvers are either fixed-step continuous solvers or variable-step

continuous solvers. Both types of solvers compute the time of the next step

by adding a step size to the time of the current time. The step sizes for the

fixed-step continuous solver are fixed, and the accuracy of the solver depends

on choosing small enough step sizes that accommodate all significant changes

in the system. Those of the variable-step size continuous solver vary. They

are reduced to increase, accuracy when a model’s states change rapidly and

increased to avoid taking unnecessary steps when the model’s states change

slowly

In order to decide on a solver for the modelled system experimentation with the

various solvers offered by Simulink is advised by the program developers. After

experimenting with the various solvers offered by Simulink, the investigated

pulsed eddy current system required a variable-step size continuous solver, a

solver based on an explicit Runge-Kutta [58] formula. It is a one step solver

in that when computing a function y(tn), only the solution at the immediately

preceding time y(tn−1), is needed.

4.2.2 Runge-Kutta method

The Runge -Kutta method [58] is the numerical method used by the Simulink

model to solve differential equations. It yields approximate numerical values

of the solution. A method like the Runge-Kutta may be applied if a differ-

ential equation cannot be solved by an exact method, but in this case, it is

applied because an electronic computer is used to solve differential equations

in the developed Simulink model. In each step h of this method, four auxil-

iary quantities are computed and using them, a new value is computed [58].
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The truncation error [79] is of the order h5 and the method is therefore, a

fourth-order method.

4.2.3 Finite element method and Simulink solvers

In section 2.6 and 3.2, it was noted that many researchers have used finite

element analysis to characterise the effect of the induced eddy currents on the

primary field due to the reflected field of the conducting medium [50, 51, 52]. It

was also noted that finite element approach is a numerical method [55, 56, 57]

that provides solutions to problems that would otherwise be difficult to solve.

It is further noted that these problems are normally represented by partial

differential equations (PDE) or as intgeral equations and that the approach

either completely elimimates the PDE leading to a steady state problem, or it

approximates the PDE to ordinary differential equations (ODE) that are then

numerically solved using standard techniques such as Runge-Kutta [58].

The model that was developed in chapter 3 was mostly represented by first

order ordinary differential equation (ODEs) that expressed the electrical be-

haviour of the model network. The finite element approach approximates

PDEs to ODEs and then numerically solves using standard techniques. Mat-

lab and Simulink solvers are based on Runge-Kutta method and was therefore

a good approach to characterise the the PEC system effects.

4.3 Variable parameters

4.3.1 Solenoid parameters (Drive coil or pickup coil)

As is mentioned by some researchers [33], the choice of coil dimensions is

important in an application. Transient locus (time constant) is dependent on

the coil dimensions and therefore the choice of these parameters is vital to the

system’s performance. Parameters that could be varied for a solenoid included:
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• Diameter of the wire conductor used for the windings (dd or dp)

• Resistivity of the wire material (ρd or ρp )

• Fill factor (kf ), (see appendix A)

• Permeability of the solenoid core material (µd or µp)

• Inner radius of the solenoid (r1 or r3 )

• Outer radius of the solenoid (r2 or r4)

• Length of the solenoid (ldg or lpg)

4.3.2 Specimen parameters

The specimen parameters that could be varied included:

• Thickness (y)

• Permeability (µs)

• Resistivity (ρs)

• Temperature (T )

• Wobble angle (θ)

• Temperature coefficient (α and β)

• Skin depth(δ(t))

4.3.3 Other variables

The distance of separation between the probe and the specimen, referred to as

the lift-off (x), is another variable that was considered in the model.
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4.4 Calculated parameters

Some parameters used in the model were calculated from the variable pa-

rameters. Matlab was used to effect the calculations and most of the results

from these calculations were used in the analysis carried out in chapter 8. By

using Matlab programming syntax, mathematical expressions derived in the

previous chapter were processed to give solutions for the calculated variables.

These calculated parameters are manipulated by the choice of the parameters

referred to as variable. Chapter 3 was committed to deriving mathematical

expressions that model such parameters.

4.5 Summary and Conclusion

The development of a Matlab/Simulink simulation environment has been de-

scribed in this chapter. Various mathematical expressions developed in chapter

3 have been consolidated to a complete PEC simulation environment. The de-

veloped environment emulates the PEC system as a whole. Equations that

express the character of system components were ordinary differential equa-

tions. Matlab and Simulink solvers, based on the Runge-Kutta technique were

therefore a good choice for the simulation environment. The model is validated

against experimental data in chapter 5 and a simulation study is carried out

on pulsed eddy currents and their possible use in profile thickness gauging in

aluminium hot rolling mills in chapter 6.
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Chapter 5

VALIDATING THE PEC

SYSTEM MODEL

5.1 Introduction

A report on the validation of the simulation environment developed in the

previous chapters is given in this chapter. Validations were carried out against

data received from experiments. Various investigative experiments were car-

ried out to facilitate the comparison between simulated data and data obtained

from experiments in order to make the validation of the developed model pos-

sible. The PEC system model was validated as a whole by observing the signal

received from the pickup coil using simulations that emulated the experimental

environment. Results observed at the pickup coil both experimentally and by

simulation are an indication of the validity of the model as a whole.

The process started with the comparison between measured and calculated

values of the various parameters that make up the test probe used in the

study. These parameters include:

• coil resistances

• coil inductances
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• Number of coil turns

A good fit of these probe parameters allowed for an initial run of experiments

to be carried out in order to establish the validity of the modelled probe. These

were experiments and simulations carried out on the test probe in the absence

of any specimen. These experiments and simulations assisted in setting the

factors kf and the coupling factors kpd, kps and kds that are discussed in the

modelling process documented in chapter 3. These factors are fitting factors

necessary to take into account the circular cross section of the wire used to wind

the coil fitting into the rectangular cross sectional area of the coil dimensions.

After ascertaining that the probe signals harnessed from the model simulation

and those harnessed from the experiments fitted satisfactorily, other experi-

ments and simulations could then be carried out to validate the model for the

various features reported in literature by other researchers. Also comparisons

between results from experiments and those from simulations were carried out

on the effects of specimen temperature and thickness on the test probe signals.

These served as a basis to justify the model for the simulation studies carried

out in chapter 6. Experiments included Pulsed eddy current tests on:

• an aluminium sheet with constant thickness (3 mm) at constant temper-

ature (room temperature of about 25oC) and the probe placed at varying

lift off distances (1 mm to 6 mm) in steps of 1 mm.

• an aluminium sheet with a constant thickness (1 mm, 2 mm or 3 mm)

with the probe placed at a constant lift-off distance (1.2 mm) from the

specimen. The specimen temperature dropping from 300oC to 25oC in

steps of 50oC.
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5.2 Equipment used for measurements, exper-

iments and simulations

5.2.1 Measurements

A reflection test probe was used for this study. Resistances of this probe were

measured using Kiethley 2400 source meter [81]. This is a four-wire system

with the following specifications:

• Source voltage 5 µV - 210 V

• Measured voltage 1 µV - 211 V

• Source Current 50 pA - 1.05 A

• Measure current 10 pA - 1.05 A

• Measured resistance 100 µΩ -211 MΩ

• Maximum source power 22 W

• Accuracy for 20 Ω range, 0.10% + 0.003 Ω, within 1 year of claibration

• Calibration date 2006

5.2.2 Simulations

Simulations were carried out using a personal computer. Calculations were

done using the Matlab environment. These values now available to the Mat-

lab workspace were used by the developed Simulink model in the simulation

process. After a simulation, the output from the Simulink model was made

available to the Matlab workspace and the collected data exported to other

environments or used within the Matlab environment to validate the model

output against experimental results.
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5.2.3 Experiments

The setup for experiments used in this study is shown as a block diagram in

figure 5.1. A Sampo 1617 function generator, with an internal resistance of

50 Ω, was connected through a signal conditioning circuit to the eddy current

reflection probe. The probe was placed on the tested specimen and the voltage

across the pickup circuit output resistance Rout was collected using a PC30FA,

11 channel data collection card, with an input range of -5 to +5 volts and an

input impedance of 500 MΩ. The data was stored on the personal computer

for further processing.

Figure 5.1: Block diagram of the Pulsed eddy current setup used in this study.
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5.3 Results and observations

5.3.1 Measured and calculated parameters of the test

probe

Table 5.1 shows the measured and calculated values of the parameters of the

reflection probe used for the experiments.

Table 5.1: Measured values and calculated values for the reflection probe used

in this study

Drive coil Pickup coil

Measured Calculated Measured Calculated

Wire diameter (mm) 0.18 - 0.18 -

Inner radius (mm) 6.35 - 4.25 -

Outer radius (mm) 8.75 - 6.35 -

Resistance (Ω) 17.6 17.597 10.9 10.899

Inductance (mH) - 1.56 - 0.53

Coil length (mm) 9 - 9 -

Lift-off (mm) 1 - 1 -

Wire length (m) 25 25 15 15.4

Number of turns 530 537 464 474

Time constant (ms) - 1.15 - 0.06

It is observed that measured parameter values and those predicted by the

model are in close agreement. The difference between measured and calculated:

• coil resistances is less than 0.005 Ω

• Number of coil turns is up to 10 turns
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5.3.2 Validating the test probe

An initial run on the PEC system was made in the absence of a specimen in

order to set the model fitting factors, developed for the probe, in chapter 3. The

kf factors for the drive coil and the pickup coil, kfd and kfp were set at 0.785

and 0.791 respectively. The coupling factor kpd was set at 0.69. Data from

simulations and from experiments for the pickup coil signal, was compared.

Results from experiments and simulations together with the difference between

the two plots are presented on the same graph shown in figure 5.2. The plot

of the excitation was not included due to the fact that the amplitude of the

pickup coil signal was much lower than that of the excitation signal. To make

observations on the pickup coil signal it was necessary to focus on it alone.

The following observations were made:

• The maximum difference between the two signals happens at 0.006 ms

after the start of the duty cycle period and is 0.292 V. The value of the

signal from the experiments, at this time is 1.418 V. The difference is

therefore 20% of the signal received from the experiments at this time

(0.006 ms).

• From 0.07 ms after the start of the duty cycle, the difference between the

two signals is 0.000 ±0.004 V which is 0.5% of the value received from

the experiments at 0.07 ms.

• Significant differences between the two signals happen in the early times

of the received signalduty cycle period.

• The simulated signal and the signal from experiments therefore correlate

in the later times of the received signal period starting at 0.07 ms from

the start of the duty cycle.

These results make the model developed for the test probe acceptable for the

later times of the received signal. This is the section of the period investigated

by this study in order to isolate changes in the thicknesses of the specimen

from the information delivered by the received signal (see chapter 2). The test

probe model is therefore acceptable for further study.
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Figure 5.2: Experiment and simulated pickup coil signal with no specimen

present.

5.3.3 Varying liftoff distances

Simulations for different lift-off distances on a 3 mm thick aluminium specimen

at room temperature (25oC), were carried out to validate the modelled system

against trends observed by other researchers as well as results from experiments

carried out for the study. Figures 5.3 and 5.4 show the results from experiments

and the simulations.

The trends from simulated data are similar to those observed by other re-

searchers.

• As observed by other researchers, the amplitude of the received signal

increases as the lift-off distance increases tending toward that received

without the presence of a specimen.

• Also, a crossing point is observed for varying lift-off distances both for

the simulated and the experiment signals. The experiment LOI is at

0.156 ms and the simulated one at 0.149 ms.
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Figure 5.3: LOI observed on pickup coil signal received from (a)experiments

and (b) simulations, with the probe placed on a 3 mm thick aluminium speci-

men at varying liftoff distances.

It is also observed that for the data received from experiments, the signals for

lift-off distances of 5 mm, 6 mm and for when there is no specimen, overlap.

This may indicate that as the lift-off increases, the effect of the specimen on

the coil tends to become negligible.
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Figure 5.4: Amplitude variation in received pickup coil signal due to changes

in lift-off; (a) experiment and (b) simulation results.
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5.3.4 Varying specimen thicknesses and specimen tem-

perature

Results from experiments are compared with those that are simulated for vary-

ing specimen temperatures at a constant specimen thickness. The specimen

thicknesses considered included 1 mm, 2 mm and 3 mm thick aluminium plate.

The probe was placed at a constant lift-off distance of 1.2 mm. The specimen

was cooled from 3000C to 250C (room temperature). The pulsed eddy current

signals were observed for temperatures between 300C and 2000C and results

were recorded in steps of 500C. Samples of these results are presented in figures

5.5 to 5.7. The following observations were made:

• For all sampled results, from 0.09 ms, the difference between the simu-

lated signal and the signal received from experiments varies from 0.000

V to 0.000 ±0.003 V.

• For all sampled results, significant differences in the two signals happen

in the early times of the received signal period.

• Therefore, during the later time of the received signal period, there is

a good correlation between the simulated signal and the signal from

experiments. This is the section of the period that is of interest for this

study.

The simulated results and the results from experiments again confirm that the

representation of the specimen with varying temperature is acceptable.
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Figure 5.5: Simulated results compared with results from experiments for a 1

mm thick specimen at different temperatures.
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Figure 5.6: Simulated results compared with results from experiments for a 2

mm thick specimen at different temperatures.
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Figure 5.7: Simulated results compared with results from experiments for a 3

mm thick specimen at different temperatures.
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There is a perfect match between simulated data and data from experiments,

for period after 0.09 ms from the start of a new period, for some sampled

result.

5.4 Discussions

The first experiments carried out had to establish the validity of the modelled

test probe. Developing the profile gauging system depended on the choice

of the probe characteristics. Parameters like the inner radius, outer radius

length of the coil affect the resistances and inductances of the used probe as

illustrated in equations 3.30, 3.34, 3.36, 3.37 repeated here as equations 5.1 to

5.4. This representation of the resistances and inductances of the test probe

assisted in the choice of probe dimensions and the source frequency in order to

maximise sensitivity of the system and work within the desirable steady state

conditions.

Rd =
ρdNdπ(r1 + r2)

ad

(5.1)

Rp =
ρpNpπ(r3 + r4)

ap

(5.2)

Ld =
µdN

2
dAcd

ldg

(5.3)

Lp =
µpN

2
p Acp

lpg

(5.4)

As discussed in chapter 3, the magnitude of the magnetic field around the

drive coil is proportional to the current flowing through the coil (see equation

3.11). In order to maximise the current drawn from the function generator and

therefore the field available to the probing process, the resistance in the drive

coil circuit was kept at a minimum; no extra series resistance was added in the

drive coil circuit (see figure 3.3). The output resistance Rout limits the voltage
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to the data collection card in the personal computer to within the specified

input range of -5 to +5 volts.

Investigations on the lift-off point of intersection showed that trends from

simulated data were similar to those observed from experiments and agreed

with those reported by other researchers( section 2.4).

• The amplitude of the received signal increased as the liftoff distance in-

creased tending toward that received without the presence of a specimen.

• However as lift-off increased beyond 5 mm, the data from experiments

showed an overlap with the signal received without the presence of the

specimen. This suggested that the effect of the specimen on the test

probe became negligible as the lift-off distance increased.

• A crossing point was observed for varying lift-off distances both for the

simulated and the signal from experiments. The experiment LOI was at

0.156 ms and the simulated one at 0.149 ms.

Changes in temperature and thickness of a specimen affected the probe signals

and manifested as a change in probe impedances. Results show a close fit

between the simulated and the experiment data, for the section of interest of

the duty cycle period. This confirms that the equations developed to charac-

terise the specimen inductance and resistance (equations 5.5 and 5.6) are an

acceptable representation of the specimen for that section of the period.

RsT1 =
ρsT1led

δ(t) (ey/δ(t) − 1) ro.ln
r1

r2

(5.5)

Ls =
µsπr2

1

2
(

δ(t)(ey/δ(t) − 1) + ro ln r2

r1

) (5.6)

Results show that there is a perfect match between simulated data and data

from experiments from 0.09 ms from the start of a duty cycle period. This

implies that one can safely use the latter part of the signal period in further

signal processing exercises.
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5.5 Summary and conclusion

A report on the validation of the model developed for the study of the PEC

system has been given in this chapter. Various results from experiments were

compared with data received from model simulations. Some of the trends

observed from experiments and model simulations were compared with those

observed by other researchers. Effects of temperature were simulated and the

model gave results that agree with those from experiments. It was observed

that differences between the simulated signal and the signal from experiments

happens in the early times of the signal. In the later times of the received

signal period the difference between the simulated and the experiment results

(especially after 0.09 ms) is 0.000 ±0.004 V for both the signal received in the

presence of a specimen and that received in its absence.

The model on the whole is a good representation of the proposed PEC system

for the period of interest. The equations developed to characterise and rep-

resent the aluminium sheet in the model, are proved to be acceptable by the

results shown in this chapter. In chapter 6 a report on the simulation study

carried out using the developed environment to establish system performance

and sensitivity is given.
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Chapter 6

A SIMULATION STUDY

6.1 Introduction

The objective of this study is to investigate pulsed eddy currents for the de-

velopment of a low cost profile gauge that detects differences in profile sheet

thicknesses less than 4 µm. The development of a profile gauge for the finish-

ing mill at Hullet aluminium is considered for this investigation. The sheet is

rolled from a thickness of between 20 mm and 30 mm to 2 mm. For the pur-

poses of this analysis, the three point definition of profile in hot rolling mills

is considered (section 1.3). An acceptable wedge of less than 0.5% suggested

for quality and a suggested deliberate crown of between 0.2% and 0.8% imply

that the developed profile gauge should satisfy resolutions of up to 4 µm at

the lowest required nominal thickness of 2 mm.

The studied scenarios were set out to explore the possible use of eddy currents

for the industrial situation discussed in section 1.1. Quality control require-

ments dictate that a simple means must be found to identify a small number

of parameters which can be used for profile description. Profile definition was

explored in section 1.3. The work is intended to extend Pulsed Eddy Cur-

rent evaluation to an application that requires an array of probes set and used

in such a way that the gauged profile can be harnessed under environmen-

tal conditions that have not been investigated for PEC application (specimen
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changing temperature).

In this chapter, a simulation study is documented. Its purpose was to inves-

tigate coil probes that use the reflection configuration. Coil sizes, wire sizes,

source voltage and frequency were varied and results from these variations

presented and compared as a means of determining the best probe size for

the investigations. Other factors that would influence the results of the PEC

system like signal conditioning by amplification were also investigated. Probe

dimensions that gave the best results were further used to investigate the sys-

tem’s sensitivity to very small changes in specimen thickness. The effects of

specimen temperature variations on the PEC system signal were also inves-

tigated using simulation studies. The simulation environment for a reflection

probe that was validated in chapter 5 was used for the simulation study. This

was an empirical study taking advantage of the theoretically developed model

to assess various characteristics of the envisaged PEC system.

6.1.1 Sensitivity

The study started with the exploration of source amplitudes and frequencies,

coil length and core dimensions together with wire sizes. Sensitivity was as-

sessed empirically by considering extent of the changes in the received PEC

signal (outputs) that were caused by changes in source frequencies, probe di-

mensions and specimen conditions (inputs). The higher the ratio between a

small change in the output and that in the input, the better the sensitivity.

Varying probe dimensions changes probe impedances and hence the probe sig-

nals. The simulation study carried out in this chapter is to establish probe

dimensions that give a good sensitivity to changes in the tested specimen. The

higher the ratio between a small change in the output and that in the input,

the better the sensitivity. Source amplitude and frequency, coil length and core

dimensions together with wire sizes are varied in various simulation exercises

to establish trends in the pickup coil signal.
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6.1.2 Amplitude and frequency of the source voltage

The pulsed eddy current system uses pulsed magnetic fields to probe the inves-

tigated specimen. The amplitude and frequency of the pulsed magnetic fields

are created from a pulsating voltage source. It is important to specify the am-

plitude and frequency of the source voltage in order to achieve total penetration

of the specimen so that the PEC system can probe the specimen effectively.

Deep penetration of the specimen by the magnetic field occurs at low fre-

quencies [29]. However, external interferences especially those from nearby a.c

power circuits cause problems at low frequencies in ranges below 100 Hz and

internal noises especially those due to random, temperature-induced motion

of electrons and other charge carriers in resistors and semiconductors cause

problems at higher frequencies above 106 Hz respectively [82]. The model de-

veloped for this study was used to assess various situations. Simulations done

at various source frequencies and voltages for the probe validated in chapter

5 were carried out and results from these simulations are presented in this

section.

6.2 Simulations, results and observations

Results from simulations under different but related system conditions, were

plotted on the same graphs and possible probe dimensions chosen on the basis

of the noted differences in the plotted pickup coil signals. The choices made

on the probe dimensions and the source voltages and frequencies for the best

sensitivity and suitable steady state conditions were then used to investigate

other issues. Also very small changes in the specimen thickness were studied

using the chosen probe dimensions in order to establish whether the output

signals corresponding to the input parameters were separated enough, for the

period of interest.
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6.2.1 A simulation study on the effects of coil length on

the received PEC signal

Simulations in the absence of a specimen

For this study, simulations were intended to assist in the assessment of steady

state conditions in the received PEC signal. These were carried out at various

source frequencies for probes with different coil lengths, in the absence of a

specimen. Four frequencies were chosen for the simulation study; 100 Hz, 500

Hz, 1 kHz and 1.5 kHz. All simulations were carried out using the same source

voltage amplitude (20 V peak-to-peak). Simulations were carried out for the

coil length (ldg = 9 mm) considered in the validation (see chapter 5) and also

for two other coils with different length (ldg); 4.5 mm and 13.5 mm, one being

shorter than the validated coil length (9 mm) while the other longer, by 4.5

mm. The radial (core) dimensions and the wire diameters were kept similar for

all coils. Results from these simulations are presented in figure 6.1. For these

plots, the scale on the y-axis starts at -0.1 V instead of 0.0 V to highlight the

change in the signal from the positive going to the negative going pulse. It can

be seen in figures 6.1 and 6.2 that for the 1.5 kHz waveform the signal changes

sense at the time 0.33 ms. The voltage values at the end of each positive duty

cycle period for the considered frequencies are recorded in table 6.1. Voltage

values are recorded at 0.33 ms, 0.5 ms, 1 ms and 5 ms for source frequencies

1.5 kHz, 1 kHz, 500 Hz and 100 Hz respectively.

Graphs (a), (b) and (c) in figure 6.1 show plots of the received pickup coil

signal at the specified frequencies for each coil length, while graph (d) gives

the comparison for the different probe lengths.

Simulations in the presence of a specimen

Simulations were carried out at various source frequencies (100 Hz, 500 Hz, 1

kHz and 1.5 kHz) for probes with the same dimensions as those used in the

absence of a specimen. Four different specimen thicknesses were considered

for this simulation study; 3 mm, 5 mm, 7 mm and 9 mm.
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Results from the simulations are categorised as follows:

• Simulations for the different probe lengths (4.5 mm, 9 mm and 13.5 mm)

placed on specimen with a constant thickness (3 mm) and with varying

source frequency (100 Hz, 500 Hz, 1 kHz and 1.5 kHz); figure 6.2.

• Simulations for the different probe lengths (4.5 mm, 9 mm and 13.5 mm)

carried out at a constant source frequency (1 kHz) and placed on diferent
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Figure 6.1: Simulated results for varied coil lengths in the absence of a speci-

men.

specimen thicknesses (3 mm, 5 mm, 7 mm and 9 mm); figure 6.3.

Effects on the signal due to frequency changes for the three coil lengths (4.5

mm, 9 mm, 13.5 mm) are shown in graphs (a), (b) and (c)of figure 6.2. A

comparison between the different coil length is shown in graph (d) of the same
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figure. Effects on the signal due to changes in specimen thickness for the three

coil lengths (4.5 mm, 9 mm, 13.5 mm) at a constant frequency (1 kHz) are

shown in graphs (a), (b) and (c) of figure 6.3. A comparison between the

different coil length is shown in graph (d) of the same figure. For all the plots,

the output pickup coil voltages at the end of the relevant due cycle period are

recorded in tables 6.2 and 6.3.

83



Figure 6.2: Simulated results for varied source frequencies in the presence of a

3 mm specimen.
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Figure 6.3: Simulated results for varied coil lengths in the presence of specimen

with different thicknesses.
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Observations

For the coil in the absence of a specimen, observations are summarised in table

6.1. The value of the voltages (in volts), for each coil length, at the end of a

duty cycle for the used source frequency 100 Hz, 500 Hz, 1 kHz and 1.5 kHz

were recorded at 5 ms, 1 ms, 0.5 ms and 0.33 ms respectively.

Table 6.1: The pickup signal voltage value, at the end of a positive duty cycle,

for the investigated frequency and the considered coil length in the absence of

a specimen

Frequency 100 Hz 500 Hz 1 kHz 1.5 kHz

Duty cycle period (5 ms) ( 1 ms) ( 0.5 ms) (0.33 ms)

Coil length (mm) (V) (V) (V) (V)

4.5 2.50x10−133 7.66 x 10−19 9.87 x 10−9 8.45 x 10−6

9.0 1.84 x 10−65 6.4 x 10−9 0.15 x 10−3 4.72 x 10−3

13.5 9.93 x 10−46 1.3 x 10−6 1.97 x 10−3 23 x 10−3

• For all frequencies investigated, the pickup coil signal reaches steady

state. However, their time to steady state varies.

• The output signal voltage value of 0.02 V, a value within 1% of the

maximum signal value, was taken as a measure of a signal exhibiting

desirable steady state conditions. Data captured in table 6.1 shows that

the voltage at the end of the duty cycle, is a maximum (0.023 V) for the

13.5 m coil at a source frequency of 1.5 kHz.

• The 4.5 mm coil has the lowest voltage for all frequencies indicating that

it exhibits desirable steady state conditions at an earlier time than the

9 mm coil and 13.5 mm coils.

• The 13.5 mm coil has the highest voltage for all frequencies indicating

that it takes longer to reach desirable steady state conditions.

For the different coil length in the presence of a 3 mm thick specimen, obser-

vations are summarised in table 6.2. The value of the voltage (in volts) at the

end of a duty cycle for the used source frequency (100 Hz, 500 Hz, 1 kHz and

1.5 kHz) was recorded for each coil length.
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Table 6.2: The pickup signal voltage value, at the end of a positive duty cycle,

for the investigated frequencies and the considered coil length in the presence

of a 3 mm thick specimen

Frequency 100 Hz 500 Hz 1 kHz 1.5 kHz

Duty cycle period (5 ms) ( 1 ms) ( 0.5 ms) (0.33 ms)

Coil length (mm) (V) (V) (V) (V)

4.5 2.2 x 10−25 3.53 x 10−6 7.58 x 10−3 4.44 x 10−3

9.0 1.37 x 10−13 8.25 x 10−4 11.98 x 10−3 28.2 x 10−3

13.5 4.7 x 10−13 1.5 x 10−3 20.5 x 10−3 51.2 x 10−3

• At the end of the 0.5 ms duty cycle, the output signal voltage values

are 20.53 mV, 11.98 mV and 0.7 mV for the 13.5 mm, 9 mm and 4.5

mm long coils respectively. This implies that the time to steady state is

longest for the longest coil.

• The value of 51.2 mV at the end of the duty cycle of the 1.5 kHz source

frequency, for the 13.5 mm coil, indicates that signal has not reached

desirable steady state conditions.

For the different coil lengths in the presence of different specimen thicknesses

(5 mm, 6 mm, 7 mm and 9 mm) at a source voltage of 20 V peak-to-peak)

and a source frequency of 1 kHz, observations are surmarised in table 6.3

Table 6.3: Varying specimen thickness at a source frequency of 1 kHz for the

considered coil lengths

Specimen thickness (3 mm) (5 mm) (7 mm) (9 mm)

Coil length (mm) (V) (V) (V) (V)

4.5 0.7 x 10−3 0.521 x 10−3 0.243 x 10−3 0.113 x 10−3

9.0 11.98 x 10−3 16.58 x 10−3 20.37 x 10−3 24.15 x 10−3

13.5 20.53 x 10−3 26.60 x 10−3 31.76 x 10−3 36.98 x 10−3

Analysing the out signal voltage values presented in 6.3, it can be concluded

that:

• It takes longer for the longest coil (13.5 ms) to reach within 1% of the

steady state conditions.
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• The differences in the output signal voltage at the end of the 1 kHz duty

cycle, due to specimen thicknesses, are highest for the longest coil. For

the 3 mm and 5 mm thick specimens, the differences in the output voltage

value at the end of the 1 kHz duty cycle, for the 4.5 mm, 9 mm and the

13.5 mm coils, are 0.179 mV, 4.6 mV and 6.07 mV respectively. This

coresponds to sensitivities of 0.089 Vm−1, 2.3 Vm−1 and 3.03 Vm−1 for

the 4.5 mm, the 9.0 mm and the 13.5 mm coils respectively. Therefore,

longer coils give better sensitivity than shorter coils.

• However, steady state conditions are not achieved for the longest coil

and a compromise in coil length is necessary for an effective probe.

• The 9 mm coil makes a good compromise between desired steady state

conditions and sensitivity.

6.2.2 A simulation study on effects of core dimensions

on the received PEC signal

Figure 6.4, shows the effects of varying the core diameter while keeping the coil

length common at 9 mm and the source frequency at 1 kHz. The observations

on the pickup voltage value at the end of the 0.5 ms duty cycle derived from

the 1 kHz source frequency are recorded in table 6.4.

Table 6.4: Variation in core diameter for a 9 mm coil length in the presence of

the indicated specimen thicknesses

Specimen thickness (3 mm) (5 mm) (7 mm) (9 mm)

Core diameter(mm) (V) (V) (V) (V)

4.25 2.47 x 10−2 3.49 x 10−2 4.33 x 10−2 5.16 x 10−2

6.25 6.08 x 10−2 6.89 x 10−2 7.68 x 10−2 8.55 x 10−2

• Analysing table 6.4, the values of the voltages of the output signal at

the end of the 1 kHz duty cycle are higher for the 6.25 mm core diam-

eter indicating that increasing core radius, while keeping all other coil

dimensions constant, increases the time to steady state of the system.
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• For the 3 mm and 5 mm thick specimens, the differences in the output

voltage value at the end of the 1 kHz duty cycle for the 4.25 mm and

the 6.25 mm diameter cores are 10.2 mV, and 8.2 mV respectively. This

coresponds to sensitivities of 5.1 Vm−1 and 4.1 Vm−1 for the 4.25 mm

and the 6.25 mm core diameters respectively. Therefore, the differences

due to specimen thicknesses are more evident in the received signal for

the probe with the smaller core radius rendering smaller radius cores

more sensitive.

6.2.3 Effects of Wire size on the recieved PEC signal

To establish the effect of wire size on the received pickup coil signal, two wire

diameter sizes, 0.18 mm and 0.12 mm were considered in the simulations. The

coil length was chosen to be 9 mm (it showed good compromise for steady

state conditions and sensitivity). The core radius 4.25 mm was kept since it

gave the best sensitvity. All other probe dimensions were kept the same (see

table 5.1). Figure 6.5, shows the results of the simulations. The observations

on the pickup voltage value at the end of the 0.5 ms duty cycle derived from

the 1 kHz source frequency are recorded in table 6.5, for the 0.12 mm and the

0.18 mm diameter wires.

Table 6.5: Variation in wire diameter for a 9 mm coil length in the presence

of the indicated specimen thicknesses

Specimen thickness (3 mm) (5 mm) (7 mm) (9 mm)

Wire diameter(mm) (V) (V) (V) (V)

0.12 2.12 x 10−2 2.40 x 10−2 2.80 x 10−2 3.09 x 10−2

0.18 1.12 x 10−2 1.66 x 10−2 2.04 x 10−2 2.40 x 10−2

• Analysing table 6.5, the values of the voltages of the output signal at the

end of the 1 kHz duty cycle are higher for the 0.12 mm wire diameter,

indicating that for all other dimensions kept constant, decreasing wire

radius increases the time to steady state of the system.

• For the 3 mm and 5 mm thick specimens, the differences in the output

voltage value at the end of the 1 kHz duty cycle for the 0.12 mm and the
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0.18 mm wire diameters were 2.8 mV, and 100 mV respectively. This

corresponds to sensitivities of 1.4 Vm−1 and 50 Vm−1 for the 0.12 mm

and the 0.18 mm wire diameters respectively. Therefore, the differences

due to specimen thicknesses become more evident as the wire diameter

is increased, implying that thicker wires give better sensitivity.
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Figure 6.4: Simulated results for varied core diameter while keeping the coil

length common at 9 mm

A comparison between the amplitudes of the signals received from the 9mm

long coil with the wire diameters 0.12 mm and 0.18 mm are shown in figure

6.6. It is observed that in the absence of a specimen, the amplitude of the

output voltage for the coil wound with the 0.18 mm wire is 2.070 V at 0.02

ms and that from the coil wound with the 0.12 mm wire is 0.895 V at 0.032

ms. Implying that the 0.12 mm wire diameter subjects the signal to a higher

resistance. The thinner wire requires more length to fill the same dimensions

as the thicker wire and it has a smaller cross-sectional area. Taking note of

equation 3.21, page 37, the conditions implies that the thinner wire offers more

resistance to the system and hence the much lower amplitude observed in the

pickup coil signal.

92



93



Figure 6.5: Simulated results for different wire sizes with coil length kept at 9

mm.

Figure 6.6: Comparing the amplitude of the simulated results for the 0.12 mm

and 0.18 mm wire diameters, with all other coil dimensions kept constant.
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6.2.4 Very small changes in the specimen thickness

It was important to make observations on changes in the output signal for very

small changes in the input parameter, in order to establish whether the out-

put signals corresponding to various input parameters were separated enough,

for the period of interest. This would then allow further investigations, by

simulation, on the effects of small changes in the thickness of the specimen.

In this section a study is carried out to establish the smallest change in the

thickness of the specimen that needs to occur before a noticeable change is

observed in the output. Simulations were carried out using steps of 1 mm, 0.1

mm, 0.01 mm and 0.001 mm about a nominal thickness of 2 mm. The 2 mm

nominal thickness was chosen because it is the smallest thickness required for

the rolled aluminum sheet on the finishing mill (see section 1.2). Results are

presented in figures 6.7 and 6.8. The bump observed after 0.498 ms in figure

6.8 though hardly noticeable in figure 6.7, is introduced by the excitation sig-

nal. Also small changes in specimen thickness at a nominal thickness of 2

mm for different specimen temperatures. Results are presented in figure 6.9.

Results show that:

• There is appreciable seperataion in the output signals for the smallest

change chosen (0.001 mm).

• Considering the plots given in figure 6.9, for the thicknesses and the

temperatures that are considered, for a small changes of 1 µm in the

specimen thickness, a voltage change of 3 µV is observed. This indicates

a sensitivity of 3 Vm−1 for all considered temperatures.

6.2.5 Source amplitude

The effect on the pickup coil signal due to the source amplitude was investi-

gated by using the 0.18 mm diameter wire, 4.25 mm core diameter, 9 mm long

probe at two source voltages; 20 V and 40 V peak-to-peak. The simulations

were carried out at a source frequency of 100 Hz. Results from the simulations

are presented in figure 6.10.
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Figure 6.7: Simulated results for PEC system output signal for changes in

specimen thickness of 1 mm and of 0.1 mm at a nominal thickness of 2 mm.

It is observed that differences due to specimen thicknesses are more evident

in the signal received for the 40 V peak-to-peak source voltage. Sensitivity is
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Figure 6.8: Simulated results for PEC system output for changes in specimen

thickness of 0.01 and 0.001 mm at nominal thickness of 2 mm.

improved with increased source voltage.
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Figure 6.9: Very small changes in specimen thickness, at three different tem-

peratures for the indicated thicknesses.
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Figure 6.10: Simulated results for different source amplitude for a coil 9 mm

long.
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6.2.6 Study on signal conditioning of the pickup coil

signal

A study was done to establish the effects of modifying/conditioning the re-

ceived pickup coil signal by an amplification factor. To achieve this, the re-

ceived signal was multiplied by an amplification factor. Results were compared

with those received when the source voltage was increased to 40 V peak-to-

peak. For a source voltage of 20 Volt peak-to-peak, the signal was multiplied

by a factor of 2 and for a source voltage of 10 Volt peak-to-peak by a factor

of 4. Results are presented in figure 6.11.

It is observed that the modified signals and the signal with a source voltage

of 40 Volt peak-to-peak have peak voltages and loci similar to those of the 40

Volt peak-to peak system for all thicknesses. This implies that a lower voltage

source can be used to achieve the same results as those achieved by a higher

voltage source with the aid of an amplification factor. It is always desirable to

produce an instrument that requires minimal source amplitude voltages. Al-

though it is earlier observed that sensitivity is improved with increased source

voltage amplitude, the simulation study reported in this section indicates that

effects of using software/amplification achieves the same result.

The 9 mm long probe wound using a 0.18 mm diameter wire, in used for further

simulation studies.
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Figure 6.11: Simulated results for different source amplitude for a coil 9 mm

long at the indicated amplification factor.
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6.3 Discussions

The amplitude and frequency of the pulsed magnetic fields used by the PEC

probe are created from a pulsating voltage source. Deep penetration of the

specimen by the magnetic field occurs at low frequencies [29] and low frequency

pulses would be ideal for deep specimen penetration. However, external inter-

ferences especially those from nearby a.c power circuits cause problems at low

frequencies in ranges below 100 Hz and internal noises especially those due to

random, temperature-induced motion of electrons and other charge carriers in

resistors and semiconductors cause problems at higher frequencies above 106

Hz respectively [82]. In order to balance these two effects, a source frequency

of 1 kHz met the requirements for further investigations.

The resistances and inductances of the probe determine the time to steady

state of the signal received from the pickup coil. This is expressed as the

time constant of a circuit and for a circuit with resistance and inductance the

constant is expressed as the ratio between the inductance and the resistance

of the circuit. The probe resistances and inductances are functions of coil

dimensions and wire size (See equations 3.27, 3.31, 3.33 and 3.34) repeated

here as equations 6.1 to 6.4.

Rd =
ρdNdπ(r1 + r2)

ad

(6.1)

Rp =
ρpNpπ(r3 + r4)

ap

(6.2)

Ld =
µdN

2
dAcd

ldg

(6.3)

Lp =
µpN

2
p Acp

lpg

(6.4)

The voltage variation in the PEC system’s output is also a function of the

impedances in the system (see section 3.3.3 and 4.4). Changes in coil dimen-

sions and wire sizes therefore affect voltages and currents in the system and

the choice of these dimensions is important to the systems performance. Sim-

ulations were designed and carried out to give results that would assist in
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choosing effective probe dimensions. The 9 mm long probe wound from a 0.18

mm wire diameter, on a 4.25 mm core diameter, gave the best sensitivity and

was used to carry out further studies on system.

Eddy currents penetration of the specimen is directly dependent on the time

duration of the source pulse (section 3.4.2, equation 3.40). This time duration

is dependent on the frequency of the square wave used as the source to the

system. The higher the frequency, the shorter the pulse duration and therefore

the lower the depth penetrated by the eddy currents. Equations 3.59 and 3.68

repeated here as equations 6.5 and 6.6 characterize the specimen as resistance

and inductance. These parameters are a function of the skin depth δ(t) and

are therefore affected by the source frequency (equation 3.40).

RsT1 =
ρsT1led

δ(t) (ey/δ(t) − 1) ro.ln
r1

r2

(6.5)

Ls =
µsπr2

1

2
(

δ(t)(ey/δ(t) − 1) + ro ln r2

r1

) (6.6)

Considering equation 3.40 repeated here as eqution 6.7, the 1 khz source fre-

quency arrived at ensures eddy current penetration of up to 9.27 mm at 25 0C

and 10.6 mm at 100 0C

δ(t) =

√

4t

µσ
(6.7)

This ensures that for the finishing mill required to gauge 2 mm nominal sheet

profile, the specimen is always penetrated by the eddy currents.
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6.4 Summary and conclusion

A simulation study presented in this chapter was set up to explore the perfor-

mance of the proposed eddy current system. Source amplitudes and frequen-

cies were varied and investigated in conjunction with probe sizes to establish

system sensitivity and the establishment of steady state in the received PEC

signal. Amplification factors were explored to give an assessment on the im-

portance of conditioning the signal by amplification. A simulation study was

also carried out on the system’s sensitivity for very small changes in speci-

men thickness. Effects of specimen temperatures on the the system signals

and trends in changes both in specimen temperature and specimen thicknesses

were studied. The results were presented and comparisons made.

The simulation study suggests that:

• The choice of probe dimensions is important to the system’s performance.

• The choice of source frequencies should be limited to a value that allows

for the establishment of steady state conditions for the chosen probe

dimensions.

• Low source amplitudes can be compensated by signal amplification.

• For very small changes in specimen thicknesses, sensitivities of at least 3

Vm−1 for all considered temperatures were achieved from the simulated

system.

The study led to choices of the probe size, source voltage and source frequency

for further investigations. The 9 mm long probe wound from a 0.18 mm

diameter wire, on a 4.25 mm core diameter, gave the best sensitivity and was

used to carry out further studies on system. A 20 V peak-to-peak, 1 kHz source

was chosen for further investigations. Results show that desirable steady state

conditions were achieved at the 1 kHz source frequency and sensivities of up

3 Vm−1 for all considered temperatures; for the chosen coil.

Experiments carried out in chapter 7 are complemented by further simulation

studies where specimen conditions could not be emulated. An analysis of the
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results is carried out in chapter 8. In the case where specimen specifications

could not be emulated, the specimen characterisation developed in chapter 3

and validated in chapter 5 played an important role in investigation.
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Chapter 7

EXPERIMENTS AND

RESULTS ON SPECIMEN

TEMPERATURES AND

THICKNESSES

7.1 Introduction

Experiments and simulations were carried out on specimens having varying

temperatures and thicknesses, at a constant lift-off distance of 1.2 mm, to

investigate effects of changing specimen temperatures and thicknesses on the

received PEC signal. This was done in order to establish ways of isolating

effects due to specimen temperature changes from those due to changes in the

thickness of the specimen. The 9 mm long coil wound with a 0.18 mm wire

diatmeter, on a 4.25 mm core diameter, and a 20 Volt peak-to-peak square

wave voltage source at a frequency of 1 kHz, recommended from the simulation

study, were used. Results obtained from experiments and simulations carried

out under varying conditions of specimen temperature and specimen thickness

are reported and discussed in this chapter.
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7.2 Experiments

7.2.1 Effects of temperature on the PEC signal

The Pulsed Eddy Current (PEC) system described earlier (see chapter 5) was

used to conduct the experiments. Three aluminium plates with different thick-

nesses (1 mm, 2 mm and 3 mm) were used. The plates were heated to a tem-

perature above 300 0C. With a thermocouple placed in a hole drilled in the

plate, PEC system signals were recorded at specified specimen temperatures

between 300 0C and 50 0C, in steps of 50 0C as the specimen cooled down under

ambient conditions. Observations made on the PEC signal as the specimen

temperature and thickness were varied are presented in figures 7.1 to figure

7.3.

Results show that:

• The locus received in the presence of a specimen always crossed that

received without the specimen at a time referred to, in this study, as the

time of crossing (TOC) and discussed further in section 7.2.2.

• The locus of the signal received without a specimen always reached de-

sirable steady state conditions earlier than that received in the presence

of a specimen.

• For specimen temperatures of up to 100 0C, there is a point of crossing

for each specimen thickness considered in the study and is referred to as

the Temperature Point of Crossing (TPC) in this study.

• The TPC increased with increasing specimen thickness: 0.132 ms for a

thickness of 1 mm, 0.154 ms for a thickness of 2 mm and 0.166 ms for a

thickness of 3 mm.

• The signal voltage at the TPC decreased with increasing specimen thick-

ness: 0.258 V, 0.16 V and 0.128 V for the 1 mm, 2 mm and 3 mm

specimen thicknesses respectively.
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7.2.2 The time of crossing (TOC)

Tables 7.1 gives a summary of the time of crossing (TOC) for different specimen

thicknesses. TOC is defined as the time at which the PEC signal received in

the presence of the specimen crosses that received in the absence of a specimen.

And figure 7.2 gives a summary of the peak voltage of the loci received for
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Figure 7.1: Varying temperature in a 1 mm thick specimen.

Table 7.1: Time of crossing in milliseconds in presence of specimens at indi-

cated specimen thicknesses and temperatures

Thickness/Temperature 30 0C 50 0C 100 0C 150 0C 200 0C

1 mm 0.132 ms 0.132 ms 0.132 ms 0.15 ms 0.136 ms

2 mm 0.154 ms 0.154 ms 0.154 ms 0.144 ms 0.14 ms

3 mm 0.166 ms 0.166 ms 0.166 ms 0.142 ms 0.138 ms

specimens differing in thickness and/or temperature.

It is observed from these tables that:

• The time of crossing (TOC) increases with increasing specimen thickness.

• For low temperatures up to 100 0C the TOC is the same for a given

thickness irrespective of the difference in temperature.

• For temperatures higher than 100 0C the trend in the TOC is different

and decreases as the specimen temperature increases.

• The peak voltage of the signal received in the presence of a specimen is

always lower than that received in the absence of the same.
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• The peak voltage of the pickup coil signal is lower for thinner specimen

as compared to that of thicker ones if the specimens are at the same

temperature.

• Higher temperatures tend to reduce the peak voltage of the pickup coil

signal received from specimens of the same thickness.

113



Figure 7.2: Varying temperature in a 2 mm thick specimen.

Table 7.2: The peak voltage point of the loci received in the presence of spec-

imen with indicated specimen thicknesses at the indicated temperatures

Thickness/Temperature 50 0C 100 0C 150 0C 200 0C

1 mm 1.999 V 1.991 V 1.911 V 2.001 V

2 mm 2.018 V 1.984 V 1.984 V 1.991 V

3 mm 2.004 V 2.009 V 2.009 V 2.006 V

No specimen 2.126 V - - -
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Figure 7.3: Varying temperature in a 3 mm thick specimen.
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Figure 7.4: TOC coincides with the zero crossing of the difference signal.
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7.2.3 Relationship between time of crossing (TOC) and

specimen thickness and temperature

Since results show that at low temperatures of up to 100 0C, the time of crossing

is observed to be the same for a given thickness even if the temperature varies,

this trend is further investigated in this section. It is an observation that

could be used to separate temperature effects from the desired effects due to

specimen thickness.

The experiments carried out at an ambient temperature of 30 0C were used in

investigating this observations. Results from experiments for different speci-

men thicknesses at 30 0C are presented in figure 7.4 and summarised in table

7.3.

Table 7.3 summarizes the results shown in figure 7.4.

Table 7.3: Presents the TOC for specimen thicknesses at 300C

Thickness (mm) 0.5 1.0 1.5 2.0 2.5 3

Time of crossing (ms) 0.104 0.132 0.138 0.154 0.162 0.166

In order to analyse the data presented for the time of crossing at 30 0C, data

was collected for the same conditions but at differrent times. Data sampled at

times labeled t1 to t5 is recorded in table 7.4.

Table 7.4: The relationship between the time of crossing (ms) for various

thicknesses at a common temperature

Thickness (mm) t1(ms) t2(ms) t3(ms) t4(ms) t5(ms) tave(ms)

0.5 0.116 0.098 0.098 0.102 0.102 0.1032

1 0.128 0.118 0.118 0.122 0.122 0.1216

1.5 0.142 0.13 0.136 0.134 0.138 0.136

2 0.15 0.136 0.142 0.14 0.14 0.1416

2.5 0.158 0.152 0.156 0.158 0.162 0.1572

3 0.17 0.168 0.17 0.172 0.17 0.17

For the chosen samples, various formulae were tested using Microsoft Excel

and Matlab linear regression facilities to determine the formula that described
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the data. Table 7.5 and 7.6 shows calculated statistical data for the fitted 4 th

polynomial data [83, 84, 85, 86] .

• The local average is the average time of crossing for the considered spec-

imen thickness.

• The fitted value is the value generated by the 4 th polynomial equation

for the considered specimen thickness.

• Error =
∑

(observed value-fitted value)2

• Pure Error =
∑

(observed value-local average)2

• Lack-of-fit (LOF)= 5x(local average-fitted value)2

• For this data, 5 is the degree of freedom

• MSE =(Error)/5

• Standard Deviation =
√

(MSE)

Table 7.5: Calculated statistical data for the fitted 4 th polynomial that de-

scribes the relationship between the TOC and varying specimen thickness at

a common specimen temperature

Thickness Local Fitted Error Pure Lack-of-fit Calc.

(mm) Ave.(ms) Value(ms) (ms)2 Error(ms)2 (ms)2 Error(ms)2

0.5 0.1032 0.10299 0.000221 0.000221 2.127 x 10−7 0.000221

1 0.1216 0.1227 7.32x 10−5 6.72x 10−5 6.05x 10−6 7.33x 10−5

1.5 0.136 0.1334 2.98 x 10−4 3.0x 10−4 2.6x 10−5 3.26x 10−4

2 0.1416 0.1434 1.234x 10−4 1.07 x 10−4 1.62x 10−5 1.23 x 10−4

2.5 0.1572 0.155 7.6x 10−5 5.28x 10−5 2.324x 10−5 7.6 x 10−5

3 0.17 0.1679 3.0x 10−5 8.0 x 10−6 2.20x 10−5 3.0x 10−5

The lowest maximum least square error (0.0003 (ms)2), defined as the sum of

pure error and the lack-of-fit was found to be minimal in the 4th polynomial.

A plot of the times of crossing in milliseconds versus specimen thicknesses in

millimeters at 30 0C, for the indicated sample times, is presented in figure

7.5. An error band of ±0.005 ms is observed from the data from the averaged

120



Table 7.6: Calculated statistical data for the fitted 4 th polynomial that de-

scribes the relationship between the TOC and varying specimen thickness at

a common specimen temperature

Thickness Local Fitted Error MSE Standard LOF

(mm) Ave.(ms) Value(ms) (ms)2 (ms)2 Dev.(ms) Dev.(ms)

0.5 0.1032 0.10299 2.21x 10−5 4.42 x 10−5 6.64 x 10−3 0.2 x 10−3

1 0.1216 0.1227 7.32x 10−5 1.46 x 10−5 3.83 x 10−3 1.1x 10−3

1.5 0.136 0.1334 2.98 x 10−4 5.97 x 10−5 7.73 x 10−3 2.3 x 10−3

2 0.1416 0.1434 1.234x 10−4 2.47 x 10−5 4.97 x 10−3 1.8 x 10−3

2.5 0.1572 0.155 7.6x 10−5 1.52 x 10−5 3.9 x 10−3 2.2 x 10−3

3 0.17 0.1679 3.0x 10−5 0.6 x 10−5 2.45 x 10−3 2.1 x 10−3

relatioship. This means that for any value of the specimen thickness, the time

of crossing will be within ±0.005 ms of the fitted 4th polynomial value.

In table 7.6 statistical data referred to as Lack-of-fit deviation (LOF Dev.)is

included. This value is defined in this study as the deviation of the local

average from the fitted value.

• LOF Deviation =
√

(LOF ))/5

Considering that in a single data collection activity, a considerable number of

TOC points at various times within the pickup coil signal are available, one

can work with a local average. In the analysis of data that follows, a local

average is always used together with the fitted value. It is noted that the

deviation of the local average from the fitted value is approximately 2 µs for

the thicknesses that are considered. The value of the TOC that is subsquently

used in this study is the local average at the considered specimen thickness.
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Figure 7.5: Time of crossing versus specimen thickness.

Table 7.7: Simulation results showing the relationship between the TOC (ms)

for different thicknesses at a common temperature

Thickness (mm) 25 0C 50 0C 100 0C 150 0C

0.5 0.0965 0.0925 0.0875 0.0845

1 0.1165 0.1115 0.1055 0.1005

1.5 0.1285 0.1225 0.1155 0.1105

2 0.1355 0.1305 0.1225 0.1175

2.5 0.1415 0.1355 0.1275 0.1215

3 0.1455 0.1395 0.1315 0.1255

3.5 0.1495 0.1425 0.1345 0.1285

4 0.1505 0.1455 0.1365 0.1305
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The relationship between the time of crossing for various thicknesses at a

common temperature was established by taking thicknesses of the specimen

at a common temperature varied between 0.5 mm and 4 mm in steps of 0.5

mm. Table 7.7 summarises results from the simulations and figure 7.6 shows

the relationships at 25 oC, 50 0C, 100 0C and 150 0C together with the curves

that give the best fit. All the curves show a 4th order polynomial (see figure

7.6).
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Figure 7.6: Best fit for TOC versus specimen thicknesses at indicated specimen

temperatures.
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Simulations on varying signal amplification factors were carried out to establish

whether signal amplification would affect the time of crossing. Results are

presented in figure 7.7 and they show that the amplification factor does not

affect the time of crossing. For the indicated amplification factors, all the

curves cross the zero line at the same time (0.2 ms).

Figure 7.7: Time of crossing for varying signal amplification factor.

7.3 Simulation for a three point profile gaug-

ing system

In order to make a conclusive assessment of the system, simulations were car-

ried out for the three point system. Differences in specimen thickness of up to

5 µm were considered.

7.3.1 Profile at a nominal thickness

Table 7.8 presents results from simulations for the TOC at a nominal thick-

nesses ho of 2 mm and 2.5 mm. Small variations of 4 µm and 5 µm about

the nominal thickness are chosen to investigate profile accuracies for a crown

definition of 0.2%.
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Table 7.8: TOC (ms) at small thickness variations about nominal thicknesses

of 2 mm and 2.5 mm for the indicated specimen temperatures

Thickness (mm) 25 0C 50 0C 100 0C 125 0C

1.996 0.1345 0.12983 0.12200 0.11871

2.000 0.13462 0.12988 0.12204 0.11876

2.004 0.13467 0.12993 0.12209 0.11880

2.495 0.14018 0.13522 0.12701 0.12356

2.500 0.14023 0.13526 0.12705 0.12360

2.505 0.14028 0.13531 0.12709 0.12364

It is observed that for small changes of 5 µm at a nominal thickness of 2.5 mm,

there is a small change in the TOC of up ±0.06 µs at all specimen temperature

considered and for small changes of 4 µm at a nominal thickness of 2.0 mm,

there is a small change in the TOC of up ±0.05 µs

7.4 Summary and conclusion

The results from the experiments carried out to investigate effects of temper-

ature and thickness changes in an aluminium specimen on the PEC system

signal have been presented in this chapter. In order to make a conclusive

assessment of the system, simulations of the three point system, used for qual-

ity control in aluminium hot rolling mills, were carried out for variations in

specimen thickness of up to 5 µm. Observations made from experiments and

simulations reported on in this chapter are summarised here:

• Changes in temperature of a specimen affect the locus of the received

signal.

• A crossing point was observed for varying specimen temperatures of upto

100 0C at a common specimen thickness. This is referred to as the

Temperature Point of Crossing (TPC) in this study.

• The TPC increased as the thickness of the specimen increased.

• The locus received in the presence of a specimen always crossed that
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received without the specimen at a time referred to, in this study, as the

time of crossing (TOC).

• The time of crossing (TOC) was observed to be the same for a common

thickness for temperatures below 100 0C and it increases with increasing

specimen thickness.

• An error band of ±0.005 ms is observed from the data taken at an am-

bient temperature of 30 0C for specimen thickness varying between 0.5

mm and 3 mm.

• The relationship between the TOC and specimen thickness is a 4th order

polynomial for results from both experiments and simulations.

• It is noted that the deviation of the local average from the fitted value

is approximately 2 µs for the thicknesses that are considered.

• For small changes of 5 µm at a nominal thickness of 2.5 mm, there is a

small change in the TOC of up ±0.06 µs at all specimen temperature

considered and for small changes of 4 µm at a nominal thickness of 2.0

mm, there is a small change in the TOC of up ±0.05 µs

The value of the TOC that is subsquently used in this study is the local average

at the considered specimen thickness. In chapter 8 a report on the analysis

of the findings from the experiments and simulations is given. This process

leads to a method of isolating profile from the effects of specimen temperature

changes.
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Chapter 8

ANALYSIS OF RESULTS

Results from experiments and simulations presented in chapter 5, 6 and 7 show

that various changes in the aluminium specimen and the PEC system affect the

signal received from the probe. The received signal is affected by system and

specimen parameters such as lift-off, specimen thickness and temperature, coil

sizes, wire sizes etc. In this chapter, observations made from the investigative

experiments and simulations are analysed to establish possible procedures of

using the received signals to isolate a profile from other system parameters.

8.1 Introduction

Researchers have investigated pulsed eddy currents for various applications.

Effects of thickness and conductivity of a specimen together with probe lift-off

distances on the received signal have been reported (see chapter 2). The appli-

cation in this study adds in two other parameters that are not well documented

for PEC application:

• Temperature of the specimen and

• Relative motion between the specimen and the probe.
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Findings regarding relative motion between the probe and the specimen are

reported in Appendix A. From these investigations, a quasi-static estimation

was adapted for the model.

A summary of the observations made in preceding chapters, on the effects of

specimen temperature on the PEC signal, is given below:

• Changes in temperature of a specimen affect the locus of the received

signal.

• A crossing point (referred to as Temperature crossing point (TCP))

was observed for varying specimen temperatures at a common specimen

thickness for temperatures of upto 100 oC.

• The TCP happens at an earlier time in the PEC signal period for thinner

materials than it does for thicker materials.

• The locus of the signal received in the presence of a specimen always

crosses the locus of the signal received in the absence of a specimen.

• This time referred to as the time of crossing (TOC) happens at different

times depending on specimen conditions.

• Experiments presented in chapter 7 showed that the TOC for a specimen

with a common thickness happens at the same time for temperatures

below 100 oC.

• Observations made on the signal above 150 oC ceased to follow trends

observed at lower specimen temperatures.

It was also observed, from experiments and simulations that:

• Thinner aluminium specimen attenuate the PEC signal more than thicker

ones.

• Thinner specimens manifest earlier TOC than thicker specimens despite

temperature changes.
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This consistent change in TOC as the specimen thickness increases is inves-

tigated further to suggest a way of separating specimen temperature effects

from those due to thickness changes in the specimen.

8.2 Extracting thickness from a temperature

varying specimen

As reported in chapter 7, the relationship between specimen thickness and

TOC, at a specimen temperature of 30 oC, is a 4th polynomial. Figure 8.1 shows

data from experiments conducted at 30 oC plotted on the same graph with

simulated data at the indicated temperatures and thicknesses. It is observed

that the simulated data at 25 oC and data from experiments at 30 oC, can be

fitted with a 4th polynomial with the expression:

t = −0.00088x4 + 0.0094x3 − 0.039x2 + 0.084x + 0.063 (8.1)

where t is time and x is thickness.

Figure 8.1: Simulated and experiment data for TOC versus specimen thick-

nesses at indicated specimen temperatures.

This relationship is nonlinear. However, to make profile measurement, small

changes about a nominal thickness need to be measured. The next step is to
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linearization equation 8.1 for small changes about a nominal thickness xo, of

the specimen.

8.2.1 Profile definition related to small changes in spec-

imen thickness

For the purposes of this analysis, we look at the three point definition of profile

in hot rolling mills (see section 1.2). Equation 1.1 and 1.2 repeated here as

equations 8.2 and 8.3 give a review of the definition of profile.

hcrown =
[ho − (h+

e + h−

e )/2]100%

ho

(8.2)

hwedge =
(h+

e − h−

e )100%

ho

(8.3)

where:

• ho is the thickness at strip center line (mill center line)

• h+
e is the thickness at nominal distances xo more than 100 mm from the

drive edge.

• h−

e is the thickness at nominal distances xo more than 100 mm from the

operator edge.

• hwedge is percentage wedge

• hcrown is percentage crown

Acceptable profile definition requires thickness differences as small as 4 µm.

By linearising the relationship between small changes in thickness and small

changes in TOC at the centre line thickness ho, profile is defined for the mon-

itored sheet dimensions.

At a point (xo, to) on any curve in figure 8.1 a small change in time, △t, due

to a small change in thickness, △x, is expressed below as:
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△x = x − xo (8.4)

△t = t − to (8.5)

△t =

(

dt(x)

dx

)

xo

△x (8.6)

Equation 8.6 when applied to equation 8.1 yields a small change in TOC,

△t, as a function of a small change in specimen thickness, △x, at a nominal

thickness xo.

△t = (−0.00352x3
o + 0.0282x2

o − 0.078xo + 0.084)△x (8.7)

and

△x = △t/(−0.00352x3
o + 0.0282x2

o − 0.078xo + 0.084) (8.8)

This is a linear relationship for small change in TOC and specimen thickness

at a specific point on the non linear relationship.

8.2.2 Extending the expressions to profile definition

The symbol x is replaced by h. For a three point definition of the profile, the

crown expressed in terms of small changes about the nominal thickness ho (see

equation 8.3), h+
e = ho + △h+

e and h−

e = ho + △h−

e .

hcrown =
[ho − (ho + △h+

e + ho + △h−

e )/2]100%

ho

(8.9)

Crown expressed in terms of small changes about ho gives:
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hcrown =
[−(△h+

e + △h−

e )/2]100%

ho

(8.10)

Using equation 8.8 and substituting for △h+
e and △h−

e

hcrown =
[−(△t+e + △t−e )/2]100%

ho(−0.00352h3
o + 0.0282h2

o − 0.078ho + 0.084)
(8.11)

The expression of the wedge as a function of small changes about the nominal

thickness is derived with the same approach used for the crown and for small

changes in profile thicknesses, equation 8.2 becomes:

hwedge =
(△h+

e −△h−

e )100%

ho

(8.12)

hwedge =
[△t+e −△t−e ]100%

ho(−0.00352h3
o + 0.0282h2

o − 0.078ho + 0.084)
(8.13)

8.3 The three point profile gauging system

To extend the analysis to samples with differences in thicknesses of less than

0.1 mm, the results obtained from the simulations carried out in chapter 7 are

used. Other observations made on the curves presented in figure 8.1 include:

• The TOC for a given thickness is highest at the lowest temperature.

• For thicknesses between 1 mm and 4 mm, the curves’ loci are approxi-

mately parallel to each other implying similar gradients at a given thick-

ness for the different temperatures indicated on the plot.

Also results from experiment show that:
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• For specimen temperatures up to 100 oC, the value of the TOC was

observed to be the same for a common thickness despite the difference

in specimen temperature.

• The TOC increases with increasing specimen thickness and the trend at

30 oC is similar to the trend for the simulated data at 25 oC.

The trends observed from experiments and simulations are used in the pro-

cessing of the signal received from the PEC system. In the next section, values

of crown and wedge determined using the observed trend are discussed.

8.3.1 Signal processing

In order to process the signal recieved from the PEC system, an expression

between the TOC and the specimen thickness is established at ambient tem-

perature is used. This section investigates the errors introduced by the use of

the same equation for other specimen temperatures. Small variations about

the nominal thickness would have a linear expression as explained earlier (sec-

tion 8.2). Using the equation obtained from experiments carried out at an

ambient temperature of 30 oC, profile is defined by calculating the crown and

wedge for simulated results of varying specimen thickness (2 mm and 2.5 mm)

at varying specimen temperatures (25 oC, 50 oC, 100 oC and 125 oC). The

expression for the curve is given in equation 8.1. Let y = t ,the TOC and x =

h, a thickness at a point in the gauged profile.

t = −0.00088h4 + 0.0094h3 − 0.039h2 + 0.0864h + 0.063 (8.14)

In this section, the simulation results presented in chapter 7 are used to calcu-

late crown and wedge. Table 7.6 presents the results for the TOC at a nominal

thickness ho of 2 mm and 2.5 mm. Small variations of 4 µm and 5 µm about

the nominal thickness are chosen to investigate profile accuracies for a crown

definition of 0.2%.
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8.3.2 Crown

The small changes in time are derived from table 7.6 and are presented in table

8.1.

Table 8.1: Changes in TOC (ms) at small thickness variations about nominal

thicknesses (mm) of 2 mm and 2.5 mm for the indicated specimen temperatures

Thickness (mm) Nominal (mm) 25 oC 50 oC 100 oC 125 oC

1.996 2 -0.00005 -0.00005 -0.00004 -0.00005

2.004 2 0.00005 0.00005 0.00005 0.00004

2.495 2.5 -0.00005 -0.00004 -0.00004 -0.00004

2.505 2.5 0.00005 0.00005 0.00004 0.00004

For the nominal thicknesses of 2 mm and 2.5 mm, consider the thicknesses

at the operator side h−

e and the drive side h+
e to be 2.004 mm and 2.505 mm

respectively. Using results recorded in table 8.1 for the small changes in TOC,

△t−e and △t+e , the crown, hcrown, can be processed fom the received PEC

signals using equation 8.11. The results are presented in table 8.2.

Table 8.2: The percentage crown caculate from small changes in TOC (ms)

due to small thickness variations about nominal thicknesses (mm) of 2 mm

and 2.5 mm for the indicated specimen temperatures

h−

e (mm) h+
e (mm) Nominal (mm) 25 oC 50 oC 100 oC 125 oC

2.004 2.004 2 -0.19778% -0.19778% -0.19778% -0.15825%

2.505 2.505 2.5 -0.19512% -0.19512% -0.1561% -0.1561%

The processed crown definitions give a negative crown of ≈ -0.2% for all con-

ditions with a maximum error 0.04%.

Using the same considerations for thicknesses at the operator side and the

drive side of 1.996 and 2.495 mm at a nominal thickness ess of 2 and 2.5 mm

for all considered temperatures, the percentage crowns are presented in table

8.3.

All processed crown definitions give a positive crown of ≈ 0.2% for all condi-

tions with a maximum error 0.04%.
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Table 8.3: The percentage crown caculate from small changes in TOC (ms)

due to small thickness variations about nominal thicknesses of 2 mm and 2.5

mm for the indicated specimen temperatures

h−

e (mm) h+
e (mm) Nominal (mm) 25 oC 50 oC 100 oC 125 oC

1.996 1.996 2 -0.19778% -0.19778% -0.15825% -0.19778%

2.495 2.495 2.5 -0.19512% -0.1561% -0.1561% -0.1561%

8.3.3 Wedge

For wedge definition, the small changes in time are again obtained from table

8.1. For a wedge of 0.2%, the thickness at the operator side, h−

e , and at the

drive side, h+
e , can be chosen to be 2.505 mm and 2.500 mm respectively at

a nominal thickness of 2.5 mm. At a nominal thickness of 2 mm, h−

e and

h+
e is chosen as 2.004 and 2.000 mm respectively. Wedge is calculated using

equation 8.13. The results for the wedge definitions derived from the TOC for

the considered conditions are presented in table 8.4.

Table 8.4: The percentage wedge caculate from small changes in TOC (ms)

due to small thickness variations about nominal thicknesses of 2 mm and 2.5

mm for the indicated specimen temperatures

h+
e (mm) h−

e (mm) Nominal (mm) 25 oC 50 oC 100 oC 125 oC

2.004 2.000 2 -0.19778% -0.19778% -0.19778% -0.15823%

2.505 2.500 2.5 -0.19512% -0.1561% -0.1561% -0.1561%

The processed wedge definitions also give a wedge of ≈ 0.2% for all conditions

with a maximum error 0.04%.

8.4 Summary and Conclusion

An analysis of results reported from simulations and experiments has been

presented in this chapter. A possible process of extracting changes in speci-

men thickness from changes in other specimen parameters has been explored.

Variation in specimen temperatures have been circumvented for the profile ap-

plication since small changes about a nominal thickness are being considered.
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An equation determined at a low temperature of 30 oC has successfully been

used to extract values of profile from the PEC signal at a higher temperatures.

By linearising the expression small changes in thickness at a common temper-

ature are echoed in the time of crossing. The changes in the time of crossing

are used to extract profile from the signal collected at the pickup coil. For

nominal specimen thicknesses of 2 mm and 2.5 mm the wedge and crown were

procesed to be ≈ 0.2% for the temperatures considered with a maximum error

of ±0.04%

It can be concluded that a calibration can be carried out at room temperature

to obtain an equation for the relationship between the point of crossing and

changes in the specimen thickness. This equation can then be used to process

the signals received from the PEC system to determine profile definition values

for crown and wedge at temperatures other than ambient for small variations

in profile thicknesses of up to 4 µm.

In the next chapter, findings, limitations and recommendations presented are

given. Further research is also suggested.
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Chapter 9

CONCLUSION

9.1 Introduction

An investigation of Pulsed Eddy Currents for the purpose of establishing pos-

sible application of this phenomenon to profile gauging in Aluminium Hot

Rolling mills has been carried out in this study. This chapter summarises find-

ings and implications of the study. It includes limitations of the study and

suggestions for further research are also presented.

9.2 Findings

The study made on the PEC system presented show that:

• The movement of the alumnium sheet at varying speed does not affect

the pulsed eddy current signal and so a quasi-static approximation could

be adopted for the system model that was used to extend the study by

simulations.

• Characterising the aluminium sheet as resistance and inductance proved

to be a good estimate of the specimen and it was possible to carry out
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a simulation study for samples that could not be readily emulated for

experiments.

• Low frequencies showed interferences and high frequencies did not allow

the establishment of steady state. A frequency of 1 kHz was adopted for

experiments and simulations as a compromise between the two extremes.

• Different coil sizes give different signal loci and choice of coil dimensions

is import in an application.

• A lower voltage source can be used to achieve the same results as a higher

voltage source. This was proved by experimenting with amplification

factors.

• It can be said from the presented study that pulsed eddy currents (PEC)

system show a good sensitivity. A 1 µm change in specimen thickness

gives a 3 µV change in the PEC signal.

• There is a temperature point of crossing (TPC) observed for PEC signals

obtained when the probe is placed on a specimen of a specific thickness,

at a constant liftoff distance and varying specimen temperatures.

• This TPC increases with increasing specimen thickness: for the coil used

in the investigations, this happened at 0.132 ms for a thickness of 1 mm,

at 0.154 ms for a thickness of 2 mm and at 0.166 ms for a thickness of 3

mm.

• A time of crossing (TOC) is observed between the PEC signal received

without a specimen present and that received in the presence of a spec-

imen and was used in the process of determining the profile.

• This TOC increases with incresing specimen thickness and is not affected

by signal amplification.

• A relationship between the TOC and the specimen thickness was ob-

tained for different specimen temperatures. Each one of these expressions

was a 4th order polynomial.

• An equation relating this TOC and the thickness of the specimen at 30
oC was used to calculate values of percentage crown and wedge using a

three point system for other temperatures by linearising the expression
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at the nominal thickness. The calculated crown agreed well with the

expected crown for the specified changes in profile with an acurracy of

±0.04%. This suggests that effects of temperature can be separated from

those of thickness.

9.3 Implications of the findings

The implications of the outcome of the study include:

• A PEC system can be developed to separate thicknesses of up to 4 mi-

crons and profile definition made within accuracies of ±0.04%.

• Low frequency interferences can be eliminated by raising the source fre-

quency to about 1 kHZ.

• Frequencies of the system must be limited to allow steady state condi-

tions to be established in the PEC signal in order to assess effects of

thickness on the signal. A source frequency 1.5 kHz did not allow the

establishment of steady state condition.

• Interferences brought about by electronic amplification can be eliminated

by using software amplification.

• Time of crossing was used to extract profile form the received PEC sig-

nals minimising effects due to changes in specimen temperatures with an

accuracy of ±0.04% for crown and wedge definitions of 0.2%.

• In this method, the equation relating time of crossing to changes in

specimen thickness at ambient temperature is the basis for the calibration

of the profile gauging system.

• Choice of coil dimensions is important for an application.
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9.4 Limitation of the study

While it was possible to carry out an extensive simulation study, experiments

were not as extensive because of the following factors:

• Resources available could not allow for the accurate development of sam-

ples with variations less than a tenth of a millimeter. These variations

were investigated using the validated simulation environment developed

for this study.

• The data collection unit available could not reach sampling times of less

than a microsecond.

• Formers available were limited in dimensions.

• Wire sizes are standardized and one had to keep within the available

standards.

However, for the purpose of the study, the data collected allowed for an ade-

quate assessment of the PEC technique for profile gauging in aluminium hot

rolling mills. The simulation environment developed extended the investiga-

tion to thickness differences of up to 4 µm.

9.5 Recommendations

Further investigation would require more extensive experiments. To overcome

the limitations of the study, the following is recommended.

• experiments to be carried out on precisely prepared samples with the

appropriate variations in thicknesses.

• a data collection system with a higher sampling rate to be sourced.

• Increase variations in probe formers
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9.5.1 Development of the profile gauging system

The proposed system has been investigated and extraction of profile has been

made possible by processing the signal using the procedures described in chap-

ter 8. Acurracies within ±0.04% were observed. The following are recommen-

dation on what should be considered in the process of developing a gauging

system.

• Probe dimensions should be investigated to arrive at the most sensitive

probe for the application.

• Signal amplification can be achieved by use of software manipulations to

eliminate interferences brought in by electronic circuitry.

• Data collection system with high sampling rates should be used to ensure

good resolution.

• Mechanical procedures should be investigated to eliminate lift-off effects.

• Probe should be shielded from magnetic interferences from each other

and from near by equipment.

9.6 Conclusion

Pulsed Eddy Currents have been investigated to establish possible application

for profile gauging in Aluminium Hot Rolling Mills. Experiments together

with simulations studies carried out using an environment developed for the

study were the tools used for the investigation. Implications derived from the

findings of the study have been used to make recommendations and suggestions

for further investigations. A profile within accuracies of ±0.04% at differences

in thickness of up to 4 µm, could be determined from the study. This gives

an indication that profile can be gauged using PEC to within the specified

requirements for the finishing gauge suitable for the needs at Hulett Aluminium

in Pietermaritsburg, South Africa.
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In the process of the investigation, effects of specimen temperature changes on

the PEC signal were observed to have a temperature crossing point (TPC).

At this point the loci of the signals received at different specimen tempera-

tures, with the specimen kept at the same thickness, crossed each other. The

time at which the crossing point happened increased with increasing specimen

thickness.

Expressions characterising the specimen as resistance and inductance were de-

rived in the processes of modelling the PEC system. These expressions lead

to simulation results that correlated with results from experiments. This com-

firms that Eddy currents can be modelled effectively using lumped parameters.

To determine the profile a time of crossing (TOC), which was defined as the

time the locus of the PEC signal received without a specimen present crosses

that of the signal received in the presence of a specimen, was used. The study

suggests that a relationship between the TOC and varying specimen thickness,

determined at ambient temperature, could be used to calculate the percentage

profile defined for quality assurance. From the study, it can be concluded that

PEC could be a good candidate for profile gauging in Aluminium Hot Rolling

Mills for very small changes in thickness about a nominal thickness.
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Appendix A

Experiments carried out for

varying specimen speeds with

the probe held stationary

A.1 Introduction

In this section, an analysis of the effects of the moving body on the received

pickup coil signal in a pulsed eddy current (PEC) system is carried out. A

literature review on the subject of motion and eddy currents is given. Experi-

ments were setup to give results from a pickup coil of stationary probe supplied

by a specified voltage source at a specified frequency, on a specimen that was

moving at different speeds. Two source amplitudes and two source frequencies

are investigated. An analysis of results is made and a conclusion is given.

A.2 Eddy currents in moving media

The majority of eddy current applications involve moving media. Eddy cur-

rents can be induced in a conducting medium due to relative motion between

the magnetic field lines and the medium or due to time varying magnetic fields.
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In the rolling mill application, it was important to understand and separate

the eddy currents induced due to relative motion between the probe and the

medium and those induced due to a time varying magnetic field in order to

manipulate effects due to relative motion in the received PEC system signal.

The electromotive force (emf) Es induced in the medium has two terms; that

due to relative motion and that due to time varying magnetic fields. These

are expressed in equation A.1.

Es(t) = −Ascosθ
dBx(t)

dt
+ µvLBx (A.1)

The two mechanisms of induction are summarized as:

• Eddy currents induced by time-varying excitation and represented by the

term ∂H
∂t

or ∂B
∂t

• Eddy currents induced by motion and represented by the term curl(v ×
H) or curl(v × B)

Under certain conditions, one of the mechanisms prevails over the other. Moon

[76] uses a magnetic Reynolds number Rm to evaluate the type of eddy currents

that dominate (see equation A.2)

Rm = σµLv (A.2)

where L is the characteristic length of the body in contact with the magnetic

field lines, σ and µ are the conductivity and the permeability of the body and v

is the relative velocity between the body and the field. If Rm is small the eddy

currents induced by time-varying excitation prevails while for large values of

Rm, the effects of motion dominate. When Rm is of the order unity neither

of the two effects can be ignored [76]. To verify the effects of motion on the

signal received from the PEC system, experiments were conducted.
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A.3 Experiments and Results

The setup in figure 5.1 was used with a specimen having a length of 1000

mm, a width of 250 mm and a thickness of 3 mm. The probe dimensions are

summarized in the table below.

Table A.1: Measured values and calculated values for the reflection probe used

in this study

Drive coil Pickup coil

Wire diameter (mm) 0.18 0.18

Inner radius (mm) 6.35 4.25

Outer radius (mm) 8.75 6.35

Resistance (Ω) 17.6 10.9

Inductance (mH) 1.56 0.53

Coil length (mm) 9 9

Lift-off (mm) 1 1

Wire length (m) 25 15

Number of turns 530 464

The whole setup was modelled as three networks that interact with each other

obeying the laws of electromagnetism (see figure 3.3). The aim of the ex-

periment was to compare signals received at the pickup coil network output

resistance Rout when the specimen speed is varied while the probe is kept sta-

tionary. To begin with, voltage readings were recorded across the pickup coil

circuit output resistance Rout with the coil and the specimen kept stationary.

Then observations were made on the same signal with the specimen moving

at speeds between 0 mm and 150 mm per second. The probe placed above

the specimen was held stationary at the built-in lift-off thickness of 1 mm.

The signal from the pickup circuit for each speed was recorded and stored for

further processing. Figures A.1, A.2 and A.3 show graphical results of the

experiments under varied conditions as explained for each figure.

154



0 1 2 3

x 10
−4

0

0.5

1

1.5

2

Time (s)

V
ol

ta
ge

(V
)

0 mm/s
50 mm/s
100 mm/s
150 mm/s

Figure A.1: Pickup signals recorded for varying specimen speed below a sta-

tionary probe supplied by a 20 volt peak to peak source at 1 kHz.
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Figure A.2: Pickup signals recorded for varying specimen speed below a sta-

tionary probe supplied by a 10 volt peak to peak source at 100 Hz.

A.4 Analysis

The magnetic Reynolds number Rm [76] is used to evaluate the type of eddy

currents that should dominate (see equation A.1). The characteristic length L

of the specimen in contact with the primary field is the same as the inner radius

of the drive coil and is 6.35 mm (see table A.1) and the maximum velocity of
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Figure A.3: Pickup signals recorded for varying specimen speed below a sta-

tionary probe supplied by a 20 volt peak to peak source at 1 kHz together with

that received from the probe with no specimen present.

the tested specimen is 1.6 m/s (section 1.1). Rm for an aluminium specimen

with a resistivity and a permeability of 18.8 × 10−9 and 4 × 10−7 is of the

order 10−2. This value is much smaller than unity. The eddy currents induced

by time-varying excitation should prevail over those induced by motion. The

experimental result agree with predictions made using the magnetic Reynolds

number.

A.5 Conclusion

Results agreed with the prediction that there should be non or minimal effects

on the received signal due to specimen movement. It is concluded at this

point that the eddy currents induced in the specimen are predominantly due

to the time varying magnetic flux and not due to the relative speed between

the specimen and the probe. A quasi-static approximation was assumed for

the model.
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Appendix B

The factor kf

B.1 Introduction

To predict the number of turns in the drive coil and the pickup coil was part

of the development of the PEC system model presented in chapter 3 of this

report. It was observed that the number of conductors that fitted in the

solenoid cross-sectional area constituted the number of turns that made up

the solenoid winding. However, the conductor had a circular cross-sectional

area and there was part of the solenoid cross sectional area that could not

be occupied by the conductors. A factor kf was used to account for this

phenomenon. It was estimated by taking the ratio of the turn value determined

at the time of winding Ndet. to the calculated turn value Ncal., to determine

the actual number of turns (equation B.1).

Kf =
Ndet.

Ncal.

(B.1)

A study was setup to investigate the effect of wire diameters on the said factor.

A range of values were determined for wire sizes ranging from diameter d of

0.35 mm to 1.5 mm fitted in a similar circular cross sectional area.
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B.2 Experiments and results

In order to estimated the number of turns that occupy a given area, an in-

vestigation that involved the study of various cylindrical wire sizes fitted in

a cylindrical volume with a diameter of 6 mm was carried out. The cross-

sectional area, A, of the cylindrical volume was 28.27 mm2.

The factor was determined as the ratio of the number of wires with a cross

sectional area a that fitted practically Ndet to that which was calculated to

fit Ncal (equation B.1). The value for the number of wires that would fill

the volume cross-sectional area was calculated with the assumption that the

sum of cross-sectional areas of the wires covers the cross-sectional area of the

volume. Equations B.2 gives the value of the calculated number of wires Ncal

that would fit.

When determining the number of wires that would fit practically in the same

area, care had to be taken to pack the cylindrical volume as tightly as possible.

Loosely packing the volume resulted in a lower number of wires that practically

fitted the area.

The value of the factor kf was determined using equation B.1 (see table B.1).

Ncal1 =
A

a1

(B.2)

Table B.1: Results for the factor kf observed for different wire diameters

Wire diameter Wire X-sectional (Ndet) (Ncal) Factor kf

d (mm) area, a (mm2)

1.5 1.76 10 16 0.625

0.85 0.567 35 50 0.702

0.5 0.196 105 144 0.729

0.35 10.096 226 294 0.769
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B.3 Conclusion

Practical results show that the calculated value of the number of wires expected

in an area is always greater than that which fits practically. The factor kf is

a fraction used to correct this difference. This factor increases in value as

the wire size decreases. The thinner the wire that forms the winding, the

higher the factor. However, the looseness with which the cylindrical area was

packed resulted in the reduction of the number of wires that were packed in the

circular area. kf was used as a fitting factor in the PEC system environment to

make an initial fit of experimental data and simulated data for a probe in the

absence of a specimen (see chapter 5). Subsequent simulations for the same

probe were carried out, in this study of the PEC system, with the same value

of kf .
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Appendix C

Matlab and Simulink simulation

environment

C.1 Introduction

The mathematical expressions developed for the pulsed eddy current system

in chapter 3 of this report were converted into an interactive model using

Matlab and Simulink [77, 78, 79]. In this appendix, example combinations of

blocks used in the development of the simulation environment are presented.

Figures C.1 to C.6 show the blocks in decreasing hierarchy of the various

subsystems of the environment. Transfer functions, differential blocks, gain

blocks addition and subtraction blocks together with primary and secondary

souces were interconnected to make possible the simulation environment
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Figure C.1: Blocks representing the probe without any specimen effects.

Figure C.2: Blocks representing the drive coil network.
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Figure C.3: Blocks representing liftoff and wobble.

Figure C.4: Blocks representing the pickup coil induced electromotive force.

Figure C.5: Blocks representing the pickup coil network
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Figure C.6: Blocks representing the specimen network.

Figure C.7: Blocks representing the probe signals.
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Figure C.8: Blocks representing the beginning of signal processing. The time

of crossing is observed from the section.

Varying the parameters in the model resulted in the possibility of simulating

various scenarios of the investigated PEC system.

C.2 Matlab m-file program listing

The parameters used by the simulation environment described in section C.1

were provided by the Matlab m-file listing given below. The % symbol is used

before a brief explanation for each parameter. The values of the parameters

are picked up by the Simulink model from the work space and the results from

the model are saved in the Matlab workspace for further processing. Four

specimens at a time were used in the simulations.

% solenoid parameters(dimensions in m)

ldg=9.5e-3; %solenoid length for the drive coil

lpg=9.5e-3; %solenoid length for the pickup coil

r1=6.35e-3; %innner radius drive coil

r3=4.25e-3; %innner radius pickup coil

r2=8.75e-3; %outer radius drive coil
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r4=6.35e-3; %outer radius pickup coil

%outer radius pick coil

d=0.18e-3;%wire diameter

%increasing kf increases time constant but decreases amplitude of the

%pickup signal

kfd=0.785; %fill factor drive coil

kfp=0.791; %fill factor pickup coil

Pdp=17.2e-9%resistivity of copper(solenoid wire)

alpha1=4.3e-3 % temperature coefficient of copper

T=25 %Coil temperature

Pd=Pdp*(1+alpha1*(T-20)); %resistivity of copper(solenoid wire)

Pp=Pdp*(1+alpha1*(T-20)); %resistivity of copper(solenoid wire)

Pos=26.5e-9; %resistivity of Aluminium specimen

Uo=pi*4e-7; %free space permeability.

Us=Uo%specimen permeability.

Ud=Uo%drive coil permeability.

Up=Uo%pickup coil permeability.

%varied Specimen thickness

y1=1e-3;

y2=2e-3;

y3=3e-3;

y4=4e-3;

%lift-off

x=1e-3;

x1=1e-3;

x2=1e-3;

x3=1e-3;

ad=pi*(d2̂)/4;%cross-sectional area of solenoid wire

ap=ad

ad1=pi*((d+.02e-3)2̂)/4;%cross-sectional area of solenoid wire %with insula-

tion included.

ap1=ad1

Ad=ldg*(r2-r1); %cross-sectional area of solenoid coil-drive.

Ap=lpg*(r4-r3); %cross-sectional area of solenoid coil-pickup.
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Aed=(r2-r1)*y1; %cross sectional area cut by eddy currents

Acd=pi*r12̂; %cross sectional area of core material (drive coil).

Acs=pi*r12̂; %area cut by primary magnetic field in specimen.

Acp=pi*r32̂; %cross sectional area of core material (pickup coil).

r0=(r1*r2)0̂.5; %Geometric mean radius of eddy current ring

led= 2*pi*r0; %eddy current path length

Nd=kfd*ldg*(r2-r1)/ad1 %Number of solenoid turns-drive coil

Np=kfp*lpg*(r4-r3)/ap1 %Number of solenoid turns-pickup coil

ld=Nd*pi*(r1+r2) %length of solenoid wire drive coil.

lp=Np*pi*(r3+r4) %length of solenoid wire pickup coil.

Pos=26.5e-9;%specimen resistivity(aluminium) at 20 degrees centigrade. alpha=4.2e-

3;%Temperature coefficient of aluminium.

%specimen temperature in degrees celcius

T1=100

T2=100

T3=100

T4=100

%duty cycle

fs=1000 %Hz

Ts=1/fs %seconds

t=Ts/2

%specimen resistivity at temperature T

Ps4=Pos*(1+alpha*(T4-20))

Ps1=Pos*(1+alpha*(T1-20))

Ps2=Pos*(1+alpha*(T2-20))

Ps3=Pos*(1+alpha*(T3-20))

%Skin depth

delta1=sqrt((Ps1*4*t)/Us)
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delta2=((Ps2*4*t)/Us)0̂.5

delta3=sqrt((Ps3*4*t)/Us)

delta4=sqrt((4*t*Ps4)/Us)

%resistance

Rd=Pd*ld/ad %Drive coil

Rp=Pp*lp/ap %Pickup coil

% specimen eddy current ring

Rs4=Ps4*led/(delta4*(exp(y4/delta4)-1)*r0*log(r2/r1))

Rs1=Ps1*led/(delta1*(exp(y1/delta1)-1)*r0*log(r2/r1))

Rs2=Ps2*led/(delta2*(exp(y2/delta2)-1)*r0*log(r2/r1))

Rs3=Ps3*led/(delta3*(exp(y3/delta3)-1)*r0*log(r2/r1))

%inductances

Ld=1*(Uo*Nd2̂*pi*r12̂)/(2*(ldg+(r2-r1)))

Lp=1*(Uo*Np2̂*pi*r32̂)/(2*(ldg+(r4-r3)))

Ls1=1*Us*pi*r12̂/((delta1*(exp(y1/delta1)-1)+(r0*log(r2/r1))))

Ls2=1*Us*pi*r12̂/((delta2*(exp(y2/delta2)-1)+(r0*log(r2/r1))))

Ls3=1*Us*pi*r12̂/((delta3*(exp(y3/delta3)-1)+(r0*log(r2/r1))))

Ls4=1*Us*(pi*r12̂)/((delta4*(exp(y4/delta4)-1)+(r0*log(r2/r1))))

%Capacitance

Cd=1.2e-14;

Cp=1.2e-14;

%Mutual inductances

%Increasing Kds increases amplitude while

%increasing Kps decreases amplitude

Kds=0.155;

Kps=0.095;

%Increasing Kdp increases amplitude and increases time constant

Kdp=0.69;

%Mutual inductances

Mds1=Kds*(Ls1*Ld)0̂.5;

Msd1=Mds1;

Mds2=Kds*(Ls2*Ld)0̂.5;

Msd2=Mds2;

Mds3=Kds*(Ls3*Ld)0̂.5;
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Msd3=Mds3;

Mds4=Kds*(Ls4*Ld)0̂.5;

Msd4=Mds4;

Mps1=Kps*(Ls1*Lp)0̂.5;

Msp1=Mps1;

Mps2=Kps*(Ls2*Lp)0̂.5;

Msp2=Mps2;

Mps3=Kps*(Ls3*Lp)0̂.5;

Msp3=Mps3;

Mps4=Kps*(Ls4*Lp)0̂.5;

Msp4=Mps4; Mdp1=Kdp*(Ld*Lp)0̂.5;

Mpd1=Mdp1;

Mdp2=Mdp1;

Mpd2=Mdp2;

Mdp3=Mdp1;

Mpd3=Mdp3;

Mdp4=Mdp1;

Mpd4=Mdp4;

Mds4=Kds*(Ls4*Ld)0̂.5;

Msd4=Mds4;

Mps4=Kps*(Ls4*Lp)0̂.5;

Msp4=Mps4;

Mdp4=Mdp1;

Mpd4=Mdp4;

%external resistance values

Ro=14.7 %pickup coil output resistance

Rdo=0 % drive coil added resistance

Ri=50 % internal resistance of source generator

%wabble

theta=0;

% TIME CONTANTS

Td= Ld/Rd % drive coil

Tp=Lp/Rp % pickup coil

%specimen time constants
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Ts4=Ls4/Rs4

Ts1=Ls1/Rs1

Ts2=Ls2/Rs2

Ts3=Ls3/Rs3
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